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ABSTRACT

Ab-initio density functional approach is employed to investigate the struc-
tural, optical, and electronic properties of twelve undoped (non)stoichiometric mul-
ticomponent oxides with layered structure RAMO,4 [R*™=In or Sc, A3"=Al or Ga,
and M**=Ca, Cd, Mg, or Zn], as candidates for novel transparent conducting oxides.

The compositional complexity of RAMO, leads to a wide range of band gaps
varying from 2.45 eV for InGaCdOy to 6.29 eV for ScAIMgO,. We find that despite the
different band gaps in the constituent binary oxides, namely, 2—4 eV in CdO, InyOs3,
or ZnQO; 5-6 eV for GasO3 or ScyO3; and 7-9 eV in CaO, MgO, or Al;O3, the states
of all cations contribute to the bottom of the conduction band of RAMO,. We show
that this hybrid nature of the conduction band originates from the unusual fivefold
atomic coordination of A3* and M?** cations and suggests that both structurally and
chemically distinct layers of RAM O, are expected to participate in carrier transport.
This is consistent with the obtained isotropic electron effective mass of 0.3-0.5 m.,.

Next, in order to understand the carrier generation mechanism in RAM Oy,
we have systematically investigated the formation of native point defects in three
representative InAM O, oxides. We find that the donor antisite defects in InGaZnQOy
and InAlZnO, occur in higher concentrations than oxygen vacancies which are major
donors in binary oxides. Also in contrast to the binary TCOs, the formation energy
of cation vacancies is significantly lower in InAM O, owing to a large structural relax-
ation around the defect. As a result, the equilibrium Fermi level is pushed away from
the conduction band and deeper into the band gap. The results agree well with the
observed dependence of the conductivity on the oxygen partial pressure in InGaZnQy,.

These systematic investigations provide a significant insight into the role of
chemical composition and structural complexity of RAM O, materials on the carrier

generation mechanisms and the resulting properties.
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1. INTRODUCTION

1.1. OVERVIEW

Transparent conducting oxides (TCOs) are unique materials that exhibit high
optical transparency in the visible region and controllable nearly-metallic electrical
conductivity. The range of technological applications and devices which use TCO as
a vital component, is remarkable: it includes flat panel displays, electrochromic and
smart windows, photovoltaic cells, and transparent electronics [, 2, 3].

The current TCO market is mainly dominated by doped binary post-transition
metal oxides such as InyO3, SnO5, CdO, and ZnO. Obtaining a high electrical conduc-
tivity while maintaining a good optical transparency remains challenging even in the
conventional TCOs. Large carrier concentrations required for improved conductivity
lead to significant optical absorption and also limit the carrier mobility due to ionized
impurity scattering [[I]. Thus, achieving optimal device performance requires deep
understanding of the fundamentals behind the complexity of these unique materials.

Until recently, much of the research work and development in the TCO field
has been primarily limited to optimizing and improving the performance of conven-
tional binary n-type TCOs [, B, 4]. However, high worldwide demand for TCO-based
technological devices, as well as rapid development of novel TCO-based applications,
stimulated the search for alternative TCO materials, those that are more efficient,
cost effective, and have broader range of both electrical and optical properties |1, 3, &].
As a result, the number of research groups working in the field of TCOs increased dra-
matically in the recent years, and a variety of novel TCO materials with optical and
electronic properties controllable via chemical composition has been introduced [3, &].
The novel TCOs include multicomponent oxides with ternary (such as CdySnOy,

ZnGay0y4, and ZnSnO3) and quaternary (e.g., InGaO3(Zn0O)) compositions as well



as solid solutions (e.g., Gag_2,In,,03). These complex TCOs are primarily based on

particular, among the successful multicomponent oxides are the crystalline and amor-
phous InGaO3(Zn0),, (m < 4) TCO and complex RAO3(MO),, compounds (where
R=In; A=Ga, Al; M=Divalent Cation; m=1-11) with layered structure, which have
been under several investigations [, 9, [0, I71]. These materials have been already em-

ployed as a conducting channel layer in transparent thin-film transistors (TFTs) [12].

I nZO3

CdO ZnO

63203

Figure 1.1: Composition space for the conventional TCO materials. Most of the
current complex TCOs are based on this composition space.

The main advantage of the multicomponent TCOs is the ability to offer a
wide range of tunable electrical and optical properties. These properties include
band gaps, band offsets, carrier concentrations, and carrier transport that can be
benefitted by a variety of TCO-based applications, such as high performance solar
cells and invisible electronics [I3, I4]. In addition, multicomponent oxides offer a
chance to go beyond the conventional oxides in their compositions, by utilizing the
cheap and abundant light-metal oxides (such as Al, Mg, and Ca). The presence
of these light-metals in multicomponent oxides is highly attractive since they help

stabilize the multi-cation structure, allow for a broader optical transmission window



due to a larger band gap, and also help control the carrier content while preserving
the carrier mobility [3, 5, 5, 16].

Yet, the multicomponent TCOs have not outperformed the conventional bi-
nary TCOs. Both the electrical conductivity and the carrier mobility achieved in
the complex TCOs, such as CdySnO,4 and InGaZnOy4, 0=100-3000 S/cm and p=10-
20 cm?V~1s7L, respectively, are considerably lower than those achieved in the bi-
nary TCOs. For example, the highest conductivity observed, specifically, in Sn
doped InyO3 (ITO) materials, is 0=5-10x10% S/cm whereas the mobility is u=>50-
1000 cm?V~1s~t [0, 13, 17, 18]

To understand the origin of the limited conductivity and carrier mobility in
multicomponent oxides, as well as to shed light on the role played by each constituent
oxide, a more thorough and systematic investigation of the structural, electronic,
and optical properties as well as carrier generation mechanisms in complex oxides
is needed [19]. For this, ab-initio methods based on the density functional theory
have proven to be useful [20, 21, 22]. Electronic band structure investigations can
(i) provide accurate description of the structural, electronic, and optical properties
of undoped stoichiometric and nonstoichiometric oxides, and (ii) help develop funda-
mental understanding of the microscopic origins of the complex materials behavior.
Moreover, the availability and the advancement of high performance computers, as
well as an increased set of theoretical and ab-initio methods opened up possibilities
to systematically investigate and knowledgeably manipulate the properties of known
TCOs for improved performance as well as to search for novel TCO candidates beyond

the conventional post transition-metal oxides [I, 3, 1.



1.2. CONVENTIONAL BINARY TCOS

This section is devoted to a review of the current status and the microscopic
properties of conventional TCOs, based on the results of both experimental and
theoretical investigations.

Conventional TCOs [such as F doped SnO, Sn doped Iny,O3 (ITO), and F
or Al doped ZnO] are, primarily, the oxides of group IIB-IVB metals. They are
wide-band-gap insulators in their un-doped stoichiometric state, with a direct (op-
tical) band gap above 3 eV. The experimental direct band gaps obtained for the
conventional host oxides are 3.5-3.7 eV for InyO3, 3.1-3.6 €V for ZnO, and 3.6-4 eV
for SnO,. The obtained experimental isotropic effective masses are 0.28-0.35 m,
for Iny O3, 0.23-0.30 m, for SnO,, and 0.28-0.32 m, for ZnO, respectively, given in
the units of the electron mass, m, [Il, B, 23]. Alone, the above basic host proper-
ties cannot explain the differences in the observed conductivities, given in Table [,
suggesting that carrier generation mechanism plays a critical role in the resulting

electrical properties.

Table 1.1: List of some of the representative conventional TCOs with their highest
approximate conductivities o and mobilities p obtained experimentally.
Also, their characteristic properties desired for various TCO-based appli-
cations are listed [2].

TCOs | o (10° S/cm) | p (cm?/V-s) Characteristic property
Iny,O3:Sn 10 100 Highest conductivity
SnOq:F 5 70 Highest work function, lowest cost
ZnO:Al 6.5 50 Easy to etch

ZnO:F 2.5 30 Highest transparency, least toxic

It is important and instructive to know and assess the trend of capabilities of
conventional TCOs based on the observed results. Gordon et al. [2] suggested that
effective TCO materials should have both a high electrical conductivity and a low

absorption of visible light. Hence, a figure of merit for TCO materials can be defined



as the ratio between the observed electrical conductivity and the optical absorption
coefficient. Within the Boltzmann formulation, the electrical conductivity o can be
defined as 0 = neu, where p is the electron mobility, n is the carrier concentration,
and e is the charge of the electron. In addition, mobility ; can be expressed as
p = er/m*, where 7 is the relaxation time and m* is the effective mass of the
carriers.

Among the conventional TCOs, as listed in Table [, the highest attained
experimental conductivity and electron concentrations are in the following order:
Iny03:5n >Zn0O:Al > SnOy:F > ZnO:F [2]. In terms of the figure of merit, they
follow a different order: ZnO:F >ZnO:Al > InyO3:Sn >SnOo:F [2]. In addition,
from the technological point of view, factors and characteristic properties, such as
work functions, stability and durability, cost efficiency, safety, and etchability are
important, playing a great role when comparing the TCO material performance [2].
Thus, when assessed on several factors, each conventional TCO has its own merits
which are suitable and desired for certain TCO-based applications and devices. As a
result, the above four compounds, although best-performing in terms of conductivity,
are insufficient for rapidly developing TCO-based applications and development of
alternative TCOs is required [3].

Understanding the theoretical fundamentals of conventional TCOs is the foun-
dation for the success of novel TCO materials’ development as well as for improving
the performance of the existing ones. Within this foundation, electronic band struc-
ture investigations can be used to understand the structural, optical, and electrical
properties of the TCO materials [, B, 6]. From an electronic band structure point
of view, the binary conventional TCOs has both an empty conduction band and a
completely-filled valance band, as shown in Figure I2(a). In order to become con-
ducting, these insulators have to be degenerately doped to shift the Fermi level Er

up into the conduction band, as shown in Figure [A(b).
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Figure 1.2: (a) A schematic electronic band structure of an insulating binary oxide
of conventional TCOs, with a band gap of E,. The conduction band
is a highly dispersed parabolic band resulting from interactions between
metal s and oxygen p states. Here, the Fermi level, Ep, lies within the
band gap E,. (b) A schematic band structure of conventional transparent
and conducting oxide. The conductivity resulted from the degenerate
doping that shifted the Fermi level Er up into the conduction band via
a Burstein-Moss shift, Egy.

The most important characteristic, common to all conventional n-type TCOs,
is the highly dispersed, single free-electron-like (parabolic) conduction band, as il-
lustrated in Fig. T2 [24, 25, 26]. When the material is properly doped, this high
dispersion provides a high mobility of extra carriers because of their small effective
mass. Also, it results in low optical absorption because of the low density of states in
the dispersed conduction band. In addition, due to this highly dispersed conduction
band, the Fermi level Er shifts deep into the conduction band, which is called the
Burstein-Moss (BM) shift, Egy [24, 28]. This BM shift results in several optical



transitions, including: inter-band transitions from the valance band to the conduc-
tion band E,; transitions from the partially filled conduction band to the next empty
band E.; and intra-band transitions within the conduction band E;. All these transi-
tions contribute to the optical absorption, but their intensity depends on the density
of states.

Both the high mobility of extra carriers and the high carrier concentration
contribute to better conductivity (conductivity o = nepu, where n is the carrier con-
centration, p is the electron mobility, and e is the charge of the electron). However,
for better performance, increasing the carrier mobility is preferred over increasing the
carrier concentration because high carrier concentrations may result in an increase of
optical absorption [26]. Thus, obtaining a desired high conductivity without sacrific-
ing the low optical absorption (transparency) is very challenging and considered as
one of the major bottlenecks of the TCO materials development [, [].

The calculated electronic band structures of conventional TCOs shown in Fig-
ure [C3 are similar in that they share the key characteristics of a highly dispersed
parabolic conduction band. This conduction band arises from the interaction be-
tween the oxygen 2p and metal s states. The valence bands are formed from the
oxygen 2p states. From the plots of partial density of states, illustrated in Figure 3,
the conduction band includes similar contributions from both the oxygen 2p and
metal ns states. This is critical for the charge transport - it represents a uniform
charge density distribution in the conduction band [I5]. These states serve as a
3-dimensional network for carrier transport.

The direct band gaps obtained from first-principles band structure calcula-
tions are 3.38 eV, 3.50 eV, 3.41 eV, and 2.28 eV for InyO3, SnO,, ZnO, and CdO,
respectively. The calculated average electron effective masses are 0.28 m, for Iny,Og,
0.31 m, for SnOs, 0.35 m, for ZnO, and 0.23 m, for CdO, respectively [I5, B0]. These

calculated values of band gaps and effective masses are in good agreement with the
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Figure 1.3: Electronic band structure and partial density of states for the binary
base oxides of the conventional TCOs, InyO3, SnOs, ZnO, and CdO [I4].
First-principles calculations within the screened-exchange local density
approximation [29] is employed. In the DOS plots, the thick, dashed, and
thin lines represent metal s, metal p, and oxygen p states, respectively.

previously mentioned experimental results, thus, presenting the predictive power of
ab-inito methods based on the density functional theory.

Knowledge of the basic properties of conventional binary TCO hosts allows
for further search of alternative TCO materials, such as multicomponent complex

oxides.

1.3. MULTICOMPONENT TCOS

Rapid development of TCO-based applications requires TCO materials with
a wide range of electronic and optical properties that are beyond what conventional
binary TCOs (doped InyO3, SnOs, ZnO, and CdO) can offer. In particular, broader
optical properties, such as tunable band gaps and plasma frequencies, as well as
controllable electrical properties, such as resistance, carrier concentration, and mo-
bility, are required. To meet this demand, complex compounds with ternary (such as

CdySn0y, ZnGay, 0y, and ZnSnO3) and quaternary (e.g., InGaO3(Zn0)) compositions



as well as solid solutions with properties controllable via the chemical compositions,
were introduced and investigated [0, B, G, 9, B1]. Also, investigations emerged on
TCO-based materials with oxide constituents that are beyond the composition of
conventional TCOs, such as Mgln,O4 which incorporates the main-group light met-
als (Al, Ca, and Mg) [, B2]. Incorporation of light-metals in multicomponent oxides
are desirable since they can broaden the optical transmission window due to their
larger band gap [3].

Among the complex quaternary oxides, InGaO3(Zn0),, (m < 4) TCO and
other RAO3(MO),,, compounds (R=In; A=Ga, Al; M=Divalent Cation; m=1-11),
with layered structure, have been the most widely investigated [8, 9, [1]. RAO3(MO),,
compounds have structurally different alternating layers of RO; 5 and AMO, 5, as
shown in Figure 4. It has been reported [9, B3, B4] that a possible advantage of
these layered materials is to increase conductivity by separating the layers where car-
rier donors (usually, aliovalent substitutional impurities) reside and the layers that
contribute to conduction. This would help to avoid charge scattering on the ionized
impurities. However, the role of structural complexity and chemical composition as
well as the origins of the carrier generation in these multicomponent oxides have been
a subject of active debate [9, 19, 26, B5]. For example, despite the belief that the
InO; 5 (RO;5) layer is responsible for conductivity [9, 26] in InGaO3(Zn0O), another
study suggested that the InGaO3(Zn0O) might be a Zn 4s conductor [34]. Recent first-
principles electronic band structure investigations of several undoped stoichiometric
multicomponent RAMO, oxides with layered structure [38, 37| revealed that atoms
from both structurally and chemically distinct RO, 5 and AMO, 5 layers contribute
comparably to the conduction band. This finding suggested that an isotropic charge

transport can be achieved in RAMO,4 compounds once they are degenerately doped.
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Figure 1.4: The unit cell of RAMO, with a rhombohedral R3m structure. Three
similar blocks consisting of one RO; 5 and two AMO, 5 layers alternate
along the [0001] direction. A3t and M?* ions are distributed randomly.

Ab-initio investigations of multicomponent InGaZnO, also showed that its
electronic properties such as highly dispersed s-like conduction band, wide band-
gap, and small isotropic effective mass, are similar to those in the constituent TCO
hosts 15, T9]. For example, the calculated band gaps are 3.38 eV for In,O3, 4.91 eV for
Gas03 and 3.41 eV for ZnO while it is 3.29 eV for the multicomponent InGaZnQOy.
Similarly, the calculated average electron effective masses are 0.28 m, for In,Os,
0.34 m, for Gay0O3, 0.35 m, for ZnO, and 0.34 m, for InGaZnO,. Despite the similar
host properties, the obtained experimental conductivities (o) and mobilities (u) in the
complex multicomponent TCO are much lower compared to those obtained in con-
ventional TCOs. The highest obtained conductivities are between 120 to 500 S/cm

and the mobilities (u) are up to 24 cm?V~1s™!

in the complex multicomponent
TCO [, B, 9, 00, I3, 174, I8, B5] whereas the constituent InyO3 and ZnO have con-

ductivities as high as 103 to 10* S/cm and mobilities up to 1000 cm?V~1s~! [1, 2, BY].
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Hence, one needs to understand why the complex oxides have not yet outper-
formed the conventional TCOs, despite similar host properties (band gaps, effective
mass) and the uniform conduction band in the complex TCO hosts. Based on the
expected charge transport properties in RAMOy, neither the TCO hosts nor the host
properties but likely the carrier generation mechanism is responsible for the perfor-
mance limitations of complex TCOs, such as the lower mobilities and conductivities
mentioned earlier. Since the carrier generation mechanism behind the conductivity of
the complex multicomponent oxides has not been established, it needs to be studied
further [0, B, 25].

Moreover, in multicomponent oxides containing the cations from both groups
(i.e., post-transition metals (In, Zn) and light main-group metals (Mg, Al)), the
respective energy locations of the cations’ states may not be the same as in single-
oxide constituents due to the interaction between different cations via a shared oxygen
neighbor. Indeed, it was found [I9] that the bottom of the conduction band in
RAMOy is governed by the states of all cations despite the fact that the band gaps
in the corresponding basis oxides differ significantly (3.38 eV for In,O3, 3.41 eV for
Zn0, 9.08 eV for Al,O3, and 7.55 eV for MgO). Moreover, the electronic properties
in a multicomponent oxide may deviate significantly from that expected from the
electronic band structures of the single-cation (basis) oxides owing to the differences
in the interatomic distances and the atomic coordination numbers in the complex
oxide as compared to those in the bulk ground-state (lowest energy) structures of the
constituent oxides.

Thus, a more thorough understanding and a more systematic first-principles
investigation of the properties of layered RAMO,-based multicomponent oxides would
contribute to the advancement of known and the development of novel TCOs. Factors

that promote these investigations include:
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- Multicomponent oxides offer a way to tune the structural, electronic, and
optical properties desired for specific applications via chemical composition. The tun-
ability of the properties makes the multicomponent oxides one of the most appealing
materials for further investigations.

- Multicomponent oxides offer a possibility to go beyond the composition of
conventional binary oxides by utilizing the cheap, abundant light-metal oxides (such
as Mg, Al, and Ca) in their compositions. Presence of these light metals in multi-
component TCOs is attractive for achieving a broader optical transmission window
associated with a wider band gap. This may allow one to introduce more multicom-
ponent compounds as novel TCO candidates and supports the need to understand
the role and effect of structural peculiarities and chemical composition.

- The carrier generation mechanism behind the conductivity of these multi-
component oxides has not been established. Different carrier generation mechanisms
need to be studied to truly understand what makes them conducting. Thus, it is
crucial to have the knowledge of the current status of carrier generation in the con-
ventional TCOs as a groundwork for creating defects. A detailed discussion on the

carrier generation in TCO hosts appears in the following section.

1.4. CARRIER GENERATION IN TCO HOSTS

There are two major ways to introduce carriers in wide-band-gap oxides, the
TCO hosts. The first way is by varying the growth conditions (growth temperature
and oxygen partial pressure) which controls the concentration of native (intrinsic)
point defects in the oxide sample. These imperfections in the crystal lattice involve
only the constituent elements and may include vacancies (missing atoms at regular
lattice positions) and interstitials (extra atoms occupying interstices in the lattice).
The second way is via intentional (extrinsic) doping with aliovalent substitutional

impurities [3Y].



13

The best performing conventional binary TCOs employ substitutional impu-
rity doping. They are, primarily, Sn doped In,O3 (ITO), F doped SnO,, F or Al doped
Zn0O, and Sn doped CdO. Some of the highest conductivities achieved among these
are 42x10% S/cm in Sn doped CdO, 5x10% S/cm in F doped SnO,, and 10x103 S/cm
in ITO [2, G, A40]. These conductivities strongly depend on the type of the dopant -
its valence, ionic size radius, and electronic configuration. For example, extensive ex-
perimental studies have been conducted on preparing ZnO films with different doping
elements such as Group III (Al, Ga, and In), Group IV (Si, Ge, and Zr), and Group
VII (F) elements. These studies resulted in a wide range of electrical conductivities of
up to 1.2x10% S/cm in In doped ZnO films [6, &1]. However, in addition to the change
in the electronic band structure of the host oxide due to the presence of dopant, the
resulting electron transport maybe also affected by the charge compensation due to
native defects which can be electron donors (anion vacancies) and acceptors (cation
vacancies) [15]. The charge compensation can be understood as follows: in a wide
band gap material, a donor electron can lower its energy if it falls into an empty
intrinsic defect state (such as a cation vacancy state). If the energy gain exceeds the
cost of creating the defect, the donor action is completely compensated by the defect
if there is thermal equilibrium [B]. Thus, not only the ability to introduce different
type of dopants but also the knowledge of defect physics is critical for understanding
the complexity behind the carrier generation mechanism in TCOs.

Recent electronic band structure investigations [I5] compared the properties
of impurity doped and oxygen deficient conventional oxides. It was revealed that
similar conductivity factor can be achieved in both cases. The conductivity factor is
the square of the calculated electron velocity multiplied by the density of states in

the vicinity of the Fermi level since the conductivity o depends on both, the electron
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group velocity and the density of states near the Fermi level, according to:
_ 2 2r30(Ej — E 1.1
U—EZIWHTM( kX — F) ()
kA

Here e is the electron charge, 2 — the volume of the Brillouin zone, k — the wave
vector, A — the band index, v — the electron group velocity, 7(€) — the relaxation
time, and Ef is the Fermi energy. However, the conductivity also depends on the
relaxation time, and it was shown that a smaller relaxation time can be expected in
case of oxygen defects as compared to impurity doped materials [I5].

Here, we will discuss how native point defects in oxides can be investigated
from first-principles. The formation energy of a defect in any charge state modeled
using a corresponding background charge, can be calculated as a function of the Fermi

level and the corresponding chemical potential:

Ef(EF> /JJ) = Edefect - Ehost + Ha + Q(EF) (12>

where Fgefeer and Ejpoq are the total energies for the oxide with the defect and the
stoichiometric oxide in the same-size supercell, respectively; p, is the chemical po-
tential of atom « added to (—) or removed from (4) the lattice; ¢ is the defect charge
state; Er is the Fermi energy taken with respect to the top of the valence band. The
chemical potential p,=p° + Ay, is taken with respect to the chemical potential p9
of the elementary metals or the Oy molecule, whereas Ay, is a deviation from the
elemental chemical potential determined by the growth conditions which depend on
the temperature and oxygen partial pressure [A2, A3].

Once the defect formation energy E/ is determined, the concentration of the
defect in the solid can be found through the relation

_Ef

k:B_T) (1.3)

C = Nsites eXP(
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where Ny is the number of sites per unit volume the defect can be incorporated
on, kp is the Boltzmann constant, and 7" is the temperature. Equation (IZ3) shows
that the defects with high formation energies will occur in low concentrations and
vice versa. The equilibrium Fermi level in equation 2 is determined from the charge
neutrality condition of the material which takes into account all charged acceptor
and donor defects as well as all carriers (electrons and holes) [42, #4]. Overall, the
formation energy of either a native defect or an impurity and, hence, its concentration
can be computed entirely from first principles [3].

Carrier generation mechanisms in binary TCOs have been investigated from
first-principles |15, 09, 24, B7]. As an example of possible defects in conventional
TCOs, Table 2 summarizes defects in ZnO. The defect notations in Table [ are:
Vo - oxygen vacancy, Zn; - zinc interstitial, and Gagy,- Ga atom substituted on zinc
site.

Table 1.2: Possible defects in ZnO.

Character Defects
Native point defects Donor: Vo, Zn;
Acceptor: Vain, O;

Impurities(Substitutional) | Donor: | Fo, Bz,, Alz,, Gagz,, Ing,, H;, Li

Acceptor: Cugzy,, Liz,, No

One can easily formulate and compute the formation energy of any native
defects or impurities from the total energies. For example, in the case of oxygen

vacancy (Vo) in ZnO, the formation energy is

ET(VE) = EBiat(VE) — Exot(Zn0) + po + q(Er + Evpar) (1.4)

where Ei,+(VJ) is the total energy of a supercell containing the oxygen vacancy in the
charge state ¢, E;(Zn0O) is the total energy of a ZnO perfect crystal in the same

supercell, and po is the oxygen chemical potential.
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Moreover, it is instructive to plot the formation energies as a function of Fermi
level to examine the behavior of defects when the doping level changes. Figure 3 il-
lustrates the formation energies of defects in ZnO for both oxygen-rich and metal-rich
(oxygen-poor) growth conditions [#4]. The oxygen-rich and metal-rich conditions cor-
respond to Aup=0 and Apgz,=0, respectively. It can be seen from Fig. [C3 that the
substitutional defects such as Alz, can produce free carriers in metal-rich conditions,
without being compensated by the native acceptor defects. However, in oxygen-rich
conditions, Aly, is compensated by the native Zn vacancies. This compensation oc-
curs when the formation energy of Zn vacancies becomes comparable to the formation
energy of the Aly, at some Fermi energy, i.e., moving the Fermi energy to a band
edge causes the spontaneous formation of that compensating defect [39, @5]. In terms
of native defects, in metal-rich condition, the oxygen vacancies have the lowest for-
mation energies when the Fermi level lies near the conduction band minimum, hence,
results in highest carrier concentrations. Thus, native point defects play a critical

role when determining the major defect in a material.

metal-rich 1 v ? - ?

Y Oi

o

T | Va2 Zn

S F 4

s [ (Olo

£ Vo

]

£ < e s <
& EZ—hy, Alzn Vo

Fermi level Eg - Ey [eV] Fermi level Eg - Ey [eV]

Figure 1.5: Calculated defect formation energies of intrinsic and extrinsic defects in
7m0, as a function of Fermi level. The dots mark the transition energies
between different charge states [d4].

Knowledge of the basics of doping in conventional TCOs can be applied to

complex RAMO, compounds. For the multicomponent oxides, such as InGaO3(Zn0O),
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the free carriers were believed to be due to the formation of oxygen vacancy defects.
However, based on the first-principles investigations, it was shown that the oxygen
vacancies are deep defects and so can not explain the observed conductivities in these
materials [46]. In marked contrast to binary oxides, the RAMO, compounds have
many different possible intrinsic and extrinsic defects which can coexist, due to their
structural and the chemical complexity. In addition, because of the structurally and
chemically distinct layers in RAMO,4 compounds, there can be several different defect
locations with different neighboring atoms. The possible defects for InGaZnO, can
be seen from Table which serves as an example of possible defects in RAMO,
compounds. First-principles investigations of these native point defects will play a

critical role in determining the carrier generation mechanisms in RAMO4 compounds.

Table 1.3: Possible defects in InGaZnO;,.

Donors Acceptors
Vacancies Vo Vin, Vzn, Vaa
Interstitials In;, Ga;, Zn; O;
Cation disorder | Ing,, Gaz, Mg, Ing,

1.5. DISSERTATION OUTLINE

We have systematically investigated the structural, optical, and electronic
properties of both undoped stoichiometric and doped twelve complex multicomponent
RAMO, materials (R*"=In or Sc; A3t=Al or Ga; and M?T=Ca, Cd, Mg, or Zn) as
novel TCOs. This combinatorial study allowed us to understand which composition,
doping mechanism, and/or carrier concentration result in a better TCO properties

as well as helped guiding us to the right materials for further research.
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In our first-principles investigations, we employed highly precise, state-of-the-
art, full-potential linearized augmented plane wave (FLAPW) [20, @7, 48] method
based on the density functional theory (DFT) [22, 49].

Outline of this dissertations is as follows. Details of the first-principles com-
putational methods and approaches are discussed in Section B. In Section B, the
structural, electronic, and optical properties of the twelve undoped stoichiometric
RAMO, materials are systematically investigated.

To understand how the chemical composition affects carrier generation in com-
plex oxides, comparative investigations of non-stoichiometric RAMO, compounds
were performed. In Section H, the formation of oxygen vacancy and the resulting
electronic properties are investigated both in the representative layered multicom-
ponent oxides as well as in their corresponding binary oxide constituents. Further,
in Section B, formation of native point defects in layered multicomponent oxides are
investigated.

We note that Sections B-8 are either published or submitted (or in final prepa-
ration) for publication to a peer-reviewed journals. Thus, they have an abstract,

introduction, and conclusion. In Section B, we summarize the overall conclusions.
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2. METHODS AND APPROACH

2.1. INTRODUCTION

First-principles calculations based on the density functional theory (DFT) [22,
19] have become one of the most powerful approaches that allow one not only to better
understand but also to model and predict the properties of emerging complex and
novel materials. In addition to the overwhelming success of the density-functional
theory for the description of the ground-state properties of large material classes, the
wide applicability and predictive power of the approach makes it the foundation of
any modern electronic structure theory [560].

Many different DF'T methods have been developed and used. The difference
among these methods is mainly based on the type of basis set or the approximations
for the exchange-correlation functional [22]. Both the robustness of these methods and
the availability of high-performance computers allows us to choose either a specific,
suitable method or combine several methods for the outcome of desired materials
investigations [21]).

In our investigations of the structural, optical, and electronic properties of
undoped stoichiometric and nonstoichiometric multicomponent oxides, we employed
the full-potential linearized augmented plane wave (FLAPW) method [20, @7, 48].
The FLAPW method is based on the DFT. In the following sections, both the DFT
and the FLAPW method are briefly discussed.

2.2. DENSITY FUNCTIONAL THEORY

2.2.1. Overview. Density functional theory (DFT) is one of the most widely
used quantum mechanical theories to investigate the ground state properties of many-

body systems. DFT is among the most popular and successful methods available for
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the electronic structure calculations of materials. Advantages of DFT include very
good scaling of computational cost with the system size as well as the possibility of
performing calculations on a large and complex systems [b0].

The fundamental principle behind the DFT is that any property of an atom-
istic system can be expressed as a functional of its ground state electron density. This
ground state electron density, in principle, can determine all of the information in the
many-body wave-functions. For instance, the total energy of the atomistic system
can be determined as a functional of its electron density.

Although the original idea of DF'T was suggested by Thomas [61] and Fermi [57],
the first observation and the proof of the functionals were achieved in the work of
Hohenberg and Kohn [49]. For any system with more than one electron, however, the
exact functionals as well as the construction of those functionals were neither known
nor given by the Hohenberg and Kohn. It was the Kohn-Sham ansats [63] that made
it possible to have approximations for the ground state functionals. These functionals
made the DFT useful and practical. Therefore, the Hohenberg-Kohn [49] theorems
and the Kohn-Sham [63] equations are the two primary core elements of the DFT.

The Hohenberg-Kohn [H-K] theorems have two important principles sets. The
first H-K theorem illustrates that electron density, which depends only on three spa-
tial coordinates, can determine the ground state properties of many-body systems.
Through the use of electron density functionals, the H-K theorem reduces the many-
body problem of N electrons with 3N spatial coordinates to three spatial coordinates.
The second H-K theorem defines an energy functional for the system, proving that
the correct ground state electron density minimizes this energy functional [22].

With the use of Kohn-Sham equations [63], the many-body problem of in-
teracting electrons in a static external potential is reduced to a problem of non-
interacting electrons moving in an effective potential, which makes it easier to solve.

This effective potential includes the external potential and the effects of the Coulomb
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interactions between the electrons, e.g., both the exchange and the correlation inter-
actions. These interactions are difficult to model. For the many-body exchange and
the correlation interactions, the actual expression is not known and approximations
need to be made. The Kohn-Sham reformulation in terms of single-particle orbitals
helped in the development of approximations. The basic approximation is the local-
density approximation (LDA). This approximation is based on the exact exchange
energy for a uniform electron gas [b0].

2.2.2. Derivation and Formalism. To better understand the density func-
tional theory, we begin with the elementary quantum mechanics. In quantum me-
chanics, a system’s wave function U contains all of the information we can possibly
have about a given system. The nuclear degrees of freedom appear only in the form
of a potential v(r) acting on the electrons. As a result, the wave function depends
only on the electronic coordinates which is the so-called Born-Oppenheimer approxi-
mation [564]. Non-relativistically, this wave function is calculated from Schrédinger’s

equation, which for a single electron moving in a potential v(r) is

w22
[_ 2m

+ v(r)] U(r) = el(r). (2.1)

For a many-body problem, the Schrodinger’s equation becomes

U(ry,ry...,ry) = EV(r;,ry...,ry) (2.2)

li (—h;ZZQ + v(ri)) + Z U(r;,r;)

1<j

where N is the number of electrons and U(r;,r;) is the electron-electron interaction.

For a Coulomb system, electron-electron interaction energy is

U= Ulrr)) (2.3)

1<J
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which is the same operator for any system of particles interacting via the Coulomb

interaction. The kinetic energy operator is the same for any non-relativistic system:

. K2
T=--—) V. (2.4)

Whether our system is an atom, a molecule, or a solid thus depends only on the

potential v(r).

V= Zv(ri). (2.5)

A crucial note that only through the term U the single-body quantum mechanics of
eq. (E00) differ from the extremely complex many-body problem in eq. (222). Due to
this term, the complex many-body problem equation is not separable into simpler
single-particle equations.

In the usual quantum-mechanical approach to Schrédinger’s equation, one first
specifies the system by choosing the potential v(r). Then plugs it into Schrodinger’s
equation which then solves that equation for the wave function ¥, and calculates the
observables, by taking the expectation values of operators with this wave function.
Though many methods exist for solving the many-body Schrodinger’s equation, these
methods are very computationally resource demanding. In addition, they are very
hard to apply to large and complex systems. This is where the DF'T becomes prac-
tical. The DF'T provides a way to systematically map the many-body problem, with
U , onto a single-body problem, without U. This mapping leads to the point that the
knowledge of particle density n(r) implies the knowledge of the wave function and
the potential, hence, all of other observables, making the particle density n(r) the

key variable in DFT.

n(r) :N/d37"2/d37"3.../d3rN\If*(r,r2...,rN)\IJ(r,rQ...,rN). (2.6)
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The core element behind the DFT are the two remarkably powerful Hohenberg-
Kohn[HK] theorems [49]. These theorems relate to any system consisting of electrons
under some external potential v(r). The first Hohenberg-Kohn theorem states that
the external potential v(r), and hence the total energy, is a unique functional of the
electron density n(r). The proof of this theorem is simple. Suppose there are two
different external potentials v1(r) and vq(r) differing by more than a constant which
lead to the same density n(r). The corresponding different Hamiltonians H; and
]—fz will have different ground state wavefunctions, ¥; and W,, that each yield the
same no(r). Because U, is not the ground state of H; (and if the ground state is

non-degenerate), using the variational principle, we can write
By = (0| H W) < (Vo Hy|T5). (2.7)
The last term of the above inequality can be written as
(Wo | Hy Vo) = (Uo|Ha| o) + (Vo Hy — Ha|Ts) = E2+/d3r[2;1(r)—vz(r)]no(r) (2.8)

so that
By < By + / rivy(r) — va(r)]no (). (2.9)

Similarly, rewriting previous equations for the E,, gives
E, < Ey + /d3r[z}2(r) — v1(r)]no(r). (2.10)
Adding the equations 29 and Z-10, we get to the contradictory inequality

Ei+ Ey < By + Es. (211)
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From Equation PZTI, it can be concluded that there cannot be two different ex-
ternal potentials differing by more than a constant which give rise to the same non-
degenerate ground state charge density. The density uniquely determines the external
potential to within a constant [b0].

The second Hohenberg-Kohn theorem states that the ground state energy can
be obtained variationally, where the density n(r) that minimizes the total energy
is the exact ground state density no(r). For the proof of the second theorem, each

property can be written as a functional of n(r). Hence, the total energy functional is

Em@ﬂzpm@yﬁ/ﬁm@m@y (2.12)

The Hamiltonian can be written as H = F' + V. The functional F[n(r)] is a
universal functional of the density. It includes the kinetic energy and the interaction
energies:

Fln(r)] = Tn(r)] + Uln(r)). (2.13)

Because the wave-function V¥ is a unique functional of the density n(r), the expecta-

tion value of £ is also a functional of n(r). Thus,
Fln(r)] = (U|F|D). (2.14)

A density that is the ground-state of some external potential is known as v-representable.
Following from this, a v-representable energy functional E,[n(r)] can be defined in

which the external potential v(r) is unrelated to another density n'(r),

E,[n(r)] = F[n'(r)] + /d3rv(r)n’(r). (2.15)
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Using the variational principle, we can write
(W F|0") 4+ (W' |V [T') > (W] F[T) + (U|V]T) (2.16)

where W is the wavefunction associated with the correct ground-state n(r). Hence,
Fln'(r)] + / Fro)’(r) > Fln(r)] + / dro(r)n(r) (2.17)
The variational principle of the second Hohenberg-Kohn theorem can then be:
E,[n'(r)] > E,[n(r)]. (2.18)

Hohenberg-Kohn theorems do not offer a computation for the ground-state density
of a system in practice. The Kohn-Sham [b3] equations do offer a way to carry out
the DF'T calculations. To obtain the ground-state density, the variational principle is
applied with respect to the one-particle wave functions. In particular, the Schrodinger

equation of this auxiliary system

[ h*V?

o + ‘/eff(r):| U,(r) = W¥;(r) (2.19)

yields orbitals that reproduce the density n(r) of the original system. Then,

n(r) = Zniy\pi(r)\?, (2.20)
where
Vers(r) = Ve(r) + fixe[n(r)] (2.21)

is the effective potential and ¢; the effective one-electron eigenvalues. Egs. (2719)

and (ZZ0) are the Kohn-Sham (KS) equations and the solutions, v;(r), form an
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orthonormal set. The Coulomb, or electrostatic potential, is given as

Z, n(r’)
—_ 2 E o 2 /
Vb(r) ’ a |I' - I{'a| ‘ /d?’ : (222>
which can also be calculated using Poisson’s equation,
A*Vp(r) = —4me?q(r) (2.23)

where ¢(r) represents both the electronic charge distribution and the positive point

charges at position R,. The exchange-correlation potential is given by

B OFE,¢[n]
Hae =5,

(2.24)

Because the exchange-correlation potential (and energy) are not known, approxima-
tions have to be made. The problem of solving the KS equations is a nonlinear one.
The typical way of solving such problems includes beginning with an initial guess for
n(r), calculating the corresponding potential, and then solving the differential equa-
tion (Z19) for 1);. From these, one calculates a new density, using equation (2220),
and the process is repeated iteratively until it converges.

2.2.3. Exchange-Correlation Functionals. The major problem with the
DFT is that the exact functional for exchange and correlation are not known (except
for the free electron gas). Many types of functionals exist, including local, semi-local,
gradient dependent, and nonlocal functionals. The most important, widely used ap-
proximation for the exchange-correlation energy is the local-density approximation
(LDA). For many decades, the LDA has been applied in calculations of band struc-

tures and total energies. In the LDA, the exchange-correlation energy is assumed to
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depend only on the local electron density in each volume element dr:

E,.[n] = /drn(r)exc[n(r)]. (2.25)

€zc is the exchange-correlation energy per electron of a homogeneous electron gas.
It is expressed as an analytic function of the electron density, as is the exchange-
correlation potential, p... The LDA is known to give less accurate geometries and
predicts binding energies significantly too large [22].

Recently, the generalized gradient approximation (GGA) has been considered
as a possible improvement over the LDA. The GGA has been found to improve the
description of total energies, ionization energies, electron affinities of atoms, and
atomization energies of molecules [65, b6]. The generic form of the GGA exchange-

correlation energy may be written as
ECGAIn) = /drn(r)efiGAén(r) (2.26)

so that it depends locally on the electronic density n(r) and its gradient.

2.2.4. Implementing the DFT. Major computational approaches have lim-
itations, advantages, and disadvantages. One must have a thorough understanding of
each methods capabilities and limitations for a better implementation. When choos-
ing any computational approach, as suggested by Wimmer at al. [21], one must asses
each computational approach in terms of at least six criteria: capabilities, generality,
accuracy, accessible size of systems, accessible time scales, and computational effi-
ciency. When assessed according to these criteria, the DFT have the most desirable
characteristics needed for our investigations of complex multicomponent materials.

Because the primary results of the DF'T calculations are the electron density,
the total energy, and the one-particle wave functions, the important electrical and

optical properties we generally investigate can be derived, such as band gaps and
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density of states. In terms of its capability, the DFT does not just provide struc-
tural properties but also enables the prediction of the electrical and optical properties
of materials. Generality of the DF'T approach is vast when compared to other ap-
proaches (such as Hartree-Fock). As a result, the DFT is applicable to all elements
of the periodic table and can be used for a variety of solids [21, 22].

With the inclusion of approximations beyond the LDA, the DFT becomes
more superior when compared with other methods, giving a better estimation and
more accurate results. One of the primary reasons we implement the DFT approach is
its state-of-the-art high accuracy. For example, interatomic equilibrium distances for
a great number of bonds can be predicted within approximately 0.02 A of the experi-
ment. Although the binding energies are overestimated within the LDA, nonlocal ap-
proximations improve the accuracy to within 0.1 eV of the experiment. Calculations
with the system size in the order of up to 100 atoms is possible with the DF'T [21]. The
DFT calculations tend to be computationally efficient and do not result in strong de-
viations from the experiment, depending on the type of materials being investigated,
the choice of computational parameters, and the basis functions [21].

Some of the major choices one has to make in a practical Kohn-Sham calcu-
lation are illustrated schematically in Fig. ZZ1. This figure illustrates a rich spectrum
of choices for different applications, geometries and symmetries, chemical elements,
and materials requiring different approximations. The solutions of the Khon-Sham
equations shown in Figure -1 allow one to have access to all the properties that
can be derived using the DFT. The system can be defined by the terms inside the
brackets. These terms consist of the kinetic energy, the coulomb potential, and the
exchange-correlation potential. Every term in the equation plays a major role when
making choices for DF'T calculations. The role and importance of each term and its
relevant significance to our research and the reasoning behind the choices we made

for our DFT methods are discussed below.
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Figure 2.1: Computational choices that one can make based on the Kohn-Sham equa-
tions when using DFT methods [21]. The terms inside the brackets are the
kinetic energy, the electrostatic potential, and the exchange-correlation
potential. W, is the one electron wave function, where k is the wave
vector. A star denotes the existence of the feature in FLAPW method.

The Coulomb potential term defines the chemical and structural properties
of the system, offering the choice of calculations for either non-periodic systems or
periodic systems. Moreover, one has the choice between all-electron full potential
(where the coulomb singularities are considered without shape approximations) and
all-electron muffin tin shaped potential (where potential around each atom is assumed
to be spherical which generally works well for densely packed systems). Moreover, a
choice exists between the different approximations for exchange-correlation potentials.
The LDA underestimates the band gaps, as previously mentioned. One can overcome
this problem by choosing approximations beyond the LDA, such as GGA or screened-
exchange LDA [67, 68]. One of the important choices in Fig. B is the type of basis
set. Generally, the names of DF'T methods available are based on the type of basis

set. They can be based on the plane waves and can be augmented. The accuracy of
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the results from the DFT calculations depend strongly on the choice of both basis
set and density functional.

Combinations of particular choices lead to different methods with different ca-
pability and limitations. Based on Fig. P71, the most desired choices we made that are
critical for our first-principles calculations are present in the method known as the full
potential linearized augmented plane wave method (FLAPW) [20, @7]. As previously
mentioned, this method is named after its basis functions which are linearized aug-
mented plane waves. The choices and the features included in the FLAPW method
are considered to be the most accurate. Details regarding the FLAPW method are

discussed in the following section.

2.3. FLAPW METHOD

2.3.1. Overview. The full-potential linearized augmented plane wave method
(FLAPW) [20, @7], which employs density-functional theory, is considered as one
of the most accurate electronic structure calculation schemes. It emerged as a
highly-precise state-of-the-art ab-initio technique with a reasonable computational
efficiency [48, bY]. This method has its origin in the augmented plane wave (APW)
method proposed by Slater [60]. Computationally, the APW method is demanding
since the basis functions are energy dependent and the eigenvalue problem is non-
linear. An important development was presented by the subsequent linearization of
the APW method (LAPW) [61, 62] where the energy dependence was removed by
selecting a fixed set of suitable muffin-tin radial functions and their energy derivatives.

In the FLAPW approach, real space is partitioned into spherical regions
around atoms and interstitial regions between spheres. In the spherical region, the
basis functions are products of radial functions and spherical harmonics. In the in-
terstitial region, plane waves are used. There is no shape approximation for either

the charge density or the potential. All electrons are treated in the self-consistent
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process. The core electrons are treated fully relativistically and the valence electrons
are treated semi-relativistically [63]. Due to its all-electron algorithm, the advantage
and power of the FLAPW method is its universal applicability to all atoms of the
periodic table. In particular, its applicability to transition metals, rare-earths, and
to multi-atomic systems with compact and open structures. Both three-dimensional
and two-dimensional periodic boundary conditions can be used [6Y].

This program affords highly accurate calculations of the electronic structure,
the total energy and the forces, for a wide range of materials. The capability of calcu-
lating atomic forces exerted on the atoms opens the path to structure optimization.
These advantages elevate the FLAPW method as the method of choice for accurate
electronic structure calculations for a broad spectrum of applications. Also, it is due
to these advantages that we implement the FLAPW method in our investigations of
complex multicomponent oxides.

As we mentioned previously, the exact functional for exchange and correlation
in DFT are not known. Although, there are many types of functionals exist, the
most widely used is the local density approximation (LDA), which is implemented in
FLAPW. However, the LDA underestimates the band gap value in semiconductors
and insulators. Because the valence and conduction band dispersions are less affected
by the LDA feature, a so-called scissors operator is often used to push the conduction
band up so that the band gap corresponds to the experimental value.

Moreover, besides the GGA, the screened-exchange LDA method (sX-LDA),
recently proposed as an approach to obtain realistic excitation energies and improve
band-gaps of insulators and semiconductors, has been implemented in the FLAPW.
The sX-LDA method introduces part of the correlation effects in the exchange hole
by screening the Hartree-Fock exchange integral. Essentially, the sX-LDA method
is designed to find a better energy functional beyond the LDA by modeling the

exchange-correlation hole within nonlocal density schemes. The sX-LDA eigenvalues
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can describe the discontinuity of the exchange-correlation potential for the band gaps.
In addition, it can realize accurate ground-state total energies, ground-state charge
densities, and band gaps. The sX-LDA method has been found to yield an improved
description of band gaps for semiconductors compared to the LDA and the GGA,
hence, it agrees very well with the experiment results [29, b67]. In our work, the
sX-LDA method is employed along with the conventional LDA.

2.3.2. FLAPW Method: Features and Demonstrations. The FLAPW
method is fully parallelized with high efficiency and good stability. An efficient
parallelization of this method by division among the processors of the plane-wave
components for each state is demonstrated by Canning et al. [64]. Specific features
relevant to our investigations that can be obtained using the FLAPW method include
the band structure, density of states, charge density, total energy, formation energy,
atomic forces, and the optimized geometry.

Taking ZnO as an example, the whole process of how we implement the
FLAPW method, and the importance of relevant input parameters and resulting
electronic and optical properties that we obtain are discussed and demonstrated here
in detail. ZnO has a wurtzite crystal structure with known experimental lattice pa-
rameters of a=3.24 A and ¢=5.21 A as well as with internal parameter of u=0.3817.

The general procedure for our calculations of the properties begins with defin-
ing the single input file for the FLAPW method. The options and important input
parameters in the FLAPW input file are as follows. The cell can be defined by set-
ting the lattice vectors in terms of either cartesian or internal coordinates. Atomic
positions for every atom need to be set with their respective x, y, and z components,
whether it is primitive cell or super-cell. For the wurtzite ZnO, there are two zinc and
two oxygen atoms in the cell and we input the atomic positions in terms of cartesian

coordinates. One can define the input parameters of the cell according to the choice



33

of calculations between un-doped stoichiometric or doped nonstoichiometric materi-
als. For example, one can investigate the formation of native point defects (such as
cation/anion vacancies) or the substitutional doping (such as fluorine substituted in
zinc site) in ZnO, by setting the necessary position and atom type in the supercell.
In the case of wurtzite ZnO, a 84-atom supercell can be constructed with the lattice
vectors (2 21), (131), and (231), given in the units of hexagonal primitive cell vec-
tors. Due to its translational symmetry, the distances between the oxygen defects
are ~10 A. Thus, the resulting defect concentration is approximately 1.7x10%'cm™3
which is determined as the number of defect sites divided by the volume of the su-
percell [43]. After defining the cell accordingly, one important step is to perform
geometry optimization. Internal positions can be optimized via total energy and
atomic forces minimization such that the atomic positions are relaxed.

General options exist where one can enable necessary variables for desired cal-
culations, including density of states and band structure. For the latter option, the
special k-points can be provided in a separate file to carry out the e(k) calculations
along the high-symmetry lines in the Brillouin zone. For ZnO calculations, cutoffs for
the basis functions were 16.0 Ry. Summations over the Brillouin zone were carried
out using 32 special k-points in the irreducible wedge. The muffin-tin radius for every
different atom in the cell needs to be defined. The muffin-tin radii for ZnO is 2.1 a.u.
for Zn and 1.6 a.u. for O atoms, respectively. One can set the mixing and the con-
vergence options in the iterations toward self-consistency. The output charge density
is constructed from the eigenvectors and then mixed with the input to yield a refined
input for the next iteration. Mixing schemes such as the Broyden scheme [65], can
be used. The Broyden scheme uses information from previous iterations to accelerate
convergence. The value for convergence of the electron charge density and the maxi-
mum number of iterations allowed can be controlled and the program will terminate

accordingly if convergence is reached before this value [b9]. For example, for ZnO,
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we have set the value of convergency to 0.02 e¢/Bohr?® and the maximum number of
iterations to 80. Typically, convergence is reached within 25 iterations. For un-doped
wurtzite ZnO, it takes about 12 iterations to obtain the above convergence. The total
energy of the system is obtained at every iteration of the optimization. Based on the
total energies, we can obtain a great deal of useful information. Total energies can
be used as a comparison tool between different carrier generation mechanisms i.e.,
calculating and comparing the resultant energies for each doping mechanism, where
the corresponding minimum energy obtained is considered as the system of prefer-
ence for the dopant. In addition, total energies of a system with a defect can be used
to calculate the formation energy of the corresponding defect in that system. One
can calculate the equilibrium defect concentrations since it depends on the formation
energy of the defect, equation 3. We note that the properties (such as formation
energy, carrier concentration, and conductivity) related to carrier generation in TCO
hosts are discussed in great detail in Section 4.

Furthermore, band structures and (partial)density of states can be calculated
after the geometry optimization by enabling the appropriate features in the input file
(as mentioned before). We can obtain a great deal of information about the electronic
or optical properties of the material by studying the electronic band structures. Bands
in solids allow us to identify the material as either an insulator, a semiconductor, or a
metal. Moreover, the width of the band gaps, band edges, and whether the band gaps
are direct or indirect can provide useful information. For example, from Figure 222,
we can tell that the ZnO is a wide band gap insulator with a direct band gap (resulting
from metal s and oxygen p interactions) of 1.21 eV. We can also compare and study
how the band structure changes for a different doping mechanism in ZnO. When
doped, the dispersed parabolic conduction band (with a low density of states) of
7Zn0O would provide a pronounced shift of Fermi level up into the conduction band as

well as providing high mobility of electrons and low optical absorption.
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Figure 2.2: Band structure and DOS of un-doped ZnO calculated within the lo-
cal density approximations (LDA). In the DOS plot, the thick/black,
dashed/red and thin/blue lines represent metal s, metal p and oxygen p
states, respectively.

Studying the density of states, we can determine which states are contributing
to the conduction band or the valence band, which is critical for charge transport.
From the partial density of states in Figure P22, it can be seen that both oxygen
2p and metal s states have a similar contribution to the conduction band of ZnO.
Moreover, we can calculate the electron effective masses m,, which is 0.35m, and
isotropic for ZnO. Finally, we can calculate the electron group velocities and estimate
the conductivity factor which is the square of the electron velocity multiplied by the
density of states, equation 12, within the vicinity of the Fermi level by choosing the

specific band of interest.
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3. ELECTRONIC PROPERTIES OF LAYERED MULTICOMPONENT
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ABSTRACT"

The structural, electronic, and optical properties of 12 multicomponent oxides
with layered structure RAMO,, where R3**=In or Sc, A3*=Al or Ga, and M?**=Ca,
Cd, Mg, or Zn, are investigated using first-principles density functional approach. The
compositional complexity of RAMO, leads to a wide range of band gap values varying
from 2.45 eV for InGaCdO4 to 6.29 eV for ScAIMgO, as obtained from our self-
consistent screened-exchange local density approximation calculations. Strikingly,
despite the different band gaps in the oxide constituents, namely, 2-4 eV in CdO,
Iny, O3, or ZnO; 5-6 eV for GayO3 or ScO3; and 7-9 eV in CaO, MgO, or Al,Og3, the
bottom of the conduction band in the multicomponent oxides is formed from the s
states of all cations and their neighboring oxygen p states. We show that the hybrid
nature of the conduction band in multicomponent oxides originates from the unusual
fivefold atomic coordination of A3t and M?* cations, which enables the interaction
between the spatially spread s orbitals of adjacent cations via shared oxygen atoms.
The effect of the local atomic coordination on the band gap, the electron effective
mass, the orbital composition of the conduction band, and the expected (an)isotropic

character of the electron transport in layered RAMOy, is thoroughly discussed.

*Published in Physical Review B 85, 155101 (2012)
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3.1. INTRODUCTION

Transparent conducting oxides (T'COs) are unique materials that exhibit both
low optical absorption in the visible region and nearly metallic electrical conductivity.
Serving as a contact and a window layer simultaneously, TCOs are a vital part of many
optoelectronic devices including solar cells, smart windows, and flat panel displays,
and they also find application as heating, antistatic, and optical coatings (for select
reviews, see Refs. [I, B, B, 25, 66, 67, 63]).

Multicomponent TCOs — complex oxides which contain a combination of post-
transition metals, In, Zn, Ga, Cd or Sn, as well as light main-group metals such as
Al or Mg — have attracted wide attention due to a possibility to manipulate the
optical, electronic, and thermal properties via the chemical composition and, thus, to
significantly broaden the application range of TCO materials [, 5, B, 26, 1, 32, 68, 69,
[0, 71, (72, [73]. To optimize the properties of a multicomponent TCOs, it is critical to
understand the role played by each constituent oxide. For example, presence of lighter
metals such as Ga, Al or Mg in multicomponent TCOs is attractive for achieving a
broader optical transmission window associated with a wider band gap. At the same
time, however, these cations are know to be detrimental for the electrical properties
as they are believed to significantly suppress carrier concentration and transport.

Recent electronic band structure investigations of several main group metal
oxides [IH] reveal that the electronic configuration of the cations plays crucial role
in the charge transport. It was shown that lighter metal cations (Ga, Ca, Al or Mg)
have their empty p or d states near the conduction band bottom. The resulting strong
(directional) hybridization of these anisotropic states with the p states of the neighbor
oxygen atoms result in significant charge localization (trapping) when extra electrons
are introduced. This is in marked contrast to the conventional TCOs, InyO3, ZnO,
SnO,, or CdO, where the cation’s p states are deep in the conduction band (at about

a few eV above the conduction band minimum [[5]), and an extra charge is efficiently
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transported via a uniform network of the spatially-spread and spherically-symmetric
metal s orbitals connected by the oxygen p states.

In a multicomponent oxide containing the cations from both groups, i.e., post-
transition metals and light main-group metals, the respective energy locations of the
cations’ states may not be the same as in single-oxide constituents due to the interac-
tion between different cations via a shared oxygen neighbor. Indeed, it was found [IY]
that the bottom of the conduction band in InGaZnQy is governed by the states of all
cations despite the fact that the band gaps in the corresponding basis oxides differ
significantly (2.9 eV for InyOg3, 3.4 €V for ZnO, and 4.9 eV for GayO3). Moreover, the
electronic properties in a multicomponent oxide may significantly deviate from that
expected from the electronic band structures of the single-cation (basis) oxides. This
stems from the differences in the interatomic distances and the atomic coordination
numbers in the complex oxide as compared to those in the bulk ground-state (lowest
energy) structures of the constituent oxides.

In this work, we systematically investigate the structural, electronic and op-
tical properties of 12 RAMO, compounds with R**=In or Sc; A3*=Al or Ga; and
M?*=Ca, Cd, Mg, or Zn. These materials possess the same layered crystal structure
as the member of the homologous series InGaO3(ZnO),, (74, (5] with m=1, where the
chemically and structurally distinct layers ( the octahedrally coordinated ROq 5 layer
and wurtzite-like AMO, 5 double-layer) alternate along the crystallographic z direc-
tion. By comparing the calculated electronic properties of the set of multicomponent
oxides, we determine how the composition affects (i) the nature of the conduction
band bottom; (ii) the electron effective masses in the ab plane (within the layers)
and along the z direction (across the layers); and (iii) the location of the cation(s) p
states with respect to the conduction band minimum. In addition to the local den-
sity approximation (LDA) which underestimates the oxide band gaps and may give

incorrect energy location of the states of different cations in the conduction band of
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multicomponent materials, we also employed self-consistent screened-exchange LDA
(sX-LDA) method which models the exchange-correlation hole within a nonlocal den-
sity scheme [I76].

The paper is organized as follows. First, details of the computational meth-
ods and approaches are given in Sec. BA. In Sec. B33, we discuss the structural
peculiarities of the investigated multicomponent compounds and compare them to
the structural properties of the basis single-cation oxides. Specifically, we compare
the cation-anion distances and the atomic coordination numbers in multicomponent
and single-cation oxides in various structures. Further, the electronic properties of
the basis, single-cation oxides are discussed in Sec. B4. We demonstrate how the elec-
tronic properties of the oxides, e.g., band gaps and the electron effective masses, vary
upon changes in the interatomic distances and /or oxygen coordination by considering
both the ground state and hypothetical structures of oxides. In Sec. BA, the gen-
eral electronic properties of multicomponent oxides are discussed first. Further, we
thoroughly analyze the following: (a) how the atomic coordination affects the band
gap formation in complex oxides; (b) what is the effect of chemical composition on
(an)isotropy of conduction states in RAMOy; (c) what is the orbital composition of
the conduction band in RAMO, and the role the peculiar atomic coordination played
in the respective energy location of cation’s empty s, p, and d orbitals in the con-
duction band; and (d) the electron effective masses within and across the structural

layers of different composition in RAMO,. We give conclusions in Sec. B8.

3.2. METHODS AND APPROXIMATIONS

First-principles full-potential linearized augmented plane wave (FLAPW) [20,
A7) method within the local density approximation is employed for the electronic band
structure investigations of twelve RAMO, compounds, R**=In or Sc, A3*t=Al, Ga,

M?T=Ca, Cd, Mg, and/or Zn, [I1] as well as their single-cation constituents, MgO,
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Ca0O, Zn0O, CdO, Scy03, Iny03, Al,O3, and GayO3. Cutoffs for the basis functions,
16.0 Ry, and the potential representation, 81.0 Ry, and expansion in terms of spherical
harmonics with ¢ < 8 inside the muffin-tin spheres were used. The muffin-tin radii
of multi-cation and single-cation oxides are as follows: 2.3 to 2.6 a.u. for In, Sc, Cd,
and Ca; 1.7 to 2.1 a.u. for Ga, Mg, Zn, and Al; and 1.6 to 1.8 a.u. for O atoms.
Summations over the Brillouin zone were carried out using at least 23 special k points
in the irreducible wedge.

Because LDA underestimates the oxide band gaps and may give incorrect
energy location of the states of different cations in the conduction band of multi-
component materials, we also employed the self-consistent screened-exchange LDA
(sX-LDA) method [57, /G, (4, [78, [79] for more accurate description of the band gap
values and the valence/conduction band states of the twelve complex oxides. For the
sX-LDA calculations, cutoff for the plane wave basis was 10.2 Ry and summations
over the Brillouin zone were carried out using at least 14 special k points in the irre-
ducible wedge. Ga and Zn 3d!0 states, which were treated as valence, were excluded

from screening.

3.3. CRYSTAL STRUCTURE

The investigated multicomponent oxides have rhombohedral R3m layered
crystal structure of YbFe;Oy type and belong to the homologous series RAO3(MO),,

with m=1 |74, 74, B0]. In these compounds, R*" ions (In or Sc) have octahedral

coordination with the oxygen atoms and reside in 3(a) position (Yb), whereas both
A3t (Al or Ga) and M?* (Ca, Mg, Zn or Cd) ions reside in 6(c) position (Fe) and
are distributed randomly [81]. To model a random distribution, specifically, to avoid
planes or chains of the same type of atoms, a 49-atom supercell was constructed with
the lattice vectors (302), (112) and (021), given in the units of the rhombohedral

primitive cell vectors [B6]. Note, that the conventional rhombohedral unit cell of
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YbFe,O4 contains 21 atoms (Z=3), and the primitive, i.e., the smallest volume, cell
contains 7 atoms (Z=1).

Because of the different ionic radii and the valence state of the cations in
RAMO, compounds, the A3 and M?** atoms have different z component of the
internal site position 6(c). Since the exact internal positions of atoms are not known,
we used those of the YbFeyOy [[74] as the starting values, and then optimized the
internal positions of all atoms in the supercell via minimization of the total energy and
the atomic forces. During the optimization the lattice parameters were fixed at the
experimental values [, [74, [75, 80] except for InAlCaQy, InGaCaOy, and InGaCdO,
where a and ¢ were optimized since the experimental values are unavailable. Our
optimized structural parameters for the latter compounds as well as the optimized z
values for every structure under consideration are given in Table B

Next, we compare the local atomic structure in multicomponent oxides to
that of the constituent basis oxides. First, the following ground state (lowest en-
ergy) structures of single-cation oxides were considered: F'm3m (rocksalt) for MgO,
Ca0, and CdO; a3 (bixbyite) for Scy03 and InyO3; P63me (wurtzite) for ZnO; R3c
(corundum) for Al,Og3; and C2/m (monoclinic) for S-GasOs. For these structures,
the lattice parameters were kept at the experimental values. The internal atomic
positions for ScyO3, InyO3, AlyO3, and GayO3 were optimized via the total energy
and atomic forces minimization. Additional phases for oxides of A and M metals
were also calculated as explained in details below.

Our results show that the optimized cation-anion distances in multicomponent
oxides correlate with the ionic radii of the cations, c.f., Tables B and BZ. For the
octahedrally coordinated R3* ions, i.e., In or Sc, the R-O distances in multicomponent
oxides are close to those in the corresponding single-cation oxides, c.f., (Dr_o) in
Table B and (D) in Table B2. The averaged In-O or Sc-O distance in RAMO,

is only 0.03-0.04 A larger than that in InyO3 or ScyO3. The largest deviations for
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Table 3.1: Lattice constants a and ¢, in A; the range for the fractional z coordinates of
A3*=Al or Ga, and M**=Zn, Cd, Ca, or Mg atoms at the 6(c) positions of
rhombohedral YbFe,O,4 structure; and the average optimized cation-anion
distances (Dgr_o), the average planar (D%’/M_O% nearest apical DY 5, o,
and next nearest apical distances D¢ IM—Ox in A, for twelve multicompo-
nent oxides. When available, the experimental lattice constants were used
(experimental values a, b, ¢, and d are used from references [, [74, [75, 80,
respectively), otherwise, the lattice parameters were obtained via the ge-
ometry optimization. The experimental data for the prototype structure
YbFes Oy is given for comparison.

RAMO, a ¢ (Dr-o) (D¥_0) Di_o Di_o. (Dii-o) Dis—o Disos
InAlCaO4 3.34 27.25 220  1.77 1.78 217 2.20 220  2.60
InAlCdO4 3.32% 27.50* 2.20  1.78 .79 205 217 220  2.63
InAIMgO, 3.29* 25.66* 2.20  1.83 1.84 230 2.02 1.98  2.26
InAlZnO, 3.31° 26.33® 2.21  1.84 1.84 214 2.05 200 238
InGaCaOy4 3.39 2731 222 1.85 1.86 2.14  2.17 221 252
InGaCdO4 3.38 27.16 221  1.86 1.89 231 215 217 2.61
InGaMg0O,3.30¢ 25.81¢ 2.19  1.88 191 235 198 1.98  2.26
InGaZnO,4 3.29¢ 26.07¢ 2.21  1.88 192 235 198 1.97 238
ScAIMgO, 3.24% 25.15* 2.15  1.81 1.80 228 1.98 1.98  2.32
ScAlZnO, 3.24° 25.54% 2,13 1.82 .82 217 1.99 1.98  2.38
ScGaMgO,3.27% 25.62¢ 2.14  1.87 1.89 232 1.96 1.99 233
ScGaZnOy 3.26° 25.91¢ 2.13  1.87 1.90 235 1.96 1.98 229
YbFe,O4 3.45% 25.05¢ 2.24  2.01 1.94 215

one of the six In-O distances in the InOg octahedra (5-7%) are found for Ca and
Cd-containing compounds (i.e., InGaMO4 and InAIMO, with M=Ca or Cd). These
compounds represent the case of a large mismatch of the ionic radii of the A and
M ions, which affects the In-O distances in the neighboring InO; 5 layer. In other
compounds, the In-O distances differ by only 1-2% as compared to those in the bulk
In,O3.

The most important observation concerning the crystal structure in RAMO,

compounds is that all A and M atoms are in fivefold coordination (bipyramid) with



43

Table 3.2: The cation-anion distances average, (D), and their ranges, in A in single-
cation oxides as compared to the corresponding average cation-anion dis-
tances and ranges in multicomponent oxides. Also, the deviation in the
ranges of distances in multicomponent oxides with respect to the distances
in the corresponding single-cation oxide, in percent.

Basis oxide RAMO,
(D) | Range | (D) | Range | Deviation, %
R2O3 In-O | 2.17 | 2.12-2.21 | 2.21 | 2.13-2.37 —/+7
Sc-O | 2.11 | 2.08-2.16 | 2.14 | 2.05-2.22 -1/+3
AO3 Al-O | 1.91 | 1.86-1.97 | 1.85 | 1.71-2.30 -8/+17
Ga-O | 1.93 | 1.83-2.07 | 1.93 | 1.79-2.35 -2/+14
MO 7Zn-O | 1.98 | 1.97-1.99 | 2.02 | 1.92-2.38 -3/+20
Mg-O | 2.08 2.08 2.04 | 1.92-2.33 -8/+12
Ca-O | 2.37 2.37 2.25 | 2.10-2.59 ~11/49
Cd-O | 2.35 2.35 2.38 | 2.09-2.63 | -11/+12

oxygen atoms, Fig. BT, and not in fourfold (tetrahedral) as it was previously assumed
for decades. As one can see from Table B, the A-O or M-O distance to the fifth
atom (also called the second apical atom hereafter), denoted as (D, .), is only
~0.3-0.5 A longer than the distance to the nearest apical oxygen atom, denoted as
(D%/ar—o)- For comparison, in wurtzite ZnO, the Zn-O distance to the next nearest
oxygen atom (second apical O) is 3.22 A which is 1.23 A longer than the Zn-O
distance to the nearest apical oxygen atom which belongs to the ZnO, tetrahedra,
Fig. BA(a).

The fact that Zn has fivefold oxygen coordination in RAZnQy, is illustrated in
Fig. B3 where we compare the calculated charge density distribution for InGaZnO,
and wurtzite ZnO plotted in the (011) plane to include O-Zn-O bonds along the

[0001] direction for both compounds. The strong bonding between Zn (as well as Ga)
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Figure 3.1: (Color online)Oxygen coordination of R=In or Sc (octahedra) and A=Al
or Ga, and M=Zn, Cd, Ca, or Mg (bipyramid) in the single block of the
unit cell of RAMO,4 compounds. The conventional unit cell of RAMOy
consists of three similar blocks stacked along the ¢ direction.

(a) (o)

Figure 3.2: (Color online)Fourfold vs fivefold coordination of Zn with oxygen atoms
in wurtzite ZnO (a) vs InGaZnOy (b). The cation-anion apical and planar
distances are shown (in A). The corresponding charge densities are shown

in Fig. B33.
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Figure 3.3: (Color online)Calculated total charge density distribution contour plots
for wurtzite ZnO [left-(a)] and InGaZnOy [right-(b)]. Zn as well as Ga
have strong bonds with both apical oxygen atoms making them fivefold
coordinated cations in the multicomponent oxide, in marked contrast to
wurtzite ZnO with fourfold oxygen coordination.

atom and the second apical oxygen atom in the multicomponent oxide is clearly seen
from the charge density plot, Fig. BZ3(b). In contrast, there is no overlap between
Zn atom and its second apical oxygen atom in wurtzite ZnO, Fig. B3(a). Thus, Zn
atoms form five bonds with neighboring oxygen atoms in InGaZnQO,, whereas Zn has
four bonds in the basis ZnO.

Similar to Zn, all other M?* and all A% cations in RAMO, compounds are
fivefold coordinated with oxygen atoms. Strikingly, none of the A or M atoms possess
fivefold coordination in the basis, single-cation oxides. The Ca, Cd, or Mg metals form
rocksalt structure (F'm3m) with octahedral oxygen coordination, whereas Al or Ga
ions are in either fourfold or sixfold coordinations in corundum (R3c) or monoclinic
(C2/m) phases, respectively. (Other known phases of Al,Ogs, i.e., - and k-Al,O3

with C2/m and Pna2; structures, respectively, also have four- and six-coordinated
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Al ions; a-GayO3 has corundum structure, space group R3c, with sixfold oxygen
coordination of Ga.)

The unusual fivefold coordination of A and M ions stabilized in RAMO, com-
pounds is expected to manifest itself in the electronic properties of the complex oxides
that differ from those for the basis oxides. Specifically, because the main features of
the electronic band structure of oxides, such as the band gap value and the elec-
tron effective mass, are determined by the strong metal-oxygen interactions, direct
comparison between the (averaged) values obtained for multicomponent oxides with
those in the basis oxides in the ground state structures is invalid.

We stress here that the fivefold coordination of A and M atoms with the
neighbor O atoms in the RAMO, compounds does not fall out of the fundamental
principles governing the structure formation of multicomponent oxide systems. As
shown in the extensive works of Walsh et al. [31] (and references therein), the coor-
dination environment is determined by satisfying the electronic octet rule for local
charge neutrality as well as the material stoichiometry. The octahedral structure
in the RO7 5 layer which maximizes the atomic separation between the negatively
charged O atoms, serves as a disruptive stacking fault to the wurtzite-like AMOs 5
layer. At the same time, the A atoms, such as Al or Ga, do not have a strong pref-
erence for octahedral sites [31]. Hence, while trying to accommodate the A and M
atoms and obey the electronic octet rule, changes must occur in the AMO, 5 layer
leading to the formation of fivefold trigonal bipyramid structures [31].

To determine how the local atomic coordination affects the electronic proper-
ties of oxides, we performed calculations for the hypothetical phases with fivefold oxy-
gen coordination of A and M cations. Moreover, we set the lattice parameters as well
as the internal atomic positions in the hypothetical phases so that the metal-oxygen
distances are similar to those in the corresponding multicomponent RAMO, oxides

(given in Table B). This will allow us to compare the band gap value calculated for
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each RAMO, compound with the value obtained via averaging over the band gaps
in the corresponding single-cation oxides with the same local atomic coordination
and bond-lengths. For ZnO, MgO, CdO, and MgO, i.e., for M2 Q%" compounds, we
performed calculations for wurtzite-based structures where the second nearest apical
oxygen atom is located close enough to the metal ion to make it a fivefold coordina-
tion, Table B33. Similarly, for Al,O3 and GayOg3, we used AlySs-type structure, space
group P6;, and modified the lattice parameters and the internal atomic positions
to obtain A-O distances similar to those in the corresponding RAIMO,4 or RGaMOy4
compounds, Table B4. Note, that the In and Sc are octahedrally coordinated with
oxygen atoms both in the basis oxides and in RAMO,. The In-O or Sc-O distances
in the multicomponent oxides are slightly larger than those in the basis oxides, c.f.,
Tables B and B=2.

Table 3.3: Structural parameters for wurtzite-based hypothetical structures of
M2+ (02~ where metal-oxygen distances correspond to the average distances
obtained for RAMO,, Table BTl. Lattice constants a and c¢, internal para-
mater u in A, as well as planar D% . nearest apical DS, ,, and next
nearest apical distances Dj,_,, in A. To compare, in ground state wurtzite
Zn0, a=3.25 A, ¢=5.21 A, u=0.3817: DY, ,=1.97 A; D3, ,=1.99 A;
DY, .=3.22 A.

a ¢ u Dff_o Dir—o Diio.
ZnO  3.44 4.34|0.4570 | 2.00 1.98 2.36
MgO 3.43 4.28 | 0.4639 | 1.98 1.98 2.29
CaO 3.77 4.76 | 0.4625 | 2.19 2.20 2.56
CdO 3.73 4.81 | 0.4557 | 2.16 2.19 2.62

In the next section, we begin our discussions with the electronic properties
of single-cation oxides and how the atomic coordination affects their electronic band

structure.
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Table 3.4: Structural parameters for hypothetical phases of Al;O3 and GayOj3 in
AlySs-type (space group P61). The Ga-O and Al-O distances correspond
to the average distances obtained in RAMOy. Lattice constants a and ¢ in
A, planar D% ,, nearest apical D4 _,, and next nearest apical distances
DS o, in A for different sites.

a ¢ DY o D% o | Di_o.
Al,O3 530 12.59 | Al(1) 1.78 1.81 1.82| 1.79 2.30
2) 1.79 185 1.89| 1.83 2.31
GayO3 5.38 12.85 | Ga(l

1.80 1.83 1.85| 1.89 2.35
1.82 188 1.92 | 1.87 2.38

3.4. ELECTRONIC PROPERTIES OF SINGLE-CATION OXIDES

3.4.1. Ground State Structures. The investigated basis oxides of post-
transition and light main-group metals possess qualitatively similar electronic band
structure: the valence band is formed from non-bonding and bonding 2p states of
oxygen, whereas the highly dispersed conduction band arises from the metal s states
and the anti-bonding O-2p states. Strong metal-oxygen interaction is responsible for
wide band gaps and small electron effective masses in these oxides, Table BA. Note
that, as expected, LDA underestimates the band gap values as well as the electron
effective masses. The nonlocal density scheme of the sX-LDA method corrects the
LDA failure and gives an excellent agreement between the calculated, Table B3, and
experimental band gaps for both the semiconductor-like materials with band gap of
~2.3-3.4 eV (CdO, InyO3, ZnO) and the insulators with band gaps of ~6-9 eV (CaO,
MgO, Al,O3, Sca03).

The sX-LDA calculated electronic band structures and partial density of states
of all single-cation oxides studied in this work have been published earlier, [I5, Y]

except for ScsO3. The bottom of the conduction band in scandium oxide is governed
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Table 3.5: The averaged electron effective mass in m,, for single-cation oxides within
both LDA and sX-LDA are given for the basis oxides in the ground state
phase, (m?) , and in the hypothetical phase, (m"). The effective mass

anisotropy 4, which is defined as § = (m[*% 4 m0100) /2[00 Also, the

band gap values (in eV) obtained within both LDA and sX-LDA are given
for the basis oxides in the ground state phase, EJ, and in the hypothetical
phase, E’;, with the bond lengths and oxygen coordination resembling
those in the corresponding RAMO, compounds. The fundamental band

gaps as well as optical, i.e., direct, band gaps (in parenthesis) are given.

LDA sX-LDA
(m9%) o EJ E} | (m%) EJ (m") E}
R2035 InyO3 | 0.18 1.00 1.16 0.85 | 0.28 2.90(3.38) 0.28 2.61(3.07)
Sco03] 112 1.00  3.66 3.61 | 1.19 6.06 1.19 5.98
As03 ALLO3| 0.39 1.00 6.27 3.86 | 0.45 9.08 0.52 6.80
Gay03 0.26  1.17 2.32 242 1 0.34 4.86(4.91) 0.43 4.82
MO 7ZnO |0.17 1.09 0.81 1.14 | 0.35 3.41 0.36 3.63
MgO | 0.38 1.00 4.76 3.44 1046 7.55 0.52  6.50
CaO | 0.37 1.00 3.45(4.42) 352|042 5.95(7.15)0.53 6.51
CdO | 0.15 1.00 -0.51(0.92) 0.00 | 0.23 0.50(2.29) 0.31 1.01

by the localized Sc d states, Fig. B4, and, as a result of the low dispersion of the
conduction band, the electron effective mass in Scy O3 is the largest among the oxides
and is greater than the mass of the free electron, Table B4.

Recent comparative investigations of main group metal oxides [IH, 9] have
revealed that the fundamental differences in the electronic properties of the conven-
tional TCO hosts (InyO3, ZnO and CdO) and the light metal oxides (Al;O3, CaO
and MgO) originate from the different energy location of the cation’s empty p or d
states with respect to the conduction band bottom. In the former oxides, the cation
p band is well above its s band, which is a prerogative for a good charge transport

via a uniform network formed by the spherically symmetric metal s orbitals and the
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Figure 3.4: Band structure and partial DOS of ScyO3. The thin, dashed, and thick
lines in the partial DOS plots represent the metal d, oxygen p, and metal
s states, respectively.

neighboring oxygen p orbitals in degenerately doped materials. In striking contrast
to the post-transition metal oxides, the light metal p or d band almost coincides (as
in Al,O3 or MgO) or is even below its s band (as in CaO or SceO3) in the classical
insulators. The proximity of the p or d states to the bottom of the conduction band
and the resulting strong directional interaction of these anisotropic orbitals with the
p orbitals of the neighboring oxygen atoms have three consequences: (1) wide band
gaps of 6-9 eV; (2) the electron effective masses which are at least twice larger than
those in the conventional TCO hosts, Table B33; and (3) charge localization (widely
known as an F' center or color center) of extra electrons near an electron-donor defect.
The deep defect states are unable to produce electrical conductivity in these oxides.

We note here that Ga;O3 does not belong to either of the two groups of oxides,
but rather represents an intermediate case, c.f., Table B34, illustrating that, naturally,
the transition between the oxide groups is not abrupt. The Ga p band is located

relatively close to the metal s band but does not coincide with it as, for example,
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in Al,O3 or MgQO. This leads to a considerable but not dominant contributions from
the Ga p states near the bottom of the conduction band. Consequently, in oxygen
deficient Gay O3, extra electrons induced by the oxygen vacancy are not fully localized
near the defect as in light metal oxides, yet, the electron group velocity is nearly an
order of magnitude smaller than that in TCOs, e.g., InyO3 [I9]. This explains why
Gay 03 is not a viable TCO itself, nonetheless, Ga-containing multicomponent TCOs
are COmMmon.

In Sec. B2, we will come back to the discussion of the proximity of the
cation’s p or d states to the conduction band in multicomponent oxides.

3.4.2. Hypothetical Phases With Fivefold Coordination. Asmentioned
above, the main features in the electronic band structure of oxides are determined
by the nature and degree of the metal-oxygen interaction. Here we discuss how the
electronic properties, in particular, the band gap values of single-cation oxides vary
when the metal-oxygen distances and oxygen coordination are changed to resemble
those in the RAMO, multicomponent oxides.

First, we note that In and Sc are octahedrally coordinated with oxygen atoms
both in the basis oxides and in RAMO,. The In-O or Sc-O distances in the basis
oxides are slightly smaller than those in the multicomponent oxides, c.f., Tables B
and B2. To reproduce the R-O distances found in the multicomponent oxides, we
increased the lattice parameter a from 10.12 to 10.26 A and from 9.81 to 9.90 A for
cubic InyO3 and ScyO3, respectively. As expected from a smaller nearest neighbor
orbital overlap associated with longer metal-oxygen distances, we obtained smaller
band gaps for indium and scandium oxides, cf., Table B3.

For A;O3 and MO oxides, we considered hypothetical structures with fivefold
coordination and metal-oxygen distances that resemble those obtained in multicom-
ponent oxides (see Sec. B33 for details). The band gap values calculated within both

LDA and sX-LDA methods for the hypothetical structures are given in Table B4.
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For Al,O3 and MgO with fivefold-coordinated Al and Mg cations, the gap becomes
smaller by 2.2 eV and 1.0 eV, respectively, as compared to the ground state phases
(corundum and rocksalt, respectively) with sixfold coordination. In the hypothetical
CaO and CdO with fivefold coordinated Ca and Cd, the band gap becomes direct
and its value decreases by 0.6 ¢V and 1.3 eV, respectively, as compared to the optical,
direct band gap of rocksalt CaO and CdO with octahedral coordination of cations,
Tabel B3. (Note, the case of Cd represents the largest coordination-induced change
in the band gap, namely, 56%). Accordingly, the band gap in hypothetical ZnO
with fivefold coordinated Zn slightly increases (by ~0.2 eV) with respect to four-
coordinated Zn in wurtzite ZnO. Finally, there is a negligible change in the band gap
of 5-GayO3 which has fourfold and sixfold coordinated Ga atoms in the ground state
monoclinic phase as opposed to the fivefold coordination of Ga in the hypothetical
AlyS3-type structure.

Thus, we find that lower coordination number leads to a smaller band gap.
We must stress here that this conclusion should not be generalized to other coordina-
tions. For example, we do not expect the band gap to increase further for structures
with 8fold coordination (e.g., as in CsCl-type structure) with respect to the sixfold
coordination. We believe that octahedral coordination provides a largest band gap
because it corresponds to the largest overlap between the metal orbitals and the p,,
py, and p, orbitals of the neighboring oxygen atoms [I5]. Therefore, with respect to
the sixfold-coordinated case, higher- and lower-coordinated structures are expected
to produce a smaller band gap. Variations in the metal-oxygen distances (c.f., ranges
in Table B2) may further affect the orbital overlap and, hence, the band gap values,
but perhaps to a lesser extent compared to the changes caused by the different atomic
coordination.

In the next section, we will demonstrate that the band gap values of multi-

component RAMO, compounds can be reproduced via averaging over those obtained
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for the single-cation oxides in the hypothetical structures, i.e., with the corresponding

atomic coordination and interatomic distances.

3.5. ELECTRONIC PROPERTIES OF MULTICOMPONENT OXIDES

3.5.1. Role of Atomic Coordination in Band Gap Formation. The
electronic band structure of 12 multicomponent oxides, RAMOy, is similar to that
of the single-cation oxides: the valence band is formed from the oxygen 2p states,
whereas the conduction band arises from the antibonding oxygen 2p states and the
metal s, p or d states(see Figs. B3 and B0).

The average width of the valence band is about 6.4 eV for all compounds
with the largest value of 7.5 eV obtained for ScGaZnQO,. In the valence band, both
types of the oxygen atoms, O(1) and O(2), give comparable contributions. However,
at the very top of the valence band, the contributions from O(2), i.e., the oxygen
that belongs to the AMO,5 double layer, are at least two times larger except for
ScAIMgO,4 and ScGaMgO, where the oxygen contributions are similar.

Metal-oxygen interactions result in a band gap between the valence and the
conduction bands which varies significantly with composition. From the sX-LDA
calculations, the smallest gap of 2.45 eV is found for InGaCdO,, and the largest,
6.29 eV, for ScAIMgQOy,, Table B8. We note that independent of the composition of
the complex oxides, the sX-LDA band gap values are larger by about 2 eV (more
precisely, by 1.7-2.5 eV) than the LDA values for all compounds investigated, Table
Ba.

The band gaps of multicomponent oxides seem to follow the general trend ex-
pected from the band gap values of the basis oxide constituents, i.e., the incorporation
of ligher metals results in a band gap increase. However, the increase is not the same
in otherwise similar compounds: for example, when Ga is replaced by Al in InAMO,

compounds, the gap does not increase by the same amount for the four compounds,
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Figure 3.5: (Color online)Partial density of states in multicomponent RAMO, com-
pounds as obtained from LDA calculations.
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Table 3.6: LDA and sX-LDA calculated band gaps E, (in eV) in RAMO,4 compounds
and the band gap averages obtained using the band gaps of the corre-
sponding single-cation oxides in the ground state, (Ef), or the hypotheti-
cal phases, (ES}, cf., Table BH, with equal weights. In addition, weighted
averages, (E9)* and (E})", calculated based on the respective contribu-
tions of the cations to the bottom of the conduction band, Fig. B7, are
given.

LDA sX-LDA
RAMO, |E, (Bg) (E9)* (Bb) (EN[E, (Bp (Fp* () (Bh)"
InAlZnO4 | 1.51 2.75 241 195 1.73 |3.48 513 4.68 4.35 4.01
InAlCaO4 | 237 3.63 3.02 274 221 |487 598 521 5.31 4.54
InAlMgQOy | 2.45 4.06 3.20 2.72 2.15 |4.62 6.51 543 530 4.47
InAICdO, | 1.18 2.31 1.88 1.57 1.32 | 2.87 4.16 3.62 3.47 3.11
InGaZnOy4 | 1.18 143 141 1.47 143 |3.29 3.72 3.67 3.69 3.62
InGaCaO4 | 1.93 231 2.10 226 2.02 |4.08 4.57 4.28 4.65 4.29
InGaMgOy4 | 2.08 2.75 254 224 2.07 | 431 510 4.83 4.64 4.40
InGaCdOy4 | 0.64 0.99 0.85 1.09 0.99 |245 275 254 2381 2.65
ScGaZnOy | 244 226 193 239 210 | 445 478 447 4381 4.53
ScAlZnO4 | 3.16 3.58 3.00 2.87 249 |552 6.18 561 547 5.08
ScGaMgOy| 3.26 3.58 3.55 3.16 3.09 | 576 6.16 6.15 577 5.73
ScAIMgOy4 | 4.35 490 4.12 3.64 3.64 | 629 756 6.60 6.43 6.13

i.e., those with M=Zn, Ca, Mg, or Cd. Rather, the increase is about 0.2 eV, 0.8 eV,
0.3 eV, or 0.4 eV, respectively, Table B4, as obtained within sX-LDA calculations.
A thorough analysis of the obtained trends in the band gap values and a comparison
with those in the corresponding basis oxides allow us to make the following important
conclusions:

(i) The band gap in a multicomponent oxide is not governed by the smallest-
gap basis oxide constituent. For example, for two Cd-containing complex oxides, the

sX-LDA band gaps are 2.5 eV and 2.9 eV which are larger than the CdO band gap,
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Table B4. For InAMO, compounds excluding those with Cd, the band gap values
vary from 3.3 eV to 4.9 eV, Table B8 — despite the fact that In,O3 has the band gap
of 2.90 eV (from sX-LDA), Table B3.

(ii) The band gap in the multicomponent oxides is affected by the presence of
all oxide constituents disregarding the differences in the band gaps of the basis oxides.
In other words, not only the post-transition metal oxides (smaller-gap constituents)
but also the light metal oxides (large-gap constituents) contribute to the formation of
the band gap (for example, compare the band gaps of InGaMO, with M=Cd, Zn, Ca
or Mg, or other sets of compounds). This arises from the close interaction between
the alternating cations via shared oxygen atoms in mixed A and M or neighbor R-
layers, and points to a hybrid nature of the conduction band, as discussed in the next
section.

(iii) An equal-weight average, (E7), over the band gaps of the basis oxides in
their ground state phases (c.f., Table B3) correlates with the calculated band gaps
for corresponding multicomponent oxides but gives significantly overestimated values
in most cases, Table B8.

(iv) An equal-weight average, (EZ}, over the band gaps of the basis oxides in
the hypothetical phases (c.f., Table BH) provides a better guess but still overestimates
the value of the band gap in multicomponent oxides, Table B8.

(v) Weighted average over the band gaps of the basis oxides (in either the
ground state phase or the hypothetical phase) with weights taken as the percent
contributions from the cations states to the lowest conduction band wave-function at
the I" point yields underestimated band gap values with respect to those calculated for
multicomponent oxides (these values are not given in the Table B@). For the RAMO,
compounds with two or more light metal oxide constituents, the underestimation is

significant, of ~30%. This suggests that the states located above the conduction
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band minimum (such as the states of the light metals) play an important role and
must be taken into account.

(vi) Weighted average, (E})", over the band gaps of the basis oxides in the
hypothetical phase with weights taken as the relative cation contributions to the
conduction band within an energy range, Fig. B7, provides a closest match to the
calculated band gap values in multicomponent oxides, Table B@. The energy range at
the bottom of the conduction band which is used to determine the cations contribu-
tions, represents the Fermi energy displacement, or the so-called Burstein-Moss (BM)

3 in each

shift, which corresponds to an extra electron concentration of 1x10%! cm™
compound. Due to the high energy dispersion of the conduction band in InAMO,
compounds, the BM shift is large, of 1.0-1.5 eV. In ScAMOQy, the presence of the Sc d
states near the bottom of the conduction band result in a high density of states, and

hence, the BM shift is significantly smaller, e.g., 0.05 eV for ScAIMgO, and ~0.7 eV

for ScAlZnO, and ScGaMgQO,. Thus, the local atomic structure in multicomponent
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Figure 3.7: (Color online) Total charge densities calculated within one unit cell and at
the bottom of the conduction band for the energy window that represents
~1x10%' cm ™2 extra electrons in each RAMO,.

oxides, which differs from that of the basis oxides in the ground state (see Secs. B3
and B4), plays an important role in determining the resulting electronic properties
and must be taken into account for accurate predictions. We note here that an im-
proved agreement between the calculated and the averaged band gaps is expected

when the metal-oxygen distances in the hypothetical oxide phases closely correspond
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to the distances in particular multicomponent oxide, Table Bll. In our calculations
for the hypothetical single-cation phases, we used the metal-oxygen distances aver-
aged over all RAMO, for each particular metal, (D) in Table B, while the actual
distances in each RAMO, may differ essentially, c.f., deviations of the ranges in Table
B3. For example, the 15 % overestimation of the band gap average in InAlZnO, is
due to the fact that the Al-O and Zn-O distances in this compound, (D%, ,)=2.05 A,
(DY, _0)=2.00 A, (D% _,)=1.84 A and (D%, ,)=1.84 A, Table B, are larger than
those in the hypothetical ZnO phase, (D% _,)=2.00 A and (D%, ,)=1.98 A, Table
B3, and the hypothetical P6; phase of Al,O3, (D% ,)=1.825 A and (D, ,)=1.81
A, Table B4. Increased distances in the hypothetical oxide phases will result in
smaller band gaps for these compounds, bringing the average band gap closer to the
calculated one in InAlZnO,4. Conversely, the 7% underestimation of the band gap
average in InAlCaQy, is due to the smaller Al-O distances in the multicomponent
oxide ((D%,_,)=1.77 A and (D%, ,)=1.78 A, Table &) as compared to those in the
hypothetical Al,O3, Table B4.

3.5.2. Nature of the Conduction Band in RAMO,. The nature of the
conduction band in a complex TCO host is of primary interest since the charge
transport in degenerately doped material will occur through the states which form
the conduction band. One of the reasons that the oxides of homologues series
(In,Ga)203(Zn0),,, m=integer, have attracted wide attention was a common as-
sumption that the conduction band in these complex oxides is formed from the In s
states. Based on this assumption it was suggested that these layered materials offer
a possibility to spatially separate carrier donors located within non-conducting layers
and the conducting layers which transfer the carriers effectively, i.e., without charge
scattering on the impurities, that would lead to an increased conductivity [[72].

From the density of states (DOS) plots, c.f., Fig. B3, it may appear that the

In states solely govern the conduction band in all InAMO, compounds. However,
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analysis of the DOS plots alone may provide a misleading picture of the nature of the
conduction bands for three reasons. First, due to the high energy dispersion at the
bottom of the conduction band in the oxides under consideration, the corresponding
density of states is small. This tail in the DOS should not be neglected. Second, one
should compare the relative contributions from different atoms within a rather narrow
energy range at the bottom of the conduction band which corresponds to a Fermi
level displacement associated with introduction of a particular electron concentration
upon degenerate doping of the material. Usually, the extra electron concentrations
are of the order of 101%—10%' cm™3. Third, the partial DOS is commonly calculated
within thse muffin-tin spheres and, therefore, the interstitial region which may give
a significant contribution owing to the spatial distribution of the metal s-orbitals, is
not taken into account.

To obtain a more reliable description of the conduction states in multicompo-
nent oxides, we calculated the charge density distribution within an energy range at
the bottom of the conduction band. For each RAMO, compound, the energy range
was chosen to correspond to an extra electron concentration of 1.0-1.3x10%' cm™3.
The resulting Fermi energy displacement depends on the density of states at the bot-
tom of the conduction band: a small density of states (i.e., high energy dispersion
of the conduction band bottom) leads to a pronounced Ep shift, while the Fermi
level rises slow with electron concentration in the case of a large density of states.
Specifically, we find that in InAMO, compounds the Ep shift is large: it is 1.5 eV for
InAlCdOy, 0.9-1.0 eV for InACaOQy, and 1.1-1.3 eV for all other InAMO, compounds.
In ScAMOQy, the presence of the Sc d states near the bottom of the conduction band
result in a high density of states, and hence, the Eg shift is significantly smaller,
namely, 0.05 eV for ScAIMgQOy, ~0.7 eV for ScAlZnO4 and ScGaMgQOy, and 0.9 for
ScGaZnQy.
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The charge density distributions calculated within the specified energy ranges
are obtained for the full conventional unit cell of RAMO, to include both layers,
RO; 5 and AMOs 5, and the interstitial region between the layers. We summed up
the charge within each [0001] plane, Fig. B72, in order to compare the contributions
from the two structurally and chemically different layers. We found that:

(1) Different layer contributions to the conduction band are nearly identical in
InGaZnOy4, InGaCdOy, and InAlCdOy4. Hence, both layers, InO; 5 and AMO, 5, are
expected to participate in the charge transport once degenerate doping is achieved.

(2) In InAlZnOy4, InGaMgOy,, and InGaCaOy, contributions from the In-O
layer are larger, yet comparable to those from the A-M-O layers. Together with the
compounds in the above case (1), these oxides possess two post-transition metals (In,
Zn, Cd and/or Ga) and one light metal cation (Al, Mg or Ca). These results suggest
that the AMOs 5 layers where post-transition and light metals are mixed, will serve
as conducting path for extra electrons in degenerately doped materials.

(3) If the AMO. 5 layer consists of two light metal cations, as in InAIMgQO,
or InAlCaQy, its contribution to the charge density is low, yet it is not zero as, for
example, in ScAIMgOy, Fig. B7(c). Similarly, the Sc-O layer contributions are negli-
gible if the AMOs 5 layer contains one or two post-transition metals, as in ScGaZnQy,
ScGaMgQOy, or ScAlZnOy.

(4) In ScAIMgQOy, the Al-Mg-O layers have zero contributions, while the charge
is localized within the Sc-O layer. Hence, if extra electrons are introduced, the
AMOs, 5 layers would be non-conducting.

Thus, despite well-defined crystal lattice anisotropy and presence of a light
metal cation in the AMO, 5 layer, several RAMO, compounds are capable of giving
rise to a nearly isotropic conductivity (i.e., within and across the structural layers)

when properly doped. The role of light metal cations in carrier generation in these
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multicomponent oxides, i.e., the effect of these cations on the formation of native
electron-donor and electron- “killer” defects, should be investigated further.

3.5.3. Role of Atomic Coordination on the Conduction States. As
mentioned in the introduction, the proximity of the cations empty p- or d states to the
bottom of the conduction band may help predict the degree of electron localization
in the oxides upon doping. Specifically, it was found [I5] that in oxides of light
metals, such as GayO3, CaO, Al,O3, or MgO, the Ga, Mg or Al p states or Ca d
states are energetically compatible with the s states of cations in the conduction
band. Upon electron doping, extra charge becomes trapped on the anisotropic p or
d-orbitals which form strong covalent metal-oxygen bonds around defect, leading to
the charge confinement (known as a color or F center). Now, we want to determine
the energy location of the detrimental p- or d states of cations in the conduction
band of multicomponent oxides. Our goal is to understand how the p- or d states
location with respect to the conduction band bottom is affected by the local atomic
coordination, i.e., the fivefold coordination in RAMO, versus the fourfold- or sixfold
coordinations in the ground state structures of basis oxides.

First, we find that the local structural variations significantly affect the con-
duction bands of oxides — in addition to the band gap value discussed in the Sec. B2
above. Specifically, in rocksalt CaO with sixfold atomic coordination, the charge-
trapping d states of Ca govern the bottom of the conduction band, being about 1.2
eV below the Ca s states, Fig. B8(a). In marked contrast to the ground-state CaO,
we find that in hypothetical wurtzite CaO with fivefold coordinated Ca, the Ca d
states are pushed into the conduction band and are above the s states, resulting in
a direct band gap, Fig. BR(b). This occurs since the octahedral symmetry favors
strong directional interaction between the d states of Ca and the p states of oxygen
neighbors, whereas the s-p interaction is preferred when the symmetry is broken, as

in fivefold coordinated Ca. Therefore, low-symmetry coordination helps diminish the
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Figure 3.8: Electronic band structure of (a) rocksalt CaO, and (b) hypothetical
wurtzite CaO with the interatomic distances matching those in RACaQy.

Only the bottom of the conduction band is shown. The calculations are
performed within sX-LDA.

detrimental effect of the anisotropic d states on the oxide transport properties by
promoting the s-character of the bottom of the conduction band. Further, from the
calculated density of states for InAlCaOy or InGaCaQOy, Fig. BA, we find that the
Ca d states are well above the bottom of the conduction band formed from the s
states of the constituent cations. Similarly, the empty p band of Al, Mg, or Ga in
RAMO, are located at a higher energy, i.e., deep inside the conduction band. We
conclude that not only the unusual fivefold coordination of the A and M cations but
also the hybridization between the spatially extended s states of the cations (via
shared oxygen atoms) are the reasons for a deeper cation’s p and d bands in RAMO,.
Because of the interaction of cations (e.g., in the mixed AMO, 5 layers) and due to
the difference in the band gaps of the constituent oxides, namely, 2.3-3.4 eV in CdO,
In, O3, or ZnO, and 7-9 ¢V in CaO, MgO, or Al,Og, the bottom of the hybrid s-like
conduction band of complex oxides is driven away from the Ga, Al, and Mg p states

or Ca d states. The fact that the Ga, Al, Mg, or Ca atoms do contribute their states
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(which are the s states) to the conduction band bottom is clearly illustrated by the
calculated charge densities within different layers, Fig. B7d. Hence, those atoms are
expected to participate in change transport upon degenerate doping.

Here, we stress the importance of the fivefold coordination in the formation of
the hybrid s-like conduction band in all considered RAMO, except those containing
Sc. Because the Sc coordination is the same in SCAMO, and ScyOs3, i.e., octahedral,
the Sc d states remain below its s states in all the oxides. As a result, the interaction
between the Sc and other cations in a Sc-containing multicomponent oxide is very
weak, and the bottom of the conduction band is formed by the states of the basis
oxides with smaller band gap, i.e., Sc d states in ScAIMgQO, or the s states of A and
M atoms in ScGaZnOy4, ScGaMgQy, or ScAlZnO,4. This leads to a clear separation of
the particular layers (Sc-O layers in the former case and AMO, 5 layers in the latter
cases) into potentially conducting and non-conducting, Fig. B7.

3.5.4. Electron Effective Mass in RAMO,. The electron effective masses
calculated along the [100], [010], and [001] crystallographic directions in the multi-
component oxides RAMO, are given in Table B71. LDA underestimates the effective
mass values which are in the range of 0.2-0.5 m,, and the sX-LDA gives larger values
— as expected from larger band gaps, Table B8. Within the sX-LDA, the smallest
electron effective mass, 0.33 m,, is found in InGaCdQOy, and the largest, 0.78 m,, are
in ScAIMgQO,. The trend in the effective mass values of RAMO, compounds follows
the one in the calculated band gaps, c.f., Table B@. Significantly, we find that both
LDA and sX-LDA yield isotropic electron effective masses, i.e., the m values along
and across the structural layers are nearly identical in every RAMO, compound ex-
cept for ScAIMgQOy4. This is in agreement with the hybrid nature of the conduction

band and the similar contributions from the R-O and A-M-O layers to the electron

density, as discussed in sections B2 and B5H3
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Table 3.7: Electron effective masses m, in m,, calculated within sX-LDA along the
specified crystallographic directions in RAMO,4 compounds. The compo-
nents of the electron effective-mass tensor, mygp, m., and weighted my’,,
mY, calculated for both the ground state and hypothetical phases using

the effective masses of the corresponding single-cation oxides from Table

B3.

Calculated Predicted

>
N

()" ()"
InAlZnO4 | 0.39 0.38 0.38 | 0.35 0.36 0.34 0.34 | 0.37 0.39 0.35 0.37
InAlCaO, | 0.49 0.50 0.46 | 0.37 0.38 0.34 0.35 | 0.41 0.44 0.36 0.40
InAlMgOy4 | 0.46 047 0.44 | 0.38 0.40 0.34 0.36 | 0.40 0.44 0.36 0.39
InAICdO, | 0.38 0.38 0.38 | 0.32 0.32 0.32 0.31 |0.36 0.37 0.35 0.36
InGaZnO4 | 0.34 0.34 0.34 | 0.32 0.32 0.32 0.32 |]0.35 0.36 0.34 0.35
InGaCaOy4| 043 044 042 | 0.34 0.35 0.33 0.33 | 0.39 0.41 0.37 0.39
InGaMgQOy| 0.41 041 0.40 | 0.35 0.36 0.34 0.35 | 0.39 0.41 0.37 0.39
InGaCdO4| 0.33 0.34 0.33 | 0.28 0.28 0.28 0.28 [ 0.33 0.34 0.34 0.34
ScGaZnOy4| 044 0.45 0.43 | 045 0.63 0.39 0.49 |0.51 0.66 0.45 0.53
ScAlZnO, | 048 0.51 0.48 | 0.51 0.66 048 0.59 |[0.56 0.69 0.52 0.61
ScGaMgO,4 0.53 0.54 0.52 | 0.51 0.66 0.48 0.59 | 0.59 0.71 0.56 0.65

ScAIMgOy4| 0.78 0.69 0.64 | 0.57 0.70 0.90 1.04 | 0.64 0.74 0.95 1.06

RAMO, mM{100] Mo10] Myoo1]| My, mg (mI,)” (mg)”| my, m

In section B, we demonstrated that the band gap in RAMO, compounds
can be predicted via averaging over the values obtained for the single-cation oxide
constituents with corresponding local atomic structure. Here, we perform similar
analysis for the electron effective masses. The results are given in Table B4, where
the LDA and sX-LDA values calculated for RAMO, compounds are given along with
those obtained via averaging over the masses of the bases sinlge-cation oxides. The

ab and z components of the average effective-mass tensors are found according to

[86]. We find that:
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1) Equal-weight or weighted averaging over the electron effective masses of the
single-cation oxides in their ground state structures, c.f., m9 and (m9)", underesti-
mates the calculated mass values.

2) Averaging over the effective mass values of single-cation oxides in hypo-
thetical phases with fivefold coordination gives better agreement with the calculated
values. This may appear to be counterintuitive: since the band gap in hypotheti-
cal oxides is smaller compared to that calculated for the oxides in the ground state
phases, Table B4, one may expect a smaller electron effective mass, and hence, a
worse agreement between the calculated and predicted masses than in the case (1)
above. However, according to the k-p theory, the electron effective mass depends not

only on the band gap value, but also on the orbital overlap of the neighboring atoms:

_ [ (' |y )]
c) 1+_Z O — B (3.1)

where p is the momentum operator, |u{)) is the Bloch wave function of the I’s band at
the I" point (wave vector k=0) and E® is its energy. Band labels v and ¢ represent the
valence and conduction bands, respectively. The smallest denominator corresponds
to E© — B E,, and thus, the smaller the band gap, the smaller the electron
effective mass. The numerator represents the overlap between the orbitals in the
valence band (oxygen p states) and in the conduction band (metal states). Because
the overlap is greater in the higher-symmetry phases (with octahedral coordination
for CaO, CdO, MgO, tetrahedral for ZnO, etc), the effective mass is smaller in the
ground state phases as compared to the hypothetical structures.

3) With the exception for Sc-containing compounds, the equal-weight average
provides a better match between the predicted and calculated mass values than the
weighted average. For the latter, the respective weights are obtained based on the
contributions to the charge density in an energy range at the bottom of the conduction

band (see section B52 and Fig. B™). The energy range corresponds to a Fermi level
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shift of 0.7 eV - 1.5 eV (see Sec. B52) However, it appears to be insufficient, and
the states which are located deep in the conduction band — such as the states of
lighter metals — play an important role in determining the electron effective mass of
multicomponent oxides. Therefore, the corresponding light metal oxide constituents
should be given a greater weight.

The above results suggest that the electron effective mass in multicomponent
oxides is highly sensitive to the presence of all oxide constituents independent of their
band gap value, i.e., both the semiconductor-like post-transition metal oxides and the
insulator light-metal oxides play an equal role in the formation of the conduction band
curvature. The local structural peculiarities, i.e., the fivefold coordination of A and M
atoms, are of less significance here because of the opposite effect of a reduced orbital
overlap and a smaller band gap associated with low symmetry of oxygen polyhedra

on the resulting electron effective mass of multicomponent oxides.

3.6. CONCLUSIONS

In conclusion, the structural and compositional complexity of the considered
multicomponent oxides with layered structure RAMO, allowed us to address two
fundamental questions: (1) how the local atomic coordination affects their electronic
properties such as the band gap, the electron effective mass and the nature of the
conduction band; and (2) how the optical properties and the electron conduction
paths of layered multicomponent oxide hosts vary with the chemical composition.

Most significantly, we demonstrate that the unusual fivefold coordination of
the A3t and M?* metal atoms stabilized in RAMO, compounds, results in the elec-
tronic band structure of the complex oxides that differs from the one expected based
on the electronic properties of the single-cation oxide constituents in their lowest-

energy (ground state) phases. In particular, we find:
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— The band gap in oxides shows strong dependence on the atomic coordination.
High-symmetry octahedral (sixfold) coordination provides the largest overlap between
the metal and oxygen orbitals giving rise to a large band gap. Other coordinations
result in a smaller orbital overlap and, hence, the optical band gap is reduced. In
multicomponent oxides, the band gap is determined not only by the oxide constituent
with the smallest band gap but by all constituent oxides, although those of lighter
metals (Al, Ca, Mg) have smaller contribution to the band gap average compared to
the oxides of post-transition metals (In, Cd, Zn). The respective weights of the oxide
constituents to the band gap average correlate with the calculated percent atomic
contributions to the charge density in the conduction band.

— The electron effective mass in oxides does not follow the trend expected
from the variation in the band gap: we find that the structures with five-coordinated
metals exhibit smaller band gaps but larger electron effective masses as compared
to their six-coordinated counterparts. This finding is explained based on the k-p
theory. In multicomponent oxides, all oxide constituents give equal contributions to
the electron effective mass average.

— The unusual fivefold coordination of the A and M atoms in InAMO, com-
pounds promotes a hybrid s-like conduction band making isotropic charge transport
possible in this layered materials. The calculated charge density distribution shows
that the light metal elements, such as Al, Ca, and Mg, contribute their s states to
the hybrid conduction band of complex oxides whereas the contributions from their
p or d states which are known to cause electron localization in the corresponding
single-cation oxides, are significantly reduced.

- Although all compounds exhibit n-type asymmetry of the electronic band
structure, a high carrier concentration is likely to be achieved only in InGaCdQy,

Fig. B9. Nevertheless, we believe that the oxides that contain light-metal constituents
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In0; InGaZnO, InGaCdO, InGaMgO, InGaCaO, InAlZnO, InAICdO, InAIMgO, InAlCaO,
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Figure 3.9: (Color online) The alignment of the valence and conduction band edges
of InAMO, with respect to the charge neutrality level (CNL) calculated
based on our sX-LDA results.

(Al, Mg or Ca) may hold promise for applications in which carrier densities must be
kept low while the carrier mobilities are preserved.

Thus, the above results highlight the advantages of incorporating light main
group metals in multicomponent oxides, which is highly attractive for lighter-weight,
less-expensive, and environmentally-friendly devices. Further investigations of how
the structural peculiarities and composition affect the formation of native defects in
complex oxides are warrant in order to understand their role in carrier generation

and transport in doped and/or non-stoichiometric oxides.
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4. COMPOSITION-DEPENDENT OXYGEN VACANCY
FORMATION IN MULTICOMPONENT WIDE-BAND-GAP
OXIDES
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ABSTRACT"

The formation of oxygen vacancy in layered multicomponent InAMO, ox-
ides with A3T=Al or Ga, and M?**=Ca or Zn, and in the corresponding binary ox-
ide constituents is investigated using first-principles density functional calculations.
Comparing the formation energies of the oxygen defect at six different site locations
within the structurally and chemically distinct layers of InAMO, oxides, we find
that the vacancy distribution is significantly affected not only by the strength of the
metal-oxygen bonding, but also by the cation’s ability to adjust to anisotropic oxy-
gen environment created by the vacancy. In particular, the tendency of Zn, Ga, and
Al atoms to form stable structures with lower oxygen coordination, results in nearly
identical vacancy concentrations in the InOq 5 and GaZnO, 5 layers in InGaZnO,, and
only an order of magnitude lower concentration in the AlZnOs 5 layer as compared to
the one in the InOq 5 layer in InA1ZnOy4. The presence of two light metal constituents
in the InAlCaQ, along with Ca failure to form a stable fourfold coordination as re-
vealed by its negligible relaxation near the defect, leads to a strong preference of the
oxygen vacancy to be in the InO 5 layer. Based on the results obtained, we propose
several oxides as potential constituents of multicomponent functional materials with

tunable properties.

*Submitted for publication in Physical Review B.
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4.1. INTRODUCTION

The presence of light main-group metals such as Al, Mg or Ca in multicom-
ponent transparent conducting and semiconducting oxides [, 5, 81, B7, GX] is highly
attractive since these cations help stabilize the multi-cation structure, allow for a
broader optical transmission window due to a larger band gap, and also help control
the carrier content while preserving the carrier mobility.

Recent systematic electronic band structure investigations [30] of undoped
stoichiometric InAM O, compounds with A3*=Al or Ga, and M?*"=Ca or Zn, [IL1]
showed that the electronic properties of these layered-structured multicomponent ox-
ides resemble those in the conventional binary transparent conductive oxides (TCOs):
both exhibit a dispersed s-like conduction band and possess a small (0.3-0.5 m,),
isotropic electron effective mass. Strikingly, it was found that despite the different
band gaps of the constituent basis binary oxides (24 eV InyO3 or ZnO; 5 eV for
Gay0Og; and 7-9 eV in CaO or Al,O3), the states of all cations contribute to the bot-
tom of the conduction band of the multicomponent oxide. Such a hybrid conduction
band can be expected to provide a uniform network for the carrier transport within
and across the chemically and structurally distinct layers of the InAM O, materials.

To understand how the chemical composition affects carrier generation in com-
plex oxides, comparative investigations of non-stoichiometric InAM Q4 compounds
are required. In this work, we study the electronic properties of oxygen deficient
InGaZnQOy, InAlZnOy4, and InAlCaO4. We determine the distribution of oxygen va-
cancies within the layered structure of the InAM O, compounds by comparing the
calculated formation energies of the oxygen vacancy defects at various locations within
the InO; 5 and AMOq 5 layers, Fig. BE(a). We find that the location preference of
the oxygen vacancy correlates with the defect formation energies obtained for the
corresponding single-cation oxide constituents. At the same time, we show that the

vacancy formation energies in InAM O, are strongly affected by the highly anisotropic
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Figure 4.1: (a) (Color online) Crystal structure of InAM Oy, specifically, one of the
three similar blocks which construct the conventional unit cell when
stacked along the z direction, is shown. (b) Six structurally different pos-
sible sites for the oxygen vacancy defect with different nearest-neighboring
atoms in the layered multicomponent InAM O, oxides.

atomic relaxation near the defect associated with the presence of several cations of
different valence, ionic radius, and strength of their interaction with the neighbor

oxygen atoms.

4.2. APPROACH

First-principles full-potential linearized augmented plane wave (FLAPW) [20,
47 method within the local density approximation is employed for the investigation
of the defect formation energies and the electronic properties of InAMO, oxides
(A3T=Al or Ga and M?"=Ca or Zn), as well as their single-cation constituents,
CaO, Zn0, In,03, Al,O3, and GayO3. Cutoffs for the basis functions, 16.0 Ry, and the
potential representation, 81.0 Ry, and expansion in terms of spherical harmonics with
¢ < 8 inside the muffin-tin spheres were used. The muffin-tin radii of multicomponent
and single-cation oxides are as follows: 2.3 to 2.6 a.u. for In and Ca; 1.7 to 2.1 a.u.
for Ga, Zn, and Al; and 1.45 to 1.8 a.u. for O atoms. Summations over the Brillouin

zone were carried out using at least 23 special k points in the irreducible wedge.
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The investigated InAMO, oxides have rhombohedral R3m layered crystal
structure of YbFe,O, type, Fig. EX(a) [i74, [75, R0]. In these compounds, In*' ions
have octahedral coordination with the oxygen atoms and reside in 3(a) position (Yb),
whereas both A3T (Al or Ga) and M?** (Ca or Zn) ions reside in 6(c) position (Fe),
Fig. B, and are distributed randomly [81]. Because of the different ionic radii and
the valence state of the cations in the AM O, 5 double layer, the A3* and M?** atoms
have different z component of the internal site position 6(c). The optimized struc-
tural parameters for every structure under consideration can be found in our previous
work [30].

To model isolated point defects in the InAM O, compounds, a 49-atom super-
cell was used with the lattice vectors (302), (112), and (021), given in the units of the
rhombohedral primitive cell vectors [36]. Note that the conventional rhombohedral
unit cell of YbFe,O4 contains 21 atoms (Z=3), and the primitive, i.e., the small-
est volume, cell contains 7 atoms (Z=1). For the binary basis oxides, the following
supercells were constructed: a 80-atom supercell for bixbyite In,O3 and corundum
Al,O3; a 120-atom supercell for monoclinic 8-GayOs; a 84-atom supercell for wurtzite
Zn0O; and a 128-atom supercell for rocksalt CaO. These supercells result in similar

3 and, hence, similar distances be-

defect concentrations, namely, 1.6-1.8x10%'cm™
tween the oxygen defects ~ 10A. We stress that such high concentrations may not
be experimentally feasible in all materials under consideration. However, our goal is
to determine the role played by the chemical composition in the defect formation,
hence, the properties must be compared under the same conditions. The values of
the defect formation energies calculated for the given supercells, can be used to pre-
dict the temperature-dependent defect densities in each compound, and are known
to provide reasonable results [42, 44].

As mentioned above, the layered crystal structure of InAMO, oxides has

two chemically and structurally distinct layers, AMOs 5 and InO; 5, which alternate
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along the [0001] direction. Depending on the layer and the different nearest-neighbor
cations, there are several structurally different sites for the oxygen vacancy defect.
Figure B0(b) shows the six possible defect sites considered for the InAMO, ox-
ides. During the discussions that follow, we identify the defect sites by their nearest-
neighbor atoms, specifically, by their planar and apical cations. For example, as one
can see from Fig. B(b), the sites 4 and 5 both have three neighbors of atom type M
(Zn or Ca) and one neighbor of type A (Ga or Al). However, the sites are different
due to the different set of the planar atoms versus the apical atom resulting in a
different total energies for these sites, as it will be shown below.

The formation energy of the oxygen vacancy in three charge states, i.e., neutral
VY, and ionized V{; or V20+, modeled using a corresponding background charge, can be

calculated as a function of the Fermi level and the corresponding chemical potential:

AH(EFa ,LL) = Edefect - Ehost + po + q(EF) (41)

where Egefeet and Ejoe are the total energies for the oxygen deficient oxide and
the stoichiometric oxide in the same-size supercell, respectively; p is the chemical
potential for an oxygen atom removed from the lattice; g is the defect charge state,
Er is the Fermi energy taken with respect to the top of the valence band.

The chemical potential po = ud, + Apo is taken with respect to the chemical
potential x° of the O, molecule, whereas Apug is the deviation from the elemental
chemical potential. In this work, with the purpose of reasonable comparison between
the quaternary and binary oxides, we consider two extreme cases of the growth con-
ditions. In the extreme oxygen-rich conditions, Aup=0. In the oxygen-poor, i.e.,
metal-rich conditions, Auo depends on the respective values of the heat of forma-
tion, AH;[InAMO], as well as on App,, Apa, and Ay which are calculated from

the following thermodynamic stability conditions:



75

(1) In order to maintain a stable InAM O, host, the elemental chemical po-

tentials should have the values that require

Apirn + Apia + Apps + 4Ap0 = AH[InAMO,] (4.2)

(2) To avoid the precipitation of the elements In, A, M, and O, the following

conditions must be satisfied:

Apipn <05 Apa < 0; Appy < 0;Apo <0 (4.3)

(3) To avoid the formation of the binary compounds, such as In,O3, A303, or

MO, the following conditions must be fulfilled:

Apy + Apo < AH(MO) (4.6)

Thus, the available range for the elemental chemical potentials in the case of
quaternary InAM O, materials is a three-dimensional volume determined by the above
stability conditions (equations B23— B8), projected onto the corresponding InAM O,
plot (equation b2).

The heat of formation, AHy, for the oxides is calculated with respect to the
bulk orthorhombic Ga, tetragonal In, hexagonal Zn, and cubic Al or Ca. Our ob-
tained AH values for the three representative InGaZnO,, InAlZnO,4, and InAlCaO,
compounds are —11.28 eV, -14.60 eV, and —15.40 eV, respectively. Calculating the

corresponding heat of formation for the binary constituents [c.f., Table BT, we find
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that:

2AHf [IHGCLZTLO4] > AHf(IngOg) + AHf(GCLQOg) -+ ZAHf(ZnO) (47)

2AHf[[ﬂAlCCLO4] > AHf([’n,QOg) + AHf(AlQOg) —+ QAHf(CG,O) (48)

The equations b1 and b8 suggest that at zero temperature, the formation of InGaZnO,
or InAlCaQy, is impossible without the formation of the corresponding binary phases.
This also means that there is no available elemental chemical potentials which would
allow the formation of the corresponding multicomponent oxides. Since the latter
are stable above 1000 K [[74, [75, 80|, the entropy term T'AS must be taken into con-
sideration. Similar arguments were reported for In,O3(Zn0O); compounds [82]. The
entropy term can be estimated based on the corresponding equilibrium solid state

reactions which involve the binary constituents as follows:

AH¢[InGaZnO4] — 1/2[AH¢(Iny03) + AH(Gas03)+ (4.10)
4.10

QAHf(ZTZO)] = TInGaZnO4 X 5S]nGaZnO4

AHfUTLAlCCLOz;] — 1/2[AHJC([W,203) + AHf(AlgOg)‘i‘ ( )
4.11

2AH¢(CaO)] = Trnaicao, X 0S1naica0,

We then replace the AHy for InGaZnO,4 and InAlCaO,4 with the correspond-
ing [AH; — T x 05], in the equation b2 above. As a result, the available chemical
potentials for metals in InGaZnOy4, InA1ZnOy4, and InAlCaOy, plotted in Fig. B2, cor-
respond to a very narrow range along the crossing line of the three planes, eqs. B-4-b8.
This is in accord with the results for Ga-free layered multicomponent InyO3(Zn0O)s
which was shown to exist without the occurrence of the secondary phases only for a

constant ratio between indium and zinc [82]. For the extreme metal-rich conditions,
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Figure 4.2: (Color online) Available elemental chemical potentials for InGaZnOy,
InA1ZnOy4, and InAlCaO,4. Shaded planes represent the stability of con-
stituent binary phases. The inserts show the extreme metal-rich values

we obtain:

(a) InGaZnOy: Apr=Auca=0, Apz,=0.70 eV;

(b) InAlZnOy: Apr,=0, Apz,=-0.61 eV, Apuy=-2.75 eV; and

(¢) InAlCaOy: Aprpn=0, Apy=-2.9 eV, Apuc,=3.3 eV.

We stress again that for the clarity of this paper, we do not consider in-
termediate oxygen pressures, i.e., 1/4[AH[InAMO,] — > ApM=m"] < Ao < 0.

Investigations of possible charge compensation mechanisms (e.g., formation of metal

vacancies) are also beyond the scope of this work, and will be discussed elsewhere [83].

4.3. RESULTS AND DISCUSSION

4.3.1. Oxygen Vacancy in Binary Oxides. The first step to understand
the effect of the chemical composition on the formation and distribution of an oxygen
vacancy in layered multicomponent InAM O, oxides, is to compare the formation
energies of the oxygen defect in the corresponding binary oxides. Our calculated
formation energies of the neutral oxygen defect, V9, are shown in Table BT, for

both oxygen-poor and oxygen-rich conditions. It can be seen that the difference
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Table 4.1: Calculated and experimental heat of formation of binary oxides, AH; per
oxygen in eV, and the calculated formation energy of a neutral oxygen
vacancy, AH[VJ], in eV, for both oxygen-poor and oxygen-rich conditions.

AH; per oxygen AH[VS]
Calc Exp O-poor  O-rich
CaO -6.00 -6.57 0.87 7.02

AlLbO;  -4.64 -5.78 1.82 7.10
Ga,O3 -2.74 -3.73 0.69 3.92
Zn0O -3.42 -3.60 0.69 4.10
In, 04 -2.72 -3.21 1.10 3.82

in the defect formation energies for the post-transition and the light-metal oxides
is about 3 eV or higher in the oxygen-rich conditions (Aup=0). The trend in the
defect formation energies correlates with the heat of formation of the binary oxides,
Table BT the low heat of formation of post-transition metal oxides signifies that the
oxygen vacancies are abundant in these oxides.

Under the extreme metal-rich conditions, i.e., when Apneq=0, and Apup is
determined by AH]‘%“IC according to the equations b4-b68, the differences in the defect
formation energies in the binary oxides become less obvious. As it was mentioned
above, with the purpose of fair comparison between the oxides, we do not consider
intermediate oxygen pressures. For each particular compound, the pressure ranges
may be limited by the experimental characteristics, e.g., the annealing temperature
which also affects the value of Apup, as well as by the formation of undesired intrinsic
defects. In particular, studies of the charge compensation, e.g., due to a low formation
energy of the metal vacancy in Al,O3 and CaO which are necessary to explain the
insulating behavior in these light-metal oxides, are beyond the scope of this work and

will be presented elsewhere [R3].
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Our calculated formation energies of the neutral oxygen defect, V, Table BT,
are in a good agreement with prior reported formation energies for neutral oxygen
defect in the binary oxides, such as 0.6 eV for O-poor and 6.6 eV for O-rich in CaO,
7.5 eV for O-rich in Al;O3, 1.2 €V for O-poor and 3.8 €V for O-rich in ZnO, 1.0 eV
for O-poor and 3.7 eV for O-rich in InyO5 [A2, 44, &4].

The fact that it is easier to create an oxygen vacancy in the post-transition
metal oxides, i.e., InoO3 or ZnO, as compared to the light main-group metal oxides,
i.e., Al,O3 or CaQ, is in accord with the calculated degree of the electron localization
around the oxygen defect [[H]. A more uniform charge distribution at the bottom
of the conduction band was found in the oxygen deficient post-transition metal ox-
ides. In contrast, the light-metal oxides exhibit a strong charge confinement near
the oxygen vacancy (an F-like center). It was shown that the electron localization in
the latter oxides is associated with the formation of the strong directional metal p —
oxygen p bonds around the defect [T9].

We note here that Gay;O3 should be placed at the far end of the conventional
TCO hosts such as InyO3 and ZnO which have low formation energy of the oxygen
vacancy. In GayQOg, there are 3 non-equivalent oxygen sites, which we label as site 1,
2, or 3, with 3, 4, or 6 Ga neighbor atoms at the average distance of 1.90 A, 2.00 A,
or 1.87 A, respectively. Consequently, the formation energies of the oxygen vacancy
in those sites are different and correlate with the average Ga-O distances for each
site: we obtained 1.09 eV, 1.31 eV, or 0.69 eV under the metal-rich conditions, and
4.32 eV, 4.55 eV, or 3.92 eV under the oxygen-rich conditions, for the sites 1, 2, or 3,
respectively. Note that only the lowest values are given in the Table B. Since the
concentration of a defect is proportional to the number of the sites available for the
defect, only a third of the oxygen atoms in Gay;O3 may produce a vacancy defect with
the formation energy similar to that in ZnO, i.e., 0.69 eV under the O-poor conditions,

Table B0 The higher formation energy of the Vo at the other oxygen sites (i.e., sites
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1 and 2) sets GayO3 somewhat in between the two oxide groups considered above.
Again, this finding is consistent with the obtained degree of the electron localization
near the oxygen vacancy defect, InoO3 < ZnO < GagO3 < CaO < Al,Og [15]. The
Gay03 results above also reveal that the oxygen vacancy formation energy depends
strongly on the coordination and the metal-oxygen distances.

4.3.2. Distribution of Oxygen Vacancies in InAMO,. In this section,
we investigate how the presence of light-metal cations (Ca and/or Al) affects the
distribution of the oxygen vacancies within the structurally and chemically distinct
layers of multicomponent oxides. The chosen three InAMO, compounds, namely
InGaZnOy, InAlZnOy4, and InAlCaQy, represent the systems with none, one, and two
light-metal constituents, respectively. We believe that the trends obtained for these
three oxides may help us understand the role played by the composition in the defect
formation and make reasonable predictions for other multicomponent oxides.

First, to determine the most energetically favorable location of the oxygen
vacancy in InGaZnQy, InAlZn0Oy4, and InAlCaO,, we calculate the formation energies
of the oxygen vacancy defect in the six structurally different oxygen sites which were
discussed above and shown in Fig. BZ0(b). The results are given in Table B=2. Our
comparative analysis of the defect formation energies shows that the oxygen vacancy
prefers to be within the InO; 5 layer for all three representative compounds. There
are two oxygen site positions within the InO 5 layer, site-1 and site-2, which differ
by the type of the apical atom, i.e., A or M, respectively, Fig. B1(b). Comparing the
formation energies of the oxygen vacancies at these two sites, we find that in the case
of InGaZnO,4 and InAlZnQy, the oxygen vacancy defects prefer to be in the site-2
position with three In atoms and one Zn (apical) atom as their nearest-neighbors.
In contrast, in InAlCaQy, the lowest formation energy corresponds to the defect in
site-1 with three In and one apical Al as the defect nearest-neighbors. We note here,

that similar trends in the formation energies of the oxygen vacancy at different site
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Table 4.2: Formation energies of neutral oxygen vacancy located at 6 different defect
sites in InGaZnQOy, InAlZnO,4, and InA1CaO, for oxygen-poor and oxygen-
rich conditions. NN denotes the nearest-neighbor atoms and “a” stands
for an apical atom. The lowest formation energy values are given in bold.

InGaZnOy InAlZnOy4 InAlCaO,
Site NNs O-poor  O-rich | O-poor O-rich | O-poor O-rich
1 | 3R, 1A-a | 1.51 4.24 1.43 4.24 1.27 3.98
3R, IM-a | 1.32 4.05 1.34 4.15 1.39 4.10
2A, 2M-a | 1.61 4.34 2.95 5.76 3.26 5.97
1A, 3M-a | 1.38 4.12 2.00 4.81 297 5.68
1A-a, 3M | 1.35 4.09 1.57 4.38 2.67 5.38
3A-a, IM | 1.68 4.42 3.14 5.95 3.08 5.79

S Ot = W N

positions are obtained for the ionized vacancy defect with the exception for InGaZnO,
where the lowest formation energy of V) is for the defect at site-5 while the defect
at site-2 is higher in energy by only 0.02 eV.

For the considered three compounds, the defect preferred site location corre-
lates well with the experimental heat of formation of the corresponding binary oxides,
and, accordingly, with the oxygen vacancy formation energy, c.f., Tables E1 and B2
For example, in InGaZnO,4 or InAlZnOy4, In,O3 has the lowest heat of formation
per oxygen (-3.21 eV) followed by ZnO (-3.60 eV) and GayO3 (-3.73 V) or Al,O3
(-5.78 eV). Hence, the site-2 in the InO; 5 layer corresponds to the set of the metal-
oxygen bonds — three In-O bonds and one Zn-O bond — that would be easiest to break
in order to create an oxygen vacancy defect. Accordingly, for the InAlCaQ, oxide,
the oxygen vacancy prefers to be in the site-1 with three In and one Al neighbor
atoms rather than in the site-2 with three In and one Ca neighbors, since CaO has

stronger metal-oxygen bonds than Al;Oj.
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The above results suggest that the oxygen vacancy has a preference to form
within the InO 5 layer, independent of the chemical composition of the three com-
pounds. However, the preference for the octahedral InO; 5 layer is strong only for
InAlCaQy: the vacancy formation energy in the AlCaQ, 5 layer is higher by at least 1.3
eV than that for the oxygen vacancy defect in the InO; 5 layer, Table 2. In marked
contrast to InAlCaO,4 with two light-metal constituents, the oxygen vacancy distri-
bution is likely to be more uniform throughout the layered structure of InGaZnO,
and InAlZnOy4. In InGaZnQy, the difference in the defect formation energies between
site-2 (three In and one Zn) and sites 4 and 5 (three Zn and one Ga) is negligible.
Therefore, one can expect the vacancy concentrations to be comparable in the InOq 5
and GaZnOs 5 layers of InGaZnO,4. In InAlZnO,, the difference in the defect for-
mation energies between site-2 and site-5 is larger, about 0.2 eV. In this case, we
can estimate that the resulting defect concentrations will differ by about an order of
magnitude at 1000 K (which is a typical annealing temperature in oxides).

Figure =3 shows the estimated concentrations of the oxygen vacancy defect
in the neutral charge state in the InO; 5 and AM O, 5 layers as a function of growth
temperature. The figure clearly illustrates that the presence of one light-metal con-
stituent in the mixed AMQOs 5 layer reduces the concentration of the electron donor
defect in that layer, but does not suppress it completely as in the case when both
A and M atoms are light metals. We note, that other charge states of the oxy-
gen vacancy may contribute to the overall Vi concentration if acceptor defects such
as cation vacancies, oxygen interstitials, and/or antisite defects, become abundant
pushing the equilibrium Fermi level away from the conduction band.

4.3.3. Formation of Stable Fourfold Structures in Oxygen Deficient
InAMO,. Comparing the energetics for the six different defect sites, we find another
trend that can be explained based on the heat of formation of the constituent binary

oxides. Specifically, in InAlZnOy, the defect formation energy, AH(Vy), increases as
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Figure 4.3: (Color online) Concentrations of the oxygen vacancy defect in the neutral
charge state in the InO;5 and AMO,5 layers as a function of growth
temperature calculated under the extreme oxygen-poor conditions.

the number of the Al atoms around the oxygen defect increases: site-1 (one apical
Al and three In) < site-5 (one apical Al and three Zn) < site-4 (one planar Al) <
site-3 (two planar Al) < site-6 (two planar and one apical Al). Therefore, the oxygen
vacancy in InAlZnO, “avoids” having Al as a neighbor cation. Indeed, the Al-O
bond is the strongest compared to the In-O and Zn-O bonds in InAlZnQOy, and the
oxygen vacancy defect is least likely to be formed near the Al atoms. This tendency is
stronger when the Al is a planar neighbor rather than the apical one simply because
the planar metal-oxygen distances are generally shorter than the apical ones in the
layered InAM O, compounds.

Similar to InAlZnOy, the oxygen vacancy distribution exhibits a trend with
respect to Ga in InGaZnQO,, where the formation energy of the defect in the sites
with one Ga neighbor (sites 1, 4, and 5) is lower than that in the site-3 (two Ga
neighbors) or site-6 (three Ga neighbors). However, simple arguments based on the
comparison of the heat of formation of the binary oxides do not explain all the results
obtained. In particular, in InGaZnO, the formation energy of the oxygen vacancy

at site-5 (three Zn and one Ga neighbor) is lower than the one at site-1 (three In
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and one Ga) although the heat of formation of InyOj3 is lower as compared to that of
ZnQ, Table B1. We believe that one of the possible explanations involves the cation
preference for a particular oxygen coordination. For instance, in the ground-state
phase of ZnO, the wurtzite structure, Zn has fourfold coordination with O atoms.
In bixbyite InyOg3, as well as in other available phases for indium oxide, In is always
sixfold coordinated with O atoms. In InGaZnO4 compound, all Zn (and Ga) atoms
are in fivefold coordination with oxygen atoms whereas In atoms remain in the sixfold
coordination. After removal of the oxygen atom in site-5, three Zn atoms become
fourfold coordinated with oxygen. Owing to the preference of Zn atoms to be in
the fourfold coordination, the defect in site-5 (or site-4) become energetically more
favorable compared to the site-1 defect where three In atoms lose one oxygen neighbor
to become fivefold coordinated. (As it will be shown in the next section below, Zn
atoms near the defect experience much stronger relaxation, with the Zn-V$ distances
reduced by 8 % for the site-5 case, Table E=2, whereas the In-V§ distances change
only by 1-2 %.)

Accordingly, the most stable configuration of the oxygen defect in the A1ZnO, 5
layer of InAlZnQOy4 corresponds to the structure with three fourfold coordinated Zn
(site-5). The formation energy in this case is higher by only 0.14 eV as compared
to the defect at site-1, Table BZ3. (As it will be discussed below, Zn relaxation is
restricted due to the presence of the strong Al-O bonds that limits the ability of Zn
to form a more stable fourfold coordinated structure.)

In marked contrast to Zn, Ca does not exhibit a preference for fourfold coordi-
nation being sixfold-coordinated with oxygen in the ground state (rocksalt structure)
as well as in most CaO-AlyO3 structures [85]. Thus, in InAlCaOy, the difference
between the formation energies in site-1 and site-5 is large, 1.4 eV, which is mainly
determined by the differences in the metal-oxygen binding in binary oxides, Table ET.

In other words, there is no additional energy gain associated with the formation of a
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stable fourfold structure similar to the one observed in the case of Zn, since Ca is in-
different to the formation of such structure and, as it will be shown below, experience
negligible relaxation upon oxygen removal — in marked contrast to Zn in InGaZnQO,
and InAlZnQO,.

While Zn shows a strong preference for the fourfold coordination, Al and Ga
can exist in either sixfold or fourfold oxygen coordination. The corundum Al;O3 has
octahedrally coordinated Al atoms, but there are many phases where Al is in fourfold
coordination with oxygen [85]. In the ground-state monoclinic phase, Ga;O3 has two
nonequivalent Ga atoms — one being fourfold coordinated and the other in sixfold
coordination. Therefore, we believe that both Al and Ga can form a stable fourfold
structure when losing one oxygen atom upon introduction of an oxygen vacancy in
the InAMO,4 compounds. The formation of such structures is illustrated below based
on the atomic relaxation near the oxygen defect.

4.3.4. Structural Relaxation in Oxygen Deficient InAM Q4. The role
of oxygen coordination in the vacancy formation and distribution in InAM O, can be
further understood by considering the structural relaxation caused by the defect. For
this, we compared the changes in the positions of the metal and oxygen atoms near
the vacancy defect. Table B=3 shows how much the metal atoms nearest to the oxygen
vacancy shift with respect to their original positions in the stoichiometric oxide. First
of all, we note that in all three multicomponent oxides, the apical atoms move away
from the defect (positive AD-a) and the values are generally larger compared to
the change in the planar distances, AD4/™ some of which are positive (cations move
away from the defect), while others are negative (cations get closer to the defect). The
larger relaxation of the apical atoms is inherent to the layered structure of InAM Oy

compounds: stacking the cations of different ionic radius, valence, and metal-oxygen
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Table 4.3: Upon the atomic relaxation caused by the oxygen defect, the change in
the distance between the vacancy and its nearest apical metal atom, AD-
a, and the average change in the distances between the vacancy and the

planar A or M atoms, AD# or AD™ | in percent, are given.

InGaZnOy InAlZnOy4 InAlCaO,
Site | AD-a  ADA ADM | AD-a AD* ADM | AD-a ADA ADM

1 +10 +16 +14

2 +8 +9 0

3 +3 -5 0 +1 +3 -1 +3 -3 -1
4 +5 -5 -3 +3 +6 -4 +3 -1 -1
5 +9 -8 +13 -7 +14 -1

6 +6 6 +1 +3 +1 -1 +1 —4 -1

bond strength along the ¢ direction leads to larger deviations from the regular metal-
oxygen distances in the corresponding binary oxides [30], and hence allows more
freedom for relaxation.

Comparing the apical atom’s shifts, AD-a, for InGaZnO4 and InAlCaQy, we
find that the shifts are large for both Ga and Zn apical atoms in the former oxide,
whereas in the two-light-metal compound, apical Al atoms exhibit more significant
changes, 14%, compared to the apical Ca atoms, 0-3%. Accordingly, the Ca planar
atoms exhibit only a small relaxation, AD® ~1% for all vacancy sites, as compared
to the planar Zn, Al and Ga atoms shifts. The negligible relaxation of Ca as compared
to the relaxation of Zn, Al, or Ga, can be explained by several factors: (i) the large
ionic radius of Ca ion as compared to those of Zn, Ga and Al (given in the order of
decreasing ionic radii); (ii) the stronger bonds between Ca and its nearest O neighbors
with respect to the oxygen bonds with Zn, Ga and Al, as determined by the heat
of formation of the binary oxides, Table B7T; as well as (iii) Ca indifference to losing

one oxygen neighbor to become a fourfold coordinated cation. All the factors above
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limit the motion of Ca in the lattice with oxygen defect. In contrast to Ca atoms,
the smaller ionic radius, weaker metal-oxygen bonds, and a possibility to form a
fourfold structure make it easier for Al, Zn, and Ga to adjust to the new electronic
environment created by the oxygen defect and, hence, those atoms experience greater
relaxation (Table A23).

Further confirmation of our observations above can be obtained based on the
optimized distances between the metal atoms which surround the defect and their
oxygen neighbors. We find that in InGaZnQy, the atomic relaxation results in slightly
increased planar Zn-O distances (from ~1.98 A to ~2.05 A) and notably decreased
apical Zn-O distance (from 2.41 A to ~2.20 A) making all four Zn-O distances more
alike to resemble the fourfold coordination. Similarly, the apical Ga atoms near the
vacancy pull their oxygen neighbors to become four-coordinated with oxygen: all four
Ga-O distances are found to be within 1.86-1.89 A, which is close to the distances
between the fourfold coordinated Ga and oxygen atoms in monoclinic GayO3, 1.83—
1.86 A (for comparison, the distances between the sixfold coordinated Ga and oxygen
atoms in monoclinic GayOs are 1.93-2.07 A).

Significantly, we find that Zn propensity to become fourfold-coordinated upon
losing an oxygen neighbor decreases in InAlZnO4 as compared to InGaZnOQOy, i.e.,
when Ga atoms in the A sublattice are changed to Al. We obtain that the distances
between the Zn atoms nearest to the oxygen defect (in site-5) and their oxygen apical
neighbors reduce by only 0-2 %, from ~2.44 A to ~2.38 A, whereas the corresponding
changes of the Zn-O distances in InGaZnOy are 3-4 %. The planar Zn-O distances
in InA1Zn0Oy (2.02-2.21 A) are also larger than the corresponding Zn-O distances in
InGaZnOy (1.99-2.13 A) or the planar Zn-O distances in wurtzite ZnO (1.97 A). We
believe that the motion of Zn atoms in oxygen deficient InAlZnQy is restricted due

to the stronger Al-O bonds present in the AlZnO, 5 layer.
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Comparing the relaxation of Al atoms in InAlZnO, and InAlCaO, with the
oxygen vacancy at site-1, we observe a similar tendency: in the former, the Al pulls
its nearest oxygen atoms closer to itself so that all four Al-O distances become nearly
identical (changing from 1.87-1.96 A t01.80-1.82 A) with the largest distance change
of 8 %, whereas in InAlCaQy, all four Al-O distances are essentially unchanged upon
introduction of the defect having the largest relaxation of only 0.4 %. Therefore, we
can conclude that the presence of the metal atoms which form stronger bonds with the
oxygen neighbors restricts the motion of the metals with weaker oxygen bonds. As a
result, the latter cations are unable to form a preferred coordination and/or relax to
the desired metal-oxygen distances and are forced to remain in a highly anisotropic
oxygen environment upon introduction of a oxygen vacancy. This leads to a high
formation energy of the defect. Indeed, the formation of strong directional bonds due
to significant contribution from the metal p orbitals near the oxygen vacancy defect
in Al,O3, CaO, and MgO, [19] was shown to be the reason for the strong electron
localization near the vacancy in these binary light-metal oxides. In contrast, when the
multicomponent oxide consists of a low-formation oxide constituents, as in the case of
InGaZnQOy, the weakly-bonded lattice may allow for a significant atomic relaxation,
hence, leading to an energy gain due to the formation of more stable structures, and
thus a more uniform defect distribution throughout the lattice (c.f., Fig. E3).

4.3.5. Conductivity Estimates in Oxygen Deficient InAMO,. In Sec-
tion B=32 above, we showed that under the extreme metal-rich conditions, the consid-
ered three representative InAM O, compounds have nearly identical formation energy
of the oxygen vacancy in the InO; 5 layer, Table B2, suggesting that similar concen-
trations of the oxygen defect may be achieved in these compounds, Fig. 3. However,
apart from the formation of other possible acceptor and donor defects to be discussed
elsewhere [83], one also needs to take into account the electron mobility which deter-

mines the resulting conductivity along with the carrier concentration. Specifically,
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the conductivity o depends on both, the electron group velocity and the density of

states near the Fermi level, according to:

2e?
o = WZ|U]€)\|2T]€>\(S(E]€)\—EF). (412)
kX

Here e is the electron charge, {2 — the volume of the Brillouin zone, k£ — the wave
vector, A — the band index, v — the electron group velocity, 7(¢) — the relaxation
time, and Ef is the Fermi energy. Based on our calculations, we can estimate the
band-structure conductivity factor — the square of the electron velocity multiplied by
the density of states in the vicinity of the Fermi level — and compare the results for
the three compounds under consideration, Table. B4 . The electron relaxation time
can be roughly assumed to be of the same order for the oxides with similar defect
concentrations.

Table 4.4: Electronic properties of InAM O4 compounds with ionized oxygen vacancy,
V$, which corresponds to the conducting state: Defect carrier concentra-
tions used in the supercell calculations; the electron group velocities calcu-
lated at the Fermi level for the [001] crystallographic direction; density of
states (DOS) at the Fermi level; and normalized band-structure conduc-
tivity factor calculated as the square of the electron velocity multiplied by
the density of states at the Fermi level.

InGaZnO, InAlZnO, InAlCaO,

Defect concentration, 10%'cm =3 1.75 1.72 1.63
Electron velocity, vl 10° m/s 6.47 4.09 3.46
Density of states at Ep, states/eV-cell 3.7 7.0 7.6
Normalized o-factor, v*-DOS(Er) 1.00 0.76 0.59

The electron group velocities and density of states (DOS) are calculated for
the oxygen deficient InAM O, with ionized oxygen vacancy, V5 which corresponds to
the conducting state, Table. B [19, 44]. We find that the electron velocities differ

for the three compounds: we obtain 6.47x10° m/s, 4.09x10° m/s, and 3.46x10°
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m/s in InGaZnOy, InAlZn0O,, and InAlCaOy,, respectively, with the oxygen vacancy
located at the most preferred site. However, the density of states near the Fermi
level increases in the same order, i.e., as the number of the light metal constituents
increases. The larger DOS(Er) indicates a decrease in the energy dispersion of the
conduction band associated with stronger electron localization, as expected from the
comparative investigations of oxygen deficient binary oxides, Table. B4 [15].

As a result, despite a possibility for similar defect concentrations in InAM Oy
compounds with oxygen vacancies assumed to be the major donor defects, the con-
ductivity estimated from the electronic band structure is expected to be two times
smaller in InAlCaQ, as compared to InGaZnQO,, whereas InAlZnO, falls in between

the values of the two oxides above.

4.4. CONCLUSIONS

We have investigated the oxygen vacancy formation in three representative
multicomponent InAM O, compounds with none, one and two light metal constituents.
Although we find that the oxygen defect prefers to be located in the InOy 5 layer for
all three InAM O, materials which correlates well with the heat of formation of the
corresponding binary oxides, we obtain a significant reduction in the defect formation
energy due to a large atomic relaxation near the defect and the formation of stable
fourfold structures for Zn, Al, and Ga atoms. This additional energy gain results in
a more uniform distribution of the oxygen defect throughout the layered structure of
InGaZnO,4 and InAlZnO,. We believe that a similar behavior may be expected for
the multicomponent oxides which consist of the cations with relatively weak metal-
oxygen bonds, e.g., CdO with the heat of formation of AH;=-2.69 eV, SnO, with
AH;=-6.02 eV, and GeO,y with AH;=-5.59 eV, to allow for an appreciable atomic
relaxation in the lattice in order to achieve the desired local structure characteris-

tics (i.e., metal-oxygen distances and coordination). The latter two oxides are also
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appealing because the Ge and Sn cations can exist in both fourfold and sixfold coor-
dinations, therefore, they are more likely to adjust to anisotropic oxygen environment

associated with the formation of oxygen defects.
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ABSTRACT"

The formation of native point defects in layered multicomponent InAM Q4 ox-
ides with A**=Al or Ga, and M?*=Ca or Zn, is investigated using first-principles den-
sity functional calculations. We calculated the formation energy of acceptor (cation
vacancies, acceptor antisites) and donor (oxygen vacancies, donor antisites) defects
within the structurally and chemically distinct layers of InAMO,4 oxides. We find
that the antisite defects, in particular, the A atom substituted on M atom site (Ay)
in InAMO, oxides, have lower formation energies, hence, higher concentrations, as
compared to those of the oxygen vacancies (V) which are major donor defects in
binary constituent oxides. Furthermore, the cation vacancies (V;,, Vi, and Vj,) have
low formation energies in InAM O, oxides associated with the large structural relax-
ations around the defect. As a result, the equilibrium Fermi level is pushed away from
the conduction band bottom deeper into the band gap. The results not only agree
with the observed dependence of the conductivity on the oxygen partial pressure in
InGaZnQOy, but also explain why the InAlZnO,4 samples were unstable under a wide

range of growing conditions.

*In final preparation for submission to Physical Review B.
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5.1. INTRODUCTION

Multicomponent transparent conducting oxides (TCOs) [, 5, 31, 87, 68] with
the composition of both post-transition metals (In, Ga, and Zn) and main-group light-
metals (Al, Mg, and Ca) are highly attractive since the presence of main-group light-
metal cations help stabilize the multi-cation structure, allow for a broader optical
transmission window due to a larger band gap, and also help control the carrier
content while preserving the carrier mobility [3].

The carrier generation mechanism in multicomponent TCOs is a subject of
active debates [9, 9, 26, B5]. For example, the free carriers in InGaO3(Zn0O) are
believed to be due to the formation of oxygen vacancy defects [9, B5]. However, based
on the first-principles investigations, it was shown that the oxygen vacancies are deep
donors and can not explain the observed conductivities in these materials [I9, 46].

Recently, electronic band structure of undoped stoichiometric as well as oxy-
gen deficient InAMO, compounds with A3*=Al or Ga, and M?*=Ca or Zn, [L1]
have been systematically investigated from first-principles [, B0]. The results of un-
doped stoichiometric materials showed that the electronic properties of these layered-
structured multicomponent oxides resemble those in the conventional binary TCOs:
both exhibit a dispersed s-like conduction band and possess a small (0.3-0.5 m,),
isotropic electron effective mass. Strikingly, it was found that despite the different
band gaps of the constituent binary oxides (2-4 eV InyO3 or ZnO; 5 eV for GayOs;
and 7-9 eV in CaO or Al,Oj3), the s-states of all cations contribute to the bottom of
the conduction band of the multicomponent oxide. Such a hybrid conduction band
can be expected to provide a uniform network for the carrier transport within and
across the chemically and structurally distinct layers of the InAMO,4 materials [30].
Moreover, the results of oxygen deficient InAM O, oxides showed that the chemical
composition, the local atomic coordination, the atomic relaxation, and the metal-

oxygen bond strengths strongly affect the formation and distribution of the oxygen
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vacancy defects [16]. In fact, it was found that the concentration of the oxygen va-
cancy defect is suppressed due to the presence of the light-metal oxide constituents.

In order to understand the carrier generation mechanisms in multicomponent
oxides and make conclusions about the origins of the conductivity, other possible
native point defects in InAMO,4 must be studied. In this work, we systematically
calculate and compare the formation energies of possible native point defects at var-
ious locations within the InO; 5 and AM O, 5 layers of InAMO,, Fig. B, Structural
and chemical complexity of InAMO,4 compounds lead to several intrinsic donor and
acceptor defects which can coexist. Thus, our investigation of native point defects
include both the donor (anion vacancies, donor antisites) defects and acceptor (cation
vacancies, acceptor antisites) defects. By taking into account the compensation mech-
anism involved within these native defects, we compare the formation energies of
electron donors as well as electron Kkillers, to predict and calculate the most stable

donor defect which can produce free carriers.
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Figure 5.1: (a) (Color online) Crystal structure of InAM Oy, specifically, one of the
three similar blocks which construct the conventional unit cell when
stacked along the z direction, is shown. (b) Four structurally different
possible antisite defects with different nearest-neighboring atoms in the
layered multicomponent InAM O, oxides.
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5.2. APPROACH

Ab-initio full-potential linearized augmented plane wave method (FLAPW) [0,
A7) within the local density approximation is employed for the investigation of the
defect formation energies and the electronic properties of InAM O, oxides (A3T=Al
or Ga and M*"=Ca or Zn). Cutoffs for the basis functions, 16.0 Ry, and the poten-
tial representation, 81.0 Ry, and expansion in terms of spherical harmonics with ¢ <
8 inside the muffin-tin spheres were used. The muffin-tin radii of multicomponent
oxides are as follows: 2.3 to 2.6 a.u. for In and Ca; 1.7 to 2.1 a.u. for Ga, Zn, and Al,
and 1.45 to 1.8 a.u. for O atoms. Summations over the Brillouin zone were carried
out using at least 23 special k points in the irreducible wedge.

The investigated InAMO, oxides have rhombohedral R3m layered crystal
structure of YbFe,O, type, Fig. E(a) |74, 75, 80]. In these compounds, In3* ions
have octahedral coordination with the oxygen atoms and reside in 3(a) position (Yb),
whereas both A3" (Al or Ga) and M*" (Ca or Zn) ions reside in 6(c) position (Fe),
Fig. B, and are distributed randomly [81]. Because of the different ionic radii and
the valence state of the cations in the AM O, 5 double layer, the A3* and M?T atoms
have different z component of the internal site position 6(c). The optimized struc-
tural parameters for every structure under consideration can be found in our previous
work [30].

To model isolated point defects in the InAM O, compounds, a 49-atom super-
cell was used with the lattice vectors (302), (112), and (021), given in the units of the
rhombohedral primitive cell vectors [36]. Note that the conventional rhombohedral
unit cell of YbFe;Oy4 contains 21 atoms (Z=3), and the primitive, i.e., the smallest
volume, cell contains 7 atoms (Z=1). These supercells result in similar defect con-
centrations, namely, 1.6-1.8x10%'cm™3, and, hence, similar distances between the
defects ~ 10A. We stress that such high concentrations may not be experimentally

feasible in all materials under consideration. However, our goal is to determine and
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compare the properties of defect formations under the same conditions. The values
of the defect formation energies calculated for the given supercells, can be used to
predict the temperature-dependent defect densities in each compound, and are known
to provide reasonable results [42, @4].

As mentioned above, the layered crystal structure of InAM O, oxides has two
chemically and structurally distinct layers, AMOq 5 and InO; 5, which alternate along
the [0001] direction. In particular, depending on the layer and the different nearest-
neighbor coordination, there are several structurally different sites for the native point
defects. As an example, Figure BI-(b) shows four possible antisite defect locations
(A, Inpg, My, and Mjp,), considered for the InAMO,4 oxides. Here, A); means A
replacing the M lattice site.

The formation energy of a defect in any charge state modeled using a corre-
sponding background charge, can be calculated as a function of the Fermi level and

the corresponding chemical potential:

AH<EF7 ,u) = Edefect - Ehost =+ M + Q(EF) (51>

where Fgefeer and Ejpoq are the total energies for the oxide with the defect and the
stoichiometric oxide in the same-size supercell, respectively; p, is the chemical po-
tential of atom a (a=1In, A, M, and O) added to (-) or removed from (+) the lattice;
q is the defect charge state, Er is the Fermi energy taken with respect to the top
of the valence band. The chemical potential p,=pl + Apu, is taken with respect
to the chemical potential p° of the elementary metals or the O, molecule, whereas
A, is the deviation from the elemental chemical potential which is determined by
the specific growth conditions which depend on the temperature and oxygen partial
pressure [47].

In this work, with the purpose of reasonable comparison with the experimental

growth conditions, we consider two different oxygen partial pressures, oxygen-rich and
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oxygen-poor. In the oxygen-rich conditions, the oxygen partial pressure pOs is set to
1 atm whereas for the oxygen-poor conditions, pO=0.0001 atm. For both of these
O-rich and O-poor conditions, Au, depends on the respective values of the heat
of formation, AH;[InAMO], as well as on Apy,, Apa, Appr, and Apo, which are
calculated from the following thermodynamic stability conditions:

(1) In order to maintain a stable InAM Oy host, the elemental chemical po-

tentials should have the values that require

Aprn + Apa + Apns + 4Apo = AH [InAMO,] (5.2)

(2) To avoid the precipitation of the elements In, A, M, and O, the following

conditions must be satisfied:

Apin <05 Apa < 0; Appy < 0;Apo <0 (5.3)

(3) To avoid the formation of the binary compounds, such as InyO3, A5O3, or

MO, the following conditions must be fulfilled:

Thus, the available range for the elemental chemical potentials in the case of
quaternary InAM O, materials is a three-dimensional volume determined by the above
stability conditions (equations B233— B8), projected onto the corresponding InAM O,

surface plane (equation b2).
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The heat of formation, AHy, for the oxides is calculated with respect to the
bulk orthorhombic Ga, tetragonal In, hexagonal Zn, and cubic Al or Ca. Our ob-
tained AH values for the three representative InGaZnO,, InAlZnOy4, and InAlCaO,
compounds are —11.28 eV, -14.60 eV, and —15.40 eV, respectively. Calculating the

corresponding heat of formation for the binary constituents, we find that:

2AH[InGaZnOy4] > AH{(InyO3) + AH¢(Gax05) + 2AH ¢(ZnO) (5.7)

2AHf[ITLAZC(lO4] > AHf(In203) + AHf(AlQO3) -+ QAHf(C'aO) (58)

The equations b7 and B8 suggest that at zero temperature, the formation
of InGaZnO,4 or InAlCaQ, is impossible without the formation of the correspond-
ing binary phases. This also means that there is no available elemental chemical
potentials which would allow the formation of the corresponding multicomponent ox-
ides. Since the latter are stable above 1000 K [74, 75, B0], the entropy term TAS
must be taken into consideration. Similar arguments were reported for InyO3(Zn0O)y
compounds [82]. The entropy term can be estimated based on the corresponding

equilibrium solid state reactions which involve the binary constituents as follows:

AH¢[InGaZnOy4] — 1/2[AH(In903) + AH(Gax03) + 2AH ¢ (ZnO)] (5.10)
5.10

- TInGaZnO4 X 5SInGaZnO4

5.11

= Trnaica0, X 0SmAiCa0,
We then replace the AHy for InGaZnO,4 and InAlCaO,4 with the correspond-
ing [AHy — T x 65], in the equation B2 above. As a result, as we have shown

before [I6], the available chemical potentials for metals in InGaZnOy, InA1ZnO,, and
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InAlCaQy, correspond to a very narrow range along the crossing line of the three
planes, eqs. B4-6b8. This is in accord with the results for Ga-free layered multi-
component InyO3(Zn0); which was shown to exist without the occurrence of the
secondary phases only for a constant ratio between indium and zinc [82].

Our obtained chemical potential values for the three representative InGaZnQOy,
InAlZnOy, and InAlCaO, compounds in oxygen-rich (pOy=1 atm) and oxygen-poor
(pO2=0.0001 atm) conditions are shown in Table B

Table 5.1: Calculated chemical potential values (Apu) for the O-rich (pOy=1 atm)
and O-poor/M-rich (pO2=0.0001 atm) conditions for the InAM O, oxides,
in eV.

Oxygen-rich Oxygen-poor
ImAMOy | Aprn Apa Apy Apo | Apr Apa Apy Apo
InGaZnO, | -24 -25 -23 -1.1 | -1.8 -19 -19 -15

nAlZnO, | -22  -51 -22 -12 | -15 44 -1.7 -1.7
InAlCaO4 | 20 49 46 -14 | -1.3 -42 -41 -19

5.3. RESULTS AND DISCUSSION

The formation of native point defects is investigated in the three represen-
tative multicomponent InAM O, compounds with none, one, and two light-metal
constituents. In the following sections, we discuss the role of chemical compositions,
atomic coordinations, and metal-oxygen bond strengths in the formation and stability
of native point defects in InAMOy.

5.3.1. Formation of Antisite Defects in InAMQ,. First, we investi-
gate the formation of antisite defects (cation disorder) in the three representative
InAMO, oxides, i.e., InGaZnQOy, InAlZnO4, and InAlCaQy4. In addition to the in-

trinsic cation/anion vacancies, there are several possible antisite defects including
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both the n-type (donor) and the p-type (acceptor) defects within the layered struc-
ture of InAMO, with In3*, A3 and M?**. We consider 4 possible antisites which
are Iny, Ay (donor antisites) and Mj,, M, (acceptor antisites), Fig. B, Our cal-
culated formation energies for the considered antisite defects in InAM O, oxides, for
both oxygen-rich and oxygen-poor conditions are plotted in Fig. b2, as a function of
the Fermi level. It should be noted that the oxygen vacancy formations which were
reported earlier (see Section ) are included in these plots to show the similar oxygen
vacancy formation energies, hence, similar concentration levels among the InAM Oy
oxides.

In InGaZnOy, under the oxygen-rich (metal-poor) conditions as shown in Fig-
ure b2 (a), the donor antisites Gay, and Ing, have lower formation energies than the
acceptor antisites Zng, and Zny, and oxygen vacancy Vp. In particular, among the
antisites, when the Fermi level is lower than 2.6 eV, the donor Gay, antisite defect
has the lowest formation energy among all other defects considered, and, hence, is
expected to be the major electron donor defect. However, when the Fermi level is
above 2.6 eV, the acceptor antisites become more stable with lower formation energies
than the donor antisites. Thus, in O-rich conditions, when the Fermi level is above
2.6 eV, the acceptor antisites (electron killers) compensate the donor antisites, hence
no free carriers will be produced. One way to control this compensation of electron
donor antisites is by controlling the oxygen partial pressure which will change the
chemical potential of the oxygen, hence the chemical potentials of the cations, based
on the equation b2. In Figure B2-(b), we decrease the oxygen partial pressure from
1 atm (O-rich) to 0.0001 atm (O-poor), which decreases the chemical potential of oxy-
gen while increasing the chemical potentials of metals, equation. BZ. The obtained
chemical potential values for the different oxygen partial pressures are presented in
Table b1, We note that if the oxygen partial pressure is decreased below 0.0001

atm, the formation energy of donor antisites becomes unphysically negative, which
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Figure 5.2: (Color online) (a) Formation energies of native point defects in
InGaZnQOy, InAlZn0Oy4, and InAlCaO, for O-rich condition, i.e., pOs=1
atm. (b) Formation energies of native point defects for O-poor conditions,
i.e., pO2=0.0001 atm, in InGaZnOy4, InAlZnOy4, and InAlCaO,4. Calcu-
lated band gaps [30] are used which are 3.29 eV, 3.48 eV, and 4.87 eV,
for InGaZnOy4, InAlZnO4, and InAlCaQy, respectively. The tempera-
tures used are 1023 K, 1123 K, and 1223 K for InGaZnOy4, InAlZnOy,

and InAlCaQy, respectively. The solid squares represent the transition
points in each defect.
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may indicate that the compound becomes unstable under this conditions (pressure of
0.0001 atm and temperature of ~1000 K) due to the abundance of antisite defects. As
a result of decreasing the oxygen partial pressure, the order of the formation energies
of antisite defects do not change, the lowest donor antisite is still Gaz,. However,
it can be seen from Figure B2-(b), the formation energies of the acceptor antisites
have increased whereas the formation energies of the donor antisites have decreased.
Thus, in O-poor conditions, the Fermi level where the acceptor antisites compensate
the donor antisites has increased from 2.6 eV to 3 eV, hence, increasing the dopability
range, Figure B2-(b). This also means that the equilibrium Fermi level is more closer
to the conduction band minimum in O-poor conditions (note, that the band gap of
InGaZnOy is 3.3 eV at room temperature and about 3.1 eV at T=1000 K). However,
this equilibrium Fermi level will be changed when the cation vacancies are introduced
(as discussed below).

Similarly, in InA1ZnQOy, the donor antisites Aly, and Inz, have lower formation
energies than the acceptor antisites Zny; and Znp,. The most stable defect with
the lowest formation energy is the donor Aly, antisite defect whereas the acceptor
antisite defect Zny, has the highest formation energy. In O-rich condition, the donor
antisite defect Aly, is only stable when the Fermi level lies below 3.1 eV, otherwise
it is compensated by the acceptor antisites Zny, or Zng, Fig. B2-(a). Similar to
InGaZnOy, to avoid compensation, we have decreased the oxygen partial pressure to
0.0001 atm, Fig. B2-(b). As a result, the formation energies of acceptor defects have
increased while the formation energy of the donor antisite Aly, has decreased. Thus,
it can be seen from Fig. B2-(b), the Aly, donor antisite is the most stable defect
with the lowest formation energy up to the conduction band edge, i.e., no charge
compensation of the donor antisite Aly, by acceptor antisites will occur under the

O-poor conditions at T=1123 K.
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In the case of InAlCaQy, the formation of antisite defects differs significantly
from those in InGaZnO, and InAlZnO,. We find that the donor antisite Ing, has
higher formation energy than both acceptor antisites C'ay; and Cay,. The donor
antisite Alg, is the most stable defect with the lowest formation energy when the
Fermi level lies below 1.55 eV, in O-rich condition. When the Fermi level is higher
than 1.55 eV, the donor Alc, is compensated by the acceptor antisites. As we did
for InGaZnO4 and InAlZnQy, to increase the formation energies of acceptor antisites,
we have decreased the oxygen partial pressure to 0.0001 atm. Again, no change in
the trend of the formation energies of the antisites occur. As expected, the formation
energies of the acceptor antisite defects have increased while the formation energies
of the donor antisites have decreased in the O-poor condition. This change increased
the Fermi level where Alg, is compensated by the acceptor defects, to 2.1 eV, Fig. b2-
(b). Unlike the case of InGaZnO, and InAlZnO, where the formation energy of the
most stable donor antisites get very close to zero, the formation energies of antisites in
InAlCaQy are higher by at least 1.5 eV. Hence, the partial pressure could be decreased
below 0.0001 atm, which might increase the formation energies of the acceptor defects
further. However, even at extreme possible O-poor conditions (with oxygen partial
pressure of pO;=1x10""atm) as shown in Figure 53, the compensation of the donor
antisite Alc, by the acceptor antisites still occurs when the Fermi level lies above
2.8 eV which is 2 eV below the conduction band minimum in InAlCaQOy.

The donor antisite defects produce free carriers at their neutral charge states,
the horizontal lines in Figure B2, Thus, it can be seen that the most stable donor
antisite defects Gaz, and Alz, in InGaZnO,4 and InAlZnQOy, respectively, expected
to result in similar high defect concentrations due to their similar formation energies,
both in O-poor and O-rich conditions. In contrast, due to the high formation energy
of the most stable donor antisite Als, in InAlCaQ,, the defect concentrations are

expected to be much lower. We stress again that, in addition to the acceptor antisites,
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Figure 5.3: (Color online) Formation energies of native point defects for extreme O-
poor condition, i.e., Auo=1/4[AH[InAMO,] =Y A= =271 eV,

metal

in InAlCaOy4. App=-2.71 eV is equivalent to oxygen pressure of
pOy=1x10" "atm

the cation vacancies also contribute to the charge compensation mechanism as well
as to the equilibrium defect concentrations, and will be discussed in Section B2373.

5.3.2. The Trend of Antisite Defect Formation Energies in InAMOy,.
Here, we discuss the trend of formation energies of the antisite defects within and
among the three representative InAM O, oxides. We find that the formation energies
of the antisite defects correlate well with the experimental heat of formation of the
corresponding constituent binary oxides.

The experimental heat of formation of binary oxides per oxygen are in the
following order: InyOs (-3.21 eV) >Zn0O (-3.60 eV) >Gay03 (-3.73 eV) >Al,03
(-5.78 eV) >Ca0O (-6.57 eV), i.e., In-O bonds correspond to the set of the metal-
oxygen bonds that would be the easiest to break compared to Ca-O bonds. Table b2

shows how the metal-oxygen distances change upon the creation of the corresponding
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Table 5.2: The average distance between the defect site and its nearest planar O
atoms, (D), the distances between the defect site and the nearest apical
O atom, D., and the next nearest apical O atom, D7, in A, are given for
stoichiometric InAM O, and those with antisite defects specified.

InGaZnOy InAlZnOy4 InAlCaO,
(Dg) D. D | (Dw) D. Df | (Dw) D. Dz
No defect In-O | 2.21 2.21 2.20

A-O | 1.88 192 235|184 1.84 214|177 1.78 2.17
M-O | 1.98 197 238|205 2.00 238|220 2.20 2.60

Inyy In-O | 2.056 2.09 229|211 2.09 229|218 2.13 248
Ay A-O | 190 197 214|188 1.86 2.30|1.85 1.80 2.80
My M-O | 1.97 2.04 225|203 212 205|217 225 224
M, M-O | 2.17 2.21 2.33

antisite defect. For example, we compare the original Ga-O distances to the respective
ones when In occupies the Ga site to study how the distances changed. As expected,
we find upon introduction of the antisite, the original metal-oxygen distances change
to those that resemble the metal-oxygen distances of the cation that replaces the
original site. For example, for the donor antisite Iny,, the original Zn-O distances
were 1.98A((Dgy)- average planar distances), 1.97A (D, -nearest apical distance), and
2.38A(D:-next nearest apical distance). At the same time the original average In-O
distances were 2.21A. When In replaces the Zn site, we found two behaviors. First,
as expected, the Ing,-O distances increase to resemble the original In-O distances.
As a result, the new Iny,-O distances are 2.05A, 2.09A, and 2.29A. As we can see,
the average planar distances and nearest apical distances are very close, i.e., they
have decreased from 2.21 to 2.05 and 2.09A. However, the opposite has happened to
the next nearest apical distances. The next nearest apical distances have increased
rather than decreased. Second, we find that, for the oxides that are in fourfold

coordination with oxygen in their ground state, when the 3 planar and 1 nearest
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apical distances become very close to their distances in ground state, they prefer to
form fourfold coordination with O. This can be seen in the percent change in distances
as summarized in Table b=3.

Table 5.3: Upon the atomic relaxation caused by the corresponding antisite defects,
the average change in the distance between the defect site and its nearest
planar O atoms, (D), the nearest apical O atom, D,, and the next nearest
apical O atom, D?, in percent, are given.

InGaZnOy InAlZnOy4 InAlCaOy,
ImAMO, | (D) D. D! | (Dw) D. D |(Dy) D. Dz
Inyy +5 44 -4 +3 44 A4 -3 -5 +2

A -01 -02 404 | -8 -7 -4 -17 =20 +15
My +4 +3 4D +8  +8 +4 | +17 +19 +12
Mln -1 -04 +6

Now, the trend of formation energies of antisite defects can be explained based
on both the experimental heat of formation of binary oxides as well as the change in
the metal-oxygen distances. The trends can be clearly seen from Tables b= and b=3.
For example, in InGaZnQOy,, the reason why the donor antisite Gay, has lower forma-
tion energy compared to Iny, is that the creation of stronger bond such as Ga-O is
preferred over the In-O one, as follows from the relative heat of formation of the cor-
responding binary oxides, and also due to the Ga preference to have fourfold oxygen
coordination. The reason why Znj, have higher formation energy as compared to
Zng, is due to the fact that the structure with six-coordinated Zn (rocksalt ZnO) is
unstable. Similarly, in InA1ZnO,4 and InAlCaQy, the antisites Aly; are more likely to
form as compared to Inj; antisites due to the energy gain associated with the forma-
tion of strong Al-O bonds. The formation energy of Zny, is higher than the one for

7Zn 4, due to the aforementioned preference of Zn for five rather than six-coordinated
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sites, whereas for Ca this trend is reversed: in the ground state phase, CaO is oc-
tahedrally coordinated (rocksalt structure), hence, Cay, is more likely to occur than
Cay;.

Moreover, it can be seen from Table b33, in addition to the cations preference
to form stable structures, the relaxation due to the change in the distances between
the defect and nearest atoms increase with the number of light-metal constituents.
For example, the average percent change in the distances for M 4 antisite defect in
InAlCaQy is twice larger than the average change in distances in InAlZn0O4 and almost
three times larger than the ones in InGaZnO,, Table b33.

5.3.3. Formation of Cation Vacancies in InAMOQO,. In addition to the
acceptor antisites, the cation vacancies also contribute to the charge compensation
of the donor defects, thus, affecting the equilibrium Fermi level and the total defect
concentrations. Here, we discuss the formation energies of the cation vacancies in
InGaZnOy, InAlZn0y4, and InAlCaOy. In InAM Oy oxides, Vi, V4, and V), vacancies
can occur. Our calculated formation energies for the respective vacancies are shown
in Figure b2, First, we note that the formation energies of the cation vacancies show
some correlation with the experimental heat of formation of the constituent binary
oxides, i.e., with the metal-oxygen bond strengths. Indeed, the formation of Vi, is
more likely than that of V4, (especially, in InAlCaQy), and the formation of V, is
lower than that of V,. However, the respective formation energies are significantly
affected by the large structural relaxation around the vacancy defects. The latter
appears due to the presence of several cations of different ionic size, valence, metal-
oxygen bond strength, and oxygen coordination near each defect. Indeed, a larger
atomic relaxation around Vyp, is found in InGaZnOy4 (10-17%) as compared to that
in Iny,O3 (5-12%).

As a result, the cation vacancies in InAM Oy, result in much lower formation

energies than the formation of cation vacancies in the constituent binary oxides [44].
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These lead to the charge compensation of the donor antisites at the Fermi levels lower
than the acceptor antisites. Figure B shows the formation energies of the cation
vacancies for the O-rich and O-poor conditions. As it can be seen from Figure b=2-
(b), the cation vacancies are pushed up slightly as the oxygen pressure is decreased.
The presence of cation vacancies will push the equilibrium Fermi level away from
the conduction band bottom and into the band gap. This shows that the larger the
number of the light-metal constituents, the harder it is to achieve a shallow donor.
5.3.4. Defect Concentrations in InAMO,. Figure b4 shows the equi-
librium defect concentrations plotted as a function of the oxygen partial pressures.
The concentrations are calculated within the extreme possible oxygen partial pressure
ranges. The highest defect concentrations in InGaZnQy is for Gay,, donor antisite and
the highest defect concentrations in InAlZnQy is for Aly, donor antisite. However, as
shown in Figure b4, the equilibrium concentration of Aly,, antisite defect exceeds the
maximum possible defect concentration, n,.e~1.2x10*2cm =2, in InAM Oy, which is
determined as the number of possible sites for this defect in the supercell divided by
the volume of the supercell. Hence, the equilibrium native point defect concentra-
tions should not exceed the possible maximum concentration, n,,.., as illustrated in
Figure b4. Otherwise, the material will not be stable at this temperature. For the
case of InGaZnQOy,, the material is stable and the antisite defect Gaz, results in the
highest defect concentrations (not exceeding the n,,.,) for up to pO,=1x10"8atm at
T=1000 K. The resulting equilibrium electron concentration, calculated based on the
charge neutrality condition in the lattice, is also plotted in Figure b4. For InGaZnQy,
the electron concentration follows the Log(pO;)~'/* dependence. The same depen-
dence is obtained for the observed dependence of conductivity ¢ on the pressure in
InGaZnO, [86]. The results also explain why the InAlZnO, samples were unsta-
ble under a wide range of growing conditions due to the formation of cation metal

phases [9].
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Figure 5.4: (Color online) Equilibrium defect concentrations plotted as a function of
the oxygen partial pressure at 1000K temperature.

5.4. CONCLUSIONS

We have investigated the formation of native point defects in three repre-
sentative multicomponent InAM O, compounds with none, one and two light metal
constituents. We find that the donor antisite defect such as Gagy, in InGaZnO, has
the lowest formation energies, hence, results in the highest defect concentrations, and
can produce free carriers. The donor antisite defects have much lower formation en-
ergies compared to the oxygen vacancies which were believed to be the major donor
defect in multicomponent oxides. In addition, we find that the formation energy of
cation vacancies in InAMO, are much lower than the formation energy of the re-
spective cation vacancies in binary TCOs. This agrees well with the large structural
relaxation obtained around the defects in InAMO,. As a result, the equilibrium
Fermi level is affected by the presence of the cation vacancies and is 1.2-2.1 eV be-
low the conduction band minimum (CBM) for the InAM O, oxides grown under the
oxygen partial pressure of 0.0001 atm and temperature of 1000 K. Thus, the shift in

equilibrium Fermi level increases with the number of the light-metal constituents. For
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example, in InGaZnO,4 (without light-metal constituent), the equilibrium Fermi level
is at 1.2 eV below CBM compared to 1.4 eV below CBM in InAlZnO, (with one light-
metal constituent). However, in InAlCaQy, in addition to the cation vacancies, the
acceptor antisities also have low formation energies, hence the equilibrium Fermi level
is very deep in the band-gap, at 2.1 eV, so that free carriers are not created. Overall,
the obtained equilibrium carrier concentration is in excellent agreement with the ob-
served dependence of the conductivity on the oxygen partial pressure in InGaZnQy,.
The results also explain why the samples with light-metal constituents are unstable

under a wide range of growing conditions, such as InAlZnQOy.
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6. CONCLUSIONS

In conclusion, we have systematically investigated the structural, optical, and
electronic properties of twelve undoped stoichiometric and nonstoichiometric com-
plex multicomponent oxides with layered structure RAM O, [where R*"=In or Sc, A
37=Al or Ga, and M?*=Ca, Cd, Mg, or Zn| using ab-initio full-potential linearized
augmented plane wave method (FLAPW) based on density functional theory.

In Section B, based on the results obtained from our electronic band struc-
ture calculations of the undoped stoichiometric RAM O, materials, we addressed two
fundamental questions. First, we determined the role played by the local atomic
coordination in the electronic properties such as the band gap, the electron effective
mass, and the nature of the conduction band of RAMO,. Second, we established
how the optical properties and the available electron conduction paths in layered
multicomponent oxide hosts vary with the chemical composition.

The compositional complexity of RAMO, leads to a wide range of band gap
values varying from 2.45 eV for InGaCdOy to 6.29 eV for ScAIMgO, as obtained
from our calculations. Most significantly, we demonstrated that the unusual fivefold
coordination of the A3t and M?" metal atoms stabilized in RAMO, compounds,
results in the electronic band structure of the complex oxides that differs from the
one expected based on the electronic properties of the binary oxide constituents in
their lowest-energy (ground state) phases. The unusual fivefold coordination of the
A and M atoms in RAMO, compounds promotes a hybrid s-like conduction band
composed from the s-states of all cations independent of the strength of the metal-
oxygen interaction. As a result, an isotropic charge transport is possible in these
layered materials.

Consistently, we find that in multicomponent oxides, all oxide constituents give

equal contributions to the effective mass average. The calculated electron effective
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masses (0.3-0.5 m,) are nearly isotropic in RAMOy, and also resemble those in
conventional binary TCOs. However, they do not follow the trend expected from
the variation in the band gap: we find that the structures with fivefold coordinated
metals exhibit smaller band gaps but larger electron effective masses as compared to
their sixfold coordinated counterparts. This finding is explained based on the k-p
theory.

Thus, the above results highlight the advantages of incorporating light main
group metals in multicomponent oxides, which is highly attractive for lighter-weight,
less-expensive, and environmentally-friendly devices.

Further, we have systematically investigated how the structural peculiarities
and the composition affect the formation of native point defects in RAMO,. The
studies are instructive for better understanding of the role of the defects in carrier
generation and transport in doped and/or non-stoichiometric RAM O, oxides.

In Section @, we studied the oxygen vacancy formation in three representa-
tive multicomponent InAMO,4 compounds with none, one and two light metal con-
stituents. We find that the oxygen vacancy defect prefers to be located in the InOq 5
layer for all three InAMO,4 materials which correlates with the heat of formation of
the corresponding binary oxides. However, due to a large atomic relaxation near the
defect and the formation of stable fourfold structures for Zn, Al, and Ga atoms, we
obtained a significant reduction in the formation energy of the oxygen defect located
in the AM O, 5 layer. This additional energy gain results in a more uniform distri-
bution of the oxygen vacancy defect throughout the layered structure of InGaZnO,
and InAlZnOy4. In particular, the tendency of Zn, Ga, and Al atoms to form sta-
ble structures with lower oxygen coordination, results in nearly identical vacancy
concentrations in the InO; 5 and GaZnO, 5 layers in InGaZnQOy, and only an order
of magnitude lower concentration in the AlZnO, 5 layer as compared to the one in

the InOq 5 layer in InAlZnQO4. The presence of two light metal constituents in the
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InAlCaO, along with Ca failure to form a stable fourfold coordination as revealed by
its negligible relaxation near the defect, leads to a strong preference of the oxygen
vacancy to be in the InOq 5 layer.

In Section H, we have systematically investigated the formation of native
point defects including both acceptor (cation vacancies, acceptor antisites) and donor
(oxygen vacancies, donor antisites) defects in three representative multicomponent
InAMO, compounds. We find that the donor antisite defects, such as Gag, in
InGaZnOy4 and Aly, in InAlZnO4 have lower formation energies compared to that of
the oxygen vacancies. The latter are the major donor defects in nonstoichiometric
binary oxides and, by analogy, they were assumed to be the origin of conductivity in
multicomponent oxides. Our results refute this assumption, and, for the first time,
establish antisite defects as the most abundant electron donor defects in InGaZnO,4
and InAlZnO, materials.

Moreover, we find that the formation energy of cation vacancies in InAM Oy
are much lower than the formation energy of cation vacancies in binary TCOs. We
explain this behavior based on the large structural relaxation around the defects
in InAMO, associated with the unusual fivefold coordination of A and M atoms
as well as the presence of the strong metal-oxygen bonds near the vacancy. The
obtained equilibrium carrier concentration is in excellent agreement with the observed
dependence of the conductivity on the oxygen partial pressure in InGaZnO,. The
results also explain why the InAlZnO, samples are unstable under a wide range of

growing conditions.
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