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Preface

With the explosion of energy demand and the drastic growth of environmental issues
associated with the rapid industrialization in a global scale, renewable and environmentally friendly
energy resources alternative to fossil fuels have been exhaustively explored during these decades.
Among a number of possible candidates for the alternative energy resources, hydrogen fuel generated
through the photocatalytic or photoelectrochemical water splitting is considered to be the most
promising one, since it only needs the abundant resources (water and sunlight) and only emits the
harmless product (water).

Most of the photocatalysts and photoelectrodes are semiconductors, and their activities are
strongly related to their fundamental properties. In particular, semiconductor photocatalyts that consist
of mixed ion compounds such as oxynitrides and solid solutions have been getting wide attention due
to the broad range of controllability of their fundamental properties resulting from the wide variety of
their structural features. Nevertheless, there still remains a crucial difficulty in understanding the
relation between their properties and structural factors owing to their complexity, and thus the
guidelines to control their properties have not been fully obtained.

Hence, in this thesis, the author tried to investigate the structural and the electronic features
of such mixed ion compounds by means of first-principle calculations, in order to directly relate the

two complex features. Furthermore, by understanding the relation between the structural and



electronic features, the author aimed to provide the guidelines to control their properties and to enhance

their photocatalytic or photoelectrochemical activities for water splitting. The author finally

accomplished the theoretical studies on four different mixed ion compounds in this thesis:

conventional perovskite oxynitrides (CaTaO,N and MgTaO,N), perovskite solid solution (LaMgxTa-

xO1+3xN2.3x), and chalcopyrite solid solution ((ZnSe)o.ss(Culno7GaosSez)o.1s). The contents of this

thesis are outlined as follows.

In chapter 1, the general background of this thesis is introduced including the basic

knowledge of the photocatalyst and photoelectrodematerials such as their reaction processes, historical

overviews, and present status. The author especially shed light on the importance and the difficulty of

investigating the mixed ion compounds in order to demonstrate the motivation of the research

objectives of this thesis.

In chapter 2, the theoretical framework to calculate the electronic structures of solids from

first principle is introduced. In particular, the author focused on how the electronic structures of

materials are obtained from the geometry of their constituent atomic nuclei, and traced the

development of the theories basing on the fundamental quantum mechanics. Additionally, the

approximate methods used in the calculations of the electronic structures of many body systems such

as solids are introduced, and their influence on the description of the electronic structures are explained.

In chapter 3, the study on the specific anionic arrangements of O/N (= anion ordering) in
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CaTaOxN is presented. In particular, the correlation between the anion ordering and the photocatalytic

related properties such as bandgaps, carrier effective masses, and band edge positions is investigated,

and consequently the guidelines to modify the properties of CaTaO,N by controlling its anion ordering

are provided.

In chapter 4, the applicability of MgTaO:N, a theoretically predicted novel oxynitride

photocatalyst, is discussed by investigating the effect of octahedral-tiltings and crystal polymorphism

that had not been considered in the previous theoretical studies. Here, the fundamental properties of

MgTaOoN in perovskite polymorph with octahedral-tiltings and in ilmenite polymorph are

investigated, and their applicability as water splitting photocatalysts are estimated. Besides, based on

the calculation results, the relation between the octahedral-tiltings and the photocatalyst related

properties in perovskites are disclosed.

In chapter 5, the author focused on LaMgTa;xO1+3:N23x (0 < x < 2/3), a solid solution

photocatalyst that had achieved overall water splitting under visible light. Here, I investigated the

dependence of its photocatalyst related properties on its composition in order to reveal the factor that

made the photocatalytic activity of LaMg,Ta1xO1+3:N2.3x reach the maximum at x = 1/3.

In chapter 6, I focused on (ZnSe)o.s5(Culng7Gao3Sez)o.15, a solid solution photocathode

material consisting of p-type semiconductor. Here, I investigated the structures and the properties of

the point defects in (ZnSe)o.ss(Culno7GaosSez)o.1s in order to unravel the origin of the p-type
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characteristics of this material. I also estimated the dependence of the concentrations of such defects

and the positive carriers on the external conditions, such as partial pressures, to obtain a guideline to

enhance its photocathodic activities.

Finally, in chapter 7, I summarized the research topics, results, and the conclusions reported

in the previous chapters, and subsequently presented the concluding remarks based on the insights

obtained through this thesis. Furthermore, a future outlook was provided in order that the next

challenges to develop the photocatalytic research field may be presented for the researchers in the

future generations.
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in my Ph.D. program. First, I would like to appreciate Professor Koichi Yamashita for providing me

great guidance and encouragement on my studies as the supervisor. He also gave me many

opportunities to gain a wide range of experience by supporting me to join conferences, workshops,

internships, and collaborative researches with experimentalists. It was really a meaningful time for me

to engage in academic research under him for five years.

I’m also grateful to Associate Professor Hiroshi Ushiyama for giving me a lot of advice on

my studies. Especially, I really thank him for having offered me a beneficial counseling when I need

any advice and comments on preparing for academic presentations and reports.
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Chapter 1.  General Introduction

Chapter 1.

General Introduction

I-1. Photocatalyts and photoelectrode systems for hydrogen
production

Starting with the industrial revolution occurred in the United Kingdom in the 18" century,
we, the human race, have established a lifestyle based on fossil fuels such as coals and petroleum oil
as indispensable energy resource. However, as the energy demand expands drastically due to the
world population explosion and rapid industrialization after the middle of the 20" century, the
depletion of such fossil fuels is getting more and more accelerated. Furthermore, the increasing of the
greenhouse effect gas such as CO; associated with the consumption of fossil fuels has been causing
serious problems such as massive weather disasters and global ecological destruction through
accelerating the global warming. Therefore, it has been an urgent issue for the human family to secure
a new and clean energy resources alternative to fossil fuels.

One of the promising candidates for the alternative energy resources is hydrogen. Hydrogen
is a fuel that can be directly converted to electrical energy by using fuel cells, only emitting water as
a by-product (Eq (1.1)).

2H; + O2 — 2H>0 + energy (1.1)
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Thus, hydrogen is considered to be a clean fuel that doesn’t causes any environmental problem. Also,

hydrogen is rather suitable to the existing energy infrastructure, since it has been already utilized in

fuel cell vehicles and some private power systems. However, most of the hydrogen fuels currently

used are produced through steam methane reforming (Eq (1.2) and Eq (1.3)), accompanying the

consumption of fossil fuels and the emission of CO [1].

CH, + H;0 — CO + 3H, (1.2)

CO +H,O — CO2 + H (1.3)

Therefore, in order to utilize hydrogen as an alternative fuel to the conventional fossil fuels, we need

to establish more clean and renewable processes for hydrogen productions.

Hence, recently, the hydrogen production through water splitting using the energy of

sunlight has been attracting wide attention, since both water and sunlight are ubiquitous and abundant

resource that will never be exhausted. In particular, the total amount of the solar energy that reaches

to the surface of the earth is estimated to be about 8.5x10'® W, which means that only the energy of

an hour’s irradiation corresponds to the annual energy consumption of the world [2]. Besides, since

only oxygen will be emitted as the by-product of the hydrogen production through water splitting, they

will never destroy the global environment. For these reasons, water splitting using the solar energy

will make the hydrogen fuel a clean and renewable energy resource.

Indeed, water splitting using solar energy has already been accomplished by several different
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ways. One is to electrolyze water using the electric power generated by photovoltaic cells. In this

manner, about 24 % of solar-to-hydrogen conversion efficiency (STH) have been achieved in a

previous study [3]. The second way is to split water directly using a photocatalyst, a compound that

works like a catalyst only under the light irradiation. Using such water splitting photocatalysts, it has

already succeeded to produce hydrogen at the efficiency more than 1 % of STH [4]. The third one is

to split water using a photoelectrode system, which consists of two electrodes that are made of

photocatalyst materials suitable to oxidize and reduce water, respectively. In this manner,

experimentalists have also achieved overall water splitting at nearly 1 % of STH [5]. Among these

methods, water splitting using photocatalyst and photoelectrodes systems are considered to be

advantageous in terms of the costs that will be incurred in practical use, since they consist of rather

simple systems than the combination of photovoltaic cell and electrolysis apparatus. Hence, the

developments of highly efficient photocatalysts and photoelectrode systems are strongly desired in

order to realize the mass production of hydrogen fuels utilizing the energy of sunlight.
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1-2. Basic process of photocatalyts and photoelectrodes

Generally, both photocatalysts and photoelectrode materials used in water splitting consist
of semiconductors. Semiconductors have an energy gap (bandgap: E,) between their valence band
(VB) and conduction band (CB), and thus can absorb photons through the electronic excitation
between both bands. The energy of the absorbed light through the inter-band excitation is utilized to
split water in both photocatalysts and photoelectrode systems, and thus the basic processes of the water
splitting in the two systems are quite similar.

The basic processes of the water splitting reaction using a photocatalyst can be explained as
follows (and also depicted in Figure 1-1). First, when a photocatalyst achieved a light irradiation, the
electrons in their valence band will be exited to the conduction bands to generate photoexcited
electrons with negative charges and residual holes with positive charges. Then, the charged carriers
will diffuse in the crystals, and some of them will reach the surface of the photocatalysts. Finally, these
carriers will be transferred to the absorbed species such as water molecules and protons at the
photocatalyst surface and produce hydrogen and oxygen through the redox reactions (Eq (1.4) and Eq
(1.5)).

2H* + 2e"— H; (1.4)

2H,0 + 4h* — O, + 4H* (1.5)



Chapter 1.  General Introduction
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Figure 1-1. The schematic illustration of the basic processes of photocatalytic water splitting.

Usually, the activities of the water splitting photocatalysts are strongly related to the
fundamental properties of the constituent semiconductors, as also depicted in Figure 1-1. For instance,
the ranges of the wavelengths which can be absorbed by the photocatalysts are determined by the
width of their bandgaps. Besides, the degrees of the carrier diffusion are influenced by the carrier
effective masses that are related to the extent of their band dispersions, and the abilities to redox water
are determined by the position of their band edges relative to the redox potentials (0 V vs. NHE for H»
evolution and 1.23 V vs. NHE for O; evolution). Therefore, it is considered that one can efficiently
control the activities of photocatalysts by modifying their fundamental properties.

On the other hand, the basic processes of photoelectrode systems are a little bit more
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complicated. As mentioned in the previous section, a water splitting photoelectrode system consists

of a photoanode for oxygen evolution and a photocathode for hydrogen evolution, connected to each

other by an electric lead (Figure 1-2). Usually, n-type and p-type semiconductors are used as

photoanodes and photocathodes, respectively, and the band edge positions (VB maximum: VBM, and

CB minimum: CBM) of the former are more positive than those of the latter. Therefore, an upward

and a downward band bending occurs in a photoanode and a photocathode, respectively, when they

are connected to each other. Here, as the light irradiated to the system, photoexcited electrons in the

photocathode and holes in the photoanode will be moved toward the surface and thus hydrogens and

oxygens will be produced respectively. On the other hand, the residual holes in the former and

photoexcited electrons in the latter will move to the opposite electrode through the electric lead,

producing a photocurrent. Hence, the activities of photoelectrode systems are usually evaluated by the

degree of their photocurrents.

Generally, the photocurrents of the electrode are strongly influenced by the extent of their

band bending, which depends on their electrode potential, and thus the photocurrents also depend on

the electrode potentials. Conventionally, the dependence of the photocurrent on the electrode potential

is represented by a current density versus potential curve (Figure 1-3), where the intersection of the

curve and the voltage axis (the voltage where the photocurrent begins to flow) is called the onset

potential. Usually, the curves of the photocathodes are negatively sloped, and those of photoanodes
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are positively sloped. In addition, the degrees of photocurrents generated in the two connected

electrodes have to be the same, and thus this will be represented by the intersection of the two curves

of both electrodes (as depicted in Figure 1-3(c)). Therefore, in order to increase the photocurrent of

the photoelectrodes system, one needs to improve the photocurrent of each electrode, or widen the

difference between the onset potentials of the electrodes. Since the degree of the photocurrent and the

onset potential of each electrode are determined by the positions of its band edges and Fermi energy,

modifying these properties will be efficient to improve the activities of photoelectrode systems.

n-type /A\\ p-type
O/

h v semiconductor semiconductor h Vv
e
” \
H*/H, \ e & H*/H,

-------------------- Fermi level Fermilevel F--=-=-=---¢4-=-=-=--=-=--|-=---
VB h+\

H,0/0, H,0/0,

S —
h+ VB

Figure 1-2. The schematic illustration of a photoelectrode system and the basic processes of

photoelectric water splitting.
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Figure 1-3. The schematic illustration of the current density versus potential curves for (a)

photocathodes, (b) photoanodes, and (c¢) both electrodes superimposed in a single graph.
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1-3. Historical overview and present status

The researches on photocatalyst and photoelectrode systems had started with Honda-
Fujishima effect [6], which was reported in 1972. They had developed an electrode system consisting
of TiO» and Pt metal connected in water, and discovered that water molecules were split into oxygens
and hydrogens in stoichiometric ratio on the surface of each electrode, respectively, under the
irradiation of ultraviolet (UV) light. Here, TiO, had functioned as photoanode and Pt metal had
functioned as photocathode.

Thereafter, it was revealed that the similar water splitting reactions occur not only in the
above photoelectrode system but also on the particle photocatalyst which consists of TiO; particle with
Pt nanoparticles deposited on its surface [7]. It is considered that the Pt nanoparticles capture the
photoexcited electrons to produce hydrogens, and the remaining holes move toward the surface of
TiO; photocatalyts to produce oxygens. As well as TiO», there had been discovered a large number of
novel photocatalyst materials such as SrTiO3[8], KiNbsO17[9], BaTisOo[10], ZrO,[11], NaTaO3[12],
7ZnGa,04[13], Sr2Sn04[ 14], most of which consists of metal oxides with d° or d'° electronic state.

However, there was a serious drawback in those metal oxide photocatalysts — their bandgaps
are so large that they can only absorb the energy of UV light. Generally, the valence bands of metal
oxides consist of O 2p orbitals whose electronic levels are relatively deep, and thus their bandgaps

tend to be as large as the energy of UV light (E; > 3 eV). However, UV light dominates only 6 % of
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the entire solar spectrum, and most of the remaining part consists of visible-light (52 %) and infrared

light (42 %) [15]. Therefore, one needs to collect not only UV light but also visible-light with much

longer wavelength in order to utilize the energy of sunlight more efficiently.

In accord with that, a number of visible-light responsive photocatalysts have been developed

after 2000’s. In particular, Domen et al. has succeeded in achieving visible-light responsibility by

using nitrides (TazNs[16]), oxynitrides (LaTiO>N [17], TaON [18], GaN:ZnO [19], ATaO,N(A=Ba, Sr,

Ca) [19]), sulfides (ZnIn,S4[20]), and oxysulfides (LnTi,S20s (Ln = Pr, Nd, Sm, Gd, Tb, Dy, Ho, and

Er) [21]) as novel photocatalysts. These photocatalysts have the contribution of N 2p or S 3p orbitals,

whose energy levels are more negative than those of O 2p orbitals, in their valence bands, and thus

they had realized higher valence band positions and narrower bandgaps which corresponds to the

energy of visible-light.

Now, it is well known that N3~ and S?- are more susceptible to a self-oxidation reaction than
p

O%. Hence, nitrides and sulfides are usually inferior in the stabilities to oxides under aqueous

environments. On the other hand, oxynitrides and oxysulfides have the properties intermediate

between nitrides (or sulfides) and oxides, and this enables them to balance the two competing factors,

smaller bandgaps and higher stabilities [22]. Therefore, the mixed anion compounds like oxynitrides

and oxysulfides have become the central research area of photocatalysts during these decades.

Furthermore, novel photocatalysts that consist of solid solutions between existing materials

10
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have been newly reported these days. For instance, LaMg,Ta1xO1+3xN2.3x, a solid solution between

LaTaO,N and LaMg»;3Tai303 have accomplished overall water splitting under visible light irradiation

with the wavelength up to 600 nm [23]. There also exists a number of other examples such as LaSryTa;.

xO1+2xN2-2x [23], CuXAgyInx+yan(1.x.y)Sz[24], an.zx(CuGa)xGazs4 [25], La5Ti2Cu(Slfoex)5O7 [26],

and NayLa;,TaO1+2:N2-2x [27] on which photocatalytic activities have been reported. These kind of

photocatalysts have a remarkable advantage in possible fine tuning of their band structures by

changing their compositions [27- 29]. In other words, solid solution photocatalysts have expanded the

controllability of the band structures in a great deal.

A similar trend can also be seen in the researches on photoelectrode materials. Since the

discovery of Honda-Fujishima effect, there have been reported a great number of novel materials for

photoelectrodes with a transition from simple compounds to complex compounds. For example, a

group of typical semiconductors such as InP [30, 31], Si[32], GaP [33], and GaAs [34] have been used

as photocathode materials after 1980’s, while a kind of mixed cation compounds such as

Culng 7Gag3Se> (CIGS) are now under investigation as highly effective novel photocathodes [35].

Additionally, Kaneko et al. very recently reported that the onset potential of CIGS will be greatly

improved in a form of solid solution with ZnSe, and such solid solution is now considered as one of

the most promising photocathode materials [5].

Accordingly, in the research field of both photocatalysts and photoelectrode systems, mixed

11
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ion compounds such as oxynitrides, CIGS, and the solid solutions of them have been reported as

promising candidates. The most advantageous feature of such compounds is, as previously mentioned,

the broad range of controllability of their properties due to the huge variety of their structural features.

Therefore, it is expected that such mixed ion compounds will be the central area of this research field

in terms of searching, designing, and controlling the materials and their properties.

However, there is a huge barrier to investigate the structural and electronic features of these

mixed ion compounds, since their complex structural features make it a challenging task to measure

them microscopically or to relate them to their fundamental properties. For instance, the relative

position of each ion is often incompletely understood in the materials where more than one cations or

anions occupy identical sites such as solid solutions, although their ionic arrangements in the crystals

should have strong effects on their properties. As another example, it is still impossible to identify the

structures of point defects in solids experimentally with current technologies, although they often play

critical roles, especially in semiconductors. Consequently, the relation between microscopic structural

features and macroscopic properties in mixed ion compounds have not been fully understood yet, and

thus the guidelines to control and enhance the properties of photocatalysts and photoelectrode

materials consisting of such compounds are still under exploration.

12
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1-4. Research objectives

In this research, I will tackle such issue by means of first principle calculations. In many
cases, first principle calculations are quite suitable to clarify the relation between the structural factors
and fundamental properties of a given material, since they are essentialy the methodologies for
obtaining the electronic structures of a given system only from the structural imput information. In
addition, it has become more feasible to adopt such calculations on large-scale systems owing to a
remarkable progress in recent computational technologies. For instance, one can now calculate the
electronic structures of the systems consisting of more than hundreds of atoms without any empirical
parameters by using density functional theory (detailed in chapter 2), which is one of the most
frequently used methods of first principle calculations.

Indeed, first principle calculations have already been used in the research area of
photocatalyts. For instance, they are often used to identify the constituent orbitals in valence and
conduction bands, or to specify whether their bandgaps are direct or indirect, by calculating the band
structures and the DOS (Density of States) plots [36-38]. There also exist a number of examples where
the fundamental properties such as carrier effective masses [39,40], band edge positions [41-43],
defect formation energies[44-46], and defect levels of the materials [47,48] were theoretically obtained
by analyzing the calculated band structures, electronic densities, or the total energies. Additionally,

associated with the recent improvement in computational speeds, first principle calculations have also

13
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been adopted to the material search for novel photocatalysts in forms of computational screening for

more that thausands of candidate compounds [49-51]. Thus, first principle calculations are now

becoming a powerful tool for the researches on photocatalyts and photoelectrode materials.

However, in spite of such progress and popularization of computational technologies, there

have been only a few reports on first-principle calculations on mixed ion compounds, mainly due to

the difficulties in modeling the structurals and performing the calculations. In many cases, it becomes

a puzzling task to prepare the structural models of such compounds with mixed ions since the datails

of the ionic arrangements in the crystals are not fully clarified. Furthermore, the structural models of

such compounds need a large number of atoms (generally, a “supercell” generated by multiplying a

unit cell of the compound is used in the structural modelling) to represent the complex arrangements

of the ions in the crystals, and thus the calculation cost becomes significantly large compared to the

calculations of simple oxides or pure solids.

Therefore, in this thesis, I challenged to develop appropriate structural models of mixed ion

compounds, starting from the elucidations of the characteristics and origins of ionic arrangements, and

to subsequently estimate their photocatalytst related properties from first principle, as illustrated in

Figure 1-4. In the first half of the thesis, I dealt with rather simple oxynitrides to understand the

physical origins and the effects of microscopic structural factors such as the specific arrangements of

anions (anion orderings, in chapter 3) and the distortions of bond angles (octahedral-tiltings, in chapter

14
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4). Then, in the second half, I tackled solid solutions like LaMgxTa;xO1+3xN2.3x (chapter 5) and

(ZnSe)x(Culng.7Gag 3Se2)1-x (chapter 6) in order to realize the modelization of more complex mixed

ion compounds based on the insights obtained in the previous chapters. Furthermore, by clarifying the

relation between the structural features and the fundamental properties in each compound, I aimed not

only to give an explanation for the experimental trends, but also to provide the guidelines to control

the properties and to enhance photocatalytic or photoelectrochemical activities for water splitting

through structural modifications.

Experimental Progress Theoretical Issues
Crystallographic data
Typical semiconductors First principle calculations
eg. TiO,, SITiO;, Si, InP on many-body systems.

Electronic structures

Measured properties
Novel semiconductors Theoretical estimation of

eg. NaTaO3, K;NbgO 7, BaTi,0, o —— photocatalytic related properties
Predicted properties

Partial crystallographic data

Mixed anion / Mixed cation Comprehension of

semiconductors # local structuralfeatures,
Ocal structural teatures their origins, and

& . .
eg. TaON, CaTaO;N, CIGS Possible modifications of properties their impacts on properties
through structural changes
Information on local structures

Experimental trends

Solid solution semiconductors with partial crystallographic data Construction of
=) plausible structural models
eg. LaMg,Ta1,01,3N, 3, <= of solid-solutions
(ZnSe),(Culng;GagsSe,) .y Origins of experimental trends with feasible calculations

with guidelines to enhance activities

Figure 1-4. A schematic illustration of the research subjects of this thesis (red dotted frames) and their

positions compared to the experimental progress and theoretical issues surrounding the research field

of photocatalyst and photoelectrode materials.
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Chapter 2.
First Principle Approaches to the Electronic Structure

of Solids

2-1. Schrodinger equation and basic quantum mechanics
2-1-1. The particle and the wave nature of the electron
Since the discovery of Maxell equation, light is considered to be a kind of wave over a period
of time. However, light was also revealed to be a kind of particle in the photon hypothesis [1] proposed
by Einstein in 1905. Based on such insights, de Broglie substituted the speed of light ¢ = vA (v and
A represent the frequency and the wavelength of light, respectively) and the mass of light m = 0 for
¢ and m in the equation that describes the mass-energy equivalence which was discovered by
Einstein in the special relativity theory [2],
E =(pc)? + (mc2)? @.1)
where p represents the momentum of the particle, and consequently obtained the following equation.
E =plv 2.2)
Then, comparing this to an energy-frequency relation proved in the photon hypothesis,
E=hv (2.3)

where h is Planck’s constant, he derived the equation which is called de Broglie relation [3],
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h
A== 2.4)
p
where A, which represents the wave nature, and p, which represents the particle nature, was proved
to be related via Planck’s constant. By this relation, it was also strongly indicated that electrons should
have wave nature as well as particle nature, as in the case with the light, which was subsequently
demonstrated by experiments.
Here, Eq (2.2) and Eq (2.3) can be deformed using the relations for the wave number k and

angular momentum  of the light,

k=" 25
=5 2.5)
w = 21V (2.6)
into the following relations,
E=hw 2.7)
p = hk (2.8)

h=— (2.9)
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2-1-2. Schrodinger equation
2-1-2-1. Schrodinger equation of free electrons
Based on the insights from the de Broglie relation, electrons were also described using a
wave function. The definition of a wave is a physical quantity which propagates spatially and
temporally, and thus, a wave function is generally described as a function of time t and position x
as follows,
Y(x,t) = Asin(kx — wt) (2.10)
or
Y(x,t) = Acos(kx — wt) (2.11)
where A represents the amplitude of the wave.
Here, Schrodinger [4] had expanded the wave function to the complex one,
Y(x,t) = Aexp{i(kx — wt)} (2.12)
and subsequently derived the following wave function of electrons by substituting Eq (2.7) and Eq
(2.8) for k and w in Eq (2.12).
Y(x,t) = Aexp {i(gx - E t)} = Aexp (i Ex) exp (—i E t) (2.13)
n n h n
This formula can be deformed to
_ My _

>m 9x2 %‘P(x, t) (214)

using its second order derivative with respect to x with its both sides multiplied by —#?/2m.
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On the other hand, Eq (2.13) can also be deformed to

CA¥(x,t)
lhT = E‘P(x, t) (215)

using its first order derivative with respect to t with its both sides multiplied by iA. Here, Since the
momentum p and the energy E are related by
E=— (2.16)

the right sides of Eq (2.14) and Eq (2.15) are equal. Thus, an equation

" o¥(x,t)  h*0*¥(x,t)

: Jat 2m  0x? (2.17)

can be derived, which is called a Schrodinger equation for a one-dimensional free electron.
From Eq (2.14) and Eq (2.15), one can obtain the following relations between the physical

quantities and the operators,

d

E- ih& (2.18)
0

p— —lha (2.19)

Additionally, one can also obtain the Schrodinger equation for a three-dimensional free electron, by

substituting the variable x with a three-dimensional positional vector r = (x,y, z), and the variable

p with a three-dimensional momentum vector p = (py, py,P;). Since according to Eq (2.19) each

element in the momentum vector can be related to the corresponding operator as follows,

d
0
py = —lh@ (2.21)
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d
D, = —iha (2.22)

the Schrodinger equation for a three-dimensional free electron can be written as,

_0¥(r,t) h? (9% 0% 02 h?
th = _ﬁ(ﬁ + 37 + @> Y(r,t) = —%Vzlp(r, t)  (2.23)
and the wave functions of free electrons in the three-dimensional space can be obtained by solving
this equation.
Here, it is widely considered that the wave functions represent the existence probability of
the particles, as proposed in Born’s rule [5], where the probability density function for the observation

of the particle at a position r at a time t, P(r,t), will be given by

P(r,t) = |¥(r,t)|? (2.24)

2-1-2-2. Schrodinger equation of electrons in external potential
In the previous section, the Schrodinger equation for a three-dimensional free electron was
derived. However, the electrons in real atoms, molecules, and crystals usually move in the potential
fields generated by the atomic nuclei and the other electrons. Therefore, in this section, the Schrodinger
equation for the electrons in a certain potential V(r,t) will be derived. Such Schrodinger equation
can be obtained by adding a potential energy term V(r,t) to the kinetic energy operator in Eq (2.23).
ih 0¥t n VZ+V(rt);W(rt
. Y 5 r, r, .
th—ar > (rt) (2.25)

Here, the operators in the right side are called Hamiltonian, since it corresponds to the Hamiltonian
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function (H =T +V, where T and V are the kinetic and the potential energy, respectively) that

appears in classical analytical mechanics.

hZ
H(r,t) = —%VZ +V(rt) (2.26)

Using this term, the Schrodinger equation can be rewritten as,
ih% =H(r t)¥(r,t) (2.27)
2-1-2-3. Time-independent Schrédinger equation
In Eq (2.25), the external potential was considered as a function of time t and position 7.
However, the potentials generated in real substances are usually independent on the time in their
equilibrium state. Therefore, in this section, the Schrodinger equation for the electron which moves in
the time-independent potential V() will be derived.
Here, the wave function of the electron is described as a product between its spatial part
Y (r) and temporary part f(t).
Y(r, o) =y f@) (2.28)
Then, by plugging this wave function ¥(r,t) and the potential V() in the Schrédinger equation

described in Eq (2.25), one will obtain the deformed equation where the variables r and t are

separated.

ih df(t) 1 h?
(o) dt = w(r) {__V Y(r) + V(T)l,b(r)} = const. (2.29)

2m
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By rewriting the constant as E’, the equation,
df(t
O e (2.30)
dt
will be derived from the left side, and the temporary part of the wave function,
IE't
f(t) = Cexp (— T) (2.31)
will be obtained as the solution of the equation Eq (2.30). Further, by comparing Eq (2.31) to the
temporary part of Eq (2.13),
E
exp <—l—t) (2.32)
h
one can easily notice that the constant E’ indeed corresponds to the energy E.

On the other hand, the equation for the spatial part of the wave function

{— % V2 + V(r)} Y(r) = EP(r) (2.33)
will be obtained from the right hand of Eq (2.29). This can be rewritten also using E’' = E and the
expression for the Hamiltonian Eq (2.26) to
H@)Y(r) = EY(r) (2.34)

which is called a time-independent Schrodinger equation. The wave functions of the electrons in the
time-independent potentials such as those in atoms or molecules can be obtained from solving Eq
(2.34). Here, the total energy of the system,E, will be given as an eigenvalue of this differential
equation, which can be obtained as an expectation of the Hamiltonian as follows,

E= Jdrz[;*Ht,b (= fdnp*Ew = Ejdﬂ,b*l,b) (2.35)
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where Y™ is a complex conjugate of 1. Besides, it has also been proved that the eigen functions of
the Schrodinger equation are orthogonal to each other as described in Eq (2.36),
fdr ;" P =8 (2.36)
given that all the wave functions above are normalized,
J dryp*p =1 (2.37)
and the wave functions that satisfy both Eq (2.36) and Eq (2.37) are generally called orthonormal
functions.
Hereafter, the frequently used integrals like Eq (2.35) and Eq (2.36) will be described using
Dirac’s notation as Eq (2.38) and Eq (2.39) for the simplicity.
[ dew ity = i) @38)

jmwwsww> (2.39)
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2-1-3. Variational principle

The wave function 3y, which corresponds to the minimum eigen value E, of the
Hamiltonian, is called the wave function of the ground state. And here, it has been proved that any
expected value of energy of the Hamiltonian for the arbitrary wave function ¢ cannot be lower than
Ey, as described Eq (2.40), which is called a variational principle.

Eq = (YolHlho) < (YlH|Y)=E (2.40)

According the variational principle, one can obtain the eigen value and the eigen function
of the ground state for the Schrédinger equation by minimizing the energy expectation Eq (2.35) under
the normalization condition Eq (2.37). This can be achieved by using Lagrange's method of
undetermined multipliers where the value I,

I'= (olH[Yo) = (Y1) (241)

is minimized with respect to .
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2-2. Hartree-Fock Approximation
2-2-1. Schrodinger equation for many body systems

Using the Schrodinger equations introduced in the previous section, in principle, one can
obtain the wave functions of the electrons moving in the potentials generated by the atomic nuclei of
molecules and solids. In other words, the electronic densities and total energies of any substances can
be obtained by solving such Schrodinger equation. Here, the Hamiltonian for a system with more than

one electrons can be described as Eq (2.42) (note that the atomic units are used hereafter),

Hm:Z{‘%V}*i&i Ne(r,A)} %i Ve(rur)  042)
i A=1 iJ

where each term corresponds to the sum of the kinetic energy of each electron, the sum of the potential
energies between each electron and atomic nucleus, and the sum of the potential energies between two

different electrons. The detailed formulation of each potential in Eq (2.42) is as follows,

Zy
Vne(Tia) = — Tl (2.43)
L
1
Vee (ri75) = T (2.44)
l ]

However, it has been known that the Schrodinger equations for more than three electrons

cannot be solved analytically (three-body problem). Therefore, to get the electronic structures of the

real substances, one need to apply some approximation.
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2-2-2. Hartree approximation using one-electron wavefunction

Thus, the Hartree approximation, where the many-electron wavefunction ¥ (rq,7, ..., Ty)
is described as a product of the one-electron wavefunctions ¥;(r;))(i = 1,2,...,N), had been
proposed [6-8].

Y(ry, 1, ., TN) = Pr(r)Y,(r2) . Yy (ry) (2.45)

Additionally, the term corresponding to the potential energies between the electrons in the Hamiltonian
Eq (2.42) was approximated to the set of effective potentials V, ;¢ (r;), where the interactions between
each electron were ignored, and alternatively it was assumed that each electron moves in the averaged

potential field generated by the other electrons, as follows.

Verr(ry) —Zfaﬁ [y (r)l? (2.46)

JET K |r, — ]

Due to such approximation, the many-electron Hamiltonian Eq (2.42) can be rewritten as a summation

of Hamiltonians for each single electron,

N 1 N M N N
H@) == ) SV 4 > Viela) + ) Veps ) = ) hm)  (247)
i=1

i=1 i=1A=1 i=1

where,
1z
h(ry) = Evi + Vne(Tia) + Vess (1) (2.48)
Here, one can obtain the energy expectation E of the Hamiltonian in Eq (2.47) with the
approximated wave function Eq (2.45) as Eq (2.49), according to the orthonormal condition of each

one-electron wave function ;(1;).
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N
E = (WIHIY) = > ilhli) (249)
i=1
Subsequently, by adopting the variational principle, the set of one-elecron wave functions that
minimizes the above expectation value will be obtained as the solutions of the following one-electron
equations.
h(rdyi(r) = gi(ry) (2.50)

Then, since the Schrodinger equations for the whole system can be deformed as

N
HO W12, 1) = ) RED Y1 )2 (r2) -y )
. i

=D E P DYo(2) Y (ry) = B 1, 1) @51)

L

the total energy E cam be obtained as the sum of each eigenvalue of Eq (2.50).

E=) s (2.52)

i
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2-2-3. Hartree-Fock approximation using Slater determinant
Nevertheless, there still remains a critical problem in the Hartree approximation described
in the previous section — the antisymmetricity, that is, the sign reversal of the wave function associated
with a permutation of two electrons Eq (2.53), had not been included in the approximation.
Y(re o o Tiy e Ty s Ty) = =P (ry, T o, Ty o, Ty o, T) (2.53)
Hence, Slater proposed to describe a multi-electron wave function using a determinant

whose elements consist of one-electron wave functions [9],

1 1) - @y
lp(fu {2: L) gN) = m
awCd - awew

= et ), -t (En)) (.59
where
Xi(§) =i(ra(o) (2.55)
Here, the antisymmetricity of the electrons are inherently described due the basic characteristics of
determinants. Note that each one-electron wave function was described as a product of a spatial orbital
Y;(r;) and a spin orbital a(g) with spin coordinates §;, so that the difference in the interactions
depending on spins will be taken into account.
Then, the many-body Hamiltonian in Eq (2.42) was divided into two parts, one for the

single-electron operators, and the other for the two-electron operators.
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N 1 M 1 N
H(r) = Z {_Eviz + Z Ve (riA)} + EZ Vee(ri: Tj)
i=1 A=1 ij
N N
1
= > hED+35 ) Veolror)) (2.56)
i=1 ij
where,
1 M
h(ry) = —Evf + Z Vne(Tia) (2.57)
A=1

Subsequently, the energy expectation will be obtained using the Slater determinant Eq (2.54) and the
Hamiltonian Eq (2.56) as follows,
E =(V|H|¥)
S 1 1
= D Gkl + 5 (e Ve (ramylixs) = 5 (xslVee (rom)lins) - @.59)
i=1
Finally, by adopting the variational principle for Eq (2.58) with Lagrange's method of undetermined

multipliers as Eq (2.40), the set of one-electron wave functions {y;(§;)} that minimizes the energy

expectation will be obtained as the solutions of the following equations,

N
h(rx;(§) + Z f d&;x; (&) Vee (rimj) x; (&) x: (8D
=1

N
_Z f 85 (§)Vee (ro 1) 2:(§5) 2, () = ixi(§2) (2.59)
=1

which can also be deformed to the equation for the set of one-electron orbitals ¥;(r;) by eliminating
the spin orbitals a(c) by integrating Eq (2.59) with respectto ¢ in accordance with the orthonormal

condition. Thus, one will obtain
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N
h(rdy;(r) + Z f dryp; (1 )Vee (ri 1) (1) i ()
=

N
_Z f drj; (1) Vee (ro 1) )i (1)1, () = e () (2.60)
=1

where the third term only accounts for the electrons with parallel spins.

Here, Eq (2.60) can be rewritten by using the operators J;(r;) and K;(r;) defined as,

| b () Wee sy ) i = 1) (2.61)
Jdrjlp;(rj)vee(ri:rj)lpi(rj)l/)j(ri) = Ki(royi(ry) (2.62)
to
Fry(ry) = () (2.63)
where
N N
FOrd =hr+ ) Jrd = ) Ki(r) 2.64)
=1 =1

like one-electron equations derived in the Hartree approximation in the previous section. Eq (2.63) is

called a Hartree-Fock equation [10], and the wave function and the energy of a many-electron system

can be obtained by solving this equation.

It should be noted that J;(r;) corresponds to the electrostatic potential between the

electrons according to the analogy with the potential term appeared in the Hartree approximation in

Eq (2.46). On the other hand, K;(r;) corresponds to a quantum mechanical interaction between the

electrons with parallel spins that arises from the Pauli exclusion principle. K;(r;) is widely called an
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exchange potential, and is always negative since the electrostatic repulsion between the two electrons

with parallel spins will be reduced due the Pauli repulsion.
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2-3. Density Functional Theory
2-3-1. The Thomas-Fermi approximations

As explained in the previous section, the procedure to obtain the many-electron wave
function using a set of differential equations for one-electron wave functions had been established as
Hartree-Fock approximation. Nevertheless, it still remains a laborious task to perform such procedure,
since the integral terms involving the operators defined in Eq (2.61) and Eq (2.62) include two orbitals
for different electrons (= two-electron integral), and thus the computational cost gets significantly
expensive. Hence, Hartree-Fock approximation is not suitable to a system that contains a large number
of electrons, such as solids.

Therefore, unlike with Hartree-Fock approximation, there had been proposed another
method to obtain the electronic structure of a many-electron system, by formulating its Hamiltonian
using the potentials that are described as the functionals of its electron density n. Consequently,
Thomas and Fermi had derived the kinetic energy term as a functional of the electron density n using
homogeneous electron gas model [11,12].

TTF[n] = 13—0 (3m%)?/3 f d3rn(r)§ (2.65)
Additionally, they had also described the electrostatic interaction term as the functional of the electron

density in accordance with classical electromagnetics, and obtained the energy functional as follows,
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ETF [n]

n(rn(r’)

3 5 1
_ 2v2/3 3 3 3 Z 3yd3r’
—10(37'[ ) fd rn(r)3 +fd rVext(r)n(r) +2fd rd’r |r_r’|

(2.66)
where the second and the third term corresponds to the electron-nuclei interaction and the electron-
electron interaction, respectively.
Afterward, Dirac had also derived the functional for the exchange energy, which had been
originally discovered in Hartree-Fock approximation, using homogeneous electron gas model [13].
3/3 3
3 4
EP[n] = -2 (—) f dPrn(r)3 2.67)
4\r
This functional is called a local density approximation (LDA) functional, since it only depends on the
local electron density. This is indeed the only form of the exact LDA exchange functional.

On the other hand, Weizsicker had proposed the correction term of kinetic energy as the

functional of both electron density n and its gradient Vn [14].

IVn(r)I2
f dr— R (2.68)

This functional is considered as the first generalized gradient approximation (GGA) functional, which
is explained in the later section.
Finally, the total energy and the electron density of a many-electron system in its ground
state will be obtained by minimizing the energy functional with respect to n, within the constraint of
Jd3rn(r) =N (2.69)

where the number of the electrons must be a constant. Here, since the energy functional only takes the
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electron density n, which is a function of only three variables, as its argument, one can perform the

calculation with less computational cost compared to Hartree-Fock approximation where the two-

electron integrals have been involved.
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2-3-2. The Hohenberg-Kohn Theorems
Despite the groundbreaking idea proposed in the previous section, there still remained a
critical issue to apply such method to the calculations of electronic structures — the validity of
describing the energy as the functional of the electron density had not been theoretically confirmed.
To solve such issue, Hohenberg and Kohn had theoretically proved the existence of the
energy functional of electron density, by disclosing the relationship between the electron density and
the external potential. To be more precise, they had proved the following two theorems as the

Hohenberg-Kohn theorems [15].

Theorem 1. The external potential V(r),,; of a system can be uniquely specified by its ground-state
electron density.
Theorem 2. The exact ground-state electron density gives the global minimum of the energy

functional.

The proof of each theorem is described below.

The proof of theorem 1:

Suppose that there exist two distinct Hamiltonians H™ and H® whose external
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potentials V(r)gc)t and V(r)gc)t differ by more than a constant, while giving the same electron
density ny(r). Here, the difference between the two Hamiltonians can be written as,
HO —H® =y)D - v &, (2.70)
Then, given that ¥ and W@ are the ground-state wave functions of H® and H®), respectively,
the following inequality holds according to the variational principle (see section 2-1-3).
E@ = <1p(1)|H(1)|1p(1)) < <lp(2)|H(1)|lp(2)) (2.71)
Now, since the last term can be deformed as
(FO|HO|p@) = (p@|F@|p@) 4 f 1 VD -V & o)

_F® 4 f dsr[vmggt _ V(r)fg?t] 1o (1) (2.72)

the inequality Eq (2.71) can be rewritten as

EW < E@ 4 f d3r[V(r)gC)t - V(r)fjgt] no (1) (2.73)
In a similar way, the following inequality
E® < EW - f v & - v %] ne) (2.74)

can also be obtained. However, by adding Eq (2.73) and Eq (2.74), a contradicting inequality

EW L F@ « ) L @ (2.75)
will be obtained. This proves that there is a false in the initial assumption, where the two distinct
external potentials differing by more than a constant give the same ground-state electron density

ny(r). In other words, by reductio ad absurdum, the theorem 1 has been proven.
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The proof of theorem 2:

Suppose that the total energy of any system can be described as E"X[n], which is a
functional of the electron density. Also, suppose that the ground-state electron density which
corresponds to the external potential V.. (r) is given by n(®, and any other different electron
density is given by n®. Here, E#K[n(M] is equal to the expectation value of the Hamiltonian H®
that corresponds to V,,, (1) with its ground-state wave function ¥ @, as described as,

EHK[n(l)] = (lp(l)lH(l)|lp(1)) (2.76)
On the other hand, EHK [n(z)] is equal to the expectation value of the same Hamiltonian with the
wave function ¥® that corresponds to n(®.
EHK[n(Z)] = (lII(Z)lH(l)|lII(2)) (2.77)
Now, according to the variational principle, the following inequality holds between Eq(2.76) and
Eq(2.77).
EHK[n(l)] = <lp(1)|H(1)|lp(1)) < <111(2)|H(1)|1p(2)) = EHK[n(Z)] (2.78)

Thus, the energy functional has been proven to be variational to the electron density.

Here, it should be noted that the Hamiltonian of a system can be fully formulated when its
external potential was identified, and thus the wave functions of the system can also be fully obtained.

Therefore, the theorem 1 has proved that the property of the system can be described as the functional
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of the ground-state electron density ny(r) since the density uniquely specifies the external potential

of the system. Additionally, by theorem 2, it has also been proved that one can obtain the energy and

the electron density of the ground-state by minimizing the energy functional with respect to n(r) due

to the variational principle.
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2-3-3. The Kohn-Sham equations

By the Hohenberg-Kohn theorems introduced in the previous section, the validity of
describing the energy of many-electron system as functional of electron density had been proven.
Nevertheless, the specific formulation of the energy functional had not been given in those theoretical
frameworks, and thus the procedures to obtain the energy and electron density of the ground-state of
a system had not been established.

Hence, Kohn and Sham subsequently derived the formulations to obtain the ground-state
energy and the electron density of many-electron systems based on the Hohenberg-Kohn theorems
[16]. First, they assumed an auxiliary system consisting of N non-interacting electrons, instead of the
real N-electron system where the electrons interact to each other [16]. It was supposed that the
electron density of the auxiliary system is exactly the same as that of the interacting system. Here, the
Hamiltonian for the independent electrons in the auxiliary system can be written as,

HZ,, = —%VZ +V9(r) (2.79)
where the first and the second term corresponds to the kinetic and the potential energy of each electron,
respectively, and the index ¢ corresponds to its spin. Then, the set of wave functions of such auxiliary
system {7 (r)} was given as the ground-state wave functions of this one-electron Hamiltonian, and
thus the electron density of the system was given as,

w0 =Y =13 Yo (2.80)
[ o i=1
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where the index i runs over the number of electrons.
Subsequently, Kohn and Sham formulated the total kinetic energy of the auxiliary system

using the set of its wave functions {7 (r)} as follows,

Ty = —%Zi@?(v’)wzll/)?(r}) = —%Zifd3rlv¢?(r)lz (2.81)

o i=1

while the electrostatic interactions were described using the electron density defined in Eq (2.80), as

n(r)n(r
ffd3d3'()() (2.82)
— 7|
for the electron-electron interactions, and as
el = [ @1V (r)n(r) (2.83)

for the nucleus-electron interactions. Then, using the above terms and two additional terms Ey.[n]

(exchange-correlation term that will be explained below), Ej; (electrostatic interactions between

nuclei that will be given as a constant), the energy functional of the auxiliary system was formulated

as follows.

EKS[n] = Ts[n] + Eee [n] + ENe [n] + EXC [n] + EII (2-84)

Note, that the forth term Ex.[n] corresponds to the exchange-correlation energy, where all the many-

body effects that had not been described in Eq (2.81) and Eq (2.82) have been included. In other words,

Exc[n] can be defined by the following formulas,

Exc[n] = T[n] — Ts[n] + Eine[n] — Eee[n] (2.85)

where T[n] is the kinetic energy of the interacting system and Ej,.[n] is the electron-electron
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interaction in the interacting system.

Then, finally, the energy functional Eq (2.84) were minimized according to the variational

principle proven in the Hohenberg-Kohn theorem 2, within the constraint of

Wily?)=1 (2.86)

where the wave functions of the auxiliary system had been normalized. Subsequently, the ground-state

energy and the ground-state electron density of the auxiliary system were obtained by the following

stationary condition,

5 o
RTHC) EKS[n]_ZZSj {(w? W) -1}
_ 0T(n] Sn"(r) (r’) SExclnl] ., oo
HGOMOTHG U Ve +Foas| TV =0 287)

where the derivatives of Ty and n?(r) can be deformed to

Ol _ 1o o0 (2.88)
syrr) - 2
6n"(r) .

according to Eq (2.80) and Eq (2.81). Thus, the differential equation Eq (2.87) can be rewritten as,

H*S 2 (r)yf (r) = &7 97 (1) (2.90)
where
ory = L , n(@) 8Exc[n]
HXS r) = —EVZ + J d3r m+ Vst (1) +W (2.91)

whose form is similar to the one-electron equation derived in the Hartree-Fock approximation.

Thus, Kohn and Sham had succeeded to formalize of the energy functional predicted in the
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Hohenberg-Kohn theorems, and to establish the procedure to obtain the electronic structures of many-

electron systems from the energy functional with respect to the electron density as its argument.
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2-3-4. The classification of exchange-correlation functionals

Although the feasible procedures to obtain the energy and the electron density of many-
electron systems based on the Hohenberg-Kohn theorem had been established as the Kohn-Sham
equations, there also remains an important issue to be solved — the formalism of Ey.[n], the exchange-
correlation functional, was not yet obtained. Indeed, Ex-[n] is the only term that cannot be exactly
formalized among the terms appeared in the Kohn-Sham equations, and thus a kind of approximations
is needed to obtain its formalism. Therefore, there have been proposed a great number of
approximative exchange-correlation functionals since the establishment of the Kohn-Sham equations.
Here, in this section, the formalisms of the exchange-correlation functionals which are used in this

thesis will be introduced.

2-3-4-1. LDA functionals
One of the representative examples of the exchange-correlation functional is the localized
density approximation (LDA) functionals, where the local exchange-correlation energy e&x. is
assumed to be dependent only on the electronic density at each position 7.
B = [ drn(exc((nl ) 292)
Such approximation is based on the consideration that the term Eyc[n] can be regarded as a local one

since it was defined as the residual part of the energy of the many-electron system from which the
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non-local terms such as the kinetic energy and the electrostatic energy had been subtracted as shown
in Eq (2.85).

Here, the exchange part of E:24[n] consists of the formalization described in Eq (2.67)
which is derived by Dirac, since it is the only exchange functional that is theoretically exact. On the
other hand, the correlation part of E:24[n] is usually obtained by the parameter fitting to the
numerically calculated correlation energies using the Monte Carlo methods on homogeneous electron

gas systems. One of these examples is a PW-LDA correlation functional [17], which is used in chapter

6 of this thesis, as described as,

1 ]
EEW-L [n]= —Zaf d3rn(1 — ars)ln| 1+ (2.93)

T 3
l 2a (,317"5E + Bors + .337”5E + .347”52>J

where a =0.031097, a =0.21370, B, =7.5957, B, =3.5876, s = 1.6382, B, =0.49294, and 7,

is the Wigner-Seitz radius that is defined as,

—nr? = - (2.94)

2-3-4-2. GGA functionals
Next, the generalized gradient approximation (GGA) functionals, which are also
representative as well as LDA functionals, will be explained. Within the generalized gradient

approximation, the exchange-correlation energy is described as the functional of both electron density
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n(r) and its gradient Vn(r). The general formalism of a GGA functional is as follows.
B2 In] = [ drn(rexc(n(r), V() 1) (295)
Here, the exchange part of Ec¢4[n] is usually formulated as,

1
EZ°4n) = —5 J d3rnt’K, (2.96)
g

where K, is described using a following dimensionless parameter X,;.

[Vn,|
Xo =73 (2.97)

(o

For instance, in the PBE (Perdew—Burke-Ernzerhof) functional [ 18], one of the most widely used GGA

functionals as also was the case in chapter 3 to chapter 5, K,; in the exchange part is given as,

K
KPBE — [LDA [1 _ 2
7 ’ e + us2/(48m2)2/3k (2.98)
3 \1/3
KLPA = 3 (E) (2.99)

where = 0.21951 and k = 0.804.

On the other hand, the correlation part of ES¢4[n] is usually obtained by adding a GGA

correction term to the corresponding LDA correlation functional. In the case for PBE, the correlation

functional is given as,

EFBE[n, ¢, t] = EEW~  [n] +Jd3rn(r)H[n, {,t] (2.100)
H[n,¢,t] = y¢®In |1 +—t" Lt A
o= Yermn v \1+A4t'2 + A2t (2.101)
_B EEY- ]\ ]
A= ; [exp (- yq,')—zn> - 1] (2102)
1
¢ =51+ + (1 -9 (2.103)
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where y = 1;’"2 =0.031091 and B = 0.066725.

> =

2-3-4-2. Hybrid functionals

On a final note, the hybrid functionals, which were used in estimating the bandgaps in

chapter 3 to chapter 5, will be introduced. The Hybrid functional is the one whose exchange functional

is modified by incorporating a portion of the exact exchange energy obtained in the Hartree-Fock

approximation. Such modification is based on the consideration that there inevitably arise non-

negligible self-interaction errors, which correspond to the unphysical electrostatic interaction between

the electron and the electronic potential generated by the electron itself, in the derivation of the energy

functionals (see Eq (2.82) and Eq (2.84)), while such self-interaction errors are fully cancelled in the

formulation of the Hartree-Fock approximation by the exchange energy term (see Eq (2.60) to Eq

(2.62)). In other words, the unphysical self-interaction errors are intended to be canceled by

incorporating a portion of Hartree-Fock exchange energy term in the exchange functional used in the

Kohn-Sham equations.

As for the HSE (Heyd-Scuseria-Ernzerhof) hybrid functional, which was used in this thesis,

the Hartree-Fock exchange energy term is divided into two parts, a short-range part ExR 7 (w) and

a long-range part ExR~HF (w), with respect to the parameter w controlling the short-rangeness of the

interaction, and only the former part is incorporated in the exchange functional [19]. Then, using the
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mixing parameter a, the HSE exchange functional is given as,

EPSE = qERH (w) + (1 — a)EFBE(w) + EFPE(w) (2.104)
where a =0.25and w = 0.2 in case for HSE06. Such dividing of the Hartree-Fock exchange energy
was proposed since the long-range part of the exchange energy had been empirically known to
overestimate the bandgap energy, and thus the HSE functionals are considered to be superior in

calculating bandgaps.
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Chapter 3.
Effects of Anion Ordering in Perovskite Oxynitride:

A Demonstration on CaTaO,;N

3-1. Introduction to anion ordering in perovskite oxynitrides
3-1-1. Perovskite oxynitride photocatalysts

During these decades, a wide range of water-splitting photocatalysts [1-9] have been
discovered from a class of compounds with perovskite structure. “Perovskite” is originally the name
of CaTiO3 mineral, and the compounds that have the same type of crystal structures as CaTiOj; are
classified to perovskite compounds. Generally, perovskite compounds have ABX3 chemical formulas
like CaTiOs, with anions X coordinating to cations B to shape BXe octahedral-units, sharing their
apices forming a 3D network, and cations A (which is called A site cations) filling the gaps between
the BX¢ octahedral-units (Figure 3-1). For many years, the class of perovskite compounds, in both
their fully inorganic and hybrid organic—inorganic [10,11] structures, has been investigated for its
ferroelectric features [12], the superconductivity [13], the colossal magnetoresistance effects [14], the
recently observed superior features in photovoltaic applications [15-18], the low thermal conductive
properties [19], as well as water-splitting photocatalysts, and thus they are considered to be one of the

central research areas for functional materials.
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/)

C/ C

Figure 3-1. Schematic illustration of perovskite structure with ABX3 chemical formula. Green, yellow,

and pink are A, B, and X, respectively.

Among perovskite compounds, there also have been reported a lot of visible light-responsive
oxynitride photocatalyts, such as BaTaO>N [7], StTaO.N [7], CaTaOoN [6,7], LaTiO2N [8]. Very
recently, overall water splitting under visible light irradiation has been achieved on CaTaO:N [6],
although its activity is still low. BaTaO>N has also succeeded in producing hydrogen and oxygen
independently from sacrificial aqueous solutions in the form of solid solution with BaZrO3[20] under
visible light. As explained in the chapter 1, these oxynitride photocatalyts have the valence bands that
consist of O 2p and N 2p orbitals, and this makes the bandgaps narrow enough to utilize the energy of
visible light. Therefore, perovskite oxynitrides are nowadays considered the most promising

candidates for the water splitting photocatalysis process [21].
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3-1-2. Anion ordering in perovskite oxynitrides

In the crystal of perovskite oxynitrides, O* and N*- occupies X sites to coordinate to the
transition metal cation center. Surprisingly, their anion arrangements of in the crystals (anion ordering,
hereafter also called aor) have been found to be partially specific. For example, it is well known that
N3 coordinate to the cation center in cis configuration. Furthermore, Neutron [22-25] and electron
[26] diffraction analyses have already shown specific anion distributions in the crystals of some
perovskite oxynitrides.

Such ordered motifs are considered responsible for piezoelectricity [27] and ferroelectricity
[28], as a consequence of the local distortion induced in the crystals of perovskite oxynitrides [29].
Subsequently, due to the nature of perovskite oxynitride VB, that, as said, mainly consists of O 2p and
N 2p orbitals, it is evident that an impact of aor on the band structure of the final system exists. They
are similarly reported to be controllable, leading to a further “tailorability” of the perovskite oxynitride
electronic features [30], either by tuning temperature conditions [25] or via the cooling rate after the
calcination [31], making the aor a potentially powerful factor for modifying the optical and electronic
features of such compounds.

However, it is still difficult to clarify the details of anion ordering in oxynitride crystals,
since only the O/N occupation on each site can be experimentally measured by the state of art method.

There also exists some controversial data indicating the nature of one-dimensional (1D) [22], two-
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dimensional (2D) [25], and three-dimensional (3D) ordering [32] have been reported from different

experimental groups. Besides, it is also a challenging task to synthesize perovskite oxynitrides with a

specific anion arrangement, and such limitations makes the investigation on anion ordering a puzzling

issue. Therefore, the band structure variation ascribed to the change in aors is still unclear, and thus

the relation between aors and their electronic properties has not been fully analyzed yet. In addition,

to the best of our knowledge, no data have been reported focusing on possible improvements of the

photocatalytic activity as a function of the aor motif.
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3-1-3. Objective of this work

To overcome these issues, a theoretical, unbiased understanding of the relation between aors
and the electronic structure of this class of materials is mandatory. Thus, in this research, by means of
first-principles calculations, I aim to clarify the relation between the aor (structural features) and
perovskite oxynitride band structures (electronic features). In particular, our analysis will mainly focus
on CaTaO:N, a material whose ability to split water under visible light irradiation is well documented
[6,7]. I aim to demonstrate the tunability of the band structure by controlling its anion ordering, thus

providing a guideline to possibly improve the photocatalytic properties of CaTaO,N.
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3-2. Computational details

Several initial guesses of CaTaO,N were prepared with different aors following the available
neutron diffraction data [22], relaxing them by means of a density functional theory (DFT) based
approach, as implemented in the VASP code [33-36]. The projector augmented wave (PAW) method
[37,38] with the GGA-PBE exchange-correlation functional [39] was used with a cutoff energy of 500
eV. All the structures were optimized using a 10 x 7 x 10 I'-centered k-point sampling of the Brillouin
zone (BZ) until the forces on all atoms were smaller than 0.01 eV/A.

According to the available data [22], CaTaO2N has a unit cell with space group Pnma, and
the O/N ratio is about 1:1 on the axial sites and 3:1 on the equatorial sites. It is well-known that more
electronegative anions in the octahedral (Op) units of perovskites usually have a cis configuration with
respect to the central metal cation, as mentioned in the previous section [40]. Neglecting the tilting of
the TaO4N, On unit (octahedral-tilting [41]), six N*~ arrangements within the cis configuration are
possible, which satisfy the mentioned O/N occupations, as shown in the first column of Figure 3-2.
On the other hand, including the tilting, it was finally able to model 13 different aors (structures on
the right side of Figure 3-2). Since N3~ are arranged in a 2D fashion in A-D and in a 3D one in E-F,
the former will be called “two-dimensional (or 2D) aors” and the latter will be called “three-

dimensional (or 3D) aors”.
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Figure 3-2. Initial structure of each anion ordering, without (left) and with (right) Oy tilting considered

[brown, red, and blue are Ta, O, and N atoms, respectively]. Ca atoms are omitted. These had derived

from an exhaustive arrangement of O/N according the experimentally obtained occupation ratio at

each site, and consequently 22 x 42 = 64 different O/N arrangements was obtained (where 22 and 42

are the number of possible outcomes at axial and equatorial sites, respectively). Then, since some of

them are essentially the same ones due to their symmetries, they are reduced to 13 anion arrangements.
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The electronic properties were calculated by means of a 12 X 9 x 12 I'-centered k-point

sampling of the BZ. At variance with the hybrid organic—inorganic halide perovskites for which the

relativistic effect impact on the final electronic features is massive [16,17], the different nature of the

band edges makes the same inclusion in our systems ineffective, with the final bandgaps that remain

unaltered.

According to the parabolic approximation, the effective masses of holes (my*) and of

electrons (me*) were estimated as result of the fit of the dispersion relation described in Eq (3.1).

Starting from the CBM (VBM), the curvature of the bands was calculated within a k-point range of £

0.05 A!. In order to include the anisotropic effects of the dispersion in the BZ, the effective masses

calculated from the band edges along the direction toward the other seven high symmetry points were

averaged as their harmonic mean (see Eq (3.2)). Tables 3-1 (a) and (b) list the effective masses

calculated for the directions considered.

a2e(k)]
N
11 Z 1 -
mave* B N =1 mi* ( ‘ )

Here e(k) arethe band edge eigenvalues, k isthe wavevector, m;* is the effective mass along each

direction, i, and m,ye* is the averaged effective mass.

Band edge positions are calculated as orbital energies referred to the vacuum level [42]. In

detail, both vacuum level and orbital energies are calculated by means of slab models whose bulk and
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Table 3-1. (a) Hole effective mass along each direction. B2 and C have their VBMs on U point.

(I'=0.0,0.0,0.0; X=10.5,0.0,0.0; Y= 0.0, 0.5, 0.0, Z= 0.0, 0.0, 0.5; S = 0.5, 0.5, 0.0;

T=0.0,05,0.5U=0.5,0.0,0.5R=0.5,0.5, 0.5).

T>T T>R T>8S T>U T>X T2>Y T>7Z Ave
Al 1.72 4.44 0.88 5.25 1.07 1.24 7.24 1.74
A2 1.43 4.69 245 1.41 1.51 4.67 0.59 1.52
B1 3.14 1.94 1.30 2.07 1.45 3.86 2.14 2.00
D 0.51 1.35 0.80 0.55 0.41 1.50 0.78 0.69
El 1.65 1.89 195 1.71 11.1 1.52 1.31 2.16
E2 -1.5 2.66 6.14 2.04 17.1 13.8 1.38 3.99
E3 1.35 3.12 341 1.32 1.73 3.76 0.61 1.52
Fl1 1.25 1.64 1.85 0.77 0.98 2.06 0.83 1.17
F2 4.85 0.92 1.17 0.86 1.80 1.56 0.75 1.20
F3 1.26 1.65 1.86 3.29 232 2.06 0.82 1.60
F4 5.72 1.92 1.81 1.30 3.19 1.65 0.76 1.65

U->r U->R U->S U->T U->X U->Y U->7Z Ave
B2 7.34 1.43 2.02 2.69 2.47 4.05 4.61 2.72
C 1.19 51.2 241 3.57 2.27 1.32 2.69 2.24

Table 3-1. (b) Electron effective mass along each direction.

(BZ special point coordinates as in Table 3-1 (a))

I'>R =S r->T r-u r->X r->y >z Ave
Al 0.63 0.63 0.68 0.62 0.62 0.68 0.68 0.65
A2 0.51 0.65 0.71 0.52 0.76 0.51 0.88 0.62
B1 0.45 0.58 0.57 0.46 0.79 0.39 0.75 0.54
B2 0.50 0.67 0.57 0.55 1.07 0.38 0.75 0.59
C 0.98 1.75 1.01 0.86 1.54 0.91 1.12 1.10
D 0.50 0.67 0.60 0.53 0.90 0.45 0.77 0.60
El 0.55 0.60 0.76 0.55 0.69 0.52 0.87 0.63
E2 0.95 0.69 1.11 0.94 0.74 0.62 1.08 0.84
E3 0.83 0.75 0.77 1.09 0.85 0.61 1.26 0.83
F1 0.63 0.77 0.61 0.69 1.05 0.40 0.86 0.66
F2 0.73 0.66 0.72 0.76 0.70 0.62 0.75 0.70
F3 1.00 0.61 0.61 2.11 1.05 0.40 0.85 0.74
F4 0.90 0.74 0.75 1.14 1.03 0.49 0.94 0.80
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vacuum regions are thick enough to minimize the quantum confinement effects and to avoid spurious
effects among replicas of the slabs along the direction normal to the surface. It is straightforward that
such a method does not apply to the slab models which have a net dipole vertical to their surface planes
[42,43]. Since, in CaTaO,N, Ta—N and Ta—O bonds have different charge distributions (dipoles), only
the slab models assembled from certain aors, which expose specific facets that are suitable for
calculating the vacuum level. Furthermore, it remains quite cumbersome to discuss the difference of
the band edge positions among different aors, due to the strong dependence of the calculated vacuum
levels on the slab surface structures [44]. Accordingly, to better assess our results, I have considered
only one type of slab model, i.e. that for which the difference between the potential in the bulk region
of the slab model (Vp1x—s1ap) and that of the bulk (V},1x) is minimized [45].

First, the potentials in both the vacuum (Vy,c_s1ap) and bulk regions (Vyyik—siap) and the
energies of the CBM (gcpm_siap) and the VBM (eypm_siap) Were calculated by using the nonpolar,
symmetric, and thermodynamically more stable slab (Egy s as in Eq (3.3), where Egp,p is the total
energy of the slab model, n is the number of the bulk unit cells in the slab, Epx the energy of the

bulk per unit formula, and A is the superficial area of the slab).

Egap — 1 X Epuk
Esurf = = 24 - 3.3)

Second, the potential in the bulk model (V) and its band edge energies ( Ecgm, Evem)

were calculated by using the bulk models of each aor, respectively. In addition, their bandgaps have
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also estimated by using the hybrid functional HSE06 [46-48] in order to compensate the

underestimation of the pure DFT calculated bandgaps and compare the band edge positions to the

water redox potentials.

Finally, assuming that the two bulk potentials coincide (Vpyik—siab = Vpuix), hypothetical

vacuum potentials (1},.) were calculated for each aor as in Eq (3.4). Then their band edge positions

were determined and corrected as in Eq (3.5) and Eq (3.6), provided that the calculated bandgap is that

of Kohn—Sham, as in our case, and assuming the fact that conventional DFT can reproduce

theoretically the exact position of the band gap center [49].

Wac = Vpuik + Vyac-siab — Vbulk—slab) 3.4
Ecgmvemy) = Ecemvam) — Wac (3.5

1
Ecgmvem) = Ecemem) E{Eg — (&cam — €vam)} (3.6)

I have thus prepared six initial models (shown in Figure 3-3) and compared their surface

energies. All the slab models are 32 A long (6-unit layers) along the direction normal to the surface

plane plus an 18 A vacuum region along the same direction. As a result, E2(001) O rich, a slab model

of the pristine E2 bulk aor, whose surface consists of an oxygen-terminated (001) facet, have been

selected.
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Figure 3-3. Lateral views of the three nonpolar slab models considered (Brown: Ta; red: O; light blue:

N; blue: Ca). (a, b) E2 with (001) surface, (c, d) F2 with (100) surface, and (e, f) F4 with (100). Right:

N-rich surface slabs. Left: corresponding O-rich surface slabs.
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Starting from the very well converged structure (vide supra) of the bulk, for the slab models

the convergence is achieved using reduced sampling (compared to the bulk case) of the BZ. In this

case, it was sufficient to relax the slab ionic positions using a 4 X 4 x 1 I'-centered k-point sampling

until the forces were smaller than 0.05 eV/A. On the optimized structures, their electronic properties

were calculated until their total energies were converged within 10 eV, using a 4 x 6 x 1 I'-centered

mesh.

For all the considered slab models, the bandgap in the bulk regions (Eg(slab)) minimizes the

difference with that of the corresponding bulk models (Eg) (AE; < 0.13 eV). Table 3-2 reports the

surface energies and bandgaps of each slab model here investigated.

Table 3-2  Surface energies and bandgaps of each slab model.

Esurt [mJ/m?] Eg (slab) [eV] Eg[eV]
E2(001)_Orich 983.1 1.95 1.84
E2(001)_ Nrich 1261.5 1.86 1.84
F2(100)_Orich 1002.6 2.14 2.01
F2(100)_ Nrich 1429.1 2.06 2.01
F4(100)_Orich 1077.7 2.15 2.07
F4(100)_Nrich 1337.7 2.15 2.07
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3-3. Impacts of anion orderings on photocatalyst related
properties

I start discussing the impact of the aor motif on the bandgaps. Figure 3-4 shows the bandgap
vs formation energy trend. Interestingly, the formation energy range of all the considered structures
almost coincides with the thermal energy at room temperature (26 meV), indicating that various aors

can coexist in CaTaO:N crystals.

40
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Figure 3-4. Bandgaps vs formation energy of each anion ordering. Zero on the y axis is the energy

of the most stable anion ordering. Blue: 2D aors, Red: 3D aors.
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Concerning the bandgap, marked differences among/the considered aors, up to 0.5 eV, can

be observed with the 3D motifs (E—F) characterized by larger values of the gap. It is thus likely that

the absorption wavelength of CaTaO,N can be tuned by changing the aor. Still, Figure 3-4 suggests

that the more stable the aor, the larger the bandgap, supporting the idea of the VBM stabilization for

3D motifs.

In Figure 3-5 I report both the electron (m¢*) and hole (imy,*) effective mass change as a

function of the aor. Interestingly enough, the variation range of the hole effective mass is about 5 times

that of the electron, indicating the hole mobility, and thus oxygen evolution reaction (OER), is more

likely to be affected by the nature of the aor. Changes in valence band structures are observed as well

in the different anisotropies of the carrier effective mass (Tables 3-1) and bandplots (Figure 3-6): mg*

is the minimum along the direction of '— Y in almost all aors, while my* has a more heterogeneous

trend. To further confirm it, Figure 3-6 clearly shows that the CB shapes are similar in each aor, while

those of the VB are quite different.
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Figure 3-5. Carrier effective masses for each anion ordering
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Figure 3-6. Bandplots of each anion ordering (BZ special point path coordinates as in Table 3-1.)
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Finally, the variation of the band edge positions and its relation with the aor were analyzed.

From Figure 3-7, the VBM positions vary within the range 1.14 to 1.66 V (vs NHE), while CBM

remains almost unaltered.

Furthermore, 3D aors have a more positive VBM than 2D ones, indicating additional

stabilization of the valence bands for the former motifs. In all cases, CBM positions largely exceed

the H>O reduction potential, indicating the high potentiality to produce hydrogen, while VBM

positions only appeared near the oxygen evolution potential, confirming previous experimental and

theoretical findings [6,50]. Since all the 3D aors have VBM positions positive enough for water

oxidation, I conclude that CaTaOoN OER performances will be highly improved by the three-

dimensional motif of the atomic ordering.
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Figure 3-7. Band edge positions of each anion ordering. The potentials were referenced to the normal

hydrogen electrode (NHE).
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3-4. Origin of the different nature of electronic structures

In order to disclose the origin of the different nature of valence band structures and the
relative maximum positions among aors, the band edges electronic composition were analyzed. The
Density of States (DOS) and Projected Density of States (PDOS) are shown in Figure 3-8.

As expected, in all aors, the VB mainly consists of X (= O, N) 2p orbitals, while the CB
mainly of Ta 5d ones. However, while the CB DOS shape is very similar for all the systems taken into
account, that of the VB is quite different. A consequence associated with this finding is the different
lifetimes of the hole that increase (decrease) as the VB DOS values are small (large) below the VBM.
There is indeed a straight relation between DOS shape and the number of carrier relaxation paths that
induce longer/shorter carrier lifetimes [18, 51-53]. In the PDOS near the VBM, only the contributions
of both N 2p and O 2p orbitals are observed in 2D aors, while an additional contribution of the Ta 5d
orbital exists in 3D motifs, indicating orbital overlap among N 2p, O 2p, and Ta 5d orbitals in the latter
ones.

I have similarly compared several optimized structural parameters (reported in Table 3-3) to
find out what type of interactions occur among these orbitals and checked the influence of aor
dimensionality on such interactions. Comparing the £ Ta—O—Ta and £ Ta—N-Ta angles, the latter
clearly is larger in all aors. In addition, the Ta—N bond lengths (rr5_y) are shorter than the Ta—O

(rra_o) ones, in contrast with the ionic radius based expected trend (N*~: 1.46 A; O*: 1.38 A [12]),
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Figure 3-8. DOS and PDOS of each aor, calculated with the HSE06 level. The energies were

referenced to the NHE.
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suggesting further possible interactions, other than ionic, between Ta and X (=0, N). It is indeed well-

known that anions with reduced electronegativity (N in our case) tend to more easily form covalent

bonds. Previous NMR analysis supports our finding, reporting the covalent character of Ta—N bonds

in ATaO,N (A = Ca, Sr, Ba [55]). Such a covalent character can clearly take into account the larger £

Ta—N-Ta angles and the shorter 7,_y bond lengths in CaTaO>N. More in detail, the two bonds

formed from X (=0, N) toward two adjacent Ta cations have different lengths (see Figure 3-9(a)): such

asymmetry can be similarly ascribed to covalent interactions between X 2p and Ta 5d, as depicted in

Figure 3-9(b) for the case of X =N (d— px interaction [24, 25, 40, 55]). These features are also shown

in the VBM wave function (See Figure 3-9(c)).

Table 3-3. Optimized structural parameters of each anion ordering.

Lattice parameters (A) Bond angles (deg) Bondlength (A) Bondlength difference (A)

a b c / Ta-O-Ta Z Ta-N-Ta FIa0 FLaN Artao Arpan

Al 5.66 7.95 5.56 150.4 155.1 2.08 1.99 0.03 0.01
A2 5.66 7.94 5.57 150.6 155.8 2.08 1.98 0.06 0.03
Bl 5.68 7.95 5.57 150.8 154.7 2.09 1.98 0.07 0.05
B2 5.65 7.97 5.57 149.3 156.7 2.08 1.98 0.08 0.04
C 5.66 7.97 5.56 150.0 156.1 2.08 1.99 0.07 0.09
D 5.66 8.00 5.57 148.8 157.7 2.09 1.98 0.14 0.14
El 5.65 7.97 5.55 150.6 155.2 2.08 1.98 0.04 0.04
E2 5.65 7.98 5.55 150.6 155.2 2.08 1.98 0.06 0.07
E3 5.66 7.96 5.56 150.1 156.4 2.08 1.98 0.09 0.07
F1 5.66 7.98 5.56 150.3 156.2 2.09 1.98 0.09 0.05
F2 5.67 8.00 5.56 150.0 155.6 2.10 1.97 0.13 0.12
F3 5.66 7.98 5.56 150.3 156.3 2.09 1.98 0.09 0.05
F4 5.65 8.01 5.56 148.6 158.5 2.09 1.98 0.14 0.12
ave 5.65 7.97 5.56 150.0 156.1 2.08 1.98 0.08 0.07
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Figure 3-9. (a) Asymmetry bond length around nitrogen. (b) d—p interaction. (c) Decomposed charge

density at the VBM of F2.
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To further shed light on this feature, the asymmetry (Arr,_y) of the bond lengths among the

anion orderings, i.e. the difference between the long and the short Ta—X bond length, have also been

compared. From Table 3-3, 3D aors have larger asymmetry than 2D ones, indicating the increased

covalent character in the former ones. Furthermore, more asymmetric aors have lower VBM positions

(Figure 3-10), showing the relation between the VBM position and the degree of covalence between

Ta and X. Noticeably, in 3D motifs, the much larger Ta—X d—p= interactions induce the stabilization

and thus the lowering of their VBM.
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Figure 3-10. Bond asymmetry and VBM positions of each anion ordering. Arr,_x represents the

average of the bond difference between two bonds from N or O to Ta (= (2 X Arra_g + Arpa_n )/3).
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Finally, the origin of the different magnitudes of the d—p interactions will be discussed. In

2D aors, both N 2p orbitals and Ta 5d orbitals lie in the same plane, and thus, such symmetry does not

allow their optimal overlap. On the other hand, the symmetry of the N 2p bands lowers in the VB of

3D aors, since the nitrogen and tantalum atoms are not in the same plane: stronger stabilizing d—prx

interactions will originate as a consequence of the less hindered overlap between the N 2p and Ta 5d

bands. Importantly, due to the fact that in all our systems Ca bands are very deep (high) in the valence

(conduction) region (not shown here), these findings can be extended to all the perovskite oxynitrides

of formula ATaO;N and analogous symmetry.
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3-5. Conclusion

Aiming to provide viable paths to improve its photocatalytic activity, I have investigated the

relation between anion orderings and electronic properties in CaTaO:N. For several models assembled

according to the available experimental data, I have focused on the photocatalytic oriented properties,

comparing them among the different anion orderings here considered. I observed noticeable variations

depending on the anion ordering: bandgaps become “tunable” in quite a wide range by controlling the

structural motif. Carrier effective masses similarly vary among different anion orderings mainly for

the hole, indicating that the oxygen evolution ability is significantly affected by the positions of the

nitrogen and oxygen atoms in the crystal. Band edge positions vary as well, mainly in the valence

region. Since three-dimensional anion orderings are associated with a more positive valence band

maximum than two-dimensional ones, they are expected to be characterized by improved

performances in the oxygen evolution reaction process. Therefore, through the optimization of its

synthetic route, i.e. keeping either high temperature processing or slow cooling regime conditions,

both reported to favor the three-dimensional anion ordering formation, CaTaO2N performances in

photocatalysis will be highly improved.
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Chapter 4.
Effects of Octahedral-Tilting and Crystal

Polymorphism: A Demonstration on MgTaO;N

4-1. Revisiting the structural model of MgTaO:,N: a theoretically
predicted photocatalyt
4-1-1. Computational material search in the research area of photocatalyts
Recently, with the impressively enhanced availability of computational resources,
computational screening of novel materials of technological relevance has become an extremely
powerful procedure to predict the possible existence of yet unexplored materials. For instance, Ceder
el al. succeeded in finding a novel compound that can be used as a cathode material for lithium
batteries with a superior voltage and a lower cost, using first-principle calculations on several possible
candidates [1]. There also exist other cases for high stability alloys [2], piezoelectrics [3], organic
photovoltaics [4, 5] and inorganic scintillator materials [6], all of which demonstrate the benefits of
recent computational material search.
Such studies using computational screenings have also been adopted to the material search for
photocatalysts [7-9]. For perovskite-type oxynitrides of formula ABO:N, a screening procedure on

thermodynamic and electronic properties (bandgap and band edge position) initially involving 2704
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compounds has revealed four well established and investigated materials, CaTaO,N [10,11], StTaO,N

[10], BaTaO,N [10,12,13], LaTiO,N [14] and a new one, i.e. MgTaO;N, as promising candidates for

photocatalysis [9].
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4-1-2. Possible octahedral-tilting and crystal polymorphism in MgTaO,N
However, with the enormous computational cost in mind, modeling of the compounds just
in terms of thermodynamic stability and band edge positions may result not sufficient and a more
detailed analysis is mandatory in order to shed light on the photocatalytic features of such materials.
The first issue, indeed, is the oversimplified structural model used in the screening
procedure: perovskite oxynitrides denoted by ABO,N were all considered in their cubic polymorph
whose unit cell consists of only five atoms, and thus structural features, such as rotation of the
octahedral unit TaO4N; (octahedral-tilting [15], as illustrated in Figure 4-1) and characteristic anionic
distribution (anion ordering [16], as explained in chapter 3) in the perovskite crystals were not taken
into account. These structural factors are known to impact on the structures of both conduction [17,18]
and valence bands [19], respectively, and thus they need to be considered in modeling and calculating

the properties of MgTaO,N.

Figure 4-1. Schematic illustration of the octahedral-tilting in perovskites where the dashed circles

correspond to A-site cations.
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The second issue is that only perovskite-type MgTaOoN was structurally modeled and other
polymorphs have not been considered. Generally, a compound with the chemical formula ABX3
assumes the perovskite structure only when its tolerance factor ¢ (reported in Eq (4.1)) is close to one

[20,21].

TA+ ¥

t= ——— 4.1
V2(rg + 1) &b

where r; (i = A, B, X) is the ionic radius of the three species. However, compared to the A site cation
of previously reported tantalum oxynitrides such as Ca**, Sr>*, and Ba?", the ionic radius of Mg?" is
clearly smaller and thus MgTaO:N is characterized by crystal structures other than perovskite [22].
Since the ionic radii of the MgTaO>N constituents (Ta’*: 0.64 A, O%: 1.38 A, N3 1.46 A [23]) are
quite similar to those of MgTiO;3 [24, 25] (Ti**: 0.605 A, O%: 1.38 A [26]) which has ilmenite structure,
MgTaOxN is expected to have the same crystal structure. To confirm such idea, using the following
ionic radii, i.e. for O* 1.38, for N3 1.46, for Mg?* 0.72, and for Ti*>* 0.66 A (in this case the algebraic
average between +4 and +5 oxidation number of Ta was considered), value for = 0.73 was obtained,
which further supports the stability of the ilmenite—like polymorph for MgTaO:N. Therefore, not only
perovskite but also ilmenite has to be taken into account in order to fully predict the photocatalytic

properties of MgTaON from first principles.
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4-1-3. Objective of this work

Here, in this study, I aim to disclose the properties of MgTaO2N considering octahedral-
tilting, anion ordering, and the interplay between perovskite and ilmenite polymorphs, and thereby
discussing its applicability as material for photocatalysis. In particular, photocatalyst related properties
such as bandgaps, band edge positions, and carrier effective masses of MgTaO,N will be calculated
from first principles. Then, a brief outline for MgTaO,N material design as a novel photocatalyst will

be provided by identifying the factors that impact on each property.
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4-2. Computational details
4-2-1. Structural models

The initial structure of perovskite-type MgTaO,N (hereafter also p-MgTaO,N) is modeled
by imposing the crystal coordinates of CaTaO,N [27], whose unit cell has the space group Pnma,
replacing Ca atoms with Mg ones. Since CaTaO:N already has intrinsic octahedral-tilting of TaO4N>,
that of MgTaO>N was successfully modeled by imposing the former coordinates as the initial ones for
the latter structure. For p-MgTaO;N, 13 different anion orderings (hereafter also aors) were prepared,
from A1 to F4 as shown in Figure 3-1. in chapter 3, similarly to our previous analysis on the aors of
CaTaO,N [19].

The initial structure of ilmenite-type MgTaOoN (hereafter also i-MgTaO,N) derives from
the rhombohedral unit cell of MgTiO; with space group R3 [24], initially modeled replacing Ti atoms
with Ta ones and one third of O atoms with N ones. Also, two different anion distributions, cis and
trans (see Figure 4-2), were modeled in order to relate the electronic properties with its anion ordering.

Density functional theory, as implemented in the VASP code [28-31], was employed in order
to geometrically relax the initial structures. On top of the optimized geometries the electronic
properties were calculated. The convergence was considered achieved once the forces on individual
atoms were smaller than 0.01 eV/A. The Brillouin Zone (BZ) was sampled with a 10 x 7 x 10 /=

centered mesh for p-MgTaO:N and with a 11 x 11 x 4 one for i-MgTaO:N. In particular, the GGA-
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PBE exchange correlation functional [32] and the projected augmented wave (PAW) method [33, 34]

were employed, along with an energy cutoff for the plane wave of 500 eV.

Figure 4-2. Initial structures of i-MgTaO>N with two anion distributions. Brown: tantalum, red:

oxygen, blue: nitrogen, orange: magnesium.
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4-2-2. Calculation conditions

In order to discuss the fundamental photocatalytic properties of both p-MgTaO,N and i-

MgTaO:N, I have calculated bandgaps (E,), carrier effective masses, and band edge positions.

Electronic properties were calculated on the optimized structures of both polymorphs, with a 12 x 9 x

12 (p-MgTaO,N) and a 13 x 13 x 5 (i-MgTaO:;N) mesh of the BZ, until the difference in the total free

energy between two consecutive steps was lower than 10~ eV. Besides, HSE06 hybrid functional [35]

was also applied to compensate the methodological underestimation of the electronic properties in the

pure-DFT calculations.

Bandgaps were approximated as the Kohn-Sham ones, and carrier effective masses were

estimated using band dispersions (see Eq (3.1) and (3.2) in chapter 3). Band edge positions were

estimated as the orbital energies referenced to the vacuum potential [36] that was calculated by means

of a slab approach. As already pointed in the previous studies, the calculated value of the vacuum

potential strongly depends on the surface structure of the slab model [37]. Therefore, similarly to our

previous study on CaTaO,N, only one slab model was used to calculate the vacuum potential and

define the “effective” vacuum potentials of the other anion orders by assuming that the potential of

the bulk model equals that of the bulk region of the slab model [19] (see also Eq. (3.4) to (3.6) in

chapter 3).

To calculate the vacuum potential, a slab model with zero net dipole along the normal to the
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slab surface was used. The thickness of the vacuum region was set to 19 A on all slab models in order

to prevent Coulomb interactions among replicas of the slab along the same direction [36, 38], while

the thickness of the slabs was set to 30 A (= six-unit layers) on p-MgTaON and 42 A (= three-unit

layers) on i-MgTaO,N. I have considered six slab models for p-MgTaO:N (Figure 4-3) and two slab

models for i-MgTaO,N (Figure 4-4) and adopted that with the smallest surface energy as calculated

from Eq (3.3) in chapter 3. All the ionic positions of each slab were fully relaxed with a 4 x 4 x 1

I—centered sampling of the BZ until the forces on single atoms were smaller than 0.05 eV/A. On the

optimized structures, electronic calculations were performed with a 4 X 6 x 1 /-centered sampling of

the BZ on the slab models of p-MgTaO,N and a 6 x 6 x 1 /-centered sampling of the BZ for i-

MgTaO,N with a total free energy convergence criterion of 10 eV. For all the slab models the

potential of the vacuum region was converged and the bandgaps at the bulk regions reproduced those

of the corresponding bulk models within 0.12 eV. The surface energies and the bandgaps of each slab

model are listed on Table 4-1.
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Figure 4-3. Unit cells of each slab models for p-MgTaO,N. Three-types of slab models E2(001),

F2(100), F4(100) were prepared as non-polar ones. O-rich and N-rich surface were considered on each

slab model: 6 slab models were used. Accordingly, F2(100) with O-rich surface (the smallest surface

energy) was adopted in the vacuum level calculation.
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cis(001) trans(001)

%&"g’%&%" %“:g%ﬁ?%i

Figure 4-4. Unit cells of each slab models for i-MgTaON, two slab models, cis- and trans-(001),

were prepared as non-polar ones, adopting the former in the vacuum level calculation.

Table 4-1. Surface energies and bandgaps calculated using each slab model. All the bandgaps in this

table are calculated at DFT-PBE level of theory.

Egut [m]/m?] E, (slab) [eV] E, [eV]

p-MgTaO,N
E2(001)_Orich 1055.7 237 225
E2(001)_Nrich 1250.9 229 2.25
F2(100) Orich 1030.5 2.78 2.66
F2(100) Nrich 1491.8 2.68 2.66
F4(100)_Orich 1180.6 295 2.95
F4(100) Nrich 1406.6 3.02 2.95

i-MgTaO,N
cis(001) 839.5 3.13 3.05
trans(001) 846.2 2.95 3.02
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4-3. Impacts of octahedral-tilting

Structural parameters, bandgaps, and carrier effective masses of each p-MgTaO:N aors are
listed in Table 4-2. Compared to the initial structures i.e., those of CaTaO,N, as previously mentioned,
lattice parameters are shorter by ~1-5 %, while bond angles £Ta-X-Ta (X = O, N) are narrower by
~12-15°. On the other hand, their bond lengths r,_y and 7r,_o remain almost unaltered, proving
that the octahedral-tilting increases in p-MgTaO:N, compared to CaTaO>N.

Bond angles £Ta-X-Ta (X = O, N) of p-MgTaO:N also vary among different aors: they
differ up to 2.2°, proving that the magnitude of octahedral-tilting also depends on the aors. Bond
angles £Ta-X-Ta of A~B2, E2, and E3 are smaller than the average bond angles of all aors (137.7°),
while those of the remaining ones, i.e., C, D, E1, F1~F4 are larger than the same average value. Thus,
I will refer to the former aors as “less-tilted” and to the latter as “more-tilted”.

For all aors, average bond angles £Ta-N-Ta are always larger than £Ta-O-Ta ones, while
average bond lengths rp,_y are always shorter than 1,_g ones, in clear contrast with the order of
the ionic radius of N*- and O%. Additionally, most of the adjacent Ta-X bonds, i.e., Ta-X-Ta (X=0, N)
differ by ~0.1 A in average, as illustrated in Figure 4-5. Such structural characteristics can be explained
by assuming the existence of a partial covalent nature of the Ta-X bond mainly associated with a d-
p « interaction [39-42]. Nitrogen reduced electronegativity — compared to oxygen —enhances the

covalent nature of the Ta-N bond vs Ta-O bond, also resulting in bond angle opening and shortening
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Figure 4-5.  Asymmetric bond lengths between the consecutive Ta-N bonds.

the bond lengths.

The magnitude of d-p w interaction can be described as the difference between the two bond

lengths that connect X anion and Ta, i.e., Arp,_g and Arg,_n. These values differ among the aors

and interestingly correlate with the bond angles £Ta-X-Ta (see Figure 4-6) showing that the more

tilted the octahedron the larger the Ta-X d-p m interaction.

The octahedral-tilting also impacts on bandgaps. Those of p-MgTaO,N are more open,

ranging from 2.6 eV to 4.1 eV, than those of analogous oxynitrides such as BaTaO:N (2.0 eV),

SrTaO2N (2.1 eV), and CaTaO,N (2.5 eV ) [9] whose octahedral-tilting is rather small. Besides, in our

case more-tilted aors shows much larger bandgaps. Both trends suggest the non-negligible positive

correlation between bandgaps and octahedral-tilting.
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Figure 4-6. Correlation between bond angles (£ Ta-X-Ta) and bond lengths differences in (a) Ta-O

bond (Arp,_o) and (b) Ta-N bond (Arp,_y). Arpa_o and Arp,_y shows the larger value when Z

Ta-X-Ta is rather small, indicating the increase of the covalent interaction.
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The calculated carrier effective mass of p-MgTaO:N also indicates the strong relation

between octahedral-tilting and the band dispersion, especially in the conduction region. For p-

MgTaO:N, electron effective mass of m." range between 0.66 to 2.87 mo (1.27 mo in average) while

the hole effective mass mn” between 0.82 and 2.08 mo (1.40 mo in average). Electron and hole effective

masses of p-MgTaO;N compared to those of CaTaO:N are shown in Figure 4-7 and 4-8, respectively.

Compared to the effective mass of CaTaO>N (m.": 0.63 my in average, my": 1.75 my in average) [19],

electron effective masses of p-MgTaOoN are quite larger, while its hole effective masses are rather

similar. In addition, the bond angles £Ta-X-Ta (X = O, N) of p-MgTaO:N strongly correlate with the

electron effective mass, while negligible correlation is observed with the hole effective mass, as shown

in Figure 4-9. Thus, the picture that emerges from our analysis is that the octahedral-tilting mainly

impacts on the structures of conduction bands (CBs).
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Figure 4-7. Electron effective masses of p-MgTaO:N compared to CaTaOoN.
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Figure 4-8. Hole effective masses of p-MgTaO,N compared to CaTaO,N.
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Figure 4-9. Correlation between bond angles ( £ Ta-X-Ta) and carrier effective mass of (a) electrons

and (b) holes.
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The correlation between octahedral-tilting and the CB structures are also confirmed by the

p-MgTaO:N band edge positions reported in Figure 4-10 for different aors, with VBMs lying between

+1.16 Vnug and +2.10 Vnug, while CBMs between -1.45 Vnue and -2.04 Viug, most of which straddle

the water redox potentials. As shown in Figures 4-11 (a) and (b), CBM positions are strongly correlated

with the £Ta-X-Ta bond angles, while VBM positions only slightly do it. All these results show that

the octahedral-tilting is the main factor for the different CBM positions among the aors.

30
F4

20 F Al A2 B1 B2 E2 E3 —

Y S e e B e S S e e Tt EERERE BLLE A

10 OZ/Hzo

Potential Energy (V vs. NHE)

20 F - —

30 *

Figure 4-10. Band edge positions of p-MgTaO,N. The vertical axis was set to the normal hydrogen

electrode (NHE) potential.
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Figure 4-11. (a) Correlation between bond angles (£ Ta-X-Ta) and CBM positions. (b) Correlation

between bond angles (£ Ta-X-Ta) and VBM positions.
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The difference in CB electronic structures is also observed in the Density of States (DOS)

and Projected Density of States (PDOS) of p-MgTaO:N, reported in Figure 4-12. CB dispersions of

less-tilted aors i.e., A1~B2, E2, and E3, are relatively smooth, while those of more-tilted ones are

sharp. Besides, the bottom regions of the CBs of the formers mainly consist of Ta 5d, while additional

contribution of O 2p is observed in the same regions of the latter ones. These characteristics indicate

that the uplift of the CBM positions with the increasing octahedral-tilting originates from the band

dispersion reduction that is caused by the d-p 7 interaction between Ta 5d and O 2p in the CBs. Similar

trends are also reported in previous report by Eng et al. [17], where the relation between the band

dispersion reduction together with the octahedral-tilting increase are ascribed to the increase of the

antibonding character at the CBM.
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1 1 Il

-1 0 1 2 3 4
Energy [V vs. NHE]

Figure 4-12. DOS and PDOS of p-MgTaO,N. Their energy positions are aligned with the band edge

positions depicted in Figure 4-10. Black dotted line: total DOS, Red dashed line: O 2p, Blue dashed

line: N 2p, Brown solid line: Ta 5d.
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Now, based on the results above, the possible applicability and the material design guidelines

of p-MgTaOxN can be discussed as follows.

First, as mentioned in the previous section, most of the p-MgTaO.N configurations have

suitable band edge positions for overall water splitting, since their VBM positions are lower than the

OER potential and CBM positions are higher than the HER potential. In particular, larger potential

differences between CBM positions and HER potential are fingerprint of their strong tendency towards

the HER. Nevertheless, their bandgaps are still larger than the energy of visible light, except for A2,

whose VBM does not exceed the oxygen evolution potential.

Accordingly, the bandgaps of p-MgTaO,N should be reduced mainly modifying their CBM

positions. As demonstrated in the previous section, CBM positions are strongly correlated with

octahedral-tilting of p-MgTaOxN i.e., the suppression of the tilting would lead to a CBM reduction.

Furthermore, these less-tilted p-MgTaO,N are also promising as water splitting photocatalyts since the

electron effective mass diminishes as the octahedral-tilting decreases, as reported in Figure 4-9.

Therefore, a modified, tilting reduced p-MgTaO:N, is highly desirable: doping/alloying by replacing

Mg?* with different cations whose ionic radii is larger than Mg?" will reduce the octahedral-tilting in

p-MgTaOoN offering suitable band structures for visible light driven water splitting.
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4-4. Impacts of crystal polymorphism

Structural parameters, bandgaps, and carrier effective masses of each i-MgTaO,N are
reported on Table 4-3. Their formation energies were also compared to that of p-MgTaO:N in the most
stable aor, and it was found that they are more stable by 249 meV/FU and 174 meV/FU in cis and
trans arrangement, respectively.

In both i-MgTaO:N, average bond lengths r,_y are always shorter than rr,_q, like in p-
MgTaO:N, confirming the existence of a partial covalent nature of the bond in such class of
compounds. In this case, at variance with the p-MgTaO:N, adjacent Ta—X bond lengths i.e., Ta—X-Ta
(X =0, N), are extremely different. Such differences (Arr,_x, X = O, N) were more than twice larger
than the same in p-MgTaO,N, and thus the enhanced covalent nature, that is, the enhanced overlap
between tantalum and anion orbitals, are even larger in i-MgTaO:N. Such difference between the two
polymorphs is ascribed to their different bond angles £Ta-X-Ta (X = O, N). In p-MgTaO,N, the
overlap between Ta 5d and anion 2p is much hindered, since there is essentially a symmetry mismatch
between such orbitals when they are in linear fashion [17,19] while the reduced bond angles in i-
MgTaO:N diminish the symmetry mismatch and thus lead to the enhanced overlap.

Bandgaps of both i-MgTaO;N are larger than 4.2 eV, markedly larger than those of p-
MgTaO:N, with the material resulting a large gap semiconductor. Carrier effective masses are also

larger in i-MgTaO:N, most of which are over 3.0 mo. Additionally, the band edge positions reveal

114



Chapter 4. Effects of Octahedral-Tilting and Crystal Polymorphism: A Demonstration on MgTaO>N

LT AN [N 81°0 STO 00°C e v'L6 9'96 8'L6 Wil 1€ I€°S Ay
I1€¢ €c¢e Wy 00 ¥T0 10°C I1°C I'L6 6'86 796 St 8T'S 6T'S sun.aj
91 10°€ 8TV 91°0 90 66'1 (44 L'L6 €76 766 Rl €¢'s €¢'S 519
o Juo (A9 Ny Oty N®L, o 0¥y pry-e] 7 BI-N-BL7  BL-O®L7 o q e

(Suy) sy3u9| puog (39p) soj3ue puog (Suy) sioywered some]

"ANowoas NZOBLSIN-1 Yoea JO SOSSBW 9AII09)J0 JoLLIeD pue ‘sdedpueq ‘siojowered [eimonng “¢-4 9[qeL

115



Chapter 4. Effects of Octahedral-Tilting and Crystal Polymorphism: A Demonstration on MgTaO;N

that i-MgTaO:N is unsuitable for both oxygen and hydrogen evolution reaction (OER and HER,

respectively) according to their positioning towards the NHE (Figure 4-13). PDOS of i-MgTaO,N

reported in Figure 4-14 shows that their VB top and CB bottom mainly consist of anion 2p and Ta 5d,

respectively, as for p-MgTaO,N. Nevertheless, for i-MgTaO,N, Ta 5d contribution is also present in

the top region of VBs, while that of O 2p and N 2p is similarly present in the bottom region of CBs.

These results indicate that the overlap between Ta 5d and anion 2p occurs in both bands, similarly

witnessing a reduced selectivity of the carriers with subsequent reduced applicability in devices for

photoconversion. By comparing the DOS of p-MgTaO;N and i-MgTaO:N, dispersions are clearly

small in the latter one, and based on previous results, the i-MgTaO>N bandgap opening is ascribed to

the band dispersion decrease which is consequence of the Ta-X interaction increase.

In addition to the increased interaction between Ta and X, the decrease of band dispersion

in --MgTaOxN is mainly related to the layered (2D) nature of the structures: in the crystal of p-

MgTaO:N, TaOsN> octahedral units share their apices forming a 3D network, while they share their

sides in the crystal of --MgTaO:N, thus resulting in a quasi 2D structure. As shown in Figure 4-15, the

layered structures of i-MgTaO;N reduce their ionic density of both Ta cations and O, N anions

compared to those of p-MgTaO,N.
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Figure 4-13. Band edge positions of i-MgTaO:N. The vertical axis was set to the normal hydrogen

electrode (NHE) potential.
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Figure 4-14. DOS and PDOS of i-MgTaO:xN. Their energy positions are in line with the band edge

positions depicted in Figure 4-13. Black dotted line: total DOS, Red dashed line: O 2p, Blue dashed

line: N 2p, Brown solid line: Ta 5d.
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Figure 4-15. The distribution of the distance between the two homologous ions. For p-MgTaO:N, each

Ta has 12 other Ta ions and X has 75 other X anions within 5 A distances (here, O and N are not

distinguished). At variance, for i-MgTaO:N, each Ta cation has only 4 other Ta cations, while each X

has only 44 other anions within the same distance.
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Considering the use as a photocatalyst, there are some disadvantages in --MgTaOxN in terms

of its photocatalyst related properties. The bandgap of both i-MgTaO,N models is larger than 4.0 eV,

which is markedly larger than the energy of visible radiation. Also, since the carrier effective mass of

i-MgTaO:N is noticeably larger, its carrier mobility will clearly result reduced. Although the CBM

positions of i-MgTaO,N are negative enough to exceed the HER potential, their VBM positions are

not positive enough to exceed the OER potential, and thus they are expected to be less performing in

oxygen evolution ability. Therefore, in contrast to p-MgTaO;N, i-MgTaO:N is not suitable as water

splitting photocatalyst.
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4-5. Conclusion

Computational screening procedures have revealed MgTaO>N a promising candidate for

visible light responsive water splitting photocatalysis. However, some structural features such as

octahedral-tilting, anion ordering, and polymorphism have not been considered in the previous studies,

and thus the properties of MgTaO,N as a photocatalyst material have been largely overlooked.

I have here calculated the properties of MgTaO,N analyzing the mentioned features on

different polymorphs and thereby discussed the applicability of MgTaO,N as a novel photocatalyst.

Additionally, I have suggested a guideline to control and improve the properties of MgTaOoN in

agreement with the results of the present analysis.

Accordingly, I have shown that, in contrast with the intrinsic structural instability, most of

the perovskite-type MgTaO2N have band structures highly suitable for overall water splitting. In

particular, p-MgTaO>N with reduced octahedral-tilting similarly has reduced bandgap and band edge

positions that straddle the water redox potentials, although its bandgap is still slightly larger than the

energy of visible light. On the other hand, MgTaO,N in ilmenite polymorph, the thermodynamically

more stable one, has a bandgap extremely larger than visible light energy and band edge positions that

do not match with the water redox potentials. As consequence, i-MgTaO,N performances in solar-to-

energy devices will result quite poor.

By comparing the structural features and the calculated properties, octahedral-tilting results
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to highly impact on the conduction band structures. In particular, the larger the octahedral-tilting the

more marked the interaction between Ta 5d and anion 2p in the conduction band. Doping/alloying the

A-site cation of MgTaO:N in the perovskite polymorph with a larger ionic radius cation, A>*, forming

isovalent A’xMgi.xTaO2N alloys is a way to reduce their octahedral-tilting, improving the

performances of the final photocatalyst.
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Chapter 5.
Composition Dependence of Oxynitride Solid Solution:

A Demonstration on LaMg,Ta;xO1+3xNa2-3x

5-1. Introduction to LaMgyTa;xO1+3xN2-3x photocatalyst
5-1-1. Development of solid solution-based photocatalysts

Following the emerging photocatalysts consisting of oxynitrides, solid-solutions of such
compounds are also attracting wide attention due to their improved photocatalytic activities. One of
the noticeable examples of them is LaMg,Ta1.xO1+3xN2-3x, which was developed by Domen’s group in
2015 [1]. This compound had absorbed light with wider range of wavelengths (~ 600 nm) and had
achieved overall water splitting without any sacrificial agent.

LaMg,Ta;.xO1+3xN2-3x is a solid solution between LaMg»3Tai30 and LaTaO;N, all of which
have perovskite structure. It had been prepared by synthesizing oxide precursors by citric acid method
and subsequently nitriding them in a dry NH3 flow under a high temperature [1-4]. It was also reported
that the water splitting activity of LaMgyTa;.xO1+3:N2.3x differs depending on its composition, and

reaches the maximum at x = 1/3.
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5-1-2. Important factors in modifying the solid solutions

There are two key factors which led to a successful achievement of overall water splitting
by LaMg,Ta;«O1+3xN23x. One is the fine-tuning of its band structure by changing its composition. In
particular, the O/N ratio, both of which contribute their orbitals to the valence bands, and Ta content,
which gives their orbitals to construct the conduction bands, will be varied depending on the
composition. Thus, it is strongly expected that the band structures of LaMgyTa;xO1+3xN2.3x will be
changed due to the compositional variation.

The other key factor is that unwanted side reactions such as the backward reaction of O and
the self-oxidation of N3 was successfully suppressed by coating the photocatalyst surface with
amorphous oxyhydroxide TIOXH (= TiO2-m(OH)2m xH20). It is thought that the layers of amorphous
TiOXH had played a role like a molecular sieve since they have a porous structure. Such coating
method can also be applied not only to LaMgyTa;-xO1+3.N2.3x but also to other photocatalyst materials,
and have already succeeded in improving the water splitting activities of some other photocatalysts
such as CaTaOxN [5] and LaScxTa;-xO1+2xN2-2x [2].

Nevertheless, there still remains a critical issue to be tackled in the former factor in order to
consider the compositional tuning of the band structure of LaMg,Tai.xO1+3xN2.3x. The issue is that the
dependence of the band structure of the solid solution on its composition has not been systematically

investigated yet, and thus the factor that maximized its activity at the composition of x = 1/3 is not
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fully understood yet. In other words, the guidelines to tune the photocatalyst related properties of solid

solutions to their optimized ones for water splitting has not been established. Hence, in order to

accelerate the material design in the field of solid solution photocatalysts, one need to relate their band

structures to their compositions, and identify the positive and negative factors that exist at each

composition.
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5-1-3. Research objectives

Here, in this study, I will systematically calculate and compare the band structures of
LaMg,Ta;-xO1+3xN2-3x by means of first principle calculations, using appropriate structural models of
the solid solutions. Furthermore, I will estimate the photocatalyst related properties such as bandgaps,
carrier effective masses, and band edge positions to understand the positive and negative factors at
each composition and clearly articulate the reason why the water splitting activity of LaMg,Tai.

xO1+3xN2.3x reaches the highest at the composition of x = 1/3.
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5-2.  Computational details

First, I prepared the structural model of LaMgxTa.xO1+3xN>.3x at each composition, and then
calculated its band structure from first principle. Subsequently, I estimated the photocatalyst related
properties at each composition by analyzing the obtained band structure.

5-2-1. Structural models

The structural models of LaMgTa;xO1+3:N2.3x were prepared based on the crystal
coordinate data previously reported by neutron diffraction. The unit cells of LaMgxTa;xO1+3xN2-3x
consists of 20 atoms with space group /2/m at x = 0 (LaTaOoN [6]) and with P2i/n at the other
compositions [7], both of which are monoclinic. In LaMgxTai.xO1+3xN2.3x, Ta and Mg occupy the
equivalent cation sites, and O and N occupy the equivalent anion sites. As mentioned later, the Ta/Mg
ratio at each cation site has been already reported [7], and it has also been previously revealed that
cations and anions in perovskite oxynitrides are generally arranged according to certain rules [6,8-10].

Thus, I prepared the structural models in accordance with such orderings of ions, using a 2
x 1 x 3 supercell for LaTaO>N and 2 x 3 x 1 supercells for LaMg,Ta;.xO1+3:N2-3x (x # 0) (120 atoms).
Here, I considered the compositions at x = 0, 1/6, 1/3, 1/2, and 2/3 (The number of constituent atoms
at each composition are listed in Table 5-1). It should be noted that, at each composition, the ionic
arrangement was determined individually, since LaMgyTa;«O1+3xN2.3x is experimentally synthesized

from the oxide precursor that differs depending on the composition [1,2].
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Table 5-1. The number of the constituent atoms in the supercell at each composition

X 0 1/6 1/3 172 2/3
La 24 24 24 24 24
Mg 0 4 8 12 16
Ta 24 20 16 12 8
(0] 24 36 48 60 72
N 48 36 24 12 0

The possible cation arrangements in the structural models were considered by following the

reported Ta/Mg ratio at each site in the unit cell in the previous neutron diffraction measurements (See

Table 5-2 [7] and Figure 5-1). Then, the most stable arrangements were determined with help from the

insights on cation orderings in perovskite crystals previously reported, where the two-different cations

(B’, B) at B sites (equivalent sites) are revealed to be delocalized to form a “rock-salt” type

arrangement when their sizes or charges are significantly different [8, 9]. Such an arrangement occurs

in order to minimize the Coulomb interaction between the cations with the greater charge, and to make

the six anion sites adjacent to B equivalent to each other. Our preliminary calculation results also

followed such rule, i.e. the more delocalization of Ta>" cations, the smaller total energy of the structural

model.
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Table 5-2. The reported Ta/Mg ratio at each site in the unit cell [7]

coordinate composition

X y Z 1/3 172 2/3

Ml 05 00 0.0 2 2:1 2:1
M2 0.0 05 0.0 B | 1:2 0:3

site

Layer 1 Layer 2

Figure 5-1. M1 and M2 sites in the 2 x 3 x 1 supercell for LaMg,Ta1.xO1+3:N2-3x. For simplicity, La

atoms are omitted. Hereafter, the two layers vertical to c-axis will be called “layer 1” and “layer 27,

respectively, as this illustrations in order to depict the structural models clearly in the following

sections.

On the other hand, the possible anion arrangements in the structural models were considered

in accordance with some previous studies on anion orderings [6, 10], since the O/N ratios had not been

experimentally measured. In a number of previous studies on perovskite oxynitrides, N* was revealed

to coordinate to the B site cation (central cation) in cis-configuration or fac-configuration. In addition,
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according to the study in chapter 3, it was demonstrated that N> in perovskite oxynitrides prefers to

be arranged in lower symmetric configurations. Our preliminary calculations on the structural models

with different anion arrangements also confirmed that frans-configurations hardly occur at room

temperature (78 meV/atom), and that the structures with delocalized N*- are more stable than those

with rather localized N3-. Therefore, I only prepared the structural models of LaMgxTaixO1+3xN2-3x

with the restriction that N3~ can only take cis- or fac-configuration (It should be noted that at x = 1/6 a

few pairs of N in frans-configuration were inevitably given since the N/Ta ratio is larger than three.).

Then, finally, the relative positions between cations and anions were determined according

to the previously reported insights, where N combines with Ta more strongly than with Mg, and O

combines with Mg more strongly than with Ta [11]. A similar trend was also obtained from our

preliminary calculations on the testing structural models, indicating that N-Mg bond will hardly be

formed at room temperature. Thus, I prepared the structural models of LaMg,Ta;.xO1+3:N2-3x without

any N-Mg bonds in their supercells.

Here, the process of determining the structural model at each composition will be provided.

First, the structural model at x = 0 (LaTaO,N) was prepared in accordance with the crystal coordinates

and the O/N ratio previously reported where the O/N ratio at Y1 sites (0.7394, 0.0, 0.6775), Y21 sites

(0.0, 0.7818, 0.0), and Y22 sites (1/2, 0.2148, 0.0) were revealed to be 1:1, 1:1, and 0:1, respectively

[6]. Though the number of possible anion arrangements that satisfy such O/N ratio is 22 x 22 = 16
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A B C
AE =27.0 meV/FU AE = 20.0 meV/FU AE = 0.0 meV/FU
E,=0.96 ¢V E.=0.98 ¢V E.=135¢eV

Figure 5-2. Possible anion orderings in LaTaO,N viewed from different angles with their relative

total energies (AE) and bandgaps (E,) calculated within PBE level. Brown, red, and blue are Ta, O,

and N atoms, respectively. La atoms are omitted.

(where each 22 corresponds to the number of possible outcomes at Y1 and Y21 sites), some of them

were essentially the same anion orderings due to their symmetries. Thus, they can be reduced to three

different anion orderings (A-C) as shown in Figure 5-2. Here, C was revealed to be the most stable

one, and A was revealed to have the smallest bandgap.

Second, the structural model at x = 2/3 (LaMgy3Tai303) was determined following the

Ta/Mg ratio listed in Table 5-2. At this composition, two-thirds of M1 sites are dominated by Ta, while

all the M2 sites are dominated only by Mg. Hence, in the structural models prepared using 2 x 3 x 1
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supercells, eight of the twelve M1 sites were placed by Ta and the other B-cation sites were placed by
Mg. Here, one can consider three different Ta arrangements in each layer and two different types of

their sequence (“in” and “out”) as depicted in Figure 5-3. Among these six possible cation orderings,

Aou was revealed to be the most stable one, and A, in to have the smallest bandgap.

Ain Bin

AE = 83.0 meV/FU AE = 50.3 meV/FU AE = 42.0 meV/FU
E.=2.81¢eV E,=332¢V E,=332¢V

AE = 0 meV/FU AE = 33.0 meV/FU AE = 18.4 meV/FU
E,=3.67 eV E.=3.56 ¢V E,=3.68 ¢V

Figure 5-3. Possible cation orderings in LaMg»3Tai303 with their relative total energies (AE) and

bandgaps (E,) calculated within PBE level. Brown, orange, and red are Ta, Mg, and O atoms,

respectively. La atoms are omitted. Solid and dotted lines correspond to the Ta sites on layer 1 and

layer 2, respectively.
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Subsequently, the structural model at x = 1/2 (LaMg12Ta1205,N1,.) was also discussed in
line with the Ta/Mg ratio in Table 5-2. According to the constraint that N can only combine with Ta,
Ta was considered to form a kind of linkage mediated by N. Additionally, since two-thirds of Ta
occupy M1 sites, such linkage was assumed to be a branched one as depicted in Figure 5-4. Then, all
the remaining anion sites around Ta in Figure 5-4 was placed by O in order to satisfy the number of
each constituent atom listed in Table 5-1. Here, the possible structural models were prepared by
arranging four [-N-TaO3(TaOsN)-N-TaO4-] units defined in Figure 5-4 in the supercell. These units
can be arranged either on the two planes by half (as models A1-A6 in Figure 5-5) or on only single
plane (as B1-B2 in Figure 5-5), and six and two different anion orderings can be introduced for each
case, respectively. Then, among these eight candidates, it was revealed that A6 is the most stable one

and B2 has the smallest bandgap.

M2

mN@N T NE@ N iN@ N TN

Ta Ta Ta

Figure 5-4. The assumed linkage unit [-N-TaO3(TaOsN)-N-TaOs4-] in the structural models of

LaMgi»Tai1»20s,N12. For the simplicity, O atoms are omitted.

138



Chapter 5. Composition Dependence of Oxynitride Solid Solution: A Demonstration on
LaMgTa;1.xO1+3xN2-3x

AE = 27.8 meV/FU AE = 143.7 meV/FU AE = 1.4 meV/FU
E, =239 eV E,=2.34¢eV E, =248 eV

AE = 143.7 meV/FU AE =27.7 meV/FU AE = 0.0 meV/FU
E,=235¢eV E,=239 ¢V E,=247 eV

AE = 75.3 meV/FU AE =76.7 meV/FU
E,=2.29 eV E,=228¢eV

Figure 5-5. Possible arrangement of [-N-TaO3(TaOsN)-N-TaO4-] units in LaMg;»Ta12052N12 with

their relative total energies (AE) and bandgaps (E;) calculated within PBE level. Brown, orange, red,

and blue are Ta, Mg, O, and N atoms, respectively. La atoms are omitted. Solid and dotted lines

correspond to the [-N-TaO3(TaOsN)-N-TaO4-] units on layer 2 and layer 1, respectively.
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Next, the structural model at x = 1/3 (LaMgi,3Taz30,N) was determined as well according
to the Ta/Mg ratio shown in Table 5-2 and the constraints on the arrangements of N previously
mentioned. First, since the N/Ta ratio is 3:1 at this composition, it was considered that all Ta were
coordinated by three N in fac-configuration to form the linkage unit depicted in Figure 5-6. Then, such
units were assumed to be arranged in “zig-zag” or “cylinder” orderings as depicted in Figure 5-7 and
Figure 5-8, respectively, since the number of Ta placed at M1 and M2 sites are the same at this
composition. Here, eight different arrangements of N were introduced for each case, and subsequently

it was revealed that Z5 is the most stable one and C3 has the smallest bandgap.

*, o4 e, o
% 0 5 g
M2

o ’0' o ’0’

O . o .
‘. ‘0‘ ‘0‘ o .0. .0.
e, Od % 0 . 04
o % 0 S L4 %

Figure 5-6. The assumed linkage in the structural models of LaMgi3Ta2302N. For the simplicity, O

atoms are omitted.
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AE = 5.0 meV/FU AE = 7.5 meV/FU AE = 0.8 meV/FU
E,=2.03 eV E,=2.08¢eV E,=197 eV

AE =5.0 meV/FU AE = 0.0 meV/FU AE =0.1 meV/FU
E;=2.02eV E;=2.00 eV E;=2.01eV

AE = 0.9 meV/FU AE = 1.0 meV/FU
E,=1.99 eV E,=1.99 eV

Figure 5-7. Possible “zig-zag” arrangement of the linkage units in LaMg13Taz302N with their relative

total energies (AE) and bandgaps (E,) calculated within PBE level. Brown, orange, red, and blue are

Ta, Mg, O, and N atoms, respectively. La atoms are omitted. Solid and dotted triangles correspond to

the N atoms surrounding Ta on layer 1 from the front and the back side, respectively.
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AE = 65.4 meV/FU AE = 66.0 meV/FU AE =69.0 meV/FU
E,=181eV E,=185¢eV E;=1.78 eV

AE = 65.5 meV/FU AE = 63.1 meV/FU AE = 63.1 meV/FU
E;=1.81¢eV E;=1.82¢eV E;=182¢eV

AE = 46.6 meV/FU AE = 73.9 meV/FU
E,=1.80¢eV E,=1.85¢eV

Figure 5-8. Possible “cylinder” arrangement of the linkage units in LaMg1,3Taz302N with their relative
total energies (AE) and bandgaps (E,) calculated within PBE level. Brown, orange, red, and blue are
Ta, Mg, O, and N atoms, respectively. La atoms are omitted. Solid and dotted triangles correspond to

the N atoms surrounding Ta on layer 1 from the front and the back side, respectively.
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Finally, the structural model at x = 1/6 (LaMgi/sTass03/2N32) was determined as follows.
Initially, the cation ordering was investigated using the same size of supercell (2 x 3 x 1) of a
hypothetical compound, LaMgi/TassON2, where four Mg are surrounded by six O, and the other
anion sites are occupied only by N. Here, the Ta/Mg ratio at M1 and M2 sites were assumed to be 5:1
(= random arrangements) by analogy with those at x = 1/3 (see Table 5-2), and Mg was assumed be
non-adjacent to each other in order to reflect its dilute concentration. Thus, eight different cation
orderings were prepared as shown in Figure 5-9, and among them A was revealed to be the most stable
one. Subsequently, six anion arrangements were considered as shown in Figure 5-10, and A2 was

revealed to be the most stable one and A5 to have the smallest bandgap.

YR SRR R W

AE = 0.0 meV/FU AE =10.6 meV/FU AE = 8.5 meV/FU AE = 18.2 meV/FU
F G H
AE =19.7 meV/FU AE =20.2 meV/FU AE =10.2 meV/FU AE =20.2 meV/FU

Figure 5-9. Possible cation orderings in LaMgisTasisON> with their relative total energies (AE)

calculated within PBE level. Brown, orange, and red are Ta, Mg, and O atoms, respectively. La atoms

are omitted. Solid and dotted lines correspond to the Mg sites on layer 2 and layer 1, respectively.
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B

AE = 6.4 meV/FU AE = 0.0 meV/FU AE = 6.4 meV/FU
E;=1.66 eV E,=1.62 eV E,=1.67¢eV

AE =13.6 meV/FU AE =17.0 meV/FU AE =13.6 meV/FU
E,=1.65¢eV E,=1.62¢V E;=1.65eV

Figure 5-10. Possible ionic arrangements in LaMgi/6Tass032N3/2 on layer 2 (top) and 1 (bottom) with

their relative total energies (AE) and bandgaps (E;) calculated within PBE level. Brown, orange, red,

and blue are Ta, Mg, O, and N atoms, respectively. La atoms are omitted. Solid and dotted triangles

correspond to the O atoms surrounding Ta on each layer from the front and the back side, respectively.
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Here, the structural model of LaMg,Ta1xO1+3xN2.3x at each composition with the most stable

ionic arrangement were shown in Figure 5-11. The fundamental properties of LaMgxTa;xO1+3xN2.3x

such as band structures, density of states, carrier effective masses, were obtained by the calculation

results of these most stable structural models. On the other hand, bandgaps and band edge positions

were estimated not only from the most stable ones but also from the metastable structural model that

has the smallest bandgap at each composition within an energy difference of 78 meV/atom (=

vibrational energy per atom at room temperature), based on the consideration that the experimental

absorption edge comes from the light absorption by the crystal domains with the smallest bandgap.
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Figure 5-11. The structural models of LaMgxTa;xO1+3xN2:3x in its most stable ionic arrangement

viewed from different angles. Brown, orange, red, and blue are Ta, Mg, O, and N atoms, respectively.

La atoms are omitted.
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5-2-2. Calculation procedures

The optimized geometries and the electronic structures of LaMgxTa;xO1+3xN23x were
calculated by means of the density functional theory (DFT) as implemented in VASP code [12-15].
The exchange-correlation energies were described within the theory of general gradient approximation,
and thus PBE (Perdew—Burke-Ernzerhof) functional [16] was adopted for the calculations. The
projector augmented wave (PAW) method was also applied [17, 18], and thus eleven electrons (5s, Sp,
5d, and 6s) in La, eight electrons (2p and 3s) in Mg, eleven electrons (5p, 6s, and 5d) in Ta, six electrons
(2s and 2p) in O, and five electrons (2s and 2p) in N were treated as valence states. In the geometrical
optimizations, k-point sampling was set to 1 x 2 x 2 and the structures were relaxed until the forces
on all atoms were smaller than 0.01 eV/A and their total energies were converged within 10 eV. On
the other hand, in the single point calculations, k-point sampling was setto 2 x 3 x4 (3 x4 x 2 atx =
0) and the electronic structures were calculated until their total energies were converged within 107
eV. In all cases, a 500 eV cutoff energy was used.

The band structures and the carrier effective masses were evaluated from Kohn-Sham
eigenstates obtained in the single point calculations mentioned above, and the thermodynamic
stabilities of the crystals were estimated based on their Kohn-Sham eigenvalues. In addition, to obtain
the bandgaps and the band edge positions, HSE06 hybrid functional [19-21] was also applied to the

single point calculations in order that the underestimation of the pure DFT calculated bandgaps will
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be compensated.

The band structures of LaMg,Ta1.xO1+3xN2.3x were calculated along eight high symmetry

points (I'(0.0, 0.0, 0.0), Ao(0.5, 0.0, 0.5), B(0.0, 0.0, 0.5), C(0.5, 0.5, 0.0) D(0.0, 0.5, 0.5), E¢(0.5, 0.5,

0.5), Y (0.5, 0.0, 0.0), Z(0.0, 0.5, 0.0)) in the Brillouin zones. The same symmetry points were also

used in the calculation of the band structure of LaTaON» (x = 0) though it has a different space group

(12/m for x = 0, and P2/n for x > 0), since I2/m also belongs to monoclinic crystal system as same as

P21/n and thus has a similar Brillouin zone. It should be noted that there generally occurs a Brillouin

zone folding in a supercell, and in this case the eight symmetry points were folded and to any one of

the four symmetry points, I, Ao, B, or Y. However, the eight high symmetry points mentioned above

were also directly applied to the band structures of the supercells here, since the VBM and CBM

appeared at any one of the four symmetry points after the Brillouin zone folding at all compositions.

The charrier effective masses were obtained from the curvatures of valence and conduction

bands around their maximum and minimum, respectively, as was the case in chapter 3 and 4 (see Eq

(3.1) in chapter 3). Also in this study, the band curvatures were calculated from the high symmetry

point where CBM and VBM appears toward the other seven high symmetry points. In this manner, the

carrier effective mass for each direction was obtained individually. Here, the curvatures of the bands

were calculated within a k-point range of + 0.05 A-! from CBM and VBM, and the averaged effective

mass was obtained as a harmonic mean value (see Eq (3.2) in chapter 3).
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The band edge positions (Eyguy, Ecgm) of LaMgiTa;xO1+3:No3x relative to the redox

potentials of water were estimated as following procedures. First, the band edge offsets (AE}, 5y and

AEgy) between different compositions were calculated only from first principles. Subsequently, the

band edge positions of LaTaO>N (x = 0) were set to the experimentally reported values, Ecppy = -

0.62 Vnue and Eygy = +1.31 Vug, which had been obtained from photoelectron spectroscopies in

air (PESA) [2], and consequently all the band edge positions at the other compositions were estimated.

In order to calculate the band edge offsets (AEygy, and AEcg, ) between different

compounds or structures, there exist three different methods to be performed: (A) Referencing the

band energies to the vacuum potentials [22, 23], (B) Referencing the band energies to the bulk

potentials [23- 25], and (C) Referencing the band energies to the core levels [26, 27]. Each approach

has advantages and disadvantages as follows.

In method (A), one can evaluate the band edge positions of a compound using the vacuum

potential which is obtained from the calculation on a slab model that has both a crystal region and a

vacuum region in its unit cell, as demonstrated in chapter 3 and chapter 4. Such approach is superior

in terms of its ability to evaluate the band edge positions of various types of compounds and structures

independently. However, as mentioned in the previous chapters, the vacuum potential obtained from

the calculations on a slab model generally has a strong dependence on the slab surface structure [23,

28]. Therefore, when one evaluates the band edge offsets between different two compounds the result
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will also inevitably reflects the difference between their surface structures.

In method (B), the band edge offsets between two different compounds (A, B) are estimated
using the bulk potential (Vi ., i = A, B) obtained from each unit cell and a bulk potential offset
(AVpu1x) obtained from a superlattice, i.e. a structural model that consists of several units of A and B

contacting to each other at their interface. Indeed, the band edge offsets are obtained as the following

equations,
AEygy = AE{gy — AEgey + AVpyik (5.1)
AEcgm = E2 — EB — AE 5.2
CBM o e VBM (5.2)

where,

AE\I}BM = 5\¢BM - Vlﬁllk (5.3)
AE\];BM = g\l;BM - VbBulk 54
AVpuik = Viuik — Voulk (5.5)

e\i,BM and Eé are the VBM energy and the bandgap of compound i (= A, B), respectively, that are
also obtained solely from the calculations on each bulk unit cell. It should be noted that this method
can be only applied to the evaluation of the band edge offsets between the compounds with similar
crystal structures and lattice parameters, since one need to prepare the superlattice cell consists of both
ones. When the lattice mismatch between the two compounds is small enough, this method will be

excellent as it never contains the unphysical error caused by the difference between the surface

150



Chapter 5. Composition Dependence of Oxynitride Solid Solution: A Demonstration on
LangTal-xol+3xN2-3x

structures of the two compounds like method (A). Furthermore, when the bulk potential offset is

assumed to be zero, as in the case of estimating the band edge offsets among the same compound with

various ionic arrangements (= as was the case in chapter 3 and chapter 4.), one can obtain the band

edge offset without performing any calculation on their superlattice.

In method (C), the band edge offset between different two materials (A, B) are evaluated

using the core level (g1, i = A, B) obtained from each unit cell and a core level offset (Ae.) obtained

from a superlattice, as following equations,

AEypm = AE\?BM,C - AE\IIBBM,C + Ag. (5.6)
AEcgm = Ef — E§ — AEypy (5.7)
where,
AE\I}BM,C = effpm — €8 (5.8)
AE\];BM,C = S\I;BM — &l 5.9
Ae. = b — B (5.10)

Only Ae. needs the calculation on their superlattice, and the other values can be obtained only from

the calculations on each unit cell. With this approach, one can appropriately estimate the band edge

offsets between the solid-solutions with different compositions, by adopting the deep bands that

consist of composition-independent atomic states as their core levels.

Here, in this study, I evaluated the band edge offsets between the different compositions by
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method (C), and those between the structural models of the same composition with different ionic

orderings by method (B). As the core level used in method (C), I chose La 5s since the La content in

LaMg,Ta;-xO1+3xN2-3x is exactly the same in any composition. Then, I obtained Ag. by the calculation

on the superlattice that consists of the supercell of two compositions conjugates on their bc plane

where the lattice mismatch is the smallest, as depicted in Figure 5-12. In the superlattice, the lattice

parameter of b and ¢ were set to the average between those of the two compositions.

Figure 5-12. The example of superlattice used in the calculation of Ae. between two compositions

(A and B).
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Finally, the thermodynamic stability of LaMg.TaixO1+3:N2.3x at each composition was
estimated from both the formation energy AE; and the defect energy AEq defined in Eq (5.11) and

Eq (5.12), respectively.

AEf = Epyk — Z n; Wi (5.11)

i

AE4 = Egefect + Z Ny Ui — Epuix (5.12)

1

Here, Epy is the total energy of the bulk model of LaMgxTaixO1+3:N23x, 1 1s the number of
constituent atom i in its supercell, y; is the energy of the element substance of i per atom, and Egefect
is the total energy of the supercell with a defect. The structural data of the elemental substances (La,
Mg, Ta, O, and N,) were obtained from Inorganic Material Database (AtomWork) developed by
National Institute for Materials Science [29 — 33]. For the estimation of the defect energies, only the
N vacancy was taken into account since it is widely considered that the lattice nitrogen in oxynitrides
are susceptible to the so called self-oxidation reaction to form N, gases. Hence, the structural models
at each composition x < 1/2 with one N vacancy each at several inequivalent anion sites were prepared

as shown in Figure 5-13.
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Figure 5-13. The positions of possible inequivalent N vacancies in the structural models at each

composition. Brown, orange, red, and blue are Ta, Mg, O, and N atoms, respectively. La atoms are

omitted.
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5-3. Photocatalyst related properties at each composition

First, calculated lattice parameters, bond angles, and bond lengths of the optimized structural
models at each composition are listed in Table 5-3. The calculated lattice parameters decrease with
increasing X, denoting the similar tendency to the experimental value [6,7]. Since the calculated bond
angles ZM-X-M (M = Ta, Mg and X = O, N) also monotonically decrease with increasing x, the
shrink of the lattice was probably induced by such changes in their bond angles. By comparing the
bond angles and the bond lengths around N to those around O, one can notice that £ Ta-N-Ta is larger
than £ M-O-M in most cases and rr.-n is always shorter than rv.o0. Such trends strongly indicate the
covalency of Ta-N bonds as also discussed in chapter 3 and 4. On the other hand, focusing on the bond
lengths around O, one can also find that 7r..0 decreases with increasing x, while rvg-0 and 7r..N remain
almost unchanged. Such trend can be explained by assuming the ionic interactoin in Ta-O bonds, since
with increasing x the effective charge of Ta becomes more positive due to the decreased number of N
that combines to Ta, and consequently the Ta-O bonds get much stronger. Here, according to these
discussion, the decrease in the bond angles £ M-X-M with increasing x can be attributed to the

decrease of anisotoropic bonds around N and the alternative increase of isotropic bonds around O.
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Next, the bandgaps at different compositions were compared. Figure 5-14 shows the

calculated bandgap of LaMg,Ta;.xO1+3:N23x as a function of its composition. The bandgap of

LaMg,Ta1.xO1+3xN2.3x. monotonically increases with incrrease in compostion x. This is probably

because the contribution of O 2p which has a deeper energy level increased in the valence band that

consists of O 2p and N 2p orbitals, with increase in O/N ratio at larger x, as discussed in the later

section. The calculated bandgap was 1.9 eV ~ at x =0 and 4.2 eV ~ x = 2/3, both of which reproduce

the experimentally reported absorption edge of LaMg,Ta;.«Oi+3xN23x (1.93 eV and 4.55 eV,

respectively [2, 7]). Here, since the bandgaps at x > 1/2 are much larger than the energy of visible light,

x should be less than or equal to 1/3 in terms of the bandgap. It should be noted that the bandgap

changes much more significantly between x = 1/2 and 2/3 than between the other two compositions.

Such behavior was probably caused by the extinction of the contribution of N 2p that has a relatively

higher energy level than O 2p. A similar trend, so-called “band bowing”, had also been observed in

the previous experiments [3].
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Figure 5-14 The calculated bandgap of LaMg,Ta1.«O1+3xN2.3x as a function of its composition.

Next, the band structure at each composition was shown in Figure 5-15. At most
compositions, CBM (Conduction Band Maximum) appears at [ point except for at x = 1/3, whose
CBM appears at Y point and its band energy is still quite similar to the one at I" point. On the other
hand, VBM (Valence Band Minimum) appears at different points depending on the compositions,
though its band energy were found to be similar to those at several other symmetry points, as was the

case for CBM.
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Figure 5-15 The band structure of each composition.
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Subsequently, the carrier effective masses of LaMgiTa;.xO1+3xN2.3x with different

compositions were listed in Table 5-4. The electron effective mass (mg) monotonically decreased with

increasing X, suggesting that the dispersion of the conduction band was reduced. This is probably due

to the reduced overlap among Ta 5d orbitals, as also mentioned later, since the Ta/Mg ratio gets

lowered with the increase in x. In particular, the electron effective mass at x = 2/3 is significantly large,

and thus the electron diffusion at this composition is expected to be poor.

On the other hand, the hole effective mass (m;,) became smaller at the intermediate

compositions (1/6 <x < 1/2), and thus an enhanced hole diffusion within such composition range was

expected. Combined with the discussion on the electron effective mass, LaMgxTa1.xO1+3xN2.3 solid

solutions at relatively smaller composition (1/6 ~ 1/3) will be efficient as a photocatalyst in terms of

carrier diffusions.

Additionally, focusing on the carrier effective mass along each direction, one can find that

they are partially anisotropic depending on the composition. For instance, at x = 2/3, the electron

effective mass along ' — Z (= the direction of b-axis) is rather small as 2.5, while that along ' —» Y

(= the direction of a-axis) and I’ — B (= the direction of c-axis) and are extremely large. Such

anisotropy probably corresponds to the cation ordering in the structural model where Ta are arranged

only along the direction of b-axis (see Figure 5-11). Similarly, at x = 1/2 and x = 1/3 the electron

effective mass along I’ — Y and Y — T, respectively, is extremely large in accordance with the

160



Chapter 5. Composition Dependence of Oxynitride Solid Solution: A Demonstration on
LangTal-xol+3xN2-3x

separation of Ta along the direction of a-axis in their structural models. On the other hand, electron

effective masses at the composition x < 1/6 is nearly isotropic. This is probably because the Ta content

is rather high at such compositions, and thus Ta cations are not divided along any directions.

Table 5-4. (a) Electron effective masses mg of LaMg,Tai«O1+3xN2-3x with different compositions

along each direction. Note that at x = 1/3 the VBM appeared on Y as shown in the parentheses.

x I'->A, T'—B r—-C '-D TI'—>E, TI'->Y I'>7Z Ave
0 0.28 0.44 0.44 0.72 0.39 0.37 0.72 0.43

1/6 1.36 1.47 0.60 0.70 0.90 1.02 0.35 0.74

13 0.85 1.04 3.12 1.32 1.11 30.85 5.54 1.62
Y —=A) (Y—By) Y —Cp) (Y —>Dy) (Y —E) Y —Gy) Y —Z) )

172 3.25 3.06 1.40 1.76 1.92 23.69 1.01 2.02

2/3  -17.85 -15.59 3.65 11.61 13.98 55.57 249 957

Table 5-4. (b) Hole effective masses my, of LaMgxTa .xO1+3xN2.3x with different compositions along

each direction. Note that at x = 0, 1/6, 1/2 the VBMs appeared B, Y and Ao, respectively, as shown in

the parentheses.

x I'-A, T'—B r-cC r-b I'—>E TI-—>Y I'—>7Z Ave

0 39.96 2.05 0.95 1.77 5.91 7.30 1.22
B—A)) B—-0) (B—D) (B—E) B—G) B—-Y) B—2)

1/6 039 0.47 4.52 0.64 0.55 16.51 1549 83
(Y—>A) (Y—B) (Y—C) (Y—D) (Y—E) (Y-G) (Y—Zy)

1/3 6.57 5.50 0.68 1.49 1.73 67.94 048  1.35

12 -47.56 1.45 0.73 0.50 -18.46 23.87 1.89
(A—=B) (/=0 (A—=D) K—-B A—-06 AK-Y) (K—2

2/3  -17.85 -15.59 3.65 11.61 13.98 55:57 249  2.04

2.15

1.53
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Next, the band edge positions of LaMgyTa;-xO1+3xN2-3x at each composition were shown in

Figure 5-16. Their CBM positions were nearly constant over all compositions except x = 2/3, probably

due to the common structure of their conduction bands that mainly consist of Ta 5d. The elevated

CBM position at x = 2/3 is thought to be the consequence of the reduced band dispersion due to the

decreased content of Ta in LaMgyTa;xO1+3:N2-3x. Here, since all the CBM positions are far more

negative than the hydrogen evolution potential (0 Vnue), it is expected that the photoexcited electrons

in LaMg,Ta;.<O1+3xN2-3x are active enough to produce hydrogen over all compositions.

On the other hand, the VBM positions of LaMg,Ta;.xO1+3xN2.3x were monotonically lowered

with increasing X, probably due to the reduced contribution of N 2p and the alternatively increased

contribution of O 2p in the valence band. At x = 0, the VBM is positioned just below the oxygen

evolution potential (1.23 Vnue), and thus the oxidation activity of LaMg,Ta;.<O1+3xN2-3x is expected

to be poor at this composition. By contrast, the VBM positions at the compositions more than or equal

to 1/6 are sufficiently positive than the oxygen evolution potential. Hence, the holes generated in

LaMg,Ta;xO1+3xN2-3x (X > 1/6) are expected to have enough ability to oxidize water into oxygen.
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Figure 5-16. The band edge positions of LaMg,Ta;.xO1+3xN2.3x at each composition. The band edge

positions were aligned by setting the VBM position of the structural model at x = 0 with the smallest

bandgap (¥*) to the experimental value (+1.31 V vs. NHE) [3].

Finally, the formation energies AEf and the defect energy AE4 of LaMg Ta1.xO1+3xN2.3x at

different compositions are listed in Table 5-5. The formation energy monotonically decreases with

increasing x, reflecting the general trend that oxides are more chemically stable than nitrides. Such

trend indicates that the degradation of the crystals will more easily occur at smaller x due to the

lowered stabilities. Besides, since the defect energy increases with increasing x, the easier formation
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of N vacancies at smaller x is also indicated. Such trend is probably related to the stabilization of the

TaXs (X = O, N) unit where the N vacancy was formed, since the defect energy monotonically

decreases with the increasing number of N in the TaXs unit. All these results strongly indicate the

greater susceptibility of LaMgxTa;.xO1+3xN2.3x to degradation at the smaller x, which is also confirmed

from the experimental results where the self-oxidation of N3- was observed only at the composition x

<0.2[3].

Table 5-5. The formation energies and the defect tolerances of LaMg,Ta1.xO1+3xN2.3x at different

compositions. The values in parentheses are the number of remaining N in the two TaXs unit where

the N vacancy was formed.

AE; AEq (eV)
X
@V/FU)  N(1) N@) NG) N@) NG) N6
3.38 2.72 3.29 2.74
0 1000 33 63 @3 63 T T
1/6 1153 3.02 3.26 3.15 2.89 2.82 3.64
G3) 23 23) G3) (3) 22
3.61 3.61 3.84 3.60
V3 -1305 0y 22 @2 @»y T T
3.86 4.15
1/2 -14.54 (1’2) 0.2) - _ . _
2/3 -16.04 - = — _ . .
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5-4. Detailed discussion on the variation of electronic structures

For further discussion on the electronic structure of LaMg,Ta;«O1+3xN23x at each

composition, the density of states (DOS) and the projected density of states (PDOS) were shown in

Figure 5-17. As already mentioned in the previous sections, it was found that the valence band and the

conduction band consist of anion 2p and Ta 5d, respectively, over all compositions.

Figure 5-17 also shows that the width of the conduction band decreases with increasing x,

probably reflecting the reduced overlap among Ta 5d orbitals due to the decreased content of Ta in

LaMg,Ta1.xO1+3xN2.3x. Additionally, the onset of the conduction band gets steeper as x increases,

indicating the decrease of the band dispersion near the bottom of conduction bands and the consequent

increase of the electron effective masses.

It should be noted that the conduction band width drastically decreases between x = 1/2 and

x = 2/3, while their widths are not so different among the other compositions. This is probably because

at the composition between x = 0 to x = 1/2 Ta>" cations are connected to each other via the bondin
p g

units of Ta>*-N3-Ta%", since N*- can only combine to Ta’" (i.e. the chemical bond between N*- and

Mg?* are significantly weak), as mentioned in section 5-2-1. In other words, Ta>* cations are partially

localized in the crystals of LaMgxTa;xO1:3xN23x (x < 1/2) by gathering around N3-anions to prevent

the formation of N-Mg bonds, although the Ta/Mg cations prefers delocalized arrangements in oxides.

Then, such partial localization of Ta creates a kind of “Ta-rich domains” in the crystals, and
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consequently the wide dispersion of the conduction band remains due to the retained large overlap

among Ta 5d, even when the Ta content is rather low.

On the other hand, for the valence bands in Figure 5-17, it was confirmed that the

contribution of N 2p decreases and that of O 2p alternatively increases with increasing x. As already

mentioned, such trend is consistent with the increasing O/N ratio in LaMg,Ta1.xO1+3xN2.3x. It was also

revealed that the onsets of the valence bands are obviously steep at x = 0 and x = 2/3, while they are

relatively moderate at intermediate compositions. In particular, at x = 1/6 and x = 1/3, a small

contribution of N 2p appeared around the upper region of the valence band, and the mixing between

N 2p and O 2p was considered to be the origin of the smooth onsets of their valence bands. Such trend

is also consistent with the calculated effective masses of holes shown in Table 5-3.

Here, it should be noted that at x < 1/6, the DOS of the valence band around its upper region

is almost dominated by the contribution of N 2p. This indicates that the holes generated by the

photoexcitation will finally be localized only on N*, which are more susceptible to the self-oxidation

reaction (Eq (5.12)) than O*.

2N3~ 4+ 6h* > N, (5.12)

Thus, it is expected that at x < 1/6 the generated holes will be consumed in the self-oxidation of N*

rather than in water oxidation. Indeed, such consideration supports the experimental results of the

photocatalytic activity as the function of the composition [3]. On the other hand, at x > 1/3, there
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appears not only the contribution of N 2p but also that of O 2p in the valence band around its upper

region. Such mixing between the two states enables the holes to be delocalized over both anions, and

thus the water oxidation activity will be improved due to the reduced self-oxidation of N*.

Based on the results above, the maximized photocatalytic activity of LaMgxTa1.xO1+3xN2.3x

at x = 1/3 can be explained as follows. Originally, the pure oxynitride LaTaO>N (x = 0) has smaller

bandgap (1.9 eV ~ 2.2 eV) than the solid solution at any other composition, and this makes LaTaO,N

an appealing candidate for a photocatalyst. However, as a trade-off for such a small bandgap, it also

has a lot of drawbacks such as a VBM position which is too negative, a valence band whose upper

region consists only of N 2p, poor chemical stability, and being susceptible to self-oxidations and

defect formations. On the other hand, by increasing the O content by forming solid solutions with

LaMg»3Tai303, not only the VBM positions gets lowered but also the dispersion of the valence band

increases and the self-oxidations of N3 are reduced due to the mixing between N 2p and O 2p. Note

that, since the greatly increased O content will open the bandgaps and reduce the dispersion of the

conduction bands, the composition x should not be more than 1/3. In other words, the drawbacks of

LaTaO;N, an appealing narrow gap photocatalyst, are compensated by a partial substitution of N with

O in the solid solutions LaMg,Ta;.xO1+3xN2-3x, especially at x = 1/3.
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5-5. Conclusion

In this research, the dependence of the band structure of LaMgiTa;«O1+3xN23x, @ solid

solution between LaMg>;3Ta1,30 and LaTaO:N, on its composition was investigated by means of first

principle calculations. In particular, I aimed to identify the factors that make its activity reach the

highest at the composition x = 1/3, by estimating and comparing the photocatalytic related properties

such as bandgaps, band edge positions, carrier effective masses, and chemical stabilities of LaMgxTa;.

xO143xN2.3x at each composition.

As a consequence, their VBM positions were demonstrated to be monotonically decreased

with increasing x, accompanied with the widening of the bandgaps. This was caused by the decrease

and the extinction of the N 2p contribution and the alternative increase of the O 2p contribution in

their valence bands. On the other hand, by comparing the carrier effective mass at each composition,

it was revealed that the electron effective mass monotonically increases with the increase in x, while

the hole effective mass becomes smaller at the intermediate compositions. Such trends reflect the

variation in the band dispersions near their edge regions due to the reduced or the increased overlap

of their constituent orbitals.

Based on these results, the reason why the photocatalytic activity of LaMgxTa1.xO1+3xN2.3x

reaches the highest at x = 1/3 can be explained as follows. First, LaMg,TaixO1+3xN2.3x satisfies both a

narrower bandgap that corresponds to the energy of visible light and a VBM position which is positive
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enough to oxidize water at the composition between x = 1/6 to x = 1/3. Additionally, the mixing of N

2p and O 2p in the valence band at x = 1/3 will increase its dispersion and reduce the self-oxidation of

N3-. Hence, the carrier diffusion will be improved, and thus its activity will be maximized at this

composition.
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Chapter 6.
Elucidation and Control of Defects in Solid Solution

Photoelectrode: A Demonstration on

(ZnSe)o.s35(Culng.7Gag3S€2)o.15

6-1. Introduction to (ZnSe)y s5(Culng 7Gao 3Se2)o.15s photocathode
6-1-1. Development of chalcopyrite-based photocathodes

As already mentioned in the chapter 1, water splitting photoelectrode systems are getting
wide attention as well as water splitting photocatalysts. Photoelectrode systems have several
advantages over photocatalyst based ones, since their reaction sites of oxygen and hydrogen are
separated, and less restrictions for their band edge positions make it possible to utilize the materials
with narrower bandgaps that can absorb wider range of solar energy.

As a photocathode material which is used for hydrogen evolution in photoelectrode system,
Kumagai et al. had reported that Culng ;Gao 3Sex(hereafter CIGS), a well-known chalcopyrite-based
photovoltaic material, produced a remarkable cathodic photocurrent up to 30 mA cm at 0 Vrue under
AM 1.5G simulated sunlight [1]. However, the onset potential of CIGS photocathode is only about
0.7 Vrug, which is still not sufficient to achieve high photocurrent when combined to photoanode

material for oxygen evolution.
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Then, Kaneko ef al. had developed (ZnSe)oss(Culngs7GaosSez)ois (hereafter

(ZnSe)x(CIGS)i) as a solid solution of CIGS and ZnSe, the latter of which has a lower VBM position,

and achieved a higher onset potential up to 0.89 Vrug [2]. Note that CIGS and ZnSe can easily form a

solid solution, since their basic structures are common (ZnSe: zinc blende, CIGS: chalcopyrite) and

their lattice mismatch is only about 1 % [2]. (ZnSe)(CIGS)i.x was synthesized by co-evaporation

method onto a soda-lime glass substrate, and it showed the highest photocurrent at the composition of

x = 0.85. Although its photocurrent is still only up to 12 mA cm? [3], (ZnSe)x(CIGS) is thought to

be a promising photocathode material and is now intensively studied to improve its activity by

optimizing the synthesizing process [3,4].

176



Chapter 6. Elucidation and Control of Defects in Solid Solution Photoelectrode: A Demonstration
on (ZnSe)o.g5Culno.7Gao3Se2)o.15

6-1-2. Unexplained behaviors of point defects

However, there remains an important subject to understand the properties of
(ZnSe)x(CIGS).y, i.e. the behaviors of the point defects in (ZnSe)x(CIGS);.x have not been well studied
yet, and thus the origin of its semiconductor characteristics is still unraveled. For instance,
(ZnSe)o s85(CIGS)15 shows p-type characteristic though ZnSe itself, a constituent that dominates the
most part of this material, is essentially an n-type semiconductor. Although the rest part of this material,
CIGS, is still a p-type semiconductor due to Cu vacancy (Vcu) acceptors [5], Vcu is unlikely the
dominant origin of the p-type characteristics of (ZnSe)o.ss(CIGS)15 since the atomic content of Cu is
only up to 15 %, and some antisite defects such as Znc, can also be created. Furthermore, while CIGS
shows enhanced p-type characteristics under Cu-poor conditions, (ZnSe)x(CIGS)ix shows n-type
characteristics under the same condition [6]. These differences are attributed to the different defect
structures between solid solution ((ZnSe)x(CIGS)i.x) and non-solid solution (CIGS), but the details of

their defects have not been confirmed by experiments.
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6-1-3. Research objectives

Here, in this research, I aimed to clarify the structures and the properties of the point defects
in (ZnSe)x(CIGS) 1 solid solution by means of first principle calculations. In particular, I will identify
the dominant defects that determine the properties of (ZnSe)«(CIGS)i« by evaluating and comparing
the formation energies of various defect structures. Furthermore, I will estimate the concentration of
each defect and carrier from the calculated formation energies, to predict their dependence on growth

conditions such as temperature and partial pressure, and to compare them to experimental results.
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6-2. Computational details

In this study, the structural models of defects in (ZnSe)x(CIGS);x were prepared and the
defect formation energies were compared by means of first principle calculations. Subsequently, the
dependence of the defect formation energies on the temperature and the partial pressure was
investigated in order to provide the guidelines to control the defects in this material.

6-2-1. Structural models

First, I prepared the structural model of the bulk (ZnSe)x(CIGS);x solid solution. The bulk
structures are created by multiplying the unit cell of ZnSe (space group F43m, cubic, a = 5.62 A, 8
atoms [7]), and one fourth of its Zn atoms were substituted by Cu, In, and Ga atoms. Here, the Zn/Cu
ratio was fixed to 6 in order to reflect the experimental value (15 %).

To study the specific features of the cation ordering in bulk (ZnSe)(CIGS)i-x, I initially
prepared several structural models of the bulk using 1 x 1 x 2 supercell (16 atoms) and 1 x 2 x 2
supercell (32 atoms). For simplicity, Ga atoms were not included, and indeed the bulk structural
models of (ZnSe)«(CIS)i.« were prepared. All structural models are shown in Figure 6-1 and Figure 6-
2. Since ZnSe and CIGS are [I-VI and I-III-VI semiconductors, respectively, (ZnSe)x(CIGS).x« become
a non-isovalent alloy [8, 9], where the octet-rule violation around Se atoms can occur depending on
the arrangement of Zn, Cu, In and Ga in their structural models. Thus, the number of non-isovalent Se

atoms (= Se atoms which break the octet-rule. Hereafter, a Se atom breaking the octet-rule with +1
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electron will be called “non-isovalent-1 Se” and that with + 2 electron will be called “non-isovalent-2

Se”) in each structural model was written below each figure.

Figure 6-1. Structural models of the (ZnSe)«(CIGS)i, using 1 x 1 x 2 supercell (16 atoms). The

numbers in the parenthesis correspond to (The number of “non-isovalent-1 Se”, The number of “non-

isovalent-2 Se”). Gray, blue, pink, and light green are Zn, Cu, In, and Se atoms, respectively.
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(4,0) (4,2) (16,0)

Figure 6-2. Structural models of the (ZnSe)«(CIGS)i, using 1 x 2 x 2 supercell (32 atoms). The

numbers in the parenthesis correspond to (The number of “non-isovalent-1 Se”, The number of “non-

isovalent-2 Se”). Gray, blue, pink, and light green are Zn, Cu, In, and Se atoms, respectively.

181



Chapter 6. Elucidation and Control of Defects in Solid Solution Photoelectrode: A Demonstration
on (ZnSe)o.g5Culno.7Gao3Se2)o.15

Subsequently, all the above structures were geometrically optimized, and the total energy of

each optimized structure was obtained by first-principle calculations as described later. As a

consequence, it was found that the structures which obey the octet-rule are always more stable than

those which violates the octet-rule. In addition, according to the Figure 6-3 and Figure 6-4 where “the

number of non-isovalent Se vs. the total energy trend” was shown, it was also confirmed that the

structural model becomes destabilized by 100 meV per four non-isovalent Se atoms. A similar trend

was also reported by a previous study on CIGS using first principle calculations, where Cu, In and Ga

atoms were found to be arranged to follow the octet-rule in the most stable structure [10]. So, hereafter,

I will only consider the structural models without any octet-violation, whose Cu, In, and Ga atoms are

always placed in planer arrangements as is the case in model A in Figure 6-1 and model i in Figure 6-
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Figure 6-3. The number of non-isovalent Se vs. the relative total energy trend obtained from the

calculations on 1 x 1 x 2 supercells. The number of non-isovalent Se is defined as “the number of

“non-isovalent-1 Se” + 2 x The number of “non-isovalent-2 Se”.
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Next, I prepared several structural models of bulk (ZnSe)(CIGS)ix using 1 x 1 x 4

supercells (32 atoms), 2 x 2 x 2 supercells (64 atoms) and 2 x 2 x 4 supercells (128 atoms) to determine

the ordering among Cu, In, and Ga atoms. For simplicity, the In/Ga ratio was fixed to 1. All structural

models were shown in Figure 6-5, Figure 6-6, and Figure 6-7.
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Figure 6-5. Structural models of the (ZnSe)(CIGS)i.x, using 1 x 1 x 4 supercells. Gray, blue, pink,

green, and light green are Zn, Cu, In, Ga, and Se atoms, respectively.
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z—-b g——b

Figure 6-6. Structural models of the (ZnSe)x(CIGS)ix, using 2 x 2 x 2 supercells viewed from three

different angles. Gray, blue, pink, green, and light green are Zn, Cu, In, Ga, and Se atoms, respectively.
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Figure 6-7. Structural models of the (ZnSe)(CIGS)i.x, using 2 x 2 x 4 supercells. Gray, blue, pink,

and Se atoms, respectively.

green, and light green are Zn, Cu, In, Ga,
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To these structural models, geometrically optimizations and energy calculations were also

performed as the previous structural cells, and the obtained total energies are listed in Table 6-1. From

these results, it was found that the cation orderings in (ZnSe)«(CIGS)ix have some tendencies as

described below.

Table 6-1 The relative energies of each structural model with each relaxed structure.

supercell model total energy (meV/cell)
1 x1x4 I 0.0
I 21.1
I 335
IV 34.4
2X2%X2 linear 0.2
rock-salt 62.2
2X2x4 al 37.4
a2 104.6
a3 0.0
bl 114.0
b2 178.7
b3 184.1
b4 110.0
b5 180.4
b6 182.6
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First, from the results of the calculations on 1 x 1 x 4 supercells, it was confirmed that the

cationic plane that consists of Cu, In, and Ga (hereafter, CIG plane) prefers to lie adjacent to each

other than to be located separately. This is probably because the interface between ZnSe and CIGS is

destabilized due to the mismatch in their lattice parameters. From such results, ZnSe and CIGS are

presumed to be microscopically separated in the crystals of (ZnSe)«(CIGS)i~, forming a kind of

domains of each constituent compound.

Next, from the result of the calculations on 2 x 2 x 2 supercells, it was found that In and Ga

prefer the linear arrangement rather than the rock-salt arrangement. Such trend is considered to be

caused by the different bond length between In-Se (2.62 A) and Ga-Se (2.47 A), which originates from

the difference between their ionic radii (In**: 81 pm, Ga**: 62 pm) [11]. As can be seen in the encircled

part in Figure 6-6, each structural model has [-M"!- Se-Cu-Se- M'"'-Se-], units. In the rock-salt model,

these units are divided into two different ones, [-In''- Se-Cu-Se- In"-Se-], and [-Ga™- Se-Cu-Se-

Ga'-Se-],, , and the bond length difference between In-Se and Ga-Se causes large distortions among

these units. On the other hand, in the linear arrangement model, such distortions are not induced since

In and Ga atoms are placed at 1:1 ratio in all [-M"!- Se-Cu-Se- M™-Se-], units, and thus the structure

becomes more stable than the other configuration.

Similar trends were also obtained from the results of the calculations on 2 x 2 x 4 supercells.

Structural models al-a3 in Figure 6-7, whose CIG planes are facing adjacently to each other, are more
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stable than b1-b6, whose CIG planes are arranged separately. Among the former ones, a3 was revealed

to be the most stable structure. This is probably because [-In-Se-] units and [-Ga-Se-] units are never

arranged in adjacent to the same units in structure a3, while some of the units are combined to a single

Se atom in al and a2 structure (as encircled in Figure 6-7.). Therefore, in the crystal of (ZnSe)x(CIGS);.

x, cations are presumed to be arranged like structure a3.

Finally, in accord with these discussions, the structural model of bulk (ZnSe)x(CIGS)i.x was

determined as depicted in Figure 6-8. Here, a 2 x 2x 6 supercell (192 atoms) with twelve cation layers

was used so that the point defects inside the CIGS domains can be modeled by assigning them three

layers.

N

A~

.'o

O

TR,

0

Ly

" 9,_

Al

Figure 6-8. The structural model of the bulk of (ZnSe)x(CIGS)i, using a 2 x 2 x 6 supercell viewed

from different angles. Gray, blue, pink, green, and light green are Zn, Cu, In, Ga, and Se atoms,

respectively.
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Subsequently, I prepared several defect structural models by using the this (ZnSe)x(CIGS):.

x bulk model. I considered four types of vacancies (Vzn, Vcu, Vin, Via), ten types of antisites (Cuzn,

Inzn, Gazn, Zncy, Incu, Gacy, Znm, Cum, Znga, Cuga), and one interstitial Seiy as defect models in

(ZnSe)x(CIGS)ix. The structural models of vacancies and anisites were prepared by removing or

substituting an existing atom in the bulk model. On the other hand, the sites of the interstitials were

determined according to a previous study on interstitials in Si [12], which has a quite similar crystal

structure, and finally “tetragonal sites” and “split-(001) sites” were adopted for the structural models

for Sein.. Here, the defects at the inner and at the edge of the domain where they originally belong (=

ZnSe domain or CIGS domain) were distinguished, and the structural models of them were prepared

individually. Additionally, the difference in the adjacent atoms around the defects were also considered.

Here, since a bulk model has 96 anions and cations, the concentration of the defects was set to 1 %

only considering the number of either cations or anions.
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6-2-2. Calculations of defect formation energies

By using the defect structure models prepared in the previous section, the defect formation
energy Ep(D?) defined by Eq (6.1) [13-16] was calculated. It should be noted that not only neutral
but also charged structural models were calculated to estimate Eq (6.1) in order to take the donation
and the acceptance of the electrons into account. Here, as the defect charges, the positive ones were
considered for donors (which depicts the situations that the defect had donated the electrons) and the
negative ones were considered for acceptors (which depicts the situations that the defect had accepted
the electrons). All the energy terms in Eq (6.1) were calculated from the optimized structures.

E¢(D9) = E(DY) — Ep — Z nik; + q(evpm + €r) (6.1)

E(DY) is the total energy of the defect structural model with a charge q, E, is a total energy of the
bulk structural model, n; is the number of reduced or added atoms of element i, y; is the chemical
potential of element i, and & is the Fermi energy which is referenced to VBM. Here, & is
considered as a variable, and thus E¢(D?) will be obtained as the function of the &g. The value ;
was referenced to the total energy of each elemental substance, and was determined by using a kind
of phase diagram as explained in the following paragraph.

First, the allowed range of the chemical potentials p; were determined by using the phase
diagram shown in Figure 6-9. This diagram was depicted using the formation energies (Table 6-2) of

the compounds that can be obtained as by-products in synthesizing (ZnSe)«(CIGS)i«. The region in
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the diagram marked with diagonal lines shows the allowed value range of uz,, Ucu> Hga» Min»> and

Use, Where point A, B(B”), and C correspond to the Cu-rich condition, In-rich (Ga-rich) condition, and

Se-rich condition, respectively. All the crystal structures and coordinates of the compounds considered

in the phase diagram were referenced from Inorganic Material Database (AtomWork) developed by

National Institute for Materials Science [17,18].

Heu

M

Heu

HGa

Figure 6-9. The value ranges of each chemical potential.
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Table 6-2. The formation energies of Culno.sGag.sSe, ZnSe, and the compounds that can be obtained

as by-products in synthesizing (ZnSe)x(CIGS).x.

B the r?umber' of atoms total energy total energy
in a unit cell (eV/cell) (eV/FU)

Culn, ;Ga, ;Se 16 -66.73 -33.36
ZnSe 8 -27.68 -6.92
Cu,Se 12 -40.96 -10.24
Cu,Se, 10 -35.43 =17,72
Cu (metal) 4 -11.12 -2.78
CuSe 12 -43.58 -7.26
CuSe, 6 -22.95 -11.48
Ga,Se, 20 -93.44 -23.36
Ga (metal) 8 -29.20 -3.65
GaSe 16 -72.84 -9.10
In,Se, 30 -128.35 -21.39
In (metal) 2 -5.91 -2.96
InSe 8 -32.81 -8.20
Se 3 -12.32 -4.11
Zn (metal) 2 -2.38 -1.19
ZnSe, 12 -43.27 -10.82
ZnGa,Se, 14 -60.94 -30.47

Next, the chemical potential of each element in the vapor deposition beam under the
synthesize condition of (ZnSe)x(CIGS)x was estimated according to the following equations,
w(T) = U9 (T) + RTIn (62)
u (T) = £GP — TS° (6.3)

where A¢G? is the standard molar Gibbs energy of element i, p° is the standard pressure, p; is the
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partial pressure of element i, and T is the temperature. The values of A¢GP were referenced from the

literature [19], and p; were obtained as the estimated values from their deposition rates [2]. Thus, the

chemical potentials of the element were estimated as ((Ucy, Hin» HUgar Mzn> Mse)=(1.1,0.1,0.3,-0.9,

0.0)). Here, since pc, has the largest value (+1.1 eV) and pz, has the smallest value (-0.9 eV), the

chemical potential of each elements in this material corresponds to point A in Figure 6-9. Therefore,

the chemical potentials at point A ((Kcy> Uin> HGa> Hzn, Use) = (0.0, -1.1, -1.4, -1.0, -0.6)) will used

to calculate the defect formation energies in the following sections.

By the way, the defect structural model used in the calculation of Eq (6.1) consists of a

supercell where an atom or an electron was removed or added from a bulk one. Therefore, the

calculated shapes and occupancies of its bands are generally different from those of the bulk.

Furthermore, the energies of its bands will also be shifted due to the potential shift associated with the

changes of the number of atoms and electrons. Thus, the band energies and the total energies obtained

from the defect structural model were corrected as follows.

First, the band energy at VBM was corrected according to Eq (6.4), where the correcting

term was introduced as the difference between the potential of the bulk model (V},1) and that in the

bulk-like region of the defect model (Vyefect)- Thus, the VBM energy was obtained using these

potentials and the VBM energy of the bulk model (eygm puix) [13]-

eyam = €yaMpbulk T (Vaefect — Vouk) (6.4)
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Here, Vgerect Was obtained by integrating the local potentials in the defect model at the positions

where the distance from the defect is at least 5A.

Next, the total energy of a defect structural model was corrected according to Eq (6.5), where

the correcting term comes from the consideration that the energy of the excess charge will be

overestimated (or under estimated) due to the potential shift in a defect supercell. Thus, the corrected

energy (Ecorrected(D?)) was obtained by adding the unphysical shift to the original total energy

(E(D1Y)) of the defect supercell [13].

Ecorrected(Dq) = E(Dq) + q(Vdefect - Vbulk) (6.5)
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6-2-3. Calculation Conditions

All the calculations were performed by means of density functional theory (DFT)

implemented in VASP (The Vienna Ab initio Simulation Package) [20-23] with the projector

augmented wave (PAW) method [24,25] and the localized density approximation (LDA) exchange-

correlation functional [26, 27]. For Cu, In, Ga, and Zn, s and p electrons in the outermost shell and d

electrons just below these electrons were treated as valence states. For Se, 4s and 4p electrons were

treated as valence states. The k-point sampling of the Brillouin zone was set to 2 x 2 x 1 (Gamma-

centered sampling) and a 400 eV cutoff energy was used. In addition, in order to describe the d-

electrons nearby the defects more precisely, onsite Coulomb potentials [28-31] were added to Zn (U

=7.0eV),Cu(U=6.0eV), In(U=7.0eV) and Ga (U =9.0 eV), so that the positions of their d-band

peaks in the valence bands will reproduce the experimental data as shown in Figure 6-10 [32,33]. The

structures were optimized until the forces on all atoms were smaller than 0.05 eV/A and the total

energies were calculated until they converged within 10 eV. The lattice parameters of all the defect

structure models were fixed to that of the optimized bulk model.
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Figure 6-10. Calculated DOS of (a) ZnSe, (b) CulnSe», and (c) CuGaSe, with U parameters. The

energy of VBM position was set to zero.
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6-3. Comparison of the formation energy of each defect
6-3-1. Site dependence

First, the fomation energies of the defects at different sites will be compared. The caclculated
formation energies of vacancies (Vza, Vcu, Vin, VGa), antisites (Cuzn, Inzn, Gaza, Zncy, Incu, Gacu, Znm,
Cum, Znga. Cuga), and interstitials (Sein) were plotted as the functions of Fermi energy in Figure 6-

11, 6-12, and 6-13, respectively.
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Figure 6-11. The fomation energies of vacancies (Vzn, Vcu, Vin, Via) at each site.
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Figure 6-12. The fomation energies of antisites at each site.
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Figure 6-13. The fomation energies of interstitials (Seint).

Comparing the formation energies among Vz, vacancies (Figure 6-11), it was confirmed that

they will be more easily created near the boundary region with the CIGS domains than inside the ZnSe

domains. On the other hand, Figure 6-11 also shows that Vcu, Vin, and Vg, prefer to be created inside

the CIGS domains rather than near the boundary with the ZnSe domains. From these results, it is

indicated that the CIGS domains are more susceptible to creation of cation vacancies than the ZnSe

domains in (ZnSe)x(CIGS);x solid solutions.

A similar trend was also observed in the site dependence of the antisite formation energies.

From the comparison between Cuzn, Inz,, and Gaz, in Figure 6-12, one can find that Zn cations near

the boundary region with the CIGS domains are more easily substituted by the other cations than those

inside the ZnSe domains. Besides, Cum, Cuga, Gacy, and Incy, which are the internal antisites in CIGS
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domains, also prefer to be formed inside the CIGS domains rather than near the boundary with the

ZnSe domain as can be seen in Figure 6-12. However, for Zncy, Znm, and Zng,, the group of antisites

where Zn cations substituted the other cations in the CIGS domains, the site dependence of the defect

formation energies was hardly observed, indicating that these antisites are likely to be created to a

similar extent at each cation site in the CIGS domain.

The site dependence of Seinx was found to be very large from Figure 6-13. The variation of

the defect formation energies at different sites was up to 2 eV, which was quite larger than that of

vacancies and antisites. This is probably because the distance between a point defect and its nearest

neighbor atom is smaller for Sein, and thus the size and the charge of the adjacent atom will strongly

influence on the stability of the defect atom. Nevertheless, since the formation energies of any Seins

are much larger than those of the other types of defects, there should exist only a little amount of Seix

in the crystals of (ZnSe)x(CIGS)x.
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6-3-2. Dominant defect in ZnSe/CIGS

Next, I will compare the formation energies among different defect species in order to

indentify the dominant ones in the crystals of (ZnSe)«(CIGS)i.x. The formation energy of each defect

at the most stable site is plotted in Figure 6-14. According to this plot, it was found that the formation

energies of six antisites, Cuzn, Inzn, Gazn, Zncu, Znm, Zng, are especially small as can be seen in Figure

6-14 (middle). It should be noted that none of these antisites can be created in ZnSe nor CIGS itself,

but can only be created in their solid solution. Besides, since the formation energies of these antisites

are much smaller than that of V¢, (Figure 6-14 (left)), which is a well-known acceptor that gives the

p-type characteristics to CIGS, they are presumed to be the dominant defects in (ZnSe)x(CIGS)i«

crystal which can be easily created.

Among these defects, Inz,, Gazn, and Znc, work as donors and Cuz,, Zn,, and Zng, work as

acceptors, and one can find that the straight lines that correspond to the formation energies of these

defects intersect at the energy position of 0.4 eV above VBM as pointed with an arrow in Figure 6-14

(middle). This indicates that the position of its Fermi energy ep will be pinned nearby the intersection,

since more donor will be created in the energy region of &g < 0.4 eV and more acceptors will be

created in the energy region of er > 0.4 eV, both of which cancelling the variation of the Fermi energy.

In this material, the position of the intersection is closer to VBM than CBM, and thus (ZnSe)«(CIGS):-

x is thought to be a p-type semiconductor. Such result supports the experimental fact that
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(ZnSe)x(CIGS)i« has a p-type characteristics though ZnSe itself, which dominates the most part of

this material, is essentially an n-type semiconductor.

At the end, it should be noted that the difference between the formation energies of these

dominant defects and the other ones are more than 0.5 eV around the Fermi energy of 0.4 eV. Such

difference in the formation energy corresponds to a 3000-fold difference in the carrier concentration

according to Eq (6.8) mentioned later. Therefore, the defects other than the dominant ones can be

neglected in the following discussion.
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Figure 6-14. The formation energies of each defect at its most stable site. Left: vacancies, middle:

antisites, and right: Se interstitial.
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6-4. Dependence on external conditions
6-4-1. Thermal dependence

Now discuss the temperature dependence of the defect formation energy will be discussed.
Since in Eq (6.1) only the term y; will be varied with temperature, the temperature dependence of the
chemical potentials was investigated here. The calculated chemical potentials of elements in the vapor
deposition beam at each temperature (350~650 °C) are listed in Table 6-5, and one can find that for
all the chemical elements their chemical potentials decrease by 0.3 ~ 0.4 eV with increasing
temperature by 100 °C. Therefore, according to Eq (6.1), the formation energies of vacancies will be
decreased under the high-temperature conditions, while those of interstitials will be increased under
the same conditions. Such consideration matches with the experimentally observed tendencies where
the efficiency of pure CIGS, whose dominant defects are V¢, vacancies [5], increases with the
temperature in the region below 600 °C [34-36]. On the other hand, the formation energies of antisites
will hardly change with the temperature variation, since the changes in the chemical potentials of the
added element and the removed one will be counterbalanced. Thus, the thermal dependence of the
photocurrents is expected to be small in (ZnSe)x(CIGS)i, since their dominant defects are antisites.

Now, there are some cases where the chemical potentials of the elements in the vapor
deposition beam become too low to shape crystals above a certain temperature. For instance, at the

temperature above 550 °C, the sum of uz, and ug. becomes lower than the formation enthalpy of
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ZnSe (-1.62 eV), indicating that the ZnSe crystals cannot be created thermodynamically in this

temperature region. On the other hand, the value of 2uc, + pin + Uga + 4lse 1s always larger than

the formation enthalpy of Cu2InGaSes (-4.77 V) among all temperature region considered here. Thus,

in was confirmed that CIGS can be crystalized under the high-temperature region above 550 °C. From

these results, it is expected that the crystallinity of (ZnSe)x(CIGS)ix will be lower than that of pure

CIGS in the temperature region above 550 °C, and thus its photocurrent will also be decreased in such

high-temperature region.

Table 6-5. The calculated chemical potentials of the vapor deposition beam at each temperature.

Hey Hin HGa Hzn Hse

350°C 1.4 0.5 0.7 -06 03
450°C 1.1 0.1 0.3 -09 0.0
550°C 0.7 -02 00 -13 -04
650°C 04 -06 -04 -16 -0.7
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6-4-2. Pressure dependence

Subsequently, the dependence of the defect properties on partial pressures will be discussed.
Since the variations of the partial pressures will also be reflected in the chemical potentials, according
to Eq (6.2), only the effects of the change in the chemical potentials of certain elements on the defect
formation energies will be discussed here. Besides, since a 0.1 eV change of the defect formation
energy corresponds to a five-fold difference in the partial pressure, I just changed the partial pressure
within +0.1 eV. Hereafter, only the effect of the variation in Cu and Zn, which are the dominant
cations in the solid solution, will be considered.

First, the defect formation energies with different pc, were shown in Figure 6-15. For
simplicity, only the formation energies of six dominant defects (Cuza, Inzn, Gaza, Zncu, Znm, Znga)
mentioned above were plotted. From Figure 6-15, one can find that as puc, increases (= as pcu
increases) the intersection between the straight lines which correspond to the formation energies of
the donors and the acceptors gets much closer to VBM. This is probably because the Cuz,, one of the
dominant acceptors, becomes more easily to be created with increasing pc,, while Znc,, one of the
dominant donors, gets less easily to be created in the same situation. On the other hand, the formation
energies of the other dominant acceptors (Zngs, Znm) and donors (Inz,, Gaz,) remains almost
unchanged. Therefore, it was indicated that the p-type characteristics of (ZnSe)x(CIGS):.x will be

increased with increasing pcu.
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Figure 6-15. The defect formation energies with different pc,.

In order to confirm such consideration, I subsequently estimated the variations of Fermi
energy er and the carrier concentration C, in (ZnSe)(CIGS)ix with increasing pc,. Fermi energy

er and the carrier concentration Cp, were calculated using the following equations [14],

Z[Dq] —n+p = 0 (electroneutrality condition) (6.6)
X, q

C,=-n+p (6.7)
where [D?], n,and p are the concentrations of charged defect D4, electron, and hole, respectively.

Each of them are related to Fermi energy er by the following formulas,

207



Chapter 6. Elucidation and Control of Defects in Solid Solution Photoelectrode: A Demonstration
on (ZnSe)o.g5Culno.7Gao3Se2)o.15

E¢(DY)
[D9] = Nyexp <— kT ) (6.8)
K 3
_ (_mekgT\2 (_ £CBM —5F)
n= ( 2mh? ) Xp kT (6.9)
3
_ mi;kBT 2 ( EF )
p —( iz ) exp kT (6.10)

where N, is the number of the sites where the defect can be incorporated, kg is Boltzmann’s

constant, and mg and my, is the effective mass of electrons and holes, respectively. Here, mg and

my, was set to 0.21 and 0.60, respectively, which are the carrier effective masses of ZnSe [37]. It

should be noted that only the effective masses of ZnSe were considered, since the most part of

(ZnSe)x(CIGS)« is dominated by ZnSe and the effective masses of CIGS (mg: 0.09, my: 0.73 [38])

are also similar to those of ZnSe.

The calculated &r and C, was listed in Table 6-6. The value of C, ranged between 10'3 to

10'7 em, which is consistent with the experimental values reported for conventional p-type

semiconductors [36,39-41]. As pc, increases, &g gets lower and C, gets larger. Therefore, these

results also strongly support that the p-type characteristics of (ZnSe)«(CIGS).x will be improved with

increasing pcu.

Table 6-6. The calculated e and C, with different pc,.

ey -0.1 0.0 +0.1
er(eV) 0.46 0.42 0.38
Cp(em?) 149 x 1015 2.75 X 1016 5.61 X 1016
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Next, the defect formation energies with different pz, were shown in Figure 6-16. In

contrast to the case for puc,, the intersection between the lines of donors’ and acceptors’ formation

energies was nearly unchanged with increasing pz, (=increasing pzs). This is probably because the

changes in the formation energies of the dominant donors (Inz,, Gazn, Znc.) and the dominant

acceptors (Cuzn, Znm, Znga) with increasing pz, were cancelled out. Therefore, it is expected that the

p-type characteristics of (ZnSe)x(CIGS);x will hardly change with increasing pz».. The variations of

er and C, with increasing p, also showed the same trend (Table 6-7).

Uzn =-1.1eV Uzn =-1.0eV Uzn =-09eV
5 T T é T T 5 T T CI T T 5 T T CI T T
u, - u, - u, -——=-==-
7 — S G
InZn InZn InZn
chu =S chu R anu R
Zng, Zng, Zng,
4 Zn ———— 4 n, ———— 4 Zn, ———— ]

Defect Fomation Energy [eV]
Defect Fomation Energy [eV]
Defect Fomation Energy [eV]

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Fermi Energy [eV] Fermi Energy [eV] Fermi Energy [eV]

Figure 6-16. The defect formation energies with different py,.

209



Chapter 6. Elucidation and Control of Defects in Solid Solution Photoelectrode: A Demonstration
on (ZnSe)o.g5Culno.7Gao3Se2)o.15

Table 6-7. The variations of &g and C, with increasing pzy,.

Iz, -1.1 -1.0 -0.9
er(eV) 0.43 0.42 0.40
Cp(em3) 234 x 1016 275 x 1016 4.15 x 1016

From these results, it is strongly indicated that (ZnSe)x(CIGS):« should be synthesized under

Cu-rich conditions in order to improve their p-type characteristics. Indeed, similar trends have also

been observed in some experiments, where (ZnSe)x(CIGS)ix had shown n-type characteristic under

Cu-poor condition as previously mentioned, and where the photocurrent of (ZnSe)(CIGS):.x had

improved with the increase of the relative deposition rate of Cu (Jow'Jimt+Jca, Where J; gives the

deposition rate of element i.) [5]. All these previous reports indicate that the guideline obtained in this

research is of high validity.
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Chapter 7.

Concluding Remarks

In order to establish the hydrogen production process utilizing solar energy, achieving
overall water-splitting using photocatalysts and photoelectrode systems have been a critical issue. In
particular, materials consisting of mixed ion compounds such as oxynitrides and solid-solutions are
attracting wide attention since there exists a broad range of controllability in their properties due to
the varieties of their structural factors. So far, there have been reported many cases where well-
balanced properties were achieved by preparing solid-solutions and mixed ion compounds. Usually,
such materials are designed in terms of the macroscopic final properties of the related materials, such
as bandgaps, band edge positions, and their chemical stabilities.

However, it is still difficult for researchers to understand their macroscopic properties based
on the microscopic structural features, owing to the limit of the crystallographic measurements on
such complex compounds. Yet, it is a great deal of importance to understand the relation between the
properties and the structural features in order to realize more efficient material design, since such
structural features generally have non-negligible influence on the final properties.

Here, in this thesis, | investigated the electronic structures of several mixed ion compounds
from first-principle in order to figure out the characteristics and the origins their local structures. In

addition, I aimed to relate their microscopic structural features to their macroscopic properties, in order
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to provide the guidelines to control their properties and to enhance their activities as photocatalysts or

photoelectrodes.

In the first half of this thesis, I mainly focused on the local structural factors such as anion

orderings and octahedral-tiltings in perovskite oxynitrides. As a result, I clarified the features of such

local arrangements and distortions in the materials, and their influences on the materials’ electronic

structures. In particular, it was revealed that the characteristic chemical bonds such as d-pm interactions

strongly relate to the structural factors and the photocatalyst related properties.

In the latter half, I shifted the focus to the state-of-art photocatalysts and photoelectrode

materials that consist of solid solutions, and investigated the impacts of their compositions on the

properties and the roles of their point defects. Here, the structural models were determined considering

the microscopic features of the chemical bonds and the local distortions, based on the insights obtained

in the previous parts. As consequence, several crucial issues such as the explanation for the

compositional dependence of the photocatalytic activities and the origin of the p-type semiconducting

properties of the solid solutions were unraveled, and consequently the guidelines to enhance their

activities were provided.

Through the researches presented in this thesis, it was clearly demonstrated that the

calculation values of the properties strongly depend on the microscopic structures of the models. In

other words, it was revealed that only a little difference in the structural model may also result in a
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crucial difference in the calculated properties, and here, the importance of preparing adequate

structural models was provided.

In this thesis, although the structural models of the mixed ion compounds were constructed

from microscopic structural units consisting of several atoms as the building blocks, based on the

insights of local structural features such as preferred ionic distributions, the arrangements of such

fundamental units were determined only by hand, and thus this procedure is not applicable to much

larger structural models or to the comprehensive studies on a large number of materials. Hence, in

order to realize the modelization of more complex or various compounds in a feasible way, the future

researchers should establish the advanced methods where the arrangements of such fundamental units

are determined automatically and exhaustively, by introducing a kind of informatical methodologies.
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