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Abstract

InP and AlInP are used extensively in numerous technological applications, in grand
part due to their astounding electronic and optical properties. In particular both ma-
terials are used show promise in solar-powered photoelectrochemical water splitting
devices. These devices are often limited by factors like corrosion that hinder the water-
splitting reaction. In order to increase the efficiencies of these devices it is necessary to
understand not only how the surfaces of the semiconductors oxidize but also how the
water-splitting mechanism takes place in the water/surface interface.

In this work the electronic properties of oxidized Al/In-rich AlInP and InP surfaces are
investigated from density functional theory (DFT) calculations. Oxygen evolution and
hydrogen reduction reactions are investigated for the water splitting mechanism on top
of the In-rich InP surface. The absolute position of the conduction and valence bands
are calculated in respect to the water evolution and reduction potentials utilizing hy-
brid functionals. For the P-rich InP surface H defects are looked into as the origin behind
experimentally observed strong band bending. How the H vacancy interacts with wa-
ter molecules is also computed. Finally the reflectance anisotropy spectroscopy (RAS)
is calculated for different AlInP(001) surfaces by solving the Bethe-Salpeter equation.
The origin behind the spectra fingerprints is explored and assigned to specific surface
motifs.






Zusammenfassung

InP und AlInP werden aufgrund ihrer herausragenden elektronischen und optischen
Eigenschaften in zahlreichen Anwendungen genutzt. Insbesondere zeigen beide Ma-
terialien grofles Potenzial fiir die photoelektrochemische Wasserspaltung. Die Ef-
fizienz sowie die Haltbarkeit der Elektroden werden jedoch durch Korrosion stark beein-
trachtigt. Um die Leistungsfahigkeit der Systeme zu verbessern, ist es notwendig,
nicht nur den Oxidationsprozess der Oberflichen, sondern auch den Mechanismus der
Wasserspaltung an der Grenzflache zwischen Wasser und Halbleiter zu verstehen.

In dieser Arbeit werden die elektronischen Eigenschaften oxidierter Al/In-reicher AlInP-
und InP-Oberflichen mithilfe von Dichtefunktionaltheorie (DFT)-Berechnungen un-
tersucht. Die Sauerstoff- und Wasserstoffentwicklungsreaktionen fiir die Wasserspal-
tung auf der In-reichen InP-Oberflache werden analysiert. Die absoluten Positionen der
Leitungs- und Valenzbiander werden in Bezug auf die Redoxpotentiale der Wasserspal-
tung unter Verwendung hybrider Funktionale berechnet. Fir die P-reiche InP-
Oberflache werden H-Defekte als mogliche Ursache der experimentell beobachteten
starken Bandverbiegung untersucht. Zudem wird berechnet, wie H-Vakanzen mit
Wassermolekilen wechselwirken. Schlieflich werden Reflexionsanisotropiespektren
(RAS) fur verschiedene AlInP(001)-Oberflichen durch Losung der Bethe-Salpeter-
Gleichung berechnet. Die Urspriinge der spektralen Signaturen werden analysiert und
spezifischen Oberflichenmotiven zugeordnet.
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Chapter 1

Introduction

Energy demand is ever-growing, and meeting it is becoming more and more challenging. The
demand is currently primarily satisfied by fossil fuels, accounting for more than 80% of global
consumption[1]. However, fossil fuels present many disadvantages, among many, being non-
renewable and a pollutant to our environment. This has resulted in an increased effort in finding
alternative energy resources. In the search for renewable resources, among others, hydrogen has
received a lot of attention as an alternative fuel due to, e. g., being a clean fuel, light weight, and
high energy density[2—4]. Currently, one of the main reasons why we have not transitioned to
a hydrogen-fuel society are the difficulties in its production. While molecular hydrogen can be
produced from steam methane reforming, it is not a completely carbon-free method as part of
the reaction, as carbon dioxide is produced as a residue[5]. An alternative is solar-powered pho-
toelectrochemical water splitting, where solar energy is stored in chemical bonds by splitting wa-
ter molecules into molecular hyrdogen and oxygen|[6]. This process is sustainable as it uses solar
energy and water to produce hydrogen, and water is regenerated when consuming the hydrogen
to release the stored energy.

The water-splitting reaction requires a potential of 1.23 V equivalent to the difference be-
tween the water oxidation and water reduction. An efficient photovoltaic material is required to
overcome this overpotential and drive the water oxidation and reduction reactions at desirable
rates. For a semiconductor to drive the reaction without additional bias potential would require
that the water oxidation and reduction potentials lie within the material’s band gap. This re-
stricts the search for candidates with a large enough band gap, but not too large to ensure that
the majority of the solar spectrum can be taken advantage of. These problems are avoided by
tandem structures, consisting of two or more photovoltaic absorber layers with different energy
band gaps stacked together. Indeed, silicon-based tandem solar cells have been shown to surpass
the efficiency limits of single photoabsorbers|7].

Deterioration of the semiconductors in working conditions is also an importantissue that has
to be considered when exploring materials. The photoinduced deterioration, i. e., photocorrosion
of the semiconductors due to chemical and photochemical reactions in aqueous electrolytes is a
significant drawback that decreases the operation lifetime. Therefore, a thorough understanding
of the mechanism is crucial for guaranteeing the photostability of devices|6, 8].

Semiconductor alloys comprising group I1I (B, Al, In, Ga) and group V (N, P, As, Sb) elements,
commonly referred to as III-V semiconductors, are used extensively in microelectronic and op-
toelectronic devices because of their excellent combination of properties. III-V semiconductors
have found significant use in diverse fields, i.e., in quantum dots[9], quantum wells[10] and
nanowires[11] devices. In particular, these alloys have also being implemented in solar cells with
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exceptional efficiencies [12—14]. The current solar cell record for highest solar-to-energy effi-
ciency is held by a quadruple junction I1I-V photovoltaic with a solar energy conversion efficiency
0f 47.6% [15]. Indium phosphide and its ternary and quartenary alloys have found extensive ap-
plication in a wide range of fields, being, for example, the basis for high-speed integrated circuits
[16, 17], photonic devices[18] and in nanotechnology devices [19, 20]. InP has also a long his-
tory of being used in combination with other materials for solar-powered water splitting devices,
[21-25].

The great success of binary V-III in water splitting applications is however restricted to a cou-
ple of alloys with fixed band gaps and lattice constants. This last point is important for tandem
structures where defects caused by mismatched lattice constants in the interface between semi-
conductors. These problems are tackled by ternary I1I-V alloys, allowing for fabricating semicon-
ductors with desired band gaps and lattice constants[26]. An excellent ternary semiconductor
is aluminum indium phosphide which has been extensively used in optoelectronic devices[27—
31]. Adjusting the absolute position of the band edges with regard to the water splitting energies
is also possible using ternary materials. The search for optimal ternary III-Vs for use in tandem
systems has led to the creation of a cell with solar-to-hydrogen efficiency of 14% and potentio-
statically assisted efficiency of 17% [32]. This tandem structure consists of a GalnP based top
absorber, a GalnAs bottom absorber, and an AlInP window layer for electron collection. Further-
more, the AlInP window layer surface was oxidized, resulting in a mixed In/Al oxide layer which
was subsequently functionalized. Such oxide layers can be detrimental for carrier recombination
by forming barriers for holes[33].

Although AlInP has been successfully used in several different applications, a lot of its aspects
and properties still remain unclear. Only recently, and in the context fo this work, the AlInP sur-
face reconstructions have been proposed and investigated both experimentally and theoretically
[34]. Several experimental techniques were used in order to probe surface reconstructions chem-
ically and electronically. Besides the ones reported in Ref. [34], there are optical techniques for
surface probing, e. g., reflectance anisotropy spectroscopy (RAS), that allow measurement in situ
while growing the samples. Understanding the origin of optical spectra characteristic of indi-
vidual surfaces would not only allow for probing the surface while growing, but ultimately con-
trol the growth of specific geometries. The connection between the optical spectra from RAS and
the surface can be understood from theoretical calculations by investigating the macroscopic di-
electric function[35]. This has been successfully implemented for other semiconductors in the
past[36-38]. Although experimental RAS measurements have been produced before for AlInP,
no theoretical studies had been performed before[39, 40]. Fully investigating both the electronic
and the optical properties of AlInP would lead to fabrication of devices with tailored properties
and increased efficiencies.

The devices for photoelectrochemical water splitting discussed so far are prone to corrosion
when operating in contact with water, resulting in oxide layers[6, 41]. Sometimes, an oxide layer
is beneficial and desired on some devices as a passivating layer[32, 42]; other times oxidation
can be detrimental for the electron mobility[33, 43]. Understanding the effects of the interface
between oxide layer and the semiconductor is therefore necessary for further development of de-
vices. This is especially true for semiconductors like AlInP that are highly reactive towards oxy-
gen. There are many studies, both experimental and theoretical in nature, that characterize the
interface between InP and oxide layer [44—46]. Although the surface determines the exact oxide
species formed, In—O—In and In—O—P bonds are expected to form[47]. Nevertheless, there are
still many unknowns when it comes to exploring the full oxide interface for InP, e. g., how the ox-
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idation progresses and affects on the electronic structure. Comparatively, even less information
is available when discussing AlInP surfaces. On the experimental end, progress has been made,
e. g., ontheinsulator and electronic properties of native oxide layers[48]; However, the exact com-
position and nature of the interface remained unclear, in large part due to the unknown surface
geometries. A good starting point for exploring the interface is to make comparisons between
other III-V semiconductors, in particular those containing phosphorus. This is another reason
why a more complete understanding of InP oxides is of great interest.

There is a clear drive for the understanding of the water splitting mechanism on InP surface
due to the promising results. Yet, there is still much to understand regarding the interaction be-
tween water and the surface: Initial experimental[49] and theoretical[50] studies suggested that
dissociative water adsorption results in In—O—P bonds. The water splitting reaction is split into
the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). Water dissociating
would be the first step for the OER associative mechanism; however, the full reaction has not been
explored on an InP surface. Itis known which bulk materials present band edges compatible with
the water oxidation and reduction potentials[42]. Having said that, additional surface states are
sure to modify the electronic structure and possibly change whether the water-splitting reaction
is possible without a bias potential on the surfaces. In addition to corrosion, surface defects also
play an important role in the efficiency of devices; still, this is not fully understood, especially in
contact with a liquid electrolyte. These defects could provide an opportunity for water to adsorb
at the surface or impede the water-splitting process altogether.

This motivates the present study, which will focus on understanding the electronic and opti-
cal properties of AlInP and InP. In Part ], the fundamental theoretical concepts handled through-
out this work are introduced. Starting in Chapter 2 the density functional theory (DFT) in the
Kohn-Sham formalism is described. Here, the limitations of this theory and the different approx-
imations needed to circumvent these are discussed. Beyond DFT, Hybrid functionals and GW
approximation (GWA) are also introduced for more accurate calculations when dealing with the
electronic structure. Furthermore in Chapter 3 is dedicated to using DFT calculations for a bet-
ter comparison with experiments by including thermodynamic quantities. More precisely, the
Gibbs free energy is explained for the calculation of the surface formation energy, also necessary
when dealing with surface defects. Afterwards, the nudged elastic band (NEB) method is also
described, which serves to study the pathways that adsorption or desorption processes take for
the water-splitting chemical reactions. Finally, in Chapter 4 the macroscopic dielectric function
is derived, needed for the optical spectroscopy calculations. In the beginning the equations are
introduced in the independent particle approximation (IPA). Beyond IPA exchange and excitonic
effects are included in the solution of the Bethe-Salpeter equation (BSE). The connection from
the macroscopic dielectric function to the RAS calculations is also explained in this chapter.

Part II of this work is dedicated to the discussion of the results obtained for InP and AlInP
from the application of the concepts introduced in the first part. Two main phases are known for
the InP surface: The In-rich and the P-rich surfaces. The former is discussed in Chapter 5. More
precisely the surface geometry and electronic structure are calculated and discussed for oxidized
In-rich InP surfaces. The full water-splitting mechanism as well as the band-alignment of the wa-
ter/surface interface are also explored in this chapter. Chapter 6 focuses on the P-rich InP surface
defects and how they interact with water. The AlInP surfaces and oxide layers are considered in
Chapter 7. Within Chapter 8, the fingerprints of the optical spectra for different AlInP surfaces
are identified and compared directly to RAS measurements. The final Chapter 9 serves as the con-
clusion to this thesis with a summary and outlook of the topics addressed in this work.
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Chapter 2

Electronic structure

All fundamental properties of a solid can be derived by describing the system in a quantum me-
chanics picture. The wavefunction V¥ is the mathematical description of the system, containing
the information of its quantum state. The Schrodinger equation, then, describes how the system
and its wavefunction evolves over time. In an atomic scale, a solid can be interpreted as a col-
lection of interacting particles, nuclei surrounded by a cloud of electrons. Therefore, the state of
a system is described by all the M nuclei and N electrons. The description of the wavefunction
Y (R1,Ry,R3,...,Ry,11,1,13,...,1N, ) inteal-space depends on the positions of each particle,
where Ry is the position of the nuclei I, r; the position of electron i and ¢ the time. The time-
independent Schrodinger equation of this system is given by

I,:I\I/n = En\I/n, (2.1)

where H is the many-body Hamiltonian and E,, the eigenvalues of the eigenstates ¥;,. The Hamil-
tonian represents the total-energy contribution from the interacting particles and is commonly
expressed as the sum of all the energy operators: the kinetic energy of the moving particles 7 and
the electronic potential energy caused by the electrostatic interaction of particles V.

H=T+V. (2.2)

The kinetic energy is given by the momentum operator p; this operator can be separated in the
contributions of the electrons of mass m, and the nuclei of mass M;. Throughout this chapter,
atomic units will be used to simplify notation. The corresponding kinetic energy contributions

are then
N
Te=-)] EV} (2.32)
i=1
Mo
fn=—) —V& (2.3b)
fas) 2Mg

The electrostatic interaction, also known as Coulomb interaction, between the different particles
is given by three operators, defined by the type of particles interacting: electron-electron repul-
sion, electron-nucleus attraction and nucleus-nucleus repulsion. Respectively, the operators are:

Nl
Voo = Z Z - (2.42)
i=1 j=1 |ri_rj|

7
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1%/ =—iii (2.4b)
a |r; — Ry '

1:]_ I=1
M I-1
. Z1Z;
Van = — (2.4¢)

where Z, is the atomic number.

Unfortunately, it is impossible to find the exact solution for the many-body system. Further-
more, the many-body equation is not separable in much simpler single particle equations due to
the interaction terms, equations 2.4. Numerical solutions to the problem do exist, however, but
even these require vast amounts of computational effort to solve. Thus, approximations are in
order, the first of which is the Born-Oppenheimer or adiabatic approximation[51]. The nuclei are
much more massive than the electrons; the kinetic energies thus differ by a factor of the order
of magnitude of me/M; ~ 1073, In other words, the electrons are moving much faster than the
nuclei, and therefore the nuclei can be considered static compared to the relative speeds of the
electrons. Under this approximation, the electrons are considered as quantum particles moving
in an electric field generated by the nuclei. The potential acting on the electrons due to the nuclei
field is now renamed as the external potential Vey. This term can also include other “external”
potentials, like the Zeeman effect[52]. The nuclei kinetic energy term Ty, is not needed to de-
scribe the interacting electrons and can be omitted for the calculations and only added in the last
step.

2.1 Density Functional Theory

Density functional theory (DFT) is a theory of correlated many-body systems. There exist dif-
ferent methods to treat the many-body problem; among them, DFT stands out as a relatively
low computational cost method. The principle tenet of DFT is that any property of a system of
interacting particles can be expressed as a functional of the ground-state electron density. The
electronic density becomes the principle quantity behind the DFT. For a system of N particles
interacting with an external potential, Vey, the expectation value of the electronic density is

n(r) = Zo“(r—ri) :N/d31'2/d373.../dSrN\I’*(rl,rz,...,rN)\Y(rl,rz,...,rN).
i

(2.5)
The theoretical framework of the DFT is given by the Hohenberg-Kohn Theorems. The utility of
the DFT is given with the Kohn-Sham method, where the many-body interacting problem is re-
placed with an independent particle problem. This section serves as a general introduction to the
DFT following the references [53, 54].

2.1.1 Hohenberg-Kohn Theorems

Solving the Schrodinger equation gives the external potential that determines all states of the
system, including the ground-state Yy (r1,r2,...,ryN), which in turn allows for determining the
ground-state electronic density, i. e., one can obtain a map from the external potential Ve, to the
electronic density n¢(r). Hohenberg and Kohn, in their famous 1964 paper[55] showed that this
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mapping can be inverted and that all properties of the system can be considered functionals of
this electronic density. Schematically, this mapping is shown in the following relation

Vext(t) © Yo (r1,12,...,1N) © no(r). (2.6)

Indeed, the heart of density functional theory is based on the two theorems first proven by Ho-
henberg and Kohn.

Theorem 2.1. For any system of interacting particles in an external potential Vex (r), the ground-state
density determines, ng (r), determines the external potential, Ve (r), up to a trivial additive constant.

Since the density uniquely determines the Vet (r) and the Hamiltonian up to an additive con-
stant, then in turn all the wavefunctions can be determined. As a consequence, the ground-state
expectation value of all observables are functionals of the ground-state density ng (r). Therefore,
every observable can be determined from the density. Among these, the ground-state energy,
perhaps the most important observable.

Theorem 2.2. The ground-state of the energy of the system is the global minimum of the energy func-
tional E[n]. The density that minimizes this functional is the ground-state density no(r).

This means that the ground-state energy of a system can be obtained from the energy func-
tional E[n]. The energy functional can be split into the internal and external contributions and
from the variational principle the following relation is obtained

E[n] = F[n] + / A3 Vet (®))n(xr) > E[no] = Eo, (2.7)

where the Eg is the ground-state energy of the system with an external potential Vex(r). The
density defined here is associated with the ground-state wavefunction of some external poten-
tial. This is called “V-representability”[53, 54]. The functional F[n] includes all internal energy
contributions, the kinetic and potential, from the interacting electrons. Levi[56—58] and Lieb[59]
gave an alternative definition to the functional, which is more generalized and permits degenerate
states, otherwise not available in the Hoheberg-Kohn Theorems. Under the proposed constrained
search formalism, the functional is written as

F[n] = \i’/n_l)l”lq {<\I’ |Te + Vee| Y)} , (2.8)

the minimization is constrained to all wavefunctions thatyield the density n(r). Thus, the ground-
state energy Eo is found with the following procedure

Eg = mnin {F[n] + \?‘1_1)1‘:1/ d3rVext(r)n(r)} = rnninE[n], (2.9)

the outer minimization is carried through all n(r), releasing the constraint imposed by equation
2.8. Thus, the universal functional F[n] independent of the external potential has been estab-
lished, and by the optimization of this functional, the exact ground-state energy of the interact-
ing many-body system can be found. The functional is defined for any density n derivable from
some wavefunction of the N-electron system. This is called “N-representability”, in contrast to
the “V-representability” density of the Hohenberg-Kohn Theorems [53].



Chapter 2. Electronic structure

2.1.2 Kohn-Sham method

The appeal of DFT is clear, as the equations involved are much simpler than the many-body prob-
lem with 3N degrees of freedom for N electrons. However, until this point, no method has been
proposed to find the functionals other than the original formulations in terms of the wavefunc-
tion of the many-body problem. A year after his original paper, in 1965, Kohn together with
Sham proposed a set of equations to simplify the problem[60]. The basic principle behind the
Kohn-Sham (KS) approach is to assume that the ground-state density of the interacting system
is exactly equal to that of an auxiliary system of non-interacting particles, also called indepen-
dent particles. The auxiliary Hamiltonian is constructed to have the usual kinetic operator, and
all the electron-electron interactions are represented in an effective potential operator V. In
other words, the auxiliary system of N non-interacting particles in an effective potential gives a
ground-state density such that it is identical to the interacting system.

The electron density expressed in terms of N one-particle orthonormal orbitals ¢; of the non-
interacting system is

N
n(x) = Z lp:(@)]?. (2.10)

The kinetic energy of the N non-interacting particles system is

N
T[] = ) <<o,-

_lVZ
2

N
qoi> = —%Z / &re; @) V20i(x). (2.11)

The total-energy functional in terms of the non-interacting kinetic energy Ts[n] is expressed as:

E[n] = Ts[n] + Eu[n] + Exc[n] + / A3 Vexe ()n(x), (2.12)

here it is convenient to separate the interaction energy functionals, Ey[n] the Hartree energy and
Exc[n] the exchange-correlation energy. The Hartree energy is the classical Coulomb interaction
of the electron density n(r) interacting with itself

Enln] = %/d%d%’w (2.13)

r-r'|

All remaining interaction terms, the exchange and correlation effects from the interacting par-
ticles of the many-body system, are contained within the exchange-correlation energy Exc, this
term will be explored further in section 2.1.3. From equation 2.8 the exchange-correlation energy
can be written as:

Exc[n] = F[n] - Ts[n] - En[n] = (Te> —Ts[n] + <‘A/ee> — Eq[n]. (2.14)

It can be seen that this energy term contains the difference between the interacting many-body
system from the auxiliary system of the independent particles for the kinetic energy and the in-
ternal interactions.

The ground-state energy is obtained from the minimization of the energy functional with re-
spect to the electron density, from equation 2.9. The solution to the optimization problem is given

10



2.1 Density Functional Theory

by the stationary points of the Lagrangian of the energy functional subject to the constraints of
the orthonormal orbitals, f d3rq0;.k (r)e;(r) = 1,i. e, the solutions to the Euler-Lagrange equation

N

)
m E[n] —Zt?j

j

/ &r|o;o)* - 1] =0, (2.15)

where ¢; are the Lagrangian multipliers, which guarantee conservation of particles. Performing

the functional derivatives together with the expression % = ¢;(r) leads to the KS Schrédinger-

like equations:
1
{—EVZ + Vet ["(r)]} ¢i(r) = €ip;(x), (2.16)

where now the ¢; are the eigenvalues of the KS orbitals ¢;(r) and the Vg is the effective potential in
which the non-interacting electrons exist. All the terms forming the interacting system, together
with the external potential, are grouped in this effective potential, which is also called the KS
potential, as

Vett [1n] = Vi [n] + Ve [1] + Vexe (1), (2.17)
with
t Vyn] = 9Eu[n] = / d%’Lr/) and Vic[n] = OExcln] (2.18)
on(r) lr—r| xe on(r) '

The set of equations 2.16, 2.17 and 2.10 are known as the Kohn-Sham equations. Here, the ef-
fective potential is determined from the electron density in equation 2.17, the density in turn
is calculated from equation 2.16 and equation 2.10. The equations thus need to be solved self-
consistently in an iterative manner, starting from an initial guess of the electronic density. In this
fashion, the exact ground-state electronic density can be found, with the ground-state energy
determined via equation 2.12 as

N

Eq = Z ¢; — En[no] + Exc[no] —/ d3rVie[n]no (x), (2.19)

i

where the eigenvalues fulfill the following relation

It is clear that the KS eigenvalues and eigenstates determine a fictitious non-interacting system
called the KS non-interacting system. The KS orbitals and energies thus have no physical meaning
and are a mathematical tool used to construct meaningful physical quantities.

The KS equations present an exact method that allows the calculation of the true ground-
state density of the many-body problem from a fictitious independent particle system. From the
Hohenberg-Kohn Theorems, the potential can be uniquely determined. Finally, the ground-state
wavefunctions can be retrieved from the potential, and the full information of the many-body
interacting system would be known. The only quantity yet to be determined is the exchange-
correlation functional Ex. needed to exactly solve the problem.

1o
_EV + Vege[n]

¢i> . (2.20)
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Chapter 2. Electronic structure

2.1.3 Exchange-correlation energy

As described in the previous section, in principle the KS equations are an exact method for cal-
culating the ground-state electronic density and energy. However, the main problem with DFT

is that a universal exchange-correlation functional Exc[#n] is unknown. The non-classical interac-
tions and the quantum-mechanical effects of the electrons are described by the exchange-correlation
energy term. Despite not having an expression for the exact exchange-correlation energy, simple
approximations for this energy functional still provide remarkably accurate ground-state prop-
erties for most systems. Two of the most common and used approximations are discussed in
this section, the local density approximation (LDA) and the generalized gradient approximation
(GGA). But first the exchange-correlation hole will be explored.

Exchange-correlation hole

The success of these approximations depends on satisfying anumber of properties of the so-called
exchange-correlation “hole”. Since the effect of the exchange-correlation is to lower the energy, it
can be interpreted as the electron interacting with a positive exchange-correlation “hole”. Phys-
ically, this hole originates from the Pauli exclusion principle and the Coulomb repulsion for the
exchange and correlation holes, respectively. The physical interpretation is that if an electron is
at pointr there exists a region around it where the probability of finding a second electron is zero.

The relation between the exchange-correlation energy and the hole is derived from the adia-
batic connection by Harris [61]. The adiabatic connection gives a link between the interactive and
non-interacting systems. This is expanded from the constrained search of equation 2.8 to include
a parameter A

Fy[n] = mm \I’ |Te + /lVee| 4 <\I’,;1 |’_7"e + /lVee| \I/,f> (2.21)

The parameter A characterizes the strength of the electron-electron interaction and varies from 0
(the non-interacting case) to 1. With the added constraint that the density must be maintained
constant through the variation, equation 2.14 now reads

Exc = /01 dgaFa["] — Eg[n] = /01 di <\I’,ﬁ |Vee| \If,ﬁ> — Ey[n]. (2.22)

The right side of the equality is a result of the Hellmann-Feynmann theorem [62, 63], discussed
more extensively in section 2.1.4. The joint probability of finding an electron at r and a second
electron att’ is given by the correlation function

/ 1 /
n(r,r) = - ;a(r_r,-)o“(r 1)) ). (2.23)
i#]

Putting together equations 2.22,2.23 and 2.13 finally yields

By = & //d3 rady MO (6, ) (2.24)

lr—r|

where the average exchange-correlation hole 7 is given by

1
Txc(r, 1) = / dlnic(r, r) = %/0 dan’ (r,r) —n(@). (2.25)

12



2.1 Density Functional Theory

From equation 2.24 the exchange-correlation energy can be interpreted as the classic Coulomb
interaction between the density n(r) and the average exchange-correlation hole 71y.. An impor-
tant relation for the exchange-correlation hole is the so-called sum rule, which extends from
equations 2.23 and 2.25

/ d37 Tige(r,r’) = 1. (2.26)

This mathematical formulation of 7y (r,t’) physically represents a hole around point ¥’ with a
positive unit charge. The sum rule, equation 2.26, is used as a test for approximations of the
exchange-correlation energy.

In the non-interacting limit A = O there is no coulomb correlation and the hole is purely an
exchange hole, which originates from Pauli’s exclusion principle. This can be seen better from
equations 2.22 and 2.25 setting A = 0: The wavefunctions are just the independent particle KS
wavefunctions, given by a Slater determinant of the non-interacting single particle KS orbitals ¢;.
Thus, the exchange hole defined as

nx (l‘, I") = ngc (I‘, 1'/), (227)

is given by the KS orbitals as

2
ny(r,x') = _Tlr) 'Z HOLHCHI (2.28)

The abve eqation is the exact formulation of the exchange hole. From equation 2.26 the sum rule
for the exchange hole is

/ d37 ne(r,r’) = -1. (2.29)

The correlation hole is defined as the difference between the exchange-correlation hole and the
exchange hole
ne(r,r’) = nyc(r, 1) — ng (r, 1), (2.30)

and its sum rule

/ a3/ ne(xr,r)=0 (2.31)

Itis clear that the above equations are an exact formulation of the exchange-correlation energy;
however, it is still to be exactly defined as a functional of the density. Different approximations
exist that describe the exchange-correlation energy as a function of the electronic density.

Local density approximation

The simplest of the approximations for describing the exchange-correlation functional Ex is the
local density approximation by Kohn and Sham [60]. The KS approach described in the previous
section separates the independent-particle kinetic energy and the long-range Hartree terms. The
remaining unknown part of the energy functional is approximated as a local functional of the
density; this is what is known as the local density approximation (LDA),

ELPAL] = / &r n@eLA ()], (2.32)

13



Chapter 2. Electronic structure

where ex[n(r)] is the exchange-correlation energy per particle of a homogeneous electron gas
(HEG) thatdepends only on the density n(r) at position r. The functional exc[n(r)] is expressed as
the sum of the exchange ex[n(r)] and correlation e.[n(r)] contributions. The exchange functional
¢x[n] described by Diracin 1930[64] in the Hartree-Fock approximation is given by,

3 1/3
eXPA) = - (37%n)) . (2.33)
4r
Accurate values for the correlation functional ¢.[n] of the HEG were originally obtained numer-
ically from Monte-Carlo calculations by Ceperley and Alder [65]. Analytical forms of the corre-
lation function can be obtained from the interpolation of these values. Perdew and Zunger [66]

parametrized the original values and obtained the following form

eLPA[y] = (2.34)

14
1+ B1/rs + Bars’

where r¢ = %) 1/3 is the Wigner-Seitz radius and the parameters are y = —0.1423, f; = 1.0529
and 2 = 0.3334 for a spin-unpolarized system. Perdew and Zunger also included parameters for
spin-polarized systems in their original work.

The success of the LDA, despite being an approximation born from the HEG, is that it can
also be reliably applied for non-homogeneous systems like atoms, molecules and solids. This is
achieved by the good description of the exchange-correlation hole and the fulfillment of the sum
rule. Despite this, the LDA tends to underestimate the exchange energy and overestimate the cor-
relation energy. Fortuitously, the errors in the exchange and correlation parts tend to cancel each
other to a certain degree. The LDA is not without its limitations; it favors more homogeneous
systems and tends to overestimate binding energies in molecules and solids [67]. The LDA also
suffers from the “band-gap problem” and self-interaction errors [68, 69], which require correc-
tions specially for localized electrons. This leads to an underestimation of the fundamental band
gap width for semiconductors and insulators. The problem is present for all (semi-) local func-
tional approximations and will be explained in sec. 2.1.5.

Generalized gradient approximation

Alogical extension to the LDAis to include derivatives of the electronic density, in order to account
for the non-homogeneous nature of the density. The exchange-correlation energy Ex. is treated
as a functional of the electronic density, and its derivative is what is known as the generalized
gradient approximation (GGA).

ESCGA[n] = / d3r f(n(x), Vn(r)). (2.35)

The difficulty lies in finding an analytical function f that satisfies equation 2.26 and the con-
straints imposed by other calculations or experiments. Several different functions f have been
proposed over the years, each with their own advantages and disadvantages. Perdew and Wang
[70] proposed a parametrization of the GGA (PW91) constructed by looking at the second-order
expansion of the density gradient for the exchange-correlation hole and cutting off the spurious
long-range parts to satisfy the hole sum rules. The PW91 incorporates a rather overcomplicated
and over parametrized function f, in 1996 Perdew, Burke and Ernzerhof introduced a successful
simplification and extension [71, 72] by the name of PBE.
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2.1 Density Functional Theory

The GGA exchange-correlation functional is also split into both the exchange and correlation
parts, similar to LDA. The functional preserves the properties of the LDA, while all additional
parameters are fundamental constants. The exchange functional is

ESCA[n] = / a3r n(x)elPA[n]Fy(s), (2.36)

where the gradient contribution to the exchange functional is

k
F =1+k————. 2.37
x() 1+us?/k (2:37)
The correlation-energy contribution is defined as
ES%[n] = / &3r n(x) [ecPAn] + HP (s, £, 0)] (2.38)
where 5
PBE 3 B 1+At
HPPE = 93 In{1+ o2 |——— |}, 2.39
7 n{ +y 1+At2 + A2t } (2:392)
LDA -1
A= g {exp [_% = - 1} , (2.39b)
Y r$
1 2 2
¢:5[(1+z)3+(1-z)3], (2.39¢)
and, finally, the generalized, dimensionless density gradients as
\% \%
_ AVl a2 Y (2.40)

= t =
) 2kppn an 2kspn’

with kr = (3 nzn)% and ks = \/% . The relative spin polarization is / = @ The remaining
factors are the constants u = 0.21951, k = 0.804,y = 0.031091 and 3 = 0.066725. The general-
ized gradients s and ¢t measure the rate of change of the density # on the scales of the local Fermi
length 1/kr and the local Thomas-Fermi screening length 1/ks, respectively.

One of the most important results of the GGA is the reduction of the binding energy, correct-
ing the over-binding of the LDA in molecules and solids and improving the agreement with the
experiment. Despite the many improvements GGA has over the LDA the softening of the bonds
increases the lattice constants and the decrease of the bulk moduli[73]. Similar to LDA, the GGA
also suffers from self-interaction error[69].

2.1.4 lonic forces

Of particular interest concerning molecules and solids is the prediction of the geometric struc-
ture of the systems. This can be accomplished through the study of inter-atomic forces, which
allow the calculation of the ground-state positions of the ions. Additionally, the calculation of
the forces grants the description of thermodynamic processes from molecular dynamics to tran-
sitions states.

The force acting upon an ion I can be described as the rate of change of the total energy as
a function of the ion position R;. The Hellmann-Feynman theorem relates the derivative of the
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Chapter 2. Electronic structure

energy with respect to any parameter A of the Hamiltonian to the expectation value of the deriva-
tive of the Hamiltonian with respect to that parameter. The theorem was proven independently
by many authors: The original formulae used today were provided in the works by Giittiger in
1932[74] and Pauliin 1933 [75], reformulations were later made by Hellmann in 1937 [62] and
Feynman in 1939 [63]. The general expression can be written as

aEtot _ < aH

L

oA

\Yl> (2.41)

The Hamiltonian of total energy Eto¢ as given by equation 2.2 includes the previously neglected
term Vpp, equation 2.4c. The kinetic and potential energies of the electron-electron interactions
do not depend on the position of the nuclei; thus, their derivatives with respect to this position
do not contribute to the force. The force acting on an ion (or nucleus) I with position R; is then
given by the expression

_ aEtot _ /d3r ()aVext(l') aVnn (2.42)

Fr, = — .
g OR; R; OR;

The forces here depend only on the ground-state charge density n(r) and the other ions. Ob-
taining accurate forces depends on the choice of the approximation that describes the exchange-
correlation functional. The ground-state position of the ions is derived by minimizing the forces
acting over the ions; different algorithms exist for this task, including the quasi-Newton algo-
rithm (RMM-DIIS)[76] or the conjugate gradient algorithm[77].

2.1.5 Electronic structure and the band gap problem

As discussed briefly in section 2.1.2, the KS eigenvalues have no physical interpretation, the sole
exception being the highest occupied eigenvalue ¢. The physical meaning can be derived from
the Slater-Janak theorem [78], which gives a mathematical interpretation to all the KS eigenval-
ues. With the concept of partial occupation numbers f;, a connection to the total energy is given

for the eigenvalues as
0E

i
The physical meaning of the highest occupied eigenvalue ¢y can be found by looking at the energy
difference between a system with N and N — 1 particles

= ¢;. (2.43)

O0E

N

here, the particle number of the system is indicated in the parenthesis; the last part is obtained
from the mean value theorem. Since the exact functional E(N) is a series of straight lines with
discontinuities at integers N,[79] the above equation is equal to ey (N). That is, the ionization
energy I = EN_1—Ey is equal to minus the highest occupied KS eigenvalue of the N particle system
eN(N). Similarly, the electron affinity A = Ey — En+1can be found with the same reasoning from

1 1
E(N)~E(N-1) = / afy & /0 dfy ex(N=1+fy) = en(N=0),  (2.44)

1 1
0E
E(N +1) - E(N) :/ dfn+1 =/ dfne1 ene1 (N +fne1) = enve1i(N+0).  (2.45)
0 N+t Jo
From these results, itis tempting to define A = ¢j+1 (N) and extend the same analysis for all eigen-
values ¢;. The KS eigenvalues of the N-particle system could then be used as addition and removal
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2.1 Density Functional Theory

energies to calculate meaningful observables such the band structure and band gap. However, the
electron affinity is actually defined as the eigenvalue ¢n+1 (N + 1) which belongs to the different
(N +1)-particle system. Nevertheless, the KS eigenvalues of the N-particle system are used to cal-
culate the band structure, often describing it qualitatively exceptionally close to the actual band
structure. There is, however, a discrepancy between the calculated band gap ¢X° and the true
band gap Eg. Because of this, it is often referred to as the “band gap problem”. It should be noted
that the discrepancy stems from the mistreatment of the KS eigenvalues as electron addition and
removal energies and not an inherit problem of the KS equations. The band gap is defined as the
difference in ionization energy and electron affinity

Eg = ens1 (N + 1) —en(N) = 5> + AR, (2.46)

where the KS band gap is egs = en+1(N) —en(N) and the correction between the true band gap is
Axc = €N+1(N + 1) — en+1(N) often called the derivative discontinuity. As discussed above, E(N),
although linear between integer values of N, presents discontinuities at N, as such the derivatives
are discontinuous and as a consequence Ay, is not equal to zero. The derivative discontinuity is
better expressed with an alternative form of equation 2.46, [79—81] by looking at the functional
derivative of the energy for a variation of the density

0E
N+o O (r)

OE
on(r)

Egzl—Az im
0—0*

] . (2.47)
N-9

From equation 2.12 the discontinuity can only arise from the kinetic energy and the exact exchange-
correlation contributions; the rest are continuous in the density. The discontinuity in the kinetic
energy is the only contribution of the KS band gap [81, 82]

0Ts
on(r)

0Ts
Nes On()

€N+1(N) —6N(N) = alim

. (2.48)
—0t

N-9

Therefore, the discrepancy between the real band gap and the KS band gap is given only by the
derivative discontinuity of the exchange-correlation functional[79-81] as

OExc
on(r)

OExc
N+o on(r)

Axc =

im ] . (2.49)
0—0% N—¢

Itis clear thatin order to describe the correct band gap, the KS eigenvalues are not enough. Both
LDA and GGA have continues exchange-correlation functions, and thus Ay, is equal to 0. Addi-
tional improvements would yield a better ¢g, but unless the discontinuity is described, the KS
eigenvalues alone will not give the true band gap. This is the reason standard DFT calculations
underestimate the true band gap.

There are several techniques used to better describe the electronic structure. The correct de-
scription of the self-interaction of the electron in the exchange-correlation functional through
Green’s functions provides an improvement over the LDA/GGA and includes the derivative dis-
continuity, thus describing the electronic structure more accurately. Another approach is to di-
vide the exchange functional into contributions from DFT and from the Hartee-Fock (HF) method.
The HF correctly includes the derivative discontinuity in the exchange functional but is missing
the correlation term. In the following sections, the approximations used in this work will be de-
scribed.
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Chapter 2. Electronic structure

2.2 Hybrid functionals

The main idea behind the hybrid functional approach is to construct a so-called hybrid functional
from orbital dependent HF with an explicit dependent density functional. Since the exchange is by
tar the most dominant term in the exchange-correlation energy, itis an incentive to treat the term
exactly and approximate the rest. Hybrid functionals are the most accurate functionals available
as far as energetics are concerned and widely used to describe the electronic structure accurately.
The hybrid formalism arises from the adiabatic connection between the non-interacting KS sys-
tem and the fully interacting real system by a coupling constant A, as discussed in further detail
in sec. 2.1.3. The integral of equation 2.24 can be rewritten in the simple form

1
Exc = / dd By, (2.50)
0

where Exc, A is approximated in terms of the end points. In particular, for 1 = 0, the so-calculated
energy is the Hartee-Fock exchange energy, given exactly by the exchange hole in equation 2.28
from the KS orbitals. A theoretical rationale was introduced by Perdew, Ernzerhof and Burke [83]
for the approximation of the functional E, ;. For any density functional approximation, E)]?CFA,
a coupling constant similar to equation 2.50 can be defined such that exchange and correlation
energies fulfill the relations EXTA = EEcF/lA= o = Exand EPFA = gDFA _ EDFA imposed by equations
2.27 and 2.30, respectively. The hybrid,model for Ey. ; was proposed as

E:CY‘; = EDPA 4 (B~ ED"N) (1 - )", (2.51)
wheren > 1is aconstant that controls how rapid the correction to the density functional approx-
imation vanishes as 1 — 1. Equation 2.51 reduces to the exact exchange energy Ey at the limit
A = 0andto EECF/‘? ator near A = 1 where the approximation EEchlA is more accurate. The hybrid
functional is then . ,

EVP - /0 di E)}:ZE = EDFA 4 %(EX — EDFAY, (2.52)
The parameter 7 is chosen from perturbation theory by expanding Ey ; in powers of 1 and stop-
ping at the lowest order that gives the best description of the exact Ex¢, A. For n = 2 the second-
order perturbation theory is enough and equation 2.52 reduces to the half-and-half hybrid, orig-
inally proposed by Becke [84]. The approximation for the value of n = 4, has been tested to be the
best fit for a large set of molecules and comparable to several models with fitted parameters [85].
Itis commonly referred to as PBEO when the PBE is used for the density functional approximation,
equation 2.52 is then

1 3

EPBEO _ _pHF  ZpPBE | pPBE (2.53)
4 4

The exact exchange functional is calculated from equation 2.24 with the exact exchange hole

equation 2.2.8 as

97 (0] ) i) ;(x)

1
EHF = -5 Z // d3rd3r P , (2.54)
ij

here the superscript HF refers to the fact that the exact exchange-correlation is calculated from the
Slater determinant KS orbitals, asitis the case in the non-interacting Hartee-Fock approximation.
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2.3 GW approximation

Although strictly speaking, Ex is not the HF exchange energy since the KS and HF independent
particle orbitals are not equivalent, however, there is very little numerical difference. Throughout
the literature, the HF superscript is utilized.

2.2.1 Range-separated hybrid functionals

Calculating the exact exchange energy via equation 2.54 for large molecules and solids is rather
computationally expensive. Therefore, Heyd, Scuseria and Ernzerhof developed a new method
based on a screened Coulomb potential [86—88]. The exchange interactions in the Hybrid method
decay over the distance; the decay is accelerated by substituting the full Coulomb potential with a
screened potential. The screened potential is applied only to the exchange interaction in order to
screen the long-range part of the exchange energy. The Coulomb operator is split into the short-
range (SR) and long-range (LR) components by following partition

1 _erfc(/z|r—r’|)+erf(,u|r—r’|)

= 2.55
|r — 1’| |r —r/| r—r| ( )

SR LR

where erf is the error function, erfc the complementary error function, and y is an adjustable pa-
rameter that defines the range separation. At the limit 4 = 0, the LR term becomes zero, and the
SR term is equivalent to the full Coulomb operator and hence is equivalent to the PBEO formalism.
At the other extreme, when y — oo, the opposite is the case and the exchange energy is treated
fully in the PBE approximation.

The exchange terms from equation 2.53 are split in the LR and SR components. For realistic
values of y the contributions by the HF and PBE exchange to the LR tend to be rather small and
tend to cancel each other, i. e, EEF’LR ~ EEBE’LR[86]. In this approximation, the equation for the

screened Coulomb potential hybrid density functional HSE is

EASE = B () + ZBEPRR () 4 BEPIR () 4 BEBE, (2.56)
With the HSE hybrid method, only the SR exchange is treated in the hybrid PBEO formalism, while
the LR exchange is calculated fully in the PBE approximation. The SR component of the HF ex-
change is given by substituting the full Coulomb potential in equation 2.54 by the SR Coulomb
potential. The SR of the PBE exchange energy is obtained by incorporating the corresponding
error function into the enhancement factor, and the LR follows. The full expressions and their
derivations can be found in Ref. [86].

The optimum value for  has been found to be approximately 0.2 A! ,itis the best fit for pre-
dicting enthalpies of formation, ionization potentials and electron affinities while preserving a
good accuracy for the band gap, for a wide range of materials[89]. Settingu = 0.2 A" for this
screened hybrid functional model is referred to as HSE06[89] and is the value of choice through-
out this work whenever hybrid functionals are used.

2.3 GW approximation

The main idea behind this section is to treat the many-body problem as an independent parti-
cle system plus the Coulomb interaction as a perturbation; this is referred to as the many-body
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perturbation theory. Such a problem can be formulated using Green’s functions, which allow
the correct description of addition and removal of particles. It is sufficient to look at the one-
particle and the two-particle Green’s functions, since many of the observables of interest of the
many-body are derived directly from them. This section presents a general introduction to the
GW approximation and its implementation; further information can be found in references [90,
91].

2.3.1 Green'’s function

The one-particle Green’s function of an N-particle system in the ground state is described by the
correlation function and formulated in the second quantization of quantum mechanics read

G, 1, ¢) = —i <N ‘:r [ﬁ/(r, )91 r’)] N> , (2.57)

where §/T (r, ) and ¥/ (r, £) are the time-evolution field operators in the Heisenberg picture for elec-
tron creation and annihilation, respectively. T is the time-ordering operator for fermions, which
rearranges the field operators according to their time variable. Two situations are described by
the time-ordering operator: (i) the propagation of an electron (¢ > t’) from (¥/,¢’) to (r,t), or
(i) the propagation of a hole (¢ < ) from (r,¢) to (¥/,¢'). The connection between the elec-
tron addition and removal spectra and the Green’s function is observed in the frequency space
Green’s function in the Lehmann representation. This is obtained by inserting the closure rela-
tion )}; [N + 1,i) (N % 1, i| of the complete set of the (N + 1)-system and performing the Fourier
transform with respect to time,

Y @), v ) 5 AR ORI ()

, :
Glerse) = nli)n(} = w—erip = w—el iy (2.58)
Here, the Dyson amplitudes sz *1(r) defined as
YN () = (N|§@)|N+1,i) and y) (@) = (N-1,i[j@)|N), (2.59)
and the excitation energies
eN*l = Ej(N + 1) ~Eo(N) and ¢ ' = Eo(N) — E;(N - 1). (2.60)

These energies correspond to the excitation energies of the (N + 1) particle systems. Therefore,
the one-particle Green’s function contains information regarding the direct and inverse photo-
electron spectroscopy.

To simplify the notation, the superscripts (N + 1) will be dropped and the compact notation
of natural numbers to represent space-time coordinates will be adopted, e.g. denoting (1) =

(rl, tl), etc.

2.3.2 Hedin's equations

The aim is to find a closed set of equations with different terms that are either known or can be
reasonably well approximated, similarly to the KS equations. A good starting point is from the
equation of motion of the Green’s function in the Heisenberg picture

i%G(l,Z) =0(1,2) +h(r)G(1,2)—i/ Vee(173)G(1, 3,2,3%), (2.61)
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here 6(1,2) = d(r; — r2)d(t; — t3), the one-particle operator A(r) = —(1/2)V? + Vex(r) and
Vee(1,2) = Vee(r1,12)0(¢1 — t2). A positive infinitesimal time 7 ensures the correct time ordering
with (1%) = (r1, t1+7). This, however, is nota closed equation because itincludes the two-particle
Green’s function, defined by a four field operators as

G(1,2,3,4) = —<N

r|rv@i @it e)||v). (2:62)

The two-particle Green’s function contains the reaction of an electron to the propagation of an-
other electron. The two-particle function can be expressed through the functional derivative ap-
proach with respect to a fictitious local potential U thatis set to zero at the end of the calculations.
The functional derivative of the one-particle Green’s function calculated in the interacting picture
is

aG(l)z) + +
/22 =6(1,2)6(3,3%) - G(1, 3,2,3%). 2.63
e (1,26(,3%) - 6(1,3,2,3") (.63)
Inserting this into the last term of equation 2.61, the equation of motion is then
d
[za——h(r) Vi G(1,2)—/2(1,3)G(3,2)d3:§(1,2). (2.64)
5]

Using the definition of the inverse Green’s function, f G(1,2)G1(2,3)d2 = 4(1,3), the self-
energy has been defined as

0G(1, 4) o 0G1(4,2)
3(1,2) _z// Vee(17,3) —22 00) (4, 2)d3d4_—z//Vee(1 3)G(1,4)———~ 06) d3(;146.5)

The delta function on the right side of equation 2.64 shows that G(1, 2) is indeed a Green’s func-
tion. By definition, all the many body exchange and correlation effects are taken into account in
the self-energy. In a system where the interaction between particles is defined only by the Hartree
potential, i. e., the self-energy is set to zero, the equation of motion is reduced to

o Go(12) = 4(1,2). (2.66)

[ii —h(r)-vu(1)

Using equations 2.64 and 2.66, together with the inverse definition for Gg yield the Dyson equa-
tion

G(1,2) =Go(l,z)+//GO(1,3)2(3,4)G(4,2)d3d4. (2.67)

One can insert the Lehmann representation equation 2.58 into the frequency representation of
equation 2.64 in order to obtain a description of the collective behavior of the group of particles,
the so-called quasiparticle equation

[h(e) + Vir@)] v + / 5,7 e)vie) A = epi(e). (2.68)

It must be understood, although the quasiparticle equation 2.68 resembles the KS equation 2.16,
the functions ¥;(r) and energies ¢;, however, do not represent independent particle quantities
and are defined as properties of the many-body system.

An electron or hole propagating in an interacting system perturbs the particles in its vicinity.
As discussed in sec. 2.1.3 the Coulomb interaction creates a correlation hole around the particle
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Chapter 2. Electronic structure

and moves together with it. This ensemble behaves in many ways as a single-particle and is re-
ferred to as a “quasiparticle”. In a way, the quasiparticle describes the interaction of the particle
with itself via the many-particle system and changes its own energy. Thus, the difference in en-
ergy of the quasiparticle and particle is described by the self-energy 3. The one-particle Green’s
function then describes the propagation of the quasiparticle through the system with wavefunc-
tions ¥;(r) and excitation energies ¢;.

The quasiparticle interacts via a week screened potential W, instead of the strong Coulomb
potential. The screened potential is related to the Coulomb potential through the inverse of the
dielectric function, as follows

w(1,2) = / £71(1,3) Vee (3, 2)d3. (2.69)

The dielectric function is linked to the polarization function P as

5(1,2)=o“(1,2)—/Vee(1,3)P(3,2)d3. (2.70)

Both the dielectric and polarization functions are defined by an effective potential U, created
by the induced charge of the Coulomb potential. The variation of the effective potential and its
relation to the other quantities is

MU = OU(L) + // Vee(1, 3) 7(1, 2) U(2)d2d3 (2.712)
x(1,2) = ::Z((lz)) o (2.71b)

e1(1,2) = agg—fé;) (2.71¢)

P(1,2) = % o (2.71d)

r(1,23) = - % L (2.71¢)

Here, y(1,2) is the reducible polarizability and I'(1, 2; 3) the vertex function. Finally, the full set of
complete integro-differential equations can be derived. The following set of equations together
with the Dyson equation 2.67 are referred to as Hedin’s equations[92]

W(1,2) = Vee(1,2) +//Vee(1,3)P(3, 4)W(4,2)d3d4 (2.72a)
3(1,2) :i/ W(1%,3)G(14)T(4,2;3)d3d4 (2.72b)
T(1,2;3) =0(1,2)0(1,3) - //// ::zg )G(S, 6)T'(6,7;3)G(7, 4)d4d5d6d7 (2.72¢)

P(1,2) :—i// G(1,3)T'(3, 4;2)G(4, 1)d3d4. (2.72d)

22



2.3 GW approximation

Figure 2.1: Schematic representation of the self-consistent cycle of Hedin’s equations following
the arrows around the pentagon. The GoWj approximation follows the black solid arrows. Fi-
nally, the self-consistent GWy cycle follows the black solid and dashed arrows.

Hedin’s equations are exact, and the self-consistent solution would, in principle, solve the many-

body problem exactly. The self-consistent cycle is schematicly shown in Fig. 2.1, following the
arrows around the pentagon. Unfortunately equation 2.72c contains a functional derivative, and
therefore Heidin’s equations cannot be solved self-consistently by computer code but may be iter-
ated analytically to obtain useful approximations. In the most common of these approximations,
the vertex function is assumed to be diagonal and unitary, neglecting the integral in the right-
hand side of equation 2.72c. The vertex function is reduced to the simple form

r(1,2;3) = 4(1,2)(1, 3). (2.73)

With this vertex function approximation, the polarization and self-energy functions form equa-
tions 2.72 are reduced to

P(1,2) = -iG(1,2)G(2, 1), (2.74a)

3(1,2) =iG(1,2)w(1F,2). (2.74b)

This is known as the GW approximation (GWA)[92], where the vertex corrections have been ne-
glected. The key component of the GWA is the screened potential W, which is used to derive the
self-energy in equation 2.74b.

2.3.3 Numerical implementation

The KS wave functions have been shown to match very closely the quasiparticle wavefunctions,
¢§<S & leP, for many materials [93]. Comparing equation 2.16 and 2.68, the quasiparticle en-
ergies can be approximated from first-order perturbation theory with a correction from the self
energy

P KS KS P
61(.2 ~e+ <q01- ‘E (elQ ) — Vxc (1)

gofs> . (2.75)
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The self-energy 3 must be computed self-consistently at energy 61.QP, this is achieved by the first

order Taylor expansion around the KS eigenvalues e?s,
3,1t w
S(r,r/, elQP) ~ 3(r, 1, efs) + (elQP - e?s) 2w, w) , (2.76)
ow wzefs
which leads to the correction to the KS energies as
P KS KS K KS

el.Q e+ 7 <(Pi ’2 (el. S) — Vxe(1)| @; >, (2.77)

with the renormalization factor Z; given by
23,7, 0) -
r,r’,w
Z;=|1- (8| /22~ Ks (2.78)
! w ks| ?

w=E€;
1

The self-consistent GWA is in principle a five-step procedure; a good starting point is the non-
interacting Green’s function Gg. The Green’s function is defined by equation 2.66 is obtained
from equation 2.58 for a KS wavefunctions gofs (r)

KS *KS ../
¢ (@) ()
Go(r,r’,w) = Z W’ (2.79)
1 i

starting with the first approximation, €1(_1P = e?s. The self-consistent cycle continues with the

calculation of the polarization function Pin the independent-particle approximation by inserting
Go in equations 2.74a. Next, the screened Coulomb potential is determined from equations 2.69
and 2.70. Itis followed by the determination of the self-energy from equation 2.74b, again using
Go. Finally, in the last step of the cycle, the quasiparticle energies are obtained from equation 2.77.
Performing only one iteration of the GW approximation self-consistent cycle is enough to correct
the KS energies and obtain satisfactory results. This is referred to as single shot GW or GoWp.
This procedure is shown schematically in Fig. 2.1 following the solid black arrows. A partial self-
consistent approximation is performed by updating the Green’s function quasiparticle energies
without updating the wavefunctions. This is followed by updating the self-energy and leaving
the screened potential in the DFT level. The partial self-consistent GW approximation is referred
to as GWy; it is shown in Fig. 2.1 by following the dashed arrows. The GWy method is more
computationally expensive than the Go Wy but offers improved results with excellent agreement
to experiments [94, 95].

It should be noted that during the GW), although the eigenvalues are updated, the KS orbitals
are not allowed to be updated. Furthermore, the Green’s function used is, strictly speaking, only
a solution to the Dyson equation for the single-shot approach. There are other implementations
of the GW approximation, including a full self-consistent, one where the screened Coulomb po-
tential W is also updated. However, this approximation shows the consequences of neglecting
the vertex function corrections and giving unsatisfactory results: In particular, there is an over-
estimation of the band gap compared to experiment [96]. Because of fortuitous error canceling,
the GW approach reproduces best the experimental band gaps rather than a full self-consistent
method.
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Chapter 3

First-principles
atomistic
thermodynamics

The effects from temperature and pressure are not included in the electronic structure calcula-
tions: strictly speaking, the results from DFT calculations are only valid for T = OKandp = 0
atm. However, the results from DFT can be used as inputs for thermodynamic considerations for
a system at finite temperature and pressure. The pressure and temperature are included in the
Helmholtz free energy

F=U-TS, (3.1)

and the Gibbs free energy, which expresses the thermodynamic potential for a system in constant
pressure and temperature
G(p,T) =F+pV =U—TS+pV. (3.2)

Here V is the volume of the system and U is the internal energy and S the entropy.

Thermodynamic considerations allow a direct link between DFT results and experimental
findings, from the thermodynamically stable geometries of surfaces, the stability of defects and
their concentrations, to the phase transitions of chemical reactions on the surfaces. In this chap-
ter, different methods are presented that combine DFT results with thermodynamic properties of
solids.

3.1 Surface formation energy

The composition and geometries of solid surfaces are studied from a thermodynamic point of
view by considering a system in the grand canonical ensemble. In this ensemble, the surface is
considered to be in thermal equilibrium with a reservoir and can freely exchange particles and
energy. Considering a reservoir large enough to set the chemical potential for the system, the
minimum Helmholtz free energy is given by the grand potential

Q=U-TS- ) Napua(T,p), (3.3)
i
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Chapter 3. First-principles atomistic thermodynamics

where the Helmholtz free energy, the internal energy and entropy, are defined for the surface, N4,
is the number of particles of type A; in the surface and 4, their chemical potential. The range of
the chemical potential is restricted by their bulk values

Ha; < Ua;bulks (3.4)

otherwise, the individual bulk materials would form instead of the surface. It is often more con-
venient to work with differences in the chemical potential defined as follows

Aua; = Ua; — Ha; bulk- (3.5)

In this case, the chemical potential Auy; is constrained to be less or equal to zero.

3.1.1 Chemical potential for molecules

The chemical potential for molecules can be calculated as a function of pressure p and temper-
ature T using a polyatomic ideal-gas model. The partition function of an ideal gas can be ap-
proximated by subdividing the contributions from the molecule’s degree of freedom: the transla-
tional, electronic, rotational, vibrational and nuclear partition functions. The nuclear contribu-
tion can be omitted since it is rarely altered by chemical processes. The chemical potential Aux
for a molecule X is approximated as

3
A#Ai (p, T) =kgT lln (Z—T) —In (Zrot) —In (Zvib)] s (3.6)

where the first, second and third terms are given by the transnational, rotational and vibrational
contributions to the free energy, respectively. Here, kp is the Boltzmann constant, A the de Broglie

/ 27h?

A= , 3.7
mxkgT ( )
where my is the mass of the molecule.

The rotational and vibrational partition functions for polyatomic gas are given by [97]

thermal wavelength

(2kpT)3/?(n11 Iy13) /2
osymp3

1
Zeio = | | [1 —exp (—;k;—;)] , (3.8b)

a

(3.82)

rot =

where I; is the moment of inertia, w, the vibrational frequency, and ¢*¥™ accounts for the sym-
metry of the molecule. On the other hand, for diatomic molecules, like H, or O,, the partition
functions can be described as[97]

2kpTI
Zrot = Ssymi2 (3.92)
hw \ |7
Zyib = [1 — exp (_kB_T) , (3.9b)

It should be noted that the zero-point energy (ZPE) is not included in equations 3.8b and 3.9b,
as such itis also absent from the right side of equation 3.6. The ZPE is the lowest possible energy
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3.1 Surface formation energy

a quantum-mechanical system can have. At absolute zero temperature, the systems retain some
vibrational motion, the so-called zero-point vibrations. The ZPE energy is given by the expression

hw
EZE=) T”‘ (3.10)
o

and is included in the calculation of ux. The chemical potential in equation 3.5 is approximated
as

ux(T,p) = EZPE + B + Aux(T, p), (3.11)

where the contribution from the electronic partition function is the ground-state energy E%t,
which is approximated from zero temperature DFT calculations.

3.1.2 Surface-free energy

The surface-free energy can be broken into its electronic, vibrational and configurational free en-
ergy contributions. The dominant term in free energy is the total energy included in the electronic
free energy. Itis crucial to point out that the quantities of interest only compare differences in the
Helmholtz free energy or in the Gibbs free energy; as such, most of the contributions, aside from
the dominant term, can be omitted due to error canceling. Nevertheless, taking into account the
additional entropic terms can elucidate subtle effects not possible with only DFT calculations.
Such is the case when exploring phase transitions of Si(111)-In nanowires [98] or calculating ac-
curate transitions in metals at high temperatures [99], to name a few. The configurational entropy
is explored further on in section 3.3. The electronic free energy is

Fg] = Etot — TSey, (3.12)

where the total energy can be approximated to the zero-temperature ground-state energy from
DFT calculations. The electronic entropy S is calculated from

Se1=kB/dEﬁ(E)[flnf+(1—f)1n(1—f)], (3.13)

here 7 is the electronic density of states and f is the Fermi distribution. The density of states is
approximated to the density of states at zero temperature obtained from DFT calculations. The
electronic entropy is most important in materials with no band gap, i. e., metals. For solids with
mid-gap states, the contribution also becomes relevant.

The surface vibrational entropy can be calculated with relatively little effort by use of the sim-
ple harmonic approximation. The approximation for the vibrational free energy[100] takes the

1—exp (_hwy(k) )

form of

kgT

Q 1
FVib = g / d?’kzl/: (Ehwy(k) + kBTln ), (3]_4)

where w, (k) are the wave-vector dependent phonon frequencies. Similar to the electronic free
energy, the phonon frequencies are approximated by neglecting thermal effects in their calcula-
tions, i. e., taking the phonon frequencies from standard DFT calculations.
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3.2 Lattice vibrations

A phonon is a quasi-particle that represents the collection of lattice excitations. In the Oppen-
heimer approximation[51], the nuclei velocities are considered independent of the electronic en-
ergies. If the nuclei are treated classically, the equation of motion for a nucleus I in position Ry
and mass M is described by

M—- = Fi(R) = ————, (3.15)

where R = {Ry} is the set of all nuclear coordinates. The total energy is expanded in Taylor series
around the set of equilibrium positions of the nuclei R® = {R?}

ER) = ER®) + > ~Fig®)urg + ) Oryyp RO urztzg + OR?), (3.16)
Ia IaJp

the indices a and f8 are used for the Cartesian components. Here, u;, = Rpy — R?a is the dis-
placement of the atoms with respect to the equilibrium position and the second derivative of the
energy, the second-order force-constant is

02E(R dF7, (R
1,75 (RO) = RIR.. ;R) =- —alli( ) : (3.17)
Lo ]ﬁ R=RO Jﬂ R=RO

In the equilibrium conditions, the force acting on atom I is zero, Fy, (R®) = 0[100]; this is called
the zero-force condition[54]. Inserting equation 3.16 in equation 3.15 and omitting higher-order
contributions, the equation of motion becomes

Jb

The solutions to the coupled system of equations take the form of plane waves traveling parallel
toq

1 o
uta,y (6, Q) = WAV(q)em,y (q)e' ARt (3.19)
I

\/_

with amplitudes A” (q) and the phonon mode eigenvectors ej, ,(q). Replacing in equation 3.18,
itis rewritten as

wyern,y(q) = Z Dyypp(@erg,y (@), (3.20)
JB
where 1
Dryy(q) = Wq)lajﬂ (RO)e (RIR1), (3.21)

is the dynamical matrix[100] for a given wave vector q. By solving the eigenvalue problem, equa-
tion 3.20, the phonon frequencies wy, (q) and eigenvectors ey, ,(q) at any arbitrary point q can be
obtained. The second-order force constants ®;,;4 can be computed using different methods; the
most direct approach is to express the total energies, or the forces, as a function of the position
of the nuclei. This approach is referred to as “frozen phonons”[54] and the partial derivatives
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3.3 Defects in crystals

are solved numerically using the finite difference method. The second-order force constants are
computed from finite differences as

[F(RO + ARyg) — F(R® — ARyp) )

, (3.22)

1

for small displacements ARjg.

3.3 Defects in crystals

The first law of thermodynamics indicates that when defects are introduced to a system, there
will be an energy difference. In order to estimate the concentration of defects presentin a crystal,
first it is necessary to determine the energy needed to form the defects in a perfect system. The
change in Gibbs free energy AG upon the introduction of N defects distributed over M possible
sites is given by:

AG = G — Gperf = NAGE — TASgopf, (3.23)

where Gyt is the Gibbs free energy of the system without defects, AS ¢ the configuration en-
tropy change, and AGs the Gibbs free energy change due to the defect formation, described as:

AGt = Ggef — Gperf — Z Anip;. (3.24)
i

Here, G4f is the Gibbs free energy of the system with one defect, y; the chemical potential of atoms
type i, and An; the difference in the number of atoms between the system with and without de-
fects. For An; > 0 corresponds to the addition of atoms, i. e., interstitial and substituional defects;
and An; < O corresponds to a reduction number of atoms, i. e., vacancy defects. All other entropic
contributions, except the configuration entropy, are included in the AG; term. The configuration
entropy can be determined with the Boltzmann equation of entropy for a disordered system

S=kglnw, (3.25)

where S is the entropy of a system, for which W is the number of all possible configurations. The
distribution of N defects in M possible sites is given by the binomial coefficient. The configuration
entropy is then

M!
There will always be a number of defects at temperatures above 0 K, that cannot be removed by

thermal treatment. Such type of defects are intrinsic defects. At thermal equilibrium the mini-

mum in the free energy change, AG, for a certain number of defects is found when (‘M—G) =0
T

ON
[101], thatis:

ASconf = kg In (3.26)

0AG 0 M!
—| =AG-kpgT—In————=0
N | ON  N!(M-N)!
For numerous defects and defect sites, Stirling’s approximation (i. e., In x! & xInx—x) can be used
to eliminate the factorials and reduce the last term to

0AG M-N
(—) ~ AGs —kgTlIn = 0. (3.28)
r N

(3.27)

ON
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The number or concentration of defects in thermal equilibrium is then

N=—M1 (3.29)
a 1+ eAGf/kBT ’
For a small concentration of defects N << M, equation 3.29 can be approximated to:
N ~ Me 26t/ksT (3.30)

The application of the above equation to determine the concentration of each defect type individ-
ually will give a non-physical result. This is because it fails to take into account the fact that the
number of possible sites is reduced by all other defect types. To address this issue, the following
coupled system of equations[102], for the number of defects type k, is introduced as

®
Ni = (M—ZNZ) (1 + 2 /kBT) . (3.31)

I#k

It can be shown that
eAGf(k) ks T
Ny=M T (3.32)
143 ACy kT

With equation 3.33 }}; Ny < M will always be fulfilled, thus avoiding the problems of overcount-
ing present in equations 3.29 and 3.30.

3.4 Nudged elastic band method

The rate constants for chemical reactions and phase transitions are described within the transi-
tion state theory (TST) [103—105]. The TST method relies on two central assumptions: (a) The
transition reaction is slow enough that a Boltzmann distribution is established and maintained
for the reactants in every degree of freedom. (b) There is a dividing surface that a reaction tra-
jectory between initial and final states crosses only once. This dividing surface is referred to as
the transition state. The task is now finding the minimal energy reaction path. The maxima of
such a path correspond to saddle points in the potential energy surface. Although originally the
TST method was employed for finding transition rates, the minimum energy path and the saddle
points are of great interest since they describe the reaction itself.

Several techniques exist for finding the minimum reaction energy path and the saddle points;
a particular efficient method is the nudged elastic band (NEB) method[106, 107]. The method
can be combined with electronic structure calculation, such as DFT. The path consists of the ini-
tial and final states of the system and is connected through a series of "images" that represent the
intermediate configurations. A spring interaction links adjacent images in order to ensure conti-
nuity of the path, mimicking an elastic band. The method then iteratively optimizes the path by
adjusting the position of each image along the band, minimizing the forces until the minimum
energy path is achieved. This path is known as the “nudged” path.

An elastic band composed of 7 + 1 images can be defined by [Rg, Ry, ..., Ry], where R; are the
set of Cartesian positions of the atoms of image i. Rp and Ry correspond to the starting and final
states and are left fixed throughout the calculation. The NEB method distinguishes itself from
other methods by defining the force acting on each image as the sum of the spring force parallel

30



3.4 Nudged elastic band method

to the path and the true force perpendicular to the path. The NEB force for image i is then defined
as
FNEB _ gl _pVL (3.33)

1 i r
where the true force Fl.VL is the force due to the gradient of the potential (equation 2.42) perpen-

dicular to the path
FYt = VER;) - (VE(R;) - ) %, (3.34)

here 7; is the normalized local tangent of image i. The local tangent is determined according to
Ref. [108]. The parallel spring force is

Bl = k(Riy ~Ri - IR =Ry ]) - 5, (3.35)

where k is the spring constant. The unique construction of equation 3.33 allows the spacing of
each image along the band to be controlled only by the spring force; this force is referred to as
“nudging”. Equivalently, only the true force contributes to the path convergence.

3.4.1 Climbing image NEB

Since the spring constant is the same for all images, the images will be distributed equidistantly
along the path. However, this means that an image at the saddle point is not guaranteed. The
saddle points along the path are obtained with the climbing image NEB (CI-NEB) method[109].
In the CI-NEB method, the image with the highest energy is driven up to the saddle point. This
is accomplished by not including the spring force and inverting the true force. First, regular NEB
calculations are performed; after a couple iterations, the image iy ax With the highest energy is
determined, and the NEB force is given by

F, =-VER; )+2(VE®R; )-% )& . (3.36)

max Tmax

Convergence will then maximize this image along the band and minimize along all other direc-
tions. After convergence, the image will be located exactly at the saddle point.
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Chapter ll-

Optical
spectroscopy

Among the plethora of measurement techniques that exist in the modern day, spectroscopy ones
stand out among them as a number of non-invasive techniques capable of determining electronic
and structural properties of materials. Spectroscopy relies on the interpretation of the interaction
of electromagnetic waves and matter as a function of the frequency or wavelength of the light.
As light interacts with the electronic structure of the material, part of the light is reflected while
the rest is transmitted or absorbed. From the different types of light-matter interactions, light
reflection is of particular interest here.

Reflection, among other types of light-matter interaction, is governed primarily by a funda-
mental response function, the so-called dielectric function. This chapter will focus on the deriva-
tion of the dielectric function for optical spectroscopy using different levels of theory. The first
sections will be focused on deriving the dielectric function starting in the independent particle
approximation (IPA) up to including local field and excitonic effects; further reading resources
can be found in references [54, 90, 110]. The last section will be dedicated to showing the rela-
tion between the dielectric function and reflectivity, and how to derive meaningful results that
can be compared directly to experimental reflectance anisotropy spectroscopy (RAS) results.

4.1 Dielectric response function

A response function describes the response of a system to an external perturbation. The change
to the total potential induced by a variation of the external potential is given by

0Viot(r) = 0 Vex(r) + 0Vipq (r), (4.1)

where the 0Vj,q is the induced potential due to the change in the charge density. The response
function that couples the change to the total density by the perturbation to the external potential
is given by

on(1) = / d2(1,2)Verr (2), (4.2)
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where the response function y(1, 2) is the reducible polarizability introduced in equation 2.7 1b,

defined as
on(1)

2(1,2) = ————.
aVext (2)
The same notation of natural numbers to describe position and spaceisused in section 2.3, 1. e., (r1,t) =

(1). From first-order perturbation theory, the Kubo formula[111, 112] relates the change of the
density to the density correlation function in

2(1,2) = =i0(t1 - 12) ([n()n(2)1_) , (4.4)

where O(t; — t3) is a step function, that ensures causality. y is non-vanishing at time ¢; after
a perturbation at time ¢,. The change in the total potential due to the variation of the external
potential is defined from Maxwell’s equations by the inverse dielectric function.

_ 0Vior (1)
OVext (2)

(4.3)

e1(1,2) (4.5)
If the change to the external potential is caused by a test potential, similar to Green’s function
approach, then the induced potential is just the change in the Hartree potential 0 V;,q = 0 Vi and
the inverse dielectric function is given by

5_1(1,2):5(1,2)+/d3Vee(1,3);((3,2). (4.6)

Itis important to point out, although equation 4.6 and equation 2.70 are similar in construction;

they are essentially different quantities. Eq. 2.70 is the dielectric function calculated from the
on(1)

OVeot (2)°

the total field, while the inverse dielectric function is the response to the external field. Both the

reducible and irreducible polarizability are related through the Dyson equation

irreducible polarizability P(1,2) = Note that the dielectric function is the response to

y(1,2) = P(1,2) + //d3d4p(1,3)vee(2, 4)y(4,2), (4.7)

andin general P(1,2) # y(1,2). Unfortunately both the reducible and irreducible polarizabilities
are unknown, the quantity thatis easily accessible from DFT is the irreducible polarizability in the
independent particle picture y°(1, 2), defined as the change in the density induced by the change
in the effective potential (equation 2.17), as

20(1,2) = In(1)

- m. (4.8)

The relationship between all three polarizabilities can be shown to be

2(1,2) =z°(1,2)+//d3d4x°(1,3) (Vee (3, 4) + Kxc(3,4)) 2(4,2), (4.93)

P(1,2) = 2°(1,2) + // d4d3°(1, 3)Kxc (3, 4)P(4, 2), (4.9b)
with the exchange-correlation kernel defined as

OVxc(r) 02Eyc[n]

Ke(r, 1) = on(r)  In(r)on(r)’

(4.10)
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The most common approximation is to neglect the exchange-correlation contributions to the
y and P by setting the kernel Kxc to zero. This is the so-called random phase approximation (RPA)
first introduced for the HEG by Pines and Bohm [113-115]. The RPA is in the same level of ap-
proximation as the GW approximation[116] where the vertex function is neglected from the cal-
culation of P. The RPA often refers to whenever equation 2.74a is evaluated in the independent
particle picture. Thus, in the RPA equations 4.6 and 2.70 are reduced to

e1(1,2) = 0(1,2) + //d3d4vee(1, 3)°(1,4) [1 —;(Ovee]_l (4,3) (4.11a)

£(1,2) =5(1,2)—//d3d4Vee(1,3))(0(3,2). (4.11b)

In practice, the dielectric function is calculated in the frequency and momentum space, which is
related to the real space via a Fourier transform. Taking advantage of the periodicity of crystals,
the Fourier transforms are performed using Bloch functions. The wave functions are replaced by
the Bloch functions ¢;(r) — ¢,k (r) = e'k'run,k (r), where u, i (r) is a periodic function. A wave
vector in the reciprocal space can be written as q + G, where the plane wave vector q is restricted to
the first Brillouin zone and G is a reciprocal lattice vector. The dielectric function in the reciprocal
space £(q + G,q + G’,w) can be written in matrix form ¢g g’ (q, w) and similarly for the inverse
dielectric function gé(;’ (9, w). The Coulomb potential in the periodic reciprocal space is given by

4r

R 4.12
Q|q+G|2 ( )

Vee (q + G) =

where Q) is the volume of the primitive cell.

So far, only the microscopic dielectric function has been described, but optical phenomena
involve long wavelengths (G, G’ = 0) on a much larger scale than that of atomic distances and
are described by the macroscopic dielectric function ¢y (w). The macroscopic dielectric function
is defined as the ratio between internal and external fields. The macroscopic dielectric function
is related to the inverse dielectric function matrix, derived by Adler[117] and Wiser[118], in the
long wavelength limit (@ — 0)

em(w) = lim (4.13)

4—0 5L (q,w)

If the local-field effects (off-diagonal elements) are neglected, the macroscopic dielectric function
is described by the dielectric function matrix element

em(w) ~ c}iglo £00(q, w)- (4.14)

The correlation function equation 4.4 in the independent particle picture and in frequency
space s
¢; ©ei@e; ()gj)

w—(e;—€j) +in

(4.15)

Ler,w) =2 (5-f)
ij

where 7is an infinitesimal number and the factor 2 in front of the sum accounts for spin degener-
acy. The Fermi weights f equal to 1 for occupied states and O for unoccupied. Using the dielectric

35



Chapter 4. Optical spectroscopy

function in the RPA equation 4.14 and equation 4.15 in the frequency and momentum space, an
expression for the macroscopic dielectric function is finally obtained

fn’,k+q _fn,k RET

kW kiq T Enk — @~ i

)

2
@n,k>’ ’ (4-16)

em(w) = 1-2 lim Vee(q) <(Pn’,k+q
q—0

here Bloch wavefunctions have been used. When considering semiconductors and insulators
(i.e.,if both n,k and n’, k + q are occupied or unoccupied), the sum equals to zero; thus, the sum is
reduced to include only the valence v and conduction c states. Normally only the imaginary part

. 1. . . 2 .
of the macroscopic dielectric function 51(\/1) (9, w) is calculated, as

2 . 2
51(\/[) () =2 (}1_1')1'10 Vee(q) Z 5(€c,k+q i w) |<uc,k+q|”v,k>| . (4.17)

v,c,k

The real partis then obtained from the Kramers-Kronig transformation. The difficulty lies in cal-
culating the |uc,k+q> state. In the projected-augmented waves method[119], this problem is tack-
led by expanding in Taylor series and treating the derivative with respect to k in perturbation
theory. The full discussion by Gajdos et al. can be found in Ref. [120].

4.2 Local-field effects

In the previous section, the macroscopic dielectric function was approximated by neglecting the
local-field effects with equation 4.14. An alternate formulation of the macroscopic dielectric func-
tion allows the inclusion of said local-field effects. In the next section, excitonic effects will also
be implemented in the macroscopic dielectric function. To start, it is convenient to write the di-
electric function ¢(q + (G), q + (G'), ) in the following matrix form

_[eoo(@,w)  ¢oc’(q,®) .
“(a0) = (Eco(q, w)  éce (g w))’ (4.182)

and

g o) = t0(@®) £ (q,w))
(q, )—(gé’f;(q,w) Eg}‘;(q)w) : (4.18b)

Matrix inversion gives the following relation

£50(a,») = {200(q, ) — f0e (9, ) [cae (@, )] " eco(q, @)} - (4.19)

Considering only the first term in equation 4.19 would then give the approximation of equation
4.14. Inserting the above equation in 4.13 together with equation 2.70 in frequency and recipro-
cal space, the macroscopic dielectric function is obtained as

em(w) = 1- c}iino Vee(@)Poo(q, ») — Z Vee(@)Poc’ (9, ») [ece (9, @)] ™! Vee(q + G)Pgo(q, w)-
G,G'#0
(4.20)

The sum term is the local-field effects previously neglected in equation 4.14. In order to simplify
the above equation further, a matrix form that includes all G and G’ and not only G,G’ # 0 is
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4.3 Bethe-Salpeter equation

necessary. For this, it is useful to define a bare Coulomb interaction without its long-wavelength
component Vee(q)

o, ifG=0

Vee(q + G) = { , (4.21)

Vee(q+G), ifG#0

such that the ¢)s(w), equation 4.20, is reduced to [121]
ep(w) = 1 — lim Vee(q) Yo0(q, @), (4.22)
q—0

where the relation to equation 4.20 is given by polarizabillity ygg’ through its Dyson equation,
here presented in real space

7(1,2) = P(1,2) +//d3d4 P(1,3)Vee (3, 4) 7(4, 2). (4.23)

An alternate Dyson equation can be obtained by considering the potential Ve = Vee + Vee, where
the V2, is the long wavelength component and from equation 4.7

7(1,2) = 7(1,2) +//d3d4 7(1,3)Ve,(3,4) (4, 2). (4.24)

Only the short-range components Ve have to be explicitly considered in equation 4.23. The local-
field effects are now included through 7 in equation 4.22; as such, Vee plays the role of a correction
term. This can be seen from equation 4.23, if Ve is set to zero, equation 4.14 is retrieved where
local-field effects have been neglected. The Dyson equation 4.7 is similar to equation 4.23, but
are fundamentally different, and it has entirely to do with the small differences between Ve and
Vee[121].

4.3 Bethe-Salpeter equation

Beyond local-field effects, the electron-hole interactions are necessary for the correct description
of optical spectra. These interactions are mathematically described by a two particle propagator.
The propagation of two particles is contained within the kernel of a Dyson-like equation, the so-
called Bethe-Salpeter equation (BSE). Looking back to the two-particle Green’s function equa-
tion 2.63, a more general formulation with respect to the variation of a non-local perturbation
F(2/,2),1s given by

96(1, 1)

1,2,1",2
L1,2,1,2) = 55(2’,2)

=G(1,1)6(2,2) - G(1,2,1,2)), (4.25)
here L(1,2,17,2’) is the two-particle correlation function. For alocal potential, ¥ (2¥, 2) equation

2.63 is retrieved. By using the definition of the inverse Green’s function, the above equation is
expressed as

L(,2,1 z)—//d3 ds‘;;(f, 12')) 61(3,3)G(1,3) = //d3 d36(3, 1 )if;l(s 23)/)6(1 3).



Chapter 4. Optical spectroscopy

Using equations 2.66 and 2.67 the Dyson equation for the two-particle propagator, the Bethe-
Salpeter equation, is obtained

L(1,2,1",2") = Lp(1,2,1",2)) +////d3d3’d4d4’Lo(1,3’, 1',3)2(3,4,3’,4")L(4,2,4,2),

4.27
where the product of the one-particle Green’s functions is defined as ( )
Lo(1,2,1",2") = G(1,2)G(2, 1), (4.28)
and all the two-particle interactions are contained in the interaction kernel =
’
2(1,2,1,2) =-id(1,1)0(2"", 2) Ve (1%, 2) + % (4.29)
The relationship between the reducible polarizability and the two-particle propagator is given by
x(1,2) = —iL(1,2,17,2%). (4.30)

A similar expression exists for the polarizability for independent particles y° = —iL°. The interac-
tion kernel can be separated as a sum of two terms, one containing the short wavelength potential
Vee and the other the long wavelength potential V2,. Thus, the Dyson equation can then be bro-
ken up into contribution L with the coupled Dyson equations

L(1,2,1,2") = Lp(1,2,17,2') + ////dsds’d4d4’Lo(1,3’, 1/,3)2(3,4,3’,4")L(4/,2,4,2)
(4.31a)
L(1,2,1,2) = L(1,2,1, 2’)—i//d3d4i(1,3, 17,3)v2.(3%,4)L(4,2,4%,2)), (4.31Db)

where the potential Ve is replaced for the short-range potential Ve in the interaction kernel Z.
Equation 4.31b is equivalent to equation 4.24. Moreover, it can be shown that

7(1,2) = —iL(1,2,17,27). (4.32)

The two-particle correlation function L gives direct access to the optical spectra. For this reason,
L is frequently used in the context of BSE calculations of the optical spectra and will be followed
in this work.

The BSE in the GW approximation

The exchange-correlation term in the interaction kernel = can be approximated using the GWA
approach. The self-energy in the GWA is given by equation 2.74b, the exchange energy is thus
approximated as

03(1,1%) , ow(t, 1)

— ~ =i0(1,2)e(1’,2)w(*, 1) +6(1,1) ——=.

G2 2) (1,279(1%,2)w(17,1) + G(1,1') 5G@.2)
The contribution of the second term to the above equation is much smaller than the screened
Coulomb potential. As such, the variation of the screened Coulomb potential can be omitted; the

interaction kernel is then approximated by

2(1,2,1,2) = =id(1,1))0 (2", 2) Vee (1%,2) +i0(1,2")0 (1", 2) W(2*, 2)) (4.34)

(4.33)

Similar to the Coulomb interaction, the screened potential W is assumed static,
W(1,2) = W(l'l,l'2)§(tl _tZ); (435)

this results in a simplification of the BSE in frequency space.
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4.3 Bethe-Salpeter equation

Spin structure of the interaction kernel

Throughout this work, spin-independent systems have been considered, and spin degeneracy has
often been included by a factor of 2 on the different equations. However, special considerations
have to be taken into account for the BSE. The interaction kernel, equation 4.34 can be separated
in the two contributions[122], based on the spin number £, as

- - ~b
Erita83Es = 0518508,6,5" + 0r 2,081, 2, (4.36)

where 2% and 2 are the unscreened and screened potential parts of the interaction kernel, re-
spectively. Alternatively, the interaction kernel can also be written as the singlet Z° and triplet =*
contributions[122] as follows

- 1 1 -
SE162838, T 55515355254‘:$ + 50515375224:):: (4.37)

where ¢ are the Pauli matrices, and the singlet and triplet are defined as

of = gaf 4 zb

(4.38a)

t

€9)
I

(1)

b, (4.38b)

Only the singlet is optically allowed, thus moving forward only this contribution to the inter-
action kernel will be taken into account for the polarizability. The interpretation of the singlet,
equation 4.38a, stems from the fact, on the one hand, that the screened potential W does not in-
clude spin and the way the J function connects the indices W is diagonal in the spin. On the other
hand, the Coulomb potential is spin-independent, thus the spin is implicitly included by a factor
of 2 [121].

4.3.1 The electron-hole interaction

The interaction of the electron-hole pairs can be studied on the basis of independent particles. It
is more convenient to approach the problem by solving matrix equations in the complete set of
the orthonormal independent-particle orbitals. A matrix element for a four-point function in this
basis is given by the integral

Fnyinynsng = Fuing = ////drldrzdfsdfwzl(1‘1)40:22(r2)F(r1,rz,rs,r4)¢n3(r3)¢n4(f4)- (4.39)

The frequency Fourier transform of equation 4.28 can be written for the Green’s function in the
independent particle picture as follows

Omy (€1) @y (02) oy (€7 P, (15)

W= (Emy — Emy) + 17

Lo(y, 12,1y, 1h50) =20 > (fmy —fms)

mi---My

§m1m45m2m3. (4.40)

Here, the factor 2 denotes the spin. Note that the expression for the polarizability, equation 4.15,
can be obtained from the above equation. The matrix form of Ly is then

(fnl _fn2)§n1n4 ‘5712"3

w—(en, —€ny) + 1 '

n4ny

L0n1n3(w) =21

(4.41)

39



Chapter 4. Optical spectroscopy

The BSE equation 4.31a becomes

171412

1@ - 5% ] =2u[BP 167 =), (442)

ninsg

Lutn; (@) =

where 1 = 0, m,Om,m, is the identity operator and H 2P is the two-particle Hamiltonian

rr2p an2 . asngn
H pn1n3 = (61’12 - 6”1) - l(fn3 _fn1 :‘Sn;}ng' (4-43)
The matrix element of the screened interaction 0(1,2")d (17, 2) W(2*, 2’) in the kernel Z is de-
fined from equation 4.39

Wyin2 = //d371d372<0n1(1‘1)<0n2(1‘2)W(1‘1,1’2)€0n3(1'2)%4(1'1) (4.44)

and consistently, the Coulomb matrix element is VeeZiZi- Only direct transitions for pairs of oc-
cupied and unoccupied states contribute to the optical spectra, neglecting phonons. This is guar-
anteed by the occupation number factors (f,, — fu,) and (fu; — fs,) in equations 4.42 and 4.43,
respectively. The terms that contribute are thus of the form

zs Ve
= Ve

- / ’ 7
= 2Veey, + Wy, “ . (4.45)

The first term that contributes to the interaction, the bare Coulomb potential, couples dipoles and
is often called the electron-hole exchange. The second term is the screened potential and is closer
to the interaction between densities, referred to as the direct electron-hole interaction [90].

The two-particle Hamiltonian

Equation 4.42 can be solved by matrix inversion; however, this is computationally demanding.
Alternatively, the two-particle Hamiltonian spectral representation can be used. The two particle
Schrodinger equation for the excitonic system is defined

2 714712 nan nin
D EPP AR = AT, (4.46)

n3ng
The matrix inversion of the two particle Hamiltonian is given by the relation

nin *Nn3n
AIZN—lA 374

2 —1nan 2 Nty
(AP -10] = D : (4.47)
N AW
where the overlap matrix for the eigenstates Azlnz is
Ny = Z A*nlnzAnlnz, (4.48)

ninz

which is needed for a general non-hermitian matrix.

For semiconductors and insulators, only pairs of occupied states v and empty states ¢ con-
tributes to the optical spectra, through the two-particle Hamiltonian, also referred to as the exci-
tonic Hamiltonian. Then the H2P consists of 4 matrix blocks

B Frres fcoupl
ot

_Hcoupl] * [-ETes]* (4.49)
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4.3 Bethe-Salpeter equation

where the resonant part is defined as

_ 7/ _ 7/
H®® = HZPZCC = (c =€) Oy Ocr + 1250, (4.50)

which corresponds to transitions at positive frequency, w, and is hermitian. The coupling part

~coupl _ 72pC€V _ .ascV ascv |*
WP = g°P 0 =S =1iZ%. | , (4.51)

=~ vc
is symmetric. The lower right part of equation 4.49 is the anti-resonant part

/
asc’v _

’
HYS = H?P 7 = (e — ()0 O — 1555, [A7S]*, (4.52)

which is linked to the resonant part because of the symmetry of the interaction kernel =.

4.3.2 Absorption Spectrum

The coupling part of equation 4.49 mixes transitions of negative and positive energy. In principle,
allingredients are present to solve the BSE; however, another approximation will be implemented
by setting the coupling term to zero. Neglecting the coupling terms is called the Tamm-Dancoff
approximation [123, 124]. This approximation is justified when the coupling terms are much
smaller than the resonant ones, and it has been successfully implemented for bulk semiconduc-
tors [125]. Both the resonant and anti-resonant parts are hermitian, meaning taht the coupling
term in equation 4.47, NEI,, is simply J, ;. Thus, equation 4.46 can be diagonalized with lower
effort, and the calculation of the macroscopic dielectric functionsis restricted to only the resonant
and anti-resonant parts of the spectrum.

Macroscopic Dielectric function

The polarizability } is obtained from the matrix L from the relation

Fh4ny

7(r1,12;0) = —iL(ry, 12,11, 12;0) = —i Z Oy (1) Py (02) Lyt 2 (@) @y, (£1) 0y, (r2).  (4.53)

Nny--Ng

Finally, the macroscopic dielectric function is given by performing the Fourier transform for the
reciprocal space and inserting into equation 4.2.2

em(w) = 1- lim0 {Vee(q) // d3rd3y e 1aE1) [—ii(r, r,r, r';w)]} , (4.54)
q—)

putting everything together, the final expression for the macroscopic dielectric function given in
Bloch space is

2

1 1
AV +
¢C’k> A (E,l—w—ir] E,1+w+i77)

T

e(w)=1+ Zéi_r)no Vee(q) Z Z <§0v,k

A ek

(4.55)

where the last two terms in the parenthesis are given by the resonant and anti-resonant terms,
respectively.
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4.3.3 Model-BSE

In order to obtain the optical spectra from the BSE method, the screened potential W is needed
for the two-particle Hamiltonian through the interaction kernel. To this end, BSE calculations
can be started using the screened potential from previous calculations preformed with the GWA
method. Performing GW calculations can be avoided by using a model dielectric function[126,
127], this is done mostly to avoid the computational effort associated with GWA. The inverse
dielectric function in equation 2.69 is fitted to an analytical local model [ 128]. In reciprocal space,
the static model reads

L Gl2
tac(@ = foo + (1-£0) [1 —€xp (—%)] ’ (4.56)

where ¢ is the static ion-clamped dielectric function in the long-wave length limit and y is the
screening length parameter. This approach is commonly referred to as model-BSE (mBSE). The
parameter 4 is obtained by fitting to the dielectric function calculated from partial self-consistent
GW (GWy). The mBSE method has been successfully used in the past to accurately describe the
optical spectra of Ruddlesden-Popper iridates [128] and for bulk silicon [129].

In addition to the screened Coulomb potential, BSE calculations need accurate band gaps in
order to properly describe the optical spectra. To this end, quasiparticle wave functions and en-
ergies are also used as a starting point. In order to avoid performing initial GW calculations all
together, quasi-particle energy shifts are included with a scissors operator. To correct the KS band
gap, a constant A can be added corresponding to the difference between the band gap calculated
from GWy and KS-DFT. This simple operation is referred to as a scissors operator, as it can be
thought of as cutting the band structure along the band gap and rigidly shifting the conduction
bands by a constant amount. The implementation of the scissors operator has been validated for
a number of semiconductors[130, 131]. The success of the method is owed to the fact that KS
orbitals describe the band structure qualitatively exceptionally well and the near-perfect overlap
between KS and quasi-particle wave functions[132]. The scissors operator is also successfully
used to correct for the quasi-particle shift for optical properties [133].

4.4 Reflectance anisotropy spectroscopy

The reflectance anisotropy spectroscopy (RAS) also referred to as reflectance difference spectroscopy
is a highly surface-sensitive optical tool used for characterizing materials. As the name suggests,
the technique involves measuring the reflected light of a surface sample. The optical anisotropy,
resulting from the surface’s reduced symmetry, is measured from the difference of the reflected
light between its two perpendicular light polarizations. While the technique is able to probe sam-
ples at an atomic level, it is also non-destructive, which makes it an attractive option for charac-
terizing samples. RAS also works in a variety of environments, making it possible to use during
growth processes, allowing in situ characterization of materials, and enabling control over the
process.

Experimentally, the measured quantity is often the real part of the reflection amplitude r re-
lated to the reflectivity R, in the relation for RAS

Ar Tx —7 Ry —R 1 AR
R{ZH=2R{— 2Ll X -2 (4.57)
r Tx + 1y Ry+Ry 2R
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4.4 Reflectance anisotropy spectroscopy

the indices x and y denote the polarization Cartesian direction. The reflective coefficient is given
as the solution to Maxwell’s equations for light incident on a semi-infinite crystal with a surface
normal to the z direction and at the surface plane z = 0. The complexity of the problem stems
from the inhomogeneous dielectric tensor originating from the abrupt vacuum-surface interface.
In addition, surface anisotropies between different directions on the surface will present due to
the reduced symmetry of the surface. A solution that includes all anisotropies and non-locality
of the dielectric tensor in the long-wavelength limit was proposed by R. Del Sole in 1981 [134].
The normal reflectivity change, 0R;/R, according to Fresnel equations, for s-polarized light in the
i direction and at normal incidence is

OR; 4w | Jgi(w)
= @== 5{—%(0))_1}, (4.58)

where ¢}, is the bulk dielectric function, ¢ the speed of light, and all surface features are embodied
in the “length” d¢;;, defined as

dejj = // dzdz [5,-]-(0), z,7) — §(z—z/)£o(w,z)]

- //// dzdz'dz”dz"¢;5(w, 2,2) 55 (0,2, 27) ezj(w,2”7,2"), (4.59)

with all the many-body and local-field effects are accounted for in the non-local macroscopic di-
electric tensor ¢;(w,z,2)[135]. The term £o(w, 2) is the sharp vacuum-surface interface

£0(w,2) = £p(w)0(z) + 0(-2). (4.60)

In order to carry out proper calculations of equation 4.59, the semi-infinite crystal is replaced by
an artificial supercell, large enough that it encompasses the vacuum as well as the surface and
the bulk region. The last integral of equation 4.59 was found to not significantly contribute to the
spectra[136] and therefore can be neglected. Equation 4.58 then becomes[136, 137]

OR; B 4_(;) 4ama;(w)
= @== 5{—%(@)_1}, (4.61)

where the so-called half-slab polarizability al}.;s (w) defined from equation 4.59 is
hs _ 1 ’ lab ’ ’
amal = = // dade’ €520 (0,2, 7) -~ 2)3) (4.62)

Finally, the RAS is calculated from

% ) - §Rx(w);§Ry(w) _dug {4E7rAahs(w)},
c p(w) -1

(4.63)

here the half-slab polarizability Aa? () = a2 (w) - a}};‘ (w) has dimensions of length.
In the three layer model by McIntrye and Aspens [138] the half-slab polarizability is related
to the slab macroscopic dielectric function [137]

470 () = dAe(w) = d(exe () — £y (W), (4.64)

where d is half of the thickness of the slab. The macroscopic dielectric function of the slab can
then be calculated in the simple independent particle picture up to including local and excitonic
effects by solving the BSE.
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Chapter 5

0, and H,0 on
In-rich InP surfaces

Group-I1I phosphides show promising properties for use in solar-powered water splitting appli-
cations, as they present a high-energy solar conversion rates. In particular, InP has been explored,
in combination with other materials, as a strong candidate for efficient water splitting and so far
has given promising results [21, 139-141]. However, relatively few studies have been made on
the electronic properties and the microscopic details of the InP surfaces in contact with oxygen
and water[142—145].

The InP semiconductor surface has been extensively studied, deriving various properties both
experimentally and theoretically [146—153]. The surface geometries that InP (001) presents are
similar to those of other III-V semiconductors, in particular those that contain phosphates, and
are well understood to the point that it is possible to predict the stoichiometry for different grow-
ing conditions and methods[154—156]. The surface reconstruction a material presents often dic-
tates different properties, from band bending to surface states, for this reason it is crucial to un-
derstand and ultimately control the resulting surface. From the number of InP (001) surface mod-
els studied[152], for In-rich environments, the thermodynamically stable geometry is that of the
(2x4) mixed-dimer (MD) surface reconstruction, shown in Fig. 5.1. The surface is character-
ized by a single In—P on the top layer along the [110] direction, which gives the surface its name.
The second layer consists of four In—In bonds along the [110] direction, with lower layers fol-
lowing the bulk geometry. Due to broken symmetry, the surface reconstruction has several dan-
gling bonds. Of particular importance are the first-layer P atom and the three-fold coordinated In
atoms on the second layer, which contribute to the band structure surface valence and conduc-
tion states, respectively[152]. The highest occupied state is related to the o-like bond between the
first and second layer In atoms. In addition, the In—In dimers also contribute to surface valence
states. These states are the major contributors to the anisotropies present in the RAS measure-
ments [49, 142, 157]. In particular, the transition between the ¢-like In—In occupied states and
the empty In dangling bonds of the three-fold coordinated atoms is responsible for the negative
feature in the RAS. Minor contributions arise from transitions of the occupied P dangling-bond
state and the unoccupied states from the In dangling bonds and 7* In—P antibonds. The bonds
involved in these surface states are also prime candidates as adsorption sites, and in particular
have been suggested for water and oxygen adsorption [49, 142].

The focus of this chapter is on the study of the water interaction with the InP(001) surfaces
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Figure 5.1: Top and side view of the InP(001) (2X4) mixed-dimer (MD) surface reconstruction.

from first principles, starting from the surface oxidation and continuing with the full water ad-
sorption thermodynamic process.

5.1 Methodology

The systems are investigated from first principle DFT calculations using the Vienna ab initio sim-
ulation package (VASP)[158-160]. The electron exchange and correlation interactions are mod-
eled within the GGA using the PBE functional[71, 72]. The electron-ion interaction is described
by the projector augmented wave (PAW) method[119, 161]. The plane-wave basis used to ex-
pand the wavefunctions is limited by a cutoff energy of 500 eV. The semi-infinite slabs are mod-
eled using a periodic slab consisting of 12 atomic layers that simulate the bulk region as well as
the surface region. In order to circumvent the periodic conditions of the slab in the normal direc-
tion to the surface, a vacuum region of ~ 15 A is left in the [001] direction. In addition, a dipole
correction scheme is implemented to deal with the spurious interactions across the vacuum re-
gion as a result of the periodic boundary conditions. The slab bottom In layer is passivated by
partially charged pseudo-hydrogen with Z = 1.25, mimicking bulk bonds. The Brillouin zone is
integrated using a proportional y centered k-point mesh of 8 X 8 X 1 per a (1 X 1) cell. The In-rich
(001) surface unit cell consists of a 2X4 periodicity. When considering water adsorption, for a
better commensurability between the InP surface and water over-layers, a periodicity of 2 X 12 is
used. The DFT self-consisting cycle is stopped when the energy difference between two consecu-
tive steps is lower than 10~>eV. All atoms are considered in their relaxed ground-state positions
when the forces acting on the ions are lower than 0.02 eV/A.

5.2 InP(001) In-rich surface oxidation

Oxides can strongly affect the performance of semiconductor devices[162]; therefore, it is im-
portant to understand how the oxidation process occurs and affects the electronic properties
of a material. Oxidation not only occurs when materials are exposed to an air atmosphere but
also when exposed to water, as the dissociative process involves oxygen as a byproduct. Hicks
and co-workers[142], from x-ray photoemission spectroscopy (XPS), low-energy electron difrac-
tion (LEED) and RAS measurements, conclude that InP (001) oxidation is a strongly structure
sensitive. On (2Xx4) InP surfaces, O, molecules were found to dissociatively adsorb at In—In and
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In—P back bondslocated in the second layer. The formation of In—O—In and In—O—P bonds was
confirmed independently of DFT calculations [143]. Additional RAS measurements on InP sur-
faces exposed to water or oxygen by May et al.[49] also confirm the formation of these bonds.
A higher tendency for In—O—1In in the case of O, exposure was found and a tendency for O to
incorporate in the bulk in contrast to water exposure, which leads to the formation of In—O—P
bonds. The path oxidation takes does not only depend on the surface structure, i. e., if it is In-
rich or P-rich, but also on the properties of the respective atoms. This section is focused on the
understanding of InP (2x4) oxidation by considering both oxygen adsorption and substitution.
The results here were previously reported in Ref. [163].

5.2.1 Adsorption geometries

A potential energy surfaces (PES) for single O particles is constructed as a starting point to ex-
plore the most favorable adsorption sites for oxygen. The PES is constructed by positioning an
individual O atom on top of the InP surface and allowing it to relax in the direction normal to the
surface while fixing all other degrees of freedom. The process is repeated for 50 different sites,
constructing a mesh of equidistant points. Finally, the adsorption energy is calculated for each
different site from the following formula

Eads = Eavsurf — Esurf — Ea, (5-1)

where E 4, ¢, 1S the total energy of the system after the adsorption of A on the surface, Eg,.f and
E4 are the total energies of the surface and adsorbate, respectively. The adsorption energy de-
scribes the energies differences with respect to a reservoir of adsorbates A. For a configuration to
beviable, E, 3, must be lower than zero; the lower the value, the more stable the configuration. For
a system in contact with an oxygen atmosphere, the adsorption energy is referenced to molecular
0, and is calculated from DFT total energies,

1

Eop = EEoz. (5.2)
The ground state of an O, molecule is the spin triplet; for this reason, spin polarized calculations
have to be taken into account when calculating the E4. Fortuitously, when an O atom is adsorbed
at the InP surface, the spin is quenched and the total magnetic moment of the complete system is
zero. Thus, no spin-polarized calculations are required. The PES for an 10 X 5 mesh of equidistant
points is shown in figure 5.2. The most energetically favorable adsorption site is the top In—P
dimer, forming an In—O—P bond with an energy E, 45 = 2.07 eV. The In atoms of the second row
also serve as favorable bonding sites for the O atoms, with the tree-fold coordinated In atoms
serving as the most favorable of them all, with an energy E 45 = 1.91 eV.

Continuing from the most favorable O adsorption sites from the PES calculations (Fig. 5.2),
the oxidation of the InP surface was explored. The starting point are the previously identified
favorable bonding sites: the top In—P dimer, the In—P bonds between the first and second layer,
the second layer In—In bonds, and the In—P bonds between the second and third layer. Not only
was adsorption considered, but also substitutional insertion of oxygen on the InP surface; in this
case, all atoms of the first three layers were considered tentatively to be replaced by O atoms.

The different structures were compared energetically using the grand canonical potential,
equation 3.3. The thermodynamically allowed range for the chemical potentialis limited by equa-
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Figure 5.2: Calculated PES for single oxygen adsorption on the InP (001) (2X4)-MD surface.
Adapted from Ref. [163].

tion 3.4. Furthermore, in the case of InP, the chemical potential is related to individual con-
stituents by

In + #P = Umpbulk = HInbulk * £pbulk — AHf 1nps (5.3)

with AH 1,p being the heat of formation of InP. The above equation 5.3 reduces the degrees of
freedom by relating the In and P chemical potentials through the heat of formation. Consequently,
the formation energy can now be written as a function of one of the two variables; here Aurp, is cho-
sen. The heat of formation also places alower bound on the chemical potential through equations
3.4and 3.5

_AHf,InP < A[l[n <0. (54)

These limits can be related to experimental preparation conditions; Aui, = O corresponds to In-
rich conditions, where the surface In atoms are in equilibrium with the In bulk. Equivalently,
Aun = —AHj 1,p corresponds to In-poor conditions, or through equation 5.3 to P-rich conditions,
where the surface is in equilibrium with P bulk. The chemical potential of oxygen is given by
Apo = %Ayoz and Ao, from equation 3.6 for a diatomic gas. The complete set of energetically
relevant structures considered here for O adsorption and substitution on the (2X4)-MD surface
can be seen in the Fig. A.1 in Appendix A and Fig. 5.3 summarizes the most favorable geometries.

In order to compare the structures energetically, the heat of formation for InP was computed
to be AHf 1,p = 0.41 eV. As it turns out, however, the specific choice of chemical potential does
not affect the general trend. Therefore, for the following Au, = —0.2 eV is assumed, and only the
oxygen chemical potential is allowed to vary. It can be seen from Fig. 5.4 that the surface thermo-
dynamic stability increases as the oxygen is integrated onto the surface, even for low pressures.
Even without fully calculating energy barriers, it is clear from the grand canonical potential that
as long as oxygen is available, the oxidation process will continue and is only hindered kineti-
cally. This is not surprising, as it has been previously reported from experiments[142]: The InP
is highly reactive towards oxygen and rapidly forms an oxide layer even for low oxygen exposure
and a temperature of 300K. The results found here also coincide with other semiconductor sur-
faces in particular, with calculated oxidation for Si(001)[164] or experimental measurements of
Ga-rich GaP exposed surfaces to oxygen[144]. The In chemical potential degree of freedom does
not change the overall trend, especially for O adsorption; however, when considering substitu-
tional oxidation, more information can be provided once it is taken into account, as detailed in
Fig. 5.5. Only very low values of O chemical potential will put a halt to the oxidation process;
in other words, when there is relativity, low oxygen is available. The In or P chemical potential
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Figure 5.3: Energetically favorable O adsorption and substitution structures were calculated for
the InP (2x4)-MD surface. The number in the notation indicates the total number of O atoms
adsorbed (a) or for substitution (s), the first and second digits of the number of In and P replaced,
respectively. The complete set of relevant structures considered in the present work is shown in
Appendix A Fig. A.1. Adapted from Ref. [163].

dictates which of the two elements is more likely to be replaced by an oxygen atom.

The most common type of bond found for adsorption oxidation is In—O—P bonding. This
occurs for all stable geometries. The In—O—In bonds are found to be slightly less favorable (see
Fig. 5.3). This is consistent with experimental findings by M. May et al.[49], where In-rich InP
surfaces were exposed to molecular oxygen. For substitutional oxidation, at oxygen-rich condi-
tions (Auo = 0 eV), the type of atom replaced depends on the In (or P) chemical potential, i. e., In
atoms are more easily replaced for P-rich conditions and vice versa for P atoms at In-rich. There
is aregion around Ay, = —0.2 eV, where O replaces In and P with roughly equal probability; see
Fig. 5.5. The P replacement leads to oxygen atoms that are threefold and fourfold coordinated to
In atoms; this is consistent with previous results found in Ref. [47, 143]. In contrast, In replace-
ment results in In—O—P and soon thereafter P-O—P bonds (see Fig. 5.3). As oxygen becomes
less available (Aup << 0 eV), only the surface with the top P atom replaced by O is energetically
stable. This geometry is also the most stable during initial stages of oxidation; here, the O atoms
are threefold coordinated. The formation of bonds between group III atoms and oxygen also oc-
curs in other III-V semiconductors during oxidation. For GaAs, preferential Ga—O—Ga bonding
hasbeen observed upon adsorption[165] and when oxygen replaces As atoms[166]. For the more
closely related material GaP, Jeon et al.[167] found that water adsorption for the (2Xx4) surface
leads to the formation of Ga—O—Ga bonds and less favorable Ga—O—P bonds.

5.2.2 Electronic properties

The density of states (DOS) was calculated for the most energetically favorable geometries, in or-
der to explore how oxidation influences the electronic properties of the InP (2X4)-MD surface.
The DOS for the clean surface and for the 10 oxygen adsorbed model are shown in Fig. 5.6. The
rest of the oxidation levels are shown in Appendix B Fig. B.1. The InP surface DOS is characterized
by high density on the valence band maximum (VBM), originating from In and P p states. On the
conduction band minimum (CBM) side, the In s and p states are dominant; see Fig. 5.6. Increased
amounts of oxygen adsorption lead to mid-gap states for a selected number of surface geometries,
e. g. the case for the 10 oxygen adsorbed model, see Fig. 5.6. The largest contribution to these oc-
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Figure 5.4: Surface grand canonical potential versus oxygen chemical potential of the O adsorp-
tion and substitutional geometries for the InP (2X4)-MD. For the In chemical potential, a value
of —0.2 eV is fixed. The chemical potential of oxygen is related directly to the pressure p and tem-
perature from equation 3.6. The clean surface is used as the reference system. Blue and orange
lines indicate adsorption and substitution, respectively. Adapted from Ref. [163].

cupied states inside the band gap, in general, arises from In p orbitals, followed by slightly smaller
P and O p contributions. The VBM is pushed to lower energies compared to the clean surface as
oxidation increases; see Fig. 5.6. This effect is related to the increased oxygen exposure, which
passivates the surface states near the valence band edge as more and more oxygen bonds to In
atoms on the second layer. The effect coincides with the reduction of the In p contribution to
0.8 eV above the CBM. This is due to the reduced contribution of the In p states, more specifi-
cally the In dangling bonds of the second layer, c.f. Refs. [143, 152]. The conduction In state
was identified from time-resolved two-photon photoemission (tr-2PPE) by Friedrich et al.[168],
around 0.85 eV above the CBM. More interesting is the sensitivity towards oxygen; the state dis-
appears after the surface is exposed to O,. Thisis in good agreement with the results presented in
this work so far; in the second layer, In are presently good adsorption sites for oxygen, and their
dangling-bond p-orbital contribution to the conduction band is reduced after oxidation.

Although passivation of surface states would increase electronic efficiency, the surface oxi-
dation modifies existing states and introduces additional ones inside the region of the bulk band
gap. These states may behave as charge traps that hinder the carrier generation and recombina-
tion process and thus ultimately worsen the electronic and optical efficiency. Therefore, strate-
gies should be implemented to avoid the formation of indium oxides at the surface for enhanced
electronic efficiency.

5.3 Water adsorption on InP mixed-dimer surface

As touched upon previously, I1I-V semiconductors are suitable candidates for solar-powered wa-
ter splitting. This is the case, for example, in GaAs (001), where dissociative water adsorption
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Figure 5.5: Phase diagram of the most energetically favorable O substitutional geometries of InP
(2x4)-MD surface. The thermodynamic stability range of the In chemical potential is given by
equation 5.4. The dashed lines indicate the P- and In-rich conditions, where the system is in equi-
librium with the P or In bulks, respectively. Adapted from Ref. [163].

was identified from XPS measurements[73]. Water splitting leads to the adsorption of OH and H
species on GaAs surfaces, further deprotonation leading to Ga—0O, Ga—OH and As—H bonds. In-
creased water pressure causes water physisorption directly at the GaAs surface, or water to be an-
chored through Ga—OH bonds. Surface composition plays a major role in water adsorption; this
is the case, for example, on GaP (001) surfaces. Ga-rich surfaces show a higher reactivity towards
water than P-rich surfaces. Water dissociation is possible on Ga-rich surfaces, as the presence of
water and hydroxyl groups was suggested from photo-electron and optical spectroscopy[144].
This backed up theoretical results [167]. Data for water adsorption on InP surfaces from pre-
vious studies is rather inconclusive. Optical spectroscopic results, performed by May et al.[49],
show water dissociative adsorption, where the formation of In—O—P bonds is hypothesized, be-
tween the first and second layers. The lack of hydroxyl signatures on the spectra further suggests

|V||| T T T LI T
L clean 10a
30 — Total ]
< [ — Ins

2 [ — Inp

- [

2 207 — Ind

3 I — Ps

2 A

2 10} —or

Q 10¢ Os

e AYA WA

- N — — L \ / - \- / ~ _
0.0 0.5 1.0 1.5 20-15 -10 -0.5 0.0 0.5 1.0 1.5 2.0
Energy (eV) Energy (eV)

r—

-1.5 -1.0 -05

Figure 5.6: Orbital resolved electronic DOS calculated for the InP (2Xx4)-MD surface reconstruc-
tion and the oxidized surface model InP10a. The orbital characters s, p and d of each species are
shown. Adapted from Ref. [163].
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that dissociative water adsorption releases both hydrogen atoms. On the other hand, a compu-
tational study by Wood and coworkers [50] shows that while dissociative water adsorption in
GaP surfaces is favorable, the same is not the case for InP surfaces. Adsorption of an intact water
molecule was energetically favorable over a potential dissociation of a water molecule on the top
In—P dimer, where the In would act as the Lewis acid and P the Lewis base. Additional energy
barriers of around 0.8 eV need to be overcome for the electrochemical process to be carried out
for both GaP and InP surfaces.

This section is focused on understanding the interaction between water and In-rich surfaces.
Dissociative adsorption is explored for single molecules as well as in a water/InP interface. The
energy barriers that hinder the process as well as the energetics of the full redox and reduction
reaction paths are calculated from the Gibbs free energy. Finally, the band alignment for the In-
rich surface water interface is investigated as a requirement for oxygen and hydrogen evolution.
The data collected here was previously reported in Ref. [169].

5.3.1 Molecular water adsorption

The energetically favorable adsorption sites for oxygen on InP surfaces were aided by the calcula-
tion of the PES; likewise, for water adsorption, PES provide a systematic approach for identifying
the favorable geometries. In addition to PES calculations for molecular water (H,0), hydroxyl
groups (OH) and atomic hydrogen (H) are also considered. The PES was sampled for a mesh con-
sisting of 50 equidistant points. At each point, two and nine different starting configurations were
probed for the hydroxyl group and water, respectively. For all adsorbates, the oxygen lateral de-
grees of freedom are fixed during relaxation. The vertical distance to the surface, as well as all
other degrees of freedom, are not constrained. The adsorption energy is calculated using equa-
tion 5.1, where E4 is defined for the total energy of gas-phase water molecule, Eq, 0. In the case
of the hydroxyl group and oxygen, E4 is defined as

1
Eon = EH,0 — EEHz (5.5)

and
EO = EHzO _EHZ,‘ (5'6)

while hydrogen adsorption is referenced to gas-phase H,, %EHz. Notice the difference between
eqs 5.2 and 5.6, here the surface is not assumed to be under an oxygen atmosphere, but rather in
contact with gas-phase water molecules.

The PES is shown in Fig. 5.7. Previously both experimental and theoretical results[49, 50],
suggested the sites A through D, indicated in Fig.5.7 (a), as favorable water adsorption sites. The
most energetically favorable adsorption sites for a water molecule identified here are Band C and,
to aminor extent, A. Previously, Wood et al.[50] had also identified the same sites as probable wa-
ter adsorption sites from ab initio molecular dynamics. The hydroxyl group, on the other hand,
adsorbs preferentially on site E (see Fig. 5.7 (b)) rather than the top mixed dimmer as suggested
by Wood et al.[50]. Finally, hydrogen prefers to adsorb on the dangling bond of the P atom, as
shown in Fig. 5.7 (c). The most relevant configurations for water adsorption are identified from
Fig. 5.7 for the low-coverage stage of the water/InP interface. The adsorption energy for the most
relevant configurations is collected in Table 5.1. In order to compare different adsorbates, the
entropic terms of the total free energy equation 3.1 have to be taken into account. The total free
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Figure 5.7: Calculated PES for single water molecules (a), an OH group (b), and a H atom (c) on
the InP (2Xx4)-MD surface. Adapted from Ref. [169].

energy contributions from the electronic entropy, at room temperature, are two orders of mag-
nitude smaller than the total energy. Therefore, it is neglected in the following, while the ZPE
is much more meaningful. As seen in Table 5.1 the ZPE typically affects the adsorption energies
by about 0.1 eV and, in some cases, up to 0.2 eV. However, the trends from the DFT total energy
calculations remain unchanged.

The most favorable water adsorption configuration for the intact molecule is at site B, which
is shown in Fig. 5.8 along with the adsorption-induced charge density redistribution. The wa-
ter molecule donates electrons of its 1b; orbital into the empty In dangling bond of p; character
[152]. This results in a weak O—In bond between the water molecule and the surface, with a
bond length of 2.5 A. The weak interaction between the surface and water molecules also leaves
the O—H bond angle and length unaffected. The adsorption also modifies the InP surface geom-
etry only slightly, such that the (2x4)-MD reconstructions are still easily identifiable. The water
molecule introduces no additional electronic states in the energy region around the InP band gap.
This is as a result of the weak bonding and rather large band gap of the water molecule.

Several water configurations in Table 1 are energetically favorable over the incorporation of
an intact water molecule, suggesting the possibility of dissociative water adsorption. Experimen-
tally, the water adsorption was reported to be dissociative[49]. The process was suggested to
conclude in oxygen incorporating on sites D and D’ (see fig 5.7), forming In—O—P bonds and lib-
erating all H atoms. Theoretical results[50], on the other hand, suggest that water adsorption is
favorable over dissociative adsorption. Itis important to point out, however, thatin ref. [50] only
water dissociation on the top In—P dimmer was probed. The results discussed here agree with
water dissociative adsorption; however, the configuration suggested in ref. [49] is not preferred
over molecular adsorption. Rather, the hydroxyl group attaches to the In—In bond on site E (see
fig. 5.7), while the hydrogen atom bonds to the P dangling bond. This configuration is around 0.1
eV (0.2 with ZPE corrections) more favorable over molecular adsorption. As seen by the charge-
density redistribution in Fig. 5.9, strong In—O—In and P—H bonds form. There is also a change
in surface geometry induced by the insertion of the OH into the In—In bond. The In atom is dis-
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Table 5.1: Adsorption energies (in eV) of the different bond configurations for
H»O, O, and OH at specific sites of the InP mixed-dimer surface, c. f. Fig. 5.7.
Adapted from Ref. [169].

Site Configuration Eqagst Fags 2

B H,O0—In —0.408 -0.324

A H,O0—In —-0.384 -0.302

A In—O—P 0.387 0.160

D OH—P 0.665 0.591

A In—OH 0.646 0.540

E In—OH—In -0.073 —0.158

A In—OH and P—H3 —0.274 —0.291

E In—OH—In and P—H3 —0.508 —0.524
Band B’ H,O—In -0.989 -0.791
Dand D’ In—O—P -0.175 —0.621
EandE’ In—OH—In —0.200 —0.369

1 positive energies characterize configurations unfavorable with respect to
an intact adsorbed water molecule.

2 Free energy including ZPE corrections

3 p—H bond forms on In—P mixed dimer.

placed by a considerate amount from its ground-state position. Nevertheless, similarly to the in-
tact molecule adsorption, no water-induced electronic state appears in the InP band gap energy
region.

Although, dissociative adsorption is energetically favored over non-dissociative adsorption,
additional barriers may be present that further hinder the reaction. In order to quantify these
energy barriers CI-NEB calculations are performed, the method implemented here in this work
was originally developed by the Jonson group[107—-109] and later maintained and developed by
the Henkelman group[170-172]. The starting image chosen was the water molecule adsorbed at
site A, and the final image is the one described in Fig.5.9. Site A is chosen over site B as a starting
position of the water molecules as it is physically closer and that NEB calculations performed for
apath between B and Areveal no additional barriers. Energetically, the path is shown in Fig. 5.10.
The transition point does not correspond to the water splitting, which occurs at an earlier stage
in the reaction path. No, the transition point corresponds to the shift from the hydroxyl group
OH located at site A to the final point at site E. This transition point corresponds to an energy
barrier of 0.87 eV that hinders the reaction. The energy barrier calculated here is in line with
previous results for dissociation occurring at the In—P dimer [50], as it presents the same order
of magnitude.

5.3.2 Increased water coverage

The next step for comprehending the water/InP interface is to go beyond single molecule ad-
sorption by increasing the water coverage. The process was carried out by including a few water
molecules and then increasing to a full water monolayer and continuing up until 3 monolayers of
water adsorbed on top of the InP (2X4)-MD surface. Different configurations for the water mono-
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Figure 5.8: Structural configuration and water-induced charge redistribution for water adsorbed
on the (2Xx4)-MD surface on site B. Red and blue isosurfaces indicate regions of charge accumu-
lation and depletion, respectively. Adapted from Ref. [169].
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Figure 5.9: Structural configuration and water-induced charge redistribution for water dissocia-
tively adsorbed on the (2X4)-MD surface, with OH on site E and H on the top P. Red and blue
isosurfaces indicate regions of charge accumulation and depletion, respectively. Adapted from
Ref. [169].

layer were tested, including ones that resembled different ice structures. The different water cov-
erages are compared energetically in Fig. 5.11. The one-monolayer adsorption is more favorable
over clusters of single molecules, comprising up to five molecules (see inset in Fig. 5.11). The
bilayer, however, is even more energetically stable than the single monolayer. The clean surface
is stable below values of the water chemical potential at around —0.5 eV (roughly equivalently to
standard pressure and room temperature), where there will be a transition to the bilayer-covered
surface. For more water-rich conditions, ticker water layers become more energetically favor-
able. Here, only up to three layers were included due to computational reasons. The full pressure
vs. temperature phase diagram for the water layer structures is shown in Fig. 5.12. It should
be noted that, at the transition between the clean InP surface and the water covered substrate,
a variety of adsorption configurations can be expected: As shown by the inset in Fig. 5.11,in a
narrow range of the water chemical potential many competing structures can occur, i. e., a strong
influence of kinetic effects on the actual interface configuration will lead to a variety of interface
structures.
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Figure 5.10: Minimum energy path for dissociative adsorption of single water molecules on InP
(2x4)-MD. The starting configuration is the water molecule adsorbed at site A (see Fig. 5.7) and
the final configuration corresponds to the one shown in Fig. 5.9. Adapted from Ref. [169].

Water monolayers configurations tend to resemble the most common crystal phase, the hexag-
onalice I,; see Fig.5.13. However, due to the rough morphology of the InP(2Xx4)-MD surface and
the incommensurability between the InP unit cell and ice I}, basal plane, the water monolayers do
not preserve the perfectice Iy, structure. In particular, irregular shapes, including hexagons and
pentagons, tend to form. In addition, the monolayer and bilayer tend to “hug” the surface, wrap-
ping around the In—P dimer. This is not the case for the three-layer structure, however, which
heavily resembles the ice I}, morphology. Sites A, B and C, which have been previously found en-
ergetically favorable [50, 169], here play arole as bonding sites between the surface and the water
layers. The O atom from the H,O molecule bonds to the three-fold coordinated In atoms on the
surface. The number of In—O bonds decreases for the bilayer and is completely quenched for the
three-layer structure.

The water overlayer is expected to change the molecular water adsorption process. In order
to study the adsorption under more realistic conditions, several dissociative configurations were
tested and found to be stable for the water monolayer on top of the In-rich InP (001) surface. The
most stable configuration found here (shown in Fig. 5.14) corresponds to the hydroxyl group ad-
sorbing onto the In—In bond at site E, with the hydrogen attached on the mixed dimer P atom.
This is similar to the dissociation found for the single water molecule. Surprisingly, this config-
uration is stable even upon the hydrogen transfer from the mixed dimer into a H, reservoir. This
lies in contrast to the similar configuration for a single molecule, where H dissorption leads to a
less favorable configuration compared to the adsorption of an intact water molecule. The stabil-
ity of the dissociated configurations in the presence of a hydration shell can be explained by the
oxygen of the adsorbed OH group, which acts as an anchor point for the water monolayer on top.
Similar results have also been found for the interface between water and GaAs (100) [173]. The
hydration shell also affects the energy barriers present in the dissociation process, as shown by
NEB calculations in Fig. 5.15. The starting position is the water molecule embedded in the water
monolayer. The whole dissociation energy path lies below the energy of the starting configura-
tion. While this situation is ideal, there is a local minimum where the water molecule still lies
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Figure 5.11: Phase diagram of water adsorbed on top of the InP (2X4)-MD surface, in depen-
dence to the water chemical potential yy,0. The adsorption configurations refer to 1, 2 and 5
molecules (m), compared to the 1, 2 and 3 water layers (l). The temperature and pressure are ob-
tained from equation 3.6 for g, 0. Dashed curves are unfavorable water configurations. Adapted
from Ref. [169].

bonded to the water layer. Because of this, an energy barrier of ~ 0.3 eV is needed to be overcome
in order to allow for the water molecule to exit the local minima and fully dissociate. This tran-
sition point corresponds to the water molecule in the middle of the interface between the water
layer and the InP surface. The hydration shell also affects the formation of hydroxyl groups on the
surface. This can be seen for the process H,O—In + In—O—In —> OH—In + In—OH—In, where
a nearly vanishing energy barrier of 7 meV is found. While the hydration shell helps reduce the
energy barriers during the dissociation process, oxygen bounded close to the topmost P atoms
has been found to be unfavorable, even for the water-covered surface. This lies in contrast to data
concluded from experimental measurements[49].

5.3.3 Water splitting reaction mechanism

Hydrogen production is the main goal of solar-powered water splitting; therefore, studying the
energetics of the overall reaction of interest 2 H,O — 2 H, + O, is crucial. The reaction can be
studied from the point of view of two half reactions: The oxidation2 H,O —> O, + 4H" + 4 e~
and the reduction 4 H" + 4e~ — 2 H,, which are known as oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER), respectively. The reactions are studied from the perspec-
tive of the Gibbs free energy. The Gibbs free energy difference AG between products and educts
of a chemical reaction, following the theory by Ngrskov et al.[174], is approximated [175] as

AG = AEtot + AEZPE + AGU - AGpH; (57)

where the terms
AGy=-e-U (5.8a)

59



Chapter 5. O, and H,O on In-rich InP surfaces

1016

Bulk water
1014

12
10 o5

3,\a\J

1010
108

10°

H,O Pressure (Pa)

Clean surface

10*

102

1 0 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000

Temperature (K)

Figure 5.12: Pressure vs. temperature phase diagram of the water-covered InP (2X4)-MD sur-
tace. The solid lines mark the transitions between water phases. The water chemical potential
Aum, o for the transitions is calculated from equation 3.6. Adapted from Ref. [169].

Figure 5.13: Energetically favorable surface geometries with a) one, b) two and c) three water
layers adsorbed. Adapted from Ref. [169].

and
AGpH = —kBTln(lo) . pH, (5.8b)

are the correction terms to the Gibbs free energy difference due to the application of an electric
potential and a difference in the pH value, respectively[176], e is the charge of the electron (1
in atomic units). Entropic contributions beyond the ZPE are expected to be small and of similar
magnitude between structures, and only energy differences are of interest here. Thus, they are
excluded from the calculations. Similarly, the contribution pV to fully calculate the Gibbs free
energy is very small for realistic pressures and thus omitted. The reaction H, = 2 (H* + €7) is
assumed to be in equilibrium, i. e., the reference potential is given by the “numerical” hydrogen
potential, and the difference in the Gibbs free energy vanishes, AG = 0. Consequently, the proton-
electron pair is calculated from E(y+ | o) = %EHZ. A crucial quantity to probe the excess energy
needed in order to drive a reaction is the overpotential, 7, defined as the difference between the
largest AG and the corresponding reaction potential at zero pH. The water to oxygen potential
for OER is 1.23 eV [177]. For the HER, the corresponding potential is by definition 0 eV, thus the
overpotential corresponds to the largest AG in the reaction.

There are many reaction pathways that the OER can take. Here, the associative reaction mech-
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Figure 5.14: Most stable water dissociative configuration found for the water monolayer covered
InP (2X4)-MD surface. The surface OH group is highlighted by the dashed circle. Adapted from
Ref. [169].
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Figure 5.15: Minimum energy path for the dissociation process of a water molecule for the InP
(2x4)-MD surface covered by a water monolayer. Adapted from Ref. [169].

anism is assumed to take place for the water splitting[174, 178]. The associative mechanism
refers to an intermediate step where a peroxide OOH species is adsorbed at the surface as a pre-
cursor for the formation of the oxygen molecule. The OER chemical mechanism consists of the
following four steps:

* *
H,O — OH + H'+e” [5.A]
* *
OH — O +H'+e [5.B]
* *
H,O0+O0 — OOH +H'+e [5.C]
* *
OOH — O, +H"+e” [5.D]

where X" denotes a species X adsorbed at the surface. An alternative reaction mechanism is for
two water molecules to dissociate into two separate O atoms bound at the surface, afterward re-
combining to form O,. However, the activation barriers associated with this mechanism are rel-
atively large [179]. Here, an energy barrier ~ 4 eV for the recombination process was calculated
with the NEB method. Therefore, this alternate mechanism is ruled out as a possible pathway
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Figure 5.16: Gibbs free energy differences for OER with different potential U and pH value. The
bottom and top figures show results with and without the ZPE correction, respectively. The en-
ergy step values are indicated for reactions with O pH and no potential. The labels A to D indicated
the reactions 5.A to 5.D, respectively. Adapted from Ref. [169].

and only the associative mechanism is considered. The most favorable configurations for the re-
actions 5.A to 5.D were found based on the PES calculated in the previous sections. The Gibbs free
energy differences for the reactions 5.A to 5.D are shown in Fig. 5.16. For neutral conditions, reac-
tion 5.A is found to be exergonic, i. e, the change in free energy is negative. A very small increase
in energyis needed to drive reaction 5.B. Including ZPE corrections results in not only reaction 5.A
but also 5.B being exergonic. This could possibly explain why there were no persistent hydroxyl
groups, but rather the liberation of gaseous H, was observed in Ref. [49]. Reaction 5.C requires a
considerable amount of energy, as illustrated by the black curve in Fig. 5.16. Generally, itis found
that the ZPE corrections tend to decrease the energy differences of the OER. The correction, how-
ever, on the overpotential is rather small. The reaction is also observed to heavily depend on the
acidic conditions of the electrolyte. Decreasing the pH value, i. e, increasing the acidity, results
in an increase in the Gibbs free energy AG and hinders hydrogen desorption. As a consequence,
reaction 5.A becomes endergonic for acidic conditions. The transition occurs at pH levels of 5.5
and at a lower pH value of 2.8 with ZPE. For extreme acidic conditions, i. e., for a pH level of 0,
the energy difference for reaction 5.A reaches a value of 3.3 eV and around half of that with ZPE,
1.66 €V. The reaction with the highest energy difference AG, 5.C, requires a potential of 2.904
eV; in the extreme acidic conditions, the value changes little with ZPE. Reaction 5.C defines the
overpotential 7 around a value of 1.7 eV for OER. The orange curve in Fig. 5.16 depicts the sce-
nario of an applied 3 eV external potential, and all reactions are exergonic. On the other side of
the spectrum, reaction 5.B becomes exergonic for pH values larger than 7.8 (5.3 with ZPE correc-
tions). This allows the water molecule to release both H atoms, leaving behind a surface-adsorbed
O atom without the need of an external potential. The reaction pathways for the extreme acidic
and alkaline conditions are depicted in Fig. 5.16 by the dashed curves. It should be noted, how-
ever, that in addition to the reaction itself changing the pH value of the solvent, the associative
mechanism might not necessarily take place at all in alkaline solutions, and the OER could rather
take a different pathway [176, 180].
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Figure 5.17: Gibbs free energy differences for HER for different potential U and pH values. The
bottom and top figures show results with and without the ZPE correction, respectively. The en-
ergy step values are indicated for the reaction with 0 pH and no potential. The labels E and F
indicated the reactions 5.E to 5.F, respectively. Adapted from Ref. [169].

The HER process results in the recombination of the protons into molecular hydrogen and is
modeled by the following two reactions:

"+Ht+e — H [5.E]
H' + H' +e — H,- [5.F]

The In—P mixed dimer is taken as the adsorption site for both hydrogen initially found from
the PES calculation (see Fig. 5.7 (c)). The Gibbs free energy differences for reactions 5.E and 5.F
are shown in Fig. 5.17. For a neutral solution, reaction 5.E requires a potential of 0.68 eV and
slightly lower with ZPE, of 0.60 eV, as shown by the solid black curve in Fig. 5.17. Increasing the
pH value, i. e., for alkaline solutions, increases the energy differences AG. The interpretation is
thathydrogen ions become decreasingly available for surface adsorption as the solution becomes
more basic. Conversely, for acidic conditions, decreasing the pH value also decreases the energy
needed for the reactions. Beyond a pH value of 3.6, reaction 5.F is now exergonic, i. e., it occurs
spontaneously. The threshold remains roughly the same with ZPE corrections. At the limit of O
pH, extreme acidic conditions, the energy difference for reaction 5.E is reduced to 0.19 eV (0.26
eV with ZPE corrections), which also defines the overpotential for the HER. Interestingly, the ZPE
correction increases the energy difference for reaction 5.E. This lies in direct contrast to the OER,
where ZPE was found to decrease the individual reactions 5.A to 5.D energy difference. For reac-
tion 5.F, ZPE also presents a slight increase to the energy difference; however, being only 4 meV,
this is relatively small. Even when considering the slight increase in the overpotential (less than
0.1 eV), ZPE corrections have on the HER, it is still about one order of magnitude more favorable
than OER. The favorable HER mechanism found here, coupled with the long-range H transport
properties found for the InP/water interface discussed in Ref. [181] points to enhanced hydrogen
evolution on In-rich InP surfaces.
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Figure 5.18: Minimum energy path of the desorption of a hydrogen from the surface. The starting
point is the OH adsorbed at site E and a H adsorbed at the top P atom, corresponding to the final
configuration shown in Fig. 5.10 for the water dissociation process. Adapted from Ref. [169].

Additional energy barriers

So far, the OER and HER mechanisms have been discussed from a thermodynamic point of view
without considering the kinetics of the underlying process. This can be amended by taking into
account the reaction barriers. Reaction 5.A, for example, an adsorbed water molecule dissoci-
ates into an adsorbed hydroxyl group and a desorbed proton. The energy barrier for the water
molecule dissociating into an adsorbed OH group and a H at the surface was previously calculated
to be 0.85 eV; see Fig.5.10. An additional kinetic barrier might be present for the dissorption of
the hydrogen from the surface. Starting from the dissociated water molecule (Fig. 5.9), an energy
barrier of around 2.7 eV was identified for the H desorption using the NEB method; see Fig. 5.18.
This energy matches the difference in the chemical potential between the molecular and atomic
hydrogen, complemented by the Gibbs free energy of reaction 5.A. In other words, the energy bar-
rier hindering reaction 5.A is the water dissociative adsorption rather than hydrogen desorption.

Until now, the reaction mechanisms for oxygen and hydrogen evolution have been studied
considering the clean InP surface without taking into account the influence of the water overlayer.
As discussed previously, for the water dissociative adsorption, the hydration shell has an effect on
the energetics, reducing the energy barriers present in the process. In order to more thoroughly
investigate this phenomenon, additional calculations are performed for the water splitting start-
ing from the water monolayer configuration (see Fig. 5.13 a). The OER energies in the presence
of the water monolayer are shown in Fig. 5.19. The reactants and products of each step of the re-
actions under different water overlayer configurations were calculated to have similar energies.
As a result, the energy differences for each step of the reaction are calculated from the average
of the six most energetically favorable configurations of that step. Due to the sheer amount of
atoms involved in the InP water monolayer interface, ZPE corrections were omitted in the follow-
ing. The most prominent effect the hydration shell has on the system is observed in reactions 5.B
and 5.D where the potential needed is reduced. The energy differences are changed far enough
to make these reactions exergonic for neutral conditions. Conversely, reaction 5.C requires more
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Figure 5.19: Gibbs free energy differences for OER in the presence of a water-monolayer with
different potential U and pH value. The energy step values are indicated for reaction with 0 pH
and no potential. The labels A to D indicated the reactions 5.A to 5.D, respectively. Adapted from
Ref. [169].

energy, which is reflected in an increase in the overpotential to 7 = 1.83 eV. The energy difference
of reaction 5.A remains largely unaffected in the presence of the water monolayer. The effect the
pH value has on the reactions remains the same when compared to the system where the water
overlayer was not considered. Interestingly, even for extreme acidic conditions, reaction 5.D re-
mains exergonic. The energy pathway of the HER in the presence of the hydration shell is shown
in Fig. 5.20. The potential required for reaction 5.E is increased when considering the water/InP
interface. In turn, the overpotential of the HER is also increased to 7 = 0.31 eV. Reaction 5.F,
rather presents a reduction in the energy difference. In short, the overpotential for both reactions
is slightly increased in the presence of additional water. It cannot be excluded, however, that dif-
ferent reaction mechanisms, from the one described here, could change the overall picture.

5.3.4 Band alignment for In-rich InP surface

An additional condition to enable water splitting is the relative position of the valence and con-
duction band edges of the material with respect to the redox potentials. In detail, the VBM must
lie below the redox potential for oxygen evolution, and the CBM has to lie above the redox po-
tential for hydrogen evolution. This is a reason why it is crucial to find a material that not only
presents an adequate band gap, but also a band alignment that allows water splitting. The band
alignments for InP systems are presented in Fig. 5.21 with the oxidation and hydrogen reduc-
tion potentials, of 1.23 and 0 eV, respectively. On the physical scale, the potentials correspond to
—5.67 and —4.44 eV. To locate the InP band edges, the work function A® is calculated. The work
function is defined as the energy necessary for removing an electron from the VBM to the vacuum
level and calculated from the following expression

AD = e¢vacuum —¢F, (5-9)
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Figure 5.20: Gibbs free energy differences for HER in the presence of a water monolayer with
different potential U and pH values. The energy step values are indicated for reactions with 0 pH
and no potential. The labels E and F indicated the reactions 5.E to 5.F, respectively. Adapted from
Ref. [169].

where ¢vacuum is the potential of the vacuum, ¢g the Fermi level, and e the charge of the electron.
The vacuum potential is defined to be sufficiently far away from the surface such that an elec-
tron placed here would not feel the presence of the surface. From DFT calculations, the vacuum
potential is calculated for the ionic and Hartree potentials at the vacuum region.

The calculations result in a AQ = 5.79¢V, allowing to locate the bulk VBM. The band gap for
bulk InP is severely underestimated from DFT-GGA calculations. Therefore, to properly align the
conduction band, the experimental band gap at room temperature of 1.35 eV [182] is used. The
band alignments show that the OER and HER redox potentials are located inside the bulk band
gap, albeit close to the edges, in agreement with previously recompiled data in references [26,
183, 184]. This would suggest that InP is a candidate for unbiased water splitting. However, the
electronic structure in the DFT-GGA level of theory calculated so far suffers from the inadequate
treatment of the exchange and correlation energies. To better represent the energy alignment,
hybrid functional calculations with the HSEO6 implementation were performed. An energy band
gap of 1.35 eV for InP was calculated (additionally collaborated by GWy calculations), remark-
ably similar to the experimentally measured band gap at room temperature. The work function is
also increased to a value of AQ = 6.01 eV. While the hydrogen reduction potential still lies above
the conduction edge, the oxidation potential is no longer located below the valence edge. This
suggests that InP is more suitable for HER rather than OER. However, this is not yet the com-
plete picture; additional surface effects not taken into account from bulk calculations can affect
the electron energies as well. The electronic structure and, as a result, the work function are af-
fected by surface states and electric surface dipoles arising from the surface reconstruction. In
addition, adsorbates at the surface are known to modify the work function. As an example, for
Ga-rich GaP surfaces, adsorbed water molecules, with hydrogen in a down position, are assumed
to generate an electric dipole layer that reduces the work function[49]. On lithium niobate, upon
water adsorption, the work function was found to increase or decrease, depending on the surface
polarity[175]. In particular, for InP, the work function was found to be inversely correlated to the
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Figure 5.21: Band alignment of the InP bulk and (2x4)-MD surface in relation to the water split-
ting redox potentials. The black/red lines refer to the VBMs/CBMs. The band energies are calcu-
lated in DFT-GGA level of theory. Adapted from Ref. [169].

In coverage of the surface[152]. Within the DFT-GGA level of theory, a band gap of 0.85 eV and a
work function of A® = 4.49 eV are obtained for the InP (2Xx4)-MD surface. This lifts the valence
edge above the oxidation potential (see Fig. 5.21). Hybrid functionals predict a slightly higher
work function of A® = 4.75 eV and a more accurate band gap of 1.46 eV. Both levels of theory
are in agreement on the relative position of the bands in reference to the redox potentials. The
water adsorption further influences the InP work function. It is found that the adsorption of hy-
drogen together with hydroxyl groups, single H,O molecules, as well as the formation of the full
water monolayer, further decreases the work function well below that of the clean InP surface. All
things considered, the present calculations suggest the In-rich InP (2Xx4)-MD surface primarily
for hydrogen evolution.

5.4 Conclusions

Oxidation and water adsorption of the InP (001) (2Xx4)-MD surface was studied from DFT cal-
culations. Both oxygen and water molecules adsorb at the surface as long as each constitute is
available and is only kinetically hindered. Oxygen substitution is more likely to replace surface
P atoms, leading to oxygen atoms coordinated to different amounts with In. Even less common
is the presence of P—O—P bonds during substitution. These observations are linked to the rapid
loss of surface order. Oxygen adsorption, on the other hand, leads to the formation of In—O—P
and less commonly In—O—In. As oxidation increases, mid-gap states are observed to emerge in
the electronic structure. These states arise from In—O bonds and are expected to reduce the elec-
tronic efficiency of the oxide layer by acting as surface charge traps. In combination with the high
surface reactivity towards oxygen, detrimental effects may result on the electronic and optical
properties of the surfaces and interfaces.

For water adsorption, single water molecules were found to bond at the three coordinate
second-layer In atom. Dissociative adsorption is found to be more favorable than molecular ad-
sorption but hindered by transition energy barriers. The dissociative process involves the hy-
droxyl group adsorbing at the second layer In—In dimers and the hydrogen on the top mixed
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dimer P atom. Increased water adsorption is governed by attractive interaction between water
molecules and determines the interface morphology. There is a small region of preparation con-
ditions, corresponding to an intermediate value of the water chemical potential, where the differ-
entwater morphologies are nearly degenerate; here a variety of single water molecules, molecular
clusters, and full-layer coverage patches coexist. Full-water monolayers lead to a distinct decrease
of the energy barrier for water dissociation, which may explain experimental water dissociation
observations. The InP surface geometry strongly influences the water monolayer and is charac-
terized by the bonds between the water oxygen and surface In atoms acting as anchor points.
Despite the strong influence of the surface, the multi-layer molecular arrangement of water also
resembles that of ice I},. Dissociation leads to additional anchor points for the water overlayers
from the surface-bound hydroxyl groups. Similar observations are made for other group III-V
semiconductors.

Full reaction mechanisms were determined for the OER and HER, where the overpotentials
were calculated to be in the order of 1.7 to 1.8 eV and 0.2 to 0.3 eV, respectively. The overpoten-
tial is correlated to the conditions of the electrolyte and can be lowered by the variation of the pH
value. The potentials are a somewhat higher than excellent catalysts like TiO, and RuO, [185,
186]. InP-bulk band alignment would suggest that unbiased water splitting is possible, but fur-
ther InP surface and water coverage calculations change the picture: They lift the VBM above the
standard oxidation potential. Hybrid-DFT calculations further emphasize these findings. Both
the overpotential calculations and band alignment suggest the In-rich (001) surface for hydro-
gen evolution rather than oxygen evolution. The HER may be additionally assisted by surface
oxidation, where In—O—In bonds could serve as additional hydrogen adsorption sites.
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Chapter 6

P-rich InP surface:
Defects and water

The promising performance of I1I-V semiconductors in the context of photovoltaics has led to the
investigation of materials in the application of water splitting; in particular, InP has been shown
to present promising results[187, 188]. In the previous chapter, the water splitting process on
the In-rich surface InP (2Xx4)-MD was explored. Nonetheless, this is not the only relevant sur-
face reconstruction. In addition to In-rich, P-rich surfaces can be prepared with common epi-
taxial processes. Experimentally, growing pristine surfaces is impossible, and each surface will
undoubtedly present defects. In addition to the surface reconstruction, the role surface defects
play on the electronic properties of the P-rich InP, especially in contact with water, remained un-
clear. The focus was instead redirected to the understanding of the InP-water interface [49, 169].
Surface defects have been shown as a plausible explanation for surface states inside the band-
gap for III-V semiconductors[189, 190] and in particular for InP[191-193], which could lead to
noticeable band bending.

Phosphorus-rich surfaces are grown, for example in metalorganic vapour-phase epitaxy
(MOVPE) or chemical beam epitaxy (CBE), resulting in a surface terminated with buckled P-
dimers. During the MOVPE growth process for InP, H, is used as a carrier gas, resulting in the in-
corporation of hydrogen onto the surfaces. The most energetically stable P-rich surface is the hy-
drogen adsorbed (2X2)-2D-2H surface, which has been studied extensively in the past both the-
oretically and experimentally[150, 153, 156, 194, 195]. The surface is characterized by two op-
posed buckled P-dimers, with hydrogen bonded at the “down” P atoms, as shown in Fig. 6.1. The
dangling bond of the P atom without a hydrogen is responsible for the surface states VBM while
the o+ anti-bond for the CBM[153]. These surface states also lead to strong optical anisotropies,
which can be used to characterize the surface using RAS techniques to identify the surface finger-
prints[156]. Water is speculated to breaks the top P—P surface bonds, leading to different oxides
and phosphates [49]. However, little information regarding water dissociation on the P-rich sur-
face exists. Water adsorption could be assisted by surface defects, leading to additional pathways
for water to bond at the surface. The P-dimers present themselves as potential candidates for
hydrogen-related surface defects. Recent experimental data shows that the Fermi-level is pinned
at the mid-gap, suggesting the presence of such defects.

This chapter focuses on the description of the hydrogen-related defects on the P-rich (2Xx2)-
2D-2H surface and the effects they have on the electronic structure. Water adsorption is also
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Figure 6.1: Top and side view of the P-rich InP (2X2)-2D-2H surface reconstruction.

investigated on both the pristine surface and on one with a defect present. The results discussed
here were previously published in references [196, 197]. The experimental contributions were
performed by Dominik Christian Moritz under the superviosion of Wolfram Jaegermann. The
formation energy of the defects was calculated by Rachele Sciotto under the superviosion of Wolf
Gero Schmidt.

6.1 Hydrogen defects

Experimentally P-rich surfaces were prepared in MOVPE with a H, carrier gas and measured
through reflectance anisotropy spectroscopy (RAS), ultraviolet photoemission spectroscopy
(UPS), x-ray photoemission spectroscopy (XPS) and low-energy electron difraction (LEED) con-
firming a 2X2 surface reconstruction [196]. The surfaces were p-doped, with an acceptor con-
centration of Ny = 2 - 1018cm™3. The structure was expected to present a Fermi-level position
near the valence band due to the p-doping. Indeed, the bulk Fermi level is located 0.40 meV above
the VBM. However, at the surface interface, the Fermi level is pinned at 0.60 eV above the VBM
causing strong band bending. The usual InP models’ surface states alone cannot explain this phe-
nomenon, as they are not present around the mid-gap. Under normal conditions, surfaces are un-
likely to present perfect surface geometry and will likely contain surface defects, among others,
which could help explain the experimental observations.

Four main defects are proposed for the (2X2)-2D-2H surface, consisting of adsorption or des-
orption of one or two hydrogen atoms on the top P-dimers. The grand canonical potential is used
to compare the defect surfaces energetically vs. the hydrogen chemical potentials, in figure 6.2.
It is no surprise that the 2D-2H surface is stable for a wide range of H chemical potential. The
one H vacancy is the energetically favorable defect type for typical growing conditions, Auy from
—0.6 to —1 eV, the surface model is denominated 2D-1H. The defect surface with one additional
H,i. e., 2D-3H, is only stable for H-rich conditions. Interestingly, for a chemical potential of -0.93
eV, there is a phase transition from 2D-2H to the surface with two H vacancies, i. e., 2D-0H, the
latter becoming the stable configuration. This is not so surprising; as less hydrogen is available in
the environment, it will be less likely to bond at the surface. For extremely H-rich environments,
Auyg > 0, the 2D-3H becomes the energetically favorable surface reconstruction and eventually
the surface with two additional adsorbed H, i. e., 2D-4H. These last two surfaces may form only
when atomic hydrogen is available.

The defect concentration is calculated from equation 3.32, where the Gibbs free energy in-
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Figure 6.2: Calculated surface grand canonical potential of the different hydrogen defects on the
InP (2 X2)-2D-2H surface. The H chemical potential is given with respect to molecular hydro-
gen. The dashed line indicates the H-rich conditions (Aug = 0), where the surface is exposed to
molecular hydrogen at T = O K.

cludes both vibrational and electronic entropy as well as the ZPE. The phase diagram vs temper-
ature and pressure, through equation 3.6, is shown in Fig. 6.3. The 2D-3H surface defect is dom-
inant for high pressures and low temperatures, while the 2D-0H is dominant for low pressures
and high temperatures. In the middle of these two regions, the 2D-1H defect is the most domi-
nant, for Auy between —0.75 and —0.07 eV, marked by the black curves in Fig. 6.3. The maximum
calculated defect concentration at room temperature is 1.68 - 1012 cm™2. This is comparable to
typical doping numbers for semiconductors. Under these conditions, the desorption of one hy-
drogen atom is by far the most dominant defect type, with a total concentration of 8.39 - 101!
cm™2. Other types of defects have very low concentrations and are very unlikely to be observed
in this region. From the experimentally measured band bending Vg = 0.56 €V and considering
a parabolic potential drop inside the InP space charge region, the total surface charge Qg5 can be
estimated from the following expression

~Qss = 1/2£609VBBNA, (6.1)

a total concentration of 3.9 - 1012 cm™2[196] is calculated, which means that less than 1% of
the surface atoms contribute to the surface defects. Both the upper limit determined through
theoretical calculations and experimental measurements of the total concentration of defects are
in the same order of magnitude. The theoretically calculated values are expected to change when
including charge defects[197], yet the 2D-1H defect is the most dominant defect in the region of
interest with a similar order of magnitude.

The agreement between experiment and theory would then suggest that the surface with one
H vacancy is the one responsible for the Fermi-level pinning. To confirm this, the electronic band
structure of the 2D-1H surface was calculated. In order to avoid band dispersion from excessive
defect contractions, the band structure is calculated in a 4X4 supercell, where only one of the four
2D-2H surfaces has the H vacancy. The band structures for the pristine and the one H vacancy are
shown in Fig. 6.4. The H vacancy introduces a partially occupied mid-gap state above the VBM
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Figure 6.3: Boltzmann distribution of H defects on InP (2 X2)-2D-2H surfaces as a function of
pressure and temperature. The respective most dominant defect type isindicated. The red dashed
line indicates room temperature.

while leaving mostly intact the rest of the electronic structure. Partially decomposed DOS reveal
unsurprisingly, the mid-gap defect stateis of p-character and is primarily due to the partially filled
dangling bond. The defect state is located slightly below the mid-gap, which isin good agreement
with photoemission measurements[196], indicating that the surface P-dangling-bond defect is
responsible for the Fermi-level pinning. Additional, spin-polarized calculations do not change
the overall picture. The defect state is split into an occupied spin-up state at the VBM and an
unoccupied spin-down state above the mid-gap [197]. The Fermi level is thus pinned between
these two states close to the mid-gap, in the lower half of the band gap. The effect of the spin-
polarization is confined to the defect state, leaving the rest of the electronic structure unaffected.

6.1.1 Substrate doping and charged defects

For a more complete picture, Sciotto et al.[197], explored substrate doping by including charge
defects in the calculations; this allowed for a better comparison to doped samples. The formation
energy for a surface with a defect and charge g can be calculated from equation 3.24 by including
an additional correction term, gEF (see e. g., Ref. [198]). The Fermi energy level, EF, is referenced
inrespect to the InP bulk VBM. In order to avoid comparing total energy for supercells with differ-
ent charge levels, which are not well described for slabs, the Slater-Janak transition-state model
is used[199, 200]. This model extends from the Slater-Janak theorem [78] described previously
for the energy difference of N and N + 1 electron systems (equation 2.45) defined for d = 1/2 as

1
E(V+ 1)~ E(N) = /O dn enn) = en (%) (6.2)

assuming that the Kohn-Sham eigenvalue of the respective highest occupied state ¢f varies lin-
early with its respective occupation number.

The surface electronic structures are calculated for the various P-rich InP defect configura-
tions within the hybrid HSE06 functional formalism and the Slater-Janak transition-state model.
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Figure 6.4: Surface band structures for the (4Xx4) pristine 2D-2H (left) and with one H vacancy
2D-1H (right). Blue and red curves correspond to 0 and 1 occupancy, respectively. The DOS is
also shown. Adapted from Ref. [196].

The complete phase diagram is shown in Fig. 6.5 for a hydrogen chemical potential of Auyy = —0.6
eV. For a wide range of Fermi-level positions, the neutral 2D-2H surface with no defects is ener-
getically favorable, in accordance with the experimental findings [156, 196]. The 2D-2H surface
has a charge transition slightly below a 0.25 eV Fermi level, from the neutral system to the one-
fold positively charged system. The transition for the one hydrogen vacancy defect occurs 0.38 eV
above the VBM, higher than for the pristine surface. This could possibly explain the Fermi-level
pining for the p-doped MOVPE-grown samples, provided that the defect density is high enough.
This reveals that surface preparation is not only sensitive to the pressure and temperature but
also to the type and levels of the doping.

In the case of n-doped surfaces, it is revealed that the 2D-2H surface is no longer the most
dominant reconstruction, but rather the one-fold negatively charged 2D- 1H geometry for Fermi-
level positions above 0.9 eV. This is as a result of the strong electron affinity of the partially filled
P dangling bond. For n-doped samples, the P dangling bond is two-fold occupied and no longer
provides an adsorption site for hydrogen. This also explains why the 2D-0H is also more favorable
over the 2D-2H surface close to the CBM. The transition between the 2H and 1H is, however,
strongly dependent on hydrogen chemical potential, i. e., the temperature and pressure [197].
The combination of high pressure, low temperature and low Fermi level position stabilizes the
2D-2H surface with respect to the 2D-1H. The transition itself influences the Fermi level due to
the high concentration of P dangling bonds with the capacity to accept surface charge. Therefore,
flat band conditions will also not occur for n-doped samples.

6.2 Water adsorption

The surface sample was exposed to water and measured experimentally with UPS and XPS tech-
niques by Moritz et al.[196]. Core-level shifts towards higher binding energies were observed as
water adsorption increased, in addition to the signals getting damped. The shifts are attributed
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Figure 6.5: Defect formation energies for the hydrogen-related InP(001):H surface defects with
the Slater-Janak transition-state model as a function of the Fermi level. A hydrogen chemical po-
tential of Auy = —0.6 eV is assumed. The energies are referenced to the neutral 2D-2H system.
Adapted from Ref. [197].

to the charging effect of the insulating water layer due to the emission of photoelectrons. How-
ever, the measurements revealed no spectral changes in the core-level lines, indicating that the
surface remained chemically immune after water adsorption. The typical water spectral features
arise with increased water adsorption. After water desorption, the original signals of the clean
surface are restored. While water dissociative adsorption has been noted previously for In-rich
surfaces [49, 169] and also for InP (110) surfaces [145], the spectroscopy measurements show
that OH groups are only present in a few surface sites far below monolayer coverage. Further-
more, the 2D-2H surface LEED pattern is restored after water desorption, indicating that there
are no structural changes. Overall, experimental data show that there are almost no electronic
interactions that lead to chemical bond formation with water.

To verify the experimental results, water adsorption on the P-rich surface was calculated com-
putationally. The PES, shown in Fig. 6.6 left panel, for the 2D-2H surface was computed with the
previously described equation 5.1 for water adsorption. Unlike the (2X4) In-rich surface, the top
P-dimer dangling bond is not a favorable adsorption site. Although the topmost P atom presented
a favorable adsorption site for the In-rich surface, In backbonds were found to be more favor-
able for molecular water. The P-rich surface has no exposed In dangling bonds; rather, the water
molecule sits on the trench between the P—P rows, not bonding chemically to the surface. The
preferential water-adsorbed surface configuration is shown in Fig. 6.7 together with the charge
redistribution brought upon the molecular adsorption. There is a weak charge accumulation be-
tween the P up atom and the water proton. Even weaker charge accumulation and depletion re-
gions are found toward the second row In atom. This leads to weaker physisorption on the P-rich
surface compared to the In-rich one. The water adsorption does not strongly affect the geome-
try nor the electronic properties of the 2D-2H surface. Similarly, water adsorption presents no
additional states in the band-gap region.

Surprisingly, the hydrogen-deficient 2D-1H surface presents remarkably similar findings to
the pristine surface. The H vacancy affects only very slightly the adsorption configurations, as
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Figure 6.6: Calculated PES for a single water molecule absorbed on the InP (2x2)-2D-2H (left)
and (2X2)-2d-1H (right) surfaces. The most favorable site for water is marked by the red dot.
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Figure 6.7: Structural configuration and water-induced charge redistribution for water adsorbed
on (2X2)-2D-2H. Red and blue isosurfaces indicate regions of charge accumulation and deple-
tion, respectively. Adapted from Ref. [196].

can be seen in the PES in Fig. 6.7 right panel. The water preferentially adsorbs at a similar lo-
cation, in the trench between the P-dimers, with a slightly larger adsorption energy (about 0.03
eV). Again, the water molecule adsorbs between the H-coordinated P-dimer on the up-atom site
and the second-row In atom. Since the water molecule does not interact with the H-deficient P
atom, the electronic mid-gap state is also unaffected upon adsorption. This is in agreement with
the experimental findings, in which neither electronic nor chemical reactions could be identified
for molecular water adsorption and the band bending could still be observed.

The hydrogen vacancy presents no discernible effect on water molecular adsorption; how-
ever, this situation changes once dissociation is considered. These calculations were fueled by
experimental findings of slight hydroxyl group traces. In order to explore dissociative water ad-
sorption, the PES was calculated with respect to molecular water using equation 5.6. In Fig. 6.6
the PES for the pristine 2D-2H surface (left) and the one H vacancy 2D-1H (right) are presented.
For the 2D-2H, the OH group is not found to adsorb favorably at any site on top of the surface.
Conversely, for the 2D-1H, the undercoordinated P atom presents itself as a prime candidate for
the OH adsorption. The hydroxyl group adsorbs preferentially at the P dangling bond, saturat-
ing the half-filled dangling P orbital left behind after the H desorption. Accordingly, from band
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Figure 6.8: Calculated PES for a hydroxyl group on the InP (2x2)-2D-2H (left) and (2x2)-2d-1H
(right) surfaces. The most favorable site for OH adsorption is marked by the red dot. Adapted
from Ref. [196].

structure calculations, the mid-gap surface state is removed, and the electronic structure resem-
bles that of the 2D-2H pristine surface again. It should be noted that the dangling bond left by
the H vacancy not only changes favorably the adsorption energies for the P atom at the dangling
bond site itself, but also on all the other P atoms with a dangling bond of the 2D-1H surface lat-
tice. On the whole, dissociative water adsorption may be possible on the 2D-1H defect surface
but unlikely on the pristine surface.

Even though UPS revealed slight traces of OH groups adsorbed on the InP surface, the Fermi-
level position together with the unchanged band bending indicate that not all defect-related P
dangling bonds are passivated by OH groups. This also confirms that the P dangling bond center
does not behave as an active site for water dissociative adsorption. Unlike the In-rich surface,
the 2D-2H lacks the In—In bonds, where OH groups were found to bond favorably[169] on the
surface. For this reason, it is suggested that water dissociation is not favorable on the InP 2D-2H
surface, even when considering H vacancies as active sites. However, water dissociation may still
occur at step edges rather than on terraces of the P-rich (001) surface[196].

6.3 Conclusions

The strong surface band bending is found to be attributed to the hydrogen vacancies, leading to P
dangling bonds and induced half-filled mid-gap surface states. Different hydrogen defects are as-
sociated with distinct temperatures and H pressures. The H vacancy, in particular, was calculated
to be the most common defect type for standard H chemical potentials and show concentrations
high enough to explain the observed band bending. The doping of the material is also expected to
change the electronic structure and even the surface geometry. In particular, for p-doped samples,
the charged transition state is calculated at around 0.37 eV above the VBM and pinning the Fermi
level at the lower half of the band gap. In the case for n-doped samples, the ground-state surface
structure is now the one-fold negatively charged 2D-1H surface, which will lead to a Fermi-level
pinning below the surface CBM.

Water calculations reveal that the H vacancy, on the one hand, does not significantly change
the behavior of molecular water adsorption on the InP (001) surface compared to the hydrogen
saturated surface. On the other hand, the H-deficient P dangling bonds serve as an OH adsorption
site, differing from the pristine surface. The OH adsorption passivates the P dangling bond and,
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as a result, removes the defect surface state from the band gap. The calculations suggest water
splitting to occur at the defect sites. However, experimental observation of the band bending even
after water exposure indicates that the P dangling bonds are not active sites for water dissociation.
Instead, water dissociation may occur at step edges of the P-rich InP (001) surface.
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Chapter 7

Al/In-rich AlinP
surface oxidation

I11-V semiconductors provide the basis for several technological applications, ranging from elec-
tronic to optoelectronic devices. However, binary compounds are limited by a handful of ma-
terials with immutable properties like the lattice constant, the band-gap size, and the direct or
indirect band gap. Usually, the alloys are grown on top of a substrate or are implemented in a mix-
ture of two or more layers in what is called a tandem structure. In these cases, lattice mismatch
can cause detrimental effects on the devices. Thus, the lattice parameter strongly determines
the efficiency. For example, GaP (100), which has an excellent band alignment suitable for water
splitting[43], yet falls short with low adsorption efficiency because of the indirect and rather large
band gap[201]. Also, the material studied here, InP namely, showed excellent band alignment for
the bulk, but surface effects change the picture[163] and suffer from lattice mismatch with other
compounds. AlP has abetter band gap for water splitting[42], however possesses an indirect band
gap[202, 203] not suited for photocatalysis. Ternary I1I-V compounds offer the flexibility to cir-
cumvent these issues by allowing the fabrication of devices with the properties in between those
of the binaries compounds. Although it is evident that the available ternary alloys offer greater
flexibility, the space in which these materials exist is limited by binary compounds[26]. Never-
theless, careful material engineering and choice of components allow for materials with excellent
properties [204].

One of the most technologically relevant ternary materials is AlInP, which has been consid-
ered as a window layer in different optoelectronic and photochemical applications[32, 188, 205—
207]. The popularity of Al ,In;_,P is due to its favorable combination of chemical stability, suffi-
ciently wide band gap, and high-quality heteroepitaxial interfaces with many absorbers[208].
The most commonly used composition is Al 5Ing P which possesses a desired large and direct
band gap[209-211] as well as being lattice matched to many other III-V compounds such as
GaAs[212] or GaInP[32, 213]. This allows AlInP to be used in tandem structures for photocataly-
sis with record-breaking high efficiencies in the potentiostatically assisted electrode and in solar-
to-hydrogen conversion[32, 207].

Despite the promising results of AlInP alloys, thereislittle information regarding atomic struc-
ture and electrical properties, and also the interaction of the material with light is not fully un-
derstood. Exploring the most common AlInP surfaces and understanding the AlInP properties is
crucial for the engineering of AlInP window layers. The lack of literature on AlInP is probably a
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Figure 7.1: Al sIng P bulk material with cations arranged with CuPt-A or CuPt-B ordering, as
well as D4 ordering that ensures optical isotropy.

result of the difficulty in dealing with these surfaces due to the rapid oxidation of the material
with minimal exposure to oxygen or water. This chapter focuses on the study of AlInP surfaces
from first principles. The most energetically favorable surface reconstructions are identified and
their electronic properties are obtained. How the AlInP reacts towards oxygen is also studied for
the most energetically favorable surface reconstructions under growing conditions. The optical
properties of AlInP from first principles will be explored in the next chapter.

7.1 Surface geometry

In the literature, one can find that for III-V ternary systems, the bulk ordering plays a crucial role
in the resulting surface geometry. Different growing conditions result in a broad range of atomic
bulk ordering; among these, the CuPt ordering stands out[214, 215]. This ordering consists of
alternating group III layers perpendicular to the [111] or [111] direction called CuPt-B or per-
pendicular to the [111] or [111] direction denominated as CuPt-A. It has been shown previously
thatfor GaInP, CuPt causes anisotropic effects on the electronic structure and optical spectra[216,
217]. The CuPt ordering has also been linked to the formation of surface dimers on GalnP, which
induces additional strain on the material[218,219]. The AlInP bulk with a CuPt orderingis shown
in Fig. 7.1

The dimer formation and CuPt-B ordering relation were also observed for AlInP, where corre-
lation between surface P-dimers and the bulk ordering and a (2 X 4) reconstruction were iden-
tified[214]. This surface geometry is not the only one that presents dimers on the top layer, and
in fact it has been found to not be energetically favorable for other III-V semiconductors, espe-
cially not group-III-P compounds[154]. Since the actual surface geometry for AlInP is virtually
unknown, a plethora of surface geometries were explored based on that of other III-V semicon-
ductors[154, 220] considering a CuPt-B bulk ordering. The results were reported in Ref. [163],
however, the influence of hydrogen, present during MOVPE and CBE growth processes, was not
considered. This motivated the study by Glahn et al.[34] by expanding the surfaces considered
to also include hydrogen. Future experimental RAS measurements prompted the inclusion of an
In-covered surface that had yet to be considered named (2x4)-rInMD[221]. All the surface ge-
ometries that have been this far found are recompiled here and compared energetically. The grand
canonical potential, equation 3.3, presents four degrees of freedom for AlInP:H surfaces for each
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Figure 7.2: Surface phase diagram of the energetically favored AlInP(001) surface structures, de-
pendent on the Al and P chemical potentials for Auy = —0.6 eV (left) and Auy = —1 eV (right).
The thermodynamically allowed range of the chemical potentials according to equations 3.4 and
7.1 isindicated by the dashed lines. Adapted from Ref. [221].

element. The stability of Al ;Inj sP demands that the following relation holds

(7.1)

similar for InP with equation 5.3. The above equation also reduces the degrees of freedom by one,
allowing the P chemical potential to be a function of the Al and In chemical potentials. The ther-
mostatically allowed range for the chemical potential is limited by equations 3.4 and 7.1. The sur-
faces are compared energetically for Auyg = —0.6 eV (Fig. 7.2 (a)) and Auy = -1 eV (Fig. 7.2 (b)).
It should be noted that for the phase diagrams shown in Fig. 7.2, each slab was modeled using an
optically isotropic D4 ordering (see Fig. 7.1) and not CuPt-B as in Refs. [34, 163]. The ordering
does not change the trends significantly and only affects slightly the stability borders between
the considered geometries. This is not the case, however, for the so-called (2x2)-2InMD-2H re-
construction (c. f. [34]) which is found to be only stable with a bulk CuPt-B ordering.

The identified energetically most favorable surfaces are shown in Fig. 7.3. The most promi-
nent surfaces resembled those of the InP semiconductor, i. e., the (2X2)-2D-2H for the P-rich and
the (2X4)-rInMD for the In-rich. The latter surface is a complete In-covered surface with a sin-
gle In—P dimer on top. Other cation-rich surfaces are the (2X4)-InMD and (2x4)-AIMD for In-
and Al-rich conditions, respectively. These two surfaces are distinguished by the In—P and Al-P
top dimers, respectively. Although their name is borrowed from the InP (2Xx4)-MD surface, they
differ with respect to the second layer cation arrangement: the difference in the In and the Al
covalent radii leads to staggered arrangement of the second layer cation dimers. For hydrogen-
deficient conditions (Aug = —1 eV), the phase diagram is dominated by only P-dimer structures,
similar to other I1I-V semiconductors[154, 220]. The c(4Xx4) is stable for P-rich conditions, while
the 2(2%4) for intermediate conditions. The perpendicular-oriented dimers of the prominent
(4x4) and (2x4) surfaces agree with observations MOVPE-grown AlInP structures in a N, atmo-
sphere[214]. For standard MOVPE growing conditions with a hydrogen atmosphere (Auyg = —0.6
eV [34]) the (2x2)-2D-2H is the most prominent surface. The cation-rich (2X4) mixed-dimer

KAl + fIn + 20p = UATInP, bulk = KALbulk + Kinbulk + 24p bulk + AHf Alnp,,
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Figure 7.3: Top and side views of the energetically stable AlInP(001) surface geometries. Both
hydrogen-adsorbed surfaces and hydrogen-deficient surfaces are included.

surface trio is present for a wide range of H chemical potential, for both H-deficient and standard
conditions.

7.2 Surface oxidation

To properly study the AlInP for water-splitting purposes, it is first crucial to understand the ma-
terial itself. Nonetheless, when exposed to an oxygen atmosphere or in contact with water, the
material will corrode, changing its properties. Understanding the oxidation of AlInP surfaces is
thus of great interest. This section follows the same procedure as section 5.2, where oxidation
of the In-rich InP surface was explored. The main results have been previously published in Ref.
[163].

Only the cation-rich Al sIng 5P (001) surfaces with subsurface CuPt-B layer ordering were
considered here for oxidation, i. e., the (2X4)-InMD and the (2X4)-AIMD surface reconstructions.
As a starting point, the oxygen adsorption sites are identified through the calculation of the PES
for a single adsorbed O atom. The energy differences are referenced with respect to the ground-
state spin-triplet molecular oxygen. The PES for both surfaces are compiled in Fig. 7.4. The results
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Figure 7.4: Calculated potential energy surfaces (PES) for single oxygen adsorption on the
cation-rich AlInP(001) (2Xx4) surfaces. The data calculated for the AIMD and InMD is shown on
the left and right, respectively. Adapted from Ref. [163].

illustrate a similar favorable adsorption site for both cation-rich surfaces: the second layer Al—Al
bond but differ on the energetics of the top P-dimer, suggesting that O adsorbs preferably on Al
over In atoms. Itis also interesting to point out the qualitative differences between the oxidation
of InP and AlInP surfaces (cf. Figs. 7.4 and 5.2): (i) For the ternary surfaces, the maximum adsorp-
tion energy is more than twice the value obtained for the binary system. Thisis in accordance with
the higher heat of formation of aluminum oxides (-17.37 eV[222]) compared to that of indium
oxides (-9.57 eV [223]). (ii) The top most III-V bond found for InP as an O adsorption site is out
favored by the Al—Al second layer dimer, in the case of the ternary surfaces. This is in good agree-
ment with previous experimental results, where it was found that oxidation of Al,In;_,P occurs
faster with higher Al contents [224].

Continuing from the most favorable adsorption site identified in Fig. 7.4, increased oxidation
was explored, including the insertion into deeper layers. The sites that were probed for oxygen
adsorption included: the second-layer Al—-Al dimers, the trench next to the Al—Al dimers, the top
cation-P-dimer and the Al—In bonds between the first and second layers, whereby the latter is
only predicted for the AIMD surface. For substitution adsorption, all atoms in the top three layers
were considered tentatively to be replaced by O atoms. The stability of the structures is compared
energetically to the grand canonical potential 3.3 in Fig. 7.5. All the energetically favorable oxy-
gen adsorption and substitution geometries identified here are compiled in the Appendix A Figs.
A.2 and A.3. The most relevant structures are summarized in Fig. 7.6.

Similar to the binary case for InP, the stability of the AlInP surfaces increases with the amount
of oxygen incorporated into the surfaces. The eight atom-adsorbed structures (the maximum
amount considered here) lead to the most stable structures for a wide range of oxygen chemical
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Figure 7.5: Surface grand canonical potential versus oxygen chemical potential of the O adsorp-
tion and substitutional geometries for the cation-rich AlInP(001) geometries. The cation chem-
ical potentials are fixed for cation-rich conditions. The chemical potential of oxygen is related
directly to the pressure p and temperature T from equation 3.6. The clean surface is used as the
reference system. The data calculated for the AIMD and InMD is shown on the left and right,
respectively. Blue and orange lines indicate adsorption and substitution, respectively. Adapted
from Ref. [163].

potential for both the AIMD and the InMD. As is with the binary case InP, the AlInP oxidation pro-
cess continues as long as there is oxygen available and is only kinetically hindered. Besides the
similarities, there are also differences between the ternary and binary compounds for oxygen ad-
sorption: In contrast to the most common bonds found previously for InP, Al-containing bonds,
i.e.,, AlI-O—Al, AI-O—P and Al—-O—In are the most frequently observed for AlInP. In the sec-
ond layer, Al—Al dimers are the preferred adsorption sites and first to oxidize, forming Al-0—Al
bonds. In addition to these bonds, for the AIMD structure, three-fold coordinated oxygen is found:
O coordinated to two Al and one P, as well as coordinated to two In and one Al. Substitutional ox-
idation is studied in more detail in Fig. 7.7. For initial stages of oxidation, similar to the binary
case, in the ternary compounds, P replacement by O atoms is favored over other types of atoms.
Unlike the InP structures, this trend continues for O-rich conditions and is favorable in a large
range of Al and In chemical potentials. The P substitution leads to O bonding to group III atoms;
the ternary surfaces show a preference of Al—O—Al bond formation over In—O—In bonds, which
are favorable for the binary InP compound. Overall, standard adsorption and substitution are
found to lead to a rapid loss of surface order. Oxygen adsorption follows a somewhat similar pat-
tern for both ternary AIMD and InMD surfaces but differs greatly from the adsorption on the InP.
The reason for this behavior is the second-layer Al—Al dimers being the most favorable adsorp-
tion sites for oxygen in the ternary case. A trench along the [111] direction is formed as a result
of bond breaking and bond rearrangement of the second layer, as oxygen is incorporated. This
behavior is observed for both ternary surfaces.
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Figure 7.6: Energetically favorable O adsorption and substitution structures were calculated for
the AlInP(2x4) surface. The number in the notation indicates the total number of O atoms ad-
sorbed (a) or for substitution (s), the first, second and third digits of the number of Al, In and
P replaced, respectively. The top row depicts the oxidized AIMD and the bottom row the InMD
structures. The complete set of relevant structures considered in the present work is shown in
the figures in Appendix A Figs. A.2 and A.3. Adapted from Ref. [163].

7.2.1 Electronic properties

In order to understand the influence oxygen has on the electronic properties of cation-rich Al-
InP(001) surfaces, the DOS of the relevant surface structures at different levels of oxidation are
calculated. The orbital resolved DOS are included in the Appendix B Figs. B.2 and B.3 for all the
AIMD and InMD oxidized models included in this work. In Fig. 7.8 the electronic structure for the
clean and 8a models (see Fig. 7.6) of the AIMD and InMD is shown, together with the electronic
density of relevant states. Near the band gap the valence bands are dominated by In and P p states,
this is similar to the binary InP. There are slightly stronger contributions from phosphorus near
the valence band edge, in the case of the ternary systems. The conduction bands, near the band
gap, differ from that of InP and are entirely described by In p states. It is worth mentioning that
the region near the band gap is dominated by In and P states, and Al-derived states contribute
very little to the valence and conduction edges. A particular Al DOS feature lies ~ 0.1 eV below
the bulk valence edge, derived from the Al p state for the AIMd surface. On the InMD, the Al state is
located ~ 0.25 eV below the bulk valence edge. This feature is related to the second row of Al—Al
dimers, and itis labeled V2 in Fig. 7.8. The ternary surfaces AIMD and InMD are characterized by
two dispersive surface states in the band gap, one occupied and one unoccupied, denominated
V1 and C1 in Fig. 7.8 respectively. For the AIMD, the occupied state lies slightly above the bulk
VBM characterized by In p states and marginally lesser contribution from In s and P p states. Band
decomposed charge density reveals that this state is related to the top In—P and the second layer
In—In and Al—In bonds. The unoccupied band lies on the bulk conduction edge and is related to
the chains formed by the In and Al atoms in the second layer. The profile of the electronic struc-
ture remains more or less unchanged during the initial stages of oxidation. This is not surprising,
as most of the strong features near the band gap are either In or P-related and are mostly unaf-
fected upon the formation of Al-0 bonds. The main identifiable feature of the AIMD, i. e., the V1
state above the VBM, disappears upon increased oxidation. At the same time, the C1 state near
the conduction band edge is reduced, and an additional In s state emerges below the CBM. These
changes are related to the rearrangement of the atoms in the second layer upon the formation of
the trench. Furthermore, for high O coverages, phosphorus-related p states are pushed above the
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Figure 7.7: Phase diagram of the most energetically favored O substitution geometries of the
cation-rich AlInP (001). The stability range of the In and Al chemical potential is given by the
equations 7.1 and 3.4; assuming O-rich preparation conditions, Auo = 0 €V. The data calculated
for the Al-P and In-P mixed-dimer structures are shown in the left and right, respectively. Adapted
from Ref. [163].

VBM after increased oxidation related to O—P bonds on the top and third-layer P atoms.

The InMD presents a different electronic scheme, with the two surface states in the band gap
shifted down in energy: The occupied stateis located at the valence edge (V1) and the unoccupied
state (C1) below the bulk conduction edge. From the band-decomposed charge density, the origin
of the V1 state relates to the top In—P and the second-layer In—In bonds. The C1 state originates
from the In—In chains of the second layer. Both states have similar origins to the AIMD struc-
ture. The InMD has its main identifiable feature, the unoccupied In p C1 state, pushed up into
the conduction band soon after the initial stages of oxidation. Similar to its counterpart AIMD,
this phenomenon is related to the reordering of the second layer and trench formation. When an
In—O—P bond forms on the top dimer, the In p contribution to the conduction band is reduced.
This suggests that most surface states near the conduction band edge are related to the top In—P
dimer. Phosphorus-related p states are pushed below the CBM after increased oxidation; this co-
incides with the formation of In—O—P bonds on the top dimer.

For both AIMD and InMD geometries, initial stages of oxidation do not lead to passivation
of surface states. Eventually, the surface states are modified after increased oxygen adsorption,
but new states emerge in many instances in the band-gap region. This behavior is not so different
from the one observed for the InP (2X4) surface. The new states may act as charge traps, affecting
the carrier generation and recombination processes. As a result, this may worsen the electronic
and optical properties.

7.3 Conclusions

DFT calculations show that the most stable geometries for AlInP(001) are similar to the InP, but
also differ by the inclusion of new reconstructions. For H-rich and P-rich conditions, the most
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stable surface reconstruction is the (2X2)-2D-2H, also present for InP under similar conditions.
Similarly, the (2X4)-rInMD surface geometry is stable for In-rich for both ternary AlInP and bi-
nary InP systems (named (2X4)-MD). In addition, both 2(2%4) and C(4%4) surface geometries
are found to be stable in the calculated phase diagram. Besides the similarities, other surface re-
constructions are found for the ternary compound. This includes the cation-rich AIMD and InMD
surfaces with cation heterodimers on the top-mostlayer and second-layer cation dimers that dif-
fer from the InP (2Xx4)-MD structure. The second layer is characterized by staggered Al—Al dimers
for both structures. Other surfaces of interest are the hydrogen adsorbed (2x2)-2InMD-2H and
the (2Xx2)-4P-6H, the latter only present for extreme H-rich conditions.

The ternary cation-rich surfaces also present different oxidation patterns to hte binary sys-
tem, with the Al—Al dimers playing an important role as adsorption sites. The oxidation is found
to be more favorable than for the InP surfaces. Thisis related to the considerably larger heat of for-
mation of aluminum oxide compounds compared to indium oxides. This explains experimental
findings that suggest oxidation occurring faster with higher Al content for Al,In; —xP. Oxidation
leads to more frequent Al-0O bonds than In—O bonds. Concerning substitutional oxidation, P
atoms were found to be more likely to be replaced by O in comparison to Al or In atoms. This
matches well with the energetic preferences of Al/In oxidation. Oxygen is found to passivate sur-
face states inside the band gap resulting from the In—In wires of the second layer. However, in-
creased oxidation introduces new states in the band gap region. These states are related to In—O
and Al—O bonds and are expected to reduce the electronic efficiency by providing charge traps in
the oxide layer. The high surface reactivity towards oxygen may result in detrimental effects on
both electronic and optical surface and interface properties.
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Chapter 8

Optical spectra for
AlInP surfaces

Spectroscopy techniques are commonly used across diverse areas of science to characterize ma-
terials on an atomic or molecular scale. RAS, also known as reflectance difference spectroscopy,
is a powerful technique to characterize surfaces at an atomic scale[225]. The technique relies on
measuring the polarized-dependent reflectivity to explore the surface structural and electronic
properties[35, 49, 226, 227]. The RAS surface high sensitivity profits from the low symmetry of
the surface by taking the difference between two reflected light polarizations along the lattice
vectors, ultimately producing a unique spectrum of the probed surface. In addition, RAS is a non-
destructive, relatively fast method available in a large range of environments, thus allowing to
probe the surface in situ using only polarized light. Indeed, RAS has been used extensively to mon-
itor the growth process of III-V ternary surfaces and heterostructures[228-231]. In particular,
Zorn et al.[232] explored the relationship between bulk ordering and growth temperature with
the RAS technique for InGaP (001) surfaces. This was further corroborated by Krahmer et al.[40],
proving that not only can RAS be used to probe surface stoichiometry and morphology, but also
the bulk ordering.

Full understanding and interpretation of the RAS signal require numerical simulations as an
aid. First principle calculations can be used to assign the origin of the anisotropies to specific
transitions in the electronic structure. Several RAS calculations have already been performed for
III-V binary systems[157, 233-236]. However, this is not enough to explain the spectra of the
I1I-V ternary systems, where additional surface-induced bulk ordering may lead to additional
anisotropies or modifications of the existing surface ones.

The present chapter aims for a better general understanding of the surface optical anisotropies
of I1I-V ternary alloys. The particular interestlies within the RAS sensitivity towards surface struc-
tural motifs, but also the effects the near subsurface layers induce on the spectra. Specifically, the
origin of RAS anisotropies of the ternary MOVPE-grown AlInP (001) surfaces. Measured data for
epitaxially grown Al 55Ing 44P (001) epilayers is directly compared to calculated spectra of the
most energetically stable Al 5Ing P (001) surface reconstructions. The results presented here
were previously discussed in Refs. [221, 237]. The experimental contributions were performed
by Mohammad Amin Zare Pour under the superviosion of Thomas Hannappel.
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Figure 8.1: Imaginary part of the dielectric function of an AlInP bulk calculated within the model-
BSE (mBSE) and a D4 order compared to experiment [241]. The bulk E; and E; critical point
energies are marked. Adapted from Ref. [237].

8.1 Methodology

DFT calculations are known to underestimate the band gap due to an inaccurate treatment of
the electronic self-energy, the so-called band gap problem. The calculated band gap within the
GGA-DFT level f theory for the AlInP bulk of 1.26 eV with a D4 ordering (see Fig. 7.1) severely
underestimates the experimental band gap of 2.31 eV, measured for an AlInP alloy with random
ordering[212]. Using the partially self-consistent GWy calculations, as implemented in the VASP
software[94, 95], the band gap is increased closer to the experimental value, i. e., to 2.25 eV. The
remaining small deviations may be partially related to ordering effects: The AlInP band gap is ex-
pected to be highest for fully disordered crystals [213, 238, 239]. For a CuPt-ordered AlInP bulk
(see Fig. 7.1) the calculated band gapis 1.35 and 2.33 eV, with DFT and GW, respectively. In ad-
dition to the self-energy effect, the optical spectra are dependent on local field and electron-hole
attraction effects. They are included by solving the BSE [125, 156, 240]. Due to computational
reasons, the BSE is solved using a model dielectric function, the mBSE[126, 128] method, which
approximates the quasi-particle shifts with a scissors operator of 0.99 eV magnitude. The opti-
cal calculations require a dense k-point mesh. In order to accelerate the calculations and reduce
resources, the spectra are averaged over multiple calculations with different grids. The starting
point is a n1 X ny X n3 grid with Xy irreducible k points, Ky, and weights Wy. The calcula-
tions are performed on an mj X my X m3 grid shifted by Ky. In the end, a weighed average
of the dielectric function is performed over the Xy calculations with the weights Wy. As a re-
sult,a (N1 X M1) X (N2 X M3) X (N3 X M3) is effectively constructed. It should be noted that in
this method, interactions of range longer than m times the supercell are omitted. For the bulk, a
4 X 4 X 4 grid is used for both n and m grids. An n grid of 4 X 4 X 1 is used for surfaces, and an
8 X 8X 1 equivalent grid per (1 X 1) for the m grid. This methodology leads to an AlInP bulk dielec-
tric function in very good agreement with the experiment, shown in Fig. 8.1. This methodology
is utilized throughout this work unless otherwise stated.

The RAS is calculated from equation 4.63; to match experimental results, the xx and yy di-
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rections are chosen to align to the [110] and [110], respectively. The supercell method neces-
sarily yields not only the surface optical anisotropies, but also anisotropies originating from the
hydrogen-passivated bottom layer. Fortunately, these contributions are small and occur for pho-
ton energies above 3.5 eV. To reduce these effects, the half-slab polarizabilities are averaged over
two slabs with the bottom hydrogen bonds oriented along the [110] and [110] directions.

8.2 P-rich surfaces

Thin Al 5,Ing 4¢P layers where prepared in a MOVPE reactor with H, as a carrier gas by Zare Pour
et al.[34, 237]. The whole MOVPE process was monitored in situ with RAS, which was setup in a
such a way that through the entire procedure the complex variation in the reflection was along the
[110] and [110] directions [226]. Afterwards additional RAS measurements were performed at
room temperature. The samples were transferred to an ultra-high vacuum chamber where LEED
and XPS measurements were preformed. The results confirmed a P-rich surface along with sub-
stantial evidence for a (2X2)-2D-2H surface reconstruction. The full details on the sample prepa-
rations and measurements are found in Refs. [34, 237].

The RAS spectra measured for epitaxially grown Al s5,Ing 4gP(001) P-rich epilayers at tem-
peratures 600, 300 °C and room temperature are shown in Fig. 8.2. The spectra are character-
ized by a negative anisotropy between the photon energies 2.1 and 2.8 eV, peaked around 2.6 eV,
and a broad positive feature with a maximum around 3.1 eV. There is a noticeable blue shift in
photon energies, as well as the sharpening of the peaks, as the temperature is reduced, similar to
the RAS measurements of P-rich InP surfaces[242]. The RAS was simulated for the most relevant
P-rich surfaces for a wide range of the hydrogen chemical potential (cf. Fig. 7.2 and Ref. [34]),
as shown in 8.2. To be precise, the surfaces used are the so-called (2x2)-2D-2H, (2X2)-4P-6H,
and the $2(2Xx4). To concentrate only on anisotropies originating from surface stoichiometry,
the slabs prepared in Fig. 8.2 present a D4 bulk ordering. The different spectra demonstrate the
capabilities of RAS as a tool to discriminate between various stable surface geometries and how
it may be used for growth monitoring.

8.2.1 2D-2H surface

Among the different surfaces considered, the (2x2)-2D-2H model presents the best agreement
with the experiment. Itis the one that best reproduces the negative feature at around 2.6 eV. This
surface is also the dominant model for the growing conditions of Auy = —0.6 eV (see Fig. 7.2),
coupled with XPS and LEED data [34], it can be concluded that the AlInP surface produced for
MOVPE experimental conditions is that of the 2D-2H. It is distinguished by a complete layer of
buckled phosphorus dimers. Half of the dangling bonds of each dimer are hydrogen saturated,
and the rest are filled with lone pairs of electrons.

The negative RAS feature present for the AlInP(001) MOVPE-grown surface is reminiscent
of previous observations of P-rich GaP (001) and InP (001) grown with gas-phase epitaxy [155,
156]. In order to investigate the origin of the valley, the RAS is calculated in the IPA level theory
considering only the transitions between single pairs of surface states, i. e., the sum in equation
4.17 includes the state pairs of interest. The most prominent contribution to the negative fea-
ture arises from the transitions between V1 and C2, see Fig. 8.3. These states give rise to a high
joint density of states. The V1 surface state corresponds to the P dangling bond and the C2 to
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Figure 8.2: Comparison of RAS measurements for epitaxially grown Al 55Ing 4gP epilayers and
calculated spectra for the P-rich surfaces. The bulk region of the slabs is simulated, presenting a
D4 ordering. The bulk E1 and E5 transitions are marked by the dashed lines. Experimental spectra
was meassured by M. A. Zare Pour.

the P-dimer antibonding ¢*. Considerably smaller contributions are attributed to other transi-
tions between surface states. Thus, the negative feature at 2.6 eV can be assigned to the transition
between surface states related to the P-dimers on top of the surface.

The electronic structure can be highly sensitive to local atomic configurations, and the P-
dimers can be arranged in different locations on the cation sublattice. In order to assess the influ-
ence thelocal configuration has on the RAS fingerprints, a total of three different 2D-2H structures
were considered. They are prepared by shifting laterally or rotating the P monolayer on top of the
optically isotropic bulk; see Fig. 8.4. The structures labeled D4-A and D4-B resemble the P-dimer
on top of a CuPt-A ordered second layer and differ on whether the P-dimers are located directly
above Al or In atoms in the fourth layer. The third structure, D4-C, is produced by rotating the an-
ion monolayer of either D4-A or D4-B by 90°. The local ordering of the P-dimers of the resulting
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Figure 8.3: (a) RAS calculation for the transition between relevant pairs. (b) Orbital character of
the prominent surface states V1 and C2. (c) Surface electronic structure of the AlInP (2X2)-2D-
2H surface. The shaded gray area is the bulk-projected band structure. Adapted from Ref. [237].

surface resembles the 2D-2H with a CuPt-B bulk ordering. It is worth noting that the most ener-
getically stable structure is the D4-B; this is the one used in Fig. 8.2 and Fig. 8.3. These results
agree with previous observations on P-dimers forming above Al atoms due to strain minimization
[34]; see also the discussion in Ref. [218, 243]. P-dimers could still, however, form in different
local environments in real experimental conditions due to several external factors.

The calculated RAS for the three D4 models resemble each other and the experimental spec-
tra, in particular the negative feature at 2.6 eV; see Fig. 8.4. This further strengthens the result
discussed above that this feature is related to local intra-dimer electronic transitions. Notably,
the 2.6 eV peakis best described by the D4-B structure, which is also the energetically favored D4
model. All three D4 models present negative features near the bulk critical point energies E1 and
E>. Due to the fact that the lateral lattice bulk parameter has been used for the surface calcula-
tions, the features around the bulk critical points cannot arise from surface-induced strain alone.
Thus, they must be related to transitions of the surface-modified bulk wavefunctions. These val-
leys differ in the magnitude and position between the three models, and could partially cancel out
in the total signal. This could explain the absence of pronounced RAS features at the bulk critical
points in the experimentally measured spectra.

8.2.2 Other P-rich surfaces

While the 2D-2H surface reconstruction is the energetically most favorable P-rich surface for a
wide range of preparation conditions, there are other possible Alln(001) surfaces that are stable
for a small subset of growing conditions (c.f., Fig. 7.2 and Refs. [34, 163]). The (2X2)-4P-6H
surface is stable for extreme H-rich conditions, characterized by six hydrogen bonded to the top
most P atoms in the surface unit cell; see Fig. 7.3. Notably, the surface P atoms do not bond to-
gether to form dimers; that is because the H atoms passivate all P dangling bonds. As a result, the
AlInP band-gap region is deprived of any surface states. Accordingly, the calculated RAS presents
no significant features for the low photon energy region; see Fig. 8.2. For higher energies, the
RAS presents optical anisotropies at around 3.8 and 4.8 eV that coincide with the AlInP bulk crit-
ical points. This phenomenon has been previously observed for hydrogen-terminated Si (111):H
surfaces[244], making these peaks related to transitions of surface-modified bulk states.
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Figure 8.4: Comparison of RAS calculated for the AlInP (001) (2Xx2)-2D-2H surface with different
local ordering for the interface between the surface and the optically isotropic bulk. Adapted from
Ref. [237].

Another interesting surface reconstruction present for the AlInP(001) is the $2(2X4), also
common surface for other III-V semiconductors, especially the ones where hydrogen is not present,
such is the case for the GaAs(001) [154]. The f2(2x4) surface reconstruction is stable for poor
H conditions for the AlInP(001) (see Fig. 7.2) and presents two realizations, depending on the
cation chemical potential. These two surfaces differentiate themselves by the second layer cation
composition. Both are characterized by surface states close to the bulk VBM that originate from
the 7* antibonding combinations of p; orbitals localized at the P-dimers. An unoccupied state lo-
cated near the bulk CBM arises from the sp> dangling bonds of the three-fold coordinated cation
atoms of the second layer[34]. The anisotropies of the RAS are related to the transitions between
the P-dimer surface occupied state and resonant unoccupied surface states, as well as between
occupied resonant surface states and the unoccupied second-layer cation dangling bond states.

8.2.3 Effect of bulk ordering

So far, the RAS calculations have been performed for surface layers on top of an optically isotropic
AlInP bulk with D4 ordering. The results show that the main RAS anisotropies arise exclusively
from surface states and can be used to characterize individual surface reconstructions and mon-
itor growth processes. There are, however, indications that AlInP(001) epitaxial growth induces
spontaneous CuPt-type ordering, linked to the presence of P-dimers [214]. This opens up the
questions of how pronounced the effect that CuPt-type ordering has on the RAS characteristic
signatures is, and if the RAS can be used to identify the AlInP(001) subsurface layer cation order-
ing. In order to answer this question, the RAS calculations were performed for the (2x2)-2D-2H
surface on top CuPt-A and CuPt-B type ordered AlInP(001) subsurface layers. The results are pre-
sented in Fig. 8.5. The fingerprint of the 2D-2H RAS signal, i. e, the negative peak at 2.6 eV, is
present for both CuPt ordering types, thereby reinforcing that the anisotropy is surface in nature
but is affected by the ordering of the subsurface layer. Strong changes occur in the RAS calcula-
tion at the AlInP bulk critical energies, E; and E,. The anisotropy sign changes from negative to
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Figure 8.5: (a) Measured RAS data and calculations for the AlInP (2X2)-2D-2H surface recon-
struction on top of CuPt-A and CuPt-B ordered subsurface layers. (b) Imaginary part of the di-
electric function calculated for the CuPt-type ordered AlInP bulk with the bulk critical point en-
ergies indicated. (c) Calculated band structure for the AlInP CuPt-type ordered bulk, unfolded,
performed using the BandUP software[246, 247]. (d) The geometric structures for AlInP (2X2)-
2D-2H surface reconstruction on top of CuPt-A and CuPt-B. The bulk critical point energies E1
and E; indicated are associated with interband transitions at L and X, respectively[248]. Adapted
from Ref. [237].

positive and from positive to negative for the peaks at E; and E», respectively, from the CuPt-A
to the CuPt-B subsurface layer ordering. The changes in the RAS signal are equivalent to rotating
the subsurface layers by 90° while maintaining the P-dimer orientation; this is because RAS mea-
sures anisotropies between perpendicular polarizations. This comes as no surprise, given that the
difference in both CuPt-A and CuPt-B ordering is a rotation by 90° along the (001) axis.

RAS measurements at high photon energies, in particular at E; could help in determining the
degree of order of subsurface AlInP(001) layers. The provided experimental RAS measurements
allowed data up to 5 eV; however, this was not sufficient to give a conclusive statement on the
subsurface ordering. In any case, the main experimental features are somewhat best described
by the AlInP 2D-2H surface reconstruction on top of a CuPt-B ordered crystal rather than a CuPt-
A ordered one, even if the sharpness of the peaks above 3 eV is not reproduced. This would be
in accordance with evidence that [110] aligned P-dimers induce a CuPt-B subsurface ordering.
The implications of breaking the cubic symmetry on the electronic structure have been previously
reported for MOVPE-grown GaInP[245]. The temperature dependence of the GaInP surface signal
hasbeenlinked toincreased bulk ordering as the temperature is reduced[228]. This relation could
also be the case for the AlInP surfaces: Comparing the (2X2)-2D-2H AlInP surface on top of a D4
and CuPt-B ordered bulk, an enhancement of the main features at 2.6 and 3.4 eV can be observed
for the surface with the ordered crystal.
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8.3 In-rich AUnP(001)

During the epilayer post-growth process of the AlInP(001) by Zare Pour et al.[221], as the tem-
perature was gradually increased, a sudden red shift was observed at temperatures between 410
and 540 °C. Normally, when a surface reconstruction remains stable for a wide range of temper-
atures, the RAS peaks tend to diminish in intensity [237, 242]. However, this is not the case for
the AlInP (001); quite the contrary, the peaks are intensified when increasing the temperature
from 340 to 440 °C. Which would suggest a change in surface reconstruction. Previously, it was
reported that for some III-V binary semiconductors, a change from anion-rich to cation-rich sur-
faces occurs as the temperature is increased and the group V elements desorb from the surface
[231, 249]. A new cation-rich surface reconstruction, as a result of P-desorption, could explain
the changes observed in the RAS measurement. The energy enthalpy for InP (-92.1 kJ/mol) is
higher than for AlP (-166.6k]/mol); therefore, AlI—P bonds are thermodynamically more stable
over In—P [250]. In—P bonds would most likely break first as the temperature increases, suggest-
ing an In-rich rather than an Al-rich terminated surface. After the growth process, this In-rich
surface was annealed at a temperature of 440 °C and subsequently UPS, XPS, and LEED measure-
ments were performed. Here, a (2X4) reconstruction is found that contains In—In bonds, but no
evidence for Al—Al bonds was observed, reaffirming the previous conclusion of an In-rich surface
rather than Al-rich. Neither cation-rich AIMD nor InMD surface models meet the experimental
findings, as both reconstructions possess an Al—Al bond on the second layer, which cannot be
accounted for from experimental measurements.

The experimental RAS data for the In-rich surface at room temperature is presented in Fig. 8.6.
The spectra are characterized by a negative peak at 1.9 eV and a positive peak at 2.9 eV, noticeably
red-shifted from the P-rich spectra. The RAS was calculated for the most relevant In-rich surfaces
identified previously (cf. Fig. 7.2 and Ref. [34]) and shown in Fig. 8.6. The new (2X4)-rInMD
model (see Fig. 7.3) is proposed as a way to both explain the RAS data and fit to XPS and UPS
measurements where no Al—Al bonds are found. It is clear that the best agreement with the RAS
experimental data is achieved for the rInMD model, since it both describes the negative feature
at 1.9 eV and the positive peak at 2.9 eV.

8.3.1 The rInMD surface model

The AlInP(001) (2x4)-rInMD surface is stable for a wide range of growing conditions, and it
occupies the upper part of the AlInP phase diagram (see Fig. 7.2 (a)). Not only is the surface
energetically favorable for H-poor conditions but also for standard MOVPE growing conditions
(Aug = —0.6), while lacking any hydrogen adsorbed at the surface. The rInMD is distinguished
from the other cation-rich surfaces by the full In coverage of the second layer. There is a top
In—P dimer on top of the surface, followed by In—In dimers in the second layer. The lack of
Al—Al dimers further distinguishes it from the AlInP(001) In-rich InMD surface identified previ-
ously[163]. Even more, none of the In—In dimers are staggered, and the surface resembles that of
the binary InP (001) (2X4)-MD surface reconstruction. XPS measurements confirm the presence
of In—In and In—P bonds at the surface, while also lacking any evidence for Al—Al bonds[221].
The electronic structure of the rInMD surface modelis characterized by a surface state slightly
above the VBM (see Fig. 8.7), reminiscent of the 2 model [34]. This low dispersive band origi-
nates from the In—In ¢-bonds of the second layer (see ifg. 8.7 (b)), not unlike the InP (2x4)MD
[152]. There are several unoccupied surface states near the conduction band edge; one of these
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Figure 8.6: Comaprison of RAS measurement for epitaxially grown Alj 4gIng 5,P at room tem-
perature and calculated spectra for the In-rich surfaces. The bulk region of the slabs is simulated,
presenting a D4 ordering. Experimental spectra was meassured by M. A. Zare Pour. Adapted from
Refs. [221, 237].

lies slightly below the bulk CBM. Both occupied and unoccupied surface states are characterized
by In p states originating on the In—In dimers of the second layer, as well as the In atom from the
top dimer.

In Fig. 8.7 (a), the optical DFT calculations in the IPA level of theory for individual transitions
show the origin of the main negative feature of the RAS below 2.5 eV (see Fig. 8.6). The main con-
tribution to the peak is the V1«<>C2 transition between surface states, with lesser contributions
from V1<5C3,V1<C1 and V3> C1. The unoccupied C2 is mainly related to the dangling bonds
of the three-fold coordinated In atoms of the second layer (see Fig. 8.7 (b)). In other words, the
distinguishing negative feature of the RAS measurements originates from transitions of the In—In
dimers of the second row, with the main contributions from the transitions of the s-bond occu-
pied states to the dangling In bonds. This feature shares a similar origin to the negative feature
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Figure 8.7: (a)RAS calculation for the prominent electronic transitions. (b) Orbital character of
the V1 and C2 states. (c) Band structure of In-rich (2 x 4)-rInMD AlInP. The shaded gray area is
the projected bulk band structure. The right panel shows the orbital resolved density of states.
Adapted from Ref. [221].

of its binary InP (2x4)-MD surface counterpart [157]. This is not surprising considering the top
two layers share the same chemical composition and atomic position, in addition to RAS being a
surface probe technique. At higher energies, there are two local maxima located close to the bulk
critical point energies, E1 and E5, most likely related to transitions involving surface-modified
bulk wavefunctions.

8.3.2 Other cation-rich surfaces

Both the AIMD and InMD surfaces present a strong RAS anisotropy atlow photon energies around
1.6 eV, as shown in Fig. 8.6. At higher photon energies, the surfaces present only weak features,
unlike other surface reconstructions studied so far. Both surfaces share a similar RAS profile; this
is due to the surfaces sharing similar reconstructions, differing slightly in the second layer ar-
rangement and in the compositions of the top dimer. The InMD RAS signal is very slightly red-
shifted to lower photon energies and is most likely related to the difference in the band energies,
with AIMD being slightly higher than InMD, as shown in Fig. 8.8. The subsurface layer D4 or-
dering preserves somewhat the shape of the electronic structure to the CuPt-B ordered (c. f. Figs.
7.8 and 8.8). The negative peak major contributions for both of the surfaces are the transition
between the characteristic occupied (V1) and unoccupied (C1) surface states, discussed in the
previous chapter. In other words, the transitions occur between occupied states located in the
second layer In atoms and top dimer to o-states of the In—In chains. Interesting to note is that
there are little to no contributions from the Al—Al bonds of the second row, i. e., the V2 state.
The last surface of interest is the (2X2)-2InMD-2H present in the range of H-rich and In-rich
conditions. It consists of In atomic chains that form along the [110] directions. These atomic
chains give rise to an occupied state and an unoccupied state inside the band gap (see Fig. 8.9).
The states are highly dispersive in the direction of the In chains and nearly no dispersion in the
perpendicular direction to the chains. At the DFT-level of theory, the bands are separated by only
a small energy difference, around 0.1 eV, in the J’ — K direction of the surface Brillouin zone. The
bands pin the Fermi energy level at the mid-gap position. Due to the small gap and the highly
dispersive states, the scissors operator method is not used for the RAS calculation in Fig. 8.6;
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Figure 8.8: Electronic structure for the cation-rich AlInP(001) (a) AIMD and (b)InMD surfaces.
The shaded gray area is the projected band structure of the bulk. (c) RAS calculation for the tran-
sitions between V1<Cl1.

instead, the RAS is calculated in the IPA-level theory. It is found that the transitions between the
two mid-gap states give rise to an extremely strong anisotropy for low photon energies. Similar
findings are reported for other surface atomic wire systems[251].

Band alignment extracted from XPS and UPS measurements revealed that for both P-rich and
In-rich AlInP(001) surfaces, the Fermi level is pinned in the mid-gap [221]. While for the P-
rich the Fermi-level pinning can be attributed to H-vacancies on the 2D-2H similar to the P-rich
InP[196, 197], the same cannot be said for the In-rich surface as there is no hydrogen present. In-
stead, for the In-rich surface, the Fermi-level pinning is most likely due to the presence of 2InMD-
2H surface reconstructions at small clusters. The calculation of the surface charge density (equa-
tion 6.1), with a determined band bending of 1.8 eV from XPS and UPS measurements, a donor
concentration Np = 2 - 10'8 cm™ and a relative permittivity for AlInP ¢; = 11.25[252] re-
sults in a number of defects 1.34 - 10'® cm™ or a proportion of 2.1% surface atoms involved
in the band bending[221]. This would suggest that the samples present the energetically favor-
able (2x4)-rInMD as the dominant reconstruction, with around 2.1% in a (2X2)-2MDInMD-2H
reconstruction. This would explain the Fermi-level pinning at the mid-gap, but also the lack of
the 2MDInMD-2H signal in the RAS measurements.

8.4 Conclusions

Measured RAS data for MOVPE grown samples annealed at different temperatures are compared
with numerical simulations of several energetically favorable surface terminations and different
subsurface layer ordering. The results show that different surface structure motifs give rise to
clearly distinguishable fingerprints in the RAS traced back to specific electronic transitions. The
fingerprints below 3 eV depend very little on the local atomic order of the surroundings of the re-
spective structural motifs. The measured RAS data can be associated with a specific surface recon-
struction, in particular P-rich MOVPE grown samples are terminated by a monolayer of dimerized
P atoms, half of which are passivated by hydrogen atoms. Increased temperature leads to P des-
orption and an In-rich surface characterized by a single top In—P dimer and a fully In-covered
second layer. The RAS fingerprints for the P-rich and In-rich originate from transitions of the spe-
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Figure 8.9: Band structure of the (2X2)-2MDInMD-2H AlInP(001) surface reconstruction. The
shaded gray area is the projected band structure of the bulk; the right panel shows the orbital
resolved DOS. Adapted from Ref. [221].

cific motifs: the first layer P—P and second layer In—In bonds, respectively. The fingerprints allow
for the different surfaces to be identified by looking only at the RAS measurements. This in turn
allows to control the growth of either P-rich or In-rich surfaces in real time, by performing in situ
RAS measurements.

At high photon energies, the optical anisotropies are strongly modified by the cation subsur-
tace layer ordering. In particular, strong anisotropies rise on the AlInP bulk critical point energies
E; and E;. The RAS measurements could be used, in principle, to identify the degree of the CuPt
ordering of the material subsurface layers by focusing on the anisotropies at the E, energies.
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Chapter 9

Summary &
Conclusion

The oxidation of semiconductor interfaces were studied for two materials, i. e., InP and AlInP,
in the DFT framework. The study was limited to the semiconductors with cation-rich surfaces.
The dominant reconstruction for the In-rich surface is the (2X4)-MD, which has been known for
some time and well documented[146—153]. The most relevant adsorption sites for oxygen on
the (2x4)-MD were determined from DFT calculations; this served as a basis for investigating
increased oxidation. Oxygen adsorption leads to the formation of In—O—P and less frequently
to In—O—In bonds. This matches with experimental and theoretical studies done for oxidation
on InP[47] and also for water dissociative adsorption [49, 50]. Additionally, oxygen substitution
was also investigated for the MD surface. In this case, O atoms are more likely to replace P atoms
over In atoms, leading to more common In—O bonds. Less frequently P—O—P bonds were also
identified. Substitution oxidation is distinguished from regular O adsorption by the more rapid
loss of the surface order. This is important, as understanding how oxide layers form at the semi-
conductor’s surface can help in fighting the corrosion that photoelectrochemical devices suffer
from, when submerged in an electrolyte. Nevertheless, the corrosion on these devices can inad-
vertently lead to reduced efficiencies. This can be seen from the mid-gap states introduced from
the increased oxygen adsorption. The oxidation is not completely detrimental, as it is also ob-
served to passivate surface states.

For the ternary material AlInP, the investigated cation-rich surfaces were the (2x4)-AIMD
and (2x4)-InMD, both calculated with a CuPt-B subsurface layer ordering. These surface mod-
els present some similarities to the InP (2X4)-MD reconstruction: (i) O atoms favor bonding to
group-III atoms over P atoms. (ii) Substitutional oxidation similar to binary systems also leads to
arapid loss of symmetry with O more likely replacing P atoms. Suprisingly, Al—O bonds are more
energetically favorable than In—O. The result is in part due to the considerably larger heat of oxi-
dation of Al compared to In. For this reason, the second layer Al—Al dimers are the most favorable
adsorption site; which can be translated to experimental findings where oxidation occurred faster
with higher contents of Al[224]. The O adsorption also leads to states inside the band gap that
can be detrimental to the electronic properties. However, these states are not related to Al, which
could suggest that an Al oxide layer would lead to more stable surfaces.

Water-splitting mechanism was investigated for the most common InP surfaces reconstruc-
tions. In the case of In-rich surfaces, as a first step, it was found that water dissociates, forming
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In—O—In bonds in the second layer and P—H on the top dimer. This agrees with previous experi-
mental findings; however, it was also found that the process is hindered by energy barriers of 0.87
eV. Further inclusions of water overlayers lower this energy barrier. Regarding the morphology of
the water overlayer, it resembles that of ice Ij, butis heavily influenced by the surface morphology.
More precisely the water overlayer is anchored to the surface through a series of In—0O bonds be-
tween surface and water molecules. Water dissociation also leads to surface-adsorbed hydroxyl
groups acting as anchor points for the water overlayer.

The chemical reaction of the full water-splitting mechanism is divided into the OER and the
HER. From the possible OER pathways, the associative reaction mechanism turns out to be the en-
ergeticall favorable one for the In-rich surface. Notability, the overpotentials for the OER and HER
are calculated to be under 1.7 and 0.3 eV, respectively. These overpotentials are slightly increased
when considering the reactions under a full water layer. Furthermore, this is in line with other
catalysts like TiO, and RuO,. Undoubtedly, illumination of the surface with direct light would
provide the necessary overpotential for both OER and HER to occur spontaneously without an ad-
ditional bias potential. As such, the capabilities of InP for photoelectrochemical water-splitting
and why it has received so much interest is evident. However, band alignment calculations of the
(2x4)-MD surface position the OER below the valence edge; the HER, fortuitously, still lies above
the conduction edge. The inclusion of water interface and hybrid calculations, further corroborate
the relative positions of the valence and conduction bands in respect to the redox potentials. Itis
clear then that the In-rich surface is best suited for hydrogen evolution rather than oxygen evolu-
tion. Tandem solar devices would amend these issues, as other semiconductors better suited for
oxygen evolution can be stacked together with InP. Ultimately, it is essential to understand the
water/surface interface in order to increase the efficiencies of the devices.

On the P-rich (2X2)-2d-2H InP surface, it is found that water dissociation is not favorable
compared to molecular water adsorption. This is in contrast to the In-rich surface, mainly due
to the P-dimer atoms being passivated by preexisting H atoms on the surface. This agrees with
experimental findings, where only small traces of OH were observed. Nevertheless, dissociative
adsorption would seem plausible only when surface defects are considered. Further, hydrogen
defect concentrations are calculated for the P-rich surface from DFT. In addition, the experimen-
tally observed Fermi-level pinning is found to be explained by the most probable defect, the H
vacancy. The calculated concentration numbers for the H vacancy are in the order of magnitude
to common doping levels. Furthermore, they are in agreement with calculated numbers from
experimentally-obtained quantities. Further theoretical calculations revealed that a positively
charged defect for p-doped samples pins the Fermi energy in the lower half of the band gap. On
the whole, the origin of the band bending is evidently caused by surface H vacancy dangling bond
surface states. Furthermore, the H-deficient P dangling bonds serve as adsorption sites for OH
groups, suggesting dissociative adsorption on surfaces with defects. Additionally, the adsorbed
OH group removes the surface-defect state inside the band gap. However, dissociative adsorption
enabled by defects is still unlikely because experimental measurements after water exposure find
evidence of the defect-induced band bending. Surface defects are usually omitted when perform-
ing DFT calculations due to the difficulty in handling the calculations. However, as demonstrated,
they can have strong effects on the electronic properties. Therefore, understanding not only the
surface morphology but also the defects and their interaction with the liquid will lead to better
fabrication of photoelectrodes. It is clear that both P-rich and In-rich surfaces show a completely
different interaction with water and not only the choice of material is important but also how it
is fabricated.

102



Finally, optical properties for AlInP surfaces were calculated, relating surface motifs to sig-
natures of the spectra. The previously calculated surface geometries for the AlInP show that the
P-rich (2X%2)-2D-2H surface is dominant for a wide range of growing conditions. Likewise, the
surface was also experimentally observed from XPS, UPS and LEED measurements[34]. Never-
theless, RAS calculations were performed in order to confirm these results. Indeed, the calculated
spectra for this surface replicate the negative peak at around 2.6 eV from RAS measurements, giv-
ing more credence to the presence of this surface reconstruction during growth. Additionally,
the origin of the peak could be attributed to the transitions between surface states related to the
P-dimers. Moreover, changing the ordering of the subsurface layer leads to changes in the inten-
sity of the peak at 2.6 eV, but its presence remains constant among all surfaces probed. As such,
this peak serves as the fingerprint for the surface and can be used to identify it. Above 3 eV the
spectrum is mainly attributed to surface modified bulk states. Here, the calculations are rather
sensitive to the type of subsurface ordering; this is more clear when comparing the spectra of the
2D-2H between subsurface CuPt- and D4-type orderings. The sensitivity is also observed when
local changes to the interface are performed between the surface and the D4-type ordered subsur-
face. Bulk related states are more evident on the extremely H-rich (2X2)-4P-6H surface. Here, the
surface states are passivated by H and only surface-modified bulk states are present in the calcu-
lated spectrum. The origin of the surface-modified bulk states can be assigned to the bulk critical
point energies E;1 and E,, associated with interband transitions at points L and X, respectively.
Consequently, the spectra above 3 eV, in principle, could be used to measure the subsurface layer
ordering of the ternary surface.

Experimental measurements under different conditions suggested a surface with a (2x4) re-
construction in contrast to the (2X2) reconstruction typical of the 2D-2H. However, both cation-
rich surfaces (2x4)-AIMD and (2%X4)-InMD could not reproduce the measured spectra. In ad-
dition, XPS and UPS data suggested an Al-deficient surface. As a result, experimental measure-
ments were at odds with surface reconstructions identified previously. Additionally, both AIMD
and InMD surfaces present Al dimers in the second row, which are responsible for the RAS fea-
tures below 2 eV that do not match experimental data. All this led to the discovery of the In-rich
(2%x4)-rInMD surface. Indeed, the calculated spectrum for this surface was in agreement with ex-
perimental RAS measurements. Furthermore, the fingerprint for this new surface was assigned to
the negative peak at around 2.1 eV. This peak was associated with the transition of In—In related
sates.

TheIn-rich (2X2)-2InMD-2H surface reconstruction, has two highly dispersive mid-gap states
that produce a strong anisotropic feature. These states are separated only by 0.1 eV and pin the
Fermilevel. The (2X2)-2InMD-2H surface could not be identified experimentally from RAS alone.
However, strong band bending suggests that the surface is present in small amounts for In-rich
grown samples. Further studies are needed in order to answer, with absolute certainty, whether
the Fermi-level pinning is due to the (2X2)-2InMD-2H or due to surface defects at the (2x4)-
rInMD reconstruction. On the (2X2)-2D-2H, experimentally observed band bending is expected
to be a result of H vacancies similar to the P-rich InP surface.

Since RAS allows for in situ monitoring, one can select the surface grown by changing the ex-
perimental parameters and observing the changes to the spectrum. Indeed, it is shown that itis
possible to go from a (2X2) P-rich surface to a (2X4) In-rich surface. The versatility of RAS as an
optical technique for adding semiconductor growth is clear; however, a detailed understanding
is required, that can be achieved from first principle calculations, as demonstrated here.

To summarize, the InP and AlInP surfaces have been investigated from first principles for pho-
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toelectrochemical water splitting applications, yielding the following main results. First, it was
discovered that both materials are highly reactive towards oxygen, posing a significant challenge
as photocorrosion is one of the major drawbacks for solar cells as it is known to reduce solar-to-
hydrogen efficiencies. Indeed, increased oxidation was found to introduce detrimental mid-gap
states. Nevertheless, oxides can passivate surface states, and it is known that surface functional-
ization can reduce the detrimental effects of oxidation. Thus, further studies, both experimental
and theoretical in nature, are needed to fully understand the possible benefits of the rather com-
plex oxide layer.

Second, the water splitting mechanism was investigated in detail, demonstrating the reason
behind the success of InP as a photoelectrochemical cell. Thereby, In-rich surfaces are found to be
well suited for hydrogen evolution, but further investigation is required to test their performance
in tandem cells. Although AlInP is already experimentally used in water splitting applications, ad-
ditional calculations (also for other I1I-V semiconductor reconstructions) should be performed to
aid the search for devices with higher efficiencies. In addition, the different surface reconstruc-
tions for promising semiconductors should be investigated. Indeed, it was demonstrated that
the water dissociation is significantly dependent on the surface chemistry and morphology: For
instance, InP showed higher reactivity for In-rich surfaces compared to P-rich surfaces. Further-
more, it was shown that water does not bond chemically at the P-rich surface, which will make it
difficult to observe water on the surface from experimental measurements, e. g., XPS.

Third, the P-rich surface band bending was explained by hydrogen defects. In addition, it is
found how the Fermi level will be pinned at the mid-gap by charged defects related to doping
levels. Also, these defects were demonstrated to interact with water, aiding in the dissociation
process. Thus, it is crucial to understand the surface defects, as they play a major role at the in-
terface between the semiconductor and the electrolyte.

Finally, the remarkable potential of RAS measurements coupled with theoretical calculations
is showcased for aiding the growth of semiconductors. In fact, the spectra fingerprints were as-
signed to be surface states and surface-modified bulk states to specific surface motifs. In addition,
RAS could be used in understanding how oxygen and water interact with semiconductor surfaces.
When molecules adsorb at the surface, for example at In—In or P—P bonds, it will be reflected in
the spectra. With the aid of additional theoretical calculations, the RAS measurements could be
used to probe the evolution of the reactions on the surfaces. It is clear that there are still many
interesting challenges and open questions, requiring theoretical calculations to fully elucidate
them.
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Chapter A

Relaxed geometries
of relevant surfaces

The most relevant surface models for the oxidized InP and AlInP discussed in Section 5.2 and 7.2
are presented here. The number in the notation indicates the total number of O atoms adsorbed
(a). Figures adapted from the supporting information of Ref. [163]
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Chapter A. Relaxed geometries of relevant surfaces
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Figure A.1: Top view of energetically favorable O adsorption and substitution structures were
calculated for the InP (2Xx4)-MD surface.
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AlMD-1a AlMD-2a

Figure A.2: Top view of energetically favorable O adsorption structures were calculated for the
AlInP (2Xx4)-AIMD surface.
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Chapter A. Relaxed geometries of relevant surfaces
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Figure A.3: Top view of energetically favorable O adsorption structures were calculated for the
AlInP (2X4)-InMD surface.
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Chapter B

Electronic
structures of
relevant surfaces

The electronic structure for the most relevant surface models for the oxidized InP and AlInP dis-
cussed in Section 5.2 and 7.2 are presented here. The DOS is calculated in the DFT level. Figures
adapted from the supporting information of Ref. [163]
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Chapter B. Electronic structures of relevant surfaces
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Figure B.1: Orbital resolved electronic DOS calculated for the oxidized InP (2X4)-MD surface
models from Fig. A.1. The orbital characters s, p and d of each species are shown.
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Figure B.2: Orbital resolved electronic DOS calculated for the oxidized AlInP (2x4)-AIMD surface
models from Fig. A.2. The orbital characters s, p and d of each species are shown.
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Chapter B. Electronic structures of relevant surfaces
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Figure B.3: Orbital resolved electronic DOS calculated for the oxidized AlInP (2Xx4)-InMD surface
models from Fig. A.3. The orbital characters s, p and d of each species are shown.
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