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Abstract

Semiconductors are an essential part of the modern society. Transistors, solid-
state lasers, solar cells, and several other semiconductor devices have shaped
the world drastically. The most familiar material is perhaps silicon found in all
the computer chips. Optoelectronic components, on the other hand, are usually
based on materials such as GaAs, which already has a long history. On the
contrary, the potential of dilute nitride GaAsN material, which is the subject of
this thesis, was only recently discovered.

The rapid progress of semiconductor technology would have been impossible
without basic materials research, which in the recent years have ever-increasingly
taken the form of computational research (fittingly, executed on a piece of sili-
con). For new materials, the first-principles methods which do not rely on any
empirical parameters are important on predicting the unknown material prop-
erties reliably. More precisely, we have employed the density-functional theory,
which is a good compromise between speed and accuracy.

Various GaAsN material properties show unconventionally strong non-linear
dependence as a function of the nitrogen concentration. These properties orig-
inate from the notable concentration of nitrogen up to alloy concentrations,
although nitrogen is essentially a defect forming a deep resonance state. The
purpose of this thesis is to understand nitrogen in various environments typically
encountered in practical devices. However, the limitations of the methods need
to be understood and carefully controlled in order to obtain meaningful results.
Moreover, the interpretation of the computational results, and matching with
the experimental results, is not always straightforward. These considerations
are then an inseparable part of the discussion.

First, the isolated nitrogen defects in GaAs are discussed. This includes our
studies of interstitial nitrogen, where we have found the most likely locations
for interstitial nitrogen as a function of Fermi-energy and growth conditions.
Nitrogen concentration is then increased up to alloy concentrations, and the
properties are investigated relying mostly on the extensive studies presented in
the literature. After obtaining understanding of dilute nitrides, we can apply it
to more complex systems.

The nitrogen interaction with other material components is studied in the
last part of the thesis and comprises a large part of our research: The study of
the beryllium doping effect on nitrogen alloying and nitrogen effect on beryllium
defects allows us to find the causes for the experimentally observed p-type carrier
compensation and observe cancellation of nitrogen-induced band-gap reduction.
Our computational studies are used in the interpretation of the Raman spectra
of nitrogen-related vibrational modes in InGaAsN. Finally, the GaAsN/GaAs
and InGaAsN/GaAs interface calculations show a long-range interaction due to
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ABSTRACT ii

nitrogen and a strong valence-band offset dependence on the local geometry of
nitrogen and indium.

In many instances, this thesis displays how seemingly surprising results of
more complex systems can be explained by relying only on a few fundamental
physical concepts of isolated defects or simple alloys. The role of computational
physics is then to find (more) quantitative values and the winner among the
competitive situations.
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Chapter 1

Introduction

At the end of the 20th century, the apparently simple semiconductor material
GaAsN grabbed the attention of many semiconductor physicists. Nitrogen sub-
stitution into GaAs was previously thought to be possible only at the doping
concentrations. Mostly owing to the advances in the crystal growth techniques,
it became possible to incorporate up to few per cent of nitrogen into GaAs. This
new material system provided many surprises: especially, the large non-linear
reduction of the band gap, and changes in the effective mass, in the mobility,
and carrier lifetimes.

New materials always find their application. The small band gap lends itself
well to the long-wavelength optoelectronic applications such as lasers, photode-
tectors, semiconductor saturable absorber mirrors, and solar cells, and also the
base material in heterojunction bipolar transistors. At the same, other proper-
ties of GaAsN might prove beneficial to some of these applications and harmful
to others.

More interesting for the basic research, even after the gush of research on
the material system, GaAsN still provides surprises at the microscopic level.
That is, the topic of my research on a more abstract level is the application
of the knowledge of the fundamental properties of the material on the various
properties of the more complex systems. This, in its part, also bridges the gap
between the basic research and the applications.

The topic is mostly treated from the perspective of computational (and the-
oretical) physics. Therefore, the methods and concepts related to the density
functional theory and its application to the systems in question are first dis-
cussed in chapter 2. The elemental properties of GaAsN, from the defects to
alloys are discussed in chapter 3. Finally, chapter 4 contains the application to
“complex” systems, and in my case the InGaAsN properties, (In)GaAsN/GaAs
interfaces and beryllium defects in GaAsN.
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Chapter 2

Computational methods
and models

The methods and models needed for the computational study of the systems of
interest are covered here briefly concerning the electronic structure methods (for
more details, see e.g. Kohanoff [1], Thijssen [2], Payne et al. [3]). The defect
and the band offset calculation methodology is covered more thoroughly.

2.1 Electronic Structure Calculations

In this thesis, we will be mostly interested in the total energies of the systems
consisting of frustratingly many particles. This can be done by solving the
Schrödinger equation (the time-independent form within the Born-Oppenheimer
approximation):

ĤΨ(r; R) = EΨ(r; R). (2.1)

The total energy E of a system Ĥ of N electrons at positions {r} and P nuclei
at {R}, consists generally of the kinetic energies and the mutual interactions of
the particles leading to a Hamiltonian of the form (in Hartree atomic units)

Ĥ = −1

2

N∑

i=1

∇2
i −

P∑

I=1

N∑

i=1

ZI

|RI − ri|
+

1

2

N∑

i=1

N∑

j 6=i

1

|ri − rj |

= T̂ + V̂ext + V̂ee, (2.2)

(2.3)

where the three energy terms are for the electron kinetic, attractive electron-
nucleus and repulsive electron-electron energies, respectively. The electron-
nucleus interactions can be considered as forming an external potential, since
the nuclei are fixed in the Born-Oppenheimer approximation.

For the lowest energy solution, the ground-state solution, instead of solving
the above eigenvalue problem, it is also possible to try to find the wavefunction
Ψ giving the lowest energy E from the equation

E = 〈Ψ|Ĥ |Ψ〉 = E[Ψ] (2.4)

2
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The energy functional E[Ψ] in the last form simply gives the total energy for
a given wavefunction. Since this functional is known, the optimization process
becomes straightforward, in principle.

2.1.1 Density Functional Theory

The total wavefunction Ψ contains all the information about the system, whether
it be in the ground state or in the excited state. In the heart of the density
functional theory is a theorem, which states that the ground state electron
density also contains all the information about the system. Instead of having a
functional that gives the total energy for a given wavefunction, we now need a
functional that gives the total (ground state) energy and is minimized for the
ground state density.

More precisely, the Hohenberg-Kohn theorems [4] state that:

Theorem 1 The external potential is univocally determined by the electronic
density, besides a trivial additive constant. Corollary: There exists a one-to-
one mapping between the ground state electron density and the ground state
wavefunction (of a many-particle system).

Theorem 2 The ground state density minimizes the total electronic energy of
the system.

Hohenberg-Kohn theorems only state that the total energy functional exists,
but nothing about its form. Writing the energy functional for interacting elec-
trons has proven to be difficult. Instead of considering electrons experiencing
the interactions with other electrons along with some external potential, one
could alternatively consider non-interacting electrons experiencing an effective
potential, which is constructed in the spirit of mean-field theories. The difficult
many-body effects are now included in this one-particle potential, which can be
approximated successfully with a relative ease.

Kohn and Sham [5] were the first to tackle the problem this way. More
precisely, the total energy functional is

E[ρ] = Ts[ψ] + Eext[ρ] + EH[ρ] + Exc[ρ] (2.5)

where

Ts[ψ] =

N∑

i=1

〈ψi| −
1

2
∇2

i |ψi〉 (2.6)

Eext[ρ] =

∫
ρ(r)v(r)dr. (2.7)

EH[ρ] =
1

2

∫ ∫
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2 (2.8)

The first term is the kinetic energy of the noninteracting electron gas, the second
term is the interaction with the external potential, usually the nuclei, the third
term is the mean-field like Coulomb interaction of the electrons (called the
Hartree term), and the last exchange-correlation term contains everything that is
not already included in the other terms and its exact form is generally unknown.
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Taking the variation with respect to 〈ψi| and defining the electron density
as

ρ(r) =
N∑

i=1

|ψi(r)|2, (2.9)

we get the Kohn-Sham (KS) equations for the single-particle wavefunctions

{
−1

2
∇2

1 + v(r1) −
∫

1

|r1 − r2|
ρ(r2)dr2 + Vxc(r1)

}
ψi(r1) = ǫiψi(r1) (2.10)

where

Vxc(r) =
∂Exc[ρ]

∂ρ
. (2.11)

Notice that {ψi} are the wavefunctions of the non-interacting electrons in an
effective potential (also called the Kohn-Sham states or orbitals) and have no
strict physical meaning. In practice however, observables calculated from the
KS states are close to the experimental values. The total energy can also be
written with the aid of the one-electron energies ǫi. This construction requires
the self-consistent field (SCF) solution, where the potential is solved from an
initial guess for the electron density (or, in practice, effective potential), which
is consequently used to solve the KS-equations and eventually the new electron
density (effective potential).

We are left with one more task: finding the XC-energy term, or good approx-
imation for it. As all the unknown many-body interactions are dumped here, it
can also depend on everything. Especially, it is non-local. Formulating non-local
XC-functionals and calculating with them is painful, and therefore (semi-)local
approximations are almost always used. The simplest, the most important,
and the one used all throughout this work is the local density approximation
(LDA) [6], where the XC-energy locally is estimated to be the XC-energy of a
homogeneous interacting electron gas with the same density as in that point:

EXC[ρ] =

∫
ρ(r)ǫxc(ρ(r))dr (2.12)

As a next step, some of the non-locality can be included by making the ǫxc de-
pend also on the gradient(s) of the electron density. These generalized gradient
approximations (GGA) give better results in some systems and worse in others.

The choice of LDA has some important implications (or restrictions). GGA
is generally better for molecules as the electron density is far from homogeneous.
On the other hand, LDA seems to work better for metals and semiconductors
and has the added advantage that there is only one LDA. The DFT-LDA method
gives the band gap roughly half of the experimental band gap. Usually, even in
the case of the exact DFT for finite systems, only the highest occupied eigenvalue
has a rigorous physical meaning: it is the first ionization energy [7, 8]. However,
according to Perdew and Levy [9], for non-metallic crystals exact DFT gives
correctly the middle of the band gap − 1

2 (I+A) (where I and A are the ionization
energy and electron affinity, respectively). Although LDA is an approximation,
this still gives a point of reference.

Later in this thesis, a term “electrostatic potential” is often used, which
refers to Vext[ρ] + VH[ρ] with the corresponding energy term Eext[ρ] +EH[ρ]. It
is worth pointing out that in Eq. 2.10, adding a constant to the electrostatic
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potential shifts the one-electron energies by the same amount, although the
corresponding change in the total energy depends on the electron density in Eq.
2.5 and especially Eq. 2.7. If a constant is added to the electrostatic potential,
this constant is also transferred to the single-particle energies.

The DFT is a ground-state calculation meaning that it will find the 0 K
solution (without the nuclei zero-point motion). In this case, the Fermi-Dirac
distribution becomes a step-function with the electron chemical potential usually
defined as the limit µe(0) = limT→0 µe(T ). Fermi-energy is often defined as the
energy of the highest occupied state at 0 K, which would correspond to the
valence-band maximum (VBM) in intrinsic semiconductors. Unfortunately, in
semiconductor physics, the concepts of Fermi-energy and the electron chemical
potential are used interchangeably, and this (minor) sin is also committed in
this thesis.

2.1.2 Basis sets and core electron description

The numerical solution of the KS-equations requires attention to some practical
details: everything has to be discretized for a numerical solution, and further
approximations are often needed.

Representation of all the wavefunctions, potentials, and densities in the real-
space grids is certainly possible, but in the case of a periodic crystal the plane-
wave basis set is often a more efficient choice. Even a rather small set is often
sufficient for a good description of the delocalized electrons such as found in the
valence states of crystals. Moreover, for the parts where a real-space presenta-
tion is needed (e.g. XC-energy evaluation), the fast Fourier transform provides
efficient transformation. On the other hand, the plane-waves are not efficient at
describing the localized structure of the wavefunctions near the atomic cores.

The electrons close to the nuclei are usually so tightly confined that changes
in the surroundings have negligible effect on the corresponding one-electron
wave-functions. Therefore, we could“freeze”the core electrons and include them
to the external potential along with the nuclei. Calculations can now be per-
formed for a smaller number of electrons. Moreover, this eliminates the localized
structure of the wavefunctions which was problematic in the plane-wave basis.
Earlier, this was mostly done with the “pseudopotential” approach, in which
a smooth atomic potential is searched for, giving for the valence electrons the
same scattering properties, wavefunction outside the core, and/or eigenenergies
as the true potential.

In my work, I have used the projector-augmented wave (PAW) scheme, which
has been gaining popularity lately as it should give the all-electron calculation
accuracy with the computational cost of a pseudo-potential calculation. In PAW
formalism, there is a linear transformation that maps the true wavefunctions
with the complete nodal structure onto smooth auxiliary wavefunctions. Basi-
cally, the transformation, which is defined only inside a sphere near the core,
removes the orthogonality with the core electrons. In this way, the nodal struc-
ture can also be evaluated at a much finer grid at the core region, even if the
auxiliary wavefunctions are smooth. Again, this is advantageous for the plane-
wave basis. Only valence electrons are explicitly included in the calculations,
but whenever observables need to be computed, the full nodal structure can be
obtained by applying the (inverse) transformation. In practice, one has to be
careful in deciding which electrons are frozen and which are explicitly included
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Figure 2.1: A zinc-blende crystal and a unit cell.

in the calculations as this can affect the calculated properties.
All calculations in this thesis are performed using the VASP code [10, 11, 12].

2.2 Models

2.2.1 Atomic Structure

The GaAs, like most of the III-V compound semiconductors, has the zinc-blende
crystal structure, which is shown in Figure 2.1. In this thesis, I will not con-
centrate on the bulk properties of pure materials, but the properties of dilute
alloys, defects, and some nanostructures of dilute alloys. Thus, large computa-
tional supercells are needed. Compromise between the accuracy of the method
and the number of atoms is always inevitable. With the first-principles methods
employed in this thesis, the maximum number of atoms at the time was around
200–300 atoms. This equals to a supercell of only about 3× 3× 3 unit cells or a
cube of about 15 Å per side for GaAs. In the alloy calculations, this corresponds
to minimum composition of about 1%.

For a quick overview of some of the most important defect types, a two-
dimensional illustration is shown in figure 2.2. With the above-mentioned super-
cell sizes, this corresponds to a minimum defect concentration of about 2× 1020

cm−3; a very high concentration.
The same limitations apply to calculations of interfaces. A long supercell

is created with one side of the cell being material A and the other side being
material B. Within the supercell there are two A/B interfaces (they can be
equivalent or inequivalent) and again, in total there will be an infinite amount
of interfaces periodically. Using 256 atoms, gives us supercells consisting of
2 × 2 × 8 or 1 × 1 × 32 unit cells, The total supercell lengths with GaAs lattice
constant are then about 40 Å and 160 Å, respectively, and half of them for each
material. The latter is of the same size as the thinnest quantum wells (8 nm).
Naturally, also the widths of these supercells present limitations. Luckily, some
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Figure 2.2: A two-dimensional crystal illustrating some of the most important
defect types.

of the interface properties are so local, that they can be correctly extracted even
from a very short supercell. In general, only the interfaces (not quantum wells)
are studied in this thesis, in which case it is sufficient to have the interfaces far
enough to be “uncoupled”.

2.2.2 Global energy reference and k-points

The periodicity affects the computational framework in two major ways. First,
the solutions of the Schrödinger equation in the periodic potential can be shown
to be of the form:

ψk(r) = uk(r) exp(−ik · r) (2.13)

where uk(r) is the wavefunction in the unit cell, possessing the lattice transla-
tional periodicity, and k is the wave-vector (or the “crystal momentum”). Al-
though the number of k-vectors is still basically infinite (or quasi-continuous),
now that they are confined to a finite region in k-space, we can also discretize
it.

Second, there is no global energy reference. As mentioned, the total energy
is often all we need, which leads us to trouble. Usually, when estimating the
Hartree-energy EH in Eq. 2.8, the Coulomb interaction should be summed over
all the infinite number of unit cells. For an efficient implementation, Ewald
summation scheme is often employed. However, if the unit cell has net dipole,
the sum is conditionally convergent i.e., depending on the order of terms in the
sum, the result can be anything. Physically, this can be related to the fact
that infinite crystal has no surface. For a polar crystal, surface has a charge
density and subsequently the shape of the surface governs the absolute value
of Hartree-potential inside the crystal. When the summation scheme is fixed,
the “shape of the surface” is fixed, and the energies can be compared, even if
there is no physically meaningful reference for the energies. That is, the energy
differences are reliable.
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2.2.3 Chemical Potentials

Energy differences are not reliable if the number of particles differ, because in
this case the energy difference would contain absolute energy of the particles.
Also, in our calculations, matter does not disappear or spawn from emptiness.
Still, there are often different number of particles in the supercells and, for
the comparison of energies, we need to obtain the energy for the excess/missing
atoms. One could calculate the energy of an atom in vacuum, energy per atom in
a molecule or in bulk or something else. In order to model the particle exchange
in a more general framework, we have to get acquainted with the concept of
chemical potential [13]. Assuming constant temperature T , pressure P , and
number of other particle species Nj(j 6= i), the chemical potential is defined as

µi ≡ µi(T, P,N1, N2, . . . , Ns) =

(
∂G

∂Ni

)

T,P,Nj(j 6=i)

, (2.14)

where G is the Gibbs free energy. In short: with a change in the number of
particles in a system, the chemical potential is the corresponding change in the
Gibbs free energy (per particle). All the mechanisms and processes that may be
related to the change in the particle number are incorporated into the chemical
potential; e.g. changes in volume, entropy, or electric field.

Alternative formulations in different conditions are:

µi =

(
∂U

∂Ni

)

S,V,Nj(j 6=i)

=

(
∂A

∂Ni

)

T,V,Nj(j 6=i)

, (2.15)

where U is the internal energy and A = U − TS is the Helmholtz free energy.
The free energy obtains its minimum value in thermodynamic equilibrium.

Equilibrium means that the reactions in which the particle numbers change
occur at the same rate in both directions, so that the particle numbers stay
constant. From here it follows that

∑
i niµi = 0, and for example µN2

= µN +µN

or µGaAs = µGa + µAs. In essence, the total system can be divided into smaller
and smaller subsystems, but the chemical potential of particle specie should
always be the same. Even though the particles are mostly atoms and molecules
in this chapter, they can be also electrons, in which case the term “electron
chemical potential” is also used.

Out of equilibrium, if the number of particles of one type is very low it is likely
that the reactions would lead to generation of these particles. This corresponds
to a low chemical potential for the said particles. On the other hand, the
reactions on the opposite direction are very unlikely simply because there are
not enough particles. The chemical potential pressure dependence for ideal gas
(in constant temperature) can be derived from the basic thermodynamics [13],
giving

µ = µ0 + kT ln

(
p

p0

)
(2.16)

where µ0 and p0 refer to the standard state, i.e. 1 bar. Hence, µ = −∞ would
correspond to complete lack of particles.

For visualization purposes and to keep the chemical potential constant, the
particle exchange is often considered with a reservoir. Often, there are many
processes built in to the chemical potential and modeling this reservoir is im-
possible or at least very difficult. For example, for a nitrogen in GaAsN, are the
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Figure 2.3: The chemical potentials of gallium, arsenic and GaAs for a “pure”
interface of gallium and arsenic (a) and after formation of GaAs on the interface
(b).

nitrogen atoms exchanged with GaN precipitates, N2 gas outside the sample or
simply with the nitrogen at some location inside the bulk? Most likely a little
bit of all of them and modified with the processes needed to move the nitrogen
in the lattice and so on. In order to find the correct value for the energy of
an atom, the complete system with its environment would need to be modeled;
in which case, we wouldn’t need the concept of chemical potential in the first
place. The inherent problems in tying together the statistical thermodynamical
variables with QM calculations might seem pointless, but the advantage is that
the chemical potential can be taken as a variable having values within some
limits that correspond to well-defined cases.

Let’s consider an (artificial) example of formation of GaAs by joining to-
gether bulk pieces of gallium and arsenic. The lowest energy phases for the
gallium and arsenic are the metallic bulk phases. The maxima for the µGa and
µAs are then given by µmax

Ga = µGa[bulk] and µmax
As = µAs[bulk]. The gallium or

arsenic atom in a phase with higher energy should eventually be driven into the
phase of lowest energy; that is why we choose it, although, in MBE, arsenic
could come to the surface as As4 molecule, giving perhaps a better choice for
the maximum. The GaAs formation from the bulk constituents is exothermic.

Etot[GaAs] = µGa[bulk] + µAs[bulk] + ∆Hf [GaAs]. (2.17)

The ∆Hf [GaAs] is the “heat of formation”, which is a useful concept also be-
cause it can be easily both measured and calculated. The Figure 2.3 shows the
situation soon after joining the bulks. Some gallium is diffusing into the arsenic
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side which results in a finite chemical potential, but smaller than that of gallium
bulk. The same is happening for the arsenic. The sum of the gallium and ar-
senic chemical potentials near the interface is higher than that of GaAs. GaAs
starts forming and keeps forming until the situation of Figure 2.3b is reached.
Outside the GaAs region, there is not enough gallium or arsenic to create any
more GaAs: µGa + µAs < µGaAs. The GaAs region is in equilibrium, but it is
not pure GaAs. Closer to gallium bulk, the GaAs has more and more gallium
antisites and arsenic vacancies until the material becomes gallium bulk. From
this example, we see that it is possible to also find the lower limits for µGa and
µAs, in equilibrium with GaAs, as

µmin
Ga = Etot[GaAs] − µAs[bulk]

µmin
As = Etot[GaAs] − µGa[bulk]. (2.18)

This equation can also be understood in the following way: if µGa + µAs[bulk]

is less than Etot[GaAs], then GaAs will not form, as it is not the lowest energy
phase.

The above example is unrealistic in itself, but for example when annealing
GaAs sample in the presence of high arsenic pressure, the pressure can be related
to arsenic chemical potential. In calculations, it might be better to consider
bulk, surface and vacuum as separate phases. When considering the growth of
semiconductors, it is often the surface processes during growth which determine
the final atomic structure.

For nitrogen incorporation to GaAs, if we take the equilibrium with GaN
phase, we get a nitrogen chemical potential so low that the nitrogen solubility to
GaAsN alloy would be less than 1014 cm−3, about 8 orders of magnitude smaller
than experimentally achieved. Zhang and Wei [14] showed that substituting
nitrogen in to the surface sites is energetically favorable with respect to bulk
sites, which would explain the higher nitrogen concentration. In this case, the
equilibrium is with N2 gas and the defect formation energy is also smaller.
Moreover, not only atoms, but also nitrogen molecules start get substituted
into the lattice.

One more complication to this is that MBE growth is really not in equilib-
rium. MBE growth proceeds at a rather low temperature (≈ 500–800 ◦C) at
which the surface defect mobility is not that high. However, often the ther-
mal annealing after the growth brings the sample quite close to equilibrium. In
MOCVD growth equilibrium is better satisfied as the temperatures are above
1000 ◦C.

2.3 Defects

The defects, whether intentional or unintentional, have a dominant role in most
electrical and also optical properties of semiconductors. The rich varierty of
defects along with their technological importance still guarantee interest to their
computational research.

First, it is important to make the distinction between the “shallow” and
the “deep” defects. A good overview can be found in Ref. 15, but in short:
Shallow defects can be described well with the effective mass theory in which
the microscopic details can be forgotten so that both the potential and the
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wavefunction envelope change relatively little at the unit-cell size scale. Deep
defects have strong potential within the unit-cell size scale and subsequently the
wavefunction is localized. Often, shallow defect levels are close to band edges
(within few tens of meV) and deep levels closer to the midgap, but not always,
and this should not be used as a definition. Also, defining them through the
localization seems less ambiguous especially since many defect properties depend
more on the localization of the states than on the energetic position. The large
potential of deep defects can be caused for example by broken bonds, strain or
difference in electronegativity. We have concentrated on the deep defects, since
they are less studied and more suited for the DFT within periodic supercells. It
is also worth mentioning that usually deep defects have minor contribution on
the electrical properties, but they are important as recombination centers (with
mostly non-radiative mechanism).

2.3.1 Formation energy

The methods presented here are also comprehensively reviewed by Van de Walle
and Neugebauer [16].

The defect concentration in a thermodynamic equilibrium at a temperature
T is

c = Nsites exp(−Gf/kT )

= NsitesNconfig exp(−Ef/kT ) (2.19)

where Ef is the formation energy (or enthalpy), Nsites is the number of possible
sites for the defect, and Nconfig is the number of atomic configurations per site
(e.g. orientation). The latter form simply follows from G = H − TS and
S = k ln Ω.

The formation energy of a neutral defect X is

Ef [X ] = Etot[X ] − Etot[host, bulk] −
∑

i

niµi (2.20)

where Etot[host, bulk] is the energy of the supercell of the host bulk, Etot[X
q]

is the energy of the supercell with the defect included, ni gives the number of
atoms added to the supercell (ni > 0) or removed from the supercell (ni < 0)
when creating the defect, and µi are the corresponding chemical potentials. The
energy comparison is now stoichiometric, as needed.

The formation energy of a defect in a charge state q, on the other hand is

Ef [Xq] = Etot[X
q] − Etot[host, bulk]

−
∑

i

niµi + q[EF + Ev + ∆V ] (2.21)

In the last term, electron exchange with the electron reservoir, which is (on
average) at the Fermi-energy EF , is taken into account. Fermi-energy is given
with respect to the VBM. It could also be written with the help of electron
chemical potential µe = [EF + Ev + ∆V ].

In the above, the VBM energy in the energy reference of the defect calcu-
lation is required. This is handled by the so-called “potential correction” term



CHAPTER 2. COMPUTATIONAL METHODS AND MODELS 12

∆V in Eq. 2.21. It is calculated as the difference of the electrostatic potential
in the host (V H)) and defect (V D) supercells far from the defect

Ev = ǫVBM,D = ǫVBM,H + (V D − V H) = ǫVBM,H + ∆V (2.22)

where ǫVBM,D and ǫVBM,H are the valence-band maxima of the defect and host
supercells, respectively. For illustration see Figure 2 in Ref. 17. The advantages
and disadvantages related to this approach are further discussed in section 2.3.3.

2.3.2 Ionization levels

Let’s consider in more detail the effects of the last term in Eq. 2.21. The
higher the Fermi-energy is, the more energy is gained (on average) by moving
the electron from the reservoir in to the defect. That is, the formation energy
of a negatively charged defect gets lower at higher values of EF , and vice versa
for the positively charged defects. This is clear also from equation 2.21 when
q is negative or positive. If the defect has the lowest formation energy in the
negative charge state, then a neutral defect would like to receive an electron
from the electron reservoir i.e., it behaves like an acceptor. In a similar fashion,
if a neutral defect likes to donate an electron to the electron reservoir, it becomes
positively charged and this can be related with a donor.

When the formation energies of all the possible charge states are calculated,
it often occurs that the charge state giving the lowest formation energy depends
on the Fermi-energy. Consequently, there will be a value of EF where the
formation energy is the same for two charge states, which will be denoted as
the ionization level ǫ(q1/q2). This level is the same as the energy required to
promote an electron from the valence band into the defect for acceptor levels or
demoting an electron from the defect to the valence band for donor levels, as
will be shown later.

The atomic structures of the defect in charge states q1 and q2 are probably
different. If the atomic relaxation occurs during the ionization process, it is
called a thermodynamic transition. If not, it is called an optical transition. For
example, former transitions are observed in deep-level transient spectroscopy
(DLTS) and latter in the photoluminescence (PL) spectroscopy.

In order to see how the ionization level is related to ionization energy, we
start by writing the formation energies for the neutral and a singly charged
defects

Ef [X0] = Etot[X
0] − Etot[host, bulk] −

∑

i

niµi + 0[EF + Ev + ∆V ]

Ef [X−] = Etot[X
−] − Etot[host, bulk] −

∑

i

niµi − 1[EF + Ev + ∆V ]

(2.23)

Mark them equal Ef [X0] = Ef [X−], a lot of terms cancel out, and we are left
with

Etot[X
0] = Etot[X

−] − [EF + Ev + ∆V ] (2.24)

The Fermi-energy at which this equation holds is called the acceptor level EA

(w.r.t. VBM) and we can write it as

EA = Etot[X
−] − Etot[X

0] − [Ev + ∆V ] = ǫ(0/−) (2.25)
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Figure 2.4: Schematic of two examples of deep donor levels (left) and deep
acceptor levels (right) in GaAs with Eg = 1.42 eV. Dotted lines are showing the
formation energies of each charge state and thicker lines the charge state with
the lowest formation energy.

This equation describes the energy difference between a system with a negatively
charged defect and a system with a neutral defect and an electron at the VBM.
Exactly as is the usual definition for the acceptor level.

We can do the same thing for donors by equalling the formation energies of
neutral and positively charged defects Ef [X0] = Ef [X+], from where we get

ED = Etot[X
0] − Etot[X

+] − [Ev + ∆V ] = ǫ(+/0) (2.26)

Here we compare a system with a neutral defect to a system with a positive
defect and an electron in the valence band. The standard definition of the
donor level is with respect to the CBM

E′
D = Eg − ED = Etot[X

+] − Etot[X
0] + [Ec + ∆V ] (2.27)

That is, E′
D gives the energy required to move an electron from the defect in to

the conduction band.
Typical formation energy diagrams are shown in figure 2.4 for two acceptors

and two donors. As calculated from Eq. 2.19, if the Fermi-energy is at the middle
of the gap, the donor marked with solid line is dominantly on the neutral charge
state and the donor marked with dashed line is on the positive charge state.
If, for example, the Fermi-energy were higher, near the ǫ(+/0) of the dashed
donor, then the formation energy for both charge states is roughly equal and
they are present at roughly equal concentrations. Naturally, similar reasoning
applies to acceptor levels.

There is no reason to be limited only to the neutral and singly occupied
charge states. Some defects can accept or donate more electrons or in rare cases
do both (amphoteric). An example is shown in figure 2.5 for the GaN intrinsic
defects, where various different types can be observed. Gallium vacancy can
occur from neutral to up to +3 charge state. The meaning of the ǫ(−/2−)
ionization level is: how much energy is needed to bring an electron from valence
band to the defect when it is already singly occupied. It is often higher than
the ǫ(0/−) level, because of the repulsion of the electrons in the defect. If the
ǫ(−/2−) level is below ǫ(0/−) level, then it would be energetically favored to



CHAPTER 2. COMPUTATIONAL METHODS AND MODELS 14

Figure 2.5: Example of formation energy diagram for GaN intrinsic defects on
the left and the corresponding ionization levels on the right. From Van de Walle
and Neugebauer [16].

always put two electrons into a neutral defect rather than two electrons to two
defects (one for each). In the formation energy diagram, there would then be just
ǫ(0/2−) level. This kind of defects are called “negative-U”, where U is related
to the electron-electron interaction (in the Hubbard model). If it is negative
then the electrons have, for some reason, an attractive interaction. Usually this
is because of a large geometric changes occurring during the ionization.

Up to this point, the methodology has been totally independent of any nu-
merical details and exact apart for the difficulty of estimating some parameters.
Next, the two most severe problems faced during the total energy calculations
are discussed: periodic-image interaction and DFT-LDA band-gap problem.

2.3.3 Periodic-image interaction

Ideally, we would like to calculate the formation energy of a single defect in an
infinite crystal or in a crystal with some concentration of randomly distributed
defects. The former is challenging and the latter is even more challenging. On
the other hand, within a periodic supercell approach, it is easy to calculate a
formation energy of a periodic array of defects. As the supercell size is increased,
it is possible to extrapolate in to the limit of a single defect in an infinite crystal,
although this can be quite tedious process. In any case, it is important to
understand how the periodic images of the defects interact with each other, and
how this affects the formation energies.

There are mainly three aspects that need to be considered:

• Geometric relaxation of defect and/or supercell lattice constant.
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• Charge neutrality of the supercell and the Coulomb interaction of the
charged defects.

• Overlap of the defect potentials and wavefunctions.

The first aspect is of least concern as the geometric changes do not propagate
very far. Moreover, atoms can be locked to the bulk positions at the edges
of the supercells. At the experimental defect concentrations the effect on the
lattice constant is vanishingly small. At the concentrations used in the supercell
calculations, the lattice constant relaxation may have a noticeable effect. In
order to model the low concentration of defects in the calculations, the lattice
constant is often fixed to that of the host crystal.

We can not simply add an electron to a supercell, since the total charge of
the model would be infinite and also the sum of the Coulomb interactions would
diverge. Therefore, the supercell is made charge neutral by adding a homoge-
neous background charge. This is sometimes justified as having an extra free
electron in the CB or hole in the VB as they also have very delocalized wave-
functions. In reality, the free charge carriers would screen the defect charge,
which is not taken into account in this uniform background charge model. A
periodic array of defect charges offset with a background charge would be ex-
pected to have rather different total energy to a single defect. The correction to
total energy can be estimated, for example for a Gaussian charge distribution,
by comparing the self-energy of an isolated charge and the sum of interactions
in the periodic lattice [18]. The magnitude of these terms depend on the defect
charge distribution and the size of the supercell [19, 20]. Of course, if the added
electron was also homogeneously distributed, then the defect and background
charge cancel each other exactly. On the other hand, for point charges one ends
up with the simple Madelung sum EMad = q2α/Lǫ, where α is the Madelung
constant which depends on the structure of the lattice, and ǫ is the dielectric
function. Reality is probably somewhere in between these two extrema. There-
fore, the problem in applying such corrections lie in the estimation of the shape
of the “extra charge” distribution from the rest of the electron density. Inde-
pendent of the charge distribution shape, these interactions give 1/L, 1/L3, and
higher-order dependent terms to the total energy, although 1/L-term can be
corrected according to Paier et al. [21]. As the supercell grows bigger, the den-
sity of the homogeneous background charge vanishes, but the density of defect
charge should approach some localized distribution. Knowing the asymptotic
dependence, extrapolation schemes would be expected to work fairly well as has
been demonstrated in Refs. [22, 23].

For the last point, the potential that would be created by an isolated defect
now overlaps with its periodic images This is illustrated in Figure 2.6. The total
potential of periodic defects is quite different to the isolated defect and more
homogeneous. This is of course closely related to the total energy considerations
in the last paragraph, but it is worth highlighting that the wavefunction solutions
are also going to be quite different. The periodic potential gives a group of
solutions forming an impurity band. Alternatively, one could think that the
wavefunctions of isolated defects are overlapping and creating the band. In
any case, if the potential and wavefunction overlap is significant it will be seen
as dispersion of the defect states in the band structure. As mentioned in the
beginning of the section, the size of the wavefunctions can be in the order of
hundreds of lattice constants for “shallow” defects and in the order of a few for
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Figure 2.6: (a) An isolated defect potential and (b) the overlap of potentials.
Also shown are the corresponding ∆V terms.

“deep” defects. However, the achievable supercell lattice constant with a DFT
calculation is only a few lattice constants and the wavefunction overlap can be
expected. That is, especially for shallow defects, the wavefunction overlap is
significant and as the potential of a shallow defect is only a small perturbation
to the host crystal, the dispersion actually follows that of the host band. In
this case, in the calculation of ionization levels, it might be better to take the
electron equally from all over the highest valence band and not from the VBM,
because the defect state with its similar dispersion is also occupied equally all
over the k-space. Especially, in the special k-point calculation, it is sufficient to
average over these special k-points.

Finally, let’s revisit the ∆V term. Evaluating the VBM energy in a defect su-
percell might be difficult sometimes if the defect states are close to VBM states.
Adjusting host VBM to defect supercell energy reference via ∆V should help
solve this problem. However, the periodic interactions of the defects make the
estimation of ∆V quite unreliable. As illustrated in Figure 2.6, if the potential
has not yet converged to bulk value, then the ∆V term is going to overcorrect.
This already occurs with isolated defect and is more pronounced in the periodic
array of defects. Moreover, even the geometry might not have converged at
the edge of the computational supercell. In the study by Castleton et al. [23],
it looked like this method gives very good results after all; as if the excessive
potential correction would cancel other errors from the periodic image interac-
tions. The applicability of this correction requires more studies. There is still
the problem on whether to evaluate the electrostatic potentials on the intersti-
tial sites, nuclei positions, or somewhere else. In our test calculations, however,
different locations had hardly any effect on ∆V , and in the 216-atom supercell
this term is already rather small.
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2.3.4 DFT-LDA band-gap problem

The ionization levels can not be directly read from the position of the KS states,
because the effects of electronic and geometric relaxation upon the adding of an
electron would be disregarded. Still, just by looking at where the KS states lie,
one can get a good first guess on the position of the ionization levels.

As stated before, the DFT-LDA underestimates the band gap. Then, a ques-
tion artises: what happens to the states, both the KS states and the ionization
levels, in the band gap? The studies performed with the GW method suggest
that the shallow defects tend to follow the band edges and deep defects are
correctly positioned even if the gap is too small [24]. That is, shallow levels
should be referenced to CBM and deep levels to the corresponding band edge.
However, all of this depends on the “shallowness” of the defect. Furthermore,
the order of the ionization levels should still appear correct.

These problems are further mixed with the number of k-points used in the
calculation. If the calculations are performed at some special k-points on which
the CBM is higher than at the Γ-point, then the deep levels which would be
inside the CB at Γ-point, now lie in the gap. If the charge state would be
changed in this case, then at Γ-point we would change the occupation of the
CBM and at special k-points we would change the occupation of the defect.
Therefore, using only few k-points far from Γ-point can be both an advantage
as well as a disadvantage (and quite suspicious).

Some authors have used the average band edges over the k-space to relieve
this problem [25, 26]. This could be justified either by considering that ionization
of a periodic array of defects (infinite number) requires corresponding amount
of electrons which means completely emptying the highest valence band, or
calculating ionization energy for the VBM (ǫ(0/+)), which gives the same result.
The advantage is that the band gap is much bigger, but unfortunately it depends
on the supercell size.

Overall, the results for deep defects can be expected to be more reliable
within the DFT supercell method. The supercell size scaling is useful, if not to
extrapolate the results, then at least to check the convergence.

2.4 Band offsets

The real applications of semiconductors involve combining different semicon-
ductor materials requiring understanding of the physics of the interfaces. In the
thesis, the emphasis is on the effects of interface on the electronic properties
which is intimately related to band offsets: how is the band-gap difference of
the constituents divided between the valence and conduction bands (cf. Figure
2.7).

There is a comprehensive review on the subject by Franciosi and Van de
Walle [27]. Here, after a quick overview of the basic concepts and common
computational approaches, the applicability of the methods on the dilute nitrides
will be discussed in more depth.

2.4.1 Basic concepts

This phenomenon is closely related to the valence- and conduction-band align-
ment in an n-p homojunction. The situation is illustrated in figure 2.8a. Before
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Figure 2.7: The three types of heterojunction band alignment.

connection, the Fermi-energies are at different levels. At connection, electrons
flow from higher energy on n-side to lower energy on p-side, creating charge
imbalance as they go, and similarly for holes. Charge imbalance, in the form of
a dipole, creates an electric field opposing the charge transfer, which can also
be illustrated with an electrostatic potential. The potential also shifts the band
edges creating the band bending. This bending occurs at rather large distances
(from a few Å to some µm) compared to the actual band offset just at the
interface, usually within only a few monolayers.

For the heterojunction band offsets, in the first, simplest approximation the
conduction band offset would be taken just from the difference of the electron
affinities q(χ1 − χ2) ([28]) (Anderson affinity rule), as shown in figure 2.8b. In
this case, there is no dipole at the interface. This works well for some materials
and not so well for others. For example, this results in about 230 meV for
AlAs/GaAs interface, whereas the experimental value is closer to 530 meV.

However, a charge imbalance can occur not only due to doping, but also due
to different “chemical”and electrostatic environment for atoms at different sides
of the interface. Let’s consider the AlAs/GaAs interface again. If, for example,
on one side of an arsenic atom is aluminium and on the other side gallium,
then there is likely to be charge transfer depending on the bond strengths. On
the other hand, the Coulomb interactions due the charges on the AlAs side
are different from the interactions due the charges on the GaAs side. It is
convincingly shown in Ref. 29 that the latter is the dominant factor in at least
at the AlAs/GaAs interface. This was done by forming a model interface from
the charge densities of the bulk Wigner-Seitz cells and finding the same interface
potential independent of the interface orientation.

The combination of both Fermi-level alignment and band offset is shown
in figure 2.8c. At the size scale of the potential change due to Fermi-level
alignment, the band-offset potential occurs very abruptly. Notice, that the
band offset should be independent of the Fermi-energies. The potential step at
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Figure 2.8: Band diagram for homojunction (a), heterojunction without inter-
face dipole (b) and heterojunction with interface dipole (c).
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a heterojunction interface can now be written as

∆V = VF + Vi

Vi = Ves + Vct + Vref, (2.28)

where VF is the potential step due to the alignment of the Fermi-levels and
occurs also in homojunctions. Vi is the interface-specific term, which consist of
the electrostatic term Ves, the charge transfer term Vct and the alignment of the
energy reference Vref, which is needed later in the computational approach.

A one-dimensional illustration might not hold very well knowing that Coulom-
bic interaction has a long range and a physical sample must have boundaries.
Often in semiconductors, the area of the sample is much larger than the depth
and the one-dimensional approximation then holds fairly well.

Whenever the theory gives a material-specific parameter for the band align-
ment, it also leads to the transitivity of the band offsets i.e., EBO(A/C) =
EBO(A/B) + EBO(B/C) and also to the commutativity i.e. EBO(A/B) =
−EBO(B/A). In other words, the band offsets are a result of an intrinsic bulk
property. For common-atom isovalent systems, the transitivity is found to hold
within the experimental uncertainty [27], as well as within the computational
error bars [30, 31]. In systems such as InAs/GaSb the band offset can be slightly
different for the two inequivalent interfaces (In-Sb and Ga-As), but this is less
than 0.1 eV. Transitivity can also be broken in heterovalent systems such as
Ge/GaAs, but these interfaces will not be considered here, because they result
in interface states (monopole charges at the interface) and consequently electric
fields. Also, in rare cases, piezoelectric fields might be spontaneously generated
in QW.

So far, a single parameter that could be used for alignment hasn’t been
found, although due to transitivity one could just reference all the materials
to some common reference material. During the years, such levels have been
sought for by several authors [28, 32, 33] with varying success. From the model
of Baldereschi [29], it would seem that even if the band-offset really would be
a bulk property, it is not a single parameter, since it is mostly governed by the
charge distribution. Following along these lines, several authors have also tried
to construct the charge density from simple building blocks. These are called
the model-solid theories [30, 33, 29].

It has also been found in several studies that the interface orientation has a
negligible effect on the band offset, especially in the case of isovalent systems.
Similarly to Baldereschi et al. [29], Lambrecht and Segall [34] pointed out that
it is possible to just rigidly shift both sides of the interface. On the contrary,
they show how the dipole can be extracted from the bond polarities i.e., the
charge transfer is the dominant effect, which leads to dependency on the inter-
face orientation. The reason for the apparent contradiction could be that the
sp3-orbital energies are related to the depth of the atomic potential (electroneg-
ativity), which is then reflected to the potential difference across the interface.
Indeed, in the method by Harrison and Tersoff [33] the sum of the sp3 hybrid
energies is used for the alignment.

2.4.2 Band-offset determination from first principles

If we are to accurately model the interface, we have to first accurately model
the bulk, which leads us to the realm of first-principle methods. This also allows
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accurate reproduction of electronic structure at the interface. Fortunately, in
this case, we do not have to worry separately about all the different causes for
the interface dipole. Unfortunately, we can not separate the causes.

In order to fully accommodate all the possible effects, usually the interface
is built-in to the supercell in the way described in section 2.2.1. Then, the most
straightforward method would be to look at the local densities of states [35].
This is practically troublesome, and this is not really the band offset, but the
difference of eigenvalues of confined states which depends on the superlattice
geometry. A better way is to combine the information about the interface from
one calculation and information about the two bulk constituent systems from
separate calculations [31, 34, 36, 29]. This method gives the “ideal” band-offset
without the effects of confinement of states in a superlattice.

In the natural band-offset study [31] this was done by the help of core-levels:
the VBM w.r.t. core level in an unstrained material and core-level difference
from an interface calculation are used to find the VBO. The interface calculation
is strained, but the core-level states should be less affected by the strain than
the valence states. The authors estimate the errors to be within 50 meV due to
this. This method requires an all-electron method.

It is more common to calculate the VBM w.r.t. an average electrostatic
potential from bulk calculations and the potential difference across the interface
from an interface calculation. The potential step is then used to align the bulk
VBM as shown in Figure 2.9a (remember from section 2.1.1, a constant shift
of the electrostatic potential is directly reflected to a constant shift in the band
structure). The effects of strain (especially the changes in the band edges) are
straightforward to take into account in the calculations. This method combines
the physically valid framework with the computational affordability, since it
is well-suited for DFT and also allows the use of pseudopotentials. A more
thorough review of this method can be found from paper IV and also in Ref.
27.

True DFT should give the correct electron density and therefore also the
correct electrostatic potential. Unfortunately, the true DFT eludes us; instead,
we have LDA-DFT. LDA-DFT should still give a very good approximation of
the density and subsequently of the electrostatic potential. Also, for example
in Ref. 37, it was shown that GW potential is very similar to the DFT poten-
tial. Independent of whether the VBM or the midgap is correct in exact DFT,
in LDA-DFT the VBM is not correct. There are some results showing that,
compared to LDA, GW approximation lifts the VBM w.r.t. to the average po-
tential differently on different materials. In many semiconductor interfaces, the
shifts are similar and in case of band offset there will be a very fortunate error
canceling [38], but in general this can not be expected For an example of such
case, see the Si/SiO2 interface in [37]. Also, even in the exact DFT, the band
gap is severely underestimated and conduction band offsets can not be directly
estimated. However, if the experimental (or GW) band gaps are known, then
CBO can be calculated from them.

If the midgap is considered to be more correct in the DFT-LDA, then the
computational band offset has to be further corrected. If the LDA band gap
is underestimated w.r.t. experimental gap by ∆EA and ∆EB , then the VBO
correction becomes 1/2(∆EB −∆EA). This is illustrated in Figure 2.9b. Often,
the LDA band-gap errors are very similar which makes the correction small.
If band-gap errors are dissimilar, this correction can give marked improvement
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Figure 2.9: Diagrammatic figure of band alignment via alignment of the electro-
static potential (a). The use of calculated midgap and experimental band gap
for further correction is shown in (b). The dot-dashed line presents the band
edges, which have been obtained by adding half of the experimental gap to the
calculated (and aligned) midgap level.
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(e.g. in the case of the Si/SiO2 in Ref. 37).
Even though the total potential (electrostatic plus XC-potential) looks a

bit different to the bare electrostatic potential, the changes across the interface
are fully included in the electrostatic potential. The reason is that the XC-
interaction is very short-ranged compared to Coulomb interaction.

The relativistic effects are usually omitted in the DFT calculations, which is
reflected in the lack of spin-orbit (SO) splitting of the valence band maximum.
Including the spin-orbit coupling (SOC) in the calculations usually lifts the VBM
higher by about 1/3 of the SO split. Again, as a large part of the errors tend
to cancel, this is not a huge issue, and in fact, the correction can be estimated
rather reliably after the calculations. This is also presented in paper IV for the
AlAs/GaAs band offset, where increase of about 13 meV was found. Moreover,
enabling spin-orbit coupling in the calculations has no effect on the potential
step.

There’s one more error source, which is rarely discussed. If the lattice con-
stant difference, and the subsequent strain, does not match with the experi-
mental difference, then there is going to be unphysical strain present in the
calculation. Testing the generated error is difficult, but it should only result in
some additional VBM split, which should be of small size.

Finally, the AlAs/GaAs interface is revisited as the comparison to literature
might seem to partly contradict our results. The LDA band offsets are: [30]
0.37 eV, [39] 0.41 eV, [40] 0.41 eV and [41] 0.40 eV, whereas [31] 0.51 eV, our
paper IV 0.52 eV (0.53 eV w/ SOC). On the other hand the GW correction was
shown to change the offsets to [40] 0.53 eV and [41] 0.52 eV, because GW raises
the GaAs VBM more than AlAs VBM by about 0.12 eV. Adding the GW fix
to our results would increase the VBO too much. However, most of the LDA
calculations and the GW corrections were done without 3d electrons (or not
mentioned). Including the gallium 3d electrons in to the calculation also raises
the GaAs VBM [39]. Apparently due to this, the GW correction would be very
similar for GaAs calculated with the d electrons and for AlAs. Our calculations
without gallium 3d electrons yield a clearly smaller band offset of about 0.45
eV.

2.4.3 Method for the dilute alloys

For the dilute systems, the method described in the previous section is suitable
with minor modifications. GaAsN already requires a rather large supercell and
GaAsN/GaAs interface even larger. Also the geometric relaxation in this system
is considerable. In paper IV, we use the standard method modified in a way that
the electrostatic potential is determined from the atomic cores (also employed
by Jaffe et al. [42]), which enables us to overcome many of these problems.

In principle, if the average of the potential is shifted, then one could take
only one point (any point) from the electrostatic potential and compare that
between the interface calculation and the bulk calculation as long as the point
is sufficiently bulk-like. In practice, due to charge redistribution and geometric
relaxations, a well-defined reference point in space should be chosen. An exam-
ple of such a point is the potential in the core regions of the ions. The equation
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for the band offset between the materials X and Y can be written as

∆Ev = (Ev[X ] − Vc[X ])b − (Ev[Y ] − Vc[Y ])b + (Vc[X ] − Vc[Y ])i

= (Ev [X ] − Ev[Y ])b + (Vc[X ]i − Vc[X ]b − Vc[Y ]i + Vc[Y ]b)

= ∆Eb
v + ∆V i

c , (2.29)

where Ev is the valence-band maximum and Vc[X ](Vc[Y ]) is the electrostatic
potential at the core of a given type of an atom (anion or cation) located in
the material X(Y ). Superscripts b and i stand for the bulk and interface cal-
culation, respectively. See Figure 2.10a for illustration. Finally, ∆Eb

v is the
lineup of the VBM between the bulk constituents X and Y , and ∆V i

c aligns the
energy reference by combining the electrostatic potentials at the core of some
appropriately chosen anions or cations from the bulk and interface calculations.

This can be justified alternatively by starting from the method used by Wei
and Zunger [31] (which is actually based on the method used to experimentally
determine the band offset from the core-level photoemission spectroscopy [43]),
and replacing the reference core-level by the electrostatic potential at the core.
The justification is, that if the electron is localized very close to the nucleus and
there is no overlap of the wavefunctions, then the electrostatic potential at the
nucleus contains all the interactions to this electron. The electrostatic potential
at each ion (“the core potential”) is calculated by placing a test charge at each
ion and calculating in the usual way

Vc(Rn) =

∫
V (r)ρtest(|r − Rn|)d3r, (2.30)

i.e., we estimate the test-charge distribution weighted average of the electrostatic
potential. The distribution somewhat models a typical core electron. More pre-
cisely, the integral is calculated over a spatially extended spherically symmetric
region whose radius is related to the PAW core radius. The norm of the test
charge distribution is constrained to one.

In paper IV, we compare the traditional averaging method and our core-
potential method with the help of the AlAs/GaAs test case. Results are shown
in Figure 2.10. The ∆V i

c values agree to within a few meV.
Although this method can be applied to any material system, with or without

a lattice-matched interface, it is especially useful in calculating the band offset
of the nitrogen dilute and low-concentration GaAsN alloy with respect to GaAs,
as can be seen from the following points.

• A laterally wide computational cell is required for the dilute nitride ma-
terial systems, but on the other hand, it is known that the macroscopic
average of the electric dipole-related electrostatic potential becomes sat-
urated rapidly away from the interface, and therefore only a few atomic
layers of the material is needed in the longitudinal direction to estimate
the interface potential.

• The calculation of the averaged electrostatic potential over conventional
8-atom unit cells is ill-defined since in the dilute nitride systems the atomic
positions around the nitrogen atoms are strongly displaced from their ideal
positions in the zinc-blende lattice structure.
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Figure 2.10: The comparison of the different methods for extracting the inter-
face potential step from paper IV. The solid line is obtained with the potential
averaging method (scale on the right) and the dots are the potentials at the
atomic cores with the bulk values denoted by straight lines (scale on the left).

• The valence-band offset in the GaAsN/GaAs systems is known to be very
small, so reading the band offset from the layer-projected local density of
states (LDOS) is practically impossible, particularly due to the relatively
small thickness of these layers.

• Finally, the direct comparison of potentials [36, 44], would require that
the planar averages of both the bulk and superlattice electrostatic poten-
tials have been computed using the same k-point mesh, and that identical
lattice geometries have been used in the both cases.

In the previous section, it was shown how DFT-LDA resulted in several
uncertainties. The similarity of GaAsN and GaAs fortunately increases the
error canceling even further. Alloying of only few percent of nitrogen, results in
only a few percent error in the computational to experimental lattice constant
change from GaAs (−0.04 Å) to GaN (−0.06 Å). The spin-orbit split in GaAsN
is known to be nearly constant for 0 < x < 3%, being 0.33 eV for x = 2.2%,
from the electroreflectance experiments by Perkins et al. ([45]). Via the same
reasoning the differences in GW corrections to VBM can be expected to be
small.



Chapter 3

Dilute nitrides and alloys

GaAsN with gradually increasing nitrogen concentration shows a few composi-
tional regions with distinct properties. The dramatic band-gap reduction, being
perhaps the most important reason for the popularity of GaAs1−xNx, shows
four separate regions of different scaling ([46, 47]):

• x . 10−5: The region of isolated isoelectronic nitrogen traps.

• 10−5 . x ≤ 1.5 × 10−3: The ultradilute region, with band-gap scaling
(bowing) similar to conventional alloys. Isolated cluster states starts to
emerge.

• 10−3 ≤ x ≤ 2.5 × 10−2: The dilute region with slower band-gap scaling
and marked interaction of the clusters.

• x ≥ 2.5 × 10−2: High concentration limit which is experimentally prob-
lematic due to strong clustering and even phase decomposition (miscibility
gap).

The isolated defects are first discussed in section 3.1. This includes the
substitutional nitrogen, nitrogen clusters, and the interstitial defects. This is
important also because many of the GaAsN properties can be thought of as
“defect-like” behavior pertaining up to higher concentrations. This section also
includes the results from paper Iand paper IIon nitrogen interstitial defects.
Then, the alloying effects are covered in section 3.2. The involved physical ori-
gins are the same, even if some effects are more dominant at some concentration
regions. The results from paper IIIare included here.

3.1 Nitrogen defects in GaAs

In more detail, the interesting properties of isolated nitrogen and clustered ni-
trogen defects in GaAs are listed here as presented by Kent and Zunger [47]
(and references therein).

1. Localized, single-impurity levels appear near the band gap. Absorption
and photoluminescence excitation (PLE) of GaP and GaAs show the “Nx

center” due to anion-substitutional isolated nitrogen. In GaP this level

26
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appears as in impurity-bound exciton at ECBM − 33 meV below the con-
duction band minimum (CBM), whereas in GaAs it appears as a sharp
resonance at ECBM + 180 meV above the CBM. In contrast, in conven-
tional isovalent alloys such as GaAs:P or GaAs:In the ensuing perturbation
potential VAs − VP or VGa − VIn is too weak to create a bound state.

2. Anomalously small pressure dependence of single impurity states is ob-
served. Shallow, effective-mass like impurity levels are constructed from
the wave function of the single nearest host crystal state. Consequently,
when pressure is applied, such impurity levels change their energy at the
same rate as the energetically nearest host crystal staet. In contrast,
the impurity levels in dilute GaPN and GaAsN have anomalously small
pressure coefficients: In GaAsN the nitrogen level moves with pressure to
higher at much slower rate than the Γ1c CBM of GaAs. Thus the impu-
rity level becomes deeper as pressure is applied, emerging eventually as
a discrete level into the gap at a pressure ≈ 2.2 GPa. Such small pres-
sure coefficients of electronic state are usually indicative of localization
whereby the wave function is constructed from many band of the host
crystal, rather than from the nearest host crystal state.

3. Sharp photoluminescence (PL) lines appear due to impurity clusters. Even
random substitution of impurities onto the atomic sites of a host crys-
tal creates, by chance, impurity pairs and higher-order cluster. In con-
ventional isovalent III-V alloys, such pairs give rise to broad resonances,
within the valence and conduction continua, but no gap levels. In contrast,
in GaPN and GaAsN, the N-N pairs form discrete levels inside the band
gap extending in GaP down to ECBM − 160 meV and in GaAs down to
ECBM − 10 or ECBM − 80 meV. These levels and their associated phonon
replica are observed in emission after excitation into higher states. Excita-
tion is then efficiently transferred to the deeper pair levels via tunneling (at
low temperature) or via thermal excitation to the mobile states, followed
by hopping into the pair levels (at higher temperatures).

4. Redshift between absorption/PLE and emission is observed. Already at
a concentration of 0.05–0.1% nitrogen in GaAs, the emission lines are
redshifted with respect to absorption. At higher concentrations the shift
increases in energy, in contrast with high structural quality random, direct-
gap III-V alloys, where absorption and emission occur at the same energy.

5. Composition pinning of the impurity pair energy levels is seen. The sharp
emission lines from the pair levels remain initially at a fixed energy as
the nitrogen composition increases both in GaPN and in GaAsN. This
surprising pinning suggests that the impurity do not interact with each
other. This behavior is craracteristic of deep transition-metal impurities in
semiconductors, but not of hydrogenic impurities, which readily broaden
into band and shift in energy as their concentration increases. In GaAsN
and GaPN, as the concentration increases further, the PL from pair states
acquires an asymmetric line shape with a sharp cutoff at high energy
and a lingering tail at low energy. The carrier decay time in these tails
is anomalously long. At yet higher concentration all of the pair/cluster
lines disappear into a single, broad emission line. This behavior contrasts
sharply with conventional III-V alloys such as InGaAs, where the emission
line is featureless at all alloy compositions.
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Figure 3.1: The allowed states and gaps in GaAs as a function of lattice constant
and the free-atom LDA eigenvalues for some elements involved in the formation
of III-V and II-VI compounds from [48].

The first two become apparent mostly at the ultradilute region (x < 0.01%) and
the next three at the dilute region (0.01 < x < 0.1%).

3.1.1 Substitutional nitrogen

The formation of the valence and conduction bands of GaAs from the s and p
states of gallium and arsenic is shown in Figure 3.1a. Even if not obvious from
the figure, the valence band maximum mostly originates from the As4p orbitals
and conduction band minimum from the Ga4s orbitals. How this happens might
be easier to understand by first forming hybrid sp3-orbitals for both Ga and As.
As the sp3-orbitals are brought closer together, they form the bonding and
antibonding states; valence and conduction bands in a crystal. The As sp3-
orbital is lower in energy than the Ga sp3 and therefore the valence band is
more As-like and conduction band more Ga-like.

For the formation of GaAsN, we should also take into account the nitrogen
states (Figure 3.1b). Not only are the N2p states mixing with the valence and
conduction bands, but also N2s states are rather close to the Ga3d states. It is
difficult to say where the N2p derived states would end up. In order to track
the nitrogen contribution onto the band structure, the nitrogen local DOS is
calculated and shown in Figure 3.2. The N2s states form two discrete bonding
and antibonding peaks around a group of Ga3d states. This shows that Ga3d
states should not be frozen in the PAW cores. The upper band structure is
correctly reproduced without Ga3d, but they are still needed for e.g. finding
the lattice constant. Apart from these states, there is nitrogen s-character only
just at the CBM. This will be discussed in more detail in the following section.
There is no nitrogen localization in the As4s band, but some contribution of
N2p in the valence and conduction bands.

From the experiments, we know that for the isolated nitrogen there is a
nitrogen derived defect state at about 180 meV above the CBM. Nature of a
defect state inside a band is quite different from a defect state inside a gap.
They usually mix heavily with the host states and can be difficult to see in
experiments. However, the band gap can be increased by applying pressure or
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Figure 3.2: The calculated GaAsN (0.9% nitrogen concentration) total DOS
(solid) and the nitrogen local DOS s (dashed) and p (dotted) components. The
local DOSes are 100x magnified for clarity. The VBM is at about 3 eV.

changing the composition which will eventually bring out the defect state, since
its pressure dependence is much smaller. Then, the defect state energy inside
the band can be found by extrapolation, as shown in figure 3.3.

The properties in the list items (1) and (2) are rare, but not exceptional
and are actually already explained in the list. They can still be understood on
the basis of the familiar deep and shallow defects. The only difference is that
now the defect state is inside the band and forms resonant states with the bulk
states. For most isovalent substitutional defects, the potential is rather shallow.
For nitrogen in GaAs, the strong (deep) potential is created by both the large
electronegativity difference between N and As (3.04 and 2.18, respectively) and

the large size mismatch (covalent radii 0.71 Å and 1.19 Å, respectively). It is
generally known, that deep defects do not follow the pressure dependence of any
single host valley as is also the case here; item (2).

The nitrogen resonant state localization has been calculated in several arti-
cles [50, 51, 47]. O’Reilly and Lindsay mention that over 50% of the wavefunc-
tion is localized on the nitrogen and the four neighbouring Ga atoms. On the
other hand, according to Wang, 70% is within a sphere of 10 Å radius, but still
30% is farther than that. Also, Figure 3 in [47] shows how similar the nitrogen
wavefunctions are in GaAs and GaP even though the other one is a resonance
state and the other is a gap state.

The deep nature of substitutional nitrogen is also reflected in the discrete
nature of the pair and cluster states. Concentration of nitrogen can be rather
large, before the wavefunctions start overlapping, but when they do, the inter-
action can be quite strong. Moreover, the interaction is strongly dependent on
the distance and orientation. A pair of nitrogens can be considered forming
bonding and antibonding states and due to the strong interaction, the energy
of the bonding state can drop below CBM [47]. Similarly for larger nitrogen
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Figure 3.3: Single nitrogen substitutional defect levels in GaAsP from Hjalmar-
son et al. [49].
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clusters. The list items (3), (4) and (5) are all evidencing the deepness of these
cluster states.

3.1.2 Interstitial nitrogen

There is always some non-substitutional nitrogen present in the sample and
increasingly at higher concentrations. Nitrogen is rather small which would bode
well for the interstitial nitrogen presence. However, it is also rather reactive and
especially the N2 molecule is very stable. It is found out that the energetically
favored defects are mostly (N-As) and (N-N) split-interstitials, and they have
also been observed experimentally (also in paper VI). The presence of a (N-N)
split interstitial is easy to understand as the second nitrogen would alleviate the
high strain created by the first substitutional nitrogen and already studied by
several groups [52, 53, 14].

In paper I, we aimed at a comprehensive study of all the pure interstitial
defects. All the computational supercells had the same stoichiometry making
the comparisons straightforward. Unfortunately, the small size of supercell (64
atoms) probably caused rather large error bars. Perhaps the most reliable results
are in the last column of the Table I for PAW-LDA with 2×2×2 k-points. With
this method, the energy of a free N2 molecule is about -1.74 eV per nitrogen
(compare to Figure 1). The interstitial nitrogen was found to occur mostly as
N2 molecule. Moreover, the band structures show that these defects do not
produce any states inside the gap.

The split-interstitials were not explicitly included in the study of paper I and
also the charge state was always neutral. In paper II, we extended the previous
study with the split-interstitials and used the formation energy methodology
along with larger supercells. All the defects are still traditional deep defects
for which the formation energy approach with DFT works rather well. The
formation energy diagram is shown in figure 3.4. Concerning the chemical po-
tential choice of this figure, it is worth noting that µN = 1

2µN2
is about 0.85

eV higher than µN = µGaN − µGa in the arsenic-rich limit (and about 1.64 eV
in Ga-rich limit), in contradiction to what is claimed in paper II. The former
choice should still be valid for modeling as-grown samples [14]. In any case,
by using either choice consistently results in clearly higher formation energy for
arsenic-substitutional defects in As-rich limit compared to Ga-rich limit; as is
intuitively correct. For the geometries, cf. Figure 1 of paper II.

The split-interstitials emerge as the lowest energy configurations. The eGN
configuration of paper I is the same as the (N-As) split-interstitial. The inter-
stitial nitrogen molecules appear energetically close to (N-As) in paper I, but
clearly higher in paper II. However, the comparison among these two papers
is not always straightforward. First of all, the energies in paper I are per ni-
trogen atom. Then, the energy difference of interstitial N2 molecules is about
2 · 0.33 = 0.66 eV in paper I and about 0.60 eV in paper II (or 0.64 eV from a
64-atom supercell), in fairly good agreement. Similarly, the energy difference of
neutral tGN and eGN is about 1.6 eV in paper I and about 2.12 eV in paper
II (1.88 eV from a 64-atom supercell). Finally, knowing that moving the N2

out of the crystal releases about 3.47 eV energy and using this as the chemical
potential for the nitrogen, then the formation of eGN requires only half of this
0.33 − 1.47 = −1.14 eV. The same choice for chemical potential was used in
the Figure 2a of paper II, in which the neutral eGN formation is about 1.12 eV
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Figure 3.4: The formation energies of the nitrogen interstitial defects in GaAs(N)
in arsenic-rich conditions and µN = 1

2µN2
. Figure from paper II.

below tGN2. In conclusion, the results of the paper I and paper II agree rather
well.

Next, the electronic structure is discussed in more detail. Starting from the
N-N split interstitial defect case, as it has been discussed before in [14, 52, 53],
there really is a singly occupied antibonding defect state in the gap. Moreover,
we observe another nitrogen localized a bit below the VBM. These states are
shown in the Figure 3.5a. The defect states intersect the valence band states,
but are not strongly mixed with them. The defect states are fairly localized
with the dispersion of about 0.5 eV, which even if not insignificant, it is still
much smaller than the dispersion of the VBM. In Ref. 53, the upper state is
described as ppπ∗ and the partial charge density of this state indeed looks like
ppπ∗ (not shown). Nitrogen dimer has all the bonding orbitals filled and VAs

has a high-lying singly occupied state, from which the electron would be donated
to the nitrogen dimer. The model of N2 and an arsenic vacancy explains the
observed states, although it disregards the mutual modifications of the dimer
and vacancy orbitals. Addition of an electron to this state increases the N-N
bond length as expected from antibonding state, but it also decreases the N-Ga
bond length suggesting bonding to gallium (see the bond lengths in Figure 1
of paper II). Another way would be to consider the N2 orbitals and gallium
dangling bonds. The symmetry of the system makes the application of either
pure p-orbitals or sp3-orbitals for nitrogen difficult.

In the case of N-As defect, the situation is very similar to the N-N case. There
are two defect states close to or below the VBM as shown in Figure 3.5b. By
looking at the localization of the states, we find that the upper state is localized
to arsenic and lower state on nitrogen. Nitrogen has higher electronegativity, so
the upper state should be antibonding and the lower state should be bonding.
The changes in the bond lengths are similar to the N dimer. Formation energy
diagrams for both the N-N and N-As defects should therefore look rather similar,
as they do. Although (N-N) pair should inflict less strain on the crystal, (N-N)
and (N-As) can compete energetically depending on the chemical potentials of
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Figure 3.5: Up: The band structure of the (N-N) split interstitial defect, where
Xz is parallel to the direction of the axis of the dimer and Xx is perpendicular
to that. Dashed and dotted lines show the band structures for the two spin
components and the dark solid parts denote high nitrogen localization (N local-
ization for only one spin-component is shown for clarity). Down: The nitrogen
(left) and arsenic (right) projected band structure of the (N-As) split interstitial
defect.
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nitrogen and arsenic
The (N-N) and (N-As) split interstitials are quite similar to (N-Si) split

interstitial studied by Janotti et al. [54]. Similarly, bonding and antibonding
states were found, only now the antibonding state is completely empty due to
the lesser valency of silicon. The charge density isosurfaces in Figure 3 of Ref.
54 are somewhat similar to those found in (N-N) and (N-As).

The only true single interstitial defect, tGN, has all the atomic p-states more
or less near the VBM depending on the occupation (occupied by three electrons
at the neutral charge state). Naturally, up to another three electrons can be
added to these states with a rather low energy, which subsequently brings down
the formation energy at high Fermi-energy values.

Interestingly, tGN2 and tAN2 defects have no states near the gap. In the
band structures in paper I, extra structure is found higher in the conduction
band. Indeed, the nitrogen local density of states (not shown) also reveals
nitrogen-localized states at about 1 eV above CBM and also about 1 eV below
VBM. However, as one can also see from Figure 3.4, these states have no effect
on the formation energy curves (i.e., no ionization levels inside the gap).

In summary, the only interstitials that can be expected to be found at mean-
ingful concentrations are the split-interstitials. In n-doped samples they can
have formation energies close to that of the substitutional nitrogen.

3.2 Alloying GaAs with nitrogen

At concentrations higher than 0.1% of nitrogen, a number of peculiar alloy
properties are observed. The list from Ref. 47 continues:

6. The band gap shows huge, composition-dependent optical bowing. In con-
ventional AxB1−xC isovalent III-V alloys the band gap Eg(x) changes
with respect to the composition-weighted average of the constituents as

∆Eg(x) = Eg(x) − [(1 − x)EAC + xEBC ] = −bx(1 − x) (3.1)

where the bowing coefficient b is constant and usually < 1 eV. The rea-
sons for band-gap bowing are well understood. In contrast, in GaPN and
GaAsN the bowing is huge and composition dependent, being largest at
small x: ≈ 26 eV at x < 1% and ≈ 16 eV at x > 1%.

7. The electron mass is anomalously heavy but decreases with concentration.
In pure GaAs the electron effective mass is 0.066me. Small amounts of
nitrogen increase it to ≈ 0.4me or (0.12–19)me, but subsequent addition of
nitrogen appears to reduce the electron mass. As the Fermi energy moves
further into the conduction band, the effective mass becomes higher. In
sharp contrast, in conventional alloys the mass changes monotonically with
composition.

8. The reduction in band gap with increased temperature slows down with
nitrogen addition: Band gaps are always reduced as temperature is in-
creased. However, in conventional alloys the temperature coefficient is
close to the concentration-weighted average of the constituents. This re-
duction in PL energy with increased temperature slows down dramatically
with small addition of nitrogen to GaAs and GaP. Furthermore, the in-
tensity of the PL lines of conventional alloys decreases with increasing
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temperature, but this decrease is acceleraetd by nitrogen addition, espe-
cially at low temperatures.

9. The energy of the PL lines are blueshifted as the excitation power increases,
indicating occupation of previously empty states (so excitation must now
occupy higher-energy states). This is known to occur in alloys containing
localized, quantum-dot like clusters.

10. The emission decay time becomes longer with decreasing emission energy.
In other words, the states that are deeper in the gap (lower emission
energies) have weaker dipole transition elements (or equivalently, less Γ
character and more off-Γ character).

11. New, high-energy bands appear in reflectivity at higher concentration: Elec-
tro-reflectance measurements detect a new composition-dependent band
edge, called E+, at about 0.4–0.6 eV above the band edge, called E−.
Whereas the lowest state E− decreases with x (“bowing”), E+ is seen to
increase with x. Klar et al. demonstrated via resonant Raman scattering
that E+ is derived from nitrogen-inducted Γ-L mixing, not from isolated
nitrogen impurities. At yet higher energies, around 3 eV in GaAsN, one
observes the E1 transition, which is known to encompass a large volume of
the Brillouin zone containing the L1v-L1c transition. One branch of this
transition is nearly composition independent according to Sham et al., but
changes somewhat according to Leibiger et al.

12. The conduction-band L1c state appears split. Kozhevnikov et al. observed
that the L1c band of GaAs is split into an upper branch with energy
increasing with nitrogen concentration, and a lower branch with decreasing
energy. They interpreted these to be t2(L1c) and a1(L1c).

These properties hold for up to a few percent of nitrogen. At even higher
concentrations, the nitrogen is no longer miscible (soluble) and the excess nitro-
gen would result in a phase separation [55, 56]. This miscibility gap holds for
up to x ≈ 0.95, the dilute arsenide GaN limit. As discussed in section 2.2.3, the
nitrogen solubility to GaAs is actually much lower than this, but the nitrogen
substitution onto the surface enhances the practical obtainable nitrogen con-
centration [14]. Therefore, in principle nitrogen would like to phase separate in
the GaAsN samples, but the nitrogen diffusion is very slow. Low temperature
growth is required for GaAsN, in which case the nitrogen surface mobility is low
favoring miscibility. Also gallium and arsenic mobility is low which results in
gallium vacancies and other native defects. This is not really advantageous for
nitrogen diffusion and the native defects act as centers for non-radiative recom-
bination [57]. Although detrimental to lasers, such short non-radiative lifetimes
would be desirable e.g. for SESAMs [58, 59]. The growth then governs the
nitrogen distribution, which is to a good approximation random substitutional.
In bulk, nitrogen atoms would like to stay away from each other (cf. paper III,
[47] and many others). Local nitrogen configuration stability is mostly affected
by the lattice strain. In general, the clustering of nitrogen is not energetically
favored, although some studies suggest that [001]-oriented nitrogen chains are
energetically favored [60] or that the growth environment with hydrogen pro-
motes [110] chains [61].
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3.2.1 Electronic structure

Let’s start again by considering a conventional alloy with weak impurity po-
tential. Substitutional aluminium in GaAs also creates a resonance inside the
band, but the resonance is weak and quite delocalized. As the concentration is
increased (but already at a very low concentration), the resonant states over-
lap forming something akin to an impurity band (inside a band), but heavily
hybridized with the delocalized host states. The material gradually obtains
AlAs character and becomes AlGaAs alloy. Even if there would be a pair of
aluminium relatively close to each other, the interaction is small and it’s mixed
with other“higher-order”pair and cluster states resulting in the broadening/tail
of the band edges.

In the case on nitrogen, the localized resonant states start to overlap only
when they are relatively close to each other. When they do, the interaction
is strong and strongly dependent on the distance and orientation of nitrogen
atoms. As a result, instead of an impurity band, discrete cluster states are taking
a more dominant role. At the same time, there appears strong local fluctuations
in the potential, which also results in the unconventional perturbation of the
host states. Adding to this the interaction of the perturbed host states with the
nitrogen localized states brings forth a variety of interesting phenomena.

It was found by Neugebauer and Van de Walle [62] and Wei and Zunger
[63], that in majority the large band-gap reduction in GaAsN alloy owes to
the large cation displacements around nitrogen, and the nitrogen localization
of the CBE owes to the electronegativity difference. This sounds credible, but
as a quick check, in my calculations in a 64-atom supercell, the LDA band gap
of unrelaxed GaAsN (but with the GaAsN lattice constant) is about 100 meV
below that of GaAs. The geometric relaxation then leads to further reduction
of about 300 meV. In reality both of these effects are coupled in forming the
strong “central-cell” potential, as already discussed.

It is useful to consider the situation from the perspective of the perturbation
theory with the CB states as the basis on which a perturbative potential acts. A
substitutional impurity breaks the translational symmetry of the crystal, which
has two consequences: First, the wavefunctions can not really be labeled with
the wave vector k any more. In a supercell construction, there is always a
periodic array of defects. In this case, some states fold into the Γ-point, which
at the limit of infinitely large supercell (where all states fold into Γ-point) equals
to the complete lack of k-labeling. Second, some degeneracy of the states,
stemming from the translational symmetry, is lifted. A change in the symmetry
representation of a state might not seem important in itself, but the states of
different symmetry are affected differently by the perturbing potential, which
then splits the degeneracy.

From the perturbation theory, the first order correction to the energy of a
state φn by the perturbing potential ∆V is

E(1)
n = 〈φn|∆V |φn〉

and the second-order correction is

E(2)
n =

∑

k 6=n

|〈φk|∆V |φn〉|2
E0

n − E0
k
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The states interact only if they have a matching symmetries so that the matrix
element is non-zero; especially, if both have the a1 symmetry. Therefore, a strong
impurity potential causes both a first-order shift, which can be estimated from
orbital energies, and enables through the second-order correction the interaction
of several host states and the impurity state. Often, the first-order correction is
sufficient, but this is not the case with GaAsN.

A zinc-blende crystal has Td point symmetry and it stays Td with the intro-
duction of nitrogen (if the origin is at the impurity). However, as mentioned,
the loss of translational symmetry splits the states: the X1-derived triplet into
a a1(X1) singlet and a e2(X1) doublet, the X2-derived triplet is not split and
has t2(X3) symmetry, the L1-derived qudruplet is split into a a1(L1) singlet
and a t2(L1) doublet, and Γ1 is just a1(Γ1). [64] The nitrogen impurity state
is denoted a1(N). Naturally, in alloy these symmetry considerations are only
approximate.

As the states of a same symmetry interact, they can also mix their wavefunc-
tion “characters”(the projections to host crystal states). For example, when the
host a1(Γ1) and a1(L1) interact, the resulting wavefunction can be approximated
as their linear combination. L valley and the extrapolated nitrogen-impurity
level are energetically relatively close to CBM: about 300 meV and 180 meV,
respectively. This enhances the interaction and the Γ-L mixing becomes strong.

In order to illustrate the band repulsion, we could look at the states with
increasing concentration. On the other hand, states originating from different
valleys of the host band structure have different pressure dependence. The band
repulsion can therefore be illustrated also as a function of pressure, as shown in
Figure 3.6. The states of the same symmetry repel and the Γ/L/X-characters
mix accordingly.

The repulsion of some a1 states i.e., the strength of some matrix elements,
could be small. In the extreme, it could be sufficient to consider the repulsion of
only two states. A model, where only the repulsion of the CBE and the nitrogen
resonant state is considered, “the band-anticrossing model” (BAC), provided a
very good reproduction of the measured CBM dependence [66]. Next, I provide
a quick derivation of the BAC (for more details, cf. Atkins and Friedman [67],
chap. 6.1). Let the CBE and nitrogen state be denoted by φc and φN , and
they are the eigenstates of H0 with energies Ec and EN , respectively. The
perturbation in this two-state basis can be written as

∆V =

(
Vcc VcN

VNc VNN

)

where Vcc = 〈φc|V |φc〉 etc., and VNc = V ∗
cN . VNc is the repulsion term giving

the band anticrossing. To solve (H0 +V )φ = Eφ, we need to find the non-trivial
solutions of the determinant

∣∣∣∣
E − Ec − Vcc −VcN

−VNc E − EN − VNN

∣∣∣∣ = 0

which results in the energies

E± =
1

2
(Ec +Vcc +EN +VNN )± 1

2

√
(Ec + Vcc − EN − VNN )2 + 4|VcN |2 (3.2)

In the equation derived in [66], it was assumed that the first-order correction is
zero i.e., Vcc = VNN = 0. This approximation was not discussed in the original
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Figure 3.6: The pressure dependence of selected states in GaAsN from the
calculations of Mattila et al. [65].

article, but clearly from the comparison to experiments, it seems to work well.
The final form is then

E± =
1

2

(
Ec + EN ±

√
(Ec − EN )2 + 4|VcN |2

)
(3.3)

It is maybe worth pointing out, that applying the expansion

√
a+ x ≈ a1/2 +

x

2a1/2
+ . . .

which is valid with small perturbations, leads to same form as from the conven-
tional perturbation theory with weak perturbation

E− = Ec + Vcc +
|VcN |2

Ec + Vcc − EN − VNN
(3.4)

= Ec +
|VcN |2
Ec − EN

(3.5)

The assumptions used in the BAC model appear somewhat justified. Es-
pecially, since it gives good results on the energy dependence of the E− states
on composition and pressure, and fairly good results on the energy dependence
of E+ and the effective mass. Then again, it also fails on producing several
properties and thhe first-principles studies showed that the situation is more
complicated in reality.

In the more complete picture, we have to worry about three things: a) the
nitrogen resonant state, b) the nitrogen pair/cluster states, and c) the perturbed
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Figure 3.7: The band gap of GaAsN as a function of nitrogen concentration in-
cluding the experimental results of several groups [70, 71, 72, 73], our calculated
results and the line denoting the BAC theory. In our DFT results the calculated
change of the band gap relative to GaAs is applied to the experimental band
gap of GaAs.

host states. All these states are interacting in a complex manner and discussing
each state separately would serve no purpose here. In this thesis the band edges
are of importance. Therefore, discussing the behavior of the experimentally
relevant E− and E+ transitions seems more fruitful.

3.2.2 The origins of E
−

and E+ transitions

The E− transition/state starts from the GaAs CBE. As the nitrogen concentra-
tion is increased, the state drops dramatically down in energy with non-linear
bowing (first observed by Weyers et al. [68], Kondow et al. [69]), the PL inten-
sity decreases, and the effective mass increases. The band gap decrease is shown
in Figure 3.7.

It is agreed that the band bowing does not require cluster states [47, 74].
The a1(N) state disappears already at 1% concentrations, so a model where
a nitrogen state at a constant energy is the principal cause for the bowing
seems lacking. At 0.1%–1% concentration range, there should exists a group of
nitrogen localized levels at the nitrogen resonance energy, although broadened.
At above 1% there are no purely nitrogen localized states near the CBE. In the
calculations by Mattila ([65]), the a1(N) state was found to rise to much higher
energies. It seems certain though, that the GaAs Γ1 state gradually obtains
both the L-character, suggesting interaction with a1(L1) state, and nitrogen
localization. As a side-note, O’Reilly and Lindsay found an effective nitrogen
state which could be used to obtain the bowing (the extended BAC model).
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As CBE plunges down in energy, the cluster states which might lie below
CBM, are taken over. The hybridization of CBE states with the cluster states
and increasing cluster-cluster interactions cause strong local fluctuations in the
potential and subsequently in the perturbed host states.

Transition matrix element 〈ψi|p̂|ψVBM〉 from conduction band state i to
VBM is directly proportional to the percentage of the Γ-character [65]. The
loss of the Γ-character, is the dominant factor in decreasing the PL intensity,
although other effects might also play a part. Gain of the L-character on the
other hand means that the wavefunction is delocalized in reciprocal space and
localized in real space (to N and neighboring Ga atoms). This results in the
decrease of the electron diffusion length, and subsequently the mobility [74].
On the other hand, excitons are more easily bound which increases the exciton
lifetime [47].

The delocalization in reciprocal space also means a higher effective mass.
Interestingly, cluster states have effect on the effective mass. If the CBE energy
coincides with cluster states, the hybridization leads to sudden increase in the
effective mass (cluster states have naturally very low effective mass). [75]

At low concentration, the nitrogen state emerged from the CB with the ap-
plication of pressure. At higher concentration, there is no single state emerging,
but the pressure coefficient decreases markedly close to that of a nitrogen reso-
nant state. In this case the CBE gradually changes to more nitrogen-localized
as can be seen from Figure 3.6.

The origin of the E+ transition has been a subject of rather more contro-
versy. According to BAC model, this state originates from the nitrogen a1(N)
state and other models suggest it originates from the a1(L1) state. The difficulty
in settling this debate was in the energetic proximity of the two states. Very
recently, [76, 77] were able to measure the state at sufficiently low concentra-
tions with µ-PL and found the extrapolation to a1(L1) as already anticipated
by several other authors [64, 78, 79]. The transition from the top of the valence
band to a1(L1) and a1(X1) are forbidden in pure GaAs, but due to mixing they
obtain more and more Γ-character enhancing the oscillator strength. Rather
contradictory, this peak was found to be rather sharp in the modulation spec-
troscopic studies [78], but almost 100 meV wide in the µ-PL studies [76]. Kent
and Zunger [47] found a group of nitrogen localized L-like states near the E+

energy originating from the hybridization of the a1(L1) with other states. They
defined E+ as the upper edge of this band. Szwacki and Bogus lawski [64] also
points out that a1(L1) state is induced by the presence of N, but is not local-
ized on N. This again, is in contradiction with the BAC model, which moreover
would give the E+ transition strength dependence incorrectly.

3.3 GaAsN electronic structure within DFT

The computational studies of GaAsN has been hindered mostly by the large
number of atoms required in a supercell. Due to this, most of the earlier studies
were performed with the tight-binding methods [80, 81] or empirical pseudopo-
tentials [82, 65, 47], but also DFT [63, 83, 50].

The small supercell in DFT is still a serious shortcoming. The situation at
the 0.1% and 1% concentrations are quite different. At the moment, 0.1% case is
quite impossible to achieve. Also, in order to model the random distribution of
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Figure 3.8: Nitrogen localized band structure and local DOS from a calculation
of 64-atom supercell with one N atom. Figure from paper III.

nitrogen atoms i.e., the fluctuations in the material, a large supercell is needed.
In this context, it is worth mentioning the charge-patching by Wang [50], where
the electron density of a big supercell is patched from the electron densities
of smaller supercells and then only a few eigenvalues near the gap are solved
with the folded spectrum method. This method is quite limited for studying
random configurations, but should work well for isolated nitrogen atoms or
clusters embedded in GaAs.

In many instances, the best we can get is to put one nitrogen atom in a
supercell. This results in a periodic lattice of nitrogen impurities. Also, pure
impurity and cluster states are absent. The band bowing can still be obtained
fairly well as was shown in figure 3.7 with the results from our DFT calculations.
Due to the strong dependence on the geometry, the nitrogen positions and the
shape of the supercell now affect the results. At high concentrations (more
than few percents), the band gap fluctuations can become meaningful. This is
especially the case in our periodic model, which is actually closer to a lattice
of nitrogen pairs/clusters. This was demonstrated in our paper III, where over
200 meV changes in the band gap were found at 6% nitrogen.

The band structure from a (small) supercell calculation looks rather peculiar
after all the discussion about a1 states in the previous section. Band structure
of 64-atom supercell is shown in figure 3.8. (Also [83] and [79] E+ can be found).

Now, the CBE is a nitrogen localized band. The nitrogen resonant state is
probably somewhere higher in energy (and forming a band) [65]. At the zero-
concentration limit, this band should become the lowest conduction band. At
the Γ-point, the next lowest states originate from the folded L-states of GaAs;
both the a1(L1) and the t2(L1). In addition, there is structure of the E− band
in the L-direction, which naturally has L-character. Also the changes in the
N localization match with other models and experiments. Interestingly, the
calculated dielectric functions [79] show that the E+ transitions might originate
both from the folded L-states of GaAs and from the E− band near the supercell
L-point, although mostly from the former. Moreover, it seems likely that the
latter states are connected to the“L-like”states below the E+ found by Kent and
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Zunger [47], and interpreted to originate from the interaction with the a1(L1).
So far, the nitrogen localization of both the E− and E+, and their energy

dependence is fairly well reproduced, disregarding the alloy fluctuations. Since
it seems that the E− state is fairly correctly obtained, then, not surprisingly, so
is the pressure dependence of this state [83].

In paper III, we have calculated the density of states, and compared to those
obtained from the ballistic electron emission microscopy (BEEM) experiments
[84]. The features and tendencies matched well: the CBE and t2(L1) are shown
in the spectra as they have large DOS (with delocalized wavefunction character),
and similarly peaks were found in our calculated DOS. They also found a weak
peak, which was assigned to a1(L1).

Valence band structure should be almost as correct as that of GaAs. There
is also a small splitting of the VBM due to the symmetry breaking, but it’s only
about 3 meV for 1% nitrogen concentration and about 20 meV for 3% nitrogen
according to Kent and Zunger [47]. My DFT calculations give similarly about
4 meV for 1% and a little bit smaller value of 6 meV for 3 % nitrogen. This is
in addition to the splitting due to the strain. As one can see from Figure 3.8,
there are no nitrogen localized bands near the VBM which could contribute to
a strong VBM splitting.



Chapter 4

The local environment
effects of nitrogen

The unconventional properties of GaAsN material are promising for many appli-
cations. Unfortunately, there are also some serious limitations to its real-world
usage. There is no substrate on which it could be grown without strain, and
both the electrical properties (e.g. charge carrier mobility) and the optical prop-
erties (e.g. PL intensity) are poor. Therefore, GaAsN needs to be alloyed and
naturally also doped. In this chapter, the behavior of nitrogen in an alloy and
the interaction of nitrogen with defects is studied. In the case of defects, the
interaction occurs in two ways: nitrogen can affect the defect formation and
defects can change the nitrogen (alloy) properties. In the case of quaternary
alloys, we are mostly interested on the alloy properties as a function of nitrogen
local geometry. Finally, we take a look at the interfaces of (In)GaAsN alloys.
This chapter includes results from paper IV and paper V concerning the band
offsets, paper VI on the short-range ordering, and paper VII on defects.

4.1 Defects in GaAsN

As shown in the previous chapter, even a very dilute concentration of nitro-
gen can change the “alloy-properties” of the material, such as the band gap or
the effective mass. In this case, it is possible to have the defect concentration
comparable to nitrogen concentration, and subsequently, the defects in inter-
action with nitrogen, can also affect these properties. This is in contrast to
conventional alloys.

Naturally, in GaAsN the CBM decrease can also change the defect properties:
if the charge states which are stable at the high Fermi-level positions in GaAs,
might reside inside the CB in GaAsN. Isolated hydrogen donor is seen to behave
like this according to the calculations by Janotti et al. [85].

The formation of GaAs native defects might experience changes in the vicin-
ity of nitrogen. In general, in paper VII we found that the defect formation
energy converges very fast to that of pure GaAs when moving away from nitro-
gen. Quite interestingly, we found the gallium vacancy formation to be more
favorable near nitrogen. This can be understood simply by the relief of strain
associated with the three remaining Ga-N bonds. Gallium vacancy in GaAsN

43
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was also studied in [86] with similar results.
Concerning the defect formation in the presence of other dopants, previ-

ously, there has been abundance of studies of hydrogen in GaAsN and of donors
(mostly Si) in GaAsN. Hydrogen is innately involved in the MOCVD and gas-
source MBE growth of GaAsN and has been seen to cause several unusual prop-
erties. Hydrogenation removes the nitrogen induced band-gap reduction and
when hydrogen is removed by annealing the sample, the typical GaAsN band
gap returns. [87] It also compensates, even overcompensates, the lattice strain
due to nitrogen. [88, 61] Hydrogen seems to first passivate the nitrogen clusters,
which can be used to remove the deep cluster-states. [61] Moreover, hydrogena-
tion has been used to fine-tune the nitrogen concentration.[75] The nature of
the hydrogen-nitrogen complexes has been debated quite a lot, [85, 86, 26] but
it seems like a hydrogen molecule bonded to nitrogen is the dominant configu-
ration [89]. Silicon in GaAs is a dopant which can behave either as a donor or
an acceptor depending on the substitutional site. Donors have been found to
form split-interstitial type complexes with nitrogen. Again, the nitrogen atoms
which were part of these complexes were “deactivated” i.e., they did not take
part on the band-gap reduction. [90, 91, 54]

The mechanism behind the disappearance of the band-gap lowering has not
been discussed much in the literature. Supposedly, especially the disappearance
of the tetrahedral symmetry is the culprit for the lack of nitrogen interaction
with the host bands (the CBE band consisted of Ga-s and N-s). To put this
into terms of the discussion in section 3.2.1, the perturbing potential of the
defect is such (due to the symmetry), that the matrix elements are vanishing.
Moreover, the defect is no longer a simple substitutional isovalent impurity, but
more as a molecule in a substitutional site. This would suggest more localized
defect states, and indeed it seems that these defects are “pure” deep defects.
The energies of the defect states are also changed, maybe inside the gap or high
in the CB, which is reflected on the magnitude of state repulsion.

4.1.1 Beryllium doping of GaAsN

Beryllium in GaAs is almost completely located substitutionally in the gallium
site providing p-type doping and is possibly the most common dopant for this.
In paper VII, we present the results of the studies on the beryllium doping of
GaAs(N).

The formation energy diagrams are shown in Figure 4.1. It is clear that the
gallium-substitutional beryllium is clearly the lowest energy configuration in
pure GaAs. Beryllium interstitial next to substitutional beryllium (BeGa-BeI)
is the second lowest, and could slightly compensate the p-type carrier concen-
tration, although their energy difference depends on the beryllium chemical
potential.

The situation is more interesting in the case of GaAsN. The energy of (BeGa-
BeI) now seriously competes with BeGa and also several (Be-N) split-interstitial
defects appear relatively low in energy. The former would explain the compen-
sation found in Be doped GaAsN samples. The dissociation or formation of
(Be-N) could also affect compensation, but in solid-source MBE grown samples,
the carrier concentration did not change during a thermal annealing suggesting
that (Be-N) defects are either very stable or their concentration is small.

As with several other defect-nitrogen complexes, we also found the nitrogen
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Figure 4.1: The formation energies of Be doped GaAs and GaAsN. Figure from
paper VII.

deactivation due to Be doping. Especially, (Be-N) split interstitials were very
effective at cancelling the band-gap reduction due to nitrogen alloying, although
BeGa at the nitrogen nearest neighbor site also produced some cancellation.

Moreover, the small size of both the beryllium and nitrogen, and the subse-
quent strain at the substitutional sites, makes the defect clustering around NAs

and BeGa quite likely, and consequently decreases diffusion, although the energy
landscape of BeI sites indicated decreased barriers for diffusion.

4.2 Quaternary alloys

As with defects, additional alloy components can change the alloy properties
considerably also depending on how they are organized around the nitrogen.
In essence, the fourth component can affect GaAsN via two mechanisms: the
conventional alloying effects and the change in the nitrogen alloying effects.

The most common fourth component is indium, forming InGaAsN. The lat-
tice constant can now be matched with that of the GaAs substrate and indium
can relieve the local strain around nitrogen atoms. Since InAs band gap is well
below that of GaAs, alloying with indium would be expected to further decrease
the band gap, which allows the use of InGaAsN in long wavelength optoelec-
tronic applications. Further alloying with aluminium could be used to increase
the band gap.

Alternatively, in the anion matrix, phosphorus would increase the band gap,
but also decrease the lattice constant. Also, as the nitrogen states pop out of the
conduction band, the properties of the alloy become quite different to GaAsN.
Antimony should behave rather similarly to In.

Almost all GaAsN-based quaternaries have some rather unusual properties,
but my work has concentrated on the InGaAsN system due to its technological
importance and the abundance of the available experimental and computational
studies.

4.2.1 Nitrogen short-range order in InGaAsN

The band-gap of InGaAsN fluctuates strongly, which is related to the number
of gallium and indium atoms in the neighborhood of nitrogen atoms. Such fluc-
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tuations are missing in InGaAs alloys. Already before convincing experimental
evidence, Kim and Zunger [92] found with Monte Carlo simulations that the
number of In-N bonds in InGaAsN should be higher than in a perfectly ran-
dom alloy. That is, indium is driven into the nitrogen neighborhood. They also
found out a blue-shift related to this ordering. The decrease of Ga-N bonds was
reported by Kurtz et al. [93] and Klar et al. [94] were the first to find a discrete
“set of band gaps”from different NN configurations, which were then successfully
matched to the results from TB calculations. Further studies showed, however,
that the amount of short-range ordering is much smaller than predicted by Kim
and Zunger [95].

In paper VI, InGaAsN systems are studied with x-ray diffraction and Raman
spectroscopy. Vibrational modes related to Ga-N and In-N bonds in Ga3In1-
N and Ga4-N configurations can be discerned in the spectra. The changes in
concentrations can be estimated from the Raman peak intensities. For the
help in the interpretation, DFT calculations were also performed. We used the
following simple method to calculate the local vibrational modes: we fixed all the
other atoms in the crystal except for the nitrogen atom or nitrogen dimer, which
were displaced to a high-symmetry direction or to the direction of the normal
mode. The potential curve was fitted to either harmonic potential or Morse-
potential for which the energy levels can be analytically calculated. By shifting
the calculated mode frequencies up by 35 cm−1 we were able to reproduce the
most of the Raman frequencies surprisingly well. The shift can be related to the
“recoil” of the surrounding crystal, which was disregarded in our simple model.
Moreover, we could assign the lower frequency peaks to nitrogen dimer in the
gallium and arsenic-sites and the small shift in the former upon annealing was
suggested to originate from the indium atom moving farther away from the
dimer, which is the energetically favored configuration.

This and the other similar Raman-spectroscopic studies of the local vibra-
tional modes of the nitrogen-centric clusters [96, 97] and PL/ER/XAS studies
[98] have given reliable data on the concentration of each clusters types at given
temperatures. In a summary, as-grown samples tend to have indium atoms
rather randomly distributed somewhat depending on the growth temperature.
Upon annealing at moderate annealing temperatures, concentration of Ga3In1-
N clusters tends to be the most common [93, 92, 99]. At high temperatures,
even Ga0In4-N clusters can become substantial, although simultaneously other
sample properties might be degraded (such as PL due to In diffusion) [98].

The preference of Ga-N bonds during the growth and preference of In-N
bonds after annealing can be understood simply by noting that: a) the cohesive
energy of GaN is higher than InN energetically favoring Ga-N bonds at the
surface and b) the strain relief related to In-N bonds in bulk starts to favor
In-N bonds over Ga-N bonds.

Many of the above studies rely on the induced blue-shift on separating the
effects of different nitrogen clusters. This blue-shift is also computationally ver-
ified by several authors [94, 100, 99]. In [101], the band gap of InGaAsN as
a function of both the indium and the nitrogen concentration was studied. It
was found out that the band-gap decrease with the introduction of nitrogen is
less dramatic at higher In-concentrations, and also more linear. An explanation
was suggested in [100]: The nitrogen defect potential is partly created by the
lattice strain. The strain is alleviated when the nearest neighbor atoms are
indium instead of gallium, making the potential shallower. Consequently, the
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alloy becomes more conventional as seen by the increasingly linear band-gap
dependence. From the perturbation theory point of view there is of course the
first-order perturbation which brings down the band gap, but furthermore the
second-order mixing (band repulsion) becomes smaller as the perturbing poten-
tial becomes smaller. All in all, the In introduction makes the material more
conventional, and the potential becomes shallower. Interestingly, the mecha-
nism is quite the opposite to that found with defects near nitrogen where the
localization increases, but the result is still the same: band gap lowering de-
creases!

As an interesting side note, McGee et al. [102] bring forth another complicat-
ing issue: nitrogen also tends to segregate forming quantum dot-like areas. This
would of course affect on the interpretation of changes causing the blue-shift; is
it due to localization in QD or the short-range ordering?

4.3 Band alignment of (In)GaAsN interfaces

If the band gap fluctuates strongly as a function of nitrogen local environment,
then what happens to the band alignment concurrently? In paper IV and pa-
per V we have studied this question by employing the first-principles method
described in section 2.4.

4.3.1 GaAsN/GaAs interface

The experimental results by Pan et al. [103] showed that the N concentration
does not affect the valence-band offset (VBO) much, although the In concen-
tration does. Also, all throughout the thesis, we have seen how nitrogen has
generated large changes only in the conduction band whereas the valence-band
has been largely unaffected. This means that the band-offset is small, but it is
not clear if the alignment is type-I or type-II and how large it is. In fact, both
alignments have been obtained experimentally, although it tends to be accepted
nowadays that the alignment is of type-I. See the introduction in paper IV for
further discussion.

In paper IV, we studied the GaAsN/GaAs interface. Previous calculations
have been using either k · p method [104], tight-binding (to get parameters
for extended BAC) [80], and semiempirical pseudopotentials [82]. All of these
studies had only estimated the VBM energy in a global energy reference and do
not take into account the effects of interface dipole or the strain.

Our model-supercell has 256 atoms, consisting of two 64-atom supercells
of GaAsN and two 64-atom supercells of GaAs. The construction is shown in
top of Figure 4.2. The nitrogen-nitrogen distance over the “GaAs layer” in our
calculation is then six lattice constants or about 34 Å. This corresponds to the
average nitrogen-nitrogen distance of a GaAsN alloy with about 0.1% nitrogen
concentration. In [47] 0.1% concentration was found to be within the impurity-
like region i.e., the nitrogen resonant states do not overlap. Indeed, looking
at the electrostatic potential in Figure 4.2, it seems that the potential is well
converged to the bulk value; within about one or two unit cells. Notice however,
that this is still clearly larger than in the conventional semiconductor alloys,
where one or two monolayers is enough (cf. Figure 2.10). It is also interesting to
see that the electrostatic potential on the GaAsN region really forms something
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Figure 4.2: The electrostatic potential across a GaAsN/GaAs interface from
arsenic cores. Crosses are from the bulk calculations and dots from the interface
calculations. The supercell construction is illustrated at the top. Figure from
paper IV.

of a plateau (if the few values of large displacement are disregarded). The
nitrogen atoms are interacting within this region.

For the results, simply put, we find 35 meV type-I valence-band offset for
GaAsN/GaAs interface with about 3% nitrogen. The valence band maximum
of the GaAsN bulk lattice-matched to GaAs has a 48 or 65 meV split with
or without spin-orbit coupling, respectively. In either case, the split is larger
than the band offset. This also strongly suggests that the VBO mostly originates
from the VBM splitting due to the anisotropic strain. The small size of nitrogen
compared to arsenic, plays the major role again, although this time in a different
manner: the change in the lattice constant is large resulting in large VBM split.
This is also supported by the fact that the electrostatic potential changes very
little in going from the bulk calculation to the interface calculation i.e., from
the electrostatics point of view both regions are very similar.

If this is the case, then it seems likely that small changes in the nitrogen
positions are not going to change the situation much. Still, the VBM position
could fluctuate somewhat in concert with the band gap fluctuations. In our
calculations of two different positions for two nitrogen atoms in a 216-atom
supercell (positions [110] and [332] by using the notation of paper III) gave the
VBM change of 8 meV. These are rather extreme cases and in more realistic
models, the fluctuations should be within this range. The reason for this can
also be understood from Figure 3.2: nitrogen weight on the VBM is very small.
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Figure 4.3: The band offsets of the InGaAs/GaAs (a) and the InGaAsN/GaAs
(b) interfaces as a function of indium concentration. Figure from paper V.

4.3.2 InGaAsN/GaAs interface

In paper V, we extend the study to the InGaAsN/GaAs interfaces. The above
considerations of VBM “stability” do not hold any more. It is known that in
InGaAs grown on GaAs the band gap change is divided roughly in half to VBO
and CBO. Even though the band gap fluctuation in InGaAsN is a well-studied
phenomenon the VBM fluctuation is not.

We used the same method and model as in GaAsN article. The results
are shown in Figure 4.3. In InGaAs/GaAs interface, the VBO changes almost
linearly up to more than 10% of indium. Moreover, the calculations show that
the atomic configuration (even segregation) does not have a large effect on the
band offset with conventional alloys like InGaAs. That is, both the electrostatics
and VBM are largely unaffected by small changes in the indium distribution.

In the case of InGaAsN/GaAs interface, the VBO is strongly dependent on
the number of indium/gallium atoms in the nitrogen nearest neighbor sites. The
Figure 4.3b shows the results from configurations where all the indium atoms
are at the nearest neighbor sites and the configurations where all the indium
atoms are off of the nearest neighbor sites. Moreover, at 12.5% concentration
all the configurations with 1–4 indiums at the nearest neighbor sites are shown
showcasing a rather smooth transition.

When all the indium atoms are at the nitrogen nearest neighbor sites, the
VBO is much smaller At the same concentration on which the strain is at min-
imum, the VBO also drops down to its minimum value close to zero, and even
slightly type-II in our calculations. This reminds us of the GaAsN/GaAs in-
terface, where the band offset was very small and mostly generated by the
strain-induced splitting of the VBM. It is as if the indium effect on the VBM
had disappeared leaving only the effect of relieving strain. When indium atoms
are moved out of the nitrogen vicinity, the VBO increases of similar magnitude
as is the VBO of the InGaAs/GaAs interface with the same indium concentra-
tion. The strain at the two cases is of course different making direct comparison
difficult.

With all indium near nitrogen, the band gap is much larger as discussed in the
previous section, making also the CBO smaller in this case. The lowest conduc-



CHAPTER 4. THE LOCAL ENVIRONMENT EFFECTS OF NITROGEN50

tion band has largest contributions from the s-orbitals of the nitrogen and the
surrounding cations. When more indium is brought next to nitrogen, the CBE
gains quickly more In4s-character and also loses the strong nitrogen-localization
due to the loss of local strain. The wavefunctions become less “deep” and the
material becomes conventional. We find these changes of the indium/nitrogen
character of the CBE also in our calculations. This can be also seen in Figure
4.4.

This doesn’t explain why the VB alignment is also changing. We found out
that, when all indium is near nitrogen, the VBO follows closely that of the
GaAsN (apart from the effects of strain). This suggests that the conventional
alloying effects, which push the VBM up in InGaAs, as described in the begin-
ning of section 3.2.1, effectively disappear. It is clear from the table I of paper
V that it is only the VBM (already in the bulk phase) that is pushed up and the
interface potential is keeping relatively constant. One possibility would be that
some delocalized indium-related states below the VBM in the band structure be-
come more localized near nitrogen which reduces the interaction with the VBM.
These indium-related states could come either from the In5s or from the In4d
orbitals (deeper states do not form bands). Similar to Ga3d, In4d states are also
strongly interacting with the nitrogen, but it seems that the band formation of
these states is still too small. Indeed, calculations with Ga3d and In4d elec-
trons frozen in the PAW core resulted in the same VBM shifts. There are several
marked changes in the valence band of the indium-projected band structures in
Figure 4.4. However, there is no clear delocalized-to-localized transition visible
and it is difficult to conclude what causes the largest contribution.

In any case, the localization vs. delocalization effects are playing an interest-
ing game: indium reduces localization of the originally nitrogen-localized state
(CBE) and nitrogen would seem to enhance the localization of the originally
delocalized indium-related states. The former shifts the CBM up and the latter
shifts the VBM down.

Similar to the GaAsN/GaAs interface, the electrostatic potential in Figure
4.5 shows clear plateaus. It seems that the supercell is big enough for the
potential convergence.

One has to keep in mind, that the studied configurations are extreme cases.
In real samples, there is not going to be only one type of configuration, but a
distribution of configurations resulting either in an average VBM or a “fluctuat-
ing” VBM, depending on the localization of the VBM states. Unfortunately, no
studies exist on the VBM localization, but since it is mostly localized on As4p,
it is unlikely to be so largely affected by the interplay of N/In/Ga. Therefore,
I suggest the VBO should be taken as a configuration-weighted average.

In our calculations, the band gap closed at high indium concentrations. In
the Table I of paper V, negative band gaps are listed for a few configurations.
These are obtained by looking at the atomic projections of the bands. If a state,
in Γ-point, has mostly Ga-s character it is interpreted as a CBM state and if it
has mostly As-p character it is interpreted as a VBM state. Band crossing and
hybridization are causing errors to VBM energies, but judging from the band
structures (not shown) and the tendencies in band gap and VBO it seems that
the errors are not dramatic. Naturally, the extent of these errors is difficult to
estimate.

Finally, summing up the results in this chapter, it could be interesting to
speculate about the behavior of defects in InGaAsN. If nitrogen is considerably
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Figure 4.4: Indium projected band structure of all indium near nitrogen and no
indium near nitrogen (indium non-segregated). VBM is at about 3 eV.
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Figure 4.5: The electrostatic potential of the InGaAsN/GaAs interface from
the gallium cores. This is the In4N1 configuration, with all indium far from
nitrogen and segregated. Crosses are from the bulk calculations and dots from
the interface calculations.

present in the (N-N) split interstitial mode, it decreases the indium clustering
with nitrogen, which could increase the VBO. The interstitials do not contribute
to the band gap reduction, so the band gap would be quite big and consequently
CBO would be small. In the case of beryllium, it is hard to say what is its effect
on the nitrogen-indium clustering as Be also occupies cation sites and (Be-N)
split interstitials are further complicating matters.



Conclusions

Overview of the GaAsN material, its interactions with dopants and other alloy
components, and effect on the band offsets has been presented mainly from the
computational point of view.

The main result of each paper in the context of this thesis is summarized
here. First, paper I and paper II aim at providing comprehensive overview of the
competition of the interstitial defects and the split-interstitial defects in GaAsN.
The formation of split-interstitials is found comparable to the formation of sub-
stitutional nitrogen, depending on the conditions. The comparison of calculated
and experimental density of states is presented in paper III. The valence-band
offsets and the non-abrupt interface potential of GaAsN/GaAs interface is show-
cased in paper IV, and extended to InGaAsN/GaAs interfaces in paper V. The
latter revealed an interesting strong dependence of the valence-band offset on
the geometry of nitrogen and indium. The effects of the nitrogen/indium in-
terplay is also studied in paper VI, with the help of Raman spectroscopy and
corresponding DFT calculations. Finally, in paper VII, the defect formation
in the presence of nitrogen and the effect of defects on the nitrogen alloying
properties are investigated.

All throughout the thesis, the competition in the localization vs. delocal-
ization of the states has played a central role. The degree of localization was
modified by the presence of beryllium, indium, and other nitrogen atoms (or
even interfaces, in a sense), which, in turn, has a strong effect on the properties
of GaAsN.

The resarch for this thesis also leaves a few open questions for further re-
search: The surfaces of (In)GaAsN are very poorly studied, let alone the inter-
action of beryllium and nitrogen on the surfaces during growth. The subject of
defects in the vicinity of interfaces is uncharted territory. The midgap correc-
tion scheme is still arguable. Finally, combining GW with the finite-size scaling
method in the defect calculations should fix both the periodic-image interaction
and the LDA band-gap problems.
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