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ABSTRACT

FIRST-PRINCIPLES STUDY OF GaAs/AlAs NANOWIRE HETEROSTRUCTURES

Senozan, Selma
Ph.D., Department of Physics

Supervisor : Prof. Dr. Mehmet Tomak

August 2012, 66 pages

Nanowire heterostructures play a crucial role in nanoscale electronics, i.e., one-dimensional
electronics derives benefits from the growth of heterostructures along the nanowire axis. We
use first-principles plane-wave calculations within density functional theory with the localized
density approximation (LDA) to get information about the structural and electronic proper-
ties of bare and hydrogen passivated GaAs/AlAs nanowire heterostructures. We also take
into account the reconstruction of the nanowire surfaces. Modeled nanowire heterostructures
are constructed using bulk atomic positions along [001] and [111] direction of zinc-blende
structures and cutting out wires from this GaAs/AlAs heterostructure crystal with a diameter
of 1 nm. We study for the effects of the surface passivation on the band gap and the band
offsets for the planar GaAs/AlAs bulk heterostructure system and GaAs/AlAs nanowire het-
erostructure system. It is possible to control the potential that carriers feel in semiconductor
heterostructures. For the planar lattice-matched heterostructures, the macroscopic average of
potential of the two materials is constant far from the interface and there is a discontinuity
at the interface depending on the composition of the heterostructure. In order to obtain the
valence band offset in the heterostructure system, the shift in the macroscopic potential at
the interface and the difference between the valence band maximum values of the two con-

stituents must be added. In nanoscale heterostructures, the potential profile presents a more
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complex picture. The results indicate that while the discontinuity remains close to the planar
limit right at the interface, there are fluctuations on the average potential profile beyond the
interface developed by the inhomogeneous surface termination, that is, there are variations of

the band edges beyond the interface.

We report a first-principles study of the electronic properties of surface dangling-bond (SDB)
states in hydrogen passivated GaAs/AlAs nanowire heterostructures with a diameter of 1 nm,
where the SDB is defined as the defect due to an incomplete passivation of a surface atom.
The charge transition levels &(+/—) of SDB states serve as a common energy reference level,
such that charge transition level &(+/-) value for group III and V atoms is a constant value

and a periodic table atomic property.

We have carried out first-principles electronic structure and total energy calculations of alu-
minum nanowires for a series of different diameters ranging from 3A-10A, which is cut out
from a slab of ideal bulk structure along the [001] direction. First-principles calculations
of aluminum nanowires have been carried out within the density-functional theory. We use
the norm-conserving pseudopotentials that are shown to yield successful results for ultrathin
nanowire regime. Our results show that the number of bands crossing the Fermi level de-

creases with decreasing wire diameter and all wires studied are metallic.

Keywords: Nanowire heterostructure, density functional theory, first-principles, band offset,

surface passivation
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GaAs/AlAs NANOTEL HETEROJEN YAPILARDA ILK-PRENSIPLER HESABI

Senozan, Selma
Doktora, Fizik Boliimii

Tez Yoneticisi  : Prof. Dr. Mehmet Tomak

Agustos 2012, 66 sayfa

Nanotel heterojen yapilar nano 6lcek elektroniginde onemli bir rol iistlenir. Diger bir deyisle,
tek boyutlu elektronikte heterojen yapilarin nanotel ekseni boyunca biiyiimesinden faydalanilir.
Saf ve yiizeyi hidrojen ile pasiflestirilmis GaAs/AlAs nanotel heterojen yapilarinin yapisal ve
elektronik ozelliklerini elde etmek i¢in yogunluk fonksiyoneli teorisi i¢indeki ilk-prensipler
diizlem dalga hesaplamalarini yerellestirilmis yogunluk yaklagimi (LDA) ile birlikte kul-
landik. Ayrica nanotel yiizeylerinin yeniden yapilandirilmasini da dikkate aldik. Modellenmis
nanotel heterojen yapilar ¢inkoblend yapilarin [001] ve [111] dogrultusundaki kristal atomik
pozisyonlar1 kullanilarak ve bu GaAs/AlAs heterojen yapi kristalinden 1nm ¢apinda teller ke-
sip cikarilarak insa edilmistir. Yiizey pasiflestirilmesinin GaAs/AlAs nanotel heterojen yap1
sisteminin bant boslugu ve bant siireksizligi lizerindeki etkileri iizerine ¢alistik. Tastyicilarin
yari iletken heterojen yapilar icinde hissettigi potansiyeli kontrol etmek miimkiindiir. Kristal
heterojen yapilar icin, iki malzemenin potansiyellerinin makroskopik ortalama degeri arayiizden
uzakta sabittir, heterojen yapinin bilesimine baglh olarak arayiizde bir siireksizlik vardir. Het-
erojen yapi sistemindeki degerlilik bant kaymasini elde etmek icin arayiizde varolan makroskopik
potensiyeldeki kayma ve iki bilesenin degerlilik banti maksimum degerleri arasindaki fark
eklenmelidir. Nano 0lgekli heterojen yapilarda, potansiyel profili daha karmagik bir resim

olusturur. Sonuglar gostermektedir ki, siireksizlik tam arayiizde diizlemsel limite yakin kalirken,
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arayliziin 6tesinde olusan ortalama potansiyelde homojen olmayan yiizey pasiflestirilmesinden
kaynaklanan dalgalanmalar olugmaktadir, yani arayiiziin 6tesinde bant uc¢ degerlerinde degisimler

vardir.

Yarigapi 1 nm olan ve yiizeyi hidrojen ile pasiflestirilmis GaAs/AlAs nanotel heterojen yapilarinda
ylizey lizerinde hidrojen ile bag yapmamus tek bir atom kusur olarak birakilarak yiizey bag du-
rumlart i¢in ilk prensipler ¢calismasi yapilmistir. III ve V grubundaki atomlar icin yiik transfer
seviyeleri £(+/—) sabit oldugu ve bir periyodik tablo 6zelligi oldugu i¢in bu yiizey bag du-

rumlariin yiik transfer seviyeleri (+/—) ortak bir enerji seviyesi olarak diisiiniilebilir.

Yarigap1 3 A ile 10 A arasinda degisecek sekilde [001] dogrultusundaki kristal yapidan ke-
silerek inga edilmis aliiminyum nanotel yapilar icin ilk prensipler elektronik yap1 ve toplam
enerji hesaplar1 yapilmigtir. Bu aliiminyum nanoteller icin yapilan ilk prensipler hesapla-
malar1 yogunluk fonksiyonel teorisine dayanmaktadir. Cok ince nanotellerde bagarili sonuglar
sagladig1 i¢in norm koruyucu pseudo-potansiyel kullanilmigtir. Sonug¢larimiz Fermi seviyesini
kesen bant sayisinin telin yarigap1 azaldikca azaldigini ve ¢alistifimiz tiim nanotellerin met-

allik yapida oldugunu gostermistir.

Anahtar Kelimeler: Nano tel heterojen yapilar, yogunluk fonksiyonel teorisi, ilk prensipler,

bant siireksizligi, ylizey pasifiestirilmesi
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CHAPTER 1

INTRODUCTION

Semiconductor nanowires have great potential for technological implementations, i.e. with
periodicity in one dimension and charge carrier confinement in two directions nanowires
are quasi-one-dimensional systems also with a large surface/volume ratio and a small cross-
section area. For particular applications, the chosen nanowire system is conducted by the
information about the efficiency of the corresponding bulk materials. Nanowires have the ad-
vantage that many of their properties can be managed by adjusting diameter, growth direction,
structural phases, and the faceting or surface saturation, that is, during the growth process it
is possible to control the electronic structure of the nanowire. The recent improvements in
catalytic growth of semiconductor nanowires lead the way to synthesize high-quality het-
erostructures with distinguished transport and optical properties. The nanowire composition
can be modulated along the growth direction and along the radial direction, which are called
axial heterostructures and core-shell structures, respectively. Resonant tunneling diodes [1],
nanoscale field effect transistors [2], Coulomb blockade devices [3, 4, 5], and quantum dot

memories [6, 7] are examples of nanowire heterostructure (NWHET) based devices.

There are numerous recent study of electronic structure calculations of semiconductor nanowire
superlattices including GaAs/AlGaAs [8], Ge/Si [9]. Persson et al. [8] studied the electronic
structure of GaAs/AlGaAs nanowires, such as energy gap opening and miniband formation
and showed that the proper passivation of the surface by hydrogenlike pseudoatoms is impor-
tant to clean the band gap from the surface states. Niquet ef al. [10] computed band offsets
in core/shell and axial GaAs/AlAs nanowire superlattices with radius 5 nm and 75000 atoms,
using self-consistent tight-binding calculations and found that for the nanoscale heterostruc-
tures, the band discontinuity at the interface is nearly independent of the size and shape, but

the band edges not exactly behaving like a step function beyond the interface as in the planar



case. They stated that the universally accepted picture for the potential behavior in planar
lattice-matched heterostructures, which is constant away from the interface and there is a step
at the interface, could be invalid in nanoscale heterostructure. Their results indicated that the
band edges shows important oscillations away from the interfaces unless the nano-structures
are surrounded with a shell which is homogeneous, that is, in axial nanowire heterostructures
the band edges have a more complicated manner depending on the nature of the surfaces.
They have also computed the band offset of nanowires with an external AlAs shell and illus-
trated the necessity of the surface termination, such that, with this AlAs shell the valence band
edge is constant everywhere except at the interface. In an experimental study Xiaocheng et
al.[11] reported the growth of InAs/InP radial core/shell nanowire heterostructures in which
the InAs surfaces were passivated with 1 nm thick InP shell to create a cylindrical quantum
well populated with nanowire heterostructure motif. They have stated that, InP is chosen as a
capping material since the conduction band offset value of InP creates a confinement poten-
tial for electrons. A recent experiment [12] have shown that engineering of the nanocrystals
surface capping would allow tunning of energy levels alignment. However, very little theoret-
ical research has been done for the band-offset in nanosize heterostructure systems. Leonard
and Tersoff [13] found that when a semiconductor carbon nanotube is contacted to a metal,
the Schottky barrier height can’t be fixed by Fermi level pinning as in semiconductor-metal
junctions, that is, the behavior is completely different in nanoscale. The summary of find-
ing up to now is that, applications of the concepts of band offsets, driven from the planar
heterostructure systems, to nanoscale heterostructure systems is debatable.[10, 13] There are
also numerous recent study of electronic structure calculations of semiconductor nanowires
including Si, [14, 15, 16, 17, 18] ZnO, [19] GaAs, [20]. Zheng et al. [16] stated that the
band gap of hydrogen passivated Si nanowires increases with decreasing diameter. Rurali ef
al. [18] studied the relation between the reconstruction of Si [100] nanowire surfaces and
transport properties of the Si [100] nanowires and they stated that due to the reconstruction it
is possible for the surface state in the band gap to cross the Fermi level. Cahangirov et al. [20]
computed six different types of GaAs nanowires with different diameters along [111] direction
and investigated the cohesive energy, band gap and hydrogen passivation of surface dangling

bonds using first-principles pseudopotential calculations using ultrasoft pseudopotentials.[21]

The purpose of this thesis, is to make an extensive analysis of GaAs/AlAs nanowire het-

erostructures for further studies in addition to experimental and theoretical studies of pla-



nar heterostructure systems. To this end, we undertake a first-principles study on electronic
and structural properties of GaAs/AlAs nanowire heterostructures grown along the [111] and
[001] directions. We have examined in which way the hydrogen saturation of dangling bonds
of surface atoms affects the electronic structure of the nanowire. Also the possible surface
reconstruction is taken into account through relaxation. The potential profile of GaAs/AlAs
NWHET system is determined by the surface passivation in addition to the discontinuity at
the interface. This is because the potential along the axis of the NWHET system depends
both on the dipole layer at each interface and at the surface of the NWHET system. NWHET
systems require more detailed treatment relating their symmetry, dimensionality and surface
passivation. The results indicate that while the discontinuity remains close to the planar limit

right at the interface, there are fluctuations on the potential profile beyond the interface.

In this thesis, we make an investigation of the electronic structure of the GaAs/AlAs nanowire
heterostructures and the effect of dangling bond passivation on the electronic structure using
first-principles density functional theory calculations. In the first chapter there is an introduc-
tion part, after that in the second chapter Density Functional theory is briefly mentioned. First-
principles study of GaAs/AlAs heterostructures (HETSs) is in Chapter 3 and first-principles
study of GaAs/AlAs nanowire heterostructures (NWHETSs) and results is in Chapter 4. In
Chapter 5, electronic properties of aluminum nanowires are discussed as an example of a

metallic nanowire.

1.1 Computational approach

The fundamental improvement in the application of ab initio approaches to material science
began with the Density Functional Theory (DFT) in 1960. Kohn has proposed that many
electron system’s total energy is a functional of the electron density distribution. After that,
the interacting electrons in the many body problem has been reduced to a system of single-
particle Kohn-Sham equations, which are solved iteratively and self-consistently. The usage
of DFT in real systems can be possible by the application of approximations for the exchange-
correlation functional. Local density approximation (LDA) is one of the exchange-correlation
functional, which has proven to give reliable results on the ground-state properties of crystals
at an acceptable computational burden. Exchange-correlation functional in the LDA is a

function of the local charge density. Generalized gradient approximation (GGA) is another
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Figure 1.1: The geometry of the H-terminated GaAs/AlAs nanowire heterostructure along the
[111] direction and side views.

approximation for the exchange-correlation functional which takes into account the gradient

of the charge density distribution.

For the heterostructure system, the study of interface has been accompolished using the pseu-
dopotential method, in which only the valence electrons are treated and the core electrons
is substituted by almost smooth pseudopotentials. For periodic solids Kohn-Sham electronic
orbitals are expanded with a plane wave basis set which is up to an energy cutoff value.
Integrals over the Brillouin zone are performed by a discrete summation over a special set
of k-points. The discretization of the k-points is another approximation. In this thesis, we
have used Monkhorst-Pack scheme to cover the Brillouin zone with a uniform grid. Numer-
ical accuracy of electronic calculations are determined by the choice of k-point mesh and
energy cutoff. Generally, the sources of errors are the choice of the pseudopotentials and the
exchange-correlation functional approximations. It is essential to undertake convergence tests
for the materials constituting the heterostructure system in order to ensure the accuracy of the

results. The PWSCF code is used to study of heterostructure[22].
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Figure 1.2: GaAs/AlAs NWHET supercell, with axis oriented along the [111] direction, in
the x-y plane and slightly off-axis are shown. Ga, Al, As and H atoms are represented by
purple, dark blue, yellow and light blue circles, respectively.
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Figure 1.3: GaAs/AlAs heterostructure interface, straddling lineup.

1.2 Modelling heterostructures with supercells

Periodically repeated supercells are used in order to study heterostructures to eliminate the
loss of translational symmetry. The changes made by an interface are only in a small region.
The interface characteristics can be studied using supercells with a couple of atomic layers of

each material.

All nanowires studied here are constructed by selecting an axis along a crystallographic di-
rection in bulk zinc blende and taking the atoms which are in a chosen distance from the
nanowire axis. Besides GaAs and AlAs nanowires we also consider a nanowire with a pe-
riodic repetition of a couple of GaAs and AlAs planes, constituting a GaAs/AlAs nanowire
heterostructure. The geometry is shown in Fig. 1.1, constructed by the repetition of three lay-
ers of GaAs and three layers of AlAs. The H-terminated nanowires are obtained by saturating
the surface dangling with hydrogen. For all nanowire structures the lattice parameter and
atomic positions were relaxed. In Fig. 1.2 the supercell for GaAs/AlAs nanowire heterostruc-

ture system in the x-y plane and slightly oft-axis is shown.

1.3 Band Line-ups

When two semiconductors with different band gaps are brought into contact at an interface,
their band edges will align. The interface formed by III-V compounds are like in Fig. 1.3. In
such an interface, there is a charge flow from the larger gap smiconductor to the smaller gap

semiconductor, creating a potential barrier.



Interface band offset can be calculated using first-principle calculations. The band structures
of the two individual materials is not sufficient to determine the band offset, the potential
line-up across the interface is also needed. The determination of band offsets at interfaces of
heterostructures is a necessity for semiconductor device design since by controlling the band

offsets we can control the confinement and the carrier flow.

Band offsets have been calculated using moderately refined methods at the interfaces of het-
erostructures. First methods depended on obtaining one bulk-specific parameter, that had
been used to obtain the offset. Anderson affinity rule [23] and effective midgap state theory
of Tersoff [24] are the most important methods in determining the lineup without using any
information about the interface. A straightforward but inconvenient method could be calculat-
ing the complete heterostructure and searching for the local density of states [25]. Afterwards,
methods that integrate information from the two separate bulk calculations and from the in-
terface calculation have become popular [26, 27, 28, 29, 30, 31], which can be feasible for
ab-initio computational calculations. Together with the vast amounts of computational util-
ities, calculating the band line-ups from first-principle calculations has become possible for

the heterostructure systems [28, 29, 30, 32].

Baldereschi er al. [30] have calculated the xy planar averaged potential by taking the av-
erage in the growth direction to get a curve for the potential which is varying slowly, from
where potential shifts have been obtained. From a heterostructure calculation estimating the
change in the average electrostatic potential through the interface and then aligning the bulk
valence-band maximum (VBM) of two semiconductor constituents according to this average
electrostatic potential will give us the valence-band offset (VBO). We will use the average
electrostatic potential technique [30] to get the valence-band offset in (GaAs)3(AlAs)s super-

lattices oriented in (001) direction.

Our calculations are performed on a superlattice geometry. The interface characteristics are
studied using a few atomic planes of each GaAs and AlAs materials. Supercells contain two
interfaces, so we get the isolated interface configuration by making the adjacent interfaces
seperated from each other. The 6+6 superlattice is shown in Fig. 1.4, here GaAs/AlAs in-
terface has been simulated by a 6+6 superlatice and from the self-consistent calculations we
get the charge density and electrostatic potential. Since planes parallel to the interface are

periodic we have obtained planar averages of charge density and electrostatic potential as



Figure 1.4: (GaAs)3(AlAs); along [001] direction, where the interface is simulated by a 6+6
superlattice where Ga, Al, As atoms are represented by purple, dark blue and yellow circles,
respectively.

a function of the direction perpendicular to the interface, which is z coordinate, the growth

direction:

- 1
fl@) = gff(x,y,z)dxdy (1.1)

S

If we look at the plot of these planar averages of p(z) and V(z) we get periodic functions in
GaAs and AlAs materials, smoothly joining across the interface. For the GaAs/AlAs HET
system, which is a lattice-matched one, on each side of the interface the period of these
periodic functions of p(z) and V(z) are the same, which is the half of the bulk lattice parameter.
There is a slight difference between these periodic functions due to the effect of the interface
which could be enhanced by excluding the bulk-like variations using the macroscopic average

technique, which is the one dimensional average of f over a period centered at z:

+a/2
f@) = é f F&HdZ (12)
=a/2
There is no oscillation on the two part of the interface for the macroscopically averaged quan-
tities, and we get a constant limit in each part of the heterostructure. In the interface region
deviations are seen from this macroscopic limit. The potential shift can be obtained from this
slowly varying curve. The results about planar band line-ups in GaAs/AlAs HET system are

presented in Chapter 3.



For nanowire superlattices, which consists of successive segments of GaAs and AlAs nanowires,
the potential profile is determined by the surface passivation in addition to the discontinuity
at the interface. The potential along the axis of nanowire heterostructure depends both on
the dipole layer at each GaAs/AlAs NWHET interface and at the surface of the nanowire.
The results indicate that nanoscale heterostructures require more detailed treatments relating
their symmetry, dimensionality and surface passivation. The potential shows the same dis-
continuity right at the interface also in nanoscale, which is connected to the alignment of the
charge-neutrality levels[33, 34] on the different sides of the interface. Therefore, the band
offset notion is strong for heterostructures in nanoscale, but the potential lineup is not in a
step-like behavior as in the planar bulk heterostructures. The results about the band line-ups

in hydrogen terminated GaAs/AlAs NWHETs are presented in Chapter 4.

Defining the valence band offset with energies of valence band edges on both sides of the het-
erostructure is possible, which can be done by defining a common energy level as a reference
for both sides of the heterostructure. The reference level approach is made up of assuming
that common energy reference is the same on both side of the interface. Theoretically, lots of
such common energy level methods have been suggested. Tersoft’s theory of effective midgap
states [24] predict band lineups with an error of 0.2 eV. Van de Walle et al. [35] established
an important correlation between the location of hydrogen £(+/—) level, which is the Fermi
level position where the negative and positive charge states have the same energies, and the
band structures of the corresponding material. Kagimura et al. [36] found that the charge
transition levels (+/—) of SDB states serve like a common energy reference level among Si
and Ge wires and Ge/Si heterostructures and they have used this level to predict band line-
ups in nanowire heterostructures. In Section 4.5, we report a first-principles calculations for
the electronic properties of surface dangling-bond (SDB) states in H passivated GaAs/AlAs
NWHETs with a diameter of 1 nm. The SDB is defined as the defect due to an non-passivated

surface atom.



CHAPTER 2

THEORETICAL BACKGROUND

In this chapter, the theoretical approximations and approaches used in Density Functional

Theory (DFT) methods will be presented.

The description of the physical and chemical properties of matter is a many body problem.
However, many body systems could be defined as a set of electrons and nuclei interacting
through Coulombic forces. It is possible to get the properties of such systems by solving the

time-independent Schrodinger equation:

H‘P(I‘,’, R]) = 8,"1’(1’,’, R[) (21)

where g; are energy eigenvalues and W(r;, R;) are the eigenstates corresponding to these en-

ergy eigenvalues.

We can write the Hamiltonian of a many body system in a general form:

H = H, + Hyye (22)

where

L S, & L Z 23
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where electron coordinates are represented by r =r;,i = 1, ..., N, and nuclear coordinated are

represented by R =R, I =1, ..., N,,.

H = T+Vext+Vim+T1+E1J (25)

Obtaining exact solutions for large systems is an impossible task sincet there are 3N, + 3N,
degrees of freedom and decoupling of Schrodinger equation is not possible. Therefore, we

have to use some approximation methods.

2.1 Adiabatic Approximation

To simplify the Schrédinger equation we can use the large mass difference between electrons
and nuclei. Hence, electrons move much faster than the nuclei. Therefore, we can assume
that electrons are moving in such a field that the nuclei is fixed. This assumption is called
Born-Oppenheimer approximation[37]. This allows the factorization of the wave function
into nuclear and electronic components. Due to large mass of nuclei, the corresponding ki-
netic energy can be ignored and the nucleus-nucleus interaction is constant. Assuming these
approximations, we only have to solve the many-body electronic Schrédinger equation for the

electronic wave function ¥, (r;) and for fixed nuclear positions using the Hamiltonian:

1 1 1 Zy
Hy=—= V4= - —— =T+ Viu +7V, 2.6
el 2 Zl: i 2 ; Iri _ rjl Zl: le |RI _ ril int ext ( )

with atomic units, where 7 = e = m, = 1. V};,; term is the reason why we cannot separate the
wave function which depends on the quantum mechanical exchange-correlation effects. V.,

term represents the classical Coulomb interaction.

2.2 Pre—Density Functional Theory

2.2.1 Hartree and Hartree-Fock approximation

The main problem is solving the many-body Schrddinger equation in the external Coulomb

field created by a number of atomic nuclei. Hartree used a product of single particle wave-
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functions to represent the many body wavefunction in 1928 as a first approximation[38]. Ap-

proximate wave function is obtained from the variational principle,

DO(x1,X2,...,Xy) = P1(X1)P2(X2), ..., dn(XN) (2.7)

Hartree proposed one-particle Schrodinger equations as:

h? ()

V2 = Veu(R, 1) + f Ldr $i(r) = £ii(r) (2.8)
2m Ir—r'|

On the left hand side the third term is called the Hartree potential and it is the classical elec-

trostatic potential due to the other electrons. The effective potential, V., is the sum of the

eff?
second and third term on the left hand side, in which the electron-electron interaction had

been counted twice. Therefore, to express the correct form of the energy we write

,O(rl)p(l‘)
EH—ZS,——ff - J 2.9)

In order to solve the coupled Equations 2.8, first energy is minimized by using a trial wave
function, then put them back to V,,, and solve again the Schrodinger equation and do it until
the self-consistency is accomplished. This is the Hartree approximation in a self-consistent
way. Due to electrons being fermion and Pauli exclusion principle the total electron wave
function must be antisymmetric. Slater determinant is used to make antisymmetric many

electron wave function.

p1(D)  go(l) -+ on(1)

1 (2) 2 - ()
Opp(x1, X2,...,XN) = W ¢ ’2 o (2.10)
#1(N)  ¢2(N) én(N)
LSy
nr = ;;—1) iy (X1)iy (X2) . - - Bir (Xn7) 2.11)
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Hence, Hartree-Fock (HF) approximation can explain the exchange of particles.[39, 40].

2.2.2 Thomas-Fermi Theory

As an early quantum statistical model Thomas and Fermi proposed that electron density is
the fundamental variable instead of the many-body wave function. They have presented
a differential equation for the electron density, which did not depend on the one electron
orbitals[41, 42]. Total energy expression as a functional of the electronic density, in Thomas-

Fermi theory is given by:
Errlpl = Ci f (r)3dr + f () Vexs()dr + = f f p l(rr)f( /) drdr’ (2.12)

without exchange-correlation effect.

2.3 Modern Density Functional Theory

The beginning of modern density functional theory was constructed by two articles: Hohenberg-
Kohn article [43] and Kohn-Sham article [44], in 1964 and in 1965, respectively. DFT sug-

gests that, knowing the ground state density p(r) we can uniquely determine the system.

The electron density is a function which will give the probability of finding an electron at a

particular place r in space:

p(r) = Nfl:,l/(rl,rz,...,rN)lzdrgdrg...drN (2.13)

As any other observable, the electronic density is also obtained by using wave function. DFT

makes the reverse case possible.

2.3.1 Hohenberg-Kohn Theory

The theorem is divided into two parts [43]:

HK 1: There cannot be v,(r) # v, (r) that corresponds to the same ground state electronic

ext

density, that is, the external potential is unequivocally obtained by the ground state density.
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Therefore, for this v,,(r), the ground state wave function is a unique functional of the ground

state electron density. Hence, we get the full Hamiltonian.

HK 2: The ground state energy for the system equals to the energy corresponding to the

unique ground state density, which attains its minimum value

Eylp(r)] = f Vext(D)p(r)dr + F[p(r)] (2.14)

where F[p(r)] is a universal functional independent from the V,,(r) of the system, containing

the kinetic energy and electron-electron interaction terms.

2.3.2 The Kohn-Sham equations

Kohn and Sham proposed an approach that the electron density is written in terms of Kohn-
Sham orbitals[44], which are fictitious single particle orbitals and which are constructed to

make the usage of Hohenberg-Kohn theorems possible in real system calculations.

p(r) = D 1D (2.15)

The non-interacting system’s Hamiltonian lowest order eigenfunctions are ®;(r). Here, the
expression for the kinetic energy functional of electron density is problematic. In Kohn-
Sham formalism, the kinetic energy of the interacting electrons is replaced by the kinetic
energy of the equivalent non-interacting electrons which are experiencing an effective poten-
tial, V,rr[44]. Hence, V. ry mimics the interactions with the other electrons in addition to the

ionic potentials.

p)p(r’)

drdr’ + V. (2.16)
Ir—r'|

Veff = erxt(l‘)p(l‘)dr+

Kohn-Sham equations are single particle Scrodinger like equations:

Hepp = [T + Vop10i(r) = €Di(r) (2.17)
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Here, the kinetic energy operator does not represent the kinetic energy for the interacting

system and a correction is considered in the term V..

Verr is dependent on the density. A self-consistent cycle is needed to solve Kohn-Sham
equations, as in the Hartree approximation, in which we start with a trial density and make

iterative calculations.

Universal functional F[p] is:

Flpl = Tlp] + ff po(r l)d dv’ + Exclp] (2.18)

With this F[p] functional and Eq. 2.14 total energy functional is obtained as:

Ekslpl = Tlp] + f P(EVWexy(R)dr + = f f pOpr /)drdr + Exclpl (2.19)

r—r’

which is known as the Kohn-Sham functional.

2.4 Functionals for Exchange and Correlation

Because of the Pauli exclusion principle the exchange-correlation effects are seen. In addition
to the Coulomb forces, there are other attractive or repulsive forces resulting from the overlap
of the antisymmetric wave functions. E,. has a complicated nature. Therefore, to write the
E,.[p] functional there are approximations to be made. The most common approximations for
the E,.[p] functional are the localized density approximation (LDA) and generalized gradient

approximation (GGA).

2.4.1 The Localized Density Approximation (LDA)

In LDA, the density is assumed to be locally homogeneous. ELPA[p] functional is obtained by

integrating this local exchange-correlation energy functional of locally homogeneous density,

eienipl
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ELPAp] = f p(r)E [p(r)]dr (2.20)

Most commonly used LDA functionals are Perdew-Zunger (PZ) [45, 46] ,Perdew-Wang (PW)
[47].

24.2 Generalized Gradient Approximation (GGA)

In order to improve the LDA, GGA approach includes in the integration also the gradient of

the density:

ESp] = f p(®)e[p(r), Vo(r)ldr 2.21)

Mostly used GGA functionals are Becke-Lee-Yang-Parr (BLYP) [48, 49] and Perdew-Burke-
Enzerhof (PBE)[50].

2.5 Plane-wave Basis Set for Kohn-Sham Orbitals

Kohn-Sham orbitals ®;(r) ought to be expanded using a finite basis set in order to solve the
Kohn-Sham equations. This basis set is chosen as plane waves. Hence, the Kohn-Sham
Hamiltonian takes a simpler form, that is, all the potentials are described by their Fourier
transforms and the kinetic energy matrix is diagonal. We get the solution by diagonalizing the

Kohn-Sham Hamiltonian matrix. The cutoff energy value determines the size of this matrix.

2.5.1 Bloch’s Theorem

Because of the crystal structure plane-wave expansion of the ®;(r) orbitals are possible. Due
to regular arrangement of the ions in the crystal, the potential corresponding to this system is
periodic. Bloch’s theorem states that the wavefunctions in this potential will also be periodic
with the same periodicity[51]. Hence, Schrodinger equations’ eigenfunctions ®@(r) can be

written as a product of a cell periodic function, u(r, k), and a plane wave:

16



O(r) = u(r, k)e'®r (2.22)

The cell periodic function u(r, k) can be written using the reciprocal lattice vectors of the

crystal:

u(r,k) = " ay e (2.23)
G

Therefore the wavefunction of the system is written as a sum of plane waves:

Or) = B, K) = ) dipsge O (2.24)
G

2.5.2 Kk-point Sampling

The electronic states considered here are possible on a set of k-points, which are obtained
by the boundary conditions. Depending on the volume of the cell the density of the allowed
k-points are determined. The discretization of the k-point set is another approximation. There
are several methods for obtaining the discretization[52, 53, 54, 55]. We will use Monkhorst-
Pack scheme[54].

2.5.3 Plane-wave Representation of Kohn-Sham Equations

The system’s wavefunction is expanded in terms of plane waves:

®;(r,K) = Z ai(k, Gy)e ErGmT = Z ai(k, Gk + G, > (2.25)
Gm Gm

From the orthonormality condition for the plane waves we get:

<k+G,k+G,>=6,, (2.26)

Then the Kohn-Sham Hamiltonian from the Eq. 2.17 takes the form:
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D aik,Gy) <K+ G,y Hopslk + Gy >= € > ailk, G)d,,y = & ) ai(k,G,y)  (2.27)
Gm Gm Gm

and in a compact form it will be:

Z aimH,, =€ Z a; (2.28)

Gm Gm

If we consider the operators constituting the Kohn-Sham Hamiltonian separately:

First the kinetic energy operator:

1 1
<k+G, |Tk+G,>=-<k+G,, |§v2|k + G, >= §|k +G,*s, (2.29)

After that the effective potential matrix:

<k+ Gm’ |Veff(r)|k + Gm >= Z Veff(Gm)éGm—Gm/ Gn — Veff(Gm - Gm’) (2.30)
G

Then, the Kohn-Sham Hamiltonian becomes:

m

1
i = 51K+ Gnl?6,0 + Ver (G = G,y) (2.31)

Here, the sum could be truncated at a cutoff energy value, E.,;,[56] since plane waves are neg-
ligible for large numbers of G. The smallest possible cutoff energy value giving the accurate
results can be determined by applying convergence tests for a range of cutoff energy values.
Therefore, the size of the Kohn-Sham Hamiltonian matrix is determined by the value of E.,;,
which will be extremely large for real systems consisting of core and valence electrons. And

this is overcomed by pseudopotential approximation.

2.6 Pseudopotentials

In electronic structure calculations, the “pseudopotential” concept is connected to replacing

the effects of the nucleus Coulomb potential on the tightly bound core electrons with an ef-
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fective potential acting on the valence electrons. Core electron states are assumed unchanged.
Therefore, the pseudopotentials are used for computing the properties of the valence electrons

resulting from these core electron states.

The potential has a oscillating behavior in the vicinity of the ions. Hence, the wave function
has the same oscillating behavior. To represent this oscillations the expansion of the wave
function requires a large number of plane waves. Nevertheless, at a certain radius, r., the
wavefunction tends to become smooth in which the behavior of the wave function is deter-
mined by the valence electrons. This smooth wave function is represented by only a few plane
waves. Replacing the oscillatory core part with smoother pseudopotentials makes sense, since
almost all physical or chemical properties of any material are dependent on the behavior of
the valence electrons. Therefore, only the valence electrons’ density is taking into account in

DFT calculations.

Norm-conserving property is required for the pseudopotentials, which states that integrated
charge inside r, for the real and pseudo wave functions must be the same. But the norm-
conserving property can be eased to obtain smoother pseudopotentials, which will shorten the
computational time. Ultrasoft pseudopotentials[21] can be an example of pseudopotentials

not obeying the norm-conserving property.
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CHAPTER 3

GaAs/AlAs BULK HETEROSTRUCTURE SYSTEM

In this chapter, we make an extensive analysis of GaAs/AlAs bulk heterostructure (HET) sys-
tem including the electronic band structures at the interfaces within the formalism of DFT
as thoroughly reported in Chapter 2. The most important parameters characterizing het-
erostructure systems are the valence- and conduction-band discontinuities. Several studies
have been made about the band-offsets in lattice-matched heterostructures depending on the
first-principles calculations. In these studies they have searched for the lineup of the average
electrostatic potential through the interface, and the band offset is obtained by addition of this

potential shift with the bulk band-edge difference.

3.1 Method

Density functional theory ensures a fundamental theoretical framework to address the band
lineup problem. Our calculations are carried out using PWSCEF package program [22]. We use
the LDA for the exchange-correlation potential as implemented by Perdew and Zunger [45]
and Ceperley and Alder [46]. In the LDA, exchange-correlation functional is a function of the
local charge density [44]. In such a pseudopotential approach only the valence electrons are
considered and the pseudopotential, which is obtained from LDA-SCF calculations [57]. A
plane-wave basis set is used to expand the single-particle electronic orbitals for periodic solids
[56]. The reciprocal space formulation is dependent on the plane wave basis set [58, 59, 60].
Integrals over the Brillouin zone (BZ) are carried out by discrete summation over the special

k-points [52, 53, 54, 55].
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Figure 3.1: Equilibrium lattice constant of GaAs and AlAs.

3.2 Bulk properties of GaAs and AlAs

As a preliminary step towards the study of the GaAs/AlAs heterostructure we have analyzed
the properties both of bulk GaAs and of bulk AlAs within the formalism of DFT. GaAs and
AlAs are binary compound semiconductors from the III-V group in the zinc blende structure.
For Ga, Al and As we have used the norm-conserving pseudopotential of Perdew and Zunger

[45] to describe the interaction between valence electrons and ionic cores.

Depending on the convergence tests for the total energy of bulk GaAs with respect to the en-
ergy cutoff and to k-point sampling at the calculated lattice constant the plane wave basis set
used has a kinetic energy cutoff 20 Ry and the BZ integration is performed using a uniform
Monkhorst-Pack [54] [10X10X10] grid. The equilibrium lattice constants have been calcu-
lated as 10.52 a.u.(:5.57A) (experimentally 10.683 a.u.) for GaAs and 10.62 a.u.(:5.621°§)
(experimentally 10.698 a.u.) shown in Fig. 3.1 with LDA (The equilibrium lattice constant
have been calculated as 10.80 a.u. for GaAs with GGA). We have checked that the energy
cutoff and the k-point grid values are sufficient for getting accurate results (converged within
almost 1%). As shown in Table 3.1 the difference with experimental values for the lattice
parameter is in good agreement. The valence band maximum for GaAs is 5.1200eV and
for AlAs is 5.1276eV, VBM values and band gap values for GaAs and AlAs are shown in
Table 3.2.
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Figure 3.2: AlAs band structure and DOS
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Figure 3.3: GaAs band structure and DOS

Table 3.1: Lattice parameters for GaAs and AlAs

15

-10

Type
GaAs
AlAs

a,(a.u.)
10.52
10.62

ex
a,"’(a.u.)

10.683
10.698

difference
1.6%
0.8%
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Table 3.2: Valence band maximum and band gap for GaAs and AlAs

Type VBM(eV) E,eV)
GaAs 54127 1.3244
AlAs 5.4021 1.2541

—_—

Figure 3.4: (GaAs)3(AlAs); oriented along the direction (100) interface simulated by a 6+6
superlattice where Ga, Al, As atoms are shown by purple, dark blue and yellow circles, re-
spectively.

3.3 GaAs/AlAs(001) heterostructure

For the heterostructure system, the atomic positions were allowed to relax for atoms to take
their minimum energy configuration. Bulk heterostructure (HET) unit cell with 6+6 (i.e.
(GaAs)3(AlAs)z) period is given in Fig. 3.4, which is oriented in (001) direction, and which
is drawn by XCrySDEN (Crystalline Structures and Densities) program [61]. For all the
calculations relating (GaAs)3(AlAs); HET system we use a SORy energy cutoff. Brilliouin

zone sampling is performed using a [18x18x3] Monkhorst-Pack grid [54].

The difference between our computationally calculated lattice constants of GaAs and AlAs is
0.05 A while the difference obtained in the experiments is just 0.008A, which means there is

a slightly overestimated strain in our calculations.
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3.4 Theoretical study of band-offsets at the interface

We have calculated the interface band offset of GaAs/AlAs system from first-principles.
From a heterostructure calculation estimating the change in the average electrostatic poten-
tial through the interface and then aligning the bulk valence band maximum (VBM) of two
semiconductor constituents according to this average electrostatic potential will give us the
valence-band offset (VBO). Baldereschi et al. [30] have calculated the xy planar averaged
potential by taking the average in the growth direction to get a curve for the potential which
is varying slowly, from where potential shifts have been obtained. The experimental data for
the VBO in GaAs/AlAs range from 0.40 eV to 0.55 eV. [65] Baldereschi et al. [30] have
calculated the offset for (100), (110) and (111) interfaces in between 0.49-0.51 eV, which is

within the experimental error bar.

We have used the average electrostatic potential technique of [30] to get the valence-band
offset in (GaAs)3(AlAs)3(001) superlattices. To sum up, in order to calculate the band offset
we need to consider two contributions: the potential shift at the interface and the difference
between the valence band maximum of bulk GaAs and AlAs calculated from independent

calculations, as described in Section 3.2.

Our calculations are performed on a superlattice geometry. The interface characteristics are
studied using a few atomic planes of each GaAs and AlAs materials. Supercells contain two
interfaces, so we get the isolated interface configuration by making the adjacent interfaces
seperated from each other. The 6+6 superlattice is shown in Fig. 3.4, here GaAs/AlAs inter-
face has been simulated by a 6+6 superlatice , through periodically repeating and alternating
slabs of GaAs and AslAs and from the self-consistent calculations we get the charge density
and electrostatic potential. Since planes parallel to the interface are periodic we have obtained
planar averages of charge density and the corresponding electrostatic potential as a function

of the direction perpendicular to the interface, which is z coordinate, the growth direction:

_ 1
flo) = §ff(x,y,z)dxdy (3.1)
s

where S is the area of the (x, y) plane. So we can have the one dimensional charge density p(z)

and electrostatic potential V(z) from the there dimensional electronic charge density. If we
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look at the plot of these planar averages of 5(z) and V(z) we get periodic functions in GaAs and
AlAs materials, smoothly joining across the interface. For the GaAs/AlAs HET system, which
is a lattice-matched one, on each side of the interface the period of these periodic functions
of p(z) and V(z) are the same, which is the half of the bulk lattice parameter. There is a slight
difference between these periodic functions due to the effect of the interface which could
be enhanced by excluding the bulk-like variations using the macroscopic average technique,

which is the one dimensional average of f over a period centered at z:

z+a/2

= 1 - ’
f(Z):& f f(z)dz (3.2)

7—a/2

where « is the interplanar distance along the z direction.

There is no oscillation on the two part of the interface for the macroscopically averaged quan-
tities, and we get a constant limit in each part of the heterostructure which shows that the
potential experienced by a carrier in layers of lattice-matched heterostructures is the same as
in the bulk material except at the interface there is a shift because of the two dimensional
dipole layer. Therefore, in the interface region deviations are seen from this macroscopic
limit. The potential shift can be obtained from this slowly varying curve, as 0.54 eV from
this slowly varying curve for the potential, as seen in Fig. 3.5. The valence-band maximum is
at E,[GaAs]=5.4127 eV in the bulk GaAs and E,[AlAs]=5.4021 eV in the bulk AlAs, so the
difference is 0.0106 eV. Therefore the net offset is 0.55 eV, which is close to the experimental
value [64] of 0.53 eV.

25



T
VP\anar Average, HET

Planar average electrostatic potential energy [eV]

2[A]

45 T T T

T
Viacroscopic Average, HET

Macroscopic average electrostatic potential [eV]

37 L I L L

Figure 3.5: For (GaAs)3(AlAs); superlattices the planar average and macroscopic average of
electrostatic potential along the growth direction is shown, respectively. AV corresponds to
the difference between the plateaus, which is 0.54 eV in here.
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CHAPTER 4

GaAs/AlAs NANOWIRE HETEROSTRUCTURE SYSTEM

In this chapter, we make an extensive analysis of GaAs/AlAs NWHETs for further studies in
addition to experimental and theoretical studies of the bulk heterostructure system. To this end
we make a first-principles search on structural and electronic properties GaAs/AlAs NWHETs
grown along [001] and [111] directions. The bare GaAs/AlAs nanowire having N atoms is
represented by GaAs/AIAsSNWHET(N). The hydrogen passivated GaAs/AlAs nanowire is
represented by H-GaAs/AIAsSNWHET(N).

4.1 Method

Our calculations are carried out using the PWSCEF code suite [22]. We use the LDA for the
exchange-correlation potential as implemented by Perdew and Zunger [45] and Ceperley and
Alder [46]. In the LDA, exchange-correlation functional is a function of the local charge
density [44]. In such a pseudopotential approach only the valence electrons are considered
and the pseudopotential, which is obtained from LDA-SCF calculations [57]. A plane-wave
basis set is used to expand the single-particle electronic orbitals for periodic solids [56]. The
reciprocal space formulation is dependent on the plane wave basis set [58, 59, 60]. Integrals
over the Brillouin zone (BZ) are carried out by discrete summation over the special k-points

[52, 53, 54, 55].

All nanowires studied here are constructed by selecting an axis along a crystallographic di-
rection in bulk zinc blende and taking the atoms which are in a chosen distance from the
nanowire axis. Besides GaAs and AlAs nanowires we also consider a nanowire with a pe-

riodic repetition of a couple of GaAs and AlAs planes, constituting a GaAs/AlAs nanowire
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heterostructure. The geometry is shown in Fig. 1.1, constructed by the repetition of three
layers of GaAs and three layers of AlAs. The H-terminated nanowires are obtained by satu-
rating the surface dangling with hydrogen. For all nanowire structures the lattice parameter

and atomic positions were relaxed.

4.2 GaAs and AlAs nanowires

As a preliminary step towards the study of GaAs/AlAs nanowire heterostructure we have
analyzed the properties both of GaAs nanowire and of AlAs nanowire within the formalism
of DFT. GaAs and AlAs nanowires are formed by taking a slab of GaAs and taking the atoms
which is in a certain radius that we choose and centered in the mean of the atoms in that
slab. We use the LDA for the exchange-correlation potential as implemented by Ceperley and
Alder [46] and Perdew and Zunger [45]. To compensate the partial occupancies we use the
Gaussian smearing method with a smearing width of 0.01 Ry for atomic relaxation, and 0.001

Ry for band structure calculations.

GaAs nanowire superlattices are separated from their periodic repetitions by a region of vac-
uum, where the cell length along the x and y directions perpendicular to the wire is given
by 27.52 A in order to isolate the wires from their hypothetical neighbors and to prevent the
overlap of the wave function with that in an adjacent wire. The radius of the nanowires are 5
A and they lie along the z-axis, 2 lattice constant in length in this direction. For the nanowire
systems, the atomic positions were allowed to relax for atoms to take their minimum energy
configuration. For all the calculations relating the GaAs and AlAs nanowire systems we use
a 5S0Ry energy cutoff. Brilliouin zone sampling is performed using a [1X1X20] Monkhorst-
Pack grid [54].

The bare GaAs nanowire having N atoms is represented by GaAsNW(N). The hydrogen pas-
sivated GaAs nanowire is represented by H-GaAsNW(N). In Fig. 4.1, Fig. 4.2, Fig. 4.3 and
Fig. 4.4 the bare GaAs nanowire and the H-terminated GaAs nanowire along the [001] and
[111] direction are shown, rspectively. As seen in the figure, after relaxation GaAs nanowire
surfaces undergo a reconstruction but inner parts remains in the bulk configuration. Similarly,
in Fig. 4.5 and in Fig. 4.6 the bare and H-terminated AlAs nanowire oriented along the [111]

direction are shown.
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Figure 4.1: Relaxed bare GaAs nanowire oriented along the [001] direction: GaAsNW(42),
where Ga and As atoms are shown by purple and yellow circles, respectively.

Figure 4.2: H-passivated GaAs nanowire oriented along the [001] direction: H-GaAsNW(82),
where Ga, As, and H atoms are represented by purple, yellow and light blue circles, respec-
tively.

29



Figure 4.3: Relaxed bare GaAs nanowire oriented along the [111] direction: GaAsNW(38),
where Ga and As atoms are represented by purple and yellow circles, respectively.

Figure 4.4: H-passivated GaAs nanowire oriented along the [111] direction: H-GaAsNW(68),
where Ga, As, and H atoms are represented by purple, yellow and light blue circles, respec-
tively.
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Figure 4.5: AlAs NW(38) along [111] direction and side views, where Al and As atoms are
represented by dark blue and yellow circles, respectively. The surface reconstruction along
this direction is in the second line.

Figure 4.6: H-passivated AlAs nanowire oriented along the [111] direction: H-AIASNW(68),
where Al, As, and H atoms are represented by dark blue, yellow and light blue circles, re-
spectively.
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Figure 4.7: Band structures of GaAsNW(38) and H-GaAsNW(68) in [111] direction with sur-
face dangling bonds not passivated and passivated with hydrogenlike pseudoatoms, respec-
tively. The surface states are removed from the band gap when the surface dangling bonds
have been passivated.

It is seen in Fig. 4.7, for GaAs nanowire oriented along the [111] direction after the surface
dangling bonds have been passivated by hydrogenlike pseudoatoms the band gap is cleaned
from surface states, which shows the localized surface states are the dangling bond states.
Similarly, in Fig. 4.8 the band structures of bare and H-passivated AlAs nanowire oriented
along the [111] direction are shown, representing that the localized surface dangling bond

states are not in the band gap anymore.

To calculate the cohesive energy we have taken the difference between the total energy of the
wire and the total energy of the same number of isolated atoms. The energy of an isolated Ga
atom, an isolated Al atom, and an isolated As atom are calculated in a large enough unit cell.
For the Ga atom, we have used 16 A cubic cell and we get an energy of -57.73 eV. Also for
the Al and As atom, we have used 16 A cubic cell and we get an energy of -52.90 eV and
-169.58 eV, respectively. For the H atom, we have used 21 A cubic cell and we get an energy

of -12.90 eV. The cohesive energy per Ga-As pair of bare GaAsNW are calculated by
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Figure 4.8: Band structures of AIAsSNW(38) and H-AIAsNW(68) in [111] direction with sur-
face dangling bonds not passivated and passivated with hydrogenlike pseudoatoms, respec-
tively. The surface states are removed from the band gap when the surface dangling bonds
have been passivated.
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Table 4.1: The lattice constant ap and the cohesive energy per Ga-As (Al-As) atom pair values
for GaAs (AlAs) nanowires in the [111] direction, using Eq. 4.1 and Eq. 4.2

Type ap (A) E. (eV) E. (eV)
GaAsNW(38) 5.62 7.33 -0.97
AlASNW(38) 5.64 7.97 -1.07
GaAsNW(122) 5.53 7.83 -0.47
AlASNW(122) 5.55 8.46 -0.57

Table 4.2: The binding energy of hydrogen for GaAs (AlAs) nanowires in the [111] direction
with respect to the free H atom, using Eq. 4.3

Type Ep (eV)
H-GaAsNW(68) 4.18
H-AIAsSNW(68) 4.39
H-GaAsNW(176) 4.27
H-AIASNW(176) 448
E. = (ET[Ga] * Ngq + ET[As] * Nag — E7[GaAsNW(N)])/N pair “4.1)

using the total energy of free Ga and As atoms and the total energy of GaAsNW(N) nanowire.
E. > 0 implies that the structure is stable depending on the free Ga and As atoms. The

cohesive energy with respect to the bulk crystal GaAs and AlAs is calculated by,

E| = Er[bulkGaAs] — Er[GaAsNW(N)1/N pair “4.2)

Calculated lattice constant ag and cohesive energies are shown in Table 4.1.

The binding energy of hydrogen relative to the free H atom is calculated by,

Ep = (Er[H] * Ny + Er[GaAsNW(N)] — Er[H — GaAsNW])/Ny 4.3)

using the total energy of GaAsNW(N) and H-GaAsNW(N) nanowires and free H atom energy,
Er[H]. The values are shown in Table 4.2.
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4.3 Modelling GaAs/AlAs Nanowire Heterostructure System with Supercell

GaAs and AlAs nanowires are formed by taking a slab of bulk GaAs in one crystallographic
direction and taking the atoms which is in a certain radius that we choose and centered in the
mean of the atoms in that slab. In order to form the nanowire heterostructures (NWHETS)
the nanowire superlattices are made from repeating GaAs/AlAs layers along the longitudinal,
that is, along the chosen crystallographic direction. All calculations are carried out using
PWSCEF package program [22]. We use the LDA for the exchange-correlation potential as
implemented by Ceperley and Alder [46] and Perdew and Zunger [45]. To compensate the
partial occupancies we use the Methfessel-Paxton smearing method [62] with a smearing
width of 0.01 Ry for atomic relaxation, and 0.001 Ry for band-structure calculations. These
NWHETs are separated from its periodic repetitions by a region of vacuum, where the cell
length along the x and y directions perpendicular to the wire is given by 27.52 A in order
to isolate the wires from their hypothetical neighbors and to prevent the overlap of the wave
function with that in an adjacent wire. The radius of the nanowires are 5 A and they lie
along the z-axis, 2 lattice constant in length in this direction. For nanowire heterostructure
systems, the atomic positions were allowed to relax for atoms to take their minimum energy
configuration. For all the calculations relating the GaAs/AlAs NWHET system we use a 50
Ry energy cutoff. Brilliouin zone sampling is performed using a [1X1X30] Monkhorst-Pack
grid [54]. In Fig. 4.9 GaAs/AlAs NWHET supercell in the x-y plane is shown.

4.4 Bare and H-passivated GaAs/AlAs Nanowire Heterostructures

In this section, firstly the bare and H-terminated GaAs/AlAs nanowire heterostructures ori-
ented along [001] and [111] directions having different number of Ga, Al, As atoms are stud-
ied. Initially, GaAs/AlAs NWHETs are cut out from bulk GaAs/AlAs heterostructure. The
initial atomic positions in bulk structure is allowed to relax to obtain the minimum total en-
ergy. Hydrogen passivation is performed by termination of surface dangling bonds. The prop-
erties of H passivated nanowire heterostructure system are different from the bare nanowire
heterostructure system. We have examined in which way the hydrogen saturation of dangling
bonds of surface atoms effects the electronic structure of the nanowire. Also the possible

surface reconstruction is taken into account through relaxation.
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Figure 4.9: GaAs/AlAs NWHET supercell in the x-y plane and slightly off-axis where Ga,
Al, As atoms are represented by purple, dark blue and yellow circles, respectively.
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4.4.1 Atomic Structure and Energetics

In Fig. 4.10 the cross section of NWHET(42), in direction [001] with diameter 5 A is shown
before and after relaxation. It is observed that after the relaxation the surface of the wire
undergo a reconstruction, but the inner parts remain in bulk configuration. In the bulk part
of GaAs and AlAs there are sp® hybridized orbitals. Cations, which are at the surface of the
nanowire, favors sp’-like hybridization since they lost an electron. Because of that all Ga
and Al atoms at the surface of the nanowire relaxes inward. After the electron transfer the
dangling bond on the As atom is filled and As atom relaxes outward. In Fig. 4.11 the charge

density contour plots of this reconstructed NWHET(42) along [001] direction is presented.

In Fig. 4.14 hydrogen passivated surface of H-NWHET(82) along [001] direction and in
Fig. 4.15, hydrogen passivated surface of H-NWHET(136) along [111] direction are shown,
that is, pseudohydrogen is used to saturate the surfaces of the nanowire. Here the pseudo-
hydrogen represents a non-integer core charge Z. The dangling bond states on the surface of
a semiconductor in nanoscale are electronically active states. Surface passivation with some
passivation agent is needed without harming the neutrality of the system. Aim of the surface

passivation is cleaning the band gap from the localized surface states [63].

In theoretical calculations hydrogen is used as passivation agent for group IV semiconductors.
The bonds for II-VI and III-V are different from the bonds in group IV semiconductors. For
III-V semiconductors the passivation by ordinary hydrogen is not enough as explained by
Chelikowsky [63], where it is told that the best result is obtained by the use of pseudohydrogen
atom (H*) where Z for H* is different than 1, such as H* (Z=1.25) and H* (Z=0.75) for
cations and anions, respectively. In Fig. 4.13 it is seen that the bonds with hydrogen atoms,
with Z=0.5, on the cations are broken and in the second part of the figure it is seen that the
bonds with hydrogen atoms, with Z=1, on the anion atoms are broken. . The relaxation results
of saturation of nanowire surface with pseudohydrogen with Z=1.25 for all surface Ga and Al

atoms and with Z=0.75 for all surface As atoms are shown in Fig. 4.14 and Fig. 4.15.

We now have the correct geometry for GaAs/AIAsSNWHET and the total energy of the system.
We can obtain the cohesive energy of the structure. The cohesive energy per Ga-As and Al-As

pairs of bare GaAs/AlAs NWHETs are calculated by
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Figure 4.10: Surface reconstruction of GaAs/AIAs NWHET along [001] direction. Ga, Al,
As atoms are represented by purple, dark blue and yellow circles, respectively.

Figure 4.11: Charge density contour plots of reconstructed GaAs/AlAs NWHET along [001]
direction, lateral plane is shown in left panel and vertical plane is in right plane.
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Figure 4.12: GaAs/AlAs NWHET(76) along [111] direction and side views. The surface
reconstruction along this direction is in the second line.

Figure 4.13: When Z=0.5 the pseudohydrogen bond in the cations are broken, when Z=1 the
hydrogen bond in the cation atoms are broken.
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Figure 4.14: Relaxed GaAs/AlAs NWHET(82) oriented along the [001] crystallographic di-
rection with the termination of dangling bonds with H-atom. Ga, Al, As, H atoms are repre-
sented by purple, dark blue, yellow and light blue circles, respectively. The relaxed structure is
in the second line is when H* (Z=1.25) and H* (Z=0.75) for cations and anions, respectively.
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Figure 4.15: H-GaAs/AlAs NWHET(136) along [111] direction and side views of it with the
termination of dangling bonds by H-atom and in the second line the relaxed coordinates are
shown when H* (Z=1.25) and H* (Z=0.75) for cations and anions, respectively.
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E. = (ET[Ga]*NGa-l-ET[Al]*NA[+ET[AS]*NAS—ET[GaAS/AlASNWHET(N)])/Npm'r “4.4)

using the total energy of free Ga, Al and As atoms, number of Ga-As, Al-As pairs N,; and
the total energy of GaAs/AlAs NWHET(N), which gives an energy of 7.65 eV per pair in the
[111] direction. E. > 0 makes sure that the structure is stable relative to free Ga, Al and As

atoms.

The binding energy of hydrogen relative to the free H atom is calculated by,

Ep = (Er[H]*Ny+Er|GaAs/AIASNWHET (N)]-Er|H—-GaAs/AIAsSNWHET])/Ny (4.5)

using the energy of free H atom, E7[H], the total energy of GaAs/AlAs NWHET(N) and H -
GaAs/AlAs NWHET (N) nanowires. To calculate the energy of an isolated H atom we have
used 21 A cubic cell and we get an energy of -12.90 eV. For the binding energy of H in the H
- GaAs/AlAs NWHET (136) system oriented along the [111] crystallographic direction, we
get4.35 eV.

4.4.2 Band Structure and Band Offset of GaAs/AlAs Nanowire Heterostructures

It is seen in Fig. 4.16 and Fig. 4.17 that after the surface dangling bonds of the NWHET
system have been terminated by hydrohenlike pseudoatoms, the band gap is cleared from the

surface states.

The determination of band offsets at interfaces of heterostructures is a requirement for semi-
conductor device design since, by controlling the band offsets, we can control the charge
carrier flow and confinement. Band offsets have been calculated by using moderately re-
fined methods at the interfaces of bulk heterostructures. At the semiconductor interface there
is a charge accumulation because of aligning of Fermi levels. This charge accumulation
creates an electric field and afterwards a potential is created at semiconductor interface. A
heterostructure calculation estimating the shift in the average potential across the interface
and then aligning the bulk valence-band maximum (VBM) of two semiconductor constituents

according to this average electrostatic potential will give us the valence-band offset (VBO).
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Figure 4.16: Band structures of GaAs/AlAs NWHET(42) and H-GaAs/AlAs NWHET(82)
in [001] direction with surface dangling bonds not passivated and passivated with hydrogen-
like pseudoatoms, respectively. The surface states are removed from the band gap when the
surface dangling bonds have been passivated.
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Figure 4.17: Band structures of GaAs/AlAs NWHET(76) and H-GaAs/AlAs NWHET(136)
in [111] direction with surface dangling bonds not passivated and passivated with hydrogen-
like pseudoatoms, respectively. The surface states are removed from the band gap when the
surface dangling bonds have been passivated.
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Baldereschi et al. [30] have calculated the xy planar averaged potential by taking the average
in the growth direction to get a curve for the potential which is varying slowly, from where
potential shifts have been obtained. The experimental data for the VBO in GaAs/AlAs range
from 0.40 eV to 0.55 eV [65]. Baldereschi et al. [30] have calculated the offset for (100),
(110) and (111) interfaces in between 0.49-0.51 eV, which is within the experimental error

bar.

The 6+6 superlattice is sufficient to obtain band offset values. Since planes parallel to the
interface are periodic we have obtained planar averages of charge density and the correspond-
ing electrostatic potential as a function of the direction perpendicular to the interface, which
is z coordinate, the growth direction using f(z) = % fs f(x,v,2)dxdy, where S is the area of
the (x,y) plane. So we can have the one dimensional charge density p(z) and electrostatic
potential V(z) from the there dimensional electronic charge density. If we look at the plot of
these planar averages of p(z) and V(z) we get periodic functions in GaAs and AlAs materials,
smoothly joining across the interface. For the GaAs/AlAs HET system, which is a lattice-
matched one, on each side of the interface the period of these periodic functions of p(z) and
V(z) are the same, which is the half of the bulk lattice parameter. There is a slight difference
between these periodic functions due to the effect of the interface which could be enhanced

by excluding the bulk-like variations using the macroscopic average technique, which is the

1 rz+a/2
a Jz—a/2

one dimensional average of f over a period centered at z: f (2) = f(Z)dz', where a
is the interplanar distance along the z direction. There is no oscillation on the two part of the
interface for the macroscopically averaged quantities as seen in Fig. 4.18, and we get a con-
stant limit in each part of the heterostructure. Therefore, in the interface region deviations are
seen from this macroscopic limit. The potential shift can be obtained from this slowly varying
curve, as 0.54 eV from this slowly varying curve for the potential, as seen in Fig. 3.5. The
valence-band maximum is at E,[GaAs]=5.4127 eV in the bulk GaAs and E,[AlAs]=5.4021
eV in the bulk AlAs, so the difference is 0.0106 eV. Therefore the net offset is 0.55 eV, which

is close to the experimental value [64] of 0.53 eV.

For nanowire superlattices, which consists of successive segments of GaAs and AlAs nanowires,
the potential profile is determined by the surface passivation in addition to the discontinuity
at the interface. The potential along the axis of nanowire heterostructure depends both on
the dipole layer at each GaAs/AlAs NWHET interface and at the surface of the nanowire.

The results indicate that nanoscale heterostructures require more detailed treatments relating
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Figure 4.18: For (GaAs);(AlAs); superlattices the planar average (dotted line) and macro-
scopic average (solid line) of electrostatic potential along the growth direction are shown,
a steplike behavior is seen. The potential shift corresponds to the difference between the

plateaus, which is 0.54 eV in here.

their symmetry, dimensionality and surface passivation. The potential shows the same dis-

continuity right at the interface also in nanoscale, which is connected to the alignment of the

charge-neutrality levels[33, 34] on the different sides of the interface. Therefore, the band
offset notion is strong for heterostructures in nanoscale, but the potential lineup is not in a
step-like behavior as in the planar bulk heterostructures. The potential profile for 3+3 and
6+6 superlattice GaAs/AlAs NWHET along the [111] direction are calculated. We do not
get the constant macroscopic limit on two sides of the nanowire heterostructure, as seen in
Fig. 4.19. Although the surfaces have been passivated, the potential has a complex behavior
far from the interface, where it is controlled by the surface dipoles. Hence, the inhomogeneous
surface termination results in the fluctuating potential which could trap the carriers in the sur-
face. This means that it is possible to control the electronic properties of such axial nanoscale

heterostructures with different surface passivations, which may lead to new possibilities for

future nanoscale devices.

Niquet et al. [10] computed band offsets in core/shell and axial GaAs/AlAs nanowire super-

lattices with radius 5 nm and 75000 atoms, using self-consistent tight-binding calculations
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Figure 4.19: The planar (dotted line) and macroscopic (solid line) average of electrostatic

potential for the GaAs/AlAs NWHET in the [111] direction with different number of atom

supercells, i.e. alternating slabs of GaAs and AlAs are increased. The potential profile for

3+3 and 6+6 superlattice are shown, respectively.
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and found that for the nanoscale heterostructures, the band discontinuity at the interface is
nearly independent of the size and shape, but the band edges not exactly behaving as a sim-
ple step function beyond the interface as in the planar case. They stated that the universally
accepted picture for the potential behavior in planar lattice-matched heterostructures, which
is constant away from the interface and there is a step at the interface, could be invalid in
nanoscale heterostructure. Their results indicated that the band edges can exhibit important
oscillations away from the interfaces unless the nanostructures are surrounded with a shell
which is homogeneous, that is, in nanowire heterostructures with axial configuration the band
edges have a more complicated manner depending on the nature of the surfaces. They have
also computed the band offset of nanowires with an external AlAs shell and illustrated the
necessity of the surface termination, such that, with this AlAs shell the valence band edge
is constant everywhere except at the interface. Leonard and Tersoff [13] found that when a
semiconductor carbon nanotube is contacted to a metal, the Schottky barrier height can’t be
fixed by Fermi level pinning as in semiconductor-metal junctions, that is the behavior is com-
pletely different. The summary of finding up to now is that, applications of the concepts of
band offsets, driven from the planar heterostructure systems, to nanoscale heterostructure sys-
tems is debatable.[10, 13] Recent experiments [12, 66] represent that the nature of the surface
capping in nanocrystals determines the energy levels alignment, that is, tunning the ionization

potential of nanocrystals is possible.

4.5 Surface dangling-bond states in H-passivated GaAs/Al1As NWHETSs

Defining the valence band offset with energies of valence band edges on both sides of the het-
erostructure is possible, which can be done by defining a common energy level as a reference
for both sides of the heterostructure. The reference level approach is made up of assuming
that common energy reference is the same on both side of the interface. Theoretically, lots
of such common energy level methods have been suggested. Tersoff’s theory of effective
midgap states [24] predict band lineups with an error of 0.2 eV. In this section, we report
a first-principles study of the electronic properties of surface dangling-bond (SDB) states in
hydrogen passivated GaAs/AlAs NWHETSs with a diameter of 1 nm. The SDB is defined as

the defect due to an non-passivated surface atom.

Van de Walle ef al. [35] established an important correlation between the location of hy-
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drogen charge transition levels &(+/—), which is the Fermi level position where the negative
and positive charge states of hydrogen have the same energies, and the band structures of the
corresponding materials. They have found a universal alignment of the electrochemical level
for the change of positive and negative charge states of hydrogen for a wide variety of mate-
rials, that is, hydrogen bond energies are almost the same. The main feature in determining
the transition-point energy is the dangling bond state. The positive charge state of hydrogen
H™ binds to the anion and leaves a dangling bond on the neighboring cation. Similarly, the
negative charge state of hydrogen H~ binds to the cation in the material and a dangling bond
is created in the neighboring anion. When H* binds to the anion, anion atom gives up an elec-
tron or the dangling bond gets an electron. This fixes an average of the energies for adding
or removing an electron, which is the transition energy at the mid-gap position. Using this
mid-gap states it is possible to determine band line-ups of electronic band structures at het-
erostructures. Remarkably, Van de Walle et al. [35] have shown that transition level energies

are almost the same for lots of materials, including semiconductors and insulators.

Kagimura et al. [36] found that the charge transition levels e(4/—) of SDB states serve like a
common energy reference level among Si and Ge wires and Ge/Si heterostructures and they
have used this level to predict band line-ups in nanowire heterostructures. They have also
stated that charge transition level &(+/—) value for group III and V atoms is constant and a
periodic table property. Due to Janak’s theorem [67], &; = g—i, SDB’s Kohn-Sham eigenvalue
is a good approximation for the transition level energy, which is valid if SDB eigenvalue &;

lies within the band gap.

For GaAs/AlAs NWHETSs two seprate calculations have been carried out for SDB’s in this
system. The first calculation is performed by removing an hydrogen atom form the surface
of GaAs nanowire, specifically from a Ga atom on the surface of the wire. And a second
separate calculation is performed for AIAs nanowire by removing a hydrogen atom from an
Al atom on the surface of AlAs nanowire. The dangling bond is chosen far away from the
GaAs/AlAs nanowire interface. There is a clear resemblance is present in the band structures
of the nanowires as seen in Fig. 4.20 . For GaAs and AlAs nanowires &(+/—) lies within the
bandgap. Assuming that the hydrogen £(+/—) level occurs at the same “absolute* energy for
GaAs and AlAs nanowires, its position at Eypy + 1.32¢V in GaAs and Eypy + 1.56eV in
AlAs. Hence, VBO in GaAs/AlAs heterostructure nanowire system along [111] direction is
0.24 eV.
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Figure 4.20: Band structures of AlAs and GaAs nanowires with one surface dangling-bond
defect, on the left and right side, respectively. Orientation of the wires are along the [111]

direction.
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4.6 Summary

We have shown that, for heterostructures in nanoscale, the potential lineup is not in a step-
like behavior as in the planar bulk heterostructures. The potential along the axis of nanowire
heterostructure depends both on the dipole layer at each GaAs/AlAs NWHET interface and
at the surface of the nanowire. The potential profile for 343 and 6+6 superlattice GaAs/AlAs
NWHET along the [111] direction are calculated. We do not get the constant macroscopic
limit on two sides of the nanowire heterostructure. Because of the nature of the surfaces the
potential has a more complex manner far from the interface. Hence the fluctuations in po-
tential far from the interface are developed by the inhomogeneous surface termination. The
results indicate that nanowire heterostructures demand more detailed treatments relating their
symmetry, dimensionality and surface passivation. Applications of the concepts of band off-
sets, driven from the planar heterostructure systems, to nanoscale heterostructure systems is
debatable.[10, 13] For the nanoscale heterostructures, the fluctuations seen in the potential
profile beyond the interface depend on the dispersion of surface dipoles, which control the
value of the nanowire potential. We can arrange the inner potential by changing the sur-
face passivation. This means that it is possible to control the electronic properties of axial
nanoscale heterostructures with different surface passivations, which may lead to new possi-

bilities for future nanoscale devices.

We report a first-principle calculations of the electronic properties of surface dangling-bond
(SDB) states in H passivated GaAs/AlAs NWHETSs with a diameter of 1 nm, where the SDB
is defined as the defect due to an incomplete passivation of a surface atom. By defining a
common energy reference level on each side of the interface it is possible to find the band
lineup with energies of band edges on both side of the heterostructure. Theoretically lots
of common energy reference level methods have been suggested, such as Tersoff’s theory of
effective midgap states [24]. The charge transition levels &(+/—) of SDB states serve as a
common energy reference level, such that charge transition level &(+/-) value for group III
and V atoms is constant. Due to Janak’s theorem [67], &; = g—,’i, SDB’s Kohn-Sham eigenvalue

is a good approximation for the transition level energy, which is valid if SDB eigenvalue ¢;

lies within the band gap. For GaAs and AlAs nanowires £(+/—) lies within the bandgap.
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CHAPTER 5

ALUMINUM NANOWIRES

We have performed first-principles electronic structure calculations of aluminum nanowires
for a series of different diameters ranging from 3A-10A, which is cut out from a slab of ideal
bulk structure along the [001] direction. First-principles calculations of aluminum nanowires
have been performed within the density-functional theory. We use the norm-conserving pseu-
dopotentials that are shown to yield successful results for ultrathin nanowire regime. Our
results show that the number of bands crossing the Fermi level decreases with decreasing

wire diameter and all wires studied are metallic.

Metal nanowires have attracted a vast amount of interest in last years because of their stable
structures presenting themselves in a variety of different cross sections. They have been cre-
ated by mechanically controllable break junction (MCBJ) and scanning tunneling microscopy
(STM) and studied both experimentally and theoretically.[68, 69, 70, 71, 72, 73, 74] A variety
of regular atomic structures in a variety of sizes have been a great concern in the search of

nanodevices.

Gulseren et al. [68] studied Al and Pb noncrystalline nanowire structures which are described
by empirical many-body inter-atomic “glue” type potentials [75] and they have lead the way
for future ab initio studies of ultrathin metal wires. They have observed that once the di-
ameter of these metallic wires decreases below a critical value, which is of the order of a
few atomic spacings, they develop noncrystalline stable atomic structures which are governed
by icosahedral packings of a variety of new structures. Sen et al. [69] used first-principles
density functional calculations with ultrasoft Vanderbilt-type pseudopotentials[76] using gen-
eralized gradient approximation[77] (GGA) for fully relaxed atomic structures and revealed

that aluminum can form zigzag and ladder chain structures in planar. In a different study Sen
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et al. [70] have performed a first-principles study in variety of pentagonal structures within
the density functional theory with ultrasoft pseudopotentials using GGA, including pentago-
nal aluminum nanowires and they have showed that those quasi-one-dimensional pentagonal
nanowires comparing to other one-dimensional structures have higher cohesive energies. Us-
ing the first principle calculations F. Di Tolla ef al. [71] studied ultrathin monoatomic, trian-
gular, pentagonal staggered and hexagonal eclipsed Al nanowires, which were obtained from
the glue modeling of Al wire in Gulseren et al. [68] They have found that the smallest crys-
talline fcc wires are the hexagonal wires and they stated that glue models are not adequately
accurate for ultrathin wires and further ab initio improvement is needed. Structures and elec-
tronic properties of stable coaxial and helical aluminum nanowires [72] are also studied us-
ing the first-principle calculations with density functional theory and with norm-conserving
pseudopotentials using GGA method by Perdew-Wang 1991 (PW91) functional.[78] For the
metallic nanowires it was shown that there is a noncrystalline-crystalline transition depending
on the size, that is below a critical radius the most stable structures are in helical packing and
for larger radius than this critical value the wire favored the fcc structure depending on the

metallic element used in the nanowire.[68, 73, 74]

This chapter presents a first-principles analysis of very thin Al nanowires, which is cut out
from a slab of ideal bulk structure of aluminum along the [001] direction. In order to study the
size dependence of the electronic structure we consider four different wires with increasing
radii and cross-sections, namely: wires with radius 3/0\(4), 5A(16), 71&(32) and 101&(76),
where rA(N) shows radius and number of atoms in the supercell, as shown in Fig. 5.1. It
is found that Al nanowires below 3A are of helical structure and as r > 3A the nanowire
structures have the multi-walled cylindrical form, which consists of closed-packed curved
layers as seen in Fig. 5.1. Asrt > 10A in the core region of the nanowire, the crystalline fcc
structures are formed.[68, 73, 74] We also find that the number of bands crossing the Fermi
level decreases with decreasing wire diameter and all wires studied in this chapter are metallic.
We use the norm-conserving pseudopotentials that are shown to yield successful results for

ultrathin nanowire regime, that is for planar atomic wires and pentagonal wires.[70, 69]
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5.1 Method and Atomic Structure

In this chapter first-principles plane wave calculations are carried out for straight nanowires
within the supercell geometry. Aluminum nanowires are periodic along the growth direc-
tion, which is the z-direction, and all of them are periodically repeated as a parallelepiped
lattice with a sufficient spacing in the x-y plane to reduce the interaction between one wire
and its periodic image. Our calculations are based on the first-principles density functional
theory (DFT), which are carried out using PWscf package program [22]. We use the gen-
eralized gradient approximation (GGA) method [77] by Perdew-Burke-Erzerhof (PBE) func-
tional [79] for the exchange-correlation and norm-conserving pseudopotentials determined by
the Hamann method [80] to obtain electronic structure and total energy of relaxed aluminum

nanowires.

For the metallic nanowire system, the atomic positions were allowed to relax for atoms to find
their minimum energy configuration. For the calculations relating the Al nanowire system in
the [001] crystallographic direction we use a 50 Ry energy cutoff. Brilliouin zone sampling
is performed using a [1X1X50] Monkhorst-Pack grid [54] and Brilliouin zone integration
is performed using the Methfessel-Paxton smearing method [62] with a smearing width of
10mRy. The convergence tests for the energy cutoff value and the number of k points are

done. All the calculations have been carried out with atoms in their fully relaxed positions.

5.2 Results and Discussions

The relaxed aluminum nanowires studied in this paper are shown in Fig. 5.1, in which there
are four different wires with increasing radii and cross-sections, namely: wires with radius
3A(4), 5A(16), 7A(32) and 10A(76), where rA(N) shows radius and number of atoms in the
supercell. In Fig.1a, the radius of the wire is taken as 3A with 4 atoms in the supercell and
top and side views are shown. In the same way, in Fig.1b, 1c and 1d, the top and side views
of the wires with radius SA with 16 atoms in the supercell, 7A with 32 atoms in the supercell
and 10A with 76 atoms in the supercell are shown, respectively. The lattice constant of the Al
nanowire which minimizes the total energy is shown in Table 5.1 for all nanowires studied in

this chapter, which are rather close to the bulk lattice constant a .. =7.67a.u. of aluminum.
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Figure 5.1: Top and side views of aluminum nanowires with radius (a) 31&(4), (b) 5A(16), (©)
7A(32) and (d) 10A(76).

Table 5.1: Aluminum nanowire lattice constant along the wire axis.

Type Lattice constant (a.u.)
AINW(4) 7.56
AINW(16) 7.58
AINW(32) 7.69
AINW(76) 7.59
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In order to understand the material behavior of the stable geometries of nanowires we per-
formed electronic band structure analysis. In Fig. 5.2 band structures of Al nanowires studied
are shown. It is seen in the band structure for the wire with radius 3A that the bands are quite
broad and the wire is metallic, which is shown in Fig. 5.2a. Similarly, In Fig.5.2b, 5.2¢ and
5.2d, the band structure for the wires with radius 5A, 7A and 10A are shown, respectively.
It is observed that the forms of energy band structures are similar, but the number of energy
bands crossing the Fermi level is different, which is important for the stability and quantum
ballistic conductance of nanowire. Under ideal conditions, in order to determine the conduc-
tance the number of bands crossing the Fermi level is counted. It is observed that the number
of bands crossing the Fermi level decreases with decreasing wire diameter and also all wires
studied are metallic. The bands are mainly extended. We do not notice any strong localization

due to bonding.

The nature of the bonding in these aluminum nanowire structures is searched out by the elec-
tronic charge density contour plots in the lateral and vertical planes, which are shown in
Fig. 5.3 for 3A(4), 5A(16), 7A(32) and 10A(76), respectively. Left panels show the charge
density contours in lateral planes and right panels show the charge density contours in verti-
cal planes. The charge distribution in vertical plane has a directional character in most cases,
since in one dimensional structures of Al bonding attains directionality. It is observed that

charge is concentrated between atoms constituting a directional bond.

The cohesive energy (per Al atom) of AINWs is calculated by

E. = E7[Al] - w G.D

using the total energy of free Al atom and the Al nanowire’s total energy having N atoms
AINW(N) and having optimized structure shown in Table 5.2 which are calculated for differ-
ent diameters. Calculated cohesive energies show that among the wires we analyzed the wire

with a radius of 7(A) AINW(32) is the most stable, with the highest binding energy.

5.3 Summary

We have studied four different ultrathin aluminum nanowires which are cut out from a slab of
ideal bulk structure along the [001] direction based on density functional formalism with

norm-conserving pseudopotentials that are shown to yield successful results for ultrathin
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Figure 5.2: Band structures of Al nanowires with radius (a) 31&(4), (b) 5A(16), (©) 71&(32) and
(d) 10A(76)

Table 5.2: Cohesive energy per Al atom pair E, of different radius Al nanowires calculated
using Eq. (1).

Type E.(eV) Total Energy (eV)
AINW(4) 2.28 -220.40
AINW(16) 3.01 -893.25
AINW(32) 3.18 -1792.06
AINW(76) 2.86 -4232.01
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Figure 5.3: Charge density contour plots in lateral and vertical planes are shown in left panels
and right panels, respectively. (a) and (b): 3A4). (c) and (d): 5A(16). (e) and (f): 7A(32).
(g) and (h): 10A(76).
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nanowire regime. We have found that Al nanowires below 3A are of helical structure and
as r > 3A the nanowire structures have the multi-walled cylindrical form, and as r > 10A in
the core region of the nanowire, the crystalline fcc structures are formed. We have also found
that the number of bands crossing the Fermi level decreases with decreasing wire diameter
and all wires investigated in this thesis are metallic. The bands are mainly extended. We
do not notice any strong localization due to bonding. Since in one dimensional structures of
Al bonding attains directionality the calculated charge distributions in vertical planes have a

directional character.
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CHAPTER 6

CONCLUSION

We used first-principles plane-wave calculations within the density functional theory with
the localized density approximation (LDA) to get information about the structural and elec-
tronic properties of bare and hydrogen passivated GaAs/AlAs nanowire heterostructures. All
nanowires studied were constructed by selecting an axis along a crystallographic direction in
bulk zinc blende and taking the atoms which are in a chosen distance from the nanowire axis.
We studied for the effects of the surface passivation on the band gap and the band offsets for
the planar GaAs/AlAs bulk heterostructure system and GaAs/AlAs nanowire heterostructure

system and showed that the properties of bare and H-GaAs/AlAs NWHETs are quite different.

The dangling bond states on the surface of a semiconductor in nanoscale are electronically
active states. Surface passivation with some passivation agent is needed without harming the
neutrality of the system. Aim of the surface passivation is cleaning the band gap from the
localized surface states [63]. We have used a fictitious hydrogen as a passivation agent. We

showed that surface passivation has cleared the band gap from the localized surface states.

The determination of band offsets at interfaces of heterostructures is a requirement for semi-
conductor device design since, by controlling the band offsets, we can control the charge
carrier flow and confinement. It is possible to control the potential that carriers feel in semi-
conductor heterostructures. For the planar bulk lattice-matched heterostructures, the macro-
scopic average of potential of the two materials is constant far from the interface and there is a
discontinuity at the interface depending on the composition of the heterostructure. In order to
obtain the valence band offset in the bulk heterostructure system, the shift in the macroscopic
potential at the interface and the difference between the valence band maximum values of the

two constituents must be added. In nanoscale heterostructures, the potential profile presents
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a more complex picture. The results indicate that while the discontinuity remains close to the
planar limit right at the interface, there are fluctuations on the average potential profile beyond
the interface developed by the inhomogeneous surface termination, that is, there are oscilla-
tions of the band edges away from the interface. The summary of finding up to now is that,
applications of the concepts of band offsets, driven from the planar heterostructure systems, to
nanoscale heterostructure systems is debatable.[10, 13] We have showed that the universally
accepted picture for the potential behavior in planar lattice-matched heterostructures, which
is constant away from the interface and there is a step at the interface, is invalid in nanoscale

heterostructure.

For nanowire superlattices, which consists of successive segments of GaAs and AlAs nanowires,
the potential profile is determined by the surface passivation in addition to the discontinuity
at the interface. The potential along the axis of nanowire heterostructure depends both on
the dipole layer at each GaAs/AlAs NWHET interface and at the surface of the nanowire.
The results indicate that nanowire heterostructures demand more detailed treatments relating
their symmetry, dimensionality and surface passivation. Because of the nature of the sur-
faces the potential has a more complex manner far from the interface. Hence the fluctuations
in potential far from the interface are developed by the inhomogeneous surface termination.
This means that, it is possible to control the electronic properties of such axial nanoscale
heterostructures with different surface passivations, which may lead to new possibilities for

future nanoscale devices.

We have shown that, for heterostructures in nanoscale, the potential lineup is not in a step-
like behavior as in the planar bulk heterostructures. The potential along the axis of nanowire
heterostructure depends both on the dipole layer at each GaAs/AlIAs NWHET interface and
at the surface of the nanowire. The potential profile for 3+3 and 6+6 superlattice GaAs/AlAs
NWHET along the [111] direction are calculated. We do not get the constant macroscopic
limit on two sides of the nanowire heterostructure. For the nanoscale heterostructures, the
fluctuations seen in the potential profile beyond the interface depend on the dispersion of
surface dipoles, which control the value of the nanowire inside potential. This means that, we

can arrange the inner potential by changing the surface passivation.

Defining the valence band offset with energies of valence band edges on both sides of the het-

erostructure is possible, which can be done by defining a common energy level as a reference
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for both sides of the heterostructure. We report a first-principles study of the electronic prop-
erties of surface dangling-bond (SDB) states in hydrogen passivated GaAs/AlAs NWHETs
with a diameter of 1 nm. There is an important correlation between the location of hydro-
gen charge transition levels £(+/—), which is the Fermi level position where the negative and
positive charge states of hydrogen have the same energies, and the band structures of the cor-
responding materials. Van de Walle et al. [35] have shown that transition level energies are
almost the same for a wide range of materials. The charge transition levels &(+/—) of SDB
states serve as a common energy reference level, such that charge transition level e(+/—) value
for group III and V atoms constant. We report a first-principles study of the electronic prop-
erties of surface dangling-bond (SDB) states in hydrogen passivated GaAs/AlAs NWHETSs
with a diameter of 1 nm, where the SDB is defined as the defect due to an incomplete passi-
vation of a surface atom. By defining a common energy reference level on each side of the
interface it is possible to find the band lineup with energies of the valence band edges on both
sides of the heterostructure as proposed in Tersoff’s theory of effective midgap states [24].
For GaAs/AlAs NWHETs two seprate calculations have been carried out for SDB’s in this
system. The first calculation is performed by removing an hydrogen atom form the surface of
GaAs nanowire, specifically from a Ga atom on the surface of the wire. And a second separate
calculation is performed for AlAs nanowire by removing a hydrogen atom from an Al atom
on the surface of AlAs nanowire. The dangling bond is chosen far away from the GaAs/AlAs
nanowire interface. Striking resemblance in both band structures were shown. For GaAs and

AlAs nanowires &(+/—) lies within the bandgap.

We have also studied four different ultrathin aluminum nanowires which are cut out from a
slab of ideal bulk structure along the [001] direction based on density functional formalism
with norm-conserving pseudopotentials that are shown to yield successful results for ultrathin
nanowire regime. We have found that Al nanowires below 3A are of helical structure and as
r > 3A the nanowire structures have the multi-walled cylindrical form, and as r > 10A in the
core region of the nanowire, the crystalline fcc structures are formed. We have also found
that the number of bands crossing the Fermi level decreases with decreasing wire diameter
and all wires investigated in this thesis are metallic. The bands are mainly extended. We
do not notice any strong localization due to bonding. Since in one dimensional structures of
Al bonding attains directionality the calculated charge distributions in vertical planes have a

directional character.
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