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Abstract

Low dimensional nanostructures have been of particular interest because of their
potential applications in both theoretical studies and industrial use. Although great
efforts have been put into obtaining better understanding of the formation and prop-

erties of these materials, many questions still remain unanswered.

This thesis work has focused on theoretical studies of 1) the growth processes
of magnetic nanowires on transition-metal surfaces, 2) the dynamics of pentacene
thin-film growth and island structures on inert surfaces, and 3) our proposal of a

new type of semiconducting nanotube.

In the first study, we elucidated a novel and intriguing kinetic pathway for the
formation of Fe nanowires on the upper edge of a monatomic-layer-high step on
Cu(111) using first-principles calculations. The identification of a hidden fundamen-
tal Fe basal line within the Cu steps prior to the formation of the apparent upper
step edge Fe wire produces a totally different view of step-decorating wire structures
and offers new possibilities for the study of the properties of these wires. Subse-
quent experiments with scanning tunneling microscopy unambiguously established
the essential role of embedded Fe atoms as precursors to monatomic wire growth. A
more general study of adatom behavior near transition-metal step edges illustrated a

systematic trend in the adatom energetics and kinetics, resulted from the electronic
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interactions between the adatom and the surfaces. This work opens the possibil-
ity of controlled manufacturing of one-dimensional nanowires. In the second study,
we investigated pentacene thin-films on H-diamond, H-silica and OH-silica surfaces
via force field molecular dynamics simulations. Pentacene island structures on these
surfaces were identified and found to have a 90-degree rotation relative to the struc-
ture proposed by some experimental groups. Our work may facilitate the design
and control of experimental pentacene thin-film growth, and thus the development
of organic thin-film transistors. Finally, in our third study, we proposed a new type
of structurally simple and energetically stable cyanide transition metal nanotube,
based on the planar structure of M(CN)2, (M = Ni, Pd, Pt). These nanotubes
have semiconducting character with large band gaps (2 - 3 €V), which are insensitive
to the chirality and diameter. We have investigated the energetic, electronic, and
mechanical properties of these materials in both planar and tubular forms through
first-principles density functional calculations. These calculations reveal interesting
multi-center bonding features that should lead to preferential growth of tubes of a
particular chirality. The unique features of these nanotubes should make them ca-
pable of being mass-produced, which is one of the most significant shortcomings of

semiconducting carbon nanotubes.
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Chapter 1

Introduction

1.1 Overview

Since its first development by Hohenberg and Kohn in 1964 [1}, Density Func-
tional Theory (DFT) has found wide applications and great success in physics, chem-
istry, material science, electronics and bioscience. The once formidable problem of
solving many-body Schrédinger equation became attackable. Despite the fact that
approximations have to be introduced in the implementation of DFT in realistic sys-
tems, simulations have produced amazingly precise results on energetics and kinetics
of systems that range from bulk materials to bio-molecules. With constant improve-
ment of the theory and the development of powerful computers, the role of simula-
tions within DFT has become more and more important in not only understanding
experiments and phenomena, but also predicting and designing new materials and
structures. In this chapter, a general review of DFT will be presented and the limi-
tations of the theory will be discussed. I will also provide a brief introduction to the

content of each chapter in this thesis.
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1.2 The Schrodinger equation 2

1.2 The Schrodinger equation

The Schrédinger equation laid down the foundation for the quantum mechanical

description of the physical world.

1.2.1 The Schrodinger equation for a solid

A complete description of a solid that consists of ions and interacting electrons
with its total energy and electronic wave functions in its ground and excited states
can be obtained by solving the Schrédinger equation. In many cases, the knowledge
of the ground state is sufficient. In that case, the Schrédinger equation has the

following form

AY({Ry;1i}) = EY({Ri;13}), (L.1)

Where the Hamiltonian H has the form

~ hz Z]6 1 ZIZJ62
=-S5 1Wv2— et ol
R TS ¥ e T e
¢ m( #5) 1J(I#J)
(1.2)

In the above equations, A is Planck’s constant divided by 2m; M is the mass of
ion I; m, is the mass of the electron; E is the energy of the system; U({Ry;ri}) is
the many-body wave function that describes the state of the system; {R;} are the

positions of the ions; and {r;} are the variables describe the electrons.

The solution of Eq. 1.1 provides predictions of the electronic and geometric
structure of a solid and thus is highly desirable. However, an exact analytical solution

is available only for hydrogen atoms. Tremendous amount of effort has been put into
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1.2 The Schrédinger equation 3

development of approximate solutions of Eq. 1.1. The very first step was made

according to the Born-Oppenheimer approximation.

1.2.2 The Born-Oppenheimer approximation

Because of the large difference in mass between the electrons and the nuclei
(me << M), and the fact that the forces on the particles are the same, the electrons
respond essentially instantaneously to the motion of the nuclei. Thus the nuclei
can be treated adiabatically, leading to a separation of the electronic and nuclear

coordinates in the many-body wave function [2]:

\P({Rl;ri}) - \Ife(RI)\Ilion(ri)- (13)

This adiabatic principle reduces the many-body problem to the solution of the
dynamics of the electrons in some frozen-in configuration of the nuclei. In Eq. 1.1,
the quantum mechanical term for the kinetic energy of the ions can be omitted,
and the last term is simply a constant when the electron degrees of freedom are
concerned. The Schrédinger equation describing the interacting electrons within the

solid becomes

HY({r;}) = E¥({r:}), (1.4)

where the Hamiltonian becomes

FI=_Z Z| ZIG ,|+ > |r1—rJ| (1.5)

m (i#5)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.8 The density functional theory 4

The energetic and electronic properties of a solid can be obtained by minimiza-
tion of the energy E with respect to the electronic and ionic coordinates. Even with
this simplification, the many-body problem remains formidable. The exchange and
correlation effects among electrons are crucial to many phenomena such as super-
conductivity, but have been very difficult to describe. Considering the success that
have been gained in the one-body problem, much effort has been made in developing
one-electron picture of solids. In such approximations, the exchange and correla-
tion effects between the electrons are taken into account in an average way. One
example is the well-known Hartree approximation and the subsequent Hartree-Fock
approximation [3]. Here we are to introduce an exact theory that allows total energy
calculation to be performed accurately and efficiently under certain approximations

when implemented, the Density Functional Theory.

1.3 The density functional theory

Density functional theory was developed by Hohenberg and Kohn [1] and Kohn
and Sham [4]. The theory provided one simple method for describing the effects of
exchange and correlation in an electron gas. It is proved that the total energy of an
electron gas in the presence of a static external potential is a unique function of the
electron density. The minimum value of the total energy functional is the ground
state energy of the system, and the density that yields this minimum value is the exact
single particle ground state density. This is a huge simplification considering that
the many-body wave function of the system does not need to be specified. Further
application of local approximation to DFT has brought great success to investigations

of many types of materials and systems. Generally, total energy difference between
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1.8 The density functional theory 5

related structures can be believed to within a few percent and structural parameters

to at least within a tenth of an A. For details about DFT see [5, 6, 7, 8, 9].

1.3.1 The Kohn-Sham total energy functional

For a set of doubly occupied electronic states ¢;, from Eq. 1.5, the total energy

of the system can be expressed as

E[¢i] = 2Z/¢i[—%n—]v2¢id3r+/ Won(r)n(r)d3r+%/%dard3r/+Exc[n(r)],
(1.6)

where V,,,, is the static total electron-ion potential given by

Vinlt) == |R—Z_—| (7

n(r) is the electronic density given by

n(r) =23 1P, (1.9

and Exc[n(r)] is the exchange-correlation functional. It is the difference between the
many body energy of an electronic system and the energy of the system calculated
with Hartree approximation, which is the first three terms in Eq. 1.6. Eq. 1.6 is
the so called Kohn-Sham total energy functional. Only the minimum value of this
functional has physical meaning. At the minimum, the Kohn-Sham energy functional

is equal to the ground state energy of electrons with ions at positions {Ri}.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.8 The density functional theory 6

1.3.2 The Kohn-Sham equation

It is necessary to determine the set of wave functions ¢; that minimize the Kohn-
Sham energy functional. These are given by the self-consistent solutions to the

Kohn-Sham equations [4]

72
[~ 5=V + Vion(r) + Via(r) + Ve (r)]i(r) = eii(r), (1.9)
where ¢; is the wave function of electronic state 4, £; is the Kohn-Sham eigenvalue,

and Vy is the Hartree potential in the form

Via(r) = €2 / |-If-”(_‘"—2,|d3rﬂ (1.10)

The exchange-correlation potential Vx¢ is given by

Vxc(r) = 6E—§§([:)ﬂ]- (1.11)

The Kohn-Sham equation presents one way to map the interacting many-electron
system onto a system of noninteracting electrons under an effective potential due to
all other electrons. If the exchange-correlation energy functional were known exactly,
an exact exchange-correlation potential can be obtained by Eq. 1.11. Unfortunately,
an exact Exc[n(r)] is not known. The Kohn-Sham equation needs to be solved
self-consistently so that the occupied electronic states generate a charge density that
produces the electronic potential that was used to construct the equation. The
bulk of the work involved in a total energy calculation is the solution of sets of
eigenvalue problems once an approximate expression for the exchange-correlation

energy is given.
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1.8 The density functional theory 7

1.3.3 Local-density approximation

The most universally used approximation for the exchange-correlation energy of
the electronic system is the local-density approximation (LDA) [4]. In LDA, the
exchange-correlation energy of an electronic system is constructed by assuming that
the exchange-correlation energy per electron exc(r) at a point r in the electron gas
is equal to the exchange-correlation energy per electron in a homogeneous electron

gas that has the same density as the electron gas at point r. Thus

Exoln(r)] = / exo(r)n(r)dr, (1.12)
and
§Exc[n(r)] _ dn(r)exc(r)]
) on(r) (1.13)
with
€Xc(r) = E?f’é”[n(r)] (1.14)

The LDA approximation assumes that the exchange-correlation energy functional
is purely local. It ignores corrections to the exchange-correlation energy at a point
r due to nearby inhomogeneities in the electron density. Several parameterizations
exist for the exchange-correlation energy of a homogeneous electron gas [4, 10, 11,
12, 13]. Considering the inexact nature of the approximation, it is remarkable that

calculations performed using LDA have been so successful.
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1.3.4 The band-gap problem within LDA

LDA within DFT usually provides good results for electronic states in the ground
state of a system. However, it is well known that, for states of semiconductors and
insulators, the LDA usually gives at most 2/3 of the experimental value. Errors of
the order or larger than 50% are not uncommon [14, 15]. This band-gap problem
originated from the fact that the Kohn-Sham eigenvalues are not the eigenvalues
of the single-particle electron states, but rather the derivatives of the total energy
with respect to the occupation numbers of these states [16]. The highest occupied
eigenvalue in an atomic or molecular calculation is nearly the unrelaxed ionization
energy for that system [17]. If one writes the one-electron spectrum given by DFT
for an N-electron system as €5(N), the band gap eJF7 obtained by the calculation
is

€DFT = €N+1(N) - SN(N), (1.15)

g

while the band gap £5*” measured experimentally is

egwp = EN+1(N -+ 1) - EN(N). (116)

The difference between Eq. 1.15 and Eq. 1.16

Agap = €N+1(N + 1) - €N+1(N) (1.17)

gives rise to the error in the band-gap calculation. The physics is clear that the N host
electrons cannot completely screen one additional electron even in the limit N — oo,

because of the existence of the finite band-gap energy. The electronic ground state
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1.4 Implementation of the density functional theory in calculations 9

is required to be changed [18]. Different approaches have been developed to correct
the band gap error using electron self-energy calculations [19, 20, 21, 22, 23, 24] and

generalized-density-functional theory [25, 26, 27, 28, 29].

1.4 Implementation of the density functional the-

ory in calculations

While DFT solved the problem of describing electron-electron interactions, to
solve Eq. 1.9 and thus obtain the information of the ground state of the system

being considered, a few more important elements are still missing.

1.4.1 Pseudopotential approximation

The first element is the description of the electron-ion interactions. The pseu-
dopotential theory was developed to solve this problem [30, 31, 32]. It is well-known
that most physical properties of solids depend on the behavior of the valence elec-
trons to a much greater extent than on the core electrons. The pseudopotential
approximation exploits this by removing the core electrons and replacing them and
the strong ionic potential by weaker pseudopotential that acts on a set of pseudo wave
functions rather than the true valence wave functions. An ionic potential, valence
wave function and the corresponding pseudopotential and pseudo wave function are
illustrated schematically in Fig. 1 [9]. The valence wave functions oscillate rapidly in
the region occupied by the core electrons due to the strong ionic potential in this re-
gion. These oscillations maintain the orthogonality between the core wave functions

and the valence wave functions.
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L
\\\\?.... /

o

Fig. 1.1: Schematic illustration of all-electron (solid lines) and pseudoelectron (dashed
lines) potentials and their corresponding wave functions. The radius at which all-electron
and pseudoelectron values match is designated r. [9].

The pseudo wave functions q&z(;;)eudo(r) can be constructed to be nodeless inside
the core (r smaller than the cutoff radius r.) and match exactly the real atomic
wave function beyond the core region (r > r.), keeping ¢pseudo(r), d¢pswdo( r)/dr
and d2¢p5wdo( r)/dr? continuous at 7.. The corresponding pseudopotential is then
produced by inverse the Schrodinger equation. A good pseudopotential should be
finite and smooth near the origin, instead of having a 1/r singularity like the Coulomb
potential. A more detailed discussion on choosing of pseudo wave functions and

generating pseudopotentials can be found in [33].

1.4.2 Periodic supercells

Although it has been shown from the above discussion that the many-body prob-
lem can be mapped into effective single particle problem, there still remains the
formidable task of handling an infinite number of non-interacting electrons moving
in the static potential of an infinite number of nuclei or ions. In other words, since

a wave function must be calculated for each of the infinite number of electrons in
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1.4 Implementation of the density functional theory in calculations 11

the system, an infinite number of wave functions need to be calculated. At the same
time, each of the wave function extends over the entire solid, the basis set required
to expand it is infinite. These problems are overcome by performing calculations on

periodic systems and applying Bloch’s theorem to the electronic wave functions.

Bloch’s theory states that in a periodic solid, each electronic wave function can

be written as the product of a cell periodic part and a wavelike part [3].

¢i(r) = explik - r] fi(r). (1.18)

The cell periodic part can be expanded by a basis set consisting of a discrete set

of plane waves whose wave vectors are reciprocal lattice vectors of the crystal,

filr) = Z cigexpliG - r}, (1.19)

where the reciprocal lattice vectors G are defined by G -1= 27m for all 1 where 1 is
the lattice vector of the crystal and m is an integer. Therefore each electronic wave

function can be written as a sum of plane waves,

$i(r) = cixraexpli(k + G) 1] (1.20)
G

The Bloch’s theorem changes the problem of calculating an infinite number of
electronic wave functions to calculating a finite number of electronic wave functions
at an infinite number of k points. However, the electronic wave functions at k points
that are very close will be almost identical. Thus it is possible to represent the
electronic wave functions over a region of k space by the wave functions at a single

k point. The electronic states at only a finite number of k points are required to
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1.4 Implementation of the density functional theory in calculations 12

calculate the electronic potential and hence the total energy of the solid.

Methods have been developed to obtain very accurate approximations to the
electronic potential and the contribution to the total energy from a filled electronic
band by calculating the electronic states at special sets of k points in the Brillouin
zone [34, 35, 36, 37]. Using these methods, one can obtain an accurate approximation
for the electronic potential and the total energy of an insulator or semiconductor by
calculating the electronic states at a very small number of k points. The electronic
potential and total energy are more difficult to calculate if the system is metallic

because a dense set of k points is required to define the Fermi surface precisely.

1.4.3 Computational procedures

The sequence of steps required to carry out a total energy calculation based
on the above theories and approximations with conventional matrix diagonalization
techniques is shown in Fig. 2. The procedure starts with an initial guess of the
electronic wave functions, from which the electronic charge density, Hartree potential
and the exchange-correlation potential can be calculated. Eq. 1.9 is solved at each
k point to obtain the Kohn-Sham eigenstates. These eigenstates usually correspond
to a set of wave functions that are different from the one originally guessed. New
electronic potential is then taken to be a combination of the electronic potentials
generated by the old and new wave functions and a third set of eigenstates are

calculated. This process is repeated until the solutions are self-consistent.

The conventional way of solving Kohn-Sham equation uses plane waves as basis
sets for the electronic wave functions and with Eq. 1.20 rewrites Eq. 1.9 into the

form
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construct V ;. given atomic numbers

and position of ions
!

pick a cutoff for the plane wave basis set {

!
pick a trial density n(r)

|
calculate Vi(n) and ¥ {(n)

|

solve the Kohn—Sham eqn. by
diagonalization of H

|

calculate new n(r)

1

is the solution self—consistent?

Yes No L
generate new
| compute total energy | density n(r)

(40

Fig. 1.2: Flow chart describing the computational procedure for the calculation of the
total energy of a solid, using conventional matrix diagonalization [9].

Z Hegrg! = EiCipra's (1.21)
G/

where
N K2 / / '

At each interaction, H is diagonalized. The drawback of this method is com-

putational too costly. Alternative methods have been developed to perform total
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1.5 An overview of the present work 14

energy calculations with lower computational time and memory requirements and
thus allow calculations on larger and more complex systems. One example is the
Car-Parrinelo method in which the eigenvalue problems are solved with successively

improving a trial wave function [38].

1.5 An overview of the present work

The success of the DFT has been clearly demonstrated in the the development
and implementation of various robust DFT simulation packages, such as VASP [39],
SIESTA [40] and ABINIT [41]. Over the years, the field of DFT simulation has devel-
oped two major branches: one continues with effort in methodology development to
meet the increasing demands in studies of materials’ transport properties[42], ferro-
electric and magnetic properties [43, 44, 45], multiscale calculations of large systems
[46, 47] and etc.; the other applies the methodologies in simulations and work on
realistic problems to assist understanding phenomena and designing new materials

and experiments.

The work presented in this thesis belongs to the latter category. Using DFT
calculations, we have studied a variety of problems including 1) doping of crystalline
and amorphous silicon for use in infrared sensors and solar cells; 2) one-dimensional
(1D) magnetic nanowire formation on stepped surfaces for research on 1D physics and
potential applications in sensors and nano-circuits; 3) a new type of semiconducting
cyanide-transition-metal nanotubes with uniform electronic properties regardless of
the diameter and chirality, which will facilitate its mass-production and use in in-
dustry; and 4) pentacene thin-film strictures and dynamics on silica surfaces for

potential applications in organic thin-film transistors.
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In chapter 2, I will discuss the sulfur defects in crystalline and amorphous silicon.
This work is inspired by the experiments done in Prof. Mazur and Prof. Aziz groups
at Harvard where they studied infrared absorption of sulfur doped silicon, using
nanosecond and femtosecond laser melting[48, 49, 50, 51, 52]. Using first-principles
calculation within DFT, we investigated the sulfur point defects in crystalline and
amorphous silicon. Detailed energetic and electronic studies show that the sulfur
atoms prefer two-coordinated sites in both situations and interprets the experimental

results.

In chapter 3, I will present the study of kinetic processes of 1D wire formation
on the stepped transition-metal surfaces. First part of the study focuses on the
formation of Fe nanowires on the upper step edge of Cu(111) surfaces. The subject
was originated from the long-standing puzzle of an experiment done in 1997 by J.
Shen([53] where Fe nanowires were found to be formed on the upper step edge of the
Cu(111) surfaces. We illustrated a two-phase wire formation procedure. The first
step includes formation of an embedded Fe wire within the step, which is essential
for the upper step edge wire formation but escaped experimental observation. This
theoretical prediction was subsequently experimentally proved by the group of Prof.
Weitering at University of Tennessee. The second part of the study is a generalization
of the first part. Through studies of two sets of adatoms on Cu(111) and Pd(111)
stepped surfaces, some simple trends in adatom behavior is revealed. These trends
are found to related to the electronic interactions between the adatoms and the

surfaces and could be used to facilitate 1D wire design and growth.

In chapter 4, a new cyanide-transition-metal nanotube is proposed. Using first-
principles calculations, we investigated the energetic, electronic, and mechanical

properties of the nanotube. We found that these nanotubes are semiconducting
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1.5 An overview of the present work 16

with a large band gap 2 - 3 eV in spite of the diameter and chirality. The special
features of these nanotubes made them feasible for mass-production, which is one of
the most important shortcomings existing semiconducting carbon nanotubes have.
Assisted with Dr. Jie Xiang, a scheme for experimental realization of the new tubes

is also included in the discussion.

In chapter 5, pentacene thin-film structure and dynamics are studied using both
the first-principles calculations within DFT and the force field molecular dynamics
simulations. We investigated the bending of a single pentacene molecule, dynamics
of pentacene molecules in vacuum, pentacene-pentacene and pentacene-substrate
(silica) interactions, and pentacene islands on silica surfaces. We found that the
pentacene mono-layer structure has a 90-degree rotation relative to the structure

some experiments reported.

The appendices will cover two topics that are closely related to the subjects
discussed in the previous chapters. Appendix A contains the notes on a tight binding
band structure calculation on the Pd(CN), sheet. The selection of orbitals is based
on the DFT calculations done in Chapter 4. Appendix B presents the ongoing work

on the SnySegPd mesostructures.

Simulation with DFT has provided a powerful tool to explore the world at an
atomic level. It is playing a more and more important role in understanding and
designing new materials, devices and etc. Research in the vast areas from engineering

to hard condensed matter physics have benefited from its development.
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Chapter 2

Sulfur point defects in crystalline

and amorphous silicon

2.1 Overview

Si has been one of the best understood elements on the periodic table. It brought
the booming of the semiconducting industry and made computers, cell-phones, ipods
and all other electronic devices we use everyday available. Silicon is also the major
material used in inorganic solar cells, which is believed to be one of the most promis-
ing alternative energy that can help relieve energy shortage within the next 50 years.

Generally crystalline silicon brings best performance of the devices. However, the

17
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cost of manufacturing bulk crystalline Si is very high. People have started using
cheaper amorphous Si or Si thin-films, in which the efficiency is partially sacrificed

to gain an overall better price.

With this world’s increasing demand in energy supplies, the energy shortage
problem becomes more and more critical. The current oil reservation can provide 32
years of supply at the current consumption rate. The global warming resulted from
green house gases out of the petroleum industry further pushes people to look for
alternative clean fuel cells and at the same time develop a zero-emission petroleum
industry. Solar energy had caught people’s attention long time ago. It has large
storage and is clean. In places like Japan, Germany, and the US, more and more
solar energy systems are being built and utilized. However, the whole industry did
not take up a big share in the energy business as expected because of the high cost

of building these systems.

The device that is used to convert solar energy into electricity is called a solar cell.
The task of conversion is usually completed by semiconducting materials within the
solar cell. The two essential processes involved are photogeneration of charge carriers
(electrons or holes) and separation of the charge carriers to a conductive contact
that will transmit electricity. More specifically, the first process is realized by doping
and band-gap engineering of the semiconducting materials. Recent research work
also demonstrated that certain semiconducting quantum dots can have multi-carrier
generation from one photon absorption. Our work is related to the Si band-gap

engineering to enhance silicon infrared absorption.

In this chapter present first-principles calculations for the behavior of sulfur point
defects in crystalline and amorphous silicon structures. By introducing the sulfur

point defects at various representative positions in the samples, including substitu-
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tional and interstitial sites in the crystal and four-fold coordinated or mis-coordinated
sites (dangling bond and floating bond sites) in the amorphous, we analyze the ener-
getics in detail and determine the most stable structures. Two important conclusions
we draw are: (a) in crystalline Si, the S defects form pairs in which the two S atoms
are energetically bound but not covalently bonded; (b) in amorphous Si, they pref-
erentially occupy three-fold coordinated sites, even when the starting configuration
has higher coordination (four- or five-fold). The implications of these results for the
electronic structure of sulfur-doped Si samples are also analyzed in the context of

the present calculations.

2.2 Introduction

Silicon is an important technological material on which most of the semiconductor
industry is based. Because of its importance, Si has been studied extensively, in
particular as far as point defects are concerned, since it is the presence of such defects
that render it useful as an electronic device material. The typical point defects involve
the substitution of a Si atom by another element that can act either as an electron
acceptor (positive dopant) or an electron donor (negative dopant). The common
dopants involve elements that differ in valence from Si by only one electron, such as
the positive dopants B and Al, or the negative dopants P and As; in these cases, the
dopant atom provides a single carrier of positive (hole) or negative (electron) charge
and the ion is located at a regular crystal site. More complicated situations can
arise and can be of interest, from a technological as well as a fundamental point of
view. One such case is that of group-VI atoms (chalcogens), like oxygen and sulfur,

which in principle can provide two negative carriers when substituting for a Si atom.
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However, the ability of these elements to form more complex structures with multiple

bonds makes their behavior in the host Si crystal more difficult to understand.

Oxygen is an element that binds strongly to Si and is abundant in the atmosphere,
so it is readily incorporated in a sample. The presence of oxygen atoms in a silicon
crystal has received much attention. Single interstitial oxygen atoms are believed
to be able to hop between the interstitial sites and oxygen dimers can diffuse even
more freely [54, 55, 56, 57]. Sulfur has the same valence with oxygen and is in the
same row of the Periodic Table with Si, so its incorporation in the Si crystal should
be also quite favorable. It is natural to expect that substitutional S would induce
less strain than O in the Si lattice, having a covalent radius of 1.04 A, compared to
silicon’s 1.17 A and to oxygen’s 0.66 A [33]. The behavior of S as a point defect in Si
requires further clarification, both from the experimental and the theoretical point

of view.

In this paper we study the behavior of sulfur point defects in Si, from the the-
oretical view point, using first-principles electronic structure calculations based on
Density Functional Theory. Our results show that sulfur indeed behaves in some
respects similarly to oxygen, but we also find some new bonding structures that
are different from the oxygen doping cases. Previous theoretical work in chalco-
gen defects in silicon includes several studies similar in approach to what we pursue
here [58, 59, 60]. Compared to these earlier studies, our calculations provide a much
more detailed analysis of the behavior of sulfur atoms in the sample and lead to some

unexpected conclusions that have not been found in any earlier work.

In addition to the studies in crystalline Si, we have undertaken theoretical studies
of sulfur point defects in amorphous silicon, reported here for the first time to our

knowledge. Amorphous silicon is a material of equal technological interest to crys-
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talline silicon. It has wide applications in photovoltaic, where its electronic structure

is of paramount importance.

The theoretical study of amorphous Si is complicated because there is no unique
model structure. Typically, cells with disordered arrangements of atoms are geher—
ated by computer simulations, on which periodic or open boundary conditions are
imposed. The models for amorphous Si involve coordination defects, that is, atoms
that have coordination lower (three-fold) or higher (five-fold) than the normal four-
fold coordination of covalently bonded Si atoms. The former type of defect is called
a “dangling bond” defect, since the Si atoms are missing one of their regular covalent
bonds, while the latter type of defect has been called the “floating bond” defect [61].
Experiments also support the presence of coordination defects in amorphous Si, al-
though there remains some uncertainty as to the relative abundance of each type of
defect. The presence of coordination defects leads to important electronic effects.
The disorder of the network of atoms itself leads to localization of the electron states
in amorphous silicon, which can be studied by electronic structure analysis [62] and
identification of the band tail states [63]. Intrinsic defect states associated with
dangling bonds and floating bonds have been contrasted [61] and analyzed in de-
tail [64, 65, 66]. More recently, the energy landscape of amorphous silicon [67] and
the energetics of hydrogen in amorphous silicon [68] have also been studied. The
samples we have generated and studied involve structures with dangling bond and
floating bond defects, as well as structures that have no coordination defects. In all

of these, we have introduced sulfur atoms at judiciously chosen substitutional sites

and studied in detail their electronic properties.

Another direct motivation for our study of sulfur atoms in crystalline and amor-

phous silicon samples comes from some recent experiments [69, 70], which exam-
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ine optical properties, chemical composition and structure of silicon microstructures
formed by femtosecond and nanosecond laser irradiation in the presence of SFs. In
these studies, below-band gap light absorption and photocurrent generation are ob-
served [48, 49], which can be attributed to sulfur impurities in a microcrystalline
surface layer [50]. In the sample formed by nanosecond laser irradiation, these fea-
tures persist even after high temperature annealing [51], from which we infer that
structures involving stable sulfur defects are formed. These intriguing experimental
results raise the question of the nature of electronic states in amorphous Si and their

possible differences or similarities to the corresponding states in crystalline Si.

The rest of this paper is arranged as follows: In section 2.3, we discuss the
methodology employed for the first-principles electronic structure calculations, as.
well as the methods employed to produce and relax the amorphous samples. In
section 2.4 we give the major results for sulfur point defects in crystalline Si. In
section 2.5 we discuss properties of the amorphous Si which include or do not include
intrinsic coordination defects, when sulfur atoms are substitutional or interstitial
at representative Si sites. Finally, in section 2.6 we give our conclusions from the
comparative study of sulfur defects in crystalline and amorphous silicon, and make

contact with the recent experimental results of laser irradiation of S-doped Si samples.

2.3 Methodology

2.3.1 First-principles calculations

In the present paper, first-principles total energy calculations within Density

Functional Theory (DFT) [1, 4] are employed to study the coordination, energy,
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electronic and other properties of the pure and sulfur doped silicon samples. The
DFT results reported here are based on the local density approximation (LDA) for
the exchange and correlation functional [71, 72]. The calculations are carried out with
the total-energy and molecular-dynamics computer code VASP [39], which employs a
plane-wave basis. The default plane-wave energy cut-off for sulfur atoms, 197.79 eV,
from the ultrasoft-pseudopotential database [73], is used for all calculations. The cell
we use to model isolated point defects in crystalline Si consists of a 3 x 3 x 3 supercell
of the conventional cubic cell of bulk Si; this supercell contains 216 atoms. Similar
cells were employed for the amorphous samples (see below). Because of the large
supercells we used, only the I k-point is used to sample reciprocal space. The crystal
silicon lattice constant determined with these computational parameters is 5.39 A,
which compares well to the experimental value of 5.43 A. All atomic relaxations
include relaxation of the supercell volume so that volume and symmetry are free
to change. For static calculations, Gaussian smearing of width 0.00025 eV is used
for the electronic states near the Fermi level. The criterion for convergence of the
atomic relaxation was that residual forces on all atoms are smaller in magnitude than
0.01 eV/A. One of the important properties we study is the coordination changes
upon relaxation, especially those induced by the presence of the sulfur impurities.
To define coordination, we consider atoms at a distance within 15% of the regular
covalent bond in bulk crystalline Si to be related by bonds; in our calculations, this

cutoff for bonded atoms turns out to be 2.70 A.

2.3.2 Preparation of amorphous Si samples

For a realistic representation of the amorphous structure, a relatively large num-

ber of atoms must be included in the cell and the simulation must extend over
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time scales that allow the structure to relax to a deep energy minimum. First-
principles molecular dynamics (MD) simulations are numerically so intensive that
they are limited to a short period of time (~ 10 ps) and a small number of atoms
(< 100) [38, 74]. To overcome this problem, various empirical interatomic poten-
tials for Si have been developed and employed [75]. Luedtke and Landman [76, 77]
tried to produce amorphous silicon structures by rapid quenching of a liquid using
an empirical potential developed by Stillinger and Webwer [78]. Ishimaru, Mune-
toh and Motooka [79] generated amorphous networks from melted Si with various
quenching rates by MD simulations employing the Tersoff potential [80]. Wooten,
Winer and Weaire (WWW) introduced a “bond-switching” method for constructing
samples with periodic boundary conditions, in which all atoms are exactly four-fold
coordinated without any long range order [81]. The WWW method is capable of
generating amorphous structures with very low strain and defect-free band gaps(82].
One drawback of this method is that it is not physical, in the sense that the local
rearrangements of atoms which lead to the four-fold coordinated amorphous network
do not mimic any physical process and could in fact be physically disallowed if the

realistic energy cost for such moves were to be considered.

The computer generated models of amorphous Si are usually judged against
experimental results to determine their reliability. The structural, dynamical and
electronic properties of these structures agree reasonably well with experimental

results [83, 84, 85)].

Tn this chapter, we we create samples of bulk amorphous silicon (a-Si) by a stan-
dard and physically realistic method, that is, by quenching the liquid phase with
explicit molecular dynamics using the environment dependent interaction potential

(EDIP) [86]. We vary the conditions of quenching enough to produce a variety of
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qualitatively different structural models. We then relax and evaluate these mod-
els using first-principles electronic structure methods, which provide a reliable and

accurate description of the energetics.

High quality bulk samples of different sizes are prepared with the EDIP using
periodic boundary conditions, while allowing the volume to vary at zero pressure.
The first step is to create a well-equilibrated liquid by melting a perfect diamond
crystal at a very high temperature (3000 K) for 50 ps and cooling it over 100 ps to
1500 K, where it is equilibrated for another 100 ps. Although this is near the bulk
melting point, the short time and small system size prevent any nucleation of the

crystal phase.

In finite samples in vacuum, surface curvature can further lower the melting point,
e.g. to 1370 K for a nano-crystallite [87], but a flat, periodic interface between the
liquid and an (already nucleated) crystal remains in equilibrium at the bulk melting
point, T,. Different, independent measurements have yielded the values, T, = 1500
K [88], 1520 K [89], and 1530 K [89], which are consistent within simulation error.
Note that these values are only 10% smaller than the experimental melting point of
1685 K, in spite of the fact that the potential was not fit to the melting point or any

properties of the liquid [87].

Next, the sample is gently cooled over 1 ns to 1000 K through an abrupt first-
order transition to the amorphous state, which occurs over roughly 100 ps near
1200 K (Simulations with flat amorphous-liquid interfaces yield a bulk melting point
of T, = 1200 K [88] or 1170 K [89]). The sample is then annealed at 1000 K
for 2 ns, and cooled to zero temperature over another 2 ns. The sample can be
somewhat further purified by heating it gradually back to 1000 K and repeating the

4 ns annealing/cooling cycle. Since the self-diffusion coefficient at 1000 K is 0.90
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A?/ns for the EDIP amorphous Si [88], the annealing cycles allow ample time for
many structural re-arrangements at the scale of the atomic correlation length but
insufficient time for diffusion across the entire sample, which would take 100 ns or
300 ns for N = 64 or N = 216, respectively, N being the number of atoms in the

supercell.

In these simulations, a subtle and important size effect is observed: Decreasing
the sample size (without changing the preparation steps) tends to improve the quality
of the resulting amorphous phase, which is presumably due to the reduced relaxation
time in smaller systems, perhaps aided by the enhanced effect of the periodic bound-
ary conditions. As previously reported [87], large quenched samples (N > 1000)
tend to have somewhat more than 5% coordination defects, always five-folded atoms
or floating bonds in otherwise tetrahedral random network. Here we find that the
216-atom structures prepared according to the steps given above typically possess
less than 10 isolated coordination defects (below 4%), while a 64-atom structure can

be occasionally completely free of defects.

We have managed to create such a defect-free sample with 64 atoms, which we
will take as representative of the ideal Continuous Random Network, as it applies to
Si. Its thermodynamic [89] and elastic [90] properties have recently been calculated
with EDIP. Further first principle relaxed ideal sample of bulk a-Si has features that

are consistent with experimental estimates [87).

We will also investigate the properties of two other 216-atom samples, both of
which contained coordination defects (the elastic properties of these samples are
reported in Ref. [90]). The first sample, denoted as (a), is generated with EDIP by
the liquid quench procedure. It has 8 floating bond defects (3.7%) with otherwise

uniform four-folded coordination. One concern related to the liquid-quench method
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of sample preparation by molecular dynamics is that, since the liquid has a higher
average coordination than the amorphous phase, the resulting defective amorphous
structures might have some memory of the liquid state. Although such structures
should have physical relevance for ultra-rapid laser-melt amorphous Si [91], they

might not reflect the typical defects found in other forms of amorphous Si [92].

To overcome these limitations of the liquid-quench simulation approach, we pre-
pared one additional amorphous sample by imposing negative pressure and tensile
strains, without artificially removing or manipulating any atoms. The sample is de-
rived from an intermediate structure prepared by first applying a negative pressure
of -100 GPa to bulk sample (a) at zero temperature, which causes the volume to
expand by 10% through bond stretching, then annealing at 1100 K for 2 ns and then
slowly cooling back to zero temperature, all the while maintaining constant volume
to prevent collapse back to the original structure, and finally relaxing the volume at
zero temperature until the sample returns to zero pressure. During the annealing
step, atomic-scale voids (i.e. empty spherical cavities corresponding to at least two
atomic volumes) are formed spontaneously to reduce the negative pressure caused
by the enlarged volume. During the cooling step these tiny voids are quenched into
the structure, which remains enlarged by roughly 10%, even after relaxed to zero
pressure at zero temperature. Starting from this intermediate structure, the second
amorphous Si sample with coordination defects, denoted as (b), is created by anneal-
ing the structure at 1100 K for 2 ns and then cooling, all at zero pressure. During
the annealing step, the atoms are sufficiently mobile to annihilate all of the voids
(thus reducing the excess volume and tensile strain), but there is not enough time
for a complete relaxation of the volume. Sample (b) possesses a different set of coor-

dination defects: 6 floating bonds and 1 dangling bond, which give a defect density
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of 3.2%. These simulations show that the structure of amorphous Si can depend on

the sample preparation history, as observed experimentally [92].

First-principles models of defective amorphous silicon are obtained from the 216-
atom empirical bulk samples described above by complete structural relaxation, with
the same computational parameters as for the crystal calculations. In order to have
a larger sample without coordination defects that is not too different in size than the
two 216-atom samples (so that the dopant density is comparable), we construct a
128-atom sample by repeating two 64-atom defect free cells along one direction and

relaxing the structure again with the first-principles approach.

It turns out that the first-principles relaxations significantly changed the features
of the empirically created samples; the coordination defects and energy per atom for
the relaxed samples are given in Table 2.1. We call these relaxed samples A (obtained
from the empirically created sample (a)), B (from sample (b)) and C (from the defect-
free sample). C is still a defect-free sample with all atoms four-fold coordinated and
bond lengths ranging from 2.27 A t02.49 A. Tts energy is 0.132 eV /atom higher than
the energy of bulk crystalline Si. Although the samples A and B have different types
of defects, they end up having very similar volumes and comparable total energies.
Both have a total of six coordination defects (density 2.8%). These two samples
have an energy per atom which is only slightly above that of the defect-free sample,
by 0.135 eV/atom and 0.160 eV /atom higher, respectively, than bulk crystalline Si.
These values are consistent with experimental expectations from bulk amorphous
energy loss measurements. Also, a volume increase of about 1.0% fits well with the

experimental data.
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| Sample | N | Np | AE, (eV/atom) | Av/vg |

A 5 1 0.135 1.0%
B 3 3 0.160 1.0%
C 0 0 0.132 2.7%

Table 2.1: Geometric and energetic features of the amorphous samples labeled A, B
and C. Ny and Np denote the number of floating bonds and dangling bonds, respectively.
AE, is the energy difference between each sample and bulk crystalline Si, in eV /atom.
Av/vp is the percentage of volume change per atom compared to volume per atom in bulk
crystalline Si.

2.4 Sulfur defects in crystalline Si

For the study of electronic states related to the presence of S dopants, we consid-
ered situations with the S atoms at substitutional lattice positions or at interstitial

positions. The substitutional position is unique and will be denoted as Ss.

We considered a total of four different interstitial positions for the single S atom:
the first three were high-symmetry positions that are typical of other interstitial
atoms; they include the bond-center position, denoted as Spcr, the hexagonal inter-
stitial position which is situated at the geometric center of a hexagonal ring of Si
atoms, denoted as Syp, and the tetrahedral interstitial position which is situated at
the geometric center of a tetrahedron defined by four Si atoms, denoted as Sti. Our
calculations show that the hexagonal or tetrahedral interstitial positions are higher
in energy by 1.0 eV or 1.8 eV respectively, than the bond-center position. Accord-
ingly, in the following we do not provide any more detailed discussions of these two
cases. A fourth position for the interstitial S atoms, which turned out to be the
lowest-energy one and is denoted as Sy, corresponds to placing the S atom on a plane
that bisects a Si-Si bond, but not along the line joining the two Si atoms. When this

structure is allowed to relax, the S atom assumes a buckled configuration, in which it
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forms two bonds to Si atoms; this is actually similar to the preferred configuration of
an interstitial O atom[54]. To verify the stability of the lowest energy configuration
for the interstitial, S, we chose two other sites on the plane bisecting the Si-Si line
along a bond and after relaxation we obtained a configuration with exactly the same

geometric features and energy.

These calculations reveal that for an isolated S atom, the lowest energy config-
uration is the substitutional site. The tetrahedral interstitial site, Sty, which has
been considered before as a likely site[60] has a formation energy that is more than
3 eV higher than the substitutional case. Both these results agree well with earlier
theoretical results [60]. The lowest energy configuration that we find for the inter-
stitial, S, even though slightly higher than the energy of the substitutional site (by
0.3 V), is worth further consideration. First, it is intriguing that the energy of this
configuration is 0.95 eV lower than the bond-center interstitial configuration, Spcr.
The big energy difference between S; and Sgcy is very different from the O case, in
which these two configurations are almost degenerate in energy. Of course, there are
also structural differences in the two off-center configurations for the S and the O
interstitial atoms: specifically, in S; we find a buckling angle of 122° for Si-S-Si, much
smaller than the Si-O-Si buckling angle, which is about 160°; this can be attributed
to the larger atomic size of the S atoms. In the buckled configuration, the S atom has
two S-Si bonds at 2.11 A each, slightly longer than in the bond-center configuration,
Sgar, at 2.07 A. Second, the S atom is considerably farther away from the geometric
bond-center than the O atom. As a result of this relaxation, the S atom has weak
interactions with other Si atoms, although it is not covalently bonded to them. This
may contribute to the big energy difference between Spcr and S; configurations for

S, in contrast to the O case.
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For a pair of S atoms in the crystalline supercell, we considered five different
situations:
(a) The two S atoms taking the place of two adjacent Si atoms, denoted as Sps and
shown in Fig. 2.1(a).
(b) One S atom at the bond-center between two Si atoms and the second S atom at
the closest center of two second nearest neighbored Si atoms, denoted as Si_n1 and
shown in Fig. 2.1(b).
(c) Two S atoms at neighboring bond-centers between Si atoms, denoted as Sy and
shown in Fig. 2.1(c).
(d) We created a vacancy in the host Si lattice and placed the two S atoms in the
middle of two edges of the tetrahedron centered at the vacancy site, denoted as Sy1—v
and shown in Fig. 2.1(d).
(e) The two substitutional sites within the supercell that are farthest away.
The last situation corresponds energetically to two isolated S substitutional sites (it
has the same formation energy per S atom as the single S atom in the supercell).
Of the other configurations, the one with the lowest energy is Sag, while S;_nr and
Sor are about 0.9 eV per S atom higher in energy than it. Table 2.2 summarizes the

results for these calculations.

One interesting consequence of these results is that S atoms in bulk Si bind in
pairs to form the pair at nearest neighbor substitutional sites, which lowers the energy
by 0.76 eV per S atom (1.53 eV for the pair), compared to isolated substitutional
S atoms. The energy of configuration Syr_v, which involves the formation of a Si
vacancy, includes the vacancy formation energy cost, calculated to be 3.60 eV (this
compares favorably with experimental results [93]). If this energy cost were not

included, the formation energy of this configuration would be —5.57 eV per S atom,
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(©) (d)

Fig. 2.1: Configurations considered for two S atoms in crystalline Si (the atomic relax-
ation is not shown): (a) at adjacent substitutional sites, Ss, (b) at a bond center and an
adjacent center of two second neighbor Si sites, S;—ni, (c) at two neighboring bond centers,
Sa1, (d) at the centers of opposite edges of a tetrahedron centered at a vacancy site, Saj—v
(see text for details). The grey spheres represent sulfur atoms and the white spheres silicon
atoms.

which is larger than the formation energy of any of the other configurations that
do not involve simultaneous creation of lattice defects like the vacancy. In other
words, in a Si crystal where vacancies are abundant, the preferred configuration
would be So_v. However, this would not represent a thermodynamic equilibrium
configuration, but a metastable state that can be formed if the vacancy concentration
is prohibited from reaching equilibrium, by manipulating for instance the surface of

the sample.

All structures containing S atoms have energy gaps that are comparable with that

of the bulk. We note that these values are approximately half of the experimental
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E; | AV/v | €gap €4 er | Symmetry
Sg -3.93 | —0.08 | 0.56 0.24 0.25 Ty
Sos —4.69 | —0.15]0.58 0.35 0.37 Csy
St —3.63 0.91 | 0.56 0.51 0.02 Cin

Spcr | —2.68 0.47 | 0.55 0.49 0.05 Cy
Sur —1.78 0.61 | 0.54 0.35 0.35 Cin
St1 —0.87 0.79 | 0.61 0.14 0.14 Ty
Sor—y | —3.76 0.42 | 0.58 | 0.42, 0.57 | 0.02 Cin

Table 2.2: Energetics, structural and electronic features of configurations with S
impurities in crystalline Si. Ej is the formation energy (in eV) per S atom, assuming
reservoirs to be bulk Si and isolated S atoms. AV/vg is the percentage of total volume
change relative to the volume vy per crystal Si atom (vo = 19.574 A3). Egap i the energy
gap (in eV). g4 and er are the defect state level and the Fermi level relative to the valence
band maximum (in eV). For crystalline Si, €4qp = 0.57 and er = 0.00 eV.

value, a well known deficiency of the theoretical framework employed here [22, 23, 24].
Except for cases Si, Spcr and Sai_v, in which the S atoms are two-fold coordinated,

all other S atoms introduce deep and filled defect states into the energy gap.

The S atoms at substitutional sites cause distortions, coordination changes and
charge redistributions to their local environment, which are shown in Fig. 2.2 and
Fig. 2.3. Some interesting features appear in the configurations involving two S
atoms. Although the S atoms are energetically bound at nearest neighbor substitu-
tional sites, they do not actually form a chemical bond among themselves. Instead,
there is a geometric repulsion between them: in configuration S,s, the S-S distance is
3.07 A, compared to the bond length of 2.33 A in bulk Si. Similarly, in configuration
Sor_v, which is the next lowest-energy configuration for the pair of S atoms, the S-S
distance after relaxation is 2.85 A, compared to 2.69 A, the initial distance when
the S atoms are placed at the mid-point sites between pairs of Si atoms adjacent
to the vacancy site. The electronic charge density distributions shown in Fig. 2.3

confirm that there is no covalent bonding between the S atoms, since there is no
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Fig. 2.2: Geometric structures and electronic charge densities of configurations (a) Sg
and (b) S including atomic relaxation, on the (110) crystal plane. Filled circles represent
Si atoms and open circles represent S atoms.

accumulation of valence charge in the region between the atoms, characteristic of a

bond.

2.5 Sulfur defects in amorphous Si

In order to study the nature of doping of amorphous Si by S impurities, and
to compare and contrast this to the behavior of crystalline Si, we introduced sub-

stitutional S atoms into the A and B amorphous Si samples and substitutional and
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Fig. 2.3: Same as in Fig. 2.2 for the configurations. (a) Sag and (b) Sar—v.

interstitial S atoms into the C sample. The S atoms were placed at each one of the
coordination defect sites, as well as at certain four-folded sites that are either very
close to the defects or with a relatively long or relatively short average bond length.

The energetic and geometric features of these structures are given in Table 2.3.

From Table 2.3, we see that the lowest formation energy corresponds to sub-
stitution of dangling bond defect sites. What is striking from this comparison is
that a low formation energy is associated with low final coordination for the S atom
(typically three-fold, and in one case even two-fold coordination), accompanied by a

relatively short average bond length, in the range of 2.25 A. Three-fold coordination
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for the S atom is of course expected when it substitutes a three-fold coordinated Si
atom (cases DgB), DgB), DgB)), but it is also found for cases when it substitutes a
four-fold (cases TEA), TgA), TéB)), or even a five-fold coordinated Si atom (cases FgB),
FgB), FgA) FEIA), FéA), FgA)). In all these cases, when the average bond length is in
the neighborhood of 2.20-2.25 A and the formation energies are lower than —5.20
eV notice that the sum of covalent radii for Si and S is 2.21 A. In contrast to this,
when the average bond length exceeds 2.30 A the formation energy is around —5
eV or higher. The only exception to this general trend is case T&A), which has three-
fold final coordination and low formation energy, but relatively long average bond
at 2.32 A. The fact that the trend is not obeyed in all cases is a reflection of the
diversity of local environments in amorphous Si; specifically, the local environment
of a particular site may not make it feasible for the S dopant atom to achieve both its
preferred coordination and its optimal bond length. This is probably the situation

in case TgA).

What is surprising about the tendency of S atoms to form three-fold coordina-
tion, especially in the cases when the original configuration had four-fold or five-fold
coordination, is that covalent bonds are eliminated (at least one in each case). Even
in case DELA), where the final configuration involves a two-fold coordinated S atom,
one covalent bond is eliminated relative to the initial configuration and the formation
energy is still very low (—6.06 eV). Incidentally, this is also the configuration with
the lowest average bond length for S, at 2.17 A

The striking preference of S atom to form three-fold coordinated structures, even
when starting from a floating bond or a four-fold coordinated site, should have im-
portant implications in the electronic behavior of this dopant as well. Unfortunately,

in the amorphous samples with several coordination defects there is no gap even
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in the undoped case, so it is rather difficult to decipher the effect of the dopant
from that of other defects, especially since the S dopant leads to significant atomic
relaxation which is accompanied by shifts in many electronic states. For these rea-
sons, we have not attempted to examine in more detail the electronic structure of
the doped amorphous samples A and B. Instead, in order to understand better the
electronic effects of S doping in amorphous Si, we turn our attention to sample C,
which has only four-fold coordinated sites to begin with, but also has a clear gap in
the electronic spectrum.

In sample C, we chose eight different substitutional sites to introduce the S

dopant atom: one with the longest average bond length, referred to as Téc), one

with the shortest average bond length, referred to as Tg), and six with their average
bond length very close to the average bond length in the entire sample, listed from
Tg,c) to Tg). Another three sites were chosen, in which the S atoms are placed in the
middle of relatively long Si-Si bonds, referred to as I§C), Iéc) and Igc). The nature of
these sites has a rough analogy to the interstitial sites in crystalline Si, although the
nature of the amorphous network is such that it makes the term interstitial rather
ill defined. Nevertheless, we employ this term here to make the comparison more

direct. In Table 2.4 we include the results of these calculations, in what concerns

both energetics and geometric arrangements, as well as electronic structure features.

Of all the samples, the interstitial S atoms have the lowest formation energies.
There are no distinguishable defect states introduced in the original band gap of
sample C by these defects. The three sites we tried have relatively long bond lengths

“that are between 2.40 A and 2.50 A; there are fewer than 10% of such bonds in the
entire sample. The amorphous network has enough structural flexibility to accom-

modate these additional S atoms without major coordination changes farther from
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the defect site, with the adjacent Si atoms remaining four-fold coordinated. As a
check, we also considered another interstitial site, at the center of Si-Si bond with a
relatively short bond length. It turns out that the local structure in this case changed
significantly, and the S atom ended up three-fold coordinated with a much higher

formation energy.

Of all the substitutional cases, except for cases Téc) and Tg), all other S atoms
end up with three-folded coordination. In fact, case ng) is not much different be-
cause, even though by our strict definition of coordination it has four nearest neigh-
bors, three of those are at distances around 2.25 A and the fourth is much farther
away at 2.49 A. In case Téc), the S atom is two-fold coordinated, having broken two

of the bonds that the Si atom had at the same site.

Judging from these results, we can infer that essentially in all cases, the substitu-
tional S atom will end up in a three-fold coordinated site. Looking at the electronic
properties of these samples, we find that the Fermi energies are shifted up by about
0.5 eV, compared to the original Fermi level for the pure sample C. Each of them has
a doubly filled defect state in gap. Detailed analysis by projecting electronic wave
functions of the sample onto s, p and d spherical harmonics centered at the positions
of the ions, shows that these gap states are mainly localized on the neighboring Si
atom that is has the longest bond length from the substitutional S atom. These
observations fit well with the model built by R. A. Street for substitutional defects
in amorphous silicon [94], in the context of which we analyze next the behavior of

the S dopants.

According to Mott’s N-8 rule, a neutral S atom would have to form two covalent
bonds and be in state S3. This strict rule forbids substitutional doping in amorphous

semiconductors. But experimental results show that low level doping actually does
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occur in amorphous semiconductors. In our case, as in [50], the doping level of S
is about 0.5%. Street[94] relaxed the 8-N rule by allowing the doping atoms to be
ionized. This model, applied to our results yields the following picture: by losing one
electron, the S atom turns into a three-fold coordinated state, Sy, while at the same
time a neighboring Si atom accepts the electron and forms a three-folded coordinated
dangling bond state D~ (referred to as compensating state[94]). The antibonding
state of S§ is empty but the D~ state in the gap is filled. This is why the position
of the Fermi level in these cases is shifted up by about 0.5 eV. From Table 2.4, a
higher shift of the Fermi level corresponds to a higher formation energy. It is also
clear that high level of doping is not possible because the Fermi level can only shift
up to the lowest conduction band.

When there is not enough room for complete relaxation, as in case T&S), where

the Si atom had the smallest average bond length in the original configuration at 2.30
A, the S atom may be in a nominally four-fold coordination but actually with only
three close neighbors. In this case a S} state is formed. Two extra electrons that are
not in bonds will occupy the antibonding state. This is why the Fermi level of this
configuration is shifted up by about 1.0 eV, and ends up just below the conduction

band and higher than the deep gap states associated with D~.

We discuss last the S substitutional case labeled Téc), in which the S atom is two-
fold coordinated. In this case there is no shift in the Fermi level and the defect state
below the conduction band is empty. This configuration also corresponds to relatively
low formation energy. This raises the question of whether volume restrictions lead
to creation of a majority of three-fold coordinated sites for S, as opposed to two-fold
coordinated sites that seem to be a more natural state for this impurity. In order

to address this question, we examined carefully the bond lengths of the three S-5i
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bonds for each three-fold coordinated S atoms and found that, unlike the situation
in T(lg), these lengths have mostly very close values. There is no obvious trend of
breaking any one of them. Thus we conclude that the electronic properties must
be playing a more important role. In order to revert from the S3 state back to the
S9 state, it requires transferring one electron back to the S atom while breaking a
S-Si bond and creating a new D~ state in the adjacent Si atom whose bond to S is
broken. However, this coordination for the Si neighbor is forbidden by the 8-N rule.
Thus, although the two-fold coordinated state for the S dopant would be preferred,
because of the initial coordination number and the restrictions imposed by the 8-N

rule, three-fold coordination is the most likely outcome.

The same argument can be applied to the preceding results of S dopants in
the amorphous samples A and B. Although it is hard to make a similar detailed
analysis because of the existence of intrinsic defects in these two samples, the same
explanation for the overwhelming three-fold coordination of the S dopant atoms

should still be valid.

2.6 Conclusions

Our study of S doping of crystalline and amorphous Si samples has revealed
a number of unexpected results, which we summarize here. In crystalline Si, we
find that the substitutional position for the single S dopant atom is preferred. An
interstitial S atom with a buckling angle 122° has an energy 0.3 eV higher than
the substitutional one but is 0.95 eV lower than a bond-center S atom without
buckling. Two S dopant atoms form a nearest-neighbor substitutional pair which

has an energy lower than the two isolated substitutional S atoms by 1.53 eV, even
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though the two S atoms in the pair are not bonded covalently and each one is three-
fold coordinated. In coordination-defect-free amorphous Si, we found that interstitial
two-fold coordinated S atoms have the lowest formation energy. Substitutional S
atoms, in both the coordination-defect-free sample and the defective samples, tend to
form structures of mostly three-fold coordination. This is expected when the original
Si site is a dangling bond coordination defect, but it is also true when the original
site is four-fold or even five-fold coordinated (a floating bond defect). Exceptions
occur in special cases, when the local environment allows the substitutional S atom
to break one or two bonds and become two-fold coordinated, while the neighboring
Si atoms relax without introducing a high energy cost. Thus, we conclude that
under equilibrium conditions the overwhelming majority of substituional S atoms
will be three-fold coordinated, either by forming substitutional pairs in crystalline
Si, or by substituting Si atoms in the most common sites (four-fold coordinated or
dangling bonds) in amorphous Si, a conclusion supported by a detailed analysis of

the electronic properties.

We can now use the results of this study of S point defects in crystalline and
amorphous Si to interpret the experimental findings related to the so called “black
Si”[51]. In preparing these samples, the experimenters used nanosecond (ns) laser
and femtosecond (fs) laser irradiation. The ns-irradiated structure has very little
disorder while the fs-irradiated sample is covered by a disordered nanocrystalline
surface layer. An amorphous layer is created on both samples, in which S atoms
are incorporated. These S atoms, according to our study, will mostly be two-fold or
three-fold coordinated. The presence of intrinsic coordination defects (dangling and
floating bonds) in the amorphous layers makes the samples light absorbing (black).

On the other hand, ion-implantation would most likely result in interstitial (e.g. bond
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center) S defects that bring in shallow empty states near the conduction bands. These
states will not affect the light-absorption spectrum much. After annealing, the ns-
irradiated sample reverts to crystalline structure and S atoms are forced to be three-
fold or four-fold coordinated in the lowest energy substitutional positions. These S
atoms lead to defect-induced occupied gap states. Thus, the ns-irradiated sample
remains light-absorbing, although the absorption of light is lowered compared to the
sample before annealing. The fs-irradiated sample is highly disordered. Annealing
leads to elimination of some of its intrinsic defects and rearrange S atoms, but not
complete crystallization. According to the estimation of Roorda and W. C. Sinke, the
remaining defect concentration in a-Si is about 1%[95]. During annealing, we expect
the S atoms to saturate these defects and become two-fold coordinated themselves
(Like cases DL(IA), Igc), Igc) and Igc)). Thus a clean band gap is recovered in the

fs-formed sample and the silicon is transparent again.

Finally, our study affords some theoretical predictions about the behavior of S-
doped Si, under equilibrium conditions: In crystalline silicon samples, the S atoms
will be in substitutional sites and create occupied deep gap states. The transparent
silicon will turn into black. In amorphous silicon, the S atoms will be in interstitial
sites and saturate the intrinsic defects of the a-Si samples. With a proper S doping
rate (comparative to the defect rate), a defective a-Si black sample will turn into

transparent.

Following this detailed analysis of the geometric and electronic structure of equi-
librium configurations for S dopants in crystalline and amorphous Si, it would be
of great interest to study the kinetics of S incorporation in bulk Si to determine
whether or not kinetic barriers play an important role in what is actually observed

experimentally.
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Site Ef AV/’UO b@ Cf l_)f
DP | —655| 041231 3224
D | —6.20| 055|233| 3|2.26
D | —6.25 | 0.36|2.32| 3227
DY | —6.06 | —0.08 | 2.41| 2|2.17
F® | 596 | 0.55]248| 3227
F® | —530| 025 245| 3|2.25
FM | 526 | —0.36 | 242 | 3|2.24
F® | —4.99 | —044|245] 3235
F® | —495| 020]245| 4]234
FW | —4.83 | —0.26 | 246 | 3| 2.32
FW | —4.34 | —0.44 | 242 | 4239
F® | —4.05| —0.04|251| 3239
T™ [ —5.81 | —0.25 (243 | 3232
T | —550 | —0.05 | 2.39 | 3|2.26
T® | 509 | 017|228 4233
T | —4.89 | —0.58 | 2.28 | 4 2.30
T® | —463| 049|242 3235

Table 2.3: Energetic and geometric features of S point defects in amorphous Si sam-
ples. D, F and T stand for dangling-bond, floating-bond and tetrahedral sites, where the
substitutional S atoms are introduced; the superscript in each case denotes the sample (A,
B and C, as described in the text). E (given in eV) is the formation energy, taking the
ideal a-Si sample C as the reservoir for the Si atoms and the isolated S atoms for the S
reservoir. The different cases are ordered in increasing formation energy. AV/vg is the
change in total volume of the sample upon the substitution, normalized to the crystalline
atomic volume vg. Cf is the final coordination of the S atom (the initial coordination of
the Si atom being determined by the site identity, D, F or T) and b;, l_)f are the initial and
final average bond lengths of the site.
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Site Ef b; I—)f Egap €4 EF

19 | —5.14 | 2.44 2.14 | 0.96 | — |0.02
19 | —5.03 | 2.48 2.14 | 1.05 | — |0.03
19 | —5.01 | 2.48 2.14 | 1.03| — |0.01

T | —4.56 | 2.39
T | —4.74 | 2.31
T | —4.35 | 2.38
T | —4.15 | 2.33
T | —3.85 | 2.33
T | —3.63 | 2.34
T | —3.52 | 2.35
T | —3.89 | 2.30

2.17 |1 1.10 | 0.91 | 0.01
2.26 1 0.95|0.34 | 0.34
2.27 | 1.05 [ 0.36 | 0.38
2.23 | 1.08 | 0.47 | 0.49
2.28 | 1.06 | 0.80 | 0.83
2.30 | 1.04 | 0.49 | 0.49
2.31 [ 1.07 { 0.60 | 0.62
2.32 1 1.07 | 0.89 | 0.91

oo o ow ow o w0

Table 2.4: Energetics, geometric features and electronic structure of S substitutional
and interstitial dopants in amorphous Si sample C. The meaning of symbols is the same as
in Table 2.3. b; for interstitial cases denotes the Si-Si bond length, in between of which the
S atom is put into. And l_)f in these cases denotes the average bond length of S atom after
relaxation. &4 is the position of the dopant state in the gap relative to the valence band
maximum and £z is the position of the Fermi level. The energy gap of the pure amorphous
Si sample is 1.05 eV and its Fermi level is at 0.01 eV.
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Chapter 3

One-dimensional nanowires on

stepped transition-metal surfaces

3.1 Overview

Surface science started a second boom with the development of nano-science.
Tt serves as a perfect template for nanowires, nanotubes, nanodots and thin-films

growth. The combination of the surfaces and the nanostructures makes interesting

46
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physics. Understanding of the interesting phenomena in these systems also assists

reaching the ultimate goal of applications in industry.

Generally the growth problems on surfaces can be categorized into two: catalyst-
assisted and self-assembled growth. The work in this chapter falls into the second
category. Literally, ”self-assemble” means assemble without guidance or management
of from an outside source. This method is of particular interest because of several
reasons. First of all, it is beautiful and resembles nature. From all scales of molecules
to the galaxies, self-assembly is taking place everywhere in nature. The picture it
provides is simple and neat. Second, self-assembly is widely used in industry because

it is highly reproducible and free of contamination from other unwanted elements.

Simply governed by the adatom-surface interactions, many the self-assembled
structures demonstrate amazing order on surfaces. Zero-dimensional nanodots, one-
dimensional nanowires and nanotubes, two-dimensional monolayer thin-films have
all been realized on different surfaces. Magnetic and electronic properties of these
structures have been intensively studied both experimentally and theoretically. More
recently, some structures grown on strained surfaces have been found with desired
properties that could not be obtained on normal surfaces. New excitements are

constantly coming and there are many to explore.

Growth processes can be experimentally monitored by various techniques and
equipments, such as diffractions and scanning probe microscopes. identification of the
growth processes facilitates the understanding of the physical structures of the nano-
materials on surfaces, which eventually decide the properties of these systems. With
the decreasing sizes of the nanostructures, a resolution at atomic scale is required.
Unfortunately, the ”eye” of the equipments usually cannot catch every single atom

and sometimes will even provide misleading information. Simulation fills the gap
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between single atom behavior to observed nanostructure and its properties.

In this chapter, I will focus on the growth processes of nanowires on stepped
transition-metal surfaces. In section 2, a long standing puzzle of formation of upper-
step-edge Fe nanowires on Cu(111) surfaces will be solved through illustrations of the
kinetic pathway of this formation. Following this, in the second section, a subsequent
experiment has been carried out and clearly identified the two steps within the path-
way. Scanning tunneling microscope simulations further confirm the experimental
observations. In the last section, we generalize the study to step-edge behavior of two
sets of adatoms on Cu(111) and Pd(111) surfaces. We hope that this study provide
some insights into the problems of nanostructure growth on stepped transition-metal

surfaces.

3.2 Kinetic pathway for the formation of Fe nanowires

on stepped Cu(111) surfaces

We report the discovery of a novel kinetic pathway for the formation of one-
dimensional Fe nanowires of single atom width, on stepped Cu(111) surfaces. This
pathway, identified through extensive total-energy calculations within density func-
tional theory, establishes that the stable structure involves a row of Fe atoms on
the upper edge of a step. The formation of the surface wire is preceded by facile
incorporation of an initial row of Fe atoms into the surface layer at one lateral lattice
constant away from the step edge, which then acts as an attractor for the second,
exposed row of atoms. The resulting wire structure provides a natural interpretation
of existing experimental results. We also explore the applicability of this mechanism

in formation of other related systems.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9.9 Kinetic pathway for the formation of Fe nanowires on stepped Cu(111 )
surfaces 49

3.2.1 Introduction

One-dimensional (1D) electron systems are expected to possess many unconven-
tional physical properties, most notably non-Fermi liquid behavior [96]. Unambigu-
ous confirmation of such properties has been sparse, largely because of the difficulty
in obtaining truly 1D electron systems [97, 98]. Among various approaches to over-
come the formation bottleneck, growth of quantum wires through decoration of sur-
face steps has received intensive attention [99]. Example systems include metallic
wires on semiconducting[100, 101] or insulating substrates[102], and magnetic wires
on nonmagnetic metal substrates[53, 103, 104, 105, 106]. The former class of quan-
tum wires serves as testing ground for electrical transport in quasi-1D systems; the

latter offers opportunities to study magnetism and spin transport in 1D systems.

In recent experimental studies of magnetic wires on stepped metal surfaces, most
of the wires were found to form at the lower edge of monatomic-layer-high steps[104,
105, 106]. This prevailing feature is not too surprising, because an adatom of a given
magnetic element typically prefers to occupy a stable adsorption site located at the
lower edge of a step, thereby leading to the nucleation and growth of a wire along
the lower step edge. In light of this general trend, the experimental observation that
Fe wires of varying widths are formed at the upper step edges on a vicinal Cu(111)
surface[53] was rather surprising. Because of the intriguing magnetic properties of
these Fe wires, the initial observation stimulated an extensive line of experimental
and theoretical studies aimed at explaining the microscopic origin of the magnetic
properties [107, 108, 109]. In essentially all these previous studies, the magnetic
properties were explored for given static Fe wire structures. It remains a mystery
why such Fe wires prefer to form at the upper edges of steps, and what are the kinetic

mechanisms that lead to their formation.
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3.2.2 Results

In this section, we resolve this long-standing puzzle by revealing the kinetic
mechanism invblved in the formation of Fe wires at the upper edges of steps on the
Cu(111) surface. Using extensive total-energy calculations within density functional
theory (DFT), we find that an Fe wire at the upper edge, with an apparent(visible
to STM images) width as narrow as one atom, is already energetically more stable
than the corresponding structure at the lower edge of the step, but only under the
condition that another row of Fe atoms be incorporated underneath the exposed
row. The kinetic pathway for the formation of such a novel wire structure involves
two phases. First, a row of Fe atoms are incorporated into the upper terrace, one
lateral lattice constant away from the step edge. This is the energetically preferred
and kinetically accessible final configuration whether the Fe adatoms approach the
step from the upper or from the lower terrace. Subsequently, additional Fe adatoms
diffusing on the terrace are strongly attracted to the buried basal wire, thereby
forming an atomic wire exposed at the upper edge. We discuss this central finding in
comparison with existing experiments. We also attempt to rationalize the preference
of the two-phase kinetic pathway based on generic qualitative arguments, and support

these arguments by examining related systems.

The DFT results reported here are obtained with the VASP code [39], using
the Perdew-Wang 1991 version of the generalized gradient approximation (PWO1-
GGA)[110]. The default plane-wave cutoffs for different elements from the GGA
ultrasoft-pseudopotential database[73] are adopted in the calculations. The Fermi-
level smearing approach of Methfessel and Paxton[36] is employed for the electronic
states near the Fermi level, with a Gaussian width of 0.2 eV. Optimized atomic

geometries are achieved when the forces on all the unconstrained atoms are smaller
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in magnitude than 0.01 eV/A. The bulk Cu lattice constant determined with these
computational parameters is 3.645 A, which compares well with the experimental
value of 3.63 A. The nudged elastic band method (NEB)[111], followed by spline
interpolation, is employed to determine the transition state pathways and energy

barriers.

There are two types of steps on Cu(111), referred to as A and B, with the former
having lower formation energy [112]. Experimentally, Fe wires have been observed to
form on the upper edges of both types of steps[113]. Hence, in the present study we
focus our attention on growth of Fe wires on A-type steps. Following Ref.[114], we
model the stepped Cu surface by a slab miscut along the (322) direction, consisting
of (111) terraces of width five lateral lattice constants separated by type A steps
of monatomic height. The slab used in the calculations contains seven layers and a
total of 96 Cu atoms in the periodic supercell. The bottom three layers are fixed
at their respective bulk positions during the relaxation. A 2 x 2 x 1 mesh in the
Brillouin Zone of the supercell is used to sample the reciprocal space. The vacuum

region separating slabs is equivalent to 11.5 A

We first study the interaction of a single Fe adatom with the stepped surface.
Our calculations show that the preferred adsorption site of an Fe adatom is always
the fcc site, whether it is in the central region of a terrace or in the immediate vicinity
of the step. In contrast, the activation energy barrier encountered by the adatom
when it moves on the surface can differ significantly in the two regions. For terrace
diffusion, the preferred mechanism is via direct hopping, with an activation energy
barrier of 0.025 eV. When reaching a step from the upper edge [Fig. 3.1(a)], an Fe
adatom would have to overcome a barrier of 1.00 eV if it were to climb down by

direct hopping over the step edge [Fig. 3.1, A; — By]. A naive interpretation of this
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Fig. 3.1: Top view of the surface model employed in the calculations, showing the first
phase of Fe wire formation. The white and gray circles represent Cu atoms in the first and
second layers, respectively; the black circles represent Fe atoms. (a) Initial configuration
of an Fe adatom reaching the step from the upper terrace. (b) Initial configuration of an
Fe adatom reaching the step from the lower terrace. (c) Intermediate state of the Cu-
Fe assisted exchange as the state By converts to the final state D1 in (d), which is also
the stable final configuration from A; after place exchange. The relative energies and the
activation barriers (in eV) connecting the different configurations are indicated next to
vertical arrows.

result suggests that the high energy barrier for downward motion of Fe adatoms over
the step edge would offer an explanation for the formation of Fe wires at the upper
step edges of the Cu(111) surface. But the real physical situation is more intricate,
and thereby more challenging. The Fe adatom, instead of hopping down against the
high energy barrier, can easily be embedded into the Cu layer through an exchange
process [Fig. 3.1, A; — Dy], with an energy barrier of only 0.07 eV. Furthermore,
the Cu atom displaced by the Fe adatom in the exchange process prefers to stay at

the lower edge of the step, adjacent to the embedded Fe atom, because it would have
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to overcome a high activation barrier of about 0.9 €V in order to reach the nearest

hep site away from the step edge.

The above discussion establishes how an Fe adatom approaching the step from the
upper terrace will end up embedded in the step edge. Fe adatoms can also approach
a step from the lower terrace. It is therefore necessary to examine the optimal final
configuration for this situation. Here, we find that the Fe atom switches position with
a Cu atom at the step edge, through a slightly more complex motion involving an
intermediate state C;. The Fe atom is first incorporated into the step by displacing
a Cu atom upward onto an hep site at the upper step edge [Fig. 3.1(c)], a process
which has an activation barrier of 0.66 eV [Fig. 3.1, B; — Ci]; subsequently, the
displaced Cu atom hops off the step directly to the lower terrace, a process with an
activation barrier of 0.34 eV [Fig. 3.1, C; — Di]; we refer to this motion as the
“assisted exchange” process. Thus, independent of the direction in which the Fe
adatom approaches the step edge, there is a unique stable final configuration, shown
in Fig. 3.1(d).

A second Fe atom feels even more comfortable embedding in the step next to
the first one with the total energy 2.52 eV lower than sitting on the upper edge
of the step. Additional Fe atoms approaching the step edge will undergo the same
processes, leading to a row of Fe atoms embedded in the Cu step, one lateral lattice
constant away from the step edge. This embedded row of Fe atoms has so far escaped

experimental detection. However, our study shows that it is an essential part of wire

growth.

We next consider the deposition of additional Fe atoms on the surface containing
mixed Fe-Cu steps. The likely configurations are shown in Fig. 3.2. Again, an

Fe adatom can approach the mixed step from either the upper or lower terrace.
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From the upper terrace, configuration A, is easily reached, which is energetically
stable because of the attraction of the Fe adatom to the basal Fe wire. In contrast,
configuration B,, reached by an Fe adatom approaching from the lower terrace, is
energetically very unstable. In analogy to the processes shown in Fig. 3.1, the high
energy configuration By will convert into A, via two intermediate states C, and Do.
Configuration C, is reached via a place exchange process, with the Fe adatom taking
the place of an edge Cu atom, and the Cu atom displaced up to reside on top of three
Fe atoms. Configuration D, is reached when the atop Cu atom climbs down the Fe-Cu
mixed step. Finally, the D, — A, transition is realized via a second assisted process.
Based on the relative energies shown in Fig. 3.2, and the detailed calculations for the
first phase [Fig. 3.1], we surmise that the kinetic barriers encountered in the overall
B, — A, transition are all relatively small (up to a few tenths of eV). Therefore,
additional deposition of Fe on the surface naturally leads to the growth of an Fe
wire on top of the Fe basal wire, with an apparent width of only one atom. Further
growth of Fe will widen the width of the wire, but the narrowest stable Fe wire is a

true one-atom-wide structure residing at the upper edge of the mixed Fe-Cu step.

3.2.3 Discussions

So far we have identified a two-phase kinetic pathway for the formation of an
Fe wire at the upper edge of a step on a Cu(111) surface. Next, we attempt to
rationalize the preference of the two-phase kinetic pathway for this system based on
qualitative considerations of bond strength, bond length, and crystalline structure.

First, the preference of the various motions shown in Figs. 3.1 and 3.2 is tied to
the inequality chain in the Fe-Fe, Fe-Cu, and Cu-Cu bond strengths: Ucu-cu <

Ucy—re < Upe_re, deduced from the melting temperatures Tn(Fe) = 1811K >
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Fig. 3.2: Top view of the second phase of the two-phase kinetic pathway for Fe wire
formation on the stepped Cu(111) surface, together with the energy levels and activation
barriers(in eV) for different configurations. Dashed lines indicate energies not explicitly cal-
culated. (a) and (b) show the initial configurations reached when an Fe adatom approaches
the Fe-Cu mixed step from the upper and lower terrace, respectively. Configuration Az
is energetically most stable, because of the strong attraction by the buried Fe wire. Con-
figuration By is energetically very unstable, and will convert to configuration Ay via two
intermediate configurations shown in (c) and (d).

Tw(Cu) = 1358K. Compared with direct hopping, the exchange processes have
lower activation energies because they involve interruption of fewer of the stronger

Cu-Fe or Fe-Fe bonds [115].

On the other hand, consideration of pure bond strength alone is insufficient in
explaining the structural selection in phase two. Here, both the bond length and the
intrinsic crystal structure come into play. This is because of the different nature of
the configurations involved in the two phases: The first phase involves Fe adatoms on
a Cu substrate, dealing with the behavior of individual Fe atoms with a surrounding
Cu host. The second phase, with the involvement of the Fe atoms embedded in the Cu

substrate, deals with Fe atoms in an environment more akin to the crystal structure of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9.2 Kinetic pathway for the formation of Fe nanowires on stepped Cu(111 )
surfaces 56

bulk Fe. In the <011> direction of the Cu(111) surface, the nearest Cu-Cu distance
is 2.56 A, while in bee Fe the nearest Fe-Fe distance in the <111> direction is 2.48
A. Therefore, the embedded Fe row is only minimally strained by the fcc structure
of the Cu substrate. In order for the Fe atoms to regain an environment closer to
their preferred bee crystalline structure, incoming Fe atoms in phase two choose to
stay on the upper edge of the step. This avoids undergoing either more embedding
of the Fe atoms, which would lead to an extended Fe structure in fcc geometry, or

direct hoppings, which would not promote growth of a bee-like Fe crystal.

To explore the applicability of this two-phase kinetic process to other systems,
and in particular, to justify the physical considerations involved in the second phase
of the wire formation, we next examine the behavior of Co and W atoms on the same

stepped Cu(111) surface.

Because Fe, Co, and W have the same bond strength inequalities when growing
on Cu, we expect that the exchange pathways similar to those shown in Fig. 1 should
also take place for Co or W, leading to the formation of a row of atoms embedded
into the Cu substrate, one lateral lattice constant away from the step edge (phase
one). But different expectations from the Fe case arise in phase two. The Co crystal
has a hexagonal structure. Its densely packed (0001) surface has exactly the same
hexagonal configuration as the (111) surface layer of the Cu substrate. The Co
nearest neighbor distance on the (0001) surface is 2.51 A, which enables the buried
Co line to be accommodated at the regular lattice sites of the fcc Cu substrate even
better than Fe. Furthermore, additional Co atoms should also be embedded into the
Cu substrate as an extension of the Co structure in the hexagonal geometry, thereby
doubling the width of the buried Co wire. W, like Fe, prefers a bee structure, but

its nearest neighbor distance in the <111> direction is 2.74 A, much larger than the
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Fig. 3.3: Relative energies and activation energy barriers (in eV) of configurations
involved in (a) phase one and (b) phase two of the kinetic pathway for Co (numbers to the
left of vertical arrows) and W (numbers to the right). Dashed lines indicate energies not
explicitly calculated.

corresponding distance of 2.56 A for Cu. Therefore, when a row of W atoms are
embedded into the Cu substrate, we expect the relaxation of the ensuing strain to
lead to buckling of the W row, which would then spbil its alignment with the <111>
direction. Additional incoming W atoms should follow the structure of this buckled

basal line.

As shown in Fig. 3.3, our detailed calculations confirm these qualitative expec-
tations. In the first phase, when approaching the step from the upper edge as shown
in Fig. 3.1(a), both the Co and the W adatom will undergo the exchange pathway
to reach the final state D;. For the initial configuration B, which involves a Co
or W adatom approaching from the lower terrace, the final state Dy has a much
lower energy (0.47 eV for Co and 1.18 eV for W), ensuring that it is the final stable
configuration that can be reached via (assisted) exchange. However, the presence of
a basal line in the Cu substrate does not guarantee the formation of a stable wire
on top. A detailed examination shows that the embedded Co row is nicely confined

in the substrate while the W row buckles to partially recover the bce structure in
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the <011> direction. When additional Co or W adatoms approach the mixed step
from the upper edge, they continue to embed into the step via place exchanges. Such
processes favor the stabilization of the hexagonal structure of Co or the bee structure
of W. Based on these results, we conclude that the same type of wire as for the Fe
case is unlikely to form for either Co or W. Instead, a Co atom wire, sitting on top
of two buried rows of Co, is favored, while the case of W is more complex because

of buckling.

Finally, we did most of the calculations again with a 3 x 3 x 1 k-point mesh and
found that our results are convergent. Furthermore, a nine-layer substrate is used for
configurations A; and C;. Results are not changed. For configurations A, and B,
we have also carried out spin-polarized calculations with all-electron methods [116].
These results are shown in Table ?? and they do not alter the central conclusions of
the spin-averaged calculations. Spin-polarized calculations may slightly change the
detailed configurations of the top wire, but for the kinetic processes and the 1D wires
we have focused on, our original calculations give reliable conclusions. Therefore, we
expect that growth experiments with carefully controlled Fe coverages should observe
the initial burying of the Fe rows, and the subsequent formation of Fe wires of single
atom width. Furthermore, our findings suggest the need for a reexamination of
conclusions from previous studies of the magnetic properties of Fe wires that have

overlooked the necessary existence of the Fe basal line.

3.2.4 Conclusion

In conclusion, our extensive theoretical study of the kinetics of Fe adatoms on the
Cu(111) stepped surfaces provides the missing kinetic picture of how Fe nanowires

are formed. A hidden Fe basal line under the exposed wire has been identified. The
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| 2 x 2 x 1k, 6 layers || 3 x 3 x 1k, 6 layers | 2 x 2 x 1k, 9 layers |

Br- A -1.02 -1.07 —
Di- Ap -1.61 -1.62 -1.72
A; — Dy 0.07 0.05 —

Table 3.1: Results from convergence calculations with more k-points and thicker layers.
The configurations Ay - Dy are as shown in Fig. 3.1. Minus means the energy difference,
and — means the energy cost of migration from one configuration to the other. Energies
are in unit of eV.

underlying physical reasons for the kinetic pathway are also corroborated by the

results of additional calculations for Co and W.
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3.3 Formation of monatomic Fe chains on vicinal

Cu(111) surfaces: an atomistic view

Uniform arrays of monatomic Fe chains are realized on a vicinal Cu(111) sur-

face with a regular step array. Deposited Fe atoms are first embedded into the
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flat Cu(111) terrace at precisely one-atom distance away from the upper edge of a
monatomic surface step. The resulting Fe wires, in turn, serve as one-dimensional
nucleation lines for the formation of monatomic Fe chains along the upper edges of
the steps. The present results, obtained by scanning tunneling microscopy (STM)
and interpreted with first-principles calculations, unambiguously establish the essen-
tial role of embedded Fe atoms as precursor to monatomic wire growth. The Fe wires
present an ideal testing ground for exploring ferromagnetism in the one-dimensional

limit.

3.3.1 Introduction

Nature, unfortunately, rarely provides us with true 1D model systems. A very
intuitive approach toward creating a quasi 1D system is to use a stepped surface as a
template for atom wire growth. The basic idea is that lattice sites along a step edge
are far more reactive than those on top of a flat terrace. Hence, deposited atoms
should preferentially adsorb at the step edge, leading to nucleation and growth of
an atom chain on the lower terrace, along the step edge. Indeed, quasi 1D metallic
atom chains have been fabricated on e.g. vicinal silicon surfaces but the metal atoms
are generally incorporated into the terraces, not at the step edges, and often form
complex surface reconstructions {117, 118, 121]. Step edge decoration appears a more
viable approach for metal substrates [53, 105, 122, 123]. For instance, highly uniform

monatomic Co chains have been realized via step edge decoration of Pt(997) [122].

The growth of Fe on Cu(111) is a notable exception to the prevailing picture of
step edge decoration on metal surfaces. Here, contrary to intuitive expectations, Fe
nucleates and grows along the upper edges of monatomic steps on vicinal Cu(111) [53,

124] leading to the formation of irregular stripes that are single-monolayer high and
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several atoms wide. Since this initial observation, an intensive effort has been devoted
toward understanding the surprising occurrence of long-range ferromagnetism in such
quasi 1D systems [107, 108, 125, 126], but to date the major limitation has been the
lack of knowledge on the precise atomic structure as well as the formation mechanism

of the Fe wires.

Very recently, density functional theory (DFT) calculations indicated a novel
kinetic pathway toward the formation of single-atom-wide Fe wires on a stepped
Cu(111) surface [127). It was predicted that Fe atoms should be incorporated into
the upper terrace via an intricate exchange process. In this process, Cu step edge
atoms are initially displaced by the incoming Fe atoms but remain located at the
lower edge of the step. This is the energetically preferred and kinetically most accessi-
ble configuration, regardless of whether the Fe adatom approaches the step edge from
the upper or lower terrace. Accordingly, the embedded Fe atoms are located one lat-
tice constant away from the step edge. It was furthermore predicted that embedded
Fe atom will capture other diffusing adatoms, thus providing an elegant explanation
for the upper step edge decoration seen in experiment. It should be noted, however,
that the experiments employed a rather high coverage of Fe [53, 124]. Consequently,
the embedded or hidden Fe wire, if present, would have escaped experimental de-
tection. A convincing demonstration of the existence of the embedded atom wire
is indispensable for achieving microscopic understanding of the 1D ferromagnetism

from first-principles.

3.3.2 Experimental results

In this Letter, we report on the first experimental realization of monatomic Fe

chains on a vicinal Cu(111) substrate. Detailed STM investigations not only confirm
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the theoretically predicted [127] pathway involving the initial embedding and sub-
sequent trapping of atop Fe atoms, but also elucidate a remarkable wire uniformity
that only appears to be affected by the terrace size distribution of the vicinal sub-
strate. The results represent a significant advance from a growth science perspective,
leading to near perfect control of shape and uniformity. Furthermore, the highly or-
dered monatomic Fe wires in a non-magnetic matrix as achieved here in principle

provide an ideal testing ground for exploring magnetism in the 1D limit.

Experiments were performed in an Omicron ultra high vacuum variable tempera-
ture STM. We used a nominally flat Cu(111) crystal and a vicinal Cu(111) substrate
having a miscut by 4° toward [112] direction. The crystals were cleaned in situ by
repeated cycles of Net-ion sputtering and annealing at ~ 500°C. The cleanliness of
the surfaces was confirmed by low-energy electron diffraction and STM. Fe atoms
were dosed onto a cold substrate (120 K) using an e-beam evaporator. The Fe flux
was stabilized at ~0.05 monolayer per minute (ML/min). Following the Fe depo-
sition, the sample slowly warmed to room temperature (RT) and was subsequently

transferred onto a variable temperature STM stage.

Figure 3.4 shows a nominally flat Cu(111) surface with monatomic steps dec-
orated by Fe. The Fe atoms line up along the upper edge of the step, forming
continuous Fe nanowires with a rather uniform thickness. At low coverage, Fe atoms
all nucleate along the upper step edge, forming a line of Fe atoms which protrude ~2
Aabove the upper terrace, as shown by the line profile in Fig. 3.4 (a). The Cu(111)
terraces are atomically flat and there is no sign of Fe nucleation on the terraces. With
increasing coverage, the Fe wires along the step edge continue to grow to a height
of about ~5 A, after which Fe also starts to nucleate on the terraces, as shown in

Fig. 3.4 (b). Evidently, there is a reasonably broad coverage window where Fe atoms
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Fig. 3.4: STM images of Fe on Cu(111) with different nominal coverages (a) 0.03 ML
and (b) 0.10 ML. The inset shows the line profiles of the nanowires across the step edges
as indicated in the topographic images (by J. Guo and H. H. Weitering).

exclusively nucleate along the step edge. This indicates the possibility of growing

atomic Fe wires along the step edges in a highly controlled manner.

Next, we explore the feasibility of creating long and straight nanowires along the
edges of a vicinal crystal. Fig. 3.5 (a) shows an STM image of the clean vicinal
substrate. The line profile indicates monatomic steps (~2.08A) with sufficiently
regular spacing between the steps. The average terrace width is ~ 3 nm (~ 14
terrace atoms), consistent with the nominal miscut angle of 4 degrees. The imaging
noise at the step edges originates from the fast kink diffusion on Cu(111) at RT [128].
Fig. 3.5 (b) shows a derivative image of the vicinal Cu(111) surface after depositing

~0.07 ML of Fe. The image reveals a set of parallel, ultra thin Fe nanowires with
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Fig. 3.5: STM images (430 mV/10 nA) of (a) clean vicinal Cu(111) surface at RT and
(b) a Fe nanowire array on the vicinal Cu(111) surface at 60 K. The image in (b) is the
first derivative of the topographic image. Insets (both from original images): line profiles
showing the existence of monatomic steps on the surface. Arrows in (b) point toward small
spikes in the step profile and indicate the presence of embedded Fe atom wires along the
upper edges of the steps. (by J. Guo and H. H. Weitering)

uniform thickness, orientation, and separation (~3 nm). The presence of Fe is also
confirmed by the step line profiles, which consistently show a spike at the upper edge
of every step; this spike is absent on the clean surface. From these line profiles, we
can estimate the height and width of the atom wires: they are about ~4 A wide
and protrude about ~0.4 A above the upper terrace. The image contrast is not only
influenced by the local topography and electronic structure of the steps, but also by
the shape of the W tip, especially at the step edges since the step height of W is
comparable to that of Cu along the [111] direction (2.7 A for W and 2.1 A for Cu).
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Considering the fact that these protruding features are heavily convoluted by the
structure and electronic structure of the STM tip, it is likely that these wires are
indeed single atom wires. In particular, the ~0.4 A protrusion of such wires strongly

suggests that they are embedded into the upper edge.

The formation mechanism of these atop wires can be elucidated by tracing the
configuration from the very initial stage. Fig. 3.6 (a) is a close-up atomic resolution
image of the Fe decorated step edge, recorded at RT. The atomic resolution on the
terrace allows us to precisely indicate the location of the Cu atom rows in the line
profile of the step. The Cu rows are indicated by the vertical grid lines in the line
profile diagram. The step edge appears rather blurred; the width of this blurred
region is about two atom rows, as indicated by the shaded bar in the line profile
diagram. Such blurring at a step edge is not unusual and could be due to the
combined effects of tip shape, scanning, and/or kink diffusion. Attempts to obtain
sharper images at low temperature were not successful. The region of bright contrast,
presumably indicating the location of the Fe atoms [129], is clearly displaced away
from the actual step edge. A visual inspection of the bright region in the topographic
image may suggest that it is two atom rows wide. The line profile in Fig. 3 (a),
however, does show a distinct maximum at a location that is approximately two
atomic distances away from the blurred step edge region. Its height protrudes at
most 0.3 A above the upper terrace [130]. Atoms that are located right at the step
edge (i.e., indicated as the first row in the line profile diagram), appear to be at
exactly the same height level as the Cu atoms on the flat upper terrace, suggesting
that they are Cu atoms. The 0.3 A protrusion in the second row is too small for an
atop adsorbate. Instead, these observations [see also Fig. 3.5 (b)] are fully consistent

with the possibility of an embedded Fe atom, located at one atom distances away
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from the step edge. However, since the contrast in STM contains both geometrical
and electronic contributions, and specifically contributions from the modified charge
density near a step edge, we must verify the origin of the contrast, as done below

based on first-principles calculations.
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Fig. 3.6: (a) Close-up view STM image (7 nm x 7 nm,+1 V/5 nA) of a decorated
Cu(111) step. The line profile on the right is an average of 10 line scans at different
locations across the step edge. The vertical grid lines indicate the locations of the atoms
in the upper terrace. The shaded zone corresponds to the blurred region in the STM
topographic image. (b) STM image (4 nm x 20 nm, +1 V/3 nA) of the decorated step
edge for higher Fe coverage. Additional Fe atoms are attached to the upper edge of the step,
thus enhancing the vertical corrugation. Line profiles B and C correspond to embedded Fe
and atop Fe, respectively. (by J. Guo and H. H. Weitering)

Figure 3.6 (b) shows an image of a decorated step edge at a coverage slightly
higher (~0.10 ML) than that of Fig. 3.5 (b). The thickness and height of the wires is
no longer uniform. The line profiles clearly distinguish between embedded Fe atoms

(line profile along B) and atop Fe atoms (line profile along C). These observations
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are fully consistent with a scenario where the embedded Fe atoms trap additional

atoms, which nucleate into an atop wire or an attached nanowire.

3.3.3 Theoretical STM simulations and discussions

In order to elucidate the nature of the step edge contrast, we simulated the
STM images and line profiles using DFT for different step geometries. The DFT
results are obtained with the VASP code [39], using the Perdew-Wang 1991 version of
the generalized gradient approximation (PW91-GGA) [110]. Computational details
and convergence checks are the same as those in Ref. [127]. For the STM image
simulations, we used the Tersoff Hamann method [131] for a 6-layer Cu slab with
144 atoms. Each terrace is 4x4 atoms in size. The bottom three layers are fixed
at their respective bulk positions during the relaxation. A 4 x 2 X 1 mesh in the
Brillouin zone of the supercell is used to sample the reciprocal space. The vacuum

region separating slabs is equal to 10 A

Simulated STM images of the decorated step edges for the three step geometries
considered in Ref. [127] are shown in Figs. 3.7(a-c). To further determine whether
the Fe wire is truly embedded away from the step edge, we also simulated the STM
image for Fe atom locations at the lower edge of the step [Fig. 3.7 (d)]. The clean Cu
step shown in Fig. 3.5 (a), the “buried”wire in Fig. 3.6 (a), and the “attached”wire
in Fig. 3.6 (b) are nicely reproduced in Figs. 3.7 (a-c), respectively. On the other
hand, the distinction between Figs. 3.7 (b) and (d) requires special consideration.
In both cases, there is a clear charge density protrusion at the location of the Fe
atoms. However, compared to Fig. 3.7 (d), Fig. 3.7 (b) shows a small shoulder left
to the Fe row, due to the presence of a Cu atom at the lower edge of the step. This

shoulder is apparent in the line scan shown in Fig. 3.6 (a). Also, the pronounced dip
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Fig. 3.7: Upper panel: simulated STM images for (a) a Cu(111) step, (b) a Cu(111)
step with one row of Fe atoms embedded one lattice constant away from the step edge, (c)
same as (b) except for the addition of an atop Fe wire, and (d) a Cu(111) step with one
row of Fe atoms terminating the step. Lower panel: averaged tip height profiles for the
corresponding configurations shown in the upper panels. These profiles are plotted along
the direction perpendicular to the step and are averaged over 70 different line scans.

in the charge density contour at the location of the lower step edge in Fig. 3.7(d) is
not present either in Fig. 3.7(b) or in experiment. The combined experimental and
theoretical results thus overwhelmingly support the picture of initial embedding and

subsequent attachment of monatomic Fe wires.

As an indication of the general nature of this new and intriguing growth concept,
we have carried out first-principles calculations on the energetics and kinetics of
different types of metal adatoms (Co, Cu, and Zn) on vicinal Cu(111) with the
monatomic Fe wires embedded one lattice constant away from the step edges. We
find that the atop position is at least a local energy minimum, regardless of the type
of the adatoms. In particular, it is energetically most favorable for Co to reside on
top of the embedded Fe wires, thereby opening the possibility of forming a well-
ordered Co-Fe wire. Therefore, the Cu(111) stepped surfaces containing embedded

Fe wires can be used as ideal templates for tailoring metal alloy wires with tunable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8.8 Formation of monatomic Fe chains on vicinal Cu(111) surfaces: an atomistic
view 69

chemical compositions and potentially intriguing magnetic and transport properties.

Before closing, we note that the enhanced stability of the embedded monatomic
Fe wires might be attributed to the passivation and protection of the otherwise more
reactive Fe atoms by the outer lines of Cu atoms. Specifically, the mechanism of
embedding and passivation during the formation of the first Fe wire can be viewed
as the 1D analog of related processes in 2D, in which an Fe or Co layer grown on
Cu(100) is buried by an inert Cu layer upon annealing [132, 133, 134]. Precisely how
the passivation modifies the magnetic properties of the embedded Fe wire remains a

challenging issue for future studies.

It is also worthy of attention that under the same experimental conditions, the Fe
wire formation processes take place even at very rough steps, which clearly indicates
that the shape of the steps is not playing a role in the wire formation; instead the
interaction between the Fe adatoms and the close packed Cu(111) surface is essential,
as will be seen in the next section’s study. Fig. 3.8 is an STM image of an Fe nanowire

(in bright yellow) wandering along the rugged step edges.

3.3.4 Conclusions

In summary, arrays of monatomic Fe chains have been realized using a vicinal
Cu(111) surface with a regular step array. Detailed STM investigations aided by
DFT calculations firmly establish the initial embedding of Fe into the upper terrace
and the subsequent trapping of atop Fe atoms, resulting in the formation of long atom
wires along the upper edges of the steps. The atom wires are remarkably uniform and
in principle present an ideal testing ground for exploring one-dimensional magnetism

from first principles.
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Fig. 3.8: STM image of Fe nanowires on clean Cu(111) surfaces with irregular steps.
The size of the image in reality is 500 nm x 500 nm. The bright yellow shows where the
Fe atoms are. (by J. Guo and H. H. Weitering)
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3.4 Step-edge barriers and nanowire growth on

transition-metal surfaces

The activation barriers for adatom motion on terraces and across steps play
an essential role in determining the growth morphology of surfaces. We consider
a series of adatoms on representative transition metal surfaces and demonstrate,
through extensive first-principles calculations, a clear correlation between the step-
edge barriers and the the relative adatom-vs.-substrate electronic shell filling. An
approximate linear relation links the adatom surface binding energy to the hopping
energy barrier. Our results form the basis for predicting, through simple rules,
the character of surface growth in low-dimensional hetero-epitaxial systems such as

nanowires.

3.4.1 Introduction

Epitaxial growth continues to attract great interest as an effective approach for
producing nanostructures with desired properties [135, 136, 137]. A variation on the
general theme of epitaxy is the formation of self-assembled nanowires at step edges
where strikingly self-regulated growth is observed [53, 103, 104, 105, 106]. These
nanowires, composed of atoms different than the substrate (hetero-epitaxial), repre-
sent an attractive realization of the long sought one-dimensional, atom-wide struc-
tures, that can serve as a template for fundamental studies of electronic and magnetic
behavior in low dimensional systems. The key parameter that controls the nature of
this growth is the difference between the activation energy barrier for diffusion along
the terrace, e, and diffusion across a step edge, €, the so-called Ehrlich-Schwoebel

(ES) barrier [138, 139]: egs = €se — &t (see Fig. 3.9). A small or non-existent ES bar-
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rier favors layer by layer growth, while a large one leads initially to two-dimensional
fractal islands and later to three-dimensional island growth. While these notions are
well established and describe satisfactorily homo-epitaxial growth [140], a far more

complex picture emerges in the case of hetero-epitaxial nanowires.

Adatoms on surfaces can migrate from the upper to the lower side of a step
through either a hopping or an exchange process [141, 142] (see Fig. 3.9). The
step-edge activation energy is the lower of the two energy barriers corresponding to
hopping or exchange. Accordingly, the ES barrier in different cases may originate
from different processes. In homo-epitaxial growth, either process leads to the same
surface morphology after the adatom has diffused from the upper to the lower side of
the step. In the case of hetero-epitaxial growth, the two processes result in different
configurations: the hopping process places the hetero-adatom at a site of the lower
step edge, protruding from the step (Fig. 3.9(B)); the exchange leaves the hetero-
adatom at the step edge and a substrate atom protrudes onto the lower side of
the step (Fig. 3.9(C)). Therefore, the value of the ES barrier alone does not fully
describe the relevant physical processes; the mechanism for diffusion across the step
edge must also be identified. Repeated hopping or exchange events will lead to either
a row of atoms decorating the lower step edge [104], or a wire embedded within the
step, one atom away from the step edge [143]. Both processes produce stable, one-
dimensional, atom-wide wires that are well suited for the study of low-dimensional
physics. It is, however, not possible to predict from simple considerations which

process dominates and why.
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vacuum
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Fig. 3.9: Energetics and atomic structures for adatom (green sphere) motion across a
surface step: (A) is the initial configuration with adatom at the upper side of the step; (B)
and (C) are final configurations from a hopping and an exchange process. The relevant
binding energies (Es, Egy, Eq) and energy barriers e, & are also indicated (see text).

3.4.2 Results

In this Letter we study theoretically the nature of ES barriers on stepped transition-
metal surfaces through systematic investigation of the energetics (total energies and
binding energies) and kinetics (terrace diffusion barriers, step-edge hopping and ex-
change barriers). We considered two sets of adatoms on two stepped transition-metal
surfaces: Fe, Co, Cu, and Zn adatoms on the Cu(111) surface, and Rh, Pd, and Ag
adatoms on the Pd(111) surface. We chose these systems for two reasons: First, the
Cu and Pd (111) surfaces are close-packed and have electronic densities that resem-
ble a two-dimensional free-electron system with the steps acting as the prototypical
one-dimensional defects. Second, the adatoms in each case are elements in the same
row of the periodic table as the substrate atoms, thus of similar size, which minimizes

strain effects. This set up is designed to bring out electronic effects in systems that
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are close to simple, idealized models (like the jellium surface), but at the same time

are realistic since some of them have been studied experimentally.

We find that the ES barriers are only slightly different from the corresponding
step-edge barriers, because the terrace diffusion barriers for all systems we studied
are much smaller than the step-edge barriers. We also find that the step-edge barriers
display simple trends and are correlated with the electronic structure of the adatoms
in reference to the substrate atoms. We provide evidence that hopping barriers scale
roughly linearly with binding energies of the adatoms on the terraces. These results
constitute a useful guide for designing and controlling the growth of self-assembled

nanostructures on surfaces, using simple rules based on intuitive arguments.

Our investigation is based on first-principles calculations in the context of density
functional theory, employing VASP [39] with the generalized gradient approximation
(GGA) [110] for exchange-correlation effects and ultrasoft pseudopotentials to rep-
resent the atomic cores [73]. The Fermi-level smearing approach of Methfessel and
Paxton [36] is used for the electronic states near the Fermi level, with a Gaussian
width of 0.2 eV. We use the nudged elastic band method (NEB) [111], followed by
spline interpolation, to determine the diffusion pathways and energy barriers. We
model the stepped surfaces by a slab miscut along the (322) direction, consisting
of (111) terraces of width five lateral lattice constants separated by A-type steps of
monatomic height [114] (we expect trends to be similar on B-type steps). Compu-
tational parameters where chosen to ensure that all quantities of interest are well

converged and accurate [144].

We turn next to the discussion of diffusion barriers for specific cases. The pre-
ferred adsorption sites of the adatoms on the stepped Cu(111) and Pd(111) surfaces

are the fcc sites, whether they are in the central region of the terrace or in the imme-
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diate vicinity of the step, either on the upper side (Fig. 3.9(A)) or in the lower side
after hopping (Fig. 3.9(B)) or exchange (Fig. 3.9(C)). We will take configuration (A)
as the reference state for relative energies. The energy of configurations (B) and (C)
relative to that of (A) for the various systems we considered, and the corresponding

hopping and exchange barriers are presented in Fig. 3.10.
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Fig. 3.10: Lower panel: total energy Eg, E¢ of configurations (B)-red open symbols,
and (C)-blue open symbols, relative to that of (A). Upper panel: energy barriers €hop for
hopping from (A) to (B)-red open symbols, and ey for exchange from (A) to (C)-blue
open symbols. The filled symbols are the corresponding ES barriers in each case (the lowest
of the hopping or exchange barriers minus the terrace diffusion barrier).

Certain clear trends emerge from these results. First, for all adatoms on Cu(111)
or Pd(111), configurations (B) and (C) have lower energies than (A) and thus are
more stable. On each substrate, the magnitudes of Eg and E¢ decrease with in-
creasing atomic number of the adatom (left to right in Fig. 3.10). For adatoms to
the left of the substrate element E¢ < Eg, indicating that (C) is the most stable
configuration; for adatoms to the right of the substrate element the reverse is true,

that is, Eg < Eg, with (B) being the most stable configuration. The activation
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substrate Cu(111) Pd(111)
adatom Fe Co Cu Zn | Rh Pd Ag
€t 0.03 0.04 0.06 0.05 | 0.10 0.12 0.08
€ES 0.05 0.08 0.34 0.14 | 0.00 0.26 0.26
Mechanism | exc exc exc hop | exc exc hop

Table 3.2: The values (in eV) of terrace diffusion barrier & and ES barrier egg for dif-
ferent adatoms on Cu(111) stepped surface and Pd(111) surface; the preferred mechanism
for step-down motion (exc: exchange, hop: hopping) is also identified in each case.

energy barriers show that the most stable configurations can be easily reached since
they involve small barriers. For both substrates, the direct hopping barriers from
(A) to (B) (enop) decrease with increasing atomic number of the adatom, while the
exchange barriers from (A) to (C) (g) increase. Comparing the relative magnitudes
of the hopping and exchange barriers for each adatom, we find that for adatoms to
the left of (including) the substrate element, ey < €nop, namely the exchange process
is preferred; for adatoms to the right of the substrate element, enop is smaller, that
is, the hopping process is preferred. The values of ES barriers, egg are all relatively

small (less than 0.5 eV, see Table 3.2).

To elucidate the origin of the trends revealed above, we analyze the electronic
interactions between the adatoms and the substrates by examining charge transfer
effects that characterize the adatom/substrate binding strength. This is defined as
the charge density difference between the system with the adatom on the one hand,
and that consisting of the substrate alone (with the same structure as when the
adatom is present) and the isolated adatom, on the other. The results are shown in
Fig. 3, on a plane that contains the adatom and its nearest neighbor substrate atoms
at the step. As is evident from this figure, electronic charge accumulates between

the adatom and its nearest-neighbor substrate atoms; this is typically interpreted as
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evidence of bonding between these atoms. The strength of these bonds, measured
by the amount of charge transfer, follows the same trend as the energy barriers for
hopping. This is a sensible result, since hopping down from the upper to the lower
side of the step edge breaks the “bonds” (in a general sense) between the adatoms
and their nearest-neighbor substrate atoms. The stronger these bonds are, the larger

the energy cost to break them, or equivalently, the larger the hopping energy barrier.

-0.5

Fig. 3.11: Charge transfer between the adatom and its nearest neighbors for the
Cu(111) (upper curve and contours) and Pd(111) (lower) substrates. Red and blue con-
tours correspond to accumulation and depletion of electronic charge, respectively. The
points indicate the values of the hopping energy barrier (lines are guides to the eye).

The trend in bonding strength revealed by the charge transfer analysis can also be
used to interpret the trends in total energies and in exchange barriers. The adatom
should prefer the embedded configuration (C) (see Fig. 3.9) when bonding to sub-
strate atoms is strong, but should favor configuration (B) when bonding is weak.
This is consistent with the total energy differences we have found: For adatoms to

the left of the substrate element, which show strong bonding to substrate atoms, Ec
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< Eg, while for adatoms to the right of the substrate element which show weaker
bonding, Eg < Eg. Note that for adatoms which are the same as the substrate
atoms Eg = E¢ by definition; the charge transfer in this case can be used as the ref-
erence point for defining the strength of adatom-substrate bonding relative to that
between substrate atoms. Finally, the barrier for exchange for those adatoms that
are strongly bonded to the substrate atoms should be smaller than for those that are
weakly bonded, because exchange involves maintaining of the adatom-substrate in-
teraction and breaking of the interaction between the substrate atoms. Equivalently,
the hopping process should show opposite trends relative to the exchange process ac-
cording to the variation of the adatom-substrate bond strength. These features are
reproduced by the results of Fig. 3.11. The picture of hopping and exchange barriers
and of relative energies is consistent with a simplified bond counting approach[146],
emerging here from detailed analysis of the electronic structure calculations rather

than from empirical considerations.

Additional insight can be gained by considering the relation between the step-
edge hopping barriers and the adatom terrace binding energies, defined as the total
energy difference between the isolated adatom and a clean surface on the one hand,
and the adatom at its equilibrium configuration on the substrate on the other. For
each adatom and substrate, we considered separately the hopping barrier from the
upper to the lower step edge (step down motion) and the reverse process (step up
motion). The results of these calculations are shown in Fig. 3.12. In all cases, the
energy barrier for hopping scales with the terrace binding energy, and to a reasonable
approximation the relation is linear. This is consistent with the preceding analysis
which was based on the strength of adatom-substrate bonding as revealed by charge

transfer effects. What is intriguing is that the relation between hopping energy
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Fig. 3.12: Step edge activation barriers as a function of adatom binding energies for
the various adatoms at the upper step edge hopping down (step down motion) and at the
lower step edge hoping up (step up motion), for the Cu(111) and Pd(111) substrates. Lines
are linear fits to the calculated values shown by points; Purple square and orange triangle
symbols represent events on Cu(111) and Pd(111) stepped surfaces, respectively.

barriers and adatom binding energy is linear, and that the slope is roughly the same
for the two substrates (all results are approximately captured by the same line). The
slopes are different for the two different processes, ~ 0.23 for step down motion and
~ 0.41 for step up motion. Similar linear relations were found for terrace diffusion
of non-metal atoms and molecules on transition-metal surfaces [147]. We do not find
the same linear relation between the terrace diffusion barriers and binding energies

here, most likely because the terrace diffusion barriers on the close packed (111)

surfaces are so small.

The linear relation in Fig. 3.12 generally cannot be extrapolated to other ele-
ments that are not located in the vicinity of the substrate element in the periodic

table. Extensive calculations for W, Al, and Ga adatoms on the same stepped
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Cu(111) substrate show that barriers for step down motion and the terrace binding
energies for these elements do not fit the simple linear relation for the Fe, Co, Cu
and Zn adatoms. This is not surprising, since for elements that are distant from the
substrate element, effects of different nature than those considered here, for instance
strain, can play an important role. However, a more extended study that takes into
account such effects may also reveal simple relations between hopping energy barriers

and adatom binding energies.

3.4.3 Discussions

One direct application of this study is to facilitate designing of low-dimensional
nanostructure growth on stepped surfaces. For the adatoms and substrates we con-
sidered, knowing the adatom terrace binding energy, which can be experimentally
measured, allows the estimation of the step edge hopping barrier, and consequently
the prediction of the adatom step edge behaviors. Systems (adatom plus substrate) of
similar nature should fit in the picture that Fig. 4 presents and extended knowledge
that may assist experimental surface growth could be obtained. When generalized
to the situation that more adatoms are approaching the step edge, following the
process the first adatom takes, nanowires decorating the steps, either at the lower
step edge (the result of hopping) or embedded in the step (the result of exchange),
will be formed. In fact, the Fe embedded wire on Cu(111), belonging to the latter
category, has been recently realized experimentally [143]. We also predict that under
control, growth of Co embedded wire should be feasible. Furthermore, these single
wire decorated new substrate may provide template for alloy wire growth when a

third type of adatoms are deposited subsequently.
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3.4.4 Conclusion

In conclusion, we studied the behavior of adatoms at step edges on the Cu(111)
and Pd(111) surfaces. Well defined trends were found in adatom step edge hop-
ping barriers and exchange barriers which can be readily interpreted in terms of the
electronic interactions between the adatom and the substrate. We find that for a
set adatoms on the same substrate, the magnitude of step edge hopping barriers
relative to the terrace binding energies can be described by a simple linear rela-
tion. Our study elucidates the mechanisms of low dimensional wire formation on
stepped surfaces. We hope that these results can assist designing and manufacturing

of low-dimensional (alloy) wires with interesting electronic and magnetic properties.
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4.1 Overview

The official discovery of carbon nanotubes in 1991 started a new page in the
field of nanotechnology. This new form of an old material, graphene, raised wide
interests of the whole world. The amazing features these nanotubes made them
promising materials in numerous applications. First of all, carbon nanotubes are one-
dimensional systems. It provides a rare opportunity for experimental research on one-
dimensional systems. Secondly, their mechanical property is unexpectly good: the
material is stronger than diamond but much easier to obtain; compared to materials
composed of other elements, it is very light weighted. This feature makes the carbon
nanotubes ideal building blocks for devices working at extreme conditions, like space
crafts. Thirdly, carbon nanotubes can either be metallic or semiconducting. The
transport property of a carbon nanotube in theory should be super with extremely
high conductivity, which would find its application in nano-electronic-devices. The
semiconducting nanotubes can potentially be used in transistors. The size of these
tubes convinced people that their application in the semiconducting industry would
upgrade the whole field. The possibility of hydrogen storage, drug delivery, DNA
sequencing with carbon nanotubes have been explored as well. The realization of
this third aspect application of carbon nanotubes have been the most attractive and

guided the majority of effort in research.

However, after more than 25 years of research, we still have not seen carbon
nanotubes being used much in industry. The society has mostly agreed that using
carbon nanotubes for hydrogen storage is most likely a science fiction. The validity of
other applications in semiconducting and pharmaceutical industries is still pending.
The problem lies in the fact that these applications are all making use of the electronic

properties of the carbon nanotubes, which is decided by the symmetry of the tubes
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and uncontrollable during manufacturing. The inability to mass-produce carbon

nanotubes with uniform electronic properties holds them back in the laboratories.

People seek the solutions to the problem in two ways. One concentrates on
looking for experimental techniques that can selectively, and repeatedly produce
carbon nanotubes with one particular electronic property. The other search for
alternative materials that resemble carbon nanotubes in structure and properties
but are easier in manufacturing. Progress has been made in both directions; but
in the latter it has been more successful since there has been more free space for
development. Researchers have been redirected to understand more about nanowires

and designing and generating new nanotubes.

In this chapter, we propose a new type of structurally simple and energetically
stable cyanide-transition-metal nanotubes, based on the planar structure of M(CN)a,
(M = Ni, Pd, Pt). These nanotubes have semiconducting character with large band
gap (~ 2 — 3 eV) which is insensitive to chirality and diameter. We study the en-
ergetic, electronic, and mechanical properties of these materials in both planar and
tubular forms through first-principles density functional theory calculations. The cal-
culations reveal interesting multi-center bonding features which should lead to pref-
erential growth of tubes of a particular chirality. These intrinsically semiconducting
nanotubes can be readily p-doped or n-doped, which makes them good candidates

for nanoscale elements in electronic devices.

The special role the four-coordinated Pd atoms played in the center of a square
inspired us to inspect the structure of the SnSe4Pd/Sn2SesPd pore structure. These
nanopores have been experimentally realized. They were reported to have hexagonal
structures consisting of honeycomb arrays of parallel pore tunnels. Their high sur-

face areas would allow separation of solutes and assist chemical catalytic processes
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and reactions. However, the structures of these nanopores remain mystery. Some

preliminary results on our investigation of the problem will be shown in Appendix.

4.2 Introduction

The discovery of carbon nanotubes (CNTs) [148] has given birth to an entire
field devoted to the study of these one-dimensional (1D) nano-scale structures that
exhibit extraordinary properties and promise for applications. For instance, single
wall carbon nanotubes have been reported to show Luttinger liquid behavior [149]
and proximity-induced superconductivity [150]. The electronic properties of a car-
bon nanotube are fully determined by its chirality and can range from metallic to
semiconducting. Control of the nanotube chirality and diameter during growth is
difficult .and presents a major obstacle to mass production of nanotubes with desired
properties. To overcome this limitation, boron-nitride nanotubes (BNTs), which
have properties less sensitive to chirality, were proposed theoretically [151] and later

realized experimentally [152].

In this chapter we propose a new type of structurally simple and energetically sta-
ble nanotubes consisting of transition metals and cyanide units. In order to examine
the structural and electronic properties of the cyanide compounds and nanotubes, we
employ density functional theory (DFT) as implemented in VASP [39, 153, 154], with
computational parameters that ensure high accuracy([155]. We find that the cyanide-
transition-metal nanotubes are semiconductors with large band gaps (~ 2 — 3 eV),
and that their chirality affects the electronic band gap only marginally. The nature
of bonding in these systems suggests that tubes of a particular chirality will be en-

ergetically more stable, leading to a natural self-selection of tubes with well-defined
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Fig. 4.1: The three types of Ni(CN), sheet (the Ni atoms can be replaced by Pdor Pt
atoms for Pd(CN)y or Pt(CN)g sheet) with the corresponding primitive lattice vectors ay,
as, and atomic basis (enclosed within the red dashed lines).

electronic properties.

The cyanide compounds we consider are composed of the transition metals Ni,
Pd or Pt in their 2+ oxidation state and the cyanide base (CN)~. The simplest
possible structure consisting of these structural units, suggested by Pauling[156], is
shown in Fig. 4.1(a); we refer to this as structure I. The unit cell contains one metal
atom and two CN units. Each metal atom is surrounded by two C and two N atoms,
with the two C atoms being second neighbors (similarly for the two N atoms). There
are two other ways of arranging the atoms in the Ab initio calculations square planar
lattice, but with larger unit cells. In the first, shown in Fig. 4.1(b) and called Ila,
there are two metal atoms and four CN units in each unit cell, with one metal atom
surrounded by four C atoms and the other by four N atoms. In the second, shown
in Fig. 4.1(c) and called IIb, also containing two metal atoms and four CN units
in the unit cell, each metal atom is surrounded by two C and two N atoms and
the pattern is rotated by 90° in neighboring metal sites; the two C neighbors of a

given metal atom are not second but third nearest neighbors (similarly for the two
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N atoms); the second neighbors are C and N atoms belonging to different CN units.
In all structures, the metal and CN units are linked by strong covalent bonds while
the inter-planar interactions are weaker, of van der Waals type. Of these, the type
ITa Ni(CN), planar structure was experimentally reported more than a century ago

[157], formed in ammonia solution; its structure has been studied in detail [158].

4.3 Results and discussions

4.3.1 Structural features

Our DFT calculations indicate that structure I, although to our knowledge not
yet reported experimentally, is the lowest energy one: in the case of Ni, structure IIa
has higher energy than structure I by 0.07 eV per Ni(CN)2 unit; structure IIb has
higher energy than structure I by 0.17 eV per Ni(CN); unit. The detailed information
is provided in Fig. 4.2. When the Ni atoms are replaced by Pd atoms to produce
Pd(CN), structures, the same situations takes place where structure I has the the
Jowest total energy among the three. This information is illustrated in Fig. 4.3.
Thus, structure I is the thermodynamically stable one, although its formation under
hydrothermal conditions in ammonia solution may have been kinetically inhibited.
Using modern synthetic methods, it should be possible to form structure I by gas
phase reactions. A possible reaction sequence is indicated in Fig. 4.4.

The s‘ynthesis starts by using chelating agents to clamp two of the possible bonds
of each Ni atom in its square planar coordination, leaving the remaining two free to
react. The product of this initial step in the reaction process is shown schematically

as the initial configuration in Fig. 4.4. Next, the cyanide bases (CN)~ are added.
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Fig. 4.2: The total energy for three Ni(CN)g structures shown in Fig.4.1 plotted as
a function of |a|, the length of the lattice constant in Fig. 4.1(a). The yellow curve
corresponds to structure ITb; the green curve corresponds to structure Ila; and the red
curve corresponds to structure L.

These bases react in gas-phase with the clamped Ni atoms and three possible prod-
ucts, shown in Fig. 4.4 after step (1). The chelating agent is Ab initio calculations
removed (step (2)) and the Ni(CN); molecules are free to react with each other (step
(3)) to form larger units, eventually growing to become the extended planar structure
(step (4)). During this last step in the reaction, the lowest energy structure I (Fig.
1(a)) should be naturally chosen, although structures Ila and IIb or even structures
with less order could be formed from a mixture of the three structural units produced
by step (2) of the reaction path. Our calculations show that the electronic properties
of the three planar structures are very similar, indicating that disorder will not affect
the electronic behavior significantly. If a planar structure can be formed, the same

synthetic procedure could lead to formation of nanotubes, as is the case for the CNT's
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Fig. 4.3: The total energy for three Pd(CN), structures shown in Fig.4.1, plotted as
a function of |a;|, the length of the lattice constant in Fig. 4.1(a). The yellow curve
corresponds to structure IIb; the green curve corresponds to structure ITa; and the red
curve corresponds to structure I.

and BNTs. Accordingly, in the following we concentrate mainly on the properties
of planar and tubular structures based on structure I. Future discussion illustrating
the similarities in electronic properties of structure I and Ila further proves that the
stable electronic properties of these materials we will focus on is insensitive to the

structures.

The square lattice structure of the cyanide sheet has lower symmetry than the
hexagonal structure of a single graphite sheet (graphene), which effectively reduces
the possible ways of rolling it into tubes. We will concentrate on the three simplest
types of tubes (see Fig. 4.5): the (n,0) tubes, corresponding to rolling the sheet
along one of the lattice vector directions, and the (n,n) or (n,ni) tubes, corresponding

to rolling the sheet along the two diagonal directions of the unit cell. Notice that
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Fig. 4.4: Gas-phase synthesis of Ni(CN); sheet and nanotubes. See text for the details
of the four steps in the process.

the two diagonal directions are not equivalent: the (n,n) tubes correspond to cross-
sections involving a metal atom bonded to one C and one N atom, whereas the (n,n)
tubes correspond to cross-sections involving a metal atom bonded to two atoms of
the same type (both C or both N, depending on where the cross-section is taken).
Two examples (the (4,0) and (4,4) nanotubes) are shown in Fig. 4.5. A general
chirality (n,m) is also in principle allowed, but the stability of such tubes may be
inhibited by the complexity of bonding between the metal atoms and the cyanide

units.

4.3.2 Electronic features

We consider next the electronic properties of the cyanide sheets and nanotubes.
We find that the band structures of the sheets with different metal elements are very
similar. When the sheets are rolled into 1D structures, the overall band structure
features remain similar to those of the corresponding sheet structure, aside from
the folding of the 2D Brillouin Zone (BZ) of the sheet to the 1D zone of the tube.
Accordingly, we present here only a detailed analysis on the band structure and
bonding features of the Ni(CN), sheet, which is representative of all other cyanide

planar and tubular structures.
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Fig. 4.5: Top view of the sheet (center, a 4 x 4 area) and the (4,0) (left) and (4, 4)
(right) nanotubes based on structure I. Diagonal and horizontal red arrows indicate the
(n,0), (n,n), and (n,ii) tube-rolling directions. (vellow spheres = metal, blue spheres = N,
yellow spheres = C)

Tn Fig. 4.6, we show the band structure (left) and the wave function magnitude
(right) of various bands at T, the BZ center. There are fourteen filled bands. The
lowest two correspond to C-N ¢ bonds and their energy lies below the range shown
in Fig. 4.6. The band structure shown contains the other twelve filled bands and
three of the conduction bands. The band gap (2 eV) is indirect, between I' and the
high symmetry point M. Of the fifteen bands shown, four are denoted by open circles
(bands 7-10, unlabeled in Fig. 4.6), lying in the range between —2 to —4 eV, these
states correspond to four C-N bonds of pure 7 character, which, together with the
C-N ¢ bonds, form the triple bond between these two atoms of the cyanide unit.
The remaining eleven bands are denoted by filled circles and correspond to bonds
involving both s and p orbitals of C and N as well as d orbitals from the metal atoms.

We classify these bands into three categories:
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(a) Bands 3 — 6 lie in the energy range —4 to —9 eV and correspond to N-N (band 3)
and C-C (band 5) interactions, and to N-Ni-N (band 4) and C-Ni-C (band 6) bonds.
All of these interactions have ¢ character; the last two are 3-center bonds.

(b) Bands 11 — 13, lie in the energy range —2 to 0 eV, and correspond to multiple
center bonds of 7 character: band 11 involves all five atoms in the unit cell (a 5-center
bond), band 12 involves the two N atoms and the Ni atom (a 3-center bond) and
band 13 involves the two C atoms and the Ni atom (another 3-center bond). Band
14 corresponds to a non-bonding state of Ni of d3,2_,2 character; this last band is the
highest occupied one and exhibits no dispersion, since it does not involve interaction
with any of the other orbitals.

(c) The remaining three bands are unoccupied, and correspond to the anti-bonding
combinations of states that were already encountered in the valence manifold, as is

evident from the wave function features.

The band structure described above can be accurately reproduced by a tight-
binding scheme with a minimal basis consisting of the four sp orbitals of C, the
four sp orbitals of N and the five d orbitals of Ni. A detailed interpretation of the
character of the bands is provided in Table 4.1. The participation of d orbitals
introduces two groups of interesting multi-center interactions: the relatively weak
5-center 7 interactions (bands 11,12,13), and the considerably stronger 3-center o
interactions (bands 4 and 6). Interrupting or distorting these interactions would
incur large energy costs. Based on this observation we predict that the (n,n) and
(n,n) diagonal tubes will have lower energy than the (n,0) square tubes because rolling
the sheet along the diagonal direction introduces smaller distortion to the 3-center
o interactions. For short, finite tubes, the issue of interruption of interactions at the

end of the tube will also be important. In this case, we expect the (n,ii) type to be
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Fig. 4.6: Left: Band structure of the Ni(CN) sheet; the Fermi level is at the highest
occupied band. Right: plots of |1;(r)|? for the wave function at I' that include significant
contributions from Ni d orbitals (see text).

the preferred structure for the following reasons: termination along (n,0) eliminates
two o interactions and two 7 interactions and distorts the remaining 3-center o
interaction significantly; termination along (n,n) eliminates four o interactions and
four 7 interactions; termination along (n,ii) eliminates only one o interaction and

two 7 interactions.

At this point, let us pay a revisit to the three structures illustrated in Fig. 4.1
from an electronic point of view. Fig. 4.7 and 4.8 show the band structures of
Ni(CN), I and Ila structures and Pd(CN), I and IIa structures, respectively. The
band structures are calculated with two units of M(CN), pairs, which is the unit cell
of structure ITa. As is readily shown on these figures, structure I and Ila of both

materials share the same features in bands. The major difference comes from the
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n | Ni orbitals C,N orbitals character

17 | (dys + dza) —[y(@5t —p5?) =90 (p)+ — p32)] | anti-bonding

16 dzy —[a(pSt + pS2) — B(p)* + pi?)] | anti-bonding
— %1 — C] . C2 — Cg i :

15 | dpr_ype [(s pt) — (s p;?)] | anti-bonding

14 dp2_3,2 non-bonding

13 (dyz - dzw) +[5( 31 - p(zjz) + ’Y(plz\h - plz\b )] C1,2_Ni‘Nl,2 (W)
12 | (dye + dog)  +y®St +952) — 85 + p3?)] | C12-Ni-Nyp ()
11 dzy +[a(p§1 + pl2) — ﬁ(pyl +pi2)] | C19-Ni-Ny o (m)
6| dp_ype +e[(sC = p81) — (%2 = p5?)] | Ci-Ni-C; (0)

; (s~ + (2~ ) | CGi-Ca (0)

1 dplp A A - ()] | NeNiNs (0)

3 (8N + pl1) + (N2 + pl?) N;-N; (o)

Table 4.1: Interpretation of electronic states at I', in terms of transition metal d
orbitals and C, N s and p orbitals (see text for details). o and 7 stand for the character
of the interactions; a — € are coefficients that determine the weight of each orbital in the
electronic state (an overall normalization factor is omitted).

some minor relative shifts of the bands. The characteristics of the band gaps, top
valence bands and bottom conduction bands are largely kept. Notice that structure
I always has the largest band gap, which is another sign indicating that it is the more

stable structure of the two.

To support our qualitative analysis of the stability of cyanide nanotubes which
was based on the strength of bonds between atoms, we have performed extensive to-
tal energy calculations for the Pd(CN), sheet and nanotubes; the results are shown
in Table 4.2. From these results, we find that the infinite (4,4) and (4,4) nanotubes
have an energy 0.43 eV per Pd(CN); unit lower than that of the (4,0) tubes, consis-
tent with our analysis. Furthermore, we find that all three Pd(CN), nanotubes are
semiconductors with indirect gaps ranging from 2.1 to 2.8 eV. Compared to the sheet
structure, the band gap closes by 0.83 eV for the (4,0) tubes, and by 0.12 eV for both

the (4,4) and (4,4) tubes, which correspond to decreases of 28% and 4%, respectively,
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Fig. 4.7: The comparison of band structures of Ni(CN); sheet as shown in Fig. 4.1(a)
and (b).

from the band gap of the sheet. Notice that the band gap of these three nanotubes
increases with the diameter, but is always smaller than the band gap of the sheet.
This feature is consistent with previous studies of MoS, nanotubes [159]. This is
further confirmed by additional calculations on (5,0) and (6,0) Pd(CN), nanotubes.
We find that the band gaps of the fully relaxed (5,0) and (6,0) tubes are 2.66 eV
and 2.56 eV, respectively. Both are larger than that of (4,0) tubes and smaller than
that of the sheet. It is also interesting to note that the (4,4) and (4,4) tubes, which
have diameters larger than the diameter of the (5,0) tube but smaller than that of

the (6,0) tube, have larger band gaps than the square tubes. Considering that the

n = 4 nanotubes are those with the smallest possible diameter, we conclude that
cyanide nanotubes have relatively stable band gaps and uniform electronic proper-
ties. This is an essential element for practical applications. Compared to our cyanide

nanotubes, the band gaps of BNTs exhibit considerably larger relative variation with
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band structure for (I) band structure for (Ila)

Fig. 4.8: The comparison of band structures of Pd(CN) sheet as shown in Fig. 4.1(a)
and (b).

the tube diameter while for CNTs the relative band gap variation is even larger and
the character of the system can easily change from semiconducting to metallic as a

function of diameter and chirality changes.

4.3.3 Mechanical properties

We next consider the mechanical properties of the cyanide nanotubes. A quan-
titative description of the elasticity of the tubes requires a calculation of Young’s
modulus, which involves specifying a wall thickness for the tubes. To our knowledge,
there have been different standards on how this quantity should be defined for nan-
otubes [160, 161, 162]. Both the interlayer separation in the corresponding layered
material (graphite for CNTs, [160]) and the average optimized intertube distance in

periodic arrangements [162] have been used as measures of the tube wall thickness.
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Experimentally it has also been difficult to provide a precise value of Young’s mod-
ulus for nanotubes [163, 164, 165, 166]. Previous theoretically and experimentally
determined values of Young’s modulus fall within a range around 1 TPa for CNTs
and around 0.8 TPa for BNTs [167]. Recent experimental and theoretical work has
provided a more comprehensive picture of the mechanical properties of various nan-
otubes [168, 169, 170]. For the cyanide nanotubes, we use the intertube distance
as the thickness of the tubes. To obtain this value, we considered a periodic ar-
rangement of nanotubes on a hexagonal lattice in the plane perpendicular to their
axis: in the optimal configuration, obtained from energy minimization, the intertube
distance for the (4,0) nanotubes is 4.4 A, for the (4,4) nanotubes 4.0 A, and for the
(4,3) nanotubes 3.7 A. The intertube interactions are weak (van der Waals type),
and the energy in the periodic arrangement is lower than for isolated nanotubes by
0.1 eV for the (4,0) nanotubes, and by 0.01 eV for the (4,4) and the (4,4) nanotubes
per unit cell. Structural parameters for the three types of nanotubes in the isolated
and crystalline arrangement are summarized in Table 4.2. In general, the intertube

interactions do not alter their structure or electronic properties.

Young’s modulus values listed in Table 4.2 for the cyanide-transition-metal nan-
otubes are more than one order of magnitude smaller than those of the CNTs and the
BNTs reported in the literature. This is due to the fact that the cyanide nanotubes
have much larger open spaces between rows of bonded atoms, providing additional
room for atomic relaxation when stress is applied, in contrast to the CNTs and BNTs
where the very compact arrangement of atoms leaves little room for relaxation. The
value of Young’s modulus for the (4,4) tubes is twice as large as that of the (4,4)
tubes. This is due to the nature of the 3-center ¢ bonds around the metal atom (M):

the stretching of the (4,4) tubes along the (n,n) direction, due to distortion brought
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sheet | (4, 0) tube | (4, 4) tube | (4, 4) tube
AE (eV) | 0.00 | 0.56 [0.46] | 0.13[0.12] | 0.13 [0.12
€00p (6V) | 2.96 | 2.13 [2.12] | 2.83[2.69] | 2.82 [2.68
Pd-N (A) | 2.03 | 2.05 [2.06] | 2.04 [2.03] | 2.04 [2.03
Pd-C (A) | 1.94 | 1.94 [1.94] | 1.94 [1.94] | 1.94 [1.94]
C-N(A) | 117 | 1.17 [1.17] | 117 [1.17] | 1.17 [1.17]
D (A) 7.08 [7.04] | 8.95 [8.92] | 9.07 [9.09]
d (A) 4.43 4.00 3.73
Y (TPa) 0.2370.24] | 0.06 [0.05] | 0.03 [0.04

Table 4.2: Structural and electronic properties of the Pd(CN)2 sheet and nanotubes:
AE is the energy difference of the tubes relative to the sheet per Pd(CN)2 unit; £44p is the
electronic band gap; Pd-N, Pd-C and C-N are the distances between pairs of atoms; D
is the tube diameter; d is the inter-tube distance; ¥ is Young’s modulus. The numbers in
square brackets correspond to values in the periodic arrangement of tubes, those without
brackets to isolated tubes. The bond lengths of the (4,0) nanotube in the directions parallel
and perpendicular to the axis are the same to within 0.01 A.

by the wrapping of the sheet into a tube, distorts both the C-M-C and the N-M-N
o bonds, while the same operation on the (4,4) tubes along the (n,fi) direction helps
to relax the distortions of those bonds, accounting for the large difference in the
response of the two types of tubes to external stress. This fact also supports our
prediction that among the cyanide nanotubes with finite length, those of (n,ii) type

are likely to be the most stable.

4.4 Conclusions

Cyanide-transition-metal nanotubes could prove useful because of their structure-
independent electronic structure as a function of size and chirality. By proposing and
studying these tubes, we hope that this special property could be used for large scale

semiconducting nanotube production and facilitate the use of these nanostructures
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as key elements in electronic device applications. It is also straightforward to produce
doped nanotubes, at least in principle. Specifically, by introducing in sufficient con-
centration acetylene (CyH,) instead of cyanide (HCN) at the second step of gas phase
synthesis, some CC units will be incorporated in the tube in place of the CN units,
producing p-doped structures. By analogy, if N2 molecules were to be introduced at
the second step of the gas phase synthesis under the right conditions some CN units
will be replaced by NN units, giving rise to n-doped structures; however, due to the
exceptional stability of the Ny molecule it may be significantly more difficult to pro-
duce n-doped tubes than p-doped tubes. Moreover, these tubes could also be easily
functionalized because of the presence of several types of atoms, and in particular the
metal elements that can react more readily than the fully bonded C and N atoms. As
our preceding analysis showed, both the valence band maximum and the conduction
band minimum of the cyanide tubes have components from the d orbitals of the Pd
atom. In particular, the highest occupied band corresponds to a pure ds,2_,2 orbital,
with lobes pointing out of the plane. This orbital would be available for interaction
with orbitals of adsorbate atoms. Thus doping of these semiconducting tubes may

produce interesting variations of their electronic properties.

In conclusion, we have proposed a new type of nanotubes based on transition
metals and cyanide units. All the tubes we have examined are semiconductors re-
gardless of their chirality. Variations of electronic band gaps with chirality are much
smaller than in other types of nanotubes, like the common carbon or boron nitride
nanotubes. The interesting nature of bonds in these systems, some involving more
than two atoms, will play an important role in selecting the structure of the most
stable tubes. In our study, the (n, fi) tubes were found to be the most stable, which

we suggest may be dominant in experimental growth of cyanide tubes. Although
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mechanically not as stiff as CNTs and BNTs, we expect these tubes to be reasonably
strong. They may also serve as efficient hydrogen-storage devices due to the presence

of the metal atoms which can act as catalytic centers.
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5.1 Overview

As we mentioned in the previous chapters, silicon is the material that builds up
the semiconducting industry. Although silicon is abundant on this planet, it usually
exits in an amorphous state. The price of making high efficient devices with silicon
in its crystalline form is very high. Research has been conducted in applications of
nanotubes, nanowires, and thin-films in the industry. Organic materials have been
considered for use in solar cells and transistors. One of them that has been found to

demonstrate promising properties is pentacene thin-film transistor.

Pentancene is a type of organic semiconductor. People first noticed that the best
performed pentacene films have charge mobilities close to amorphous silicon. Fur-
ther experiments showed that monolayer crystalline pentacene thin-film has similar
performance. Compared to traditional silicon based transistors, the pentacene thin-
film transistors are much cheaper to manufacture. Also, these organic transistors are
more flexible and thus could be used in various conditions when bending or twisting
occur. Similar to the silicon case, the transistor performs the most efficiently when
the pentancene film is crystalline. Amazingly, although pentacene molecule consists
of 36 atoms and are about 15 A by 5 A in size, the self-assembled pentacene thin-
film demonstrates a crystalline structure in an area up to order of 1 um?. To further
improve the performance of the pentacene thin-film transistors, understanding of the

energetics, diffusion, island formation and evolution are critical.

In this chapter, we study the energetics and dynamics of pentacene molecules in
vacuum and saturated diamond (111) surface and silica surfaces. Force field simula-
tions are applied to capture the van der Waals type interactions among the pentacene

molecules and the substrates. The herringbone arrangement of the molecules is found

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.2 Introduction 108

to be optimal both in vacuum and on various surfaces. A 90 degree rotation of the
entire structure relative to that experimentally reported is identified on the silica

surfaces.

5.2 Introduction

There has been an increase interest in organic semiconductors for applications
in electronic devices as light-emitting diodes, photovoltaic devices, and thin-film
transistors. Pentacene in particular has been the focus of much attention. The charge
mobility and injection in the pentacene crystals are known to depend strongly on
molecular orientation and packing [172]. Various experiments have been conducted
on pentacene thin-films on silica surfaces [173, 174, 175, 176, 177]. To improve the
performance of the pentacene thin-films, understanding, monitoring and controlling
the structural growth process is crucial. Unfortunately, until today, basic questions
like the pentacene molecule surface diffusion barriers, island structures etc. are not

experimentally answered.

A pentacene molecule is composed of five benzene rings linearly arranged (Fig.
5.1) and has the molecular formula CooHy4. For convenience, we refer to the sides
along the long axis of the molecule as long ends, and the other two sides along
the short axis as short ends. The three-dimensional(3D) crystalline structure of
pentacene was experimentally reported triclinic[178]. Each unit cell is made up of
two molecules. The experimentally claimed two-dimensional(2D) structure is similar
to one layer in the a-b plane of the 3D structure. Pentacene monolayer was found
to be 15 - 16 Athick, which indicates that the long axis (c) of the molecules is

out of the surface plane. Different experimental conditions, like deposition rate,
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surface temperature, etc. introduce more complications to the structures. Various
monolayer heights, island structures and densities have been observed, which call
for better theoretical understandings of the systems. On the other hand, because of
the large size of the systems and the ineligible van der Waals interactions involved,

first-principles simulations are not applicable and systematic study is in lack.

In this chapter, we study pentacene molecule at a fundamental level to under-
stand the experimental facts. We first focus on the flexibility of a single pentacene
molecule, pentacene pentacene pair interactions with different configurations in vac-
uwum, and pentacene monolayer structure and dynamics in vacuum. Next we in-
troduce three substrate, the H-terminated diamond (111) surface, the H-terminated
silica surface, and the OH-terminated silica surface. Molecular dynamics(MD) force
field simulations within CHARMM are performed at room temperature and around
60° C. We find that pentacene molecules form herringbone structure both in vacuum
and on surfaces. However, the pentacene monolayers on different surfaces have a 90
degree rotation relative to the experimentally reported structure. We analyzed in

detail the effect of pentacene-substrate interaction on the island structure.

5.3 Results

The flexibility of a single pentacene molecule has been neglected. It is commonly
assumed that the five rings are flat in the same plane (pentacene plane). Theory of
diffusion limited aggregation has been applied to interpret the dendrite morphology
of the pentacene islands, assuming the molecules are rigid. To check whether the
assumption is valid in dynamics studies at an atomic level, we study the energy cost

of bending the molecule, using both force-field and density-functional calculations.
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The results are summarized in Fig. 5.1.
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Fig. 5.1: The energy cost (vertical axis) of bending a pentacene molecule at different
angles (horizontal axis). 6 is the dihedral angle between every neighboring benzene rings.
For each 6, the four C atoms at the two ends of the molecule are fixed, while all other
atoms are subjected to relaxation. The total energy of a single flat pentacene is set to be
Z€ro.

From Fig. 5.1, pentacene molecule in a flat configuration indeed has the lowest
energy. However, the energy cost of bending the molecule below 10 degrees is mini-
mal. The pentacene molecule is actually very flexible, which is also observed in the
dynamics. This flexibility assisted the molecules’ kinetic search for optimal config-
urations. Notice that below 5 degrees, the two curves in Fig. 5.1 match perfectly,
which indicates the reliability of the empirical calculation. This result informs us
that it would be improper to treat the pentacene molecule as a rigid body in future

simulations. The flexibility of the molecules facilitates the rotational motions during

this process and thus assists the realization of the optimal island or film structure.

Next we consider the pentacene-pentacene interactions in vacuum. Four most
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common configurations are pentacene face to face perfect with match, face to face
with a shift along the long axis by half the ring size, face to face with a shift along
both the long axis and: the short axis, and two pentacenes in a unit cell of a periodic

herringbone arrangement (Fig. 5.2).

inter-molecule distance (A) | interaction energy (eV/pair)
a 3.566 0.54
b 3.690 0.57
c 3.564 0.57
d | periodic herringbone structure 2.86

Table 5.1: The inter-molecule interaction between the two pentacenes in vacuum. The
four configurations (a-d) are shown in Fig. 5.2.

Fig. 5.2: Three configurations of two pentacenes in vacuum. (a) face to face perfect
match; (b) face to face shift along long axis; (c) face to face with a shift along both long
and short axes; and (d) the two pentacene molecules in a unit cell for periodic 2D structure
in herringbone structure. Configurations (a), (b) and (d) are retained after minimization
while configuration (c) collapses into configuration (a) after energy minimization.

The inter-molecule distances between the molecules in Fig.5.2 (a)-(c) are around
3.6 A. By minimizing total energy, the size of the two-dimensional unit cell in Fig.5.2
(d) is 6.08 A by 7.28 A, which is slightly different from what is reported in Ref.[179].

The interaction energies in Table 5.1 clearly indicate that in vacuum periodic her-
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Fig. 5.3: (a): charge distributions on a pentacene molecule and (b): the resulted her-
ringbone interactions among molecules. Blue represents accumulation of negative charges
and red represents accumulation of positive charges.

ringbone structure is preferred. MD simulations are conducted at room temperature
for 20 pentancene molecules lined in a row with 5 A between nearest neighbors. The
pentacene molecules split into two groups and each has the molecules stacked in the
ideal herringbone structure. In reality, the herringbone structure is resulted from
dipole-dipole interactions between the molecules. Because the C atoms are slightly
more electronegative than the H atoms, more negative charges are accumulated near
the C atoms. Correspondingly, more positive charges are accumulated near the H

atoms.

Next we study the energetics and kinetics of the pentacene molecules on different
surfaces. The three surfaces we consider are shown in Fig. 5.4. During simulations,
the diamond substrate is frozen because of technical restrictions, while the two silica
surfaces are free to relax. Since there are no formation of chemical bonds or charge

transfer between the pentacene molecules and the surfaces, the study with frozen
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H-terminated C(111) surface (gray-C: red-H)

H-terminated side

Fig. 5.4: The three surfaces we consider. Top: bi-layer diamond (111) surfaces termi-
nated with H; Bottom: upper surface, OH terminated silica surface, and lower surface, H
terminated silica surface.

substrate would still catch the main characteristics of the system. The pentacene-

surface interactions are calculated and summarized in Table 5.2.

The pentacene-H-diamond surface interaction is the weakest of the three. Notice
that it is also smaller than the optimal pentacene-pentacene interaction in vacuum,
based on which we can predict that pentacene molecules on the diamond surface may

behave differently from on the other two surfaces, and that the pentacene-pentacene

surface interaction (eV)
H-diamond 1.11
OH-silica 1.49
H-silica 1.75

Table 5.2: The interaction energy between a single flat pentacene molecule on top of
three different surfaces. The distance between the molecule and the surfaces is about 3.5

A
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interaction would be favored against the pentacene-diamond surface interaction. In
MD simulations, we place one layer of pentacenes lying flat on the diamond surface,
at both room temperature and 60 °C. Within one nanosecond, the molecules evolve
into a more compact stacking, where they rest on their long end and the pentacene

plane is tilted out of the surface plane by an angle of about 45 - 60 degrees.

For more realistic studies that are close to experimental facts, we next focus
on the two surfaces of silica. To learn the structure of the pentacene island on
these surfaces, the ideal approach would be let a number of pentacenes move under
a certain temperature for very long time until they reach the equilibrium state.
However, this approach is not applicable because of the cost of such computation is
not affordable. In literature, most studies are done only with the energetics of a pre-
assumed configuration[180]. With compromise to the resource restriction while at
the same time to step ahead of the existing static studies, we examine the dynamics

of three simple model systems.

The first system we study has four layers of pentacenes stacked on top of the silica
surfaces, each layer with two flat molecules next to each other along the direction
of the short axis. The second system has sixteen pentacene molecules standing on
their long ends vertical to the surfaces. The last system contains seven molecules on
their short ends on the surfaces. The corresponding configurations are shown in Fig.
5.5. Any possible configurations of the pentacene islands/molecules on the surfaces

are combinations of those in the three models (with possible tilting angles). Thus
the study of the three simple models should be illustrative for an understanding of

more complicated situations.

MD simulations are performed for all three models at 330K. On both H-silica

and OH-silica surfaces, the pentacene molecules are equilibrated to a herringbone
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Fig. 5.5: Three model configurations of pentacenes on silica surfaces for MD simula-
tions. (a), side view of eight molecules in four layers, each layer with two flat molecules;
(b): side view of sixteen molecules in two layers, standing on their long ends with the
pentacene surface vertical to the substrate surface; (c): seven molecules standing on their
short ends in a herringbone strucrure, left: side view, right: top view. (d): thirty-nine
molecules in a mixed phase, seven on their short ends in the center, thirty-two on their
long ends in two layers surrounding the center.

structure with their long ends contacting with the surfaces. In the first model, the
pentacene island has two layers on the OH-silica surface, but only one layer on the
H-silica surface. We extend the model to sixteen molecules lying flat on the surface,
four in each layer in total of four layers. MD simulations give similar results to the
original model, except that the pentacene island on OH-silica has five layers while
on H-silica there are four layers. Not only the molecules within the island are in an
optimal herringbone structure, those along the edges of the island do their best to
optimize the interactions as well. The second and third models result in similar island
structure as the first model. All molecule choose to stand on their long ends and
pack into a herringbone structure. The more important information from these three

models is that the simulated pentacene island structure on the surface has a 90 degree
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rotation compared to the one reported in some experiments. These results from
dynamics are consistent with the previous study on energetics, where we find that the
pentacene silica surface interaction is stronger than the optimal pentacene pentacene
interaction. The pentacene molecules will choose to maximize their interaction with
the surface. On the other hand, the pentacene-surface interaction on the H-silica
surface is stronger than that on the OH-silica surface, which lead to a smoother

growth on the H-silica surface than on the OH-silica surface.

However, the study of the three models may not be fully convincing since the
length of the simulation is only about 1 ns, which is much shorter than experimental
exposure time. The question whether at longer time the island structure would be
further changed have most of the molecules stand on their short ends remains. We
thus design a more complicated model assuming that this transition has taken place
at a certain time that our first three models did not reach, and start our simulation
at this moment to examine what happens next. A more detailed description is that
we consider an island with thirty-nine molecules arranged in a mixed phase: seven
standing on their short ends in herringbone structure in the center, thirty-two on
their long ends in two layers surrounding the center. It covers an area of about
31.6 A x 36.0 A. MD simulations are conducted at 330K for 10ns. On both H-
silica and OH-silica surfaces, no new molecules are found to change from their flat
or long-end phase into the short-end standing phase. Instead, the seven short-end
standing molecules all are changed into other phases. This study informs us that
under the conditions we consider in these simulations, pentacene molecules in short-
end phase would neither be created nor be maintained. The critical question is, is
this the a systematic error from the simulation because of the empirical description

of the potential applied and the experimental reports could be reasonably recon-
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Fig. 5.6: Two possible pentacene island structures on inert surfaces. (a): pentacenes
lying on their long ends, arranged in a herringbone structure and forming a half cylinder.
(b): pentacenes lying on their short ends, arranged in a herringbond structure and forming
a cylinder.

structed when the potential is properly adjusted. Further studies could certainly
make clarifications. Most importantly, the island structures needs be investigated as
the pentacene-substrate interaction changes and all other parameters fixed. We next

show that this value governs the island structure on the surfaces.

5.4 Discussions

The simulation results can be analyzed by the following simple reasoning with-
out knowledge of the specific values of various interaction energies. Three types
of energies are contributing to the total energy of the pentacene system, the to-
tal pentacene-pentacene interaction E,,, the total pentacene-surface interaction Eps,
and the total surface energy of the pentacene island E;. When forming an island
(before the first monolayer is formed), there are two island shapes corresponding to
two phases of the pentacene molecules are in. Fig. 5.6 (a) shows an island in a half

cylindrical shape lying on the surface; the radius of the cross section of the cylinder
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is v/2r and the length of the cylinder is [, the length of a pentacene molecule. Fig.
5.6 (b) depicts an island in a full cylinder standing on the surface; the radius of the
cross section is r and the length of the cylinder is {. Notice that the two islands
have the same volume #r2l, in which we can assume the same number of pentacene
molecules will fit. Suppose all molecules in both islands are in optimal herringbone
structure, the surface energy density of the pentacene island is £, per unit area, and
the pentacene-substrate interaction energy density is ¢, per unit area, then the total

energy of island (a) is

E, = —Epp + (V2ral + 2rl) x £, — 2rl X €, (5.1)

and the total energy of island (b) is

E,= —Ep, +2nrl X €5. (5.2)

£ps is close to zero in island (b) and thus Ey, is ignored in this case. The total energy

difference of the two islands is

AEy = E, — Ey = (2 + V21 — 2m)rl X &5 — 2rl X £55 & (0.166€, — 2ep5)rl.  (5.3)

AE is larger than zero only when

(0.166e, — 2e,5)rl > 0, (5.4)

1.e.

£ps < 0.083¢,. (5.5)
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Take the unit area as the flat surface area of one side of a pentacene molecule, we
can estimate the €, to be 1.43 eV from the optimal pentacene-pentacene interaction

energy in a periodic cell. Thus only when

eps < 0.12€V, (5.6)

which means the pentacene-substrate interaction is smaller than 0.12 eV per molecule,
island (b) has a lower energy than island (a). This can only happen when the
substrate-pentacene interaction is smaller than 3 meV per atom. In our simulation,
£ps is much larger than 0.12 eV and thus the islands are always in shape (a). When
the deposition is close to cover the an infinite surface area, E; is close to zero for

island (b). In this situation,

A-Ecomplete = (Es - 5PS) xS (57)

where S is the area of the pentacene covered surface. If the condition in Eq. 5.5 is
satisfied, AE ompiete i always larger than zero and island (b) structure is consistently
preferred from low coverage islands to monolayer thin film. Otherwise the pentacene

islands and thin-film will be more complicated configurations.

Notice that although epg is hard to calculate precisely in theory (using force
field simulations, the results are questionable; using DFT, the Van der Waals forces
are under estimated and also the calculation is very expensive with a large system),
it should be a parameter that can be easily measured in experiments. Since ¢, can
be well-estimated from the relatively reliable pentacene-pentacene interaction energy
(will be addressed below), the combination of theory and experiments should provide

a comprehensive understanding of pentacene molecules on various inert surfaces.
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Fig. 5.7: Side view of three possible crystalline pentacene island structures on silica
surfaces. (a): Onme layer of pentacene molecules on their short ends; (b): Four layers of
pentacene molecules on their long ends, the surface benzene rings in has an angle of about
10 — 15 degrees to the substrate surface; (c) two and half layers of pentacene molecules on
their long ends, the surface the benzene rings in has an angle of about 75 — 80 degrees to
the substrate surface.

Before closing, let us take another look at the results from current simulations
and experiments. We find that there are three possible structural configurations in
2D crystalline island or monolayer. The first one is as reported in the experiment
(Fig. 5.7 (a)), the second configurations the one from our simulation (Fig. 5.7 (b)),
the third configuration is the arrangement that takes place near the island edges from
observation of the equilibrated state of the simulations (Fig. 5.7(c)). To reach the
same height of 15—16 A, and cover 1 um?, configuration (a) with pentacenes on their
shortends requires 1 layer, and a total of 4.5 x 10° molecules; configuration (b) with
pentacenes on their long-ends requires 4 layers, a total of 4.5 X 10% molecules; and
configuration (c) with pentacenes on their long-ends but rotated 90 degrees compared
to (b) requires 2.5 layers and a total of 4.5 X 10% molecules. These numbers imply
that direct measurement from AFM to decide the island structure experimentally
is not sufficient. With the same source, deposition rate, and exposure, the three
possible configurations will give similar AFM morphologies and thin-film transistor

properties.
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5.5 Reliability of the current simulation 116

Configuration | Force field results (V) | DFT results (eV)
Fig. 5.2(a) 0.57 0.45
Fig. 5.2(b) 0.54 0.23
Fig. 5.2(d) 1.43 1.18

Table 5.3: Pentacene-pentacene interaction energies of three configurations in vacuum
calculated with force field simulations and DFT simulations.

5.5 Reliability of the current simulation

Finally, let us compare some results from the DFT calculations with those from
force field simulations. Pentacene-pentacene interaction in vacuum with configura-
tions shown in Fig. 5.2 (a), (b), and (d). The VASP package is used for the DFT
calculations. The supercells used in calculations for configurations Fig. 5.2(a) and
Fig. 5.2(b) leave 10 A vacuum in very direction around the molecules. A two dimen-
sional periodic cell is used in calculation for configuration Fig. 52(d). 1 x1x1,2
% 2 x 2 and 3 x 3 x 3 k point meshes are used in sampling the reciprocal space. In

Table 5.3, converged results are listed.

The results in Table 5.3 show that the energies calculated with force field simu-
lations are systematically larger than that with DFT simulations. This is reasonable
since DFT is known to under-estimate the van der Waals interactions. Also notice
that the relative magnitudes of the three energies are the same in both calculations.
Furthermore, the interaction energy calculated in a 3D crystalline structure in Ref.
[180] is 1.30 eV, which is larger than our 2D DFT value and reasonably close to our
force field result. Overall, these results give us confidence in the reliability of the

current force field simulations.
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5.6 Conclusions 117

5.6 Conclusions

In conclusion, we studied the energetics and dynamics of pentacene molecules
in vacuum and on three inert surfaces. We find that herringbone structure is ener-
getically and dynamically favorable in pentacene island formation both in vacuum
and on silica surfaces. From force field MD simulations and analysis, the pentacene
island structures has a 90 degree rotation compared to the experimentally reported
results. We analyzed in detail the key parameter €,,, the pentacene-substrate inter-
action energy, in detail and demonstrated how this value may effect the pentacene
island and thin-film structures on inert surfaces. The reliability of the force field
simulations applied in this study has also been examined. We hope this study can
assist experimental results in understanding pentacene molecules on surfaces and

further the performace of pentacene thin-film transistors.
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Appendix A

Notes on a tight binding
calculation for Pd(CN)y planar

structure

From our first-principles calculations, we plot out the band structure for Pd(CN),
sheet and, for each covalent band we find the corresponding bonding state. According
to the partial charge density plots, the fourteen filled covalent bands are: 13-14, two
o bonds between C and N. 9-12, ¢ bonds between Pd and C, Pd and N. 8, the
non-hybridized d orbital of Pd atom. 2-7, 7 interactions among d orbitals of Pd and
p orbitals of C and N. 1, non-hybridized d orbital of Pd atom. The details can be

seen in Fig. A.l.

Similar discussions on band structure of Ni(CN), sheet have been presented in
Chapter 4. Here we reproduce the results for Pd(CN), to examine its band structure

from a tight binding calculation based on the results of D¥FT calculations.

According to the orbitals we found that are participating in the bonding and
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Fig. A.1: Partial charge densities of the Pd(CN)2 sheet. From the first band below
energy gap to the last, there are 14 in all.

antibonding states formation, we choose a limited number of orbitals of the Pd, C,
and N atoms to represent these interactions (all other interactions are assumed to
be zero) and build a tight binding model for the band structure calculations. By
properly choosing reasonable values for these interactions, we find the states we
choose are sufficient to describe the electronic properties of the PA(CN), sheets. The

following is the notes for this tight-binding calculation.
First, the unit cell applied in tight-binding calculation is shown in Fig. A.2.

We neglect the unhybridized orbitals d,, and ds,2_,2 of Pd (they produce two
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. } @ ‘

| S |

Il

Fig. A.2: A schematic show of the two-dimensional structure of Pd(CN); sheet. The
region in the red dotted lines is the unit cell we choose for our tight binding model. There
are one Pd atom, two C atoms and two N atoms in a unit cell. We label the C and N
atoms along the z direction to be C™ and N and the others along the y direction to be
C® and N@),

nondispersed bands). The nineteen orbitals we use are shown in Table A.l. Our
tight-binding wave functions are then built up using Bloch wave function basis set,

which is constructed with localized atomic orbitals listed in Table A.1:

() =3 ®ld(r +R))

b)) =3 R+ Rx,

@) = 3 Rip,r + R)y,

) = 2= SR+ 2+ R
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xs(x))

|xs(r)

~—

|x(r)
Ixs(r))

~—

X0 (r)
[X10(r))
Ix11(r))
X22(r)

|x13(r)

~—

|x14(r)
|X15(r)>

Ix16(r))
Ix17(r))
Ix18(r))

X9 (r))

atom | orbitals

- % SR (s — o) (r + R)),

= 3 R+ R),

=Y e Bip.(r + R))n,

= % > e R|(s +py)(r + R,

_ %2_ S e B|(s — p,)(r + R))w,

=> ¢ ®lp,(r +R))cn

— 3 Rip,(r + R))e,

_ % S e R|(s + po)(r + R))ey

= \% > e*Bi(s — po)(r + R))ey

=Y e*Rpo(r + R))c,

=Y e*Rlp.(r+ R))c,

- % > e*Bi(s +p,)(r + R))c,

- % > e R|(s = p)(r + R))c,

=5 2R (dae + i)+ R))
_ % Y €*R|(d,, — dy:)(r + R))

C(l) s — p:l:, S +pan pyy pz
c@ |s— Dy, § + Dy, Pz, Dz
N(l) 8 — Py, S+ Du, Py, Pz
N(z) S — py) S +py7 Dz, Dz
Pd dzz—yz’ dzx+yza dzz—;zﬂ

Table A.1: Orbitals used for the tight binding calculation (unnormalized).
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Under the basis set {|x1), .- |X19)}, the Hamiltonian matrix elements are:

OalHlxe) = (xslHlxs) = (xelMIxe) = (xalHlxr) = &
(aolHlxao) = GenlMlxu) = (aalHlxae) = (sl Mlxas) = &
(alHlx) =ea

(x18|H|x18) = €a

(x10|H|x19) = €as

(xalHlxa) = (xsH|xs) = (xs|H|xs) = {xo|Hlx0) = eif,
(azlHlxae) = (xaslMlxas) = (xsHlxis) = (arlHlxar) = €5
OalHlxao) = (alHIxu) = (xelHlxie) = OalHbas) = V7'©
(xalH|x1s) = (xolH|x16) = ffrvc
(xs/Hlxaz) = (xslH|x17) = ei;]zto
(x2lHlxs) = e™ex
(x1aHlxw0) = e*’ed
(XelMx1s) = enc

(xwlHlxs) =e =Ml
(xs|Hlxs) =e™en,
(xzlHlxar) = e ™%,
(x1/H|xs) = €asm
(x1lHlxs) = ™ easna
(x1|Hlx17) = €dsca

(x

UHlx2) = e

(X18|H|X15> = €§n2
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(xslHlxs) = e€bn
(sl Hlxu) = e*=%egy

(xsH|x7) = ekvlell

Now we have a 19 x 19 Hamiltonian matrix. Based on the first-principles results
(Fig. A.1), lots of elements in this matrix are zero. It is easy to find that to solve for
the eigenvalues (energy bands) and the eigenvectors (wave functions), we can already
split the original matrix into six. a is the lattice constant, which is 5.12 Afrom DFT

calculations.

Matrix one is constructed under the bases |x1), |Xs), |Xs), [x12), and |x17), featur-
ing the o interaction between orbital d,2_,2 of Pd atom with orbitals of neighboring

N and C atoms.

( €d1 €dsnl eikyaeds'rﬂ eikmaedscl €dsc2 \
€dsnl e gtfuael? NG 0
e hitey ., e kel €l e 0 ene
e~ thate, o NG 0 €5, e~ theagl?
\ €dsc2 0 Ggg e’ékma 6%320 €SCp )

Matrix two is constructed with the bases |xa), |Xs), |X10), [X14), characterizing

the II interactions between N and C atoms.
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€ ethvael? Ve ex
e—ikyaell\? EI;I ei(km —lcy)aell\?C V§C
yNe eilka—ky)agl2, eC giksacl?
€2, yNe gihoacl? e

Matrix three is built up with the bases x1s), X3), X11), and x7), Xis), describing

the 7 interactions among the d,;.,. orbital of Pd and the orbitals of C and N atoms.

€d2 ey €FeeT  eviel, €gn2

ey N VNC 0 0
etkvec§ | VIO €S 0 0
e~hvael) 0 0 egl Ve

eg,rz 0 0 V,l\fc eg )

Matrix four and five are both 2 x 2 and have the same matrix elements, although
under two sets of bases: { x4, x13} and { X9, X16}, describing the o bond between

each pair of the N and C atoms.

N _NC
€y  Ep
NC . C

€p  Csp

The last matrix has only one element, which meas approximately we assume

dz—yz does not interact with any other orbitals.

()
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NTT6.I57 | ear | 37511 €, | -11.521 | €gp | -6.888
€0 | -3.843 | €gon1 | -5.583 & | 11673 e, | 2.186
€12, | 0.788 | €gonz | 5.583 | )G | -0.742 | ey, | -0.915
VNC | 7762 | €goer | 4.871 | €}f, | -0.247 | €5y | -0.852
sz | -6.888 | 4o | -4.871 | €2 | -0.100 | €G, | -0.351

Table A.2: Values of the matrix elements, in unit of eV.

With these 6 matrices, by sampling k points along high symmetry lines in k
space, we can get 19 bands, 12 of which are filled and below the energy gap, 7 empty
and above the energy gap. The 12 filled bands plus the other nonhybridized dz2_r2
and d,, orbitals correspond to the fourteen valence bands we find from first-principles

calculations.

Next we solve for the eigenvalues of all the matrices and try a best fit to the
first-principles bands with carefully selected values for the interaction energies. The

program Mathematica is used and the various interacting energies s are set as Table

A2

The band structures of planar Pd(CN), from DFT calculations and tight binding
fittings are shown in Fig. A.3. On the bottom panel, ten valence bands from tight
binding calculation are plotted. The neglected ones are the two N-C o bands and
the two non-dispersed bands from unhybridized dg, and ds.2 2 orbitals. Comparing
with the top panel results from DFT calculations, the bands are well reproduced
from the nineteen orbitals we choose. Thus the interpretation of electronic states in

Chapter 4, Table 4.1 is valid.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



127

- B S e DTS SRR
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-0.6 -0.4 -0.2 E 0.2 6.4 9.6

Fig. A.3: Top: band structure from first principle calculations for the Pd(CN); sheet.
Bottom: the band structure of PA(CN)y sheet from a tight-binding calculation. Only ten
valence bands are here (14 in all originally, here the last two N-C o bands are not included,
also neglected are the top two bands from the unhybridized dgy and ds,2_,2 orbitals.)
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Appendix B

The SnsSegPd mesostructure

Mesoporous inorganic solids (with pore diameters of 20-500 A) have found great
utility as catalysts and sorption media [182]. Mesostructured chalcogenide-based ma-
terials have been observed in experiment with long-range order and semiconducting
properties [183, 184]. They can be prepared using suitable molecular building blocks,
linkage metal ions and surfactant molecules. The size and arrangement of the pores
are strongly dependent on the surfactant molecules. One of the well studied meso-
pores is composed of building blocks [SnsSes]*”, linkage metal ion Pt*~ or Pd%", and
has hexagonal symmetry when using the hydroxyl-functionalized surfactants. The
diameter of the pores are adjustable by choosing surfactants with different sizes. The
materials are semiconducting with band gaps of about 1.5 eV when Pt2~ is chosen as

the linkage ion. Although a number of physical measurements, such as X-ray diffrac-
tion and NMR spectroscopy, have been made, knowledge of the atomic structure of

these nanopores are not available yet.

In this appendix, I will present our ongoing work on exploration of the Sn,SegPd

nanopore structures using DFT calculations. The stream of thoughts can be demon-

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129

strated with Fig. B.1.

palt’s
2 2%aa% s

(d1)

(d2)

QICIT OO

(©)

Fig. B.1: Various structures related to the SnaSesPd nanopore. (a): the tetrahedral
anion [SnSey)*™; (b): the [SnaSeg]*~ anion; (c): the SnoSesPd chain; (d1): side view of a
SnySegPd ring; (d2): top view of a SnzSesPd ring. The orange balls represent Se atoms,
the purple balls represent Sn atoms, and the pink balls are Pd atoms.

The experiments were performed by employing [SnSeq]*~ as precursor, although
from NMR measurement on the prepared samples found [SnySes]~ building blocks.
The [SnSe,]* anion has a tetrahedral structure shown in Fig. B.1(a). Under specific
experimental conditions, two of such anions would undergo conversions to form a
[SnaSeg]*™ anion, which is shown in Fig. B.1(b). Notice that the Se atom is located
in the same column as the S atom in the periodic table and would prefer a two-

fold coordination with the angle Sn-Se-Sn close to 90 degrees [33]. This would be
hard to satisfy if the two Sn atoms and two Se atoms in the middle are in the same
plane because of the tetrahedral angle Se-Sn-Se. Thus either one of these angles

are distorted, or the four atoms are not in the same plane. From experimental
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measurements, the Pt/Pd atoms are four-fold coordinated. The role it plays should
resemble that in the cyanide-transition-metal sheets discussed in Chapter 4. The
simple way of linking the [SnySeg]*~ anions is to let the Pd atoms chain up 4 Se
atoms, as is shown in Fig. B.1(c). To have the Pd atom work properly as a linkage,
it has to be located at the center of a square to have the d orbitals interacting with the
orbitals of the Se atoms, i.e., the Se-Pd-Se angle has to be 90 degrees. This cannot
be satisfied simultaneously with with the Pd-Se bond length restrictions. Thus the
chain structure is highly strained. Take one segment of the chain and bend it to
form a ring. The side and top views of the structure are shown in Fig. B.1(d1) and
(d2). If this circular structure could reasonably relieve the strain within the chain
and produce a clean band gap, with slight modifications, it could make one possible

nanopore structure.

DFT calculations have been performed using the VASP package. All structures
are studied in vacuum. At this stage the hexagonal arrangement of the pores are
not important elements to consider since the pore-pore interactions will be van der
Waals type, as are in the CNT bundles and the periodic arrangement of the cyanide—
transition-metal nanotubes. As is expected from the above discussion, the single
chain structure (Fig. B.1(c)) is not electronically stable. There is no band gap
found and some of the states near the Fermi level are partially occupied. This is
due to the distortion to the atoms’ preferred bonds and angles. We next performed
calculations with a ring with 6 units of [SnySes]*~ (Fig. B.1(d2)). The diameter is
about 20 A, the size of the smallest nanopores studied in experiment. By bending
the chain, the strain within is partially relieved. The structure has a clean band gap
of about 0.2 eV. Considering that DFT calculations usually underestimate this value

by no less than 50%, it is reasonable to believe that the band gap of this structure in
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Pd-Se (A) 2.46 Se-Pd-Se 92.42°; 87.44°
Sn-Se (A) 2.56; 2.57; 2.59 || Sn-Se-Pd 90.23°
ring diameter (A) 20.02 Se-Sn-Se | 79.47°; 97.64°; 121.51°; 110.34°
band gap (eV) 017 Sn-Se-Sn 82.93°; 82.80°

Table B.1: Structural and electronic properties of the (6 x SnaSesPd) ring structure.
The right half of the table shows the angles between nearest bonds within the structure.

experiment would be larger than 0.4 eV, which is close to some of the values reported
from experiments. The related parameters of the relaxed ring structure is shown in

Table B.1.

Notice that the Pd atoms are located very close to the center of a square and the
angles between nearest bonds around the Se atom are close to 90 degrees. The Sn
atoms are distorted from its original location at the center of a tetrahedron. The four
Se-Sn-Se angles are different and varies from ideal tetrahedral angles. This result is

consistent with the experimental measurements.
Based on the above study, future work could be done in the following aspects.

First, the question what the nanopores’ atomic structure remain unanswered.
From the ring structure shown in Fig. B.1(d2), there are two possible ways to build
up a pore with similar diameter and electronic property. One is to stack these rings
one after another along the wall direction. The nearest rings do not have to line
up perfectly but can have relative rotations relative to the axis along the wall of
the pore. Several basic things need to be clarified in this case: 1) what the optimal
distance between the nearest rings is; 2) what the optimal relative orientations of the
rings are; 3) considering together 1) and 2), how many rings it takes to complete one
unit cell along the wall of the pore; 4) what the interactions between the neighboring

rings are; and 5) what the electronic properties and mechanical properties of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

optimized pore structures built in this way are. The other way is to break the ring
and make it an infinite helical structure (or finite with saturations at two ends).
Again similar problems as 1), 2), 3), and 5) discussed above need to be solved for

this design.

Second, Comparison of the two structures for the pores can be made. The stable
one of two could be selected to study the hexagonal arrangement of these pores.
The questions then will be 1) what the optimal inter-pore distance is; 2) how the
hexagonal arrangement of the pores changes the structure of a single pore; and 3)

how this arrangement changes the electronic and mechanical properties of the pores.

Once the above investigations are made, further studies of potential applications

of these nanopores can be made.
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