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Summary

This thesis deals with the theoretical and experimental study of antiband formation on
terraces between step bunches of Si(111) and shows for the first time step bunching
formation on vicinal Al,03(0001), W(110), and MgAIl,04(100) surfaces. Step bunching
instability occurs on these surfaces due to the influence of the electromigration field which
is directed perpendicular to the step direction. The results obtained on electromigration
induced step bunching on insulating and metallic surfaces indicates that this phenomena is
universal.

The thesis is divided into eight chapters. Chapter 1 gives an introduction and motivation
for this current study. The second chapter provides an overview to the theoretical
background of the phenomenon of electromigration induced step bunching. The third
chapter deals with the experimental methods and experimental equipment used.

Chapter 4 examines the formation of antibands on Si(111), and the effect of miscut angle
on these structures is investigated. It is known that prolonged direct current—annealing of
Si(111) results in the formation of antibands; i.e., the step bunches with opposite slope to
the primary bunches. A theoretical description for the formation of antibands is provided,
and the criteria for the onset of antiband formation are determined under conditions of
sublimation controlled by slow adatom diffusion. The effect of changing the
electromigration field on antiband instability of Si(111) was investigated at 1270°C and
compared to the theoretical model. The experiment strongly supports the validity of the
theoretical model and indicates the significance of the factor of critical electric field in
theoretical models of step bunching and antiband instabilities. The lower limit for kinetic
characteristic length (ds = 0.3 nm) provides an upper limit for the effective charge of the
surface atoms on Si of +2e. Here it is found that values for ds in the range of 1.7-4.5nm
provide a value for effective charge that is in line with previous studies.

In chapter 5 the electromigration induced step bunching process on vicinal surfaces of
Al>03(0001) will be shown. Electromigration fields of £ = 30-140 V/cm were applied in the

step-up direction at 1500 °C leading to formation of step bunching. It was further found
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that under similar conditions regular step arrays are attained when annealed with the
electric field applied in the step-down direction. However, prolonged annealing time in the
same direction can lead to the formation of weakened step bunches. The relationships
between the step bunches’ height and their slope, evolution of crossing steps towards the
antibands and finally the existence of a critical field (Ec- = 30 V/cm) are investigated.

Chapter 6 deals with the experimentally observed electromigration induced step
bunching on W(110). The surface morphology of bunched W(110) was studied with varying
miscut angles and orientations. An applied electric field as small as 30 mV/cm was found
to be sufficient to induce step bunching on vicinal W(110) while annealing in the both step-
up and step-down directions at 1500 °C. A scaling relationship between the maximum slope
of a step bunch, ym, and its height, h, was detected and was analysed by the fitting of a
power law function (ym ~ h%). Experimental results show that higher electric field results in
higher step bunches on W(110).

Chapter 7 demonstrates the step bunching instability on vicinal MgAI.04(100) surfaces.
Annealing MgAl,04(100) with electromigration field E = 140 V/cm at 1400 °C in the step-
up direction produces step bunches separated by large terraces, while annealing in the
step-down direction causes the creation of a faceted surface. The morphological changes
on the terraces of the bunched surface is discussed. The scaling relationships between the
maximum slope of a step bunch, ym, and step bunch height h was analyzed using a power
law relationship (ym ~ h9).

Finally chapter 8 will summarise the main findings of this work and also outline

potentially interesting further investigations that could be carried out.
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Chapter 1

Introduction and Motivation

AKblN - TO306ANTbIH TOH,

Binim — TayCblIMaNTbIH KEH.

It has been long known that atomic steps on crystalline vicinal surfaces affect the dynamics
of multiple processes such as atom or molecule adsorption, the nucleation and growth of
thin films, and chemical and catalytic reactions at surfaces [1-3]. Vicinal surfaces with high
uniformity and regularity can be created in a relatively simple way by cutting single crystals
at a small angle from a low index crystallographic plane. Since atomic steps can hinder (or
even improve) the performance of certain devices, it is important that we understand their
behavior so that their influence can be controlled.

Atoms at the step edge and kink positions have lower bond saturation than atoms
comprising terraces and can potentially demonstrate increased reactivity [4]. Also,
substrates’ atomic steps provide favourable positions for adatom attachment during
epitaxial film growth, which makes vicinal surfaces ideal as templates for directing ordered
growth of thin films and nanowire arrays [5-7]. In addition, the stepped morphology of
surfaces creates active sites for catalytic reactions to occur at the step edges. For instance,
the N; dissociation on Ru(0001) is totally dominated by atomic steps with the adsorption
rate at the steps being at least 9 orders of magnitude higher than on terraces at 500 K and

corresponding difference in activation energy of 1.5 eV [8]. Furthermore, catalytic



reductions or molecule dissociation predominantly occur at particular sites and stepped
surfaces of metal oxides can expose chemically different surface terminations [9-11].

Aside from catalytic reactions, vicinal surfaces allow a degree of anisotropy to be
introduced into magnetic properties of heteroepitaxial ultrathin films. Atomic steps locally
break films’ rotational symmetry forcing additional in-plane step-induced uniaxial
anisotropy between magnetically equivalent crystallographic directions. This in turn can
affect the magnetic properties of the thin film, in some cases causing the original magnetic
easy axes to rotate towards other directions [12-19].

The ability to manipulate the size, shape, height and interatomic distance of atomic step
enhances the potential for existing and proposed applications [20, 21]. The evolution and
arrangement of crystalline surfaces at high temperatures driven by thermodynamic and
kinetic processes involves adatom diffusion on terraces, attachment/detachment of
adatoms at the step edges and adsorption/desorption of adatoms from the surface. In this
regard, the diffusion of adatoms induced by electromigration is of interest for the control
of the self-organisation processes on the crystalline surface, in particular in the case of step
bunching instabilities which consist of agglomerated steps separated by wide atomically
flat terraces. Starting from evenly spaced atomic steps, the flat terraces produced by step
bunching can be up to several um wide, with hundreds of atomic steps in the bunch. The
step density within the bunches is quite high, with consequent angles of the bunch of up
to 30 degrees with respect to the flat, low-index terraces.

The phenomenon of step bunching on the surface of single crystals of Si(111) was first
observed by Latyshev et al. in 1989 [22]. They found that atomic steps could be caused to
bunch together by passing direct current (DC) through the sample. Since Latyshev’s
discovery of step bunching on Si(111) the focus has been on electromigration induced step
bunching on silicon surfaces [23-30]. This interest has been further stimulated by potential
nanotechnology-style applications of stepped Si(111) substrates [5, 27, 31].

The most fascinating aspect of the step bunching behaviour on Si(111) is the fact that
the final state of the bunched surface strongly depends on the current direction and
temperature. The electric field must be oriented in either in the “step-up” or “step-down”

direction relative to the miscut direction to produce the step-bunching instability. There



are four recognized temperature regimes where the step bunching of Si(111) surface
occurs, requiring alternate current directions with increasing temperature. Bunching takes
place only if the current flows in the step-down direction in the temperature regimes |
(~850-950°C) and Il (~1200-1300°C), while a reversed current direction is necessary for
temperature regimes Il (~1040-1190°C) and IV (>1300°C) [22]. If the electric field
orientation is opposite to the stated regimes then the surface adopts an array of uniformly
spaced single-atomic height steps. The relationship between current direction and
temperature required to achieve step bunching is believed to be related to temperature-
dependent changes in the “transparency” (permeability) of atomic steps to the flow of Si
adatoms, which is determined by the kink density within the steps [32], although the nature
or relevance of this mechanism is still debated. It is generally accepted that surface atoms
may acquire a small effective charge which causes them to drift parallel or anti-parallel to
the applied DC when under the influence of the electric field [24, 33, 34]. This is different
to studies of surface shape evolution, which is driven by the reduction of the surface free
energy without an external driving force [35-37]. The adatom electromigration also gives
rise to surface features such as step-wandering [38, 39] and step density waves [40].

It was found that prolonged DC annealing of Si(111) allows the surface morphology to
further develop, giving rise to new morphologies such as antibands which can be described
as step bunches with slopes of the opposite sign as compared to the primary bunches [41].
Antibands are primarily formed via the shape evolution of atomic steps crossing the wide
terraces between step bunches. At a certain stage of their development these crossing
steps acquire an S-shape, which does not manifest self-similarity when the terrace width
grows wider, i.e. beyond a certain terrace width these S-shaped steps lose their stability
and further develop towards a less symmetric shape.

A number of theories have been proposed to explain the step bunching mechanism of
Si(111) [42-44]. Stoyanov proposed that the atomic steps could be “transparent” or “non-
transparent” depending on electric field directions, and his model could be used to explain
the alternating directions of electric field required in the various temperature regimes. [23,
45]. The steps are said to be nontransparent when the kink density is high and adatoms

easily migrate along the step edges and attach to the kink positions. In this case the step



bunching takes place for the step-down electromigration [26]. Contrary to this, the steps
are described as transparent when the density of kinks is low and most adatoms cross the
steps without taking part in the exchange between the crystal phase and the dilute layer of
migrating adatoms. The step bunching in the transparent steps model occurs for the step-
up electromigration [29].

Surface electromigration acting on a diffusing adatom consists of a "direct electrostatic
force", which requires that the adatoms are ionized and carry some effective charge and
an "electron wind" force due to momentum exchange between the current carrying
electrons and the migrating ions [46, 47]. For metal, the electron wind force is believed to
be the dominant force contributing to electromigration [48], while for semiconductors it is
the electrostatic force which has the greatest influence [28]. Electromigration can have a
profound influence on surface morphology [49, 50] and can lead to the development of
macro-scale steps [51, 52]. However these studies have made no observations of step
bunching on metallic and insulating surfaces.

The question addressed by this study is: can electromigration in metals and insulating
oxide surfaces cause step bunching and if so, then what are the differences or similarities
between the phenomena in Si and in metallic or insulating oxide surfaces. There are two
motivations for this research. Firstly, understanding the fundamentals of electromigration
and secondly, numerous current and prospective technology applications.

This thesis presents for the first time that the step bunching driven by electromigration
is a universal effect that can be induced on a variety of crystallographic surfaces including
metals and insulating oxides. This is demonstrated by analysis of surface morphologies
created by electromigration on W(110), Al,03(0001) and MgAl;04(100). The observed step
bunched surfaces closely resemble the morphological features created on Si(111) by
directional drift of Si surface atoms. The main similarity between the step bunching
behavior on insulating oxide surfaces and Si(111) is the fact that the final state of the
bunched surface strongly depends on the electric field (E-field) annealing direction.
However, this is in contrast with the behavior on W(110) where step bunching occurs

regardless of E-field direction. The finding suggest that the mechanism of step bunching on



the Si(111) and insulating oxides is fundamentally the same and that there are significant

differences existing between bunched metallic tungsten and silicon surfaces.






Chapter 2

Step Bunching Morphology

fbinbim — TeH,i3, 6inim — KalbliK,

This chapter will give an introduction to the atomic structure of vicinal surfaces and will
cover the background of the step bunching behavior on Si(111) induced by
electromigration. In addition, the surface morphologies that can be created on the terraces
between step bunches on Si(111) will be described.

First | will introduce silicon, on which the effect of electromigration induced step
bunching has been widely investigated. This is followed by sapphire, which has had some
research showing faceting and step bunching under thermal annealing. Then tungsten and
spinel structure are introduced, on which step bunching induced by the electric field has
not yet been shown. These materials are chosen as exemplars of different classes of

material.

2.1 Vicinal Surfaces

A surface of a crystal which is imperfectly aligned with a low index plane is called a vicinal
surface and is characterized by a series of atomic steps. The angle of inclination between
the surface and the crystal plane is known as the miscut angle and is typically less than 6

degrees. Figure 2.1(a) demonstrates a schematic of an untreated initial surface. The degree



of miscut can be determined by using the simple expression tan & = ho/lo, where is the ho
initial step height and /p is the initial terrace width. The step height is defined by the
thickness of a single atomic layer. Figure 2.1(b) shows the case where single steps under
suitable annealing conditions gather together to form step bunches separated by

atomically flat terraces.

Figure 2.1: Vicinal and bunched surfaces

(a) A schematic of a vicinal surface. The miscut angle, initial step height hoand initial terrace width
locan be expressed by tan & = ho/lp. (b) A schematic of step bunched surface with preserved
miscut angle &. The atomically flat terraces are separated by step bunches.



2.1.1 Silicon

Bulk silicon has diamond cubic crystal structure with 8 atoms per conventional cubic cell
with a lattice spacing of 5.431A and a bond length of 2.352A as shown in the ball and stick
schematic of the unit cell of Si in figure 2.2(a). The Si(001) and Si(111) surfaces are the most
widely used in the industry. Figure 2.2(b) shows the ideal bulk terminated Si(111) surface
structure. In this figure larger circles represent atoms in the top surface layer with one
dangling bond pointing up into vacuum, while the smaller circles are the atoms in the
second layer. The Si(111)-(1x1) surface unit cell is highlighted in light orange in both figures.
This bulk termination is not stable and after thermal treatment above 670°C the (111)
surface converts to more stable (7x7) Takayanagi type reconstruction [53], and at
temperature in excess of 850°C becomes a disordered (1x1) phase [54-56]. The Si(111)
surface and the variety of reconstructions related to the (7x7) phase have been intensively
studied in surface science, but great scientific interest was added after the

“Electromigration” driven phenomena on Si(111) was discovered by Latyshev et al [22].

a) (111) Plane (001) Plane

b)

Figure 2.2: Silicon structure

(a) Ball and stick model of the crystalline Si unit cell with the (001) and (111) planes highlighted by
the light blue square and the pink square, respectively. (b) Unreconstructed Si(111) surface
(i.e. 1x1). The light orange diamond outlines surface unit cell, which can be identified in (a). These
images reproduced from [57].



Vicinal Si(111) cut in either the [112] or the [1 12] by 1-4° is used in this study. These
two off-cuts are not totally equivalent because on an unreconstructed surface they have
an inequivalent number of dangling bonds as demonstrated in figure 2.3. The off-cut in the

[112] direction has twice the number of dangling bonds at the step edge.

Figure 2.3: Single atomic steps on Si(111)

Inequivalent vicinal (111) surfaces cut in the [112 ] (left) or the [ 1 1 2] (right) directions. The step-
edge atoms, highlighted in red, have a different termination and number of dangling bonds in each
case. These images are taken from [57].

2.1.2 Sapphire

Crystal Structure

Sapphire or a- Al,O3 crystallizes in a hexagonal structure with a rhombohedral primitive
cell. It is an electrical insulator and chemically non-reactive. It has a high melting point
(= 2070 °C) and is transparent between 0.45-6.5 eV. In the hexagonal unit cell the lattice
vectors of the basal plane (a3, a2, and as) are equivalent to 4.758 A, with an angle of 120°
between each, while the vertical lattice vector d has a length of 12.992 A. Aluminium (AI3*)
cations fill 2/3 of the octahedral sites and oxygen (0%) anions form a distorted hexagonal
close-packed lattice. The oxygen presence in octahedral interstices permits strong bonding

which lends the material its hardness and electrical insulation properties.
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The most commonly encountered planes of sapphire are shown in figure 2.4(a). C-plane
(0001) sapphire is the most widely used among these planes because it is the most stable
(lowest surface energy). Figure 2.4(b) shows the crystal structure of this C-plane surface.
There are three different terminations possible on the (0001) surface, each exposing a
different surface crystal structure. It can be an oxygen layer, a double aluminium layer or
single aluminum layer, which turns out to have the lowest surface energy [59]. The
separation of two neighboring planes of oxygen atoms is given by d/6, i.e. one-sixth the

unit cell, which equals to 2.1 A.

Figure 2.4: Sapphire structure

(a) Primitive unit cell of C-plane a- Al,O; with four most widely used planes indicated as follows.

Red: C-plane (0001), green: M-plane (1100 ), yellow: R-plane (1102), and blue: A-plane (1210). (b)
The C-plane surface of sapphire with aluminium (blue) and oxygen (red). These images are taken
from [58].
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Faceting Mechanism

Faceting is a process by which a surface decomposes into two or more planar surfaces. The
formation of facets on single-crystal a- Al,O3 surfaces begins with the creation of 0.2 nm
high steps. These steps show a preference for existing as pairs: the pairs then bunch
together and form facets which are typically multiplies of ¢ (c=1.3 nm) in height [60].
Previous studies have investigated the surface evolution of sapphire as a function of a
variety of annealing parameters, such as temperature [61, 62], time [60, 63], atmosphere
[64], pressure [61] and miscut angle [65]. Annealing vicinal C-plane a- Al,Os substrates in
air in the 1000-1500 °C temperature range for several hours, by irradiative heat, creates a
step-and-terrace morphology with wide terraces (several hundreds of nm) separated by
steps (1-5nm) [61, 66]. The duration of the step-bunching phase before faceting initiates is
found to depend on a number of parameters, including miscut angle ¢, with a higher miscut
angle corresponding to a longer duration of step-bunching [67]. This step-terrace formation
has been attributed to faceting of the surface. Studies of annealing at higher temperatures
(>1500 °C) produced dendritic structures on sapphire [68]. The figure 2.5 taken from a PhD
thesis by Dr O. Ualibek [69] shows the results obtained on stepped sapphire templates after
annealing at temperatures between 1350-1550 °C for 15 hours. As can be seen in figures
2.5(a) and (b), the surface appears highly uniform with a step periodicity of 100+17nm.
The dependence of periodicity as a function of the annealing temperature is demonstrated
in figure 2.5 (c). Here, the step periodicity increases with annealing temperature, which is
in agreement with other studies [62, 70]. This faceting mechanism can be considered to be
a thermally activated diffusion process in which the periodicity of the steps is assumed to
be equivalent to the average adatom displacement, D [62]. In this case, the relationship
between D and temperature (T) can be given by the Einstein equation:

D = Dy exp (— :B%;) (2.1)

where E,. is the activation energy and kj is the Boltzmann constant.
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Figure 2.5: Sapphire annealing at high temperatures

(a) AFM image of Al,03(0001) surface after annealing in air for 15 hours at 1400 °C. This surface is

offcut by 6° towards the [12 10] direction. Inset, line profile showing the step heights. (b) The 3D
view of the faceted sapphire surface. (c) Dependence of step periodicity of annealed samples on
temperature. These images are taken from [69].

Faceting of Al,O3 surfaces can be explained by different models. A model proposed by
Marchenko involves an attractive elastic forces to produce the periodic step arrangement
[71]. In his model, the constraint of conservation of the average surface orientation
suggests the coexistence of alternating directions. The strains are unbalanced at the
intersections between different facets resulting in the formation of elastic forces which will

propagate into the bulk. These structures are found to exhibit an optimum period
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corresponding to the minimum of the surface free energy of the system. Another possible
mechanism responsible for the faceting is the entropic contribution of step wandering and
repulsive stress-mediated interactions [72]. In this model it is suggested that most faceting
transitions occur as the result of competing free energy curves induced by surface
composition changes due to adsorption or reconstructions.

However the faceting behavior of the sapphire surfaces still remains unclear and the
actual cause is likely to be a complex interplay between the mechanisms described above.
Deeper investigations are required to explain the surface evolutions towards the faceting

formation.

2.1.3 Tungsten

Tungsten has a body centered cubic (bcc) structure as represented in figure 2.6(a). In this
thesis W(110) was studied which has centered rectangular surface structure with lattice
parameters of 3.16 A and 4.47 A in the [001] and [ 1 10] directions respectively as shown in
figure 2.6(b). W has the highest melting point of all metals (3422°C) [73].

Figure 2.6: Tungsten structure

(a) The unit cell of bce Tungsten, with the (110) plane highlighted in grey. (b) W(110) surface.
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STM image in figure 2.7 (which is taken from ref. [74]) shows the clean W(110) surface
with primary crystallographic directions indicated by arrows. The clean W(110) surface
consists of large single atomic height terraces with an average width of approximately 100

nm.

Figure 2.7: Atomic steps on W(110)

STM image of the clean W(110) surface taken from the thesis of S.R. Vadapoo [74].

The possibility of a lateral reconstruction was critically discussed for a long time [75] and
led to the conclusion that the clean W(110) surface is unreconstructed [76]. In the presence
of a rigid displacement of the (110) surface along the [110] direction brings the surface
atoms from a two-fold coordinated position to a three-fold one as shown in figure 2.8.
These images are adapted from a figure in a publication from 1983 by Chauveau et al. [76].
The stability of the unreconstructed state of the clean W(110) surface, without adsorbed

hydrogen, was confirmed by experimental [76-78] and theoretical studies [79].
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Figure 2.8: Reconstruction of the W(110) surface

(a) Unreconstructed surface with surface atoms in bridge positions. (b) Reconstructed surface with
surface atoms displaced in the [110] direction relative to the second layer, in the presence of
hydrogen, and going to ternary positions.

The W(110) surface has been studied in ultra-high vacuum (UHV) and an oxygen
atmosphere with low energy electron diffraction (LEED) and scanning tunneling microscopy
(STM) in the range 293 to 2500 K [80]. Reconstruction was observed on the oxygen covered
(110) surface.

2.1.4 Spinel

The normal spinel (MgAl,04) structure consists of oxygen anions in a distorted face
centered cubic (fcc) arrangement with Mg?* cations occupying 1/8 of the tetrahedral
interstices and AlI3* cations occupying 1/2 of the octahedral interstices [82]. The unit cell
length of MgAl,04is 8.075 A at 25 °C (figure 2.9). The stacking sequence of the planes in
the [100] direction can give rise to two different bulk surface terminations: a termination
consisting of two Mg atoms per unit cell or alternatively a termination consisting only of Og
and Al; atoms (see figure 2.9). Both (100) terminations are polar and for the

Mg-terminated layers, the Mg?* cations fill tetrahedral interstices along either [011] or
[011] direction as shown in figure 2.10(a) and (b), respectively. Also the Al** cations, in

consecutive Og—Als terminated layers form rows along either the [011] or [01 1] directions

as demonstrated in figure 2.10(c) and (d), respectively. The surface energy of these
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different terminations have been calculated in the literature [83, 84]. Massaro et al.
performed empirical calculations of the surface configurations at 0 K of the (100) face of
spinel and found that the Mg-terminated configuration has a surface energy of 1.596 ] m"

2 while Al-O-terminated (100) one has a surface energy of 2.161 ) m2[85].

[100] stacking

Qo
O Mg
o Al

Figure 2.9: Crystal structure of MgAl,O4
The ball model of the bulk structure of MgAl,04spinel showing the stacking in the [100] direction.

0% anions form a fcc cubic lattice with Mg?* cations in tetrahedral coordination and Al** cations in
octahedral coordination.
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Figure 2.10: Bulk surface terminations of MgAl,04(100)

Spinel (100) surface layers produce two different terminations by forming a Mg or O,—Al,—04
terminated surface. ((a) and (b)) The edges of tetrahedral interstices filled by the Mg?* are aligned

along the [011] and [0 1 1] directions in the upper and lower (100) layers, respectively. ((c) and (d))
Al®* cations fill octahedral interstices in the upper (100) layer along the [011] direction, and lower

layer along the [01 1] direction. In the bulk, these planes are separated by a distance of 2 A.

Recently, atomic-scale studies have been performed to determine the surface structure
of MgAl,04(100) by using atom-resolved non-contact atomic force microscopy (NC-AFM)
[84, 86]. The surface of spinel MgAl,04(100), when prepared under vacuum conditions,
adopts a structurally well-defined Os—Als—0s-termination consisting of Al and double-O
rows, which are interrupted by defects identified as interchanged Mg in the surface layers

[87]. This finding implies that so-called Mg-Al antisites, which are defects in the bulk of
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spinel, become thermodynamically stable and integral part of the surface. The polarity can
be abolished by removing a certain percentage of atoms in the surface layer [88]. The
surface vacancies will then most likely re-organize and lead to a surface reconstruction in
order to satisfy the polar stabilization criteria [89]. A balanced non-polar surface may exist
if the Mg has half occupancy in the Mg-layer (Mg 50%) termination, which can be achieved
by the surface adopting a (2x2) reconstructed unit cell [91]. Among the non-polar
stoichiometric surface terminations, the Mg-terminated (100) surface is considered to be
the most stable [90]. Jensen et al. revealed that the surface structures obtained at
temperatures ranging from 800 °C to 1200 °C is sensitive to the exact preparation
conditions and the resultant surface structure can be explained by different stabilization

mechanisms which predominate for different annealing temperatures [91].

2.2 Electromigration

Electromigration is a mass transport phenomenon driven by an externally applied electric
field. In practice, an electric current flows through a conducting solid resulting in a
migration of ions and point defects within the material. Metallic electromigration along
interfaces and grain boundaries plays a crucial role in the failure of metallic interconnects
in integrated circuits [92, 93].

A number of studies have examined the changes in surface morphology that can be
brought about through electromigration [50, 51, 95]. The scientific interest to this
phenomenon is further stimulated by the discovery of electric-current-induced step
bunching on vicinal Si(111) [22, 95].

It is generally accepted that step bunching on Si(111) is caused by the surface drift of Si
adatoms in the direction of the current flow[12]. This drift results from electromigration

force acting on the adatoms, which may be expressed as:
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where Qof 1S the adatom effective charge and E is the applied electric field [49, 92]. The

effective charge can be thought of as the sum of two charge terms:

Gt =€(Zg +2Zy) (2.3)

where e is the elementary charge, Zy describes the direct force arising from electrostatic
interactions between the atom and the electric field and z,,is the so called “wind” term

charge which describes the force on the adatom due to the collisions with the flow of
charge carriers. Depending on the position of atom and the effect of screening due to

current carriers, Zy lies in a range from zero to the atomic valence, while ZWis the output

of the number of current carriers, their mean free path and the cross section of the adatom.

The value of Qg CanN be rather easily calculated for the case of an adatom on a surface

of a different material by examining the rate of drift. However, for adatoms migrating on a
surface composed of the same material (such as Si adatoms on the Si(111) surface), the

calculation of Ut is more problematic. [25, 96-98].

It is suggested that electromigration on metallic surfaces is mainly driven by the electron
wind, while for both semiconductor and insulating surfaces the direct electrostatic force,

acting on diffusing adatoms, is primarily responsible [49, 92].
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2.3 Step Bunching on Si(111)

Step bunching in Si can be brought about by driving an electric current through Si(111)
which has a small miscut (typically <6°) in the [112] direction. In the present study we
consider cases where the electric current is applied perpendicular to the step-edges, either
in the “step-down” [112] direction, or the “step-up” [1 12] direction. The step bunches
produced grow with annealing time and can reach tens to hundreds of nanometres in
height, while the atomically flat terraces between the bunches can grow to several microns
in width.

As mentioned in the previous chapter (section 2.1.4), the first observation of step
bunching on Si(111) was made by Latyshev et al. who also found that the final state of step
bunches depends on the current direction [22]. In this case there are currently four
temperature regimes as following: Regime | from 850-950°C, Regime Il from 1040-1190°C,
Regime Il from 1200-1300°C and Regime IV from 1300°C upwards.

Regime Temperature Séef?;:jp Stzpf—iiclj;vn
I ~850°C-950°C Regular Bunched
Il 1040°C - 1190°C Bunched Regular
1l 1200°C —1300°C Regular Bunched
v >1300°C Bunched Regular

Table 2.1: Step bunching temperature regimes on Si(111)

Presence of step bunching on vicinal Si(111) surfaces for 4 different temperature regimes.

These regimes are summarized in table 2.1. Bunching of steps can occur with a step-up
current in the temperature regimes | and Ill, while step-down current is necessary for
temperature regimes Il and IV [22, 99]. When the current is applied in the opposite
direction to that required to produce step bunching, the result is a regular array of steps of

atomic height which is stable against step bunching. However, during cooling to room
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temperature some bunching may occur, resulting in steps having a periodicity on the order

of tens of nanometers [58].
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Figure 2.11: Step bunching behavior on Si(111)

- Bl

The direction of the electric field relative to the step-up and step-down directions is indicated
schematically view above the figure, and the corresponding the AFM images are shown directly
below. The red arrow represents the direction of the current. Images (a)-(c) show the formation of
step bunches in three for the four different temperature Regimes. These AFM images taken from
the PhD thesis of Brian J. Gibbons [100].
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The effect of temperature and current direction on the formation of step bunches is
illustrated in figure 2.11 (which is taken from [100]). The schematic above the images
demonstrates the step-down (right) and step-up (left) current directions corresponding the
images below where the red arrow indicates the DC direction. Heating vicinal Si(111) with
the E-field in the step-down direction in Regime | leads to the formation of step bunches,
while when annealed with the applied field in the step-down direction, the result is smaller
steps with a uniform distribution (see figure 2.11(a)). In the right-hand side of figure 2.11(a),
the step bunches are identified as the bright regions and the darker areas are terraces
separating the step bunches. In Regime I, the required directions of applied field to induce
step bunching or regular atomic step arrays are the opposite to those required in Regime |,
as shown in figure 2.11(b). Finally, in Regime lll, a step-down E-field is required to induce

step bunching (fig. 2.11(c).

Wy BLVirw R =

Figure 2.12: 3D cubic model of atom locations

Schematic showing the simple cubic model of an atom (blue cube) on or in a crystal. The images
(a)-(f) are organized in order of decreasing number of saturated bonding sides.
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It is essential to define the basic mechanisms used to characterize the movement of
surface atoms in all regimes. This can be achieved using a simple cubic model which is
presented in figure 2.12. The images (a)-(f) are organized in order of increasing number of
dangling bonds which corresponds to an increasing free energy. A single atom in the system
is demonstrated by blue cube. The lowest possible energy state for an atom is when the
atom encapsulated within the solid as shown in figure 2.12(a). In figure 2.12(b) the atom
forms part of the surface crystal where five of its bonding sites are saturated, i.e.
incorporated into a solid. Figure 2.12(c) shows the atom as a part of step edge running
across the crystal surface. The atom in figure 2.12(d) is located at a kink in the step edge
and is exposed on 3 sides, while in figure 2.12(e) it is attached to a step edge. Finally in
figure 2.12(f) there is a solitary atom on the surface, known as an adatom. When energy is
supplied to an atom (typically in the form of heating) it may move between 6 states,
preferably to a lower energy state as described by figure 2.12. The supply of heat may also
cause the desorption of atoms from the surface, corresponding to a further increase in free

energy.

2.4 Step Bunching Theories

The step bunching behavoiur on Si(111) has long been theoretically studied which will be
discussed below. However, due to the fact that electromigration-induced step-bunching on
insulating and metallic surfaces has so far not been observed, there are no theoretical

frameworks to describe such phenomena.
Silicon

The first model which accounted for the E-field induced adatom drift was proposed by S.
Stoyanov [23] which was the modified the BCF (Burton Cabrera Frank) [102] theory of

crystal growth. It considers adatoms with an average drift velocity of
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drift kBT ( )

where D;s is the coefficient of surface diffusion, ks is the Boltzmann constant, T is

temperature and F, which is given by

is the electromigration force acting on adatoms [102, 103]. While this is a simple 1D model,
it is a good approximation for the behavior of adatoms on a vicinal Si(111) surfaces as the
step-bunches are normally quite straight and parallel. The model proposed by Schwoebel
[104] also adapts the BCF theory, where attachment/detachment of atoms at surface steps
is considered to occur with a certain probability. However, in contrast to the Ehrlich-
Schwoebel effect [104, 105], the influence of electromigration force can be controlled by
manipulating the E-field applied through the crystal.

The following is a qualitative description of how the dynamics of adatoms can lead to
step bunching, by incorporating the concepts of electromigration, attachment/detachment
and adatom concentration [23]. In figure 2.13(a) the adatoms (blue circles) under the
influence of an external force F can diffuse/desorb in the direction of arrows. This figure is
adapted from an image in Ref. [23]. Steps on the surface have a limited capability to release
and receive atoms. There is a short, yet finite time associated with the departure of atoms
from step-edge A, and similarly adatoms released from A are not instantly accepted by site
B. This results in higher concentration of adatoms close to B as illustrated in figure 2.13(b).
Thus a backwards diffusion of adatoms towards A is induced, which retards the retreat of
step A. If the distance AB is wider than the average step-egde to step-edge distance (or
periodicity), then the adatom gradient will be weaker. As a result the back-diffusion of
adatoms corresponding to this gradient will be lower than elsewhere on this surface, and
so the net flux of adatoms towards B will be greater. This causes larger than average
terraces to increase in width, while smaller terraces will shrink, leading to step bunching.
When the force Fis applied in the opposite direction, the effect of the gradient is to stabilize

terrace width and prevent step bunching.
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Figure 2.13: Adatom motion and concentration

(a) Detachment of adatoms from a step edge (at A or B) followed by surface diffusion in a direction
of the applied external force F. This movement may involve of desorption of adatoms. The label
indicates the average time for adatom desorption on the flat terrace. (b) Schematic illustration of
the adatom concentration ng along the terrace of the step which has the length /. The label n¢
indicates the equilibrium value for adatom concentration across the entire terrace. The
concentration close to B increases causing a back diffusion, which offsets the flux of adatoms
towards B. (c) Under substantial desorption of the adatoms from the surface, the adatom
concentration is below the equilibrium value, n¢, over the entire terrace.

In vacuum at higher temperatures there is substantial desorption of adatoms from the
surface. That means the concentration of adatoms is lower than equilibrium across the

whole step as shown in figure 2.13(c). As adatoms migrate across the step from A to B,

26



there is a greater probability of desorption where the step-to-step distance is greater.
Therefore the arrival rate of adatoms at a step-edge is greater if the width of the terrace
preceding it is lower than average. Thus, narrower terraces are inclined to become wider,
and vice versa. As a result, the surface maintains a pattern of evenly spaced atomic steps
and is stable against step bunching.

If the direction of the applied force is reversed, then the arrival rate at point A will be
less for wider terraces, leading to their further growth at the expense of narrower terraces.
Thus in this circumstance the electromigration will result in step bunching.

For a quantitative treatment of step bunching, one may follow Stoyanov with the

following expression for the surface transport as a starting point [23]:

d?ng DgFdns ng
S dx? kg dx T

D

=0 (2.6)

where ng is the adatom concentration and other terms are as previously described. There
are three primary terms in this equation. The first term describes the movement of
adatoms by diffusion due to adatom concentration, and the second one expresses the
effect of the force due to the presence of the E-field. Finally, the third term is related to the
lifetime of adatoms on the surface before they are lost to desorption. Further mathematical
treatment requires the description of step edges along x and the boundary conditions for
adatoms at the step edges, but this is a considerable task in itself and is not the main focus
of this present thesis.

The steps are assumed to be impermeable or nontransparent in the generalized BCF
theory [23, 101], which comfortably describes the step-bunching behavior for step-down
adatom electromigration, as for Regimes | and Ill, it predicts stable surfaces for step-up E-
fields. The model above, which can explain the surface behavior in Regimes | and lll,

4

considers the “non-transparency” of atomic steps when the kink density is high and
adatoms hopping onto step must participate in the exchange between 2D gas of adatoms
and the crystal phase and attach to the step edge. Stoyanov suggests a separate continuum
model to explain the step bunching with a step-up electromigration for regimes Il and IV

[45]. Within this model, in contradistinction to the generalized BCF model, the steps are
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assumed to be (partially) transparent or permeable, which means there is a direct exchange
of adatoms between neighbouring terraces. In this case, if the concentration of kinks at the
step is low, many adatoms have a chance to attach to the step edge, diffuse along it and
detach without attaching to kink position at all. As a result adatoms simply cross the step
without the contribution in the exchange between the crystal phase and the migrating
adatoms’ dilute layer.

Aside from models produced by Stoyanov, other theoretical studies have been put
forward to explain the electromigration induced step bunching on Si(111), with varying
degrees of success [42-44]. The detailed theoretical discussion of step bunching is not the
main focus of this study, as this thesis deals with the investigation of antiband instability
which appears on step bunches formed on bunched Si(111). An introduction to antibands

shall be given in the following section.

2.5 Antibands

Prolonged annealing time of the Si surface with the DC driven along the miscut direction
results in the formation of antibands on terraces between step bunches. Electromigration
of adatoms causes steps crossing the wide terraces to twist until they acquire a reversed
alignment and form bands with opposite inclination to primary bunches, i.e. antibands [30,
100]. The schematic of this morphology is illustrated in figure 2.14, and sample AFM images
showing this phenomenon are shown in figure 2.15(a) which is taken from Coiledin et al.
[109]. There are two mechanisms responsible for the formation of antibands: sublimation
spirals and the slow evolution of the shape of the steps crossing the large terraces between
the step bunches. The antibands developed by these mechanisms are demonstrated on
neighbouring terraces of the bunched surface of an AFM image in figure 2.15(b). The
dislocations responsible for the sublimation spirals are relatively rare on the terrace and
primarily act as a localized source of crossing steps, which finally develop into antibands.
The formation of these antibands, which involves the evolution of atomic steps, is one of

the main subjects of the present study.
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Figure 2.14: Schematic of Antibands

This schematic illustrates a step bunched surface. Anibands (red) are the bunch of steps inclined in
the opposite direction as compared to the primary bunches.

Crossing steps on the terrace develop with time as demonstrated in figure 2.16 (a).
Variation of the adatom concentration is compensated by the variation of the step
curvature. This concentration gradient causes the crossing steps to bend and leads to
characteristic S-shape deformation. Also the step velocity near the upper step edge of the
terrace is greater than at the lower edge. The crossing step marked by S on terrace 1 in
Figure 2.16 (b) demonstrates a symmetric S-shape which aligns perpendicular to the step
bunches. As the terrace width grows the inner lobes of the S-shaped steps continue to
stretch as shown on terrace 2 in Figure 2.16 (b). Finally, the middle parts of crossing steps
align parallel to the step-bunches to create a continuous thick band known as antiband.

Terrace 3 in Figure 2.16 (b) clearly demonstrates the final stage of this development.
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Figure 2.15: Surface morphologies created on Si(111)

(a) AFM phase image overlaid on 3D topographical data for bunched Si(111) surface shows 10 nm
(A) and 14 nm (B) high antibands located close to terrace edges. Anibands are white and primary
step bunches are black. (b) AFM image of Si(111) shows two neighboring terraces, where antibands
evolved by bending of crossing steps (upper terrace) and sublimation spirals (lower terrace) [106].

The minimum limit of the electromigration field in the antiband study can be determined
by the critical field, E.., as applying an electric field weaker than E., resulted in the
cessation of the step bunching process. The studies of Coiledin et al. [109] shows that the
compressed step-density wave have been created on Si(111) after annealing with the
critical field E,, or weaker field and the number of atomic steps is found to be relatively
small compared to the coarsening step bunches and is not affected by the duration of

annealing.
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Figure 2.16: Antiband formation

(a) Schematic showing the evolution of crossing steps on a terrace which is progressing in the
direction of the arrow. (b) A derivative AFM image shows the different stages of development
towards antiband formation. The crossing step is marked S on terrace 1. recognized by its symmetric
S-shape. Crossing steps on terrace 2. are beyond the symmetric S-shape. On terrace 3. crossing
steps form continuous antibands.

Generally, two groups of processes are responsible for crystal sublimation. The first
group involves surface diffusion accompanied by adatom desorption on terraces separated
by atomic steps. The second group involves the interaction of adatoms with the atomic
steps, i.e. attachment to step edges, migration along the edges to the kink sites,
detachment from the kink positions, and detachment from the steps. Depending on the
relative rates of these processes, there are two distinguishable sublimation states in the
Regime Ill. First, the attachment-limited state is characterized by relatively slow adatom
attachment-detachment kinetics and fast diffusion on terraces. Second, the diffusion-
limited state is characterized by relatively slow surface adatom diffusion and fast kinetics
at the steps. Since these two sublimation modes are physical distinct, they possess different

dynamic properties and must be studied independently.
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In this thesis the antiband instability on vicinal Si(111) for the step-down
electromigration (Regime lll) is investigated. In chapter 4 we provide the theoretical

treatment of the antiband instability under the condition of diffusion-limited sublimation.
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Chapter 3

Experimental Methods

OKy - 6inim asbifbl,
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This chapter describes the experimental methods and equipment used to initiate step
bunching on vicinal samples and to analyse the final surface morphology.

Step bunching on vicinal surfaces has been achieved by following a procedure with three
key steps:

1. Thorough cleaning of the initial surface

2. Pre-annealing with no applied electric field

3. Annealing with E-field applied perpendicular to the miscut direction.

3.1 Annealing Setup

Step bunching was induced by annealing samples in the ultra-high vacuum (UHV) chamber
shown in figure 3.1. The experimental setup was custom designed and developed for the
purpose of inducing step bunching. It consists of two separate volumes divided by a gate
valve. One system section is kept under constant vacuum at all times by a Perkin Elmer ion
pump (base pressure of 2 x 1071° Torr). The adjoining section includes an annealing stage

and can be opened to load new samples, with pumping provided by an additional turbo
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molecular pump. Three different prototype sample holder designs were tested by Dr
Cormac O'Coilean [57] before settling on the current design.

In conventional step bunching experiments, annealing is conducted on a DC joule
heating stage, and the temperature of the sample is measured by means of an infra-red
pyrometer. However in our case, in order to control the E-field applied to the sample, the
DC current annealing platform was surrounded by a heating shroud. This allows the
surroundings’ temperature to be tuned to compensate for any temperature deficit when
using lower DC heating current. This configuration not only allows independent
temperature control of the sample and the voltage across it, compared to the less-
controlled annealing on an open stage, the set-up also provides the added advantage of
excellent temperature homogeneity across samples. A schematic of the sample stage in the

heating shroud is shown in figure 3.2(a).

DC Joule
heating
stage

Figure 3.1: Photograph of the UHV chamber containing the sample stage, with its component
parts labelled.
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The sample holder is designed to anneal samples measuring ~ 20 x 1.5 x 0.5 mm?. It is
possible to anneal samples of other dimensions with a few minor modifications. The
purpose-built sample stage is constructed from Mo and ceramic alumina components

(figure 3.2(b)) for high temperature vacuum compatibility.

a) Contacts Sample b)
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Figure 3.2: A schematic of the sample stage. (a) The sample stage is placed within the alumina
crucible of a high temperature effusion cell with a diameter of approximately 10 mm. (b) The sample
holder is composed entirely of Mo, W and ceramic alumina components (figure reproduced from
[57]).

The annealing platform was built using an effusion cell as its heating source. The sample
stage both acts as an electrode and provides mechanical support. The first electrode is
clamped in direct contact with the Mo stage. The second electrode is affixed through a hole
in the primary stage and isolated using alumina spacers. The sample is held in place using
a Ta nut at one end and Ta plate at the other. On the opposite side of the sample holder,
the electrode is connected to a 1 mm thick Mo wire, which is insulated with alumina
beading. These electrodes are connected through an electrical feed-through to an Agilent
DC power supply. Once the samples are mounted between the electrical contacts, the

entire assembly is inserted vertically into the clean alumina crucible of a Knudsen effusion
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cell ("K-cell") made by MBE-Komponenten GmbH. The depth of the sample stage inside the
crucible can be regulated via a linear drive with a Z travel range of 100 mm. The crucible
diameter is only 10 mm, meaning that the operating space is quite restricted and confined,

which was the primary limiting factor in the design.

3.2 System Calibrations

Several calibrations and tests were performed by Dr O'Coilean [57] to verify that the
measurements taken were secure and consistent. The K-cell is supplied with an attached
C-type W5%Re/W26%Re thermocouple (approximate error of 1% between 425°C and
2320°C) located next to the wall of the crucible. This is used to record t, the crucible
temperature. A second K-type Chromel/Alumel thermocouple (error of 0.75% between
277°C and 1260°C) is inserted with the sample holder to determine whether it was
reasonable to use the readout as the temperature at the centre of the crucible (t«). The
temperature measurements were found to agree within an acceptable margin of error and
are compared in Table 3.1. Above 1020°C the temperature difference between t.and tx
vanishes, implying that they can be used as a measure of the sample temperature with
confidence.

In order to determine how the resistance of the components changed with temperature,
the sample stage was loaded with a piece of Ta foil between the electrical contacts. This
was heated to annealing temperature and the resistance was measured using an applied
current. The value obtained was ~ 0.3 Q. This value remained relatively constant up to the
temperatures required for our experiments and was taken into account in determining the
voltage drop across our samples.

Long annealing times in UHV can have an unfavorable effect on surface quality and on
the step bunching process. To prevent contamination of the surface, several precaution

must be taken, as described in section 3.6.
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t(°C) t (°C)
755 736
862 847
902 892
965 958
1011 1007
1027 1026
1051 1049
1067 1066
1093 1093
1110 1111
1130 1132

Table 3.1: Crucible temperature calibration. t. is the crucible temperature recorded by C-type
thermocouple and t is recorded by K-type thermocouple.

3.3 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is a surface imaging technique which provides
apparent three dimensional (3D) real space images. It was developed at IBM (Zurich) by
Gerd Binnig and Heinrich Rohrer in the 1980s and for this work they were awarded the
Nobel Prize in Physics [106]. STM probes the density of states of a conducting material using
the concept of quantum tunneling.

When a sharp tip approaches a conducting sample at a distance of ~ 1 nm and a voltage
bias is applied between the tip and surface, the so-called tunneling current starts to flow.
A piezoelectric tube scanner allows tiny, controlled movements by applying a voltage
across the piezos. Thus the electronics of the STM system can control the tip position in
such a way that the tunneling current and, hence, the tip-surface distance is kept constant,
while at the same time scanning a small area of the sample surface. This movement is
recorded and can be displayed as an image of the surface topography.

The STM tip typically has a radius of curvature on the order of several nanometers,

however it consists of a number of "microtips" that may each end in a single atom. The
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majority of the tunneling effect is due to the closest atom to the surface, and so the most
important factor for a tip is the stability of the longest microtip.

The STM can be operated in two scanning modes; constant-current and constant-height.
These modes are demonstrated in figure 3.3. In constant-current mode, the tunneling
current is kept constant using an electronic feedback loop, while the height is varied,
thereby causing the tip to trace out the topography of the surface. In the constant-height
mode the sharp tip scans at a fixed height and records the varying tunneling current due to
the make-up of the surface and its corrugation. All STM images presented in this thesis

were obtained in constant-current mode by my colleagues.

(a) Feedback
loop

bbbbbbbbbbbb

Figure 3.3: (a) STM tip operates in constant current scanning mode. The path followed by the STM
tip is shown by dotted line. Substituted atoms (in red) exhibit a different visible height to the blue
adatoms due to their different local density of states. (b) Constant-height mode. Tip keeps a
constant height over the surface by recording current (shown by orange fluorescence). These
images reproduced from the PhD thesis of Dr Barry Murphy [108].
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3.4 Low-energy Electron Diffraction

Low-energy electron diffraction (LEED) is a technique which involves measuring the
diffraction of electrons by the surface rows of atoms of a single-crystalline material. A
collimated beam of low energy electrons (10-200 eV) is directed normal to the surface.
The mean free path of electrons in the material is limited to the first few atomic layers,
because the electrons have low energy and hence LEED gives information of geometric
structure of the surface. When a sample has a well-ordered crystalline surface, the
impinging electron beam will be elastically back-scattered by the surface rows of atoms
of the crystal back on to a fluorescent screen, resulting in the display of the diffraction

pattern of the surface.

Detector b)

Screen
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Figure 3.4: A schematic of the experimental LEED setup and a typical LEED pattern. (a) Experimental
LEED apparatus. (b) LEED pattern obtained from the clean Mo(110) surface at energy of 142 eV. The
indicated a" and b” in white arrows are the primitive reciprocal lattice vectors (Images are
reproduced from [108]).

A schematic of the LEED apparatus is shown in figure 3.4 (a). An electron gun produces
monochromatic electrons, which are accelerated through a voltage V, and are
diffracted by the sample. These electrons pass four metal grids before colliding with

fluorescent screen, where light is emitted. The first and fourth grids are on ground
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potential to restrict the field. The central two grids are kept close to V at V+dVto choose
only elastically scattered electrons. Finally, the electron will be post-accelerated by the
screen's high voltage, in order to maximize the fluorescence efficiency. Figure 3.4 (b) shows

the LEED pattern of the clean Mo(110) surface.

3.5 Atomic Force Microscopy

Atomic Force Microscopy is a surface imaging and analysis instrument designed to
represent the atomic-scale topography of a surface by measuring the electronic forces
acting between the tip and the sample surface [107].

In general, the principles by which AFM works are simple. The sharp tip scans across a
surface in one of two modes: constant height or constant force. Either the height or force
between the tip and surface is kept constant while the other is measured. A simple
schematic sketch of the working mechanism of an AFM is shown in figure 3.5. The tip
experiences the van der Waals forces, dipole-dipole interactions, electrostatic forces, etc.
due to its closeness to the surface. A laser is directed at the back of the tip, which is
reflective. The reflected light is measured by a collection of photodiodes so that the
deflection of the tip can be ascertained precisely. There is a feedback loop which adjusts
the tip-sample separation to maintain the scanning mode. The tip moves in a series of
parallel lines (this is called rastering) building up a picture of the area as it does. This is then
converted into an electrical signal which is interpreted by the computer software.

In this thesis AFM images were obtained with a NT-MDT Solver Pro scanning probe
microscope using silicon cantilevers, and the images were processed using NT-MDT Nova
and WSxM programs. The radius of the tip is less than 10 nm and the Si cantilever has a
nominal resonant frequency of approximately 300 kHz.

The AFM can be operated in three basic scanning modes: contact, non-contact and

tapping modes. These modes are introduced in the following sections.
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Figure 3.5: Schematic representation of AFM's working principle (Image reproduced from [74]).

3.5.1 Contact Mode

In this mode the tip is “dragged” across the surface of the sample. If the measured
deflection differs from the desired value, the feedback amplifier alters the voltage applied
to the piezoelectricto return it to the desired set point. However there is a primary problem
with this mode of scanning, because the excessive forces applied can lead to damage of the
tip or sample. The beneficial part of contact mode is the simultaneous acquisition of
topographic and spreading resistance information if both the sample and tip are

conductive.

3.5.2 Non-contact Mode

In non-contact mode, the tip of the cantilever does not make contact with the sample’s
surface. The cantilever is oscillated above its resonance or maintained at 1-10 nm above
the surface where the attractive Van der Waals forces are strongest and act to reduce the
resonance frequency of the cantilever. Any changes in the phase, amplitude or frequency
of the cantilever can be measured, thus allowing the scanning software to build a

topographical image of surface.
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3.5.3 Tapping Mode

This mode (also known as AC mode) the cantilever is driven to oscillate with a large
amplitude, typically 100-200 nm. If the tip comes close to the surface, the interacting forces
such as Van der Waals, electrostatic forces, and dipole-dipole interaction cause the
amplitude of this oscillation to reduce as the tip comes closer to the surface of the sample.
Scanning with the tapping method overcomes the tip sticking problems which occur in non-
contact, and friction problems of contact mode. In the present work only this tapping mode

was used.

3.6 Annealing Procedure

Experiments were conducted in UHV using a setup that combines independently controlled
direct current (DC) and irradiative heating, with a base pressure of 2 x 1071° Torr [40].The
irradiative heating was supplied by an effusion cell, which surrounds the custom-made
direct current annealing stage inserted into an empty crucible.

For Si, the sample temperature was extracted from the sample's resistance, essentially
using the sample as a resistive thermometer. The capacity to decouple the DC current from
the sample temperature enabled us to control the strength of the electric field while
maintaining the sample at a desired temperature. The strongest electric field E=3.6 V/cm
was applied to Si samples when the DC was the only source of heating and the weakest
field was determined by the critical electromigration field (E.) [109]. Correspondingly,
when the entire heating requirement was supplied by the radiative heater, the applied
voltage was 0 V. For the oxides Al,03, MgAl,O4 and the metallic W, sample temperature
was determined by the effusion cell’s thermocouple. For these materials, the produced
joule heat is negligible and hence did not significantly affect the sample’s temperature due
to their high or low resistivity, respectively.

Rectangular strips were cut from wafers (Si) or substrates (Al.O3, MgAIl>04 and W) and

the samples’ long sides were always aligned to the miscut direction. To remove
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contamination after cutting, the samples were cleaned with acetone, methanol and
isopropanol in an ultrasonic bath. After cleaning, the strips were mounted between the
two electrical contacts and lowered into the effusion cell. Before annealing with an applied
E-field, each sample was outgassed for 24 hours at 700°C. Finally, after annealing and then
cooling to room temperature, the samples were removed from UHV for ex-situ analysis of
the step bunched surfaces using AFM. Detailed annealing procedures for different samples

shall be given in the following sections below.

3.6.1 Si(111)

Samples were sliced in the shape of rectangular 20 x 1.3 mm? strips from n-type doped
0.525 mm thick Si(111) wafers (Siltronix, resistivity ~ 1Qcm), with misorientation angles (a)
from the Si(111) plane in the range 1.1°-4° towards the [112] direction. To reduce surface
defects, the samples were then DC-annealed for 24 hours at a temperature of
approximately 450-500°C, followed by repeated DC flash-annealing up to 1250°C for 10
seconds. Samples were later annealed for time intervals ranging between 15 and 60
minutes at 1270°C (regime Ill) with current driven along the miscut in the down-step
direction. At this temperature, the Si(111) surface bunches at the high rate of
approximately 1 step/second [97] and reaches the phase of antiband formation relatively
rapidly, compared to other temperature intervals. Shorter annealing times were used for
samples annealed with stronger electric fields.

Prolonged sample annealing in vacuum can result in carbon segregation. Therefore, a
separate experiment was set up in order to investigate the extent of surface contamination
that could be potentially induced by the described annealing procedure. Auger electron
spectroscopy analysis showed that after flash annealing to 1250°C, the surface was free
from carbon and oxygen contamination and remained clean after further annealing for 2
hours at 1270°C [40]. After the annealing sequence the samples were maintained at 650°C

for an hour using only radiative heating.
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3.6.2 W(110)

High purity W single crystals were grown, aligned and cut at the Institute of solid state physics RAS,
Chernogolovka (Russia). High-quality W single crystals grown using the floating zone
technique with a low density of dislocations were used for metal step-bunching. To get rid
of small angle boundaries and dislocations, the single crystalline ingot was subjected to
overcritical plastic deformation followed by a high-temperature annealing, resulting in
recrystallization. Crystal quality was monitored by X-Ray diffraction (XRD). The Full Width
at Half Maximum (FWHM) of the rocking curves for the (110) reflection (CuKy) in the XRD
experiments was 50 angular seconds. The density of dislocations was estimated to be 2 x
10%*cm™ [110].

The strips, 10 x 1.5 x 0.5 mm3, were cut from W(110) with a = 2.6° and 3.2° in the
[11 2] direction and o = 0.8° in the [110] direction.

Prior to their treatment in the DC annealing setup, the W(110) samples were cleaned in
a separate UHV chamber with a base pressure of 2 x 1071° Torr. The vicinal tungsten samples
were first annealed using electron bombardment at 1300°C in an oxygen atmosphere
(p=1 x 10® Torr) for 60 minutes to remove carbon contamination. This was followed by
several flash heatings at 2100 °C to remove oxygen from the surface. The annealing
temperature was measured with an optical pyrometer (Ircon UX20P, emissivity 0.35). The
pressure in the UHV chamber rose to 1 x 10 Torr during the flash heatings but rapidly
recovered to 2 x 1071 Torr after switching off the electron beam. The cleaning process was
repeated until the carbon and oxygen impurities could not be detected by Auger Electron
Spectroscopy (detection limit is below 1 at. %). Usually, after several cleaning cycles Low
Energy Electron Diffraction (LEED) patterns characteristic of vicinal W(110) could be
obtained.

As a final preparation step, the W(110) samples were oxidized at 1300°C in an oxygen
atmosphere (p=1 x 10 Torr) for 60-90 minutes. This was to protect the surfaces from
contamination using a protective oxide layer, so that the samples could be safely removed
from the UHV chamber and loaded into the main experimental setup to initiate the step

bunching by direct current annealing.
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In order to remove the surface oxide layer, the temperature of the effusion cell was
brought to 1300°C and maintained for 1 hour. Next, without radiative heating, a DC of 5A
was applied in either the step-up or step-down direction for 24 hours to reduce the density
of pinning centers and protrusions. The electric field was applied perpendicular to the
orientation of atomic steps. Finally, maintaining the same current direction, the crucible
temperature was gradually increased to 1500 °C and samples were annealed with direct
currents of / =6 A (E =0.03 V/cm), I =10 A (E = 0.052 V/cm), 12 A (E = 0.06 V/cm) for 6
hours to initiate the step bunching process. Annealing temperatures of 1500 °C were

needed to increase adatom mobility and lead to step bunching on the tungsten surfaces.

3.6.2 Al,05(0001) and MgAl,04(100)

Samples with size 10 x 1.5 x 0.5 mm3, were cut from single-crystal, side-polished C-plane
Al;O3 substrates (99.99% Pure, MTI Corporation, USA) chemically polished (making them
UHV compatible) with & = 2° and 3° in the [12 10] direction and MgAl,04 (MTI Corporation,
USA) with @ =3° and 6° in [001] and [011] directions.

To increase the conductivity and adatom mobility, the optimum annealing temperatures
of 1400 °C and 1500 °C were chosen for MgAl,04 and Al,Os3, respectively, and the sample
temperature was determined by the effusion cell’s thermocouple. The resistance between
the contacts was found to be on the order of ~ 30kQ at 1400°C and ~ 20kQ at 1500°C for
magnesium aluminate spinel and sapphire, respectively.

To induce the step bunching process, the a-Al,O3 samples were annealed at 1500 °C for
6 or 20 hours with electric fields ranging E = 30 — 140 V/cm and the MgAIl>04(100) samples
were annealed at 1400 °C for 6 hours with electric field, E = 140 V/cm, applied in the step-

down and step-up directions for both insulating surfaces.
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Chapter 4

Antiband Instability on Vicinal Si(111)

Surfaces

[nim - }KaHbIN TYpFaH WbIpaK,.
OHep - aFbin }KaTKaH bynak,

In this chapter we investigate antiband instability on vicinal Si(111) surfaces with different
angles of misorientation. We provide a theoretical description of antiband formation via the
evolution of the atomic steps’ shape. For the first time we derive a criterion for the onset of
the antiband instability under the conditions of sublimation, controlled by slow adatom
surface diffusion. We examine this criterion experimentally by studying the initial stage of
the antiband formation at a constant temperature of 1270°C, whilst systematically varying
the applied electromigration field. The experiment strongly supports the validly of the
derived theoretical criterion and indicates the importance of accounting for the factor of

critical field in the theoretical modeling of step bunching or antiband instabilities.
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4.1 Introduction

The current theoretical model of the evolution of crossing steps towards the formation of
antibands considers the down-step adatom electromigration and is derived for the case of
the attachment-detachment limited regime (or step kinetics limited regime) [99]. In this
regime surface sublimation is controlled by the atomic processes at elementary steps
because the rate of adatom attachment-detachment is much slower than the rate of adatom
surface diffusion. This results in a pile-up of adatoms at the step edges and creates the
gradient of their concentration across large terraces separating step bunches. This non-
uniformity of the adatom concentration eventually breaks the stability of the S-shape of
crossing steps and initiates the process of antiband formation. However, initially this

gradient in adatom concentration can be balanced by the variation of chemical potential g

along the crossing steps which is given by = —ﬁbZCS, where f is the step stiffness,
b - atomic spacing and C, is the step curvature [98]. Therefore, the appropriate variation of
the step curvature C, can compensate for the non-uniformity of the adatom concentration

across the terrace and stabilize the steady state S-shape of the crossing steps. This
compensation mechanism fails as the terrace width grows, initiating the onset of the
antiband instability, which occurs when the terrace width (L:) satisfies the necessary
condition [98]:
FL?
B’

where F given by F =q4E, is the electromigration force acting on adatoms, E is the

> 2 (4.1)

electric field applied across the sample and ¢, is the effective electric charge of surface

adatoms. The remarkable aspect of the condition (4.1) is that it does not account for the
degree of surface vicinality in any form. It implies that for a given force F, the terrace width
L: required for the onset of the antiband instability is the same for any initial interstep

distance (/) which is determined by the overall surface offcut from the low index plane.
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The results of recent experimental investigations strongly suggest that sublimation on the
Si(111) surface is a diffusion limited process [109, 111, 112], which is characterized by
relatively slow surface adatom diffusion and fast kinetics at the atomic steps. Here we
provide for the first time a theoretical treatment of the antiband instability under the
condition of diffusion limited sublimation. We also experimentally study the onset of this

instability and compare experimental and theoretical findings.

4.2 Theory of Step Shape Instability and Antiband Formation

Depending on temperature, the step bunching process on Si(111) can be maintained by
either up-step or down-step driven dc current (e.g. in the temperature regimes 1050-1240
or 1250-1350 °C respectively) [34, 113]. Recent experimental studies have affirmed that in
both annealing regimes antibands are located close to lower step bunches, while in the case
of the attachment limited sublimation they are expected to grow closer to the upper step
bunch when the heating current is driven in the up-step direction [28]. This was explained
by a possible change in sign the of surface adatoms’ effective charge from positive at higher
temperatures to negative at lower [25, 96]. However, the assumption of a sign change is in
contradiction with the results of earlier experimental studies, which clearly demonstrated
that adatom electromigration on Si(111) proceeds in the direction of the applied electric
field over a wide range of temperatures [114].

In this section we derive an expression for the adatom concentration gradient under the
conditions of slow surface adatom diffusion and show that this gradient is independent of
the direction of the electric current. As a consequence, the location of antibands under these
conditions is no longer expected to change upon reversal of the electric current direction,
which is in agreement with the experimental observations [28, 41]. The expression for the

gradient is later used to derive the condition for the onset of the antiband instability.
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4.2.1 Nonuniformity of the Adatom Concentration

The adatom concentration gradient on wide terraces between step bunches is induced by
two rather different mechanisms in the two aforementioned regimes. In the step kinetics
limited regime the concentration gradient is induced directly by the electromigration force
F which pushes adatoms towards the atomic step at the terrace’s edge where the adatoms
create a “pile” due to the slow rate of the attachment process [98]. In contrast, the adatom
concentration at the step on the opposite side of the terrace is lowered, because atoms
detached from the step are immediately removed by means of electromigration.

In the diffusion limited regime, the concentration gradient is created by a different
mechanism which is related to the repulsion interaction between atomic steps. On the
macroscopic level this mechanism is based on the dependence of the local chemical
potential on the curvature of the crystal surface. The positive surface curvature on one side
of a wide terrace and negative on the other create conditions for the existence of the
concentration gradient. The gradient created in this way can be neglected in the case of the
attachment limited sublimation since its contribution is not significant compared to the
direct contribution of electromigration force [98]. However, in the diffusion limited regime,
the intensive atom exchange between the crystal phase and the adlayer of adatoms results
in nearly equilibrium adatom concentration in the vicinity of the j-th step, which is given by
[102]:

nf(xj): ng| 1+ ;&(i—iJ (4.2)
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where A :F' n, is the equilibrium adatom concentration on an ideal vicinal surface

where ij1 = Ij, g is the strength of the entropic and stress-mediated repulsion between
atomic steps, Q is the area of a single atomic site and Ij = Xj,; — X; is the width of the j-th

terrace between atomic steps with the coordinates X; and x;,,. When the j-th terrace is

j+1

the large terrace between two bunches (i.e. |; = L,), the condition L, >>1;, ~1;,, can be
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applied and the expressions for nJ(x;) and n¢ (X;,1) can be simplified by neglecting the

term % giving:
t

and

nf(xj+l)= ns{l— '&(Iéﬂ (4.3)
j+1

Making use of the equation (4.3) one obtains the expression for the adatom

concentration gradient G, on a wide terrace:

né(x;)—né(x. ~
o D) s(xj_l)zine,{i+i}

f B L,

j+1
where ijl is the width of the highest terrace in the lower bunch (outflow region where

(4.4)

atomic steps detach from the bunch) and |, is the width of the lowest terrace of the higher

bunch (inflow region).

Expressions for |, and |, ; were derived in earlier theoretical studies (Eg. (22) in Ref.

[115]) for a conserved system where surface desorption could be neglected [115]. It should

be noted that Ij+1 and ij1 behave differently in the case of non-negligible desorption, as

was revealed by numerical integration of step motion equations within the framework of

the one dimensional model [26]. These numerical calculations of I;,, reproduce the result
obtained for a conserved system [115] but give considerably larger values of IH. As an

approximation we will use the expression derived for a conserved system?® but written with

somewhat different notation:

0 1/3
g =y
=1, = (W] N3 (4.5)

D
where d, = ?S is the kinetic characteristic length, D is the coefficient of surface diffusion,

K is the step kinetic coefficient, g is the step repulsion coefficient and N is the number of
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steps in the bunch, which in the following considerations is assumed to be the same for all
bunches. Substituting equation (4.5) into equation (4.4) gives an expression for the adatom

concentration gradient:

Gr - _2nse E[@j (46)
L kT

Equation (4.6) suggests that, in the regime characterized by the slow surface diffusion, the
gradient of the adatom concentration across wide terraces indirectly arises through the
presence of large adjoining step bunches on the terraces’ sides. The applied electric field
results in the formation and subsequent growth of the step bunches, which provide
conditions for the creation of the concentration gradient. The essential aspect of equation
(4.6) is that the adatom gradient depends on the absolute value of the electromigration force

and is independent of its direction.

4.2.2 Shape of the Crossing Steps-limits of Stability.

For simplicity the shapes of crossing steps are analyzed for the down-step electromigration
under equilibrium conditions. Under equilibrium conditions the surface desorption is either
negligible or compensated by the appropriate deposition [28] and the crossing steps remain
in their fixed positions. In the following we will consider the coordinate system with the x-
axis along the step bunches, the y-axis normal to them with the positive direction from the
lower to the higher terraces and the origin in the middle of the terrace (figure 4.1(a)). Using
the same approach as formulated by Thurmer [98], the adatom concentration gradient

(G, ) compensation by the variation of the step curvature C, can be expressed in these

coordinates as

N0
—C,=0G 4.7
g oY (4.7)
The crossing steps’ equilibrium shape y(x) can be found by solving differential equation (4.7),

which is equivalent to
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y

with a = G kT , and can be easily reduced to

VS J4a-(ay? -cf (4.9)

£AniQ
ay’-C

=ay (4.8)

where C is an arbitrary constant that can be found by applying the boundary condition

2
C=2+ a(%j (4.10)

Equations (4.9) and (4.10) provide a background for clear understanding of the different

stages of the crossing steps’ evolution and transitions between these stages. Initially, the

d
crossing steps are curved in the long S-shape and the sign of their slope y’ = d—y remains
X

L
the same over the y-interval given by 0<y < ?t (figure 4.1(a)). This situation is realized

L, <2 \/z (4.11)
al

leading to the equation for the critical value of terrace width Li:

when L; satisfies the inequality:

L =2 24n.Q
G, kT

(4.12)

Once L: exceeds Licr, the crossing steps make the transition from the long S-shape (figure
4.1(a)) to the S-shape (figure 4.1(b) and (c)). The S-shape is characterized by a change in sign
of the slope in each half of the terrace and can only be maintained in the limited interval of

Li values. The lower boundary of this interval is determined by L ., while the upper limit

tcr 2

L., can be determined from the condition y/(0)= 0:

t max
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(4.13)

For Lt > Limax the step’s slope becomes zero in the middle of the terrace and the equilibrium
S-shape can no longer exist. At this point, the variation of step curvature cannot compensate
for the gradient of the adatom concentration so that the steps lose their stability and

gradually lose their symmetry marking the onset of the antiband instability (figure 4.1(d) and
(f)).

Figure 4.1: Evolution of crossing steps’ shape towards the formation of antibands on Si(111)
terraces.

(a) Crossing steps are curved in the long S-shape. The sign of the step’s slope remains the same along
the entire step. (b) Crossing steps are aligned perpendicular to the step bunches. A further increase
in the terrace width allows the transition to the S-shape. (c) Crossing steps in the steady-state S-
shape, characterized by change in sign of the slope in each half of the terrace. (d) Crossing steps
gradually develop a segment with a zero slope indicating the onset of the antiband instability. (e)
Crossing steps “frozen” at different stages of their evolution on a single widening terrace.
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These results are valid for the equilibrium shape of crossing steps but cannot be applied
directly to high temperature regimes where sublimation rates can be significant (e.qg.
1250<T <1350 °C). As a result, the steps do not retain their positions on terraces but move
along at measurable rate. In this case one should consider the steady-state of crossing steps
which needs some comments. Generally, the shape evolution of a moving step is described
by the equations [116]:

%y

%=—V5in¢+d—VCOS(p, —:VCOS(D—l—d—VSin(p (4.14)
ot de ot de

where X((o,t) and y(go,t) are coordinates of a point on the step, ¢ is the angle between the

normal to the step at this point and the x-axis, t is the sublimation time and V is the step

velocity given by
V =KQ(n, —n¢). (4.15)

The V (p) dependence is quite complex because the step kinetic coefficient K is generally
anisotropic. This anisotropy is created by kinks produced along the step by geometrical
misalignment of the step orientation and the crystallographic directions for atomically
straight steps. When the density of these kinks exceeds the density of thermally activated
kinks the coefficient K becomes a function of ¢. Also, V depends on ¢ via the adatom
undersaturation (or oversaturation) An, =n, —n_ because the adatom concentration n, in
the equation (4.15) has a gradient along the y-axis, while the equilibrium concentration n?

depends on the step curvature, which varies along the step or, in other words, it depends on

X(p,t) and y(p,t).

Such complex V (¢) dependence makes calculating the time evolution of crossing steps a
challenging task. However, here we are interested in the relatively simple case of the steady-
state shape, where the step motion is limited to simple translation along the x-axis and

equation (4.14) can be reduced to:

xX_y A
ot

=V =0 (4.16)
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where V,, is the velocity of the step’s translational motion as a whole. Finally, combining

equations (4.15) and (4.16) results in the equation for the steady state shape of the crossing

step:
y" = ay(1+ y’z)?’/2 +£a’(1+ y’2)+ Ansa’(1+ y’2)3/2 (4.17)
where
a' = 7kT (4.18)
pAniQ

Equation (4.17), which takes into account the undersaturation An, and the translational
velocity V,,, can be reduced to the equation (4.8), derived for the equilibrium conditions, by
assuming that An, and V,, are negligible. However, in the general case, the undersaturation

and its influence on the step velocity will result in a deviation of crossing steps from their

equilibrium shape and affect the final form of equations (4.12) and (4.13) for L._ and L

tcr tmax *

4.2.3 Onset of Antiband Formation

Equation (4.6) for the gradient in the adatom concentration can be modified by taking into

Lt + Lbunch

account that the number of steps in the bunch is given by N = and substituting

this expression into equation (4.6), which results in:

G, =-2n¢ %[u MJ(@] (4.19)

L | kT

where L., is the width of the step bunch and [ is the mean initial terrace width. As was

discussed earlier, the formation of antibands begins when crossing steps develop segments

aligned parallel to the step bunches after the terrace width L: exceeds Limax given by equation
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(4.13). Substituting equation (4.19) into the equation (4.13) results in the criterion for the

onset of the antiband instability under conditions of slow surface adatom diffusion:

L d,|F

Lf[1+ MJL >8 (4.20)
/1 [9)

The condition L., << L, can be applied in the case of a low vicinal surface and the

inequality equation (4.20) can be simplified to:

d.|F|

BIO

L2 >8 (4.21)

which is similar to equation (4.1). The relationships in equations (4.20) and (4.21) contain
. ds . . . . . .
the ratio 1 which is determined by the surface miscut from the low index crystallographic

plane. This is in striking contrast with the equation (4.1) which was derived for the case of
attachment limited sublimation [98] and does not include the degree of surface vicinality in
any form.

It is important to point out that equation (4.20) was obtained by solving equation (4.8),
which describes the equilibrium shape of crossing steps. It captures the essential
thermodynamic aspect of the problem, while the process of antiband formation can be
substantially more complex when investigated experimentally. As was discussed earlier, a
more accurate result can be obtained by solving equation (4.17), which describes the steady-
state shape of crossing steps and accounts for the kinetic processes and under saturation at

the steps. However, the solution of equation (4.17) is currently unknown to us.

4.3 Experimental study of the effects of surface vicinality on

the formation of antibands

The condition in equation (4.20) formulated in the form of inequality suggests that L: and

Lbunch must reach certain minimum width for any fixed values of / and F in order to achieve
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the onset of antibands. F can be controlled in experiments by varying the electric field
applied across the sample, while / can be chosen by slicing a low index surface at an
appropriate angle a. In the next section we experimentally examine equation (4.20) by
studying the relationship between the onset of the antiband instability, the electromigration

field, initial distance between the atomic steps and the width of step bunches and terraces.

Experimental Results and Discussion

The surface morphology created on Si(111) by extended annealing was characterised by
step bunches separated by several um wide terraces. It was important to analyse only
terrace segments which featured crossing steps at the same stage of their evolution.
Therefore, the annealing times were adjusted for all samples so as to create a large selection
of terraces comprising crossing steps in the same symmetric steady-state S-shape such as in
figure 4.1(c). Significant variation in the size of these terraces was observed with some being
up to 80% wider than the detected minimum. Qualitatively, this is in agreement with the
inequality in equation (4.20), which gives a necessary but insufficient condition for the onset
of the antiband instability. Thus for fixed values of F and /, the lower limit of this relationship

is defined by the widths of the terrace and the corresponding step bunch, which provide the

Lbunch

lowest value of the product Lt{1+ Tj denoted as Lm from now on. Expectedly, the
t

terraces of the least width were found to be adjoined to the proportionally narrowest step
bunches, throughout the entire experiment.

Figure 4.2 shows the dependence of the ratio (//Lm) on the electromigration field E for the
terrace segments containing crossing steps in the symmetric steady-state shape. For each
experimental point in the figure, 20-25 sites of 50 x 50 pm? were randomly selected across
the entire step bunched area and the Ly value was drawn from 30-40 separate terraces
containing crossing steps in the steady-state S-shape. The critical field is known to be weaker
for Si(111) with lower vicinality, therefore samples with lower angles of misorientation

provided a wider range of electric fields over which the antiband instability could be studied.
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Figure 4.2: Applied electric field E plotted as a function of the highest value of the product

I
Lf (1+ I—bunch / Lt )

for Si(111) with different mean initial terrace width /. Lt and Lpunch denote the

width of the terrace and the adjoining step bunch respectively. The plot is expected to produce a
straight line according to equation (4.20). Only terraces containing crossing steps in the symmetric
S-shape were taken into account. « indicates the angle of misorientation from the Si(111) surface
towards the [11-2] direction. The graphs plotted for Si(111) with a=1.1° & 4° were added to

measurements of a=2° & 3°, produced from previous studies.

The open circles in figure 4.2 represent the E(//Lmn) dependence for the narrowest terrace
segments featuring crossing steps aligned perpendicular to the step bunches as in figure
4.1(b). These terraces can be deemed to have reached their critical size Lt given by equation
(4.12) as a further increase in the terrace width allows the transition to the S-shape where
the crossing steps are separated into two distinct lobes (figure 4.1(c)). This graph was plotted
for Si(111) with a 4° misorientation and shows merely an offset in the position of Lm when

compared to the graph obtained for terraces with the crossing steps in the steady shape.
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Thus, for the same initial inter-step separation, the exponent in the E(Lm) relationship is
unaffected by the choice of the step’s stage of evolution.

Figure 4.2 shows that the minimum terrace and bunch width required for the onset of the
antiband instability progressively increases as the electric field is reduced. The E(//Lm) graphs
are linear and clearly demonstrate that the terrace and bunch widths strongly depend on
the initial distance between atomic steps / in agreement with equation (4.20). Due to the
nature of the experiment, the pairs of step bunches and terraces which provide the absolute
minimum of the product Lm could not be detected on every annealed surface, which can
explain the observed difference in the slope between the graphs but cannot account for their
significant offset along the E-axis. However, this offset is not significant for Si(111) with
a=1.1° (/=15.6 nm), therefore the E(//Lm) dependence can be directly compared with the

equation (4.20), and the value of the effective charge can be estimated. Using the

extrapolated value for ,b: =28 meV/A [37, 98, 117], the lower limit of the characteristic length

ds=0.3 nm and Q = 10" nm?results in an excessive value of the effective charge ger=1.95|e].
However ds=1.7-4.5 nm gives ger=(0.35-0.13)|e| as reported in earlier studies [25, 97, 98].
This indicates that there is a possibility for highly vicinal surfaces, with small /, to enter into
crossover between attachment-limited and diffusion-limited regimes where the
characteristic length ds is comparable to /. It should be mentioned here that is the ds value
as compared to | that determines the regime of sublimation [118] and that equation (4.1)
and equation (4.20) describe two limiting cases, given by conditions ds>/ and ds</,
respectively. For completeness, the E(L:) dependence for a=1.1° was compared with
equation (4.1) for the attachment-limited regime, and the value gef=0.013|e|was found.

A possible explanation for the graph’s offset along the E-axis is that the E(//Lm)
dependence does account for the relative proximity of the electromigration field E to the
critical point, where the surface is stable to the step bunching. Equation (20) was also derived
with the implicit assumption that E. equals zero, which is in disagreement with the results
of the latest experimental investigations. These investigations demonstrate that, in the most
studied third temperature regime, the critical field for Si(111) is significant and grows linearly

with the increasing surface misorientation angle [109]. For example, for Si(111) with
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misorientation of 3° (/=5.7 nm) or 4° (/=4.3 nm), E=2.0 V/cm is less than E.r and the value
of Lm obtained with these parameters from the equation (4.20) would not be physically

meaningful.
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Figure 4.3: The electric field in Fig 4.2 is replaced by E-E., where E is critical field, i.e. the lowest
field required to initiate the step bunching process.

For E<E. step bunching cannot be initiated and wide terraces required for antiband
formation cannot be created. This, however, is not reflected in equation (4.6) which predicts
the presence of the gradient at any applied electric field. The reason for this disagreement
can be found in equation (4.5) which is used in the derivation of equation (4.6). The equation
(4.5) is valid only for a conserved system with negligible desorption, which assumes that the
adatom’s mean diffusion path As tends to infinity [119]. As a result, the critical field tends to

zero in accordance with the equation for E:

12Qg
d sﬂ'zqeﬁ I

S

(4.22)

| cr|_
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obtained under the conditions of slow adatom diffusion [109]. Therefore, when using
equation (4.5) we implicitly assume that E=0 and pass this assumption onto equation
(4.20). This is a necessary measure since an analytical expression for the width of the highest
and lowest terraces in the bunch (equation (4.5)) is currently unavailable for the practical
case of intensive sublimation.

In order to approximately account for the factor of critical field, E in equation (4.20) can
be replaced by the difference E-E.r and L can be plotted versus E-E¢ as shown in figure 4.3.
In this case, the graphs’ offset along the E-axis is significantly reduced and experimental data
collected on Si(111) with different misorientation partly overlap, as would be expected from
equation (4.20). This indicates the importance of accounting for the critical field when
modeling step bunching or antiband instabilities. This problem was not identified in earlier
theoretical studies where Ecr was implicitly assumed to be equal zero [118]. Extrapolating the
E«(/) experimental dependence [109] shows that in the practical case of heavy desorption
this is a reasonable assumption for surfaces with a small angle of misorientation of less than

0.5°.

4.4 Conclusions

We provided a theoretical treatment of the antiband instability under the condition of the
adatom surface diffusion limited sublimation. Under this condition, we derived an
expression for the adatom concentration gradient across the wide terraces where the
antiband growth takes place. We showed that this gradient arises through the presence of
step bunches separating terraces and depends on the absolute value of the electromigration
force. Importantly, it is independent of the force direction in strong agreement with the
experiments on Si(111), where the antibands were found to be created in the same locations
on terraces regardless of whether the electric field was applied in the up-step or the down-
step direction.

We analyzed the limits of stability of crossing steps’ shape under equilibrium conditions
and used the expression for the concentration gradient to derive the condition for the onset

of the antiband instability. Remarkably, this condition implies that the terrace width required
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to achieve the formation of antibands strongly depends on the degree of surface vicinality,
i.e. for a given strength of the applied electric field, wider terraces and step bunches are
needed in order to create the antibands on the surfaces with wider initial inter-atomic-step
distances (or lower angles of surface misorientation from the low index plane).

The condition was experimentally examined by studying an early stage of the antiband
formation on the Si(111) surface with the different misorientation angles from the Si(111)
plane. The experiments were conducted at constant temperature of 1270 °C, whilst
systematically varying the applied electric field. This allowed us to investigate the
relationships among the onset of the antiband instability, the electromigration field, initial
distance between the atomic steps, and the width of step bunches and terraces. The
experiment strongly supports the validity of the theoretically derived condition for the onset
of the antiband instability. It also indicates the importance of accounting for the factor of

critical field in the theoretical models of step bunching or antiband instabilities.
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Chapter 5

Electromigration Induced Step Bunching on

Vicinal a-Al>,O3 Surfaces

KiTan, fblnbim - TiAICi3 myFanim.

In this chapter we report on the first observation of step bunching induced by
electromigration on vicinal c-plane Al;03(0001) surfaces. This step bunching instability
occurs for in-plane electric fields applied perpendicular to the miscut direction. Annealing
with electromigration fields of E = 30-140 V/cm in the step-up direction at 1500 °C causes
the atomic steps to transform into step bunches. Annealing with same electric field in the
step-down direction leads to the formation of a regular step array, however prolonging the
annealing time in the same direction does eventually produce weakened step bunching.
Atomic steps crossing the terraces were observed to develop towards the formation of
antibands. De-bunching of the step-bunches was obtained by annealing the step-bunches
in a reversed E-field. The bunching behaviour on Al,03(0001) displays a critical electric field
(Ecr). Below E., a faceted surface was created. A scaling relationship between the maximum
slope of a step bunch, ym,, and step bunch height, h, was identified that fitted the form of
a power law function (ym~ h%), with scaling exponent a = 0.78 for samples annealed by the
step-up electric field of £ = 140 mV/cm for 6 and 20 hours. The impact of the

electromigration force on the slope of step bunches was analyzed by annealing steps with
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different applied E-fields at the same temperature. A scaling relationship, ym ~ E%, between
ym and electromigration field was experimentally derived, with g = 0.054, extracted from
step bunching morphologies created by annealing for a variety applied electromigration

fields.

5.1 Introduction

Alumina and in particular a-alumina or sapphire, due to its insulating properties and
chemical stability, is widely used as a substrate in a large number of technological
applications [120, 121]. Since terrace step edges are energetically favourable for the
adatom nucleation, the sapphire steps were reported to act as an effective substrate for
nanocluster growth, such as the self-assembled nucleation of nanowires and nanodots
along the steps [122-124]. Faceted a- Al,Os templates also have been used for the
deposition of highly ordered self-assembled noble metal nanoparticle arrays [125, 126].
More recently, sapphire (0001) surfaces have been utilized as a substrate for the growth of
graphene. This graphene grown on sapphire is an interesting candidate for the design of
field effect transistor arrays [127-129]. In addition, the review by Joselevich reported the
self-organized growth of single-walled carbon nanotubes on the steps of a- Al,03 (0001)
[130].

Remarkable changes occur in the structure of the vicinal sapphire surface after air
annealing at 1500 °C, resulting in the agglomeration of atomic steps and the formation of
step facets and step bunches [60, 131, 132]. The occurrence of step bunching indicates the
presence of a long distance step-to-step attractive interaction [133].

This chapter reports the observation of step bunching induced by electromigration on
the (0001) surface of the binary insulator a-Al,03. We present step-bunching morphologies
obtained for sapphire surfaces with different applied electric fields at a fixed annealing
temperature. It was found that the bunched steps can also de-bunch by annealing with a
reversed E-field. The value of the critical E-field, i.e., the minimum electric field required to
initiate step bunching, was determined. It was also established that the step bunch

maximum slope ym depends on its height h and the dependence between them fits to the
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power-law function of the form ym=yoh®*. The scaling exponents from this form are

extracted and compared with the reported values of the scaling exponents of Si(111) [29].

5.2 Results

5.2.1 E-field Annealing

The faceting of sapphire surfaces has been widely observed and investigated [60-66].
Vicinal sapphire also is known to form step bunches upon annealing in either ultra-high
vacuum (UHV) or ambient conditions [131, 132]. However this is the first systematic study
of the influence of electromigration on stepped structures on Al,03(0001) surfaces.

Figure 5.1 shows AFM images for sapphire samples with a miscut of 3° annealed at 1500
°C for 6 hours in the presence of an E-field of 140V/cm in the step-down (a) and step-up
directions (b). The sapphire annealed with a step-down E-field exhibits faceted
morphology, with regular steps of height 10-20 nm aligned along the [101 0] direction on
the (0001) surface. These steps are separated by 0.1-0.4 um wide terraces and in places
join each other at an angle of ~150°, which corresponds to the angle between the [1100]
and miscut [12 10] directions. The step edges are primarily aligned along [1 1 00] direction,
however in the vicinity of merging steps they align to the low index [12 10] direction.

Annealing for 6 hours with £ = 140 V/cm in the step-up direction creates notably
different step bunched morphology and demonstrates many characteristics similar to
those observed on step bunched Si(111) [109]. Figure 5.1(b) shows that an Al,03(0001)
surface with 30-110 nm high step bunches separated by 0.4-1.3 um wide terraces. Figure
5.1(b) also demonstrates a high density of crossing steps on the terraces and majority of
them are curved in the long S-shape. It is interesting that each terrace between crossing
steps contains one triangular nucleation island with the size 200-500 nm positioned in the
middle of the terrace. The two sides of each island are aligned along the step edges of the

crossing step and the step bunch respectively.

67



wu L

b)

wu gos

Figure 5.1: Surface morphologies created on 3" miscut sapphire sample by annealing with E-fields
of ~ 140V/cm at 1500 °C. (a) Annealed with a step-down E-field, there are terrace widths up to ~
0.4 um separated by regular 10-17 nm steps with a few step junctions joining at an angle of ~ 150°
(b) Annealed with a step-up E-field, the step bunches up to ~ 100 nm in height and terrace widths
upto~ 1.3 um.

The minimum limit of the influence of the electromigration field on the step bunching
formation is determined by the critical field E.,, as applying an electric field weaker than E.,
results in the cessation of the step bunching process. To examine how the strength of the
electric field influences the morphology, samples with same 2° miscut angle, were annealed
under the same conditions for a variety of E-fields in the range from the attainable

maximum to critical. Figure 5.2 shows AFM images of how the morphology of vicinal
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Al>,03(0001) changes as a function of field strength, for an E-field applied in the step-up
direction. The surface of the sample annealed with the E-field of 100 V/cm is characterized
by 0.5-1.2 um wide terraces and high step bunches up to 100 nm (figure 5.2(a)). Annealing
with a weaker applied electric field £ = 70 V/cm reduces the electromigation of adatoms
and thus results in the formation of relatively low step bunches, with the maximum bunch
height being ~90 nm and an average terrace width of ~ 0.7 um (figure 5.2(b)). Annealing
with a field of 40 V/cm (figure 5.2(c)) produces a step bunched surface with an average
bunch height of approximately 20 nm, while the terraces are reduced to the relatively
narrow width of 0.2-1 um. For comparison figure 5.2(d) shows the faceted surface created
by annealing without an electric field, the average height is approximately 10 nm. The
dimensions of the step bunches formed with the aid of an E-field are notably greater
compared with faceted surface produced by annealing without the presence of an electric
field. Figure 5.2 also shows that there is a relative loss of step straightness for increasing
electric field strength during annealing. It is believed that the Al,Os surface decomposes
into O and AIO gas phases upon thermal annealing in vacuum [134], which may be
susceptible to a biased adatom drift under the influence of an electric field.

Annealing in the step-down E-field direction (figure 5.1(a)) creates a faceted surface with
average step height of 10-20 nm which cannot be distinguished from the morphology
created by thermal annealing (See figure 5.2(d)). Similar surface structures have been
observed on alumina (0001) annealed in vacuum and in air [132]. Similarities between the
morphology of the sapphire surfaces produced by annealing with step-down E-field and
thermally annealed samples, shown in figures 5.1(a) and 5.2(d), respectively, suggest that
the electric field annealing in the step-down direction does not significantly affect the

surface rearrangement.
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Figure 5.2: The morphology of a- Al,0s surface after annealing for 6 hours at 1500 °C for different

electromigration forces in the step-up direction. The surface is off cut by 2° towards the [12 10]
direction. The miscut direction is from left to right in all images as presented by a staircase symbol
in (a). An arrow in (a) shows the electric field direction related to all images. (a) Step bunched
Al,05(0001) surface after annealing with E = 100 V/cm. (b) A reduced electric field of 70 V/cm
creates, on average, step bunches 20-50 nm in height. (c) A lower step bunch height of ~ 20 nm is
produced on the sapphire surface after annealing with electric field of 40 V/cm. (d) Faceted
morphology with a highly regular step array was observed with relatively narrow terrace widths
after thermal annealing with no electric field.
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Figure 5.3: Step bunching morphologies on Al,05(0001) surfaces obtained by extended annealing
time of 20 hours with E = 140 V/cm. This surface is off cut by 3° towards the [15 10] direction. (a)
Bunched sapphire surface after annealing with the electromigration field applied along the step-up
direction. (b) Straight step bunches produced on the vicinal surface after step-down E-field
annealing. Below the AFM images are plane levelled line profile of these surfaces with values of
bunch heights.

The effect of extending the annealing time was also studied by annealing samples for a
period of 20 hours, these were then analysed ex-situ by AFM. Annealing the 3° miscut
sample with E = 140 V/cm in the step-up direction creates step bunched surface, where
height of step bunches is increased to 90-220 nm and terrace width to 0.8-2.5 um. The
increase in step bunch height is accompanied by a further loss of step straightness (figure
5.3(a)), as was generally observed with increasing electric field. When the same E-field of
140V/cm was applied in the step-down direction for the same sample miscut angle, this
resulted in a surface that was less bunched, with relatively narrow 0.1- 0.5 um terraces
separated by 12-25 nm high step bunches (figure 5.3(b)). It can be concluded that

prolonged annealing with an electric field in the step-up direction results in the formation
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of higher step bunches, while annealing in the step-down direction leads to formation of

much smaller bunches on the c-plane a- Al,O3 surface.

5.2.2 De-bunching Behavior

To see whether the growth process of the step bunches could be reversed (de-bunching),
the same electric field of 100 V/cm was applied with the direction reversed (step-down) to
a bunched sample which previously had been annealed using step-up E-field (figure 5.2(a)).
After annealing with the E-field in the opposite direction the distance between the single
steps in the bunch was increased, leading to a broadening of the step bunches. A
comparison between representative bunched steps and those subjected to a de-bunching
process are shown in figure 4. Before de-bunching 85 nm step bunch had a typical width of
430 nm. After annealing the reversed field, a step bunch with a similar height is seen to
have a width of 990 nm (figure 5.4(b)). This result shows that single steps can be exchanged
between neighboring bunches and step bunches are unstable towards de-bunching
process. We assume that upon annealing with a reversed E-field the step bunches on
sapphire tend to de-bunch due to of the lower effective stiffness of a bunch of steps
compared to a single step or a smaller cluster in a bunch and that the steps can escape
from the bunch as they move with the different velocities under the most probable direct

force which mainly acting upon aluminium and oxygen ions.
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Figure 5.4: Reversal of step bunching on a-Al,03(0001) surface offcut by 2° towards the [12 10]
direction. (a) Step bunched sapphire surface obtained by E-field annealing, E = 100V/cm at 1500° C
along the step-up direction. (b) Morphology of the same bunched sample after annealing with the
E-field in the opposite direction. The two step bunches with values of their widths shown have
heights of ~ 85 nm in both AFM images.
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5.2.3 Crossing Steps and Antibands

The step bunched surfaces produced by annealing in the step-up direction also exhibit
multiatomic steps which cross the terraces. In particular, a comparison was made between
the shapes of crossing steps for the step-up E-field of 140V/cm for the samples annealed
for 6 hours and 20 hours, as shown in figures 5.5(a) and (b), respectively. The crossing steps
on the terrace are curved in a long S-shape after 6 hours annealing (figure 5.5(a)). These
clusters of crossing steps form a regular pattern on the terraces and run over 5-10 um along
the [101 0] direction with a periodicity of 0.1-0.2 um, this behaviour is demonstrated in
figure 5.5(a). After extending the annealing time to 20 hours the crossing steps form
bunches with slopes oriented opposite to the primary bunches, as seen in figure 5.5 (b).
These antibands are known to form on Si(111) via the shape evolution of the atomic-steps

crossing the wider terraces [30]. Figure 5.5 (b) also shows antibands on a terrace aligned

along the [1010] direction. Different stages of the evolution of crossing steps, with similar
shapes to those seen on bunched Si(111), can be seen on the surface as a whole.

Based on the similarity of the studies of crossing steps’ morphology on Si(111) under the
condition of diffusion-limited sublimation [30, 109], we can deduce that the attachment-
detachment of the adatoms is much slower than the rate of adatom surface diffusion for
the Al;03(0001) surface too. This results in a pile-up of adatoms at the step edges and
produces the gradient of their concentration across large terraces separating step bunches.
This non-uniformity of the adatom concentration is responsible for the cluster of crossing
steps in a long S-shape located close to each other. This configuration of crossing steps is
the initial stage of their evolution towards antiband formation. The variation of step
curvature at different development stages can compensate for the non-uniformity of the
adatom concentration across the terrace. Prolonged E-field annealing allows the crossing
steps to further develop and whole terraces become covered by high density crossing steps.
As the terrace width grows with prolonged annealing time, the compensation mechanism

fails, initiating the antiband formation process.
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Figure 5.5: Evolution of terrace crossing steps’ shape towards the antiband formation on 3° miscut
sapphire. (a) Crossing steps are curved in the long S-shape on a terrace of the bunched (0001)
surface after annealing with £ = 140V/cm for 6 hours. (b) Annealing for 20 hours with the same
E-field gives the bunch antibands. A group of high density antibands on a terrace are highlighted.

5.2.4 Quantitative Analysis of Step Bunching Instability

To verify that the steps are not a result of faceting, the relationship between the step bunch
height and the maximum slope was examined. A strong correlation between the bunch
height and its maximum slope was observed. The maximum slope increased with step
bunch height, which is evident from the plane levelled cross-sectional profile and its
derivative shown in figure 5.6(a) and (b) respectively.

The influence of the electromigration force on the slope of step bunches is illustrated in
figure 5.7 which shows slope profiles along the miscut direction of 84-86-nm-high step
bunches produced by annealing with a variety of applied electric field strengths. These
slope profiles were taken from the samples with 2° miscut towards the [12 10] direction,
annealed with the E-field in the step-up direction. The step bunch slope is seen to reduce
with decreasing electric field, approaching the slope of structures created by thermal
annealing. Annealing with £ <30 V/cm produces a surface with faceted steps similar to the
surface morphology created by thermal annealing. This can be taken as the minimum limit
of the electric field required to initiate the step bunching, also known as the critical field

Ecr, Annealing with E < E., had no effect on the step dynamics for surfaces with ¢ = 2°.
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Figure 5.6: The relationship between the step bunch height and its slope. This surface is off cut 3°
and annealed for 6 hours with E = 140 V/cm in the step-up direction. (a) Plane levelled line profile
along the miscut. (b) Corresponding derivative showing the slope of the line profile.
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Figure 5.7: Slope profiles of 84-86-nm-high step bunches formed by annealing with different applied
E-fields along the step-up direction on samples off-cut by 2°. The step bunches produced by
annealing with stronger electromigration fields have steeper slopes.
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In order to get a quantitative understanding of how the electric field strength influences
the density of steps within the bunches, the maximum slope ym was plotted against
electromigration field E for two different sample step-bunch heights (figure 5.8). The step
bunches with values of h=30 nm and 40 nm were selected from bunched areas of 2° miscut
samples that is free of high-density crossing steps or antibands. The height (h) of step
bunches observed on each sample by AFM was measured with an error of ~ 1 nm from the
plane levelled topography. The corresponding maximum slope, ym, was extracted by taking
the maxima of the derivative of the plane levelled step profiles, i.e. step profiles corrected
so that flat (0001) terraces have zero slope and height is taken as the difference between
adjacent terraces. The data were fitted to a power-law function yn= y1E% and the values of
g were found to be ~ 0.054 and 0.055. These values of g are notably lower compared to
the experimentally extracted scaling exponent g = 0.33 for bunched Si(111) after step- up

electric field annealing [29].

o)
0.104 4 v h=30nm -
O h=40 nm -
— - - O
0.100 - 0. o)
_ - 0.054+0.013
“g’_ o ym=0.08 E
7 0096 1
X
S _ -
\V/ -9 \Y
0.092 - _-- Vv
vV o_--
- 0.07 Eo.05510.015
ooss4 _ -~ ym=1.
Y/
] v ] v ] v ] v ] v ]
40 60 80 100 120 140

Electric Field (V/icm)

Figure 5.8: Maximum slope ym as a function of electric field E for 30- and 40-nm-high step bunches
produced on a sapphire surface with off-cut by 2°. Fitting the data with a power-law function y,=
y1E? results in the values of g = 0.054 and 0.055.
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The sample with 3° miscut in figure 5.1(b) was analysed ex-situ by AFM. Figure 5.9 shows
that in different annealing times, the dependences between maximum slopes and their
heights fitted with a power law function of the form, ym= yoh% where a was found to be ~
0.78 after annealing for 6 and 20 hours, with fitting error of £0.04. The values of a for the
same miscut sample are the same which means an extended E-field annealing increases
the step bunch height by keeping the same scaling relationship between the step bunch
height h and the maximum slope ym. This value of “a” is notably larger than the
experimentally determined scaling factor of “a = 0.6+£0.04” for Si(111), step-bunched with
a step-up electric field [25, 29]. The observed values of a for bunched Al;03(0001) surfaces

are not similar to the reported values of scaling exponents of Si(111).
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Figure 5.9: Plot of maximum slope of the bunch y., against its height h for vicinal a- Al,O3; with a
miscut of 3° annealed at £ = 140 V/cm for 6 and 20 hours in the step-up direction. These scaling
relationships show that y,, increases with step height.
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As can be seen from figure 5.9 the maximum slope increases with height over the whole
range of data. For faceting one would expect a levelling out of the maximum slope for larger
steps, however this is not the apparent case.

Despite the differences in temperature, electric field and scaling exponents, step
bunching on Al,03(0001) share many similar features with electromigration induced step
bunching on seen on Si(111). It is sensitive to the strength and direction of the E-field, the
atomic steps can be bunched and de-bunched, crossing steps and antibands form on the
surfaces, at values below the critical electric field step bunching is not observed, and there
are scaling relationships between the slopes of step bunches and their heights. From these
similarities it can be deduced that the step bunching process on sapphire surfaces, much

like silicon, is due to adatom diffusion resulting from a direct electrostatic force.

5.3 Conclusions

For the first time, electromigration induced step bunching has been observed on the
surface of an insulator, aluminium oxide. A range of electric fields £ = 30-140 V/cm were
applied to vicinal sapphire samples perpendicular to the miscut direction, for a variety of
annealing times. We observed that an electric field driven along the step-up direction for 6
hours at 1500° C forced the migration of adatoms on Al,03(0001), resulting in the formation
of step bunches separated by wide terraces. These step bunches were found to grow with
time, as could be seen by a comparison of the morphologies of steps bunches on surfaces
annealed for 6 and 20 hours by step-up E-field of ~ 140 V/cm. In contrast, an E-field at
~140 V/cm directed along the step-down direction for 6 hours leads to formation of the
faceted surface by stabilizing the regular step distribution. However, weakened step
bunching was observed after prolonged annealing with the same E-field for 20 hours in the
step-down direction. Crossing steps on the terraces of the bunched sapphire evolve
towards the formation antibands by prolonging the annealing time, much like for Si(111).
The value of the critical electric field E.;, was measured (Ec- = 30 V/cm) for a miscut angle
of 32. Applying electric field below this critical value results in cessation of the step

bunching process and produces a faceted surface, similar to the surface morphology after
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thermal annealing. Weaker electromigration fields close to E. create straighter step
bunches with lower step bunch heights and, as a result, steps become more stable towards
the step bunching instability. It was also found that the step bunches are unstable towards
the de-bunching process under the oppositely applied E-field. These step bunches de-
bunch under a reversed E-field annealing as a result of the exchange of single step distance
attributed to the enhanced step-step repulsive interaction.

The scaling relationship between the maximum slope of a step bunch height ym, and step
bunch height, was experimentally probed. The same scaling exponent was found to be a =
0.78 for the vicinal sapphire samples with a miscut of 3° annealed at 1500° C with electric
field E = 140 V/cm applied in the step-up direction for 6 and 20 hours. The difference in the
final state of the step bunched morphologies is expressed in terms of scaling relation, ym ~
E9, between ym and electromigration field E, for a constant height. Scaling exponents a =
0.054 and 0.055 were extracted from different step bunch heights. This work may be
interesting for future applications, as we have demonstrated control of the step bunch
height and slope of stepped sapphire, by controlling the main parameters, such as applied
E-field strength and annealing duration, at fixed temperature. Further theoretical studies
are needed to explain the mechanism of the step bunching instability on insulating sapphire

surfaces induced by the electromigration.
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Chapter 6

Step Bunching Induced by Electromigration
on W(110)

AKbln a3baiiapl, 6inim T036anabI.

This chapter reports on the electromigration-induced step bunching on vicinal W(110)
surfaces, for a variety of miscut angles, that occurs when electric fields are applied
perpendicular to the step direction. An electric field of 30 mV/cm, applied in both step-
down and step-up directions, was found to be sufficient to induce electromigration of the
tungsten atoms and produce step bunching on vicinal W(110) at 1500 °C. A scaling
relationship between the maximum slope of a step bunch, ym and its height, h, was
identified that fitted the form of a power law function (ym ~ h%), with scaling exponents o
= 0.6 and 0.69 for the vicinal W(110) samples annealed under the step-up and step-down
electric fields of E = 30 mV/cm and 60 mV/cm, respectively. These obtained values are
similar to the scaling exponents found for the step bunched Si(111) surface. However our
results suggest that step bunching mechanism is fundamentally different for the vicinal
silicon and tungsten surfaces. Step bunching morphology created on tungsten surfaces
annealed with an electric field is analysed and discussed, providing insight into the step
bunching process. Experimental results show that higher electric fields result in larger step

bunches on vicinal W(110) surfaces.
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6.1 Introduction

Tungsten, with its advantageous physical and electrical properties and numerous
technological applications, has held a particular importance in this research area [135-139].
More recently, vicinal tungsten surfaces have been used as templates for directly ordered
growth of thin films and nanowire arrays [140-142]. For instance, the near step flow growth
regime exhibited by Fe on the vicinal surface of W(110) has led to significant progress in
the area of magnetic nanowires [143]. In addition, surface spin spirals in Fe double layers
on the W(110) surface has been the focus of multiple experimental and theoretical studies
[144-149].

Vicinal W(110) surfaces have been used as templates for the deposition and oxidation
of submonolayer Au, also concluding that chemisorption of oxygen causes nano-faceting
of the vicinal W(110) surfaces [150]. Another atomic level study, by Basset, investigating
the effect of heating on a field-evaporated tungsten surface, showed surface
rearrangements such as the formation of surface steps several atomic layers high and local
roughening at temperatures above 850 K, due to the random movement of adatoms [151].

This chapter discusses the first observation of the phenomenon of electromigration-
induced step bunching on a metallic W(110) surface. It is suggested that the step bunching
process occurs on tungsten surfaces due to adatom diffusion resulting from the so-called
electron wind force [152]. We establish that the scaling relationship which exists between
the step bunch height, h, and the maximum slope, ym, follows a power law relationship, as

in previous Si(111) studies [29].

6.2 Experimental Results and Discussion

6.2.1 STM Results

To assess the quality of the surface and determine the impact of the cleaning and oxidising
pre-treatment procedure, the samples were examined using a room temperature scanning
tunnelling microscopy (STM) in-situ during cleaning and a comparison was made with the

post annealed surface. Figure 6.1 shows examples of the STM topography of the vicinal
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W(110) sample with a miscut of 0.8° after the cleaning and oxidising treatment process and
after DC induced step bunching. The base pressure in the preparation and analysis
chambers of the STM were 2 x 101° Torr and 3 x 10! Torr, respectively. Figures 6.1(a) and
(b) demonstrate typical large area STM images of the vicinal W(110) sample after annealing
in oxygen and flash heating at 2100 °C. The inset in figure 6.1(a) is 1xX1 LEED pattern taken
from the clean vicinal W(110) surface. The STM image in figure 6.1(a) shows that steps on
this clean vicinal tungsten surface are not quite equidistant, while figure 6.1(b) reveals that
most of the steps are monoatomic. The STM studies demonstrate that after oxidation of
the vicinal tungsten samples, producing the protective oxide layer, most of the steps
become multi-atomic. The typical heights of the formed multi-atomic steps were 1 to 2
nanometers and these values were very rarely exceeded. Figures 6.1(c) and (d) provide
typical STM images taken after annealing in an oxygen atmosphere (1 x 10 Torr) for 80
minutes. The large area STM image in figure 6.1(c) shows a surface region containing
several 2 nm high steps. The surface oxide layer forms a row-like reconstruction, highly
regular at the atomic scale, with oxide rows parallel to the step direction, as LEED pattern
insetin figure 6.1(c) and STM image in figure 6.1(d) illustrate. The oxide rows in figure 6.1(d)
are parallel to the [001] crystallographic direction coinciding with the step direction on this
vicinal tungsten surface. According to the LEED and STM data, the oxide row periodicity is
3.0+0.1 nm for the structures shown in figure 6.1(c) and (d). The exact atomic structure of
the oxide layers used for the protection of different samples is beyond the scope of the
current study. It should, however, be emphasized that the conventional annealing by
external heat sources in an oxygen atmosphere never produced steps with heights above
3 nanometers, proving that the observed high bunches could only be a result of DC
annealing-induced electromigration. As examples, figures 6.1(e) and (f) illustrate that the
typical heights of the step bunches on the vicinal W(110) sample with a 0.8° miscut are in
the range of 30-90 nanometers after annealing for 6 hours at 1500°C with directcurrent of

6 A in the step-up direction.
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Figure 6.1. STM images of clean (a, b), oxidised (c, d) and bunched by electric field (e, f) vicinal

W(110) surfaces with a miscut of 0.8° in the [110] direction. The images demonstrate preferentially
single atomic steps on the clean surface (b), oxygen induced 2-nm-height bunches (c) and regular
oxide rows parallel to the step direction (d) and multi-step 30-90 nm bunches formed after DC
annealing at 1500°C (e, f). Insets in panels (a) and (c) show LEED patterns taken from clean and
oxidized vicinal W(110) surfaces at electron beam energies of 62 and 55 eV, respectively.

6.2.2 E-field Annealing

To calculate the electromigration field that initiates the step bunching process on W(110)
surface, the resistance of the sample at the annealing temperature of 1500°C was

estimated to be R = 4.2 x 10 Q using the following equation:

where Ropis the resistance of the tungsten at room temperature [153], a is the temperature
coefficient of W, and Tp and T are the initial and final temperatures respectively. By using

Ohm’s law with a DC of 6A, an electric field of £ = 0.03 V/cm was determined. The applied
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electric field of 0.03 V/cm is approximately 20 times smaller than the previously
determined critical field for step bunching on Si(111) with a similar miscut [109]. However
the step bunching occurring on tungsten at a lower electric field than on Si(111) could be
attributed to a larger effective charge of the surface adatoms on W(110).

The bare vicinal W(110) surface has non-equidistant monoatomic steps, as is
demonstrated by the STM images in figures 6.1(a) and (b). To see the rearrangement of the
surface morphology after annealing at 1500 °C without electric field, one of the vicinal
W(110) samples was thermal annealed in UHV for 6 hours. Tapping mode AFM
characterization verifies that this UHV prepared surface is relatively flat, as shown in figure
6.2(a).

In contrast, AFM measurements of the vicinal W(110) sample with a miscut of 0.8°
towards the [110] direction annealed for 6 hours with step-up 6 A dc current revealed a
step bunched surface. As shown in figure 6.2(b) 30-90 nm high step bunches are separated
by 1-2.5 um wide terraces. Figure 6.2(b) also shows a line profile from this AFM image,
taken perpendicular to the bunched steps, indicating the bunch heights. This AFM
characterization complements the STM images shown in figure 6.1(e) and (f) of the same
sample. W(110) with a miscut angles 3.2° and 2.6 ° towards the [11 2] direction were
annealed at 1500 °C for 6 hours with a 6A current. Figure 6.2(c) shows a sample miscut by
3.2° annealed with a step-down current. It can be noted, that the step bunches on this
surface are smaller than for the previous surface with the 0.8° miscut in the [1 10] direction.
The narrow 50-200 nm terraces are separated by relatively small step bunches aligned
along the [11 1] direction with heights of 6-15 nm. Figure 6.2(d) shows a sample with a
miscut of 2.6° towards the [11 2] direction, annealed at 1500 °C with a step-up DC of 6 A
(E = 30 mV/cm). For this miscut (and conditions) there are 0.3-1.6 um wide terraces

separated by 30-70 nm step bunches.

85



66 nm

85 nm

Figure 6.2: (a) Flat unbunched surface of W(110) with an off cut of 3.2° after thermal annealing in
UHV at 1500 °C for 6 hours. (b) Bunched W(110) surface with a miscut of 0.8" annealed with a step-

up direct current of 6 A toward the [110] direction. Inset, a plane leveled line profile showing the
step heights. (c) Step bunching morphology, on the W(110) surface with an off cut of 3.2°, obtained

by annealing with a dc current of | = 6 A at 1500 °C along the step-down [11 2] direction (E = 30
mV/cm). (d) Bunched surface of W(110) with an off cut of 2.6° annealed with a step-up current, | =

6 A, towards the [ 1 12] direction.

For the same electromigration field of 30 mV/cm, the sample with the 3.2° miscut,
annealed with a step-down current, produces smaller step bunches when compared with
the surfaces with a miscut angles of 0.8° and 2.6° annealed with step-up. It was found step
bunching could be amplified by applying a greater field in the step-down direction, which

was achieved by driving greater current through the sample. Itis unlikely that the increased
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dc current could significantly affect the annealing temperature of the W samples as their
resistance was low and therefore any heating contribution made by the resistive heating
of the sample is overwhelmed by the ambient heating of the K-cell. Also, due to the
metallic nature of the W samples, it can be argued that the electron wind must make a
greater contribution to adatom electromigration as compared with Si samples, where the

atomic steps bunch due to the direct force [152].
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Figure 6.3: (a) Bunched W(110) sample with a miscut of 3.2° previously annealed with step-down
direction (topography shown in figure 6.2c) subsequently annealed with step-up current, I = 6 A,
towards the [11 2] direction. The bunch height remains unchanged. (b) Surface morphologies
created on the same bunched W sample by third annealing with a current of 10 A (E = 52 mV/cm)
in the step-up direction. A group of high density crossing steps on a terrace are highlighted. Plane
levelled line profiles for both AFM images are shown under the respective images.

To determine the stability of the step bunches a sample, which previously had been
annealed by step-down 6A current (figure 6.2(c)), was annealed under the same conditions

but with the electric field applied in the opposite direction (step-up), in an effort to
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de-bunch the morphology. No appreciable change in the morphology of the bunched
surface was observed as the bunch height and width remain the same as before, as
demonstrated in figure 6.3(a). The same sample was then further annealed at a higher E-
field of 52 mV/cm (/ = 10A) in the same step-up direction for 6 hours. Figure 6.3(b) shows
that this caused the dimensions of the step bunches to grow. The step bunches are 20-40
nm high and are separated by 0.2-0.5 um wide terraces. It was noted however that after
high DC annealing, the crossing steps’ morphology had changed and loose bunches of
crossing steps were observed on the terraces. The formation of these high density crossing
steps may suggest an increased adatom concentration on the terraces. Further annealing
with a current of 10A in the opposite, but initial, step-down direction for the same sample
did not change the morphology.

To further illustrate the influence of reversal of the electric field on the integrity of the
step bunches, figure 6.4 shows slope profiles, along the miscut direction, of a 9-nm-high
step bunches produced by annealing with a DC of 6 A in the step-down and a step bunch
of similar height from the same surface after annealing with the current in the opposite
direction under the same conditions. The similarity of the slopes suggests the influence of
reversal of the E-field on established step bunches is minimal as there is no apparent
relaxation of the bunches with the distance between steps in the bunch being preserved.
Thus it can be concluded that the step bunches are stable towards de-bunching as the
reversed E-field does not influence the slopes of step bunches.

It appears that the tungsten steps are stable to the de-bunching process, which may be
due to the greater effective stiffness of a bunch of steps compared to a single step in a
bunch and that the individual steps within the bunch cannot readily escape from the pack
as they move with the same velocity under the "electron wind" force which is the main

lateral driver acting upon tungsten atoms.
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Figure 6.4: Slope profiles along the miscut direction, showing the lack of effect of annealing with a
reversed E-field on representative 9-nm-high step bunches. The surface is off cut 3.2°. The profiles
were taken from the surface after annealing with a step-down DC of 6 A (figure 6.2(c)) and the same
bunched surface then annealed by step-up 6 A current (figure 6.3(a)), respectively.

W(110) samples with a 2.6° miscuts towards the [11 2] direction were also annealed
with higher E-fields at 1500 °C for 6 hours. A vicinal W sample was annealed with step-
down current of 12 A and an estimated E ~ 60 mV/cm. As seen in figure 6.5(a), this resulted
in a step bunched surface with the average bunch height of approximately 70 nm and a
maximum height of above 100 nm separated by 1.1-2.8 um wide terraces. The effects of
this increased electromigration force in the step-up direction were also examined for the
same surface miscut. Figure 6.5(b) shows the resultant W(110) surface having step bunches
with an average height of approximately 80 nm and a maximum bunch height up to 120
nm. The step bunches produced on this surface have a periodicity of 0.9-1.9 um and the
step-edges are notably rougher than for the down-step current. Comparing these results
with the surfaces annealed with an £ ~ 30 mV/cm for the same annealing time, there is an
increase in the height of the step bunches obtained, for both the step-up and step-down

current directions.
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Figure 6.5: (a) Bunched W(110) surface with a miscut 2.6" annealed with step-down current of 12A

towards the [11 i] direction. Below a plane levelled line profile of this surface is shown. (b) Step
bunching morphology of the vicinal W(110) sample after annealing with step-up 12A dc current

toward the [1 12] direction with a miscut of 2.6°. The crossing steps are highlighted.

Both the step bunch morphologies obtained for the stepped surfaces annealed with
step-up and step-down dc currents showed monoatomic crossing steps on the terraces.
The majority of the crossing steps for all the bunched tungsten surfaces in this study, are
curved in a long S-shape (as seen in a figure 6.5(a)), similar to the shape of crossing steps
seen on the terraces of step bunched Si(111) [30].

These results demonstrate that step bunching in W(110) is sensitive to the direction of
the current: step down vs step up. The larger step bunches observed for the higher applied
annealing currents are caused by the increased adatom drift produced by the increased
electromigration force with a stronger electron-wind component.

It was found that the step edges of bunches on the sample annealed with the step-up

current at 12 A (figure 6.5(b)) had unusual corrugated edges with sharp angular features.
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The orientation of these features was analysed in finer detail. As can be seen in figure 6.6(a)
the steps within the bunch make clearly definable angles in the range of 90° - 125°. A direct
comparison can be made between the crystallographic directions noted for the W(110)
surface in figure 6.6(b) and the steps figure 6.6(a), which allows the crystallographic
directions of the steps to be labelled in the AFM image in figure 6.6(a).

This morphology can be explained by the under lying crystallographic structure of the
surface. When the higher current of 12 amps was applied along the [ 1 12] direction, atoms
on the surface move by hopping to the nearest atomic site. The largest atomic separation
between atomic sites on the W(110) plane is along [112] direction. Therefore, since
adatoms preferentially diffuse to the nearest atomic position, the [112] crystallographic

direction is unfavorable, resulting in the coarse step edges forming seen in figure 6.6(a).
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Figure 6.6: (a) Step bunching behaviour on a W(110) surface at 1500° C with an applied step-up

electric field £ = 60 mV/cm, | = 12 A. The surface is off cut 2.6° toward the [11 i] direction. Step
bunches created on this surface have corrugated edges formed by many minor steps with angles
between them greater than 90°. (b) A top view schematic notes the crystallographic directions on
the W(110) surface.

A dependence between the bunch height and its maximum slope was found to exist for

all samples. As the bunch height increases the maximum slope also increases, this is
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evident from a plane levelled cross-sectional profile and its derivative, as shown in figure

6.7(a) and (b) respectively.
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Figure 6.7: The relationship between the line profile of a typical step bunched surface and the slopes
attributed to the step bunches separating flat terraces. The surface is off cut by 2.6° and annealed
with a current of 6A in the step-up direction. (a) Plane levelled line profile along the miscut. (b)
Corresponding slope of the line profile.

A quantitative study was made of the relationship between the step bunch height and
the maximum slope. The sample with the 2.6° miscut, annealed with step-up 6A current
for 6 hours, as seen in figure 6.2(d), was analysed by ex-situ AFM. Using the AFM
topographical data the distribution of the step-bunch dimensions was determined, height
(h) was measured with an error of ~ 1 nm from plane levelled profiles. The corresponding
maximum slope, ym, was extracted by taking the maxima of the derivative of levelled step
profiles, i.e. step profiles corrected so that flat the W(110) terraces have zero slope and
height is taken as the difference between adjacent terraces. As seen in figure 6.8, the
dependence between maximum slope and height can be fitted with a power law function
of the form, ym=yoh%, where a was found to be 0.60 with a fitting error of £0.03. This result
bares a strong resemblance to the experimentally determined scaling relation with
o = 0.6+0.03 for bunched Si(111) surface after annealing with the step-up electromigration

field [25, 29].
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Figure 6.8: Scaling relationship between the maximum slope and height of step bunches on W(110)
surface with miscut 2.6° annealed by step-up direct current of 6 A towards the [1 12] direction.

A similar distribution was attained for the sample with a miscut of 2.6°, annealed with a
step-down DC of 12 A. Figure 6.9 shows a plot the step bunch height h and the maximum
slope ym fitted with the power law function ym=yoh*. a was found to be ~ 0.69 with an error
of £0.02 on this sample. However for this case the scaling exponent a = 0.69 is close to the
experimentally determined exponent values of a, ranging between 0.64 and 0.67, for
bunched Si(111) annealed with step-down electromigration field [25, 29]. The sample
annealed with the DC of 12A in the step-up direction was deemed unsuitable for maximum

slope analysis due to the corrugation of the step edges.
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Figure 6.9: Plot of the maximum slope of the bunches against height for W(110) steps with a miscut
of 2.6°, annealed with step-down 12 A current.

6.3 Conclusions

For the first time, electromigration induced step bunching was been observed on the
surface of a metal and the resultant surface morphology due to the step bunching process
was examined by scanning probe microscopy. Using a combination of DC and irradiative
heating, electric field-induced step bunching was observed on several tungsten single
crystals for a variety of surface miscut angles annealed at 1500° C. The electric fields of the
order of 30 mV/cm, 52 mV/cm and 60 mV/cm directed towards the miscut direction, were
sufficient to initiate the step bunching on the vicinal W(110) surfaces at this temperature.
It appears that at the lower electric field of ~ 30 mV/cm the emergence of step bunches
was dependent on the direction of the electric field with respect to the step direction. Such
a field was barely sufficient to induce marginal step bunching for current in the step-down

direction compared to step substantial bunching produced after step-up E-field annealing.
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For higher electric fields (~ 60mV/cm), step bunches with heights of 30-120 nm were
observed on the vicinal W(110) surfaces both for step-up and step-down current directions.

Step bunches with triangular shaped step edges were observed within the bunches of
the W(110) surface with a miscut of 2.6°, when an electric field of £ = 60 mV/cm was
applied in the step-up direction during annealing. These are believed to be due to
anisotropic adatom hopping during annealing underlined by the atomic structure of the
surface thus causing the step edges to align along preferential crystallographic orientations.

The relationship between the step bunch height h and maximum slope ym - yoh* was
obtained for annealed W(110) samples for both step-up and step-down currents. The
scaling exponents were found to be a = 0.6 and 0.69 for the vicinal W(110) samples with a
miscut of 2.6° annealed at 1500° C with electric fields £ = 30 mV/cm (/ = 6 A) directed
towards the [ 1 12] (step-up) and E = 60 mV/cm (/= 12 A) towards the [11 2] direction (step-
down), respectively. The observed a values for bunched W(110) surfaces are strikingly
similar to the reported values of the scaling exponents of Si(111) [29]. However despite of
this agreement, the basic mechanism of step bunching on the Si(111) and W(110) appear

to be fundamentally different.
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Chapter 7

Impact of Electromigration on Morphology of
Vicinal MgAl,04(100) Surfaces

Binim 6acbl - 6enHET, COHbI - 3eMHET.

In this chapter, | report on the first observation of electromigration induced step bunching
on vicinal MgAl,04(100) with different off-cut directions. It was found that a step bunching
instability occurs on vicinal spinel surfaces for electric fields applied perpendicular to the
miscut direction. On MgAIl>04(100) annealing with electromigration field £ = 140 V/cm at
1400 °C in the step-up direction causes the atomic steps to transform into step bunches.
Straight and triangular edged step bunches were produced on surfaces with off-cut in the
[011] and [001] directions, respectively. Annealing with electric fields in the step-down
direction leads to a different faceted morphology. Other aspects of the morphology such
as the inner steps formed on the terraces between step bunches are also discussed.
Bunched spinel samples with miscuts of 3° and 6° annealed with a step-up electric field, E
= 140 mV/cm were analysed, and a scaling relationship between the maximum slope of a
step bunch, ym, and step bunch height, h, was found that fitted the power law (ym ~ h%),
with scaling exponent o =0.64+0.02. These values is similar to the scaling exponents for the
step bunched Si(111) surface. Our results suggest that step bunching mechanism is broadly

similar for vicinal silicon and insulating spinel surfaces.
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7.1 Introduction

Magnesium aluminate (MgAl,04) spinel has long been a subject of scientific interest due to
both its mechanical and optical properties and technological relevance [154-157]. For
instance, MgAl;04 is an important template for FesOs heteroepitaxy, which finds
applications in the fabrication of multilayer devices [158]. Spinel surfaces also have been
shown to be promising nearly lattice-matched substrates for the growth of high-quality
GaN films and horizontal nanowires [159-161]. In addition, the deposition of strongly
oriented Co304 thin films on MgAl,04(100) highlights its potential in cold plasma
technologies [162]. Recently, the specific surface structure of MgAIl,O4 has been used as a
support material capable of stabilizing Pt nanoparticles during severe aging [163].

Annealing by direct current affects the surface morphology in a conventional way.
However, annealing by ac heating, irradiation, or by thermal contact with a heater affects
the surface morphology in an unconventional way. The latter two common methods of
heating will be referred to as thermal annealing here to distinguish them from annealing
by direct current. It has been suggested that, by the thermal annealing of MgAl,04(100) at
1200° C in oxygen, Mg ions in the bulk become mobile at high temperature and could fill
in a part of the Mg vacancies on the surface, which can help stabilize the surface [91].
Further surface stabilization is achieved by the formation of wide elongated patches with
Al terminated step edges. The (001) surface of spinel, upon annealing at 1200-1800° C for
8 hours in vacuum, rearranges into the step-and-terrace morphology with wide square
terraces, resulting in surface faceting and coarsening [164].

This chapter discusses the successful observation of step bunching induced by
electromigration on the surface the insulator MgAl,04(100). As with Si(111), step bunching
occurs on the spinel surfaces due to biased adatom diffusion, resulting from the force on
charged particles, induced by the electric potential. Different step bunching morphologies
were observed on (100) spinel samples with miscuts of 3° in the [001] and [011] directions.
Here, a probable qualitative explanation of the electromigration induced step bunching
mechanism on the (100) surface is proposed. It was established that the maximum slope

ymof a step bunch depends on its height h and the dependence between them fits to the
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power-law function form (ym = yoh®). Scaling exponents of this form were extracted and

found to be comparable with the reported values of the scaling exponents for Si(111) [29].

7.2 Results

7.2.1 Thermal Annealing

Vicinal MgAIl>04(100) samples with miscut angles of ¢ = 3° and 6° along the [001] and [011]
directions were thermally annealed, that is without an electric field, at 1400 °C in UHV for
6 hours as a control. The resulting surface morphologies can be seen in figure 7.1. The
(100) surface of spinel, with a miscut 6° in the [001] direction, rearranges into a step and
terrace morphology upon thermal treatment (see figure 7.1(a)). The structure of this
surface is characterised by right-angled corrugation of the step edges. The triangular steps,
with an average height of 2-4 nm, form faceted steps with the edges aligned along the both
[011] and [01 1] directions. This surface arrangement suggests that without the bias of an
electric field the adatoms on the (100) spinel surface preferentially diffuse along these two
directions during thermal annealing. This surface structure was observed by others in
previous studies [164]. Under the same annealing conditions, the sample with the 3" miscut
in the [011] direction, creates regular faceted steps with heights of 1-3 nm separated by
terraces of 10-50 nm in width (Fig. 7.1(b)). As with the previous sample, there is sharp
alignment of these steps along the [01 1] direction. Figure 7.1(b) also shows a line profile
from this AFM image, taken perpendicular to the step alignment, indicating the step
heights. By increasing the miscut angle to 6° for the same orientation, the average step
height is increased to 2-5 nm and the terrace with becomes 20-70 nm, as shown in figure

7.1(c).
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Figure 7.1: Derivative AFM images of MgAl,04(100) morphologies after thermal annealing in UHV
for 6 hours at 1400 "C without an electric field. The miscut direction is from left to right in all images
as presented by a staircase symbol in (c). (a) The surface is off cut by 6° towards the [001] direction.
The step and terrace morphology has an average step height of 2-4 nm. (b) A regular faceted
MgAl>04(100) surface with a step height of 1-4 nm created on a surface miscut by 3° towards the
[011] direction. (c) Faceted morphology of the thermally annealed 6° miscut surface, regular steps
are aligned along [01 1] direction and the step heights range from 2-5 nm. Insets show plane
levelled line profiles indicating the step heights along the green lines in each of the figures.
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The figure also demonstrates that while there is a minor loss in straightness, most of

straight steps on the (100) surface preferentially tend to align to [01 1] direction of the

crystal.

7.2.2 E-field Annealing

If the annealing is performed in the presence of electric field, entirely different
morphologies are obtained. Figure 7.2 displays the effect of annealing with an
electromigration field of 140 V/cm on MgAl,04(100) miscut by 6° in the [001] direction. For
an E-field in the step-up direction for this miscut, 130-250 nm high step-ledge bunches are
produced, with edges aligned along the [011] and [01 1] directions, as seen in figure 7.2(a).
The length of these elongated step bunches along these directions is 0.4-1.5 um. A similar
sample, annealed with step-down E-field (figure 7.2(b)), has steps with an average height
of 8 nm and maximum step height of 12 nm. The step heights are higher compared with
those on the faceted surface produced by thermal annealing (see figure 7.1(a)). It was
observed that the tips of serrated steps are notably rounder as compared with the
thermally annealed morphology. The reason for this can be understood as follows. The
exposed atoms at the tips of step-ledges have lower binding energy than those with more
neighbours and therefore, under the E-field annealing conditions with biased diffusion,
adatoms can more readily escape from these extremities and are forced diffuse along the
step edges. Eventually the higher adatom detachment from the newly exposed step edge

tips leads to the rounding of it.
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Figure 7.2: (a) Bunched MgAl,04(100) sample with a miscut of 6 annealed with E-field towards the
step up [001] direction. Triangular zig-zag shaped step bunches have edges aligned along [011] and
[01 1] directions. Below a plane levelled line profile of this surface along the dashed green lines is
shown. (b) A modified faceted morphology is created on a sample annealed with the electric field

in the step-down [OOI] direction.

AFM characterisation of MgAl,04(100) with a 3° miscut towards the [011] direction,
annealed at 1400 °C for 6 hours in the presence of step-up E-field of 140V/cm demonstrates
a step bunched morphology, an example is presented in figure 7.3(a). The surface is
covered by large step bunches with heights of 60-130 nm separated by 0.2-0.4 um wide

terraces.
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Figure 7.3: Surface morphologies produced on 3° miscut MgAl,04 by annealing with E-field, E = 140
V/cm, applied along the miscut direction at 1400 °C. (a) Surface annealed with a step-up E-field, the
step bunches are up to ~ 130 nm high separated by 0.2-0.4 um wide terraces by terraces. (b)
Annealed with a step-down E-field, produces an array of regular steps, 2-8 nm in height and

relatively narrow terrace widths up to ~ 80 nm.

The (100) surface annealed with a step-down E-field, however, exhibits a faceted
morphology with regular steps 2-8 nm in height separated by terraces 30-80 nm in width,

as demonstrated by the AFM image in figure 7.3(b). These steps are, again, nearly aligned
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along the [01 1] direction, with the exception of a number of connecting steps aligned
along [011] direction. The step-down E-field annealing enhances the faceted step height by

some 1-5 nm, as compared with the steps produced by thermal annealing alone (See figure
7.1(b)).
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Figure 7.4: (a) Morphology of MgAIl,04(100) surface with a miscut of 6° in the [011] direction
obtained by E-field annealing, E = 140 V/cm, along the miscut directions. (a) Bunched surface after
annealing with the electromigration field applied along the step-up direction. (b) Relatively small
steps 3-12 nm in height with narrow terraces 30-150 nm in width are created on the same (100)
surface of MgAl,O4. Plane levelled line profiles, corresponding to the green dashed lines in both
AFM images, are presented below the respective images.

MgAl,04(100) samples with a miscut of 6° towards the [011] direction were also

annealed at 14002C for 6 hours with an electric field of 140 V/cm applied along the miscut
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direction. Figure 7.4(a) shows such a surface annealed with a step-up E-field. The 0.3-1 um
wide terraces on this surface are separated by relatively high step bunches aligned along
the [01 1] direction with heights of 120-250 nm. It can be noted, that the step bunches on
this surface are higher than for the previous step bunched surface with the 3° miscut in the
[110] direction. The surface of the sample annealed with the step-down E-field is
characterized by narrow 30-150 nm terraces and small steps of up to 12 nm, as in seen in
figure 7.4(b)). Again, these faceted steps are found to be higher compared with the faceted
morphology of 3° miscut sample annealed under the same conditions (see Fig. 7.2(b)).

To produce a better quantitative understanding of the step bunches, the relationship
between the step bunch height and the maximum slope, as has been done for Si(111) [29],
was investigated. The MgAl>04(100) sample with the 3° miscut, as in figure 7.2(a), was
analysed by using ex-situ AFM measurements. Step bunches with a distributed variety of
dimensions were scanned by AFM and their heights (h) were measured with an error of ~
1 nm by taking a line profile of the plane levelled topography. The corresponding maximum
slope, ym, was extracted by taking the maxima of the derivative of levelled step profiles, i.e.
step profiles corrected so that flat wide (100) spinel terrace region had zero slope, and the
height was taken as the difference between the levels of terrace segments adjacent to the
step bunches. As shown in figure 7.5, the dependence between maximum slope and height
can be fitted well with a power law function of the form, ym = yoh®, where a is found to be
0.64 with a fitting error of +0.02. This scaling relationship shows how y, continues to

increase with step height, whereas for faceted surface the slope would remain constant.
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Figure 7.5: A log-log plot of the maximum slope of bunches y. against their height h for an
MgAl>04(100) sample with a miscut of 3° towards the [011] direction annealed at £ = 140 V/cm for
6 hours in the step-up direction.

Similarly figure 7.6 shows the dependence between the step bunch height and the
maximum slope for the spinel sample with a miscut of 6° towards the [011] direction,
annealed by step-up E-field of 140 V/cm for 6 hours. In this case a was found to be ~ 0.63
with an error of £0.02. This is within the error of value found for the sample with the lower
miscut. These scaling exponents are similar to the experimentally determined exponent
values of a, ranging between 0.57 and 0.59, for bunched Si(111) annealed with a step-up
electromigration field [25, 29]. This is despite the differences in strengths of the fields used
and the nature of the vicinal surfaces, which suggest parallels in the dynamic processes

involved.
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Figure 7.6: Scaling relationship between the maximum slope and height of step bunches on
sapphire surface with a miscut 6° in the [011] direction annealed by step-up E-field of 140 V/cm for
6 hours.

7.2.3 Inner Steps on Large Terraces

It is worth noting that for some step-bunched MgAl,04 samples the wider terraces can be
broken by inner steps antiparallel to the step bunches, as shown in figure 7.5. These inner
steps are clearly visible on the terraces of the step-bunched sample miscut by 3° in the
[011] direction (figure 7.2(a)). These inner steps have typical heights of 5-15 nm (equating
to approximately 25-75 atomic steps, where an atomic step is ~ 2 A) [84] and are separated
by minor terraces 20-40 nm in width. As can been seen from the plane levelled line profile
of the spinel surface (figure 7.7(a)), the slope of these inner steps is opposite to that of the
main step bunches. The segment of terrace before the first inner step, closest to the step-
bunch edge, is noticeably wider (50-120 nm) than the distances between other subsequent
steps. Similar sub-bunches of steps, the so-called antibands, were also seen on Si(111)
surface as discussed in chapter 4 [30]. Antibands on the bunched Si surface are more
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compact and primarily formed via the evolution of atomic steps crossing the wide terraces

between step bunches.
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Figure 7.7: Derivative AFM images to highlight inner steps created on spinel terraces between step
bunches. Bright and dark areas of the surface correspond to the positive and negative slopes of the

inner steps and step bunches, respectively. (a) Inner steps running along the [01 1] direction are
antiparallel to the step bunches formed on a sample miscut by 3° in the [011] direction. (b) A step-
up annealed MgAl,04(100) sample with a 6° miscut in the [00 1 ] direction results in the formation
of inner step-ledges on a terrace of the bunched surface and the edges of these steps are aligned

along the [011] and [0 1 1] directions.

In contrast, the inner steps on bunched MgAIl,04(100) terraces are not a product of the
same evolution of atomic crossing steps. For the step-bunched surface miscut by 6°
towards the step-down [001] direction inner step-ledges with heights of 5-25 nm are

produced on the terraces of the sample, as shown in figure 7.7(b). These steps are aligned
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along the both [011] and [01 1] directions close to the edge of step-ledge bunches by
having the form in triangular shapes. This alignment is more clearly apparent the closer
they are to the bottom of the step bunches. As with the previous steps the slope of these

inner step ledge bunches are also in opposition to the main step ledge bunches.

7.3 Discussion

Literature suggests that the steps on the vicinal MgAl,04(100) surface will consist of
neighbouring layers containing alternate Mg and Al-O-terminated surfaces on the adjacent
terraces [83, 86, 89]. Thus these steps will have fundamentally different properties, as
illustrated in figure 7.8(a). This configuration originates from the spinel structure, where it
can be seen that the 2 A-step between layer A and B is different from the 2 A-step below
created between layer B and C, since layers A and B are Al-O-terminated, while layer B is
Mg-terminated. Under the thermal annealing conditions the steps move as the result of
adatom migration and their attachment/detachment to edges of these layers. Due to the
chemical contrast of these different terminations there will be anisotropic surface diffusion
of adatoms across these surfaces, which will result in adjacent steps having different
velocities. The ions on terraces have different contributions to the step movement. Mg ions
with high mobility have greater contribution than the Al ions [91]. If one step in the train
moves relatively faster than the adjacent steps, its reduction in width will lead to
proportional growth of the subsequent terrace. The example in our case, the Al-O-
terminated upper layer A will become wider and the Mg-terminated lower layer B narrower
as demonstrated in figure 7.8(b) The movement of the step helps compensate for the
polarity of the surface as it liberates atoms which can then be incorporated into adjacent
steps. Desorption of certain atoms in the surface layer also occurs. It is known from
previous studies that Mg ions preferentially detach from the surface, in part because Mg
has lower binding energy since it is tetrahedrally coordinated to four O, while the Al cations
are octahedrally coordinated to six O anions. The Mg rich layer B will recede more rapidly
as compared to the Al-O terminated adjacent layers. In order to fulfil the polar stabilization,

surface vacancies re-organise until octahedral/tetrahedral vacancies are equally favored
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and the steps are stabilized by their proximity to others within the train. This means that
the step train starts to move with the same velocity, however the perturbations in step

width created by this action aid the progression towards the formation of surface faceting.
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Figure 7.8: Schematic step movement on a vicinal MgAl,0,4 surface.

A qualitative explanation for the formation of the step bunches on MgAIl,04 can be
provided using quite simple physics. The relatively narrowness for un-interrupted terrace
width that is observed on both the step-up and step-down annealed surfaces suggests a
proportionally short lifetime and distance for adatoms crossing the terraces. Furthermore,
it is well known from step dynamics that the energy required for an adatom to hop up a
step onto a terrace is significantly greater than that required for it to migrate across the
terrace or along the step edge. In our system, if we consider the mobile species on the
surface, Mg and Al have a net positive charge and will preferentially migrate in the direction
of the electric field. Of these two, Mg is the most readily desorbed, suggesting the surface
could easily become Mg deficient. If the field is oriented in the step down direction adatoms
will be drawn away from the step edges. This flux of adatoms will stabilise the surface by
helping the terraces reach optimum relative occupancies of Mg and Al. This process should
be very similar to what appears to happen due to unbiased diffusion on the samples
annealed without the presence of an electric field. That is to say, the morphology should
thus be like that of a surface where the rearrangement is a result of a thermally activated
diffusion process and where there is an equivalence relationship between surface

periodicity and the displacement of adatoms [62].
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When the electric field is oriented in the step-up direction there is a potential barrier for
the adatoms to cross. As such relatively few adatoms can hop onto the terraces, to cross
to the adjacent steps, and a higher proportion will be bound up at the step edges, leading
to a sharp gradient across the terraces, as is illustrated in figure 7.9(a). It is the presence
of an adatom concentration gradient across the terraces that is responsible for the growth
of step-bunches on Si(111). However in addition to electromigration, at high temperatures
there is substantial desorption of ions from the surface, which means that the
concentration is lower than equilibrium n¢ over the whole layer. It is known that Al is the
most stable termination for the step edges [91]. If the step edges within the bunch are Al
terminated, it is suggested that Mg adatoms arriving at the bunches are not incorporated
into it, and as such they are trapped at the bunches until either they hop over the barrier
or are lost from the surface through desorption. The low concentration of Mg adatoms on
the terraces will have its most appreciable effect close to the inner edges of the terraces,
where adatom concentration will be lowest. Observations at lower temperatures have
suggested that micro-faceted structures, pits and patches, with Al terminated edges can
form to stabilize the surface [91]. We suggest that structures such as these form in the
areas where there is low surface adatom concentration and particularly Mg depleted
regions, to stabilize the surface. These then become elongated parallel to the step bunches
which further develop to become the inner steps visible in the AFM images. The creation
of these additional inner steps edges increase the local adatom flux and concentration, thus
stabilizing a further segment of terrace until the width becomes great enough for the
adatom concentration to drop again. The additional Al terminated step edges help to
stabilize the wider terraces on a surface where there is less Mg available, as compared with
surfaces annealed with the field in the opposite direction. This behavior would also explain
why the terrace segments closest to the step bunches are the widest, see figure 7.9(b). As
they would experience a relatively large adatom flux from the step bunches, compared with
the smaller inner steps, as they are a larger sink of Mg adatoms. Thus a step in proximity to
the step bunches would recede more slowly than individual steps. However further NC-
AFM, X-ray photoelectron spectroscopy (XPS) and surface X-ray diffraction (SXRD) studies
would be desirable to quantify of structural occupancies of bunched morphologies of

MgAl,O4 surface.
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Inner step

Figure 7.9: Growth of terraces MgAl,O,.

(a) Actual ion concentration ng on a terrace is lower than equilibrium n¢ due to the substantial
evaporation. Al terminated step bunch edges act as a Mg sink for the E-field in the step-up direction.
(b) Al terminated inner steps further stabilize the surface. The outside terrace segment closest to
the bunch [;, 1 is wider than subsequent terrace segment [;.

7.4 Conclusions

We observed for the first time, electromigration induced step bunching on the surface of
the insulator MgAIl>04(100), when an electric field of ~ 140V/cm was applied to vicinal
spinel perpendicular to the miscut direction. Annealing a sample off-cut in the [011]
direction with E-fields in the step-up direction for 6 hours at 1400 °C results in the formation
of step bunches separated by wide terraces through the forced the migration of adatoms
on the (100) surface. In sharp contrast, step-down E-field annealing under the same
conditions leads to the formation a regular step train, similar to the faceted surface
produced by annealing without an electric field. The wide terraces of the step-bunched
surfaces are interrupted by well-structured inner steps running antiparallel to the primary

bunches along the [011]. Samples with miscut of 3° in the [001] direction displayed faceted
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triangular so-called step-ledges and step-ledge bunches were produced, after annealing
with an E-field of 140 V/cm. It was also found that similar complementary triangular inner
steps are created on the terraces of this bunched surface.

As would be expected, the step bunch height increases with the offcut angle, higher
step heights were found on the surface with a 6° miscut compared with step bunches
produced on the surface miscut by 3°. However the scaling relationships between the
maximum slope of a step bunch height ym, and step bunch height, remain similar. The
scaling exponents were found to be a = 0.64 and 0.63 with an error of £0.02 for the
bunched MgAl,O4 samples with a miscuts of 3° and 6°, respectively. These values are within
the error of each other, which effectively demonstrates that for low miscuts the slope of
the step bunches is independent of the initial inter-step spacing, for constant electric field
and temperature. The observed a values for bunched MgAIl,04(100) surfaces bear similarity
to the reported values of the scaling exponents of Si(111), attesting to the universality of
the process [29]. Furthermore the step bunching instability occurs on spinel for a specific
E-field orientation and at the examined temperature, which strongly suggests there is a

shared basic mechanism of step bunching instabilities on Si(111) and MgAl,04(100).
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Chapter 8

Conclusions and Outlook

KeTi *KypTTbIH TiniH 6in,
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8.1 Conclusions

This thesis has examined the formation of crossing steps and antibands on the terraces of
bunched Si(111). It is known that during prolonged DC anneals of vicinal Si(111) surface
may lead to the formation of antibands which have an inclination opposite to that of the
miscut angle. The dependencies of these features on annealing parameters such as anneal
time and strength of applied electric field were also investigated. Antiband instability on
bunched Si(111) has been studied under the condition of adatom surface diffusion limited
sublimation. Here, a theoretical treatment was given for the evolution of atomic steps
crossing the wide terraces towards the formation of antibands. The adatom concentration
gradient which was compensated by the different crossing step curvature was found to be
dependent on the value of the electromigration force. However the location of antibands
on terraces was found to be independent of the electric field direction which is in strong
agreement with experimental findings. The conditions for the onset of antiband instability

and antiband formation was found to depend strongly on the degree of surface vicinality.
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Finally, our experiments support strongly the derived condition for the onset of antiband
instability.

The formation of ordered arrays of step-bunches was demonstrated for the first time on
classes of materials which had not been known before to exhibit this phenomenon. In
particular, we observed step bunches on vicinal tungsten, sapphire and spinel surfaces by
applying the electromigration field along the miscut directions. These results demonstrate
the universality of the phenomenon and it opens new pathways to the control and
understanding of the morphologies of those surfaces.

Different values of the electric field were applied on vicinal Al;03(0001) perpendicular
to the step direction. In the case of Al,03(0001) the height of step-bunches was found to
increase with annealing time, by annealing samples at 1500°C for durations of 6 and 20
hours. In the case of samples annealed with the applied field in the step down direction,
the resulting morphology was found to depend on the annealing time, with faceted
surfaces observed after short anneals (6 hr) and weakened stepped-bunches observed
following longer anneals (20 hr). The crossing steps on terraces of bunched sapphire
surface after prolonged annealing times were found to develop into antibands. The critical
field required to initiate step bunching E.,, was found by examining the scaling relationship
between the step bunch height and its maximum slope.

For vicinal MgAl,04(100), it was found that step-bunching could be induced by applying
a step-up electric field of 140V/cm at 1400°C, while in the case of a step-down electric field
the surface stabilized as an array of uniform steps. The relationship between the maximum
slope and height was investigated by fitting with a power-law function ym=yoh®. The most
probable theoretical treatment has been provided for the step bunching formation on
MgAI204(100).

W(110) samples with different miscuts were annealed at 1500 °C with the applied
electric field aligned parallel to the miscut direction. An electomigration field
of ~ 25 mV/cm was found to be sufficient to induce step bunching in both step-up and
step-down current directions. Higher electric fields were found to result in an increase in
the height of the step bunches. The maximum slope of the bunches against height was

plotted for W(110) steps.
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The common form of the scaling relationship between the step bunch height and its
slope, for the step bunches on Si(111), Al,03(0001) and MgAl,04(100) surfaces, suggests
similar dynamical processes for adatoms on these surfaces, this despite differences in the
field strength, temperature and crystallography. Thus it is arguable that for these
semiconductor and insulating surfaces the direct electrostatic force, acting on diffusing
adatoms, is responsible for surface migration. However, the most striking similarity
between the step bunching behaviour on Al,03(0001), MgAl,04(100) and that on Si(111) is
the influence that the E-field direction has on the surface morphology. Although there are
four distinct high temperature annealing regimes for Si(111), in each of them annealing
with the electric field perpendicular to the steps produces step bunches in one direction
and a regular step array for the opposite direction. Analogously the step bunching
instability on Al03(0001) and MgAIl.04(100) surfaces has been observed when the E-field
is applied in the step-up direction at 1500 "C and 1400 °C, respectively. This may indicate
that the E-field annealing dependence of sapphire and spinel at this temperature satisfies
the conditions of step bunching on Si(111) for the temperature regimes Il (~ 1040-1190 °C)
and IV (>1300 °C). However, this is in contrast with the behaviour on W(110) surface where
step bunching occurs regardless of E-field annealing direction. These results indicate that it
is primarily the electron wind which is responsible for the motion of tungsten atoms on
vicinal W(110) surfaces.

Models proposed by Stoyanov can be used explain the step bunching instability on
Si(111) in each of the annealing regimes and a similar theoretical treatment could plausibly
be applied for the case of electromigration on Al;0s; and MgAl,O4. However caution is
warranted, as the diffusion equations used for sapphire and spinel will be more complex
than for Si. There are two or three elements and combinations thereof to consider, instead
of one, when formulating an equation for surface transport. This will mean separate and
possibly opposing effective charges for each, where scattering from the other elements
may need to be considered, and consequently a variety of drift velocities. Importantly, the
models of Stoyanov cannot be applied for the case of W(110), because the same step
bunching behaviour occurs on the tungsten surface, as mentioned before, for electric fields

in both the step-up and step-down directions at the same temperature. The initiation of
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step bunching on metallic and semiconductor surfaces may reflect a different combination
of factors present in both.

Spinel elements, for a given temperature, will have different surface concentrations,
subject to their availability at the surface and their desorption time. XPS studies have
shown that the relative concentrations of elements on MgAI,04(100) are highly
temperature dependent [18]. Simplification of the system may however be possible,
because while Mg and O are undoubtedly critical to surface stability, at the high
temperature of 1400°C the lifetimes of Mg and O adatoms on the surface will be
significantly shorter than those of Al or under coordinated Al-O. Thus the identification of
mobile species on the surface is of significant importance as it will determine the direction
of the mass flow. Furthermore, as conventional thermal studies of the surface have
revealed changes in the composition with increasing temperature, driven by changing
mobility and evaporation [18, 19], this may in turn give rise to an exotic temperature
dependence with electric field.

Below is a summary table for all the observed step bunched surfaces.

Vicinal Surfaces Temperature Step-up E-field Step-down E-field Reversed E-field
1; ~850°C - 950°C Regular Bunched
il?fﬁr)l 1200°C - 1300°C De-bunched
|
1040°C — 1190°C Bunched Regular
>1300°C
Tungsten 1500°C Bunched Bunched No de-bunch
W(110)
Saphire 1500°C Bunched Regular or weakened |  De-bunched
A|203(0001 ) Step Bunches
inel
Sp € 1400°C Bunched Regular Unknown
MgAl,O,(100)

Figure 8.1: Summary table of results on E-field annealed vicinal surfaces.

This table shows the resultant morphology of different vicinal surfaces produced upon E-field
annealing in the step-up and step-down directions.
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8.2 Future work

The results relating to step bunching shown here open up further possibilities for the

examination of the W(110) surface. A number of these are outlined below.

1. Study of the influence of oxidation on adatom movement on the bunched surface of
W(110). The surface of W(110) oxidizes at 1300°C (see Chapter 3.6.2) and it would be
interesting to examine the effect of oxidation on the step bunching process. While step
bunching has been demonstrated at 1500°C, it is not known whether or not bunching
will occur at 1300°C as required for oxidation. If it can be shown to be the case that step-
bunching does occur at this lower temperature, the next step would be to introduce
oxygen into the annealing chamber and examine its effects on the bunching dynamics.
Adatoms of both types would move along the surface under the influence of the applied
electric field. As oxygen and tungsten adatoms must carry partial charges of opposite
sign, they will migrate in opposite directions. The effects of binding of oxygen and
tungsten atoms and how this binding affects the step bunching would need to be
considered. The additional complication of a chemical interaction between the adatoms
undergoing electromigration has not been studied before, and would make for a very
exciting project.

2. Effects of a metal on the bunched W(110) surface. It would be interesting to deposit a
metal of lower melting point than tungsten onto the W(110) surface and allow it to
freely migrate during the anneal. It would be important to choose a metal that does not
interact with the W(110) surface and does not form alloys with it. Ag and Cu would be
suitable candidates for this experiment. According to the phase diagram [26] these
metals do not form alloys with W up to 3422°C. The effect of the electric field on these
extra metals could be investigated by carrying out anneals with the applied field in both
the step-up and step-down directions. It may be possible to extract the value of the

potential barrier of the step edge on the diffusion of Cu and Ag.

Another potentially fruitful experiment would be to carry out an examination of
electromigration on copper in UHV. Copper is an important metal in industry because of

its high ductility, malleability, thermal and electrical conductivity. However the effect of
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electromigration on Cu has received little attention. Following the results achieved with
tungsten in the present work, it would be interesting to try to produce a step bunched
morphology on Cu. Then thin films of other metals such as Ag or Al could be deposited onto

this surface. It may even be possible to prepare graphene on a step-bunched Cu surface.

Faceted Al,03(0001) substrates could be used as a template for the growth of Si and NiO
nanowires (NWs) produced by the atomic terrace low angle shadowing (ATLAS) deposition
technique, which is the main method of our group for the fabrication of NWs [27].

Si NWs are attractive due to their potential applications in various fields such as
microelectronics, optoelectronics, photonics, photovoltaics and sensors [165-169]. The
possibility to study and manipulate the Si NWs in one dimension could prove useful in these
applications. In future, optical properties of Si NWs for different values of their thicknesses
may be investigated. The study could involve several experimental steps:

« Faceted Al;03(0001) substrates prepared by thermal annealing in air. Planar arrays of Si
NWs could then be grown by ATLAS technique, with Si atoms deposited at low angles of
several degrees to the surface.

« The wire’s optical properties could be studied during their growth by in-situ RAS
followed by ex-situ AFM characterization of their structure.

« The Al,03(0001) substrate together with the deposited Si NWs could then be annealed
at high temperatures to investigate the optical response of the Si NWs using in-situ RAS
measurements. It would be useful to correlate the optical response of the NWs with the

dimensions of the structures produced through annealing.

Recently, resistive switching phenomena in binary transition metal oxides such as NiO, TiO»,
or ZnO have received significant attention because of their potential application in NW-
based memory devices [170-173]. It would be worthwhile to investigate the possibility of
resistive switching in NiO NW’s instead of thin films, which is the norm in the literature.

NWs of NiO could be prepared using the following procedure:

« NiO NW arrays on Al>03(0001) prepared using the ATLAS technique. Dimensions of the
NWs could be controlled through appropriate choice of the deposition parameter, and

confirmed using AFM.
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« Optical response of the NiO NWs to be studied by in-situ RAS measurements.
« If continuous NiO NWs can be produced using this procedure, then resistive switching

experiments could also be conducted.
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