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Abstract

The (110) surface of TiO, is examined using a 9.92 keV oxygen ion beam. The
positions of the peaks in the emitted ion energy spectrum are consistent with those
predicted by ion-surface scattering theory for 0°-O and O"-Ti collisions. Upon
examination of the peaks present in the ion energy spectrum, information about the surface
crystallographic structure can be determined. This includes studying the
shadowing/blocking effects as the azimuthal and elevation angles are varied. Using this
information the dimensions of the surface unit cell are found to be consistent with the bulk
dimensions. The height of the oxygen rows that are present above the surface can also be
determined and is found to be lower than predicted by the bulk.
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Chapter 1 Introduction

Ion scattering techniques are a useful tool in obtaining information about the
crystallographic structure and the atoms present on a surface. Since low energy ion
scattering (LEIS) has a low range of energies, 1 to 20 keV, it allows an investigation into
the first few atomic layers of the substrate which makes itagoodtet.:hnique for surface
studies. This technique can also be used to study the scattering process, channeling,
shadowing and blocking effects as well as neutralization processes [1-3]. The information
obtained about a surface from LEIS studies compliments those done by Auger processes,
scanning tunneling microscopy, STM, measurements and many others.

Generally, most ion-surface scattering (ISS) techniques erode the surface and the
emitted atoms are identified using a mass spectrometer. By contrast, a specially designed
LEIS was developed to minimize the surface damage during ion bombardment. The
energies of the emitted particles are identified through the use of an energy analyzer. Not
onlythemrfacecanbeexaminedusingLEISbmthescaneringprocm itself can be
investigated. The collisions between the incoming ions and the surface atoms can be
treated classically with a reasonable degree of accuracy and results in a direct
interpretation which allows identification of surface atoms and measurements of the
relative positions of those atoms.

Other surface techniques such as low energy electron diffraction (LEED) and
reflection high energy electron diffraction (RHEED) look at the long range order of the



sample whereas LEIS does not require long range order and primarily examines the
relative positions of nearby atoms. RHEED can give a rough approximation to the relative
positions of the surface atoms as well as an idea of the surface roughness. This
approximation is obtained indirectly since diffraction experiments measure properties of k
space and not of real space as done in LEIS. Since this difference is present, RHEED will
be used to obtain an idea of the smoothness of the surface and an estimate of the surface
unit cell dimensions and will hence compliment any measurements obtained through LEIS.

Several studies of the surface of TiO, have been previously performed but these
are mainly Auger and STM measurements as well as some LEED and MEED studies
(medium energy electron diffraction) [4-10]. Very few ion scattering measurements have
been done in comparison [3,11,12]). Because of this the dimensions of the unit cell
obtained by LEIS can be compared to measurements already obtained by other methods as
well as possibly providing new information about the surface.

The exact structure of the surface still remains to be completely determined. The
main purpose of this work is to obtain as much information about the surface structure of
TiO; as possible. More specifically, to confirm the dimensions of the surface unit cell and
to obtain an estimate of the height of the oxygen rows which are present on the surface.



Chapter 2 Theoretical and Other Considerations

2.1 Binary Collisions

The binary collision model has been found to give a reasonable description of the
interaction between an ion and an atom on the surface of a solid [13, 14). This model is
valid if the following assumptions are made: the atoms in the surface region are unbound
to its neighbours, i.e. the other atoms on the surface will not affect the collision; the target
atom is stationary; and the energy losses are kinetic. The first assumption is valid since the
kinetic energy of the incident ion is much greater than the binding energy of the target
atoms. The second is valid since most vibrational energies are about 0.04 eV, at room
temperature, which is quite small in comparison with the energy of the incident ion. The
losses that are due to inelastic effects such as electronic excitation or ionization are usually
small enough to have no affect within the energy resolution of the experiment. If any of
the effects stated above are considered or if the possibility of multiple collisions with more
than one atom are considered, the model would be more accurate but this simple binary
collision model has been shown to be sufficient.

For simple two body elastic scattering the energies of the scattered (E,) and
recoiled (E,) ions/atoms can be calculated from the conservation of momentum and energy
and are dependent on the scattering angle, 0, or the recoil angle, ¢, and the ratio, A, of the

target mass, my, and the incident ion mass, m;, so that A= my/m,;.
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Figure2.1  Angles involved in the single collision

Therearetwodiﬂ’eremeampossnbkhequmion(l)whichdependonthemhtive
masses of the two particles involved in the collision. If m; <my, ie. A 2 1, then to obtain
a positive solution the plus sign must be used. If A <1, both signs can be used as they

both give positive energy ratios. When A < sin9, two positive physical solutions exist



which represent two different processes at the same scattering angle.. However, the
negative sign, which corresponds to backward center-of-mass scattering transformed to
forward scattering in the lab frame, is usually much less intense and can usually be ignored
in measurements. The dependence of k, and k. on their corresponding angles are shown
for several values of A in Figure 2.2. Since backward recoil is impossible: 0 < ¢ < 90°.

The range of © dependson A; for A<1:0<0 Ssin"Abut for A>1: 0<0 < 180°.
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Though these predictions agree well with experimental results, the peaks often
appear to have high energy shoulders and sometimes a peak may be very broad. These
effects are due to multiple scattering; i.c., the incoming ion is deflected significantly by
more than one atom but the total scattering angle is the same as for single scattering.
Under these conditions the outgoing particle can have more energy than if there was only
one collision. For example, consider an oxygen ion colliding with a titanium atom at a
total scattering angle of 45°. With only one collision, the value of k, would be 0.8202. If
there were two collisions, one being 5° and the other being 40° would result in k, = k,; *k
=0.8518. The maximum scattered ion energy, for a given total scattering angle, occurs
when each of the individual scattering angles are equal, i.e. when each scattering angle is
6/n for n collisions. For the example stated above the maximum k, would be 0.9031. For
a complete picture of this variation refer to Figure 2.3. In this figure the value of k., *k,, is
given for two different total scattering angles and for two different set of collisions, one

involving oxygen atoms and the other involving titanium and oxygen atoms.
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2.2 Shadowing effects

When an energetic ion collides with a surface atom it is deflected causing the
incident ion’s trajectory to be unaltered by atoms lying behind the struck atom in the
direction of the ion beam. These atoms are said to be hidden by a shadow cone, see
Figure 2.4.

Ion‘beam .

- \ Target

Figure 2. 4 A typical shadow cone

The shape of the shadow cone can be calculated from individual trajectories of the
collision using many different impact parameters. As the impact parameter is increased the
scattering decreases and the point at which neighbouring trajectories intersect can be used
to define the locus of the shadow cone.

For any given impact parameter and ion energy the trajectories can be calculated
using the classical equations of motion for a single moving particle and a fixed center of

force or potential. The scattering angle in terms of a potential is
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where r is the interatomic distance, b is the impact parameter, E is the kinetic energy of the
collision,V(r)isthepotcntialandr,isthevalueofrwhichgimwoforthequamityin
the square root, which is the distance of closest approach [15-17). To actually obtain a
valuefore,hisnecmytoassunrsomemdialdepcndemeforthecenualpotenﬁal
which is used to simulate the ion-atom interaction. For most forms of V(r), equation (3)
must be solved numerically, though for some special potentials such as the Coulomb
potential an analytic solution does exist. Two types of potentials that have been
commonly used are inverse power potentials and purely exponential potentials. The most
commonly used potential is the screened Coulomb (or Moliére) potential which modifies
thel/rshortrangeCoulombpotentialwithanexponentialscreeningterm.

2,Z,é*
r

Vo) = Bexp(-é&rfa) O]

where Z, and Z; are the atomic number of the ion and target atom respectively, e is the
electronicchargc,aistbescteeningparam:ter,andband&aretwomoreparameters.

The values of a, , and & can be changed so that the trajectories and hence the shadow
cone radius or angle fit experimental data. Presently, the potential that is used is a sum of
three potentials of the form in equation (4), with six adjustable parameters, p,, Bs, Bs, 51,

&, and &; to fit a large body of experimental scattering data.
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Knowledge of the shape of the shadow cone and shadow cone angle can be used
to determine the relative positions of atoms on the surface. This is done by varying the
angle at which the ion beam strikes the surface, 0i. As 0;, is increased there will be a
point at which many more surface atoms are seen. This is known as the critical angle and
it corresponds roughly to the shadow cone angle. This process will be discussed in greater

detail in section 4.5.
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2.3 Structure of TiO,

Titanium dioxide is very useful in such processes as photoelectrolysis, photo-
assisted and photocatalytic reactions and also in photo-oxidation of organic molecules and
H;O. It would be extremely helpful to obtain a complete picture of the surface structure
and properties, electrical, chemical and physical, of TiO; as this would help in the
understanding of such reactions and processes.

There are three structural types of TiO,. The most stable one and the one used in
this work is referred to as having a rutile structure. The other two types of structure are
anatase and brooklite. The rutile structure is tetragonal with a = b =4.594 and ¢ = 2.964,

see Figure 2.5 [4].

296 A

A
459 A |[001]
1o} |
-

|
——
-

-

< " [100]

Figure 2.5 The unit cell of TiO, witha =b=4.59A and ¢ = 2.96A. The shaded plane is
the (110) surface plane.
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The valence band and conduction band of TiO, are due to O(2p) and Ti(3d)
orbitals, respectively [4]. The optical band gap is approximately 3.0 eV at room
temperature [4]. It is a partially ionic semiconductor and is used as a high dielectric
material for thin film capacitors. The bulk resistivity of TiO is 10"' Qm. This value can
be reduced considerably by electron beam bombardment to a value of about 5x10™ Qm
[18].

There have been several studies of the (001), (100) and (110) surfaces. It was
found that the (001) surface facets after annealing. According to Kurtz [19], if the
annealing temperature is above (below) 1200K, (011) ((114)) facets will appear.
However, Chung et al [4] have found that (100) and (110) facets appear and it is
independent of the annealing temperature over the range of 673-1073K. Wang et al [20]
has found that {214} planes will appear after annealing.

The (100) surface was found to be fairly stable if annealed in oxygen [20].
However, Kurtz [19] and Chung et al [4] found that the surface reconstructs to different
structures depending on the annealing temperature. The possible reconstructions and
temperatures are: (1x3) for 773-873K, (1x5) for 1073K, (1x7) for 1473K. Chung states
thattheserecom&ucﬁonsareaﬂstableatmomtempemmeandcomspondto
successively less oxygen on the surface.

The surface used in this work was the (110) surface which is the plane that cuts
through the body diagonal of the unit cell. The widely accepted model for the surface is
that it retains the bulk like structure with rows of oxygen atoms that lie above the main

surface layer along the <001> direction, see Figure 2.6, bridging two titanium atoms [51).
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Figure 2.6 The details of the (1 10) surface.

There is much more information available on the (110) surface than the (001) and
(100) surfaces but there is conflicting evidence as to whether the surface is stable, Le.
whether it will reconstruct or not. Early work has shown that the (110) surface was stable
and did not reconstruct at least in the 873-1073K annealing temperature range{4, 6, 19,
21, 22]. Kao et al [21], however, using scanning tunneling microscopy (STM), found that
the surface will reconstruct to a (1x2) structure if annealed to 900K. Other groups have
since also produced this reconstruction. By using low energy electron defraction (LEED)
and Auger electron microscopy (AES), Moller found that the (1x2) reconstruction
occurred when the surface was heated to 823K (for about 3 hours) [23]. Itis thought that
this temperature is not sufficiently high to merge any steps and/or kinks on the surface.
However, upon further annealing to 973K the surface a (1x1) structure appeared; i.e. the
process is reversible. Thisdisagrmwiththemultsfoundbth'oshietal[N] who
found, through the use of STM, that after annealing to 1150K the (1x2) structure

14



appeared and the (1x1) structure couid not be restored through further annealing. They
also found that steps and terraces were produced at lower annealing temperatures, 400-
800K and 860K, respectively. Also by STM, Sander et al [7] found that if the (110)
surface was heated to temperatures exceeding 973K , it would reconstruct to the (1x2)
structure, however, if the (110) surface was annealed in oxygen, it did not reconstruct.
Szabo et al [8] found, using STM, that the (1x1) structure is most stable when annealed at
low temperature and will convert to a (1x2) structure when heated to temperatures
exceeding 1000K. Meiller [23] also showed that this (1x2) structure occurs because of the
competition between the desorption of oxygen into the vacuum and diffusion of oxygen
from the bulk to the surface. Also, previous work has shown that the surface structure is
consistent with that of the bulk [9).

The amount of oxygen present on the surface and within the bulk of the sample
changes as the sample is bombarded and exposed to various substances. Upon sputtering
oxygen is removed from the surface. This deficiency of oxygen can be replenished by
annealing in vacuum. During the anneal, oxygen desorbs from the surface into the vacuum
and oxygen from within the bulk diffuses to the surface. The net result, i.e. the
equilibrium state, is that oxygen diffuses to and therefore replenishes the surface. This
diffusion causes the sample to change colour from a milky white or yellow to a dark blue
and eventually to a metallic gray. If the sample is heated in oxygen the surface oxygen can
be restored without depleting the bulk oxygen. If the sample is baked in a high enough

pressure of oxygen, some of the depleted bulk oxygen may also be restored.
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The most common impurities that are present in TiO, are S, CL K, C and Ca [4]
but since these impurities are usually of such a low concentration they are easily removed
by sputter cleaning (argon bombardment) and by annealing. Besides removing impurities,
a stoichiometric surface is also desired before performing surface experiments. There is
some disagreement on which cleaning procedure produces the best surface. Several
groups have suggested that cycles of Ar sputter cleaning and annealing in UHV is the best
procedure for their experiments, however the temperature of the anneal differs, ranging
from 900K to 1200K, [6, 12, 24-26]. After several cycles some say that to obtain a
stoichiometric surface one needs to then anneal in oxygen [6, 25] but others say this is not
necessary [26]. Other groups only sputter and anneal through one cycle and again some
say it is best to anneal in oxygen [7, 10] but others say in UHV [4, 22, 27] and still others
say to first anneal in oxygen and then in UHV [9, 11]. The main concern of the groups
that insist that a heat or anneal in oxygen is required is to replace the surface oxygen that
is lost during sputtering without depleting the bulk. Depending on the type of experiment
performed a stoichiometric bulk may not be necessary, as long as the first several layers of
the sample are stoichiometric. These experiments suggest that after argon sputtering an
anneal to about 900K or so, and possibly even an anneal in a low pressure of oxygen
rather than in UHV is necessary to obtain a clean surface and to restore the surface

stoichiometry.
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Chapter3  Experimental Setup and Preparation

3.1 Experimental Setup

There are three main sections to the ion-scattering experimental setup. These are:
1) the accelerator section; 2) the differential section; and 3) the main chamber (see Figure
3.1). The first two sections are required to create, select and collimate the beam; the
actual experiment is performed in the main chamber. The production and mass selection
processes have been unchanged from previous work [28] and will therefore be described
briefly.

3.1.1 Accelerator Section

The beam is produced by a radio-frequency (RF) ion source. The ion beam is
then accelerated to a high voltage followed by deceleration to the desired lower values,
usually within the 2-10 kV range. After acceleration it is mass selected. This is done
through the use of a 30° beam bending magnet. The magnet deflects ions of different
massesatdiﬂ‘eWmdﬁofcMmewbichalbwsforeasysepamﬁonoftheions. This
mass scan is taken to identify the type of ions that pass through into the main chamber

whﬂevaryingthecmremthroughthemgnetandhemevaryingthemagneticﬁeli
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This can be seen by taking into account the forces involved:

m?

=qvB &)

where m is the ion mass, v is its velocity, q is its charge, r its radius of curvature and B is
the magnetic field. One can express the velocity in terms of the accelerating potential V,
qV=mv*/2, which results in:

= ©6)

For this particular system, all particles that will pass through the complete apparatus will
have the same radius of curvature. Hence, in equation (6), r*/2 and V will be constant. If
the magnetic field is varied, then different ions will pass through but the jon mass to

charge ratio will all lie on the line when Vm is graphed as a function of I, see Figure 3.2.

1 NO® &t S kaV o///
1&" V4
) o o anmver
140 - " 0, &t5uv
% 4 //‘ \
-t
5 1204 e N st 10keV or
E 1 C e Skev N, @S kv
8, 100
: ™ \
> 0«4 CaSkeVv qu‘sw
04 N &S keV
40 ) hd v M § M | A |
200 300 380 400 4% 500 S50 600 650
P (arb. units)

Figure 3. 2 Plot of ’ vs. Vm
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The points on the line in Figure 3.2 are actual experimental points taken from
different mass scans at different accelerating potentials. The current, I, is proportional to
the magnetic field produced by the magnet and therefore plotting Vm as a function of I is
nearly the same as plotting a fimction of B, ignoring hysteresis. All masses of all energies
should thus lie on the same line and this calibration can then be used to identify other

masses which come from the ion source.

3.1.2 Differential Section

The main purpose of this section is to separate the ordinary high vacuum of the
accelerator, 10 Torr, from the UHV of the main chamber, 10" Torr, and to collimate the
ion beam. This section normally operates at a pressure of about 10° to 10 Torr. The
beam enters into the differential section through a slit that is 2 mm wide and 5 mm high.
The exit slit, which is the entry point into the main chamber, is about 1.2m from the first
slit and is about 0.25 mm wide and about 2 mm high. This exit slit has been made smaller
in height by approximately 6 mm from previous work. This was done to insure better
control of the placement of the ion beam on the target and to allow for a very tight beam
with little angular dispersion from its initial trajectory. The final ion beam intensity on the
sample was measured using an ammeter and was in the range a few nA.

The beam’s direction could be adjusted effectively throngh the use of magnetic
steerers. There are three along the beam trajectory between the accelerator and the main

chamber: one just before the beam bending magnet; one just before the differential

20



section; and one half way along the differential section. A magnetic steerer produces
adjustable transverse magnetic fields perpendicular to the direction of the beam. The
steerers, which consist of four coils wound around an iron core placed around the beam
but outside the vacuum, can make adjustments in both the vertical and horizontal
directions. The coils that are opposite each other are connected in series which produce
opposing fields inside the iron. The resulting magnetic field inside the vacuum is fairly
uniform and stable and has an intensity of only a few hundred gauss, which is strong
enough to deflect the ion beam by a few degrees but weak enough so that the iron is not
saturated and the other possible adjustment is not affected. This results in two

independent directional controls per steerer.

3.1.3 Main Chamber

The main chamber is illustrated in Figure 3.3. The sample is held in place by
molybdenum clamps to a molybdenum sample holder, which is attached to the
manipulator. This manipulator could be moved in the X, Y, and Z directions as well as
rotation about the vertical axis and rotation about an axis normal to the plane of the
surface. Measurements were taken in the horizontal (XY) plane. The angle involved with
the vertical axis rotation is known as the elevation angle whereas the other rotation angle
is referred to as the azimuthal angle. The three translational movements of the
manipulator have a resolution of 0.005 mm. The elevation angle has a resolution of 0.1°

whereas the azimuthal variation has a resolution of 0.3°. The two rotational movements
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Figure 3.3 The main chamber.

azimm A

Figure 3.4 Illustration of possible movements of the manipulator.
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allowed for different ways of testing the sample (this will be discussed later). For an

illustration of these possible movements see Figure 3.4.

The manipulator was also equipped with an electron emission filament made out of
thoriated tungsten located close to the back surface of the sample which allowed heating
of the sample. A high negative voltage (250 V) was applied to this filament which
resulted in up to a possible electron bombardment power of 25 Watts which allowed for
heating to quite high temperatures up to about 1500K. The temperature produced was
measured using a k-type chromel-alumel thermocouple attached to the sample holder very
close to the sample. It was not attached to the sample itself to allow for easy
removal/replacement of the sample and to avoid possible contamination of the surface.

The data was obtained using an electrostatic analyzer (ESA) which scans through
the ion energy spectrum. One advantage of using an ESA as a spectrometer is that it can
distinguish between multiply and singly charged ions. When using an ESA in order to
obtaingoodstatistics,datamdstobetakenoveraslongaperiodofﬁmeaspom’ble,
from about a minute or so to half an hour or more. However, since the beam intensity is
significant, several nA, the sample will be come damaged over these long periods of use.
The strength of the beam and length of the run were optimized to obtain as good statistics
as possible without significantly damaging the surface.

The present design of the ESA has been unchanged from previous work [2] but
will be explained in detail here as it is an essential piece of equipment. The type of

electrostatic analyzer that was used had a deflection angle of ®/v2 (or 127°). It consists of
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two cylindrically curved plates, separated by a small gap, with a slit at either end. In work
by Hughes et al. [29], it was shown that ions which have approximately circular
trajectories after passing through a deflection of n/V2, come to a first order focus. This
type of focus is of limited use however since it lies inside the field region produced by the
ESA. However, if the ions are deflected by an angle slightly less than =/V2 then the
source and image points can be located in field free regions. The deflection angle was
reduced to about 105° giving an image to fiekd boundary distance of 5 mm when the
object-field boundary distance was about 20 mm. The ESA was designed for a radius of
curvature of 60 mm.

The main restrictions on the position of the analyzer were due to the range of
motion required by the manipulator. The ESA, which was mounted on a moveable track
to allow for a wide range of scattering angles, was placed far enough away from the
manipulator so that at backward scattering measurements it would not block the beam.
This distance is approximately 2 cm.

The energy resolution, to first order, can be expressed as

=== ™

where Ax is the image slit width and R, is the central trajectory radius (or curvature radius
of the central ray) [30]. For the particular ESA used Ax = 1 mm and R, =~ 60 mm resulting

in a resolution of 1 to 2% [2].
The particles that have passed through the ESA were counted by a channel
electron multiplier (CEM) which was mounted behind the exit slit of the ESA. Another
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CEM was mounted inside the main chamber. It was located close to the beam entrance
slit and counted ions which had been scattered at ~180°. This second CEM was used to
monitor any beam fluctuations and therefore could be used as a way to normalize the
measurements, if deemed necessary. The front cones of the CEM’s where biased with a
negative voltage of 2 to 3 kV which repelled secondary electrons. Also, this second CEM
couldbeusedwithabiasvohageofaboutMOOthichwasappliedtoanentrance
aperiure in front of the CEM. This removed low energy scattered positive ions. The data

acquisition process will be explained in detail in section 4.1.

3.1.4 RHEED spparatus
Othetmeasmemmsthatcouldbedonerequiredtheuseofare&ctionhigh

energy electron diffraction apparatus (RHEED). This gave another way to obtain

information about the surface crystallographic structure. The electrons produced by the
RHEEDstrikethesurfaceatsuﬁcienﬂys:mllangbasto only penetrate the first few

Figure 3.5 RHEED geometry.
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atomic layers. These electrons produce a diffraction pattern, after striking the surface, on
a fluorescent screen on the opposite side of the chamber from the electron gun, see Figure
3.5. This diffraction pattern can then be used to give rough estimates on the main
dimensions of the surface unit cell and to determine the orientation of the sample.

3.1.5 Ion Beam Parameters

Several different elements can be used to create jon beams but in this work a
positive oxygen ion beam was used. This particular type of beam was used primarily
because it would not introduce a new substance to the surface and result in contamination.
Amthetmamnwasthmﬁwouldanowforeasydisﬁmﬁonbetweenpeaksaﬂ'eaedbyme
oxygen atoms and the titanium atoms on the surface.

The system, to obtain reasonable statistics, requires at least 1 nA. This intensity is
easily obtained at higher energies but the ion extraction from the source was less efficient
at lower energies and this set a lower energy limit at about 5 keV. As the intensity
increases so does the damage to the surface. Therefore a beam intensity of 10 nA is too
high. Typical intensities that were used are between 3 and 4 nA. This allowed for good
statistics with minimal damage.

The possible range of energies that the beam can obtain are 5 to 150 keV.
Typically values between 5 and 10 keV are used. The energy resolution, AE/E, is of the

order of 10, which is negligibly small compared to its effect on measurements. The
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angular spread of the beam is about 1 to 2 mrad. Both these values are determined from
the geometry of the apparatus.

The energy resolution requirements on the beam were very critical which resulted
in the beam being very sensitive to any adjustments in the deflection and steering magnets.
This meant that all the equipment which could affect the beam’s energy and or path had to
be highly stable. For a steady beam, which did not drift during measurements all the
power supplies had to be left on to stabilize for several days.
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3.2 Experimental Preparation

3.2.1 Preparation of the Main Chamber

After the main chamber has been brought up to atmosphere, it needs to be properly
cleaned before any measurements can be taken. To minimize contamination, nitrogen gas
was let into the chamber and not air. Nitrogen limits the amount of water that attaches to
the walls of the chamber and the equipment inside which, once there, is hard to remove.
Once the system is isolated and pumped down to about 10 Torr range, the chamber
needs to be baked, mainly to remove H,O. A bake of about 12-14 hours with a maximum
temperature of 473K was found to work well as this allowed time for the system to
partially cool before degassing. Degassing is basically a heating process which causes
impurities such as water and hydrocarbons to be transformed into their gaseous state and
hence are removed from the chamber through pumping. After the bake, most equipment
inthechambetwasdegass&mhasthcbmhgekmm,thespmtergmtheelecuon
gun for the RHEED apparatus, and the mass spectrometer. This was performed before

the final cleaning of the sample.

3.2.2 Preparation of the Sample

Before mounting the sample in the UHV chamber it was cleaned using a chemical
wash alternating between acetone and methanol. The sample was quickly air dried
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between rinses to minimize film/residue on the surface. The sample was placed face-down
in a prebaked crucible in order to reduce the amount of impurities from the walls of the
oven that may deposit onto the surface. This crucible, with the sample, was placed in an
oven and was baked to a temperature of 700°C and then cooled in air. This was an
overnight procedure. It was thought that this prebake would limit the possibility of the
sample fracturing in the chamber when heated as the heating rate was not always constant
(there were fluctuations). After the sample was mounted, in the chamber and the system
was baked, it was given a preliminary heating but only to a few hundred degrees. This
heating degasses not only the heating element and the sample but the manipulator as well.
Before taking measurements the sample needed to be properly cleaned. After
several successive sputtering and annealing as previously discussed in section 2.3, it was
found that just annealing in oxygen was not sufficient to produce a smooth, impurity free
surface. After the initial cleaning, the following process was found to provide a good,
clean, stoichiometric surface. The first step is to sputter clean in a two step process. The
first step is to sputter at 500V for 10-15 minutes in 5x10°° Torr of argon (a current of
0.5pA/cm’ was measured). The second step is to sputter at 150V for five minutes at the
same pressure at a current of 0.5pA/cm’. Since the best surface is one without steps or
kinks and argon sputtering damages the surface and several layers down, it was decided
that a change in the intensity of bombardment would reduce this subsurface damage. The
results were good enough to suggest that this procedure was sufficient. A significant
difference on the quality of the surface between a change in the energy of sputtering and

no change at all cannot be stated here as this effect was not investigated. After sputtering,
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the sample is then heated in a maximum of 10° Torr of oxygen for two minutes to 850-
950K. This prevents oxygen vacancies on the surface and was also found to reduce the
impurity level. As the oxygen was pumped away the sample was allowed to cool to about
500K or so. Next, the sample was annealed in UHV (<10” Torr) for two minutes to 850-
950K. From distinct RHEED patterns it was seen that this procedure seemed to produce

a stoichiometric surface and removed any further surface impurities.

Itwasfoundthataﬂersewralmmivenmthemewassuﬁcienﬂydmged
to give poor results. This damage included stoichiometric damage such as vacancies on
thesurfaceandtheimroductionofsteps,kinksorholsandalsotheintroductionofsome
impurities on the surface. Stoichiometric damage was determined by less intense peaks in
thescaﬁeredionemrgyspec&umwhcreashnpmiﬁswouldinﬁoducenewpeaks. It was
decided that the cleaning process would be followed after each run so that the optimum

surface conditions would be present for all measurements.

It was found that overnight exposure to pressures around 5x10° Torr or higher,
didnotresultintheim:oductionoftoomymrﬁccimpuritis,seeFigme3.6. Even
exposure to pressures around lO‘Totrforseveraldaysrmltedinonlyafewimpurities
whichcouldberemovedaﬁerafewcyclsofargonsputteringandamealinginoxygen,
see Figure 3.7. 'I'hedatashowninthetwograplsshowninFigme3.7weretakenshortly
aﬁeranewsamplewasplacedinthesystemsotheinitialcleaningproc&sseswerenotyet
completed. The data shown in Figure 3.6 were taken after this initial sputtering and
amealingwaswmphtedand,ashcanbeseen,themuhisamuchckanerswface. The
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main reason for sputtering and cleaning the sample is, therefore, due to the damage of the
surface by the ion beam and not the introduction of impurities. For a detailed

interpretation of the spectra shown in Figures 3.6 and 3.7 refer to Chapter 4.
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Figure 3.6 Data shown here was taken with an angle of incidence (or elevation) of 5
and a scattering angle of 45°.
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Chapter 4 Results and Discussion

4.1 Data Acquisition

Two sets of data are obtained for every run performed. The more important set of
data is obtained through the ESA; this is where the information about the surface is found.
The other set of data is obtained through a CEM at a deflection angle of ~180°, see
section 3.1.4. This is used as a beam stability check and normalizer and is referred to as
the monitor count.

The ESA is stepped through a specified number of channels and hence a specified
voltage range. The voltages are supplied through programmable power supplies which are
driven by a computer. The ESA voltage starts at zero voltage, the CEM will then count
lowenergyionsforaspeciﬁedlengthoftimewhichisstoredinanarray. The voltage is
mensteppedupbyaspeciﬁedannmttocomtaasﬁgmuhigheremrgyaﬂmeprom
continues until the maximum channel is reached. Once this maximum is reached, the
process is repeated again as the voltage is stepped down. The counts obtained with the
same voltage are averaged. The data from the monitor is obtained simultaneously and
stored in the same way.

Theprogramusedtoobtainthedatanotonlygivesthechoiceoftherangeof
voltages but also allows the choice of starting and ending channels, the length of time
spent in each channel, and the number of times this process should be followed. If the last
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parameter is chosen to be greater than one, the data is averaged after all the data has been
obtained.

A variation on the program was needed to analyze a part of the energy spectrum
for different settings of the geometrical parameters. The system, instead of averaging all
the data over a specified range of values, stored each set of data separately. This process
continued until the specified number of ranges had been achieved. A pause was
introduced between each scan to allow time to manually make changes to the geometry.
This procedure was used to obtain the variation of the ion yields as a function of the
azimuthal angle or elevation angle.

There are some limitations when the length of time per channel is considered. If
the time is too short the statistics will not be high enough to eliminate the affects any slight
variation, Le. noise, may have. Also, the ESA will not have sufficient time to stabilize at
its new voltage before data is taken; this is the main limiting factor. If the time is too
long, the sample will become damaged through long exposure to the beam and the surface
may change dramatically over the course of one run. It was found that times of about 0.5
sec/channel were sufficient.
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4.2 Energy Spectra

To obtain a spectrum the number of counts per channel are plotted vs. the channel
number or fraction of the total energy. An example of a typical spectrum can be seen in

Figure 4.1. The peaks correspond to single scattered ion-atom collisions. In the case of
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Figure 4. 1 A typical energy spectrum with 0=45° and 6;,=4°

TiO, there will usually be three main peaks: one due to oxygen scattered from titanium,
denoted O(S, Ti); another due to titanium recoil, Ti'(R); and oxXygen scattered from
oxygen and oxygen recoil, O"(SR). The last two possibilities are stated together since
their energies are the same and will hence lie on top of one another. If another beam other

than O°, had been used, the energies may have been sufficiently different as to produce
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separate peaks for the oxygen ions scattered from oxygen and the oxygen recoil ions. To
obtain an estimation of the amount of ions scattered by titanium, for instance, the area of
that particular peak is calculated. This will allow comparisons of the amount of ions
scattered by Ti from one elevation angle or crystallographic direction to the next.

At certain scattering, azimuthal or elevation angles some peaks may not be present
or may overlap with one another. Because of these possibilities, several scattering angles
were investigated to see which ones would give the best results. The elevation and
azimuthal angles were varied to investigate the surface, these results will be discussed later
in this chapter.

This setup allows spectra to be taken at a range of scattering angles and energies.
A few of the possibilities are shown in Figure 4.2. The scattering angles are 45°, 57°, 63°,
68°, 75°, and 77°. It can be seen easily that at different angles, some peaks are easily
distinguishable from others, but other peaks lie on top of one another. For example at the
higher scattering angles, the Ti'(R) and the O"(SR) peaks are indistinguishable. To see
how the experimental positions of the peaks and the positions predicted by theory

compare, refer to Table 4.1.
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Figure 4.2a Data taken at an elevation angle of 5° and different scattering angles
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Scattering | O(SR) O(SR) Ti(R) | TiR)exp. | O(S, Ti) | O(S, Ti)
Angle theory exp. theory theory exp.
45° 0.50 0.50 0.38 0.38 0.82 0.82
57° 0.30 0.31 0.22 0.24 0.73 0.73
63° 0.21 21/.23 0.15 17718 0.69 0.67
68° 0.14 0.14 0.11 0.14 0.65 0.64
75° 0.07 0.09 0.05 0.09 0.60 0.60
77° 0.05 0.04 0.04 0.04 0.59 0.56

Table 4.1 Comparison of predicted and experimental positions of the peaks

It can be seen that at certain angles agreement between theory and experiment are
quite good such as for = 45°. In general the oxygen scattered from titanium peak has
good agreement between theory and experiment with differences usually under 3% though
sometimes a little higher. However, as the scattering angle is increased the agreement
between theory and experiment for the other two peaks decreases quite dramatically,
sometimes with a difference of 30% or more. This is mainly because the two peaks are
sufficiently close that they appear as one peak and are given the same peak position which
is not valid. This suggests that at these higher angles, the Ti'(R) and the O°(SR) peaks
should not be used to obtain information about the surface or at least that any information
that is obtained should be considered as a very rough estimate and possibly quite

inaccurate.
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4.3 Presence of Multiple Scattering

During an investigation of the surface cleaning procedures, it was noticed that a

very broad peak was obtained, see Figure 4.3. At first it was thought that this peak was

due to impurities with atomic masses in the region of 19 to 25 to produce scattered ions in

this region. Earlier runs did not show this peak, refer back to Figure 4.2. However upon

analysis, it was found that this peak was due to double and maybe even muitiple scattering

of the oxygen ions by oxygen atoms. This can be seen easily when one considers the

values of k, the exiting ion would have. Some possible values of k, can be found in Table

4.2.

6 6, ke
6 39 0.598
8 37 0.625
10 35 0.651
12 33 0.672
14 31 0.692
16 29 0.707
18 27 0.718

20 25 0.726

22 23 0.729

24 21 0.728

45 0 0.500

Table 4.2 Energy of double scattered oxygen ions with a total deflection angle of 45°

It can be seen that this peak appeared very noticeably when the beam was

scattered in the (T10) scattering plane but not in the (001) scattering plane though in

some instances it was still present. This suggests that the above surface oxygen rows,
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which lie in the <001> direction, may have an effect on this multiple scattered peak. This
multiple scattered oxygen peak is not always present for all elevations. The dependence of
the presence of this peak on the elevation angle can give information of the shadow cone

angles and the relative positions of atoms on the surface.
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Figure 43 A typical energy spectrum showing the multiple scattered oxygen peak
with @ = 45° and 0, = 4°
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4.4 Azimuthal Scans!

An azimuthal scan varies the crystallographic direction that the ion beam strikes
the sample while the elevation angle remains constant. To obtain as much information as
possible without damaging the surface only one peak in the energy spectrum of the
scattered ions and not the whole spectrum was measured. These scans would be repeated
at different elevation angles. An example of these scans can be found in Figure 4.4. These
scans have been symmetrized by taking the average area of the peaks at + the azimuthal
anige, around the <110> direction. The statistical errors are not shown. The minima in
this plot correspond to one or more atoms being shadowed by the atom in front of it.
These minima should occur along crystallographic directions where shadowing is most
prevalent. Their positions agree well with the geometry of the (110) surface.

It can also be seen that the plots for oxygen and titanium are different; the peaks
and valleys appear and disappear at different elevations. This is most likely due to the fact
that titanium and oxygen occupy non-equivalent sites and therefore are shadowed by
different atoms at different azimuthal angles.

Besides giving information on the orientation of the surface and possible
shadowing relations, azimuthal scans can be used to give an estimate of shadow cone
angles. The elevation and azimuthal angle positions of the steepest increases and decrease

were plotted. These correspond to the shadow cone edges and should form a circle on a

! The data presented here and in section 4.5 have been previously reported in an article that will be
published in the proceedings of the 5th International Conference on the Structure of Surfaces, in an
edition of Surface Review and Letters (1996), but the results have been analyzed further.
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graph where the axes are the elevation and azimuthal incident ion directions. The radius

of this circle is an estimate of the shadow cone angle in that particular direction.
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Figure 4.4 Azimuthal scans of both the oxygen scattered peaks; from oxygen atoms is on
the left and from titanium is on the right. The scattering angle is 6 = 5° and
the angle adjacent to each curve gives the elevation angle 6;,

The data that has been obtained was used to construct such a plot, see Figure 4.5.

Possible circles have been drawn. The fact that all the circle centers lie above an elevation

angle of 0° suggests that the shadowing atom is higher than the atom involved in the
scattering process. This shadowing atom could be an oxygen row atom which is above
the surface or the atom that is shadowed is below the main surface plane.
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Figure 4.5 Circle plots for the data shown in Figure 4.4. Oxygen is on the top and
titanium is on the bottom. The zero direction is perpendicular to the oxygen
rows, the <1 10> direction
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The values of the diameters for the oxygen scattered from oxygen along the
<T110> direction are 8.4°, 10°, and 7.2° located at elevations of 8.9°, 17.2° and 25.3°,
respectively. The circle located at 8.9° corresponds to a surface titanium atom shadowing
an oxygen atom that lies 3.245 A (half the unit cell length in the <T 10> direction) below
the surface at a distance of 21.00 A away from the titanium. For two atoms at this
dismmethewnewondhgshadoweommdhmis&#whichagrmmugblywﬁhthe
experimental value of 4.2°. The circle located at 17.2° corresponds to an oxygen atom
being shadowed by an oxygen row atom. The distance between these two atoms is
approximately 10.2 A but this value can vary depending on the height of the oxygen rows.
If it is assumed that the oxygen rows are at a height that is the same as the bulk value,
1.285A,thentbshdowmmmdhsk4.9°wbkhammﬂwﬁhtbemerﬁmmd
value of 5.0°. However, the elevation angle would be 18.4°. If the oXygen rows are at a
height lower than the bulk value, this elevation angle would be less. To have an elevation
angle of 17.2° the height of the oxygen rows would be reduced to 1.05 A resulting in a
shadow cone angle of 5.0°. This suggests that the oxygen rows are significantly closer to
the surface than the bulk value suggests. No corresponding relations between the atoms
on the surface have been found to explain the third circle located at 25.3°. To have the
correct elevation angle the resulting shadow cone radius is much greater than the
experimental value of 3.6°. Likewise to have the correct shadow cone radius the resulting
elevation angle would be lower than the experimental value. This may be a result of some
surface atoms being displaced or steps or kinks that may be on the surface.
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The diameters for the oxygen scattered from titanium for the <1 10> direction are
7.8° and 12.3° at elevations of 7.0° and 17.8°, respectively. For the other direction at
about 16° from the <1 10> direction these diameters are 8.1° and 7.5° located at
elevations of 6.6° and 15.4° respectively. The circle located at 7.0° in the <110>
direction is the result of an oxygen row shadowing a surface titanium at a distance along
the surface of 9.73 A. This suggests that rows of oxygen atoms may be missing, every
second row, or that the incident ion is able to pass below these oxygen atoms. To have
the proper elevation angle the oxygen row is at a height of 1.20 A which is displaced from
the bulk value of 1.285 A. This elevation results in an atom separation of 9.81 A which
gives a shadow cone angle of 5° which corresponds roughly to the experimental value of
3.9°. Also in the <110> direction, the circle located at 17.8° corresponds to a
subsurface oxygen shadowing a subsurface titanium at a distance of 6.78 A. This results
in a shadow cone of 6.6° which corresponds reasonably well with the experimental value
of 6.2°. The other shadowing direction is a result of two possible directions, <221> and
<332> overlapping and this is the most probable explanation for any discrepancies
between theory and experiment. The circle located at 6.6° corresponds roughly to an
oxygen row atom shadowing a surface titanium along the <332> direction. To have the
correct elevation angle the oxygen row is at a height of 1.17 A, which is, again, below the
bulk value. This results in an atom separation of 10.2 A and a shadow cone angle of 4.9°
which compares well with the experimental value of 4.0°. The circle located at 15.4°
does not have as good agreement with what is expected from theory. One possibility is

that a subsurface titanium atom is shadowed by a surface titanium atom along the <332>
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direction at an atom separation of 10.68 A. This corresponds to an elevation of 17.6° and
a shadow cone angle of 5.7°. Both of these values are too high, the corresponding
experimental values are 15.4° and 3.8°. If the surface titanium atom is displaced by -0.4 A
thentheelevationanglewouldbe15.6°btntheshadowconcanglewouldstillbeabout
5.7°. Adisplacementofsuchalargeamoumisalsonotveryptobablc. This data suggests
that shadowing in the <332> accounts for the shadowing seen and shadowing in the
<221> direction has little effect on the results.
Ammnmyoftheresuhsandm&stﬁmteoftheemrsinvolvedcanbefoundin
Table 4.3, below. The errors shown in Table 4.3 have been determined by fitting other
circles to the plots shown in Figure 4.5. These errors, however, may not be a true
representation of the actual uncertainties. Inﬁxcttheuncertaimi&sareprobablymuch
higherthanthosestatedherebmitcanbesaidthattheheightoftheoxygenrowsappears
to be lower than the bulk predicted value.
Disctepancismybeaccoumdforthefactthathhsasamedthatmostatomﬁe
on the same surface plane with no shifting above or below the surface. The results would
beaﬂ‘ectedifthesm&ceatomsmdis;alaced. Also, the peaks that were analyzed to give
the information on the oxygen scattered from oxygen also contains the oxygen recoil
atoms which may affect the results though this effect would be small. There may also be
steps on or kinks in the surface as well as missing atoms. Muiltiple shadowing by several
atoms may also have an effect. Further data needs to be taken which may result in new
circles or some circles being larger or smaller than have been drawn. The data does
suggest that the oxygen rows are not at height of 1.285A above the surface which is
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surface which is suggested by the bulk but are in fact closer to the surface. The values

found here range from 1.20A to 1.05A, a difference of -7% to -18% from the bulk value.

Oxygen scattered from oxygen:
Elevation Elevation Elevation Shadow Shadow Shadow Est. oxygen
angle, exp. | angle, exp. | angle,adjust. | cone, exp. cone, theory | cone, adjust. | height
8.9°10.3° 8.9° N/A 4.2° £0.1° 34 N/A N/A
172°+0.3° 18.4° 17.2° 50°+02° 4.9° 4.9° 1.05£0.05A
25.3° +£0.6° ” N/A 3.6°£0.2° n N/A N/A
Oxygen scattered from titanium
Elevation Elevation Elevation Shadow Shadow Shadow Est. oxygen
angle, exp. | angle, exp. | angle,adjust. | cone, exp. cone, theory | come, adjust. | height
7.0°+£0.3° 7.5° 7.0° 3.9°+£0.1° 5.0° 5.0° 1.20+0.06A
17.8° +0.6° 16.8° N/A 6.2° £0.2° 6.6° N/A NA
6.6° £ 0.3° 72° 6.6° 4.0°+£0.2° 4.9° 4.9° 1.17£0.05A
15.4° £0.6° 17.6° N/A 3.8°+£0.2° 5.7 N/A N/A
Table4.3  The results for the azimuthal scans. The theoretical values are obtained

using the predicted bulk values. The adjusted values correspond to an
adjustment of the height of the oxygen rows so that the elevation angles are
in agreement.

Work done by Charlton, et al [25] has shown that the surface atoms, oxygen rows

and even the second layer atoms are displaced from the predicted bulk values. Theory
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done by Ramamoorthy et al [31] has predicted this to be the case. In this present work it
was assumed that all the atoms except the oxygen rows were at their predicted bulk
positions. This however does not seem to be the case and may be the major reason why
there are discrepancies between the predicted and experimental shadow cone values.

If the displacements given by Charlton are considered when analyzing the data
shown in Figure 4. , the results presented here do not differ greatly. The reason for this is
most likely because the presented results see the difference between two atoms and not
their displacements from their bulk predicted values. The differences between atoms agree
roughly with the differences between atoms given by Charlton. The circles will still be
explained by the same shadowing and the values of the shadow cones do not differ greatly.
In fact the difference in the height of an oxygen row atom and a titanium surface atom
correspond to the height of the oxygen rows found here. Charlton’s value would be
1.175A (found by taking the bulk value of 1.285 and subtracting the oxygen row
contraction of 0.27 and adding the titanium atom displacement of 0.16) which falls into
the range reported here, from 1.05A to 1.20A, not including errors.

However, if the same is performed with the results Ramamoorthy has produced the
result is actually higher than the 1.285A bulk value: 1.285-0.07+0.17=1.385A. So when
the displacement of the titanium surface atom is considered, the relative distance between
it and the above surface oxygen is disagreed upon. Ramamoorthy shows that it is greater
than the bulk value where Charlton and this work shows that it is lower.
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4.5 Elevation Scans

Another way to obtain information about the structure of the (110) surface is to
vary the ingoing angle to the surface of the ion beam 6;, . By using the muitiple scattered
oxygen peak, the radii of the shadow cones and hence the separation of the atoms can be
estimated.

In Figure 4.6, the energy spectra are shown for different elevations and for the two
main crystallographic directions. In Figure 4.6(a), the (001) scattering plane, there is a
shift in energy between 6° and 8° degrees in a small peak between the oxygen scattered
from oxygen and oxygen scattered from titanium peaks. This peak is interpreted as a
double (or multiple) scattering process. This critical angle, as an estimate to the shadow
angle, would correspond to an atom separation of 5.2 A to 7.8 A; resulting in an average
of 7° and 6.5A. The actual separation of the oxygen rows is 6.49 A and the shadow cone
angle is 7.1°. In the (110) scattering plane, see Figure 4.6(b), this energy shift occurs
between 12° and 14° which corresponds to a separation of 2.3 A to 2.9 A; resulting in an
average of 13° and 2.6 A. The actual separation of the atoms in the oxygen rows is 2.96
A and the shadow cone angle is or 11.7°. The results and theory agree fairly well
especially in the (001) scattering plane as the theoretical results are practically the same as
the average experimental results. The results for the (110) scattering plane, however, are
lower than expected. This may be a result of surface atoms being displaced from the
surface plane. Also, since these peaks involve muitiple scattering, the shadowing process
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Figure 4.6 Elevation scans of the multiple scattered oxygen peak (marked with the
dotted lines)

may be more complicated. There may also be steps or kinks in the surface which may
cause the surface to appear contracted resulting in smaller atomic separations. Another
possible reason is that this experiment cannot distinguish between recoiled and scattered
oxygen ions/atoms. This is because the trajectories of a recoiled and scattered oxygen
atom/ionarené;tthesameeventhoughtheirencrgiesmybeequalthoughthiseﬁ‘ect
would be small.
Onewaytoobtainan&sﬁmteofthehcightoftheoxygenrowsistoplotthepeak
area of titanium as a function of the elevation angle. The resulting curve will have ‘dips’
that correspond to shadowing of the titanium atoms by other atoms in the surface region.
The easiest direction to perform this experiment is through the (001) scattering plane,
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along the <1 10> direction. The plot shown in Figure 4.7 shows several *dips’ in the
curves, for the (001) scattering plane. The first few dips can be accounted for by atoms
being shadowed by other atoms in the same plane. For example, the dip that occurs at
about 7° is due to titanium shadowing other titanium atoms in the same plane at a
separation of 6.49 A which has a theoretical shadow cone of 7.1° or due to an oxygen
atom shadowing a titanium atom at a separation of about 4.5 A which has a shadow cone
of 8.7°, also in the same plane. The difference of the shadow cone angles suggests that
this dip is due mainly to titanium shadowing. It is possible that some of the dips that
occur at higher angles are due to some subsurface scattering or due to the fact that some
of the surface atoms may be displaced from the surface plane.
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Figure 4.7  Elevation scans of oxygen from titanium in the (001) scattering plane.
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The dip and rise occurring between 28° and 32° is due to the shadowing of
titanjum atoms by the oxygen rows. The halfway angle of 30° is equal to the shadow cone
angle, a, and the elevation angle between the oxygen atom and the titanium atom, J; i.e.
30°=a +6. First it was assumed that the oxygen rows are at a height above the surface
that is much like the bulk value (1.285 A). Using this value, and knowing the separation
of the atoms, both a and & can be determined. It was found that this height gave a too
high value of a + §. By lowering the value used for the height of the oxygen rows, the
value of a + & was closer to the experimental value. The height of the oxygen rows that
gave the closest value was 1.1510.05 A. This value lies within the range determined in
the previous section (section 4.4). This is a displacement of 0.135A toward the surface
plane,alO%diﬂ’eremeﬁomthebulkwhichcanbemnsidemdasasigniﬁcamdiﬂ‘creme.
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Chapter S Conclusions

From this work it has been shown that the experimental positions of the peaks in
the emitted ion energy spectrum agree well with the predicted values for simple ion-atom
scattering but with a fair amount of multiple scattering by oxygen atoms.

Shadow cone angles have also been estimated and are in good agreement to what
theory suggests, for specifics refer to sections 4.4 and 4.5. The unit cell dimensions of the
surface of TiO: correspond roughly to the dimensions of the bulk unit cell, 6.49 A and
296 A.

It was shown, both in the azimuthal and elevation scans, that a fair amount of the
scattering was subsurface.

The height of the oxygen rows present on the surface has been found to be lower
than the predicted bulk height of 1.285 A. Depending on the experiment the height has
been as high as 1.20 A and as low as 1.05 A for the azimuthal scans and 1.15 for the
elevation scans. These values differ by about 15%. This suggests that the accuracy of
these results are questionable and in fact the uncertainties of the results are probably
higher as previously stated in section 4.4. The difference of 15% can be used as an
estimate for the accuracy of the experiment. It can be said for certain that the height of
the oxygen rows is lower than the bulk predicted value but as to the actual value further
experimentation is required which would also improve the accuracy.

As always there are others things that could have been done or that should be

done as a result of this work. Possible further experimentation should be done to discover
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if the surface atoms lie within the same plane or if there is some shift above or below the
surface as this will effect the result of the oxygen height above the surface plane. Also, it
would be advantageous to obtain atomic distances of the other atoms in the surface unit
cell other than just the comers of the cell. Further experimentation should also be
performed to obtain a better measurement of the height of the oxygen rows. Such
experiments would include the azimuthal and elevation scans being done over a larger
range of angles and at smaller angle intervals. Also, these experiments should be
performed on many samples.

Further experimentation has already been performed after this work was completed
which has shown that multiple shadowing by several atoms may occur and hence the
theory would be more complicated. This may account for discrepancies in the results and
theory [32].

Another possible experiment is to repeat the measurements with a different ion
beam, such as helium. It would be then possible to measure at backward scattering angles
where there are no recoil ions. This would eliminate any problems with the overlap of
oxygen scattered and recoil peaks as there would not be any scattered oxygen, only
scattered helium. By performing the same experiments, it could be investigated if this
overlap did have an affect on the results.
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