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CHAPTEB Ir INTRODUCTION.



I. Introduction.
I1.1. General Introduction.

Surface Chemistry ie having an ever more obvious impact on our lives.
Soaps, lubricants ad. adhcsivBs are all surface active reagents. The
problem of corrosion is veil known to everybody in the modern world.
Heterogeneous catalysis is 1/rpcrcant in the production of many of our
essential chemicals. Latterly the microchip industry has revolutionised
life for most of us y.rd many believe that its* impact will alter the
whole fabric of seciitty.

Over the recent y*ars scientists have begun to apply themselves
in solving the fundamental problems associated with solid surfaces.
The reason for the sudden development Is mainly technological rather
than scientifice The ability to produce clean»well-characterised surfaces
and maintain them for long enough to study them is relatively new (less
than thirty years). This occurred only with the advent of techniques
capable of producing ultra high vacr."i«u This co-incidod with and spurred
the advance of quantitative experimental techniques which can now be
performed with a sensitivity of less than one par cent of a monolayer.
Thus it has came to pasB that scientists have been handed the "Tools
of the trade",,

As well as a practical approach thers exists &J&aed to produce a
reliable data base within a discipline that is in its infancy. To this
objective a large number of surface scientists have worked with simple
systems,, e.g. low molecular weight gases on single crystal planes. These
"simple"™ systems are of great importance to the uhysi. iat and the theor-
itician. Vhy do molecules adsorb? How is energy dissipated in the process
of adsorption? Are the surfaces themselves perfectly stable? The answers

to these questions are providing a great impetus to all surface scientists.



I_2. Ultra-High Vacuum, (U,E.Y.).

The purpose of this study is to investigate the diffusion of adspecies
across a single crystal surface It will be seen that in order to do
this the species of interest has 1> 'te deposited on to part of the surface
ensuring that the rent of the surface is atomically clean. The preparation
of the clean surface, £he doaiug time and the time needed to perform
the experiments necessitate that a state of near perfect cleanliness
must he maintained for periods of up to an hour. This experimental
requisite could not he achieved until the development of U.H.V. The
kinetic theory of gases :,hons that the rate O:f arrival of H molecules

of a gas is given by

¢cmere p is the praBbure in 5?orr5
U is the molecular weight of the impinging gas,
T is ths temperature the gas.

Conventional diffusion pumped systems normally achieve pressures around

surface adsorb (i.e. the sticking probality is ¢qual to one) and that

a monolayer of gas is collected in abort 3 seconds at this pressure.
In order to maintain the surface at the cleanliness level necessary

for experiments to be Meaningful, pressures of 10 Torr or below are necessary

1.3* The Gas-Solid Interaction,

When a gas particle collides with a surface and sticks, a gradual
accumulation of the particles occurs. This process is known as adsorp-
tion, The Incoming particles are known as adsorbates, the reacting

surface as the adsorber;, In many cases adsorbate particlfes nay be



transferred from the surface layer to the interior of the solid. This
is known aB absorption.

How and why do molecules adsorb? It la well known that for adsorption
the process occurs spo.a=iuaGOUsly i,e. the free energy of the gas/solid
systsm Is lowered”™ the -hange of free energy Is given by,

AG- ¢\H-TAS.
Since the adsorbent is more ordered than the gas phase when it is adsorbed
on the surface, the free entropy change AS must be negative. This means
that AH 1is negative i1 e. the adsorption process is exothermic. As early
as 1924 the process oz-’ild be described in terms of an interaction
potential. The basics of the model arc till used today, for a gas-metal
system where the interaction is string enough to form a chemisorbed bond
it was shown that an incoming part.lelo -asses through two energy minima.
This la «co"-m in Pig.1(a). The second deeper well is due to the formation
of a chemical —<ud. The well i; crown as ths chemisorbed well, the process
bringing gas particlesinto equi librium in this well is known as chemisor
-ption. Ths first shallow well is the physieorbed well and its existence
has been attributed to the existence of weak Tan der Vaals forces-

34

between the gas and the solid. It has bean shown» that the depth
of tha well is often greater than is predicted solely by these rather
weak forces,, However the concept of a two stage adsorption process is
still believed to be true for many of the systems "investigated today.

The impression may have been given that all molecules incident on
the surface will automatically adsorb. This is not true. Incoming
particles always have kinetic energy to dump before they can be accommodat-

ed into the wells. Hence a number of events can be performed by these
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particles "before they adsorb. A recent, review lias detailed these events .
These events allow the molecule to lose* energy and are summarised here.
The particle may he elastically scattered losing no energy to the

surface or may lose a proportion of its energy and he non-elastically
scattered. It may ho partially accommodated, diffuse across the surface
from one well to the next before either leaving the surface again or”?in
fact,being fully accommodated. It may also pass into the chemisorbed

well where a number of similar events may be performed All of these
events can be assigneda~certain probability. ,It is an overall"probab-
ility equal to the individual probabiliijs multiplied together that
defines the probability of adsorption. This Aa the sticking probability

defined as,s

/ Bate of gas arrival.

There is another reason why particles do not nave to adsorb. Pig.l (a)
shows this explicitly. Here it cen be seen that che crossover of the
potential walls is below the energy zero. In Hg,2{"b5 It is above. In
this case the adsorption is said to be activated,., ?artlcles that are to
reach the chemisorbed well have to climb above the energy -zero and bo
are preferentially scattered into the gas phase. FOr such systems the rate
of chemisorption is normally very low This despite the fact that the
chemisorption energy is of the same order of ’ognitude as in a non-

activated case.

1.4. Surface structure of WJ.1100 and WAIOQi ,

In order to fully understand adsorption processes it has proved
necessary to look at the simplest surfaces possible. This was made
feasible because bulk single:-* crystal surfaces of most metals became

commercially available



In this study V$1103 and w£l0O03 were used as adsorbents. W is a metal
that adopts a hody-centered cubic arrangement, The surface unit mesh of
tf£110}Yia Bhown in Fit,2. The surface is two fold symmetric and the surface
density is 142 atoms cm QX X064q This plane is fairly smooth and is
the most closely packed plane of a B.C.C, metal. Also shown in Fig.2.
is the WM100? surface unit mesh. It is four fold symmetric and the

~2 14
surface atom density is atoms cm x 10

Apart from the rather obvious differences in symmetry and correspond-
ing differences iH starfack- density, there n~e other marked differences
between the two surfaces. It has been A-'VCU chat the wf£ioo} surface
undergoes a surface reconstruction at room temperature and below. This
causes enhanced stability of the surface, however small amounts of
Nitrogen15 Have been shown to lift this surface reconstruction. It haB
uec—- pointed ut that16 this does not alter the simple picture of the
surface as a simple square array. The WAIIC"™ c"uface does not display
the same tendency, due to its more closely packed structure. The difference

If 18 19
, $2 ann - All

is emphasised by the adsorption properties of
of these gases cause surface reconstructions .hen adsorbed to high surface

concentrations. The WEI003 surface 5s a landmark,being the Ffirst surface

where such effects were quantitatively invest fgatsd*

1.5- Low Erwrpf Electron Diffraction.

The experimental arrangement necessary to observe the diffraction
of electrons from surfaces is described in the following chapter, the aim
here is to outline the information that can be obtained from a I.E.E.D.
system. A description af how and why electrons diffracted from the
surface carry information is also included.

7
Since its discovery in 1927 L.E.E.D. techniques have remained almost
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unchanged for about $0 years . Since X-rays diffract strongly from
materials it is to 'be expected that electrors of a similar wavelength

should also diffract. The electron wavelength is given by,
1/2

kabS%?ﬂ- A

here V is tjie voltage through which the electron is accelerated. This puts
the useful volta®-ss Ju the range <f 20 to 1000 volts. Because®of the strong
elastic and inelastic scattering of these slow electrons, they can only
penetrate 3-5 atomic layers and so are highly sensitive to the surface,
unlike X-rays which penetrate the "bulk of the crystal. Higher energies
can '"bte used "but the anglg of incidence is limited to less than 5O rather
than normal in L.E.E.D. Thus the energy normal to the surface is still
low enough to ensure a high surface sensitivity. The technique is known
as Reflection High-Energy Electron diffraction or E.H.E.E.D.

fo in a LJE.S.D, experiment a primary "beam of electrons- is diffrac-
ted from the surface, i.e. we observe a number of discrete learns emerging
from the surface. The spatial distribution of these beam*, is determined
by the distances between rows of atoms in the atoale planes. The geometry
of the diffraction is then described in ter™o of a unit mesh, this can
be defined by -unit vectors a* and £4 and p t interarlul angle ? .The
diffraction geometry can be pictured usir ?a EwaM ¢Jr-heve construction.
The surface layer is rentesented as a 2D set if atoms. Again this can
be <scribed In tenus of a unit mesh which repeats over space to form the
net. There are only five possible unit meshes. The square, the rectangle.
centered rectangle, the 120 degree rhombus and the parallelogram. The
unit meshes are made up cf two vectors a, and as with an angle ofY degrees
between them. Because of the physics of diffraction a distance that is

large on the surface appears to be small when viewed in the diffraction

pattern. The surface net is said to be in real space,the diffraction



pattern in reciprocal space. The surface net, the reciprocal net and an
observed L.E.E.D. pattern for a B.C.C.{l110j crystal plane are shown in
Fig.3. A Ewald sphere construction for a square lattice is shovn in Fig.4,
The surface can he considered as a 2D~array of point scatterers as
scattering from the second layer is negligible. Because of this, effecti-
vely , the distance between atoms in the direction normal to the surface
plane is infinite, transposed in reciprocal space to zero. Hence it is
a continuum. The reciprocal lattice thus consists of a set of rods
perpendicular to the surface as shown. These rods are numbered as shovn,
the general notation being (h,k)? The incident electron beam makes the
same angle with the surface norm.®! as in real space and is represented
by the wave vector E~-chr/x , terminati-g at the origin (0,0). The
Ewald Sphere is drawn with radius Kq . The points where the Ewald Sphere
intb act the r-"is determine the directions of the diffracted beams.
Observed L.E.E.p. patterns are simply sections of the reciprocal lattice
perpendicular to the rods. It can be seentLht as the primary beam energy
increases (Eoi”creases) the radius of the circle increases and cuts
more rods. This in a L.E.E.D. experiment meansthat the higher the beam
energy, the nigher the number of observed beams. Ibis relation between
the surface net and the L.E.1.D. pattern i3 shown in Fig.5. The indexing
of the beams is simply, then, the number taken from the Ewald Sphere
construction.

The vectors E drawn from the centre of the Bphere to the intersec-
tions satisfy the condit;ons of energy conservation,

K = EO.

Momentum conservation is also maintained,but due to translational

symmetry(i.e. the existence of unit cells) momentum parallel to the

surface is multivalued,

*//" 5o/F+ C (h,K);



where g(h,k) isa reciprocal lattice vector to go from one point scatterer
to the next. This equation is the physics of the L.E.E.D. process. It is
only a restatement of Bragg®s law.

When new periodic surface structures form new diffraction "beams are
observed. Since electrons do penetrate more than one layer usually in
many cases, the diffraction "beams are no longe- determined 'by a single
layer reciprocal net. The superposition of two nets results in a pattern
of diffraction "beams described by,

Mga*™+ Mb b*= Me c*
a* and V* are matrices describing the wubTtrase and surface reciprocal
nets. Ma, Mg and are integer row matrices such that if Mj, is zero, McC
describes the original surface net. When is zero Mggbdescribes the
new surface structure. If both are non-zero,beams resulting from double
diffraction nra described. This diffraction is called "incoherent*»
However, it -s more frequently seen that a and b are related and that the
superposition can be described by a third net 3, (the nets being referred
to are real space nets)

c=Pa =Hb.
It is useful at this point to show explicitly matrix notation is
so powerful. P and are 2x2 transformaslen matrices. We illustate here

how this type of notation is used, a, m are the translation vectors

of the surface net;and c, and cx the translations of the new net.
Then, c = Pa

P j a (2x2) matrix
p=Lpu P»J

So ci=pu al+PH al

Cl = *31 fil + Ptl *

In this case®

Ci= 2aA and ct- 2ax



ana unas,

-More complicated examples than this are of course possible_Adsorbate
Structures have "been separated into three categories. These are shown
in Tig-6. "Simple* means that the two nets are related directly- the
ratio of the two unit cells is an integer.. A '"coincidence site"
superposition has a ratio of areas that is a rational fraction. The last
case is an '"incoherent" superposition when the surface net shows no rela*
tion to the substrate.

So far we have only discussed r.”al space structures when experiment-
ally we observe the reciprocal space structure. At present there is no
unambiguous method of determining the real space surface net, b. Frequently
several possible structures exist that could result in the same observed
reciprocal net. For example,all the structures shown in Fig.7 . produce
the Bame L.X.X.D. pattern. This is due to the fart that the L.Z.X.D.
pattern is produced by electrons that carry only .ID eymmetry information.
The most general method of cataloguing structures is to list the
transformation matrices P. The reciprocal Tiei e » is obtained from the

diffraction pattern as,

c = a.
where P is given by,
[ 4 *1
-£ g
It is more likely in the IiteraturTOthat structures will be
classified according to Woods-notation . The structure is indicated

by (c*/a, * ct/ax ) Ji, wfeere S is the rotation of the net . ,jth respect
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to a.

Throughout this section it has been assumed that the surface and
hence tile surface net show perfect order, and the order is repeated
through space. In real terms this is never true. As well as molecules
adsorbing on the sites to give the required L.E.E.D. pattern, it may
he that other sitee are filled in-a randemmanner. The intensities of
the L.E.E.D. spot3 arc highly sensitive to such effects.In general the
greater the order of the surface the more intense are the spots. Disorder
may also he apparent at low surface concentrations (coverages) where
although ad-species may occupy the correct sites, the long range order
is still small. The surface layer may also he thermally disordered.
These type of effects are discussed in greater detail elsewhere in this
thesia.

L E.E.D. 1is now recognised as a most powerful;tool in the hand of
a surface scientist. This is even greater than is Indicated here. It is
noticeable that if the incident beam energy is varied, that the intensity
of the spots shows distinct maxima. The reason for ¢his variation is two-
fold. Firstly the registry of the surface poi”~sndicular to the surface
is felt to some extent so weak variations a™e bo ba expected as the third
diffraction condition is met. Secondly this is further distorted by
"multiple scattering” of the electrons. (Due to an electrons strong
interaction with matter) Using ever more powerful and quicker computing
techniques it is possible to find the registry of the surface net to the
bulk net and the spacing between than. It should be pointed out that A
often these experiments are very time consuming and that the computer
work is very involved and may take an equally long time. These techni-

11
ques have been fully described by Pendry .



1.6 Auger Electron Spectroscopy. (A.E.S.)

When electrons are incident onto a surface most of them undergo some
energy loss to the surface and are inelastically scattered, as shown in
Fig-8. The diagram is divided into three distinct regions, the first
is the elastically scattered electrons UBed in L.E.E.D., the second shows
electrons which have lost discrete amounts of energy(e.g. to plasmon
excitation to the substrate.). The third region shows a "broad peak due
to the production of secondary electrons. Superimposed on this peak are
subsidiary maxima due to the production of Auger electrons. The Auger
process is an alternative to X-ray emission and occurs after an atomic core
level has been ionised by the incident electrons (or photons). The hole
in the inner shell is filled by a less tightly bound electron, the Kinetic
energy gained during this process may be passed to a second electron
which is lost into the vacuum. The process is shown diagrammatically in
Fig.9 . 1t can be seen that the kinetic energy of the escaping electron

Is given by.

the electron being a Auger electron The approximation sign is
used because as the ionisation takes placthhL screening of the nucleus
Is reduced and so the energy levels shift . Every element will show
a number of Auger transitions and the energy where these occur is typical
of the element. So with the development of A.E.S. it became possible
to characterise the surface chemical composition.

In the normal Auger systems electron beams of between 0 and 5 Fv
at beam currents of upto 5ty«A are usually used. Such high energy electrons
have the capability of probing more than one layer. The sensitivity of
the technique is governed by the mean free path of the incident electrons
through the sample and the escape depth of produced Auger electrons.

o]
For 2Kv the mean free path is between 5 and 20 A and thus the technique

is sensitive to the surface. Escape depth effects have been discussed in
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2

depth "by Seah . Use of equations formulated 'by Seal will 'te illustrated
in later chapters.

Tig.-10. showB a typical experimental spectrumfor a clean and CO
covered well0$ sample. The method for obtaining such aspectrum and its
form will he discussed in the following chapter.

As well as being used to monitor the chemical composition of a
surface it can also be used to measure the kinetics of adsorption. This
is due to the fact that the intensity of the Auger signal is usually
directly proportional to the amount of material at the surface. It does
suffer from the disadvantage that to obtain quantitative information
for the surface coverage it must be used in conjunction with another

technique.

A.S.3. 1is now an extremely common technique in very widespread use
both in research institutions and in Industry. A number of reviews are

13
available explaining the theory and the practicalities of A_E.S. .
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rig.i.
Potential Energy Welle for adsorption. Two cases are illustrated. 1(a)
where adsorption is non-activated and 1(h) where the adsorption is

activated.
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ile .2.
Diagram shoving the symmetry and the principle crystal directions of a

£110$ and a £1003 B.C.C. crystal plane.



FIG. 2



The relationship between the reciprocal and the real space nets.
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Wg.4.

Ewald. Sphere construction in a plane normal to the surface and parallel

*
to ax .
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«e. 5.

The L.E.E.D. geometry.
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fig.b6.

Three different surface structures.



FIG. 6
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Fie.7.
Three different adsorbate geometries which result in a c(2x 2)

E.E.E.D. pattern.
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Fic.8.
The energy distibution of electrons from a surface under "bombardment hy

a "beam of electrons energy Ej






Fig.o9.

Schematic representation of the Au”er process.
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Tig -10.
Auger electron eectra from a clean and CO covered V eample.
The upper spectrum is from a clean surface, the lower spectrum (distilaccd
vertically) from a CO covered surface and here the sensitivity has YHeen

Multiplied "by two.
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CHAPTER 2: ESPERIMMTAL



2,1. Introduction.

This chapter describes how results presented in this thesiB were
obtained. It outlines how U.H.V. was obtained on a routine basis, how
kinetic measurements were made, how L.E.E.D. spots were obtained, and

how Auger spectra were collected.

2.2 The U.H.V. Chamber-basic design.

The experiments were carried out in a 24 inch Vacuum Generators
(V.G.) stainless steel U.H.V. system shown in Pigs.l. and 2. Pumping
of the main bell was carried out by a 220 Is'l sputter ion pump combined
with a titanium sublimation pump.The sublimation pump fired over a
liquid-nitrogen-cooled shroud. Total pressure measurements were made with
a nude Bayard-Alpert ionisation gauge. A vacuum quadrupole mass spectro-
meter ( V.G. model ) was used for residual gas analysis. Gas samples
were introduced into the system via an all-metal valve or a molecular
"beam dosing arrangement, discussed elsewhere. In order to maintain the
purity of the samples entering the system, they were handled in a glass
U-H.V. line pumped by an ldwardB ED50 rotary pump and a mercury diffusion
pump. Between this line and the main chamber was q liquid-nitrogen-cooled
trap to remove impurities. Por accurate calibrations of gas fluxes there

was another Bayard-Alport ionisation gauge connected to the trap.

2 -3. Obtaining U.H.V.

A schematic showing the gas dosing line and the U_H.V. chamber is
seen iIn Fig.2. Starting at atmospheric pressure the rotary pump was
Pitched on and allowed to pump until a pressure of 0.01 Torr was
“easured with the valve MVl open. The rotary pump was liquid nitrogen
tapped to prevent pump oil contaminating the system. After this pressure

kad been reached the mercury diffusion pump DI was switched on. This



pump consisted, of two seperate pumps, a small Jencons pump (301si ),

and a Klemperer pump (901b*1). The smaller pump “backed the large pump.
Pumping continued until the pressure reached 10- Torr. At this pressure
the ion pump was switched on and the valve MYl was cloifd- Pamela then
continued until the preRRure in the chamber reached 10- Torr. The whole
of this process took unto 24 hours. This was a convenient point to test
the system for any air leaks. This was done using the mass spectrometer.

WasB 32,if present,was diagnostic of a leak, since at these pressures

only contaminants adsorbed on the walls should 'te detected. The leak

16

could then 'te isolated 'by tuning in to mass 4 and probing the vessel walls

with He.

In order to reach U.H.V. in "both the gas line and the main chamber it
was imperative to "bake the system. The parts that were enclosed in large
ovens,to this effect,are shown in Pig.2, "between the dotted lines”aking
was continued until the pressure went through a large maximumwhich at a
temperature .of about 160c took around six hours. The ovens were then
switched off and the gas line was allowed to cool more quickly. The gas
line trap was slowly cooled with liquid nitrogen so that gases were
condensed near the bottom of the trap. When the temperature of the main
chamber fell to around 70c the ovens were removed and any instruments
In the chamber that used a heated filament were degassed. On cooling the

-10
pressure reached about 10 Torr within a few hours. After a few days

-11
the pressure reached 10 Torr* below thistpressures could not be read.

2.4. The Gas Dosing Line.
The following section describes explicitly how this was used to
Introduce pure gas into the chamber. The gas line was constructed of

Hpyrex" glass. The gas bulbs G, to G* were connected to a high pressure



line shown in Fig.2. The gases were obtained from the British Oxygen
Company at a purity of 99*999% < During pump down the high pressure line
was initially pumped via a, rotary pump hut then it was closed off and
pumped only by the mercury pump. The required pressure of gas to
be used behind the molecular beam was obtained by isolating the high
pressure branch(H.P .B.) from the pumping lines and allowing the gas to
flow from the gas bottle into the line. Pressure was monitoredon a
mercury manometer, M, and could be readily adjusted using a viton seal
all glass leak valve to the rotary pump. Gas was then admitted to the
low pressure section of the gas line through a capillary so that pressures
of between 10_5 and 10_7 Torr were measured at the ionisation gauge, B.A.G.I.
Incorporated in the H.P.B. was a two litre ballast bulb. This ensured that
there was only a very small pressure drop in opening the valve M_.V.I;-
into the system.

The above is only a brief description of the U.H.V. and gas handling
techniques. It does not pretend to give a full descrition of the back-up
electronics or a step-by-step guide to U.H.7. techniques. A number of

reviews are easily accesible.

~N*5* Bayard-Alpert lonisation Gauges,(B.A.G.).

Before the advent of these gauges it was impossible to measure high vacuum
nnd so they have been important in the development of surface science.
There have been very few changes to the basic design since their intro-
duction3-'The gauges essential features are described below. Emission
of electrons from a hot cathode are accelerated by an applied potential
towards a spiral anode. Inside this anode gas molecules are ionised by
the electrons and are collected by a fine wire. The pressure is then given

By the ion current ratioed to the electron current multiplied by some

constant. These gauges have a pumping effect due to the trapping of ions



or free radicals formed 'by the dissociation of gas at the cathode. This
can he prevented hy lowering the workfunction of the cathode and filaments

such as rhenium/lanthanum "boride or thoriated tungsten are often used.

2.6. Sample manipulator and preparation.
2.6.1. Degrees of freedom.

4
The sample manipulator was a Varian model * which had "been

adapted hy M.K. Dehe5 so that the crystal was 2.5 inches from the axis
of rotation. The sample could then he turned towards the various
instrument ports. More importantly it allowed the sample to he in the
centre of curvature of the L.E.E.D. grids. The sample mounting arrange-
ment allows various degrees of freedom. These are,
a) vertical translation- z motion,
') horizontal motion in two orthagonal planes-.x and y motion,
c) rotation about the axis of the manipulator—indicated hy O,
4) offset flip motion providing 1000 of rotation about an axis normal
to the central shaft.
The movements X,y,z, were controlled using accurate micrometers which
could he read to a tenth of a millimetre. The 9 setting could he read
to a tenth of a degree. Two stops were provided on the manipulator so
that the sample could he accurately Bwung between any two positions. The
flip motion had an important use in allowing the Bample to he exactly at
normal incidence in L.E.E.D. and A.E.S. experiments. These motions are
shown in Fig.3.
2.6.2. Cooling the sample.

The manipulator had the facilities for liquid nitrogen cooling of the
sample. This has been modified from the original design. Cooling is

4D)
now performed hy a V.G. liquid nitrogen tank . Liquid nitrogen was fed



into the tank as shown in Fig.4- The inlet and outlet pipes were on the
same mini-conflat flange. Stainless Bteel tubes 0.1 mm in diameter
coiled around the manipulator shaft and fed the tank. Before cooling
dry nitrogen was passed through the tubes to remove any water so as to
prevent ice formation. To pass the liquid,dry nitrogen gas at around 10
p.s.i. was flowed through several tubes immersed in liquid nitrogen. The
tube diameter was 5mn and the total immersed length 10 metres. The gas
is liquefied in the tubeB and flows into the tank. After 20 minutes

the outlet pipe was seen to be emitting liquid. The tank was connected
to the sample mount with an annealed copper tape (15x 1x0.25 cm).
Within 20 minutes the sample temperature fell to 220K.

2 .6.3. The sample holder.

Sample holders have to be carefully designed. The holder used here
was designed to maximise the cooling rate and allow prolonged heating
times of upto Sminutes at 2500R. The crystal waB heated by two methods,
a) electron bombardment-700K upwards,

'H) reistive heating-700.K,and below.

This necessitated complex electrical isolation of the sample, mounting
blocks and the wireB carrying voltages and current. The wires were
insulated with either "Teflon" or "Refrasil” . In order to allow free
notation these wires made several coils around the manipulator. The design
Is illustrated in Fig.4. The crystal was held by two 0.25 mm W wires
Passing through holes drilled in the edge of the sample. These were bent
in such a way to prevent the crystal moving. The two wires were clamped
to two stainless steel blocks using screws. Resistive heating was carried
out by passing current down two copper braids attached to each of the
blocks. A small electron bombardment filament behind the crystal was fed

two gold wireB attached to the mounting block supporting arms. The



temperature of the sample was measured using a W-tfte/ W-22Re thermo-

couple Inserted into a hole drilled into the edge of the crystal. A

temperature curve, calibrated using a disappearing filament optical

pyrometer, is shown in Fig”6. For comparison the E.M.F. of a standard

thermocouple is also shown . E.M.F. readings were made with a high

insulation multimeter. It can be seen that the two curves agree quite

well un tovery high temperatures. The divergence after this is explained

as an emission effect. The filament ii in direct line of sight with

the thermocouple producing a secondary E.M_F., thus altering the reading.

At low temperatures emission is small and the effect small. This particular

thermocouple was used because of its almost linear output and compared to

the 0~/25~ combination , does not paBS through a minimum below room

N

) i i Vhplaw room
temperature. FigJ. shows the calibration of the thermocouple

temperature taken frb, the .ork of Sand.tro» and VIlthro. . » 0 need

tn this work because it 1. expected to be exact at these temperatures.
2 .6.4. Temperature »ample control.

The temperature of the sample was usually controlled using an
electron bombardment unit. Thie could raise the temperature of the
sample to a given desired value at any rate un toa maximum of 180 Ksec

The final temperature could then be held to within 2K for an indefinite

time. The unit displays the temperature and using a feedback circuit

dhanges the current through the filament to keep this constant.

2*7. Gas adsorption at the sample.

2 -7.1. Gas adsorption from a partial pressure of active gas.

As described earlier the gas line could be filled tout) to 10 Torr

Fine adjustment of this pressure was possible using a fine bore valve,
-6

v4- If a pressure of 10 Torr was produced

in the line and M.V.l. was
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9

opened a pressure of 1.5* 10 Torr was produced in the chamber.This
facility was seldom used. Its main use was during cleaning work when
it was thought that "beam dosing may leave the back of the sample dirty
aod later contamination may spread to the front of the crystal.

2.7.2. Gas adsorption from a Molecular Beam.

The molecular beam is clearly described in Fig.8. It consists of a
length of stainless steel tubing 10mm internal diameter. This is mounted on
*  bellows arrangement. At the end of the tube 1b a stainless steel cap
with a cylindrical orifice length 0.685 and radius 0.55 ®m* This
produces a flux of gas with enhanced velocity in the forward direction,

bellows allow about 7cm of linear motion towards the centre
of the chamber and operation of the thumbwheels allows a small amount
of angular variation. Combination of these two movements allowed the
Bample to be set at a pre-determined position without using the manip-
ulator micrometers.

In order to measure sticking probabilities and coverage, the flux
and its spatial distribution had to be known. This,off course,varied
with pressure. These parameters could be evaluated with formulae derived

Dalton . These formulae have been adopted for use with this system

9

Tt Marsh . Given the molecular weight of a gas, its temperature and the

9
Pressure, a computer program develped by Marsh , calculates the total

flux leaving the orifice and the fraction, f, intercepted by the sample.
With a pressure of 10 Torr behind the beam the flux at the sample,

12 -2-1
b about 5x10 molecules cm s at a distance of 5mm away. Dosing the

crystal in this way was very useful. Although high fluxes could be

Produced at the sample the background pressure rise was very small. Even

xith a pressure of 10 Torr behind the beam the background pressure did not
-10

riBe above 3x 10 Torr.

-V



2 .71 3. The adaptation of the molecular "beam to deposit an adsorbate
"bounds on the surface.

In the oxygen diffusion work it was necessary to produce a gas
mboundaryat the surface between clean and covered V. The experimental
arrangement Is shown in Fig.8. A shield was held on a pivot so that it
could he swung in and out of the beam. In the centre of the shield a
hole was cut to exactly match the size of the crystal. At either side
of this were cut two more holes bo that half of the sample, in either
the perpendicular or the horizontal direction,could be covered. These
were cut so that the boundarywas deposited 900 to the crystal edge.

The molecular b«am does not give a completely homogeneous flux until
the sample is some distance from the beam. The further away the sample,,
the greater the homogeneous nature of the flux. Also bb the beam to sample
distance is increased, '"shadow"™ effects at the boundary edge are decreased.
There is,however, a drawback. The greater this distance the greater the
amount of gas that is loBt into the chamber, i.e. the greater the
background pressure. Thus the boundary is smeared by random gas adsorption,
Experimentally some compromise has to be found. A typical boundary is
shown in Fig.-18.

2 .1 .4 . Scanning the Adsorbate Boundary

The shape of the boundary edge was measured using A.E.S. The height
°f the Auger derivative signal was calibrated against coverage. The
Auger signal as a function of distance could then be used to obtain
coverage profiles. This was done by positioning the sample in front of
the Auger beam and using the accurate micrometers described earlier, the
sample could be moved across the beam, recording the Auger signal as a

function of distance. Usually after this, the sample would be heated for
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a time. Diffusion was measured 'by re-scanning the profile. It should he
pionted out that thiB process took some time and particular attention
had to he paid to the vacuum conditions during these experiments.
2.7.5. Sticking Prohahility and Surface Coverage measurements.

The following method was used to measure the sticking prohahility,
a, and the surface coverage.K. The crystal is swung away from the beam
Bource and the heam valve opened so that a known flux of gas enters the
Bystem. The mass suectometer is then used to measure this pressure,P® . The
crystal can then he positioned in front of the heam and provided that
the sample is free to adsorb,the background pressure measured at the

Nass spectrometer decreases to ,Pe 8 is then given by the relationship

s - I (P«=P) ,
f P

where f iB the fraction of flux intercepted by the crystal and this
can he calculated.1f a plot of s against t is made then the coverage
*g evaluated from the equation,
N — sdt.
cr

0, is the impinging flux of molecules. In this way s versus N plots can

he constructed.

2.8, Experimental Aspects of L.E.E.D. and A.E.S.
L.E.E.D. Display.

The L.E.E.D./A.E.S. retarding field analyser (R.F.A.) is a multi-
purpose Varian model number 981-0137. The electron optics assembly is a
8et of four concentrio grids in front of a fluorescent Bcreen. The grids
are made from hydrogen~fired nickel~plated tungstenmesh of 98~ transpar—
ency, and the screen is a spherical surface, coated with a PIl phosphor
layer, which 1b biased at around 5kV producing an intense blue image when

impacted by electrons. Through the centre of the gfid assembly iB an
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off-axis electron gun, producing a finely controlled primary electron
learn in the energy range of 2-1.500 eV. The "beam current is regulated at
0.5F<A for voltages > 45eV. In front of the final grid is a moveable
faraday cup, allowing the current in a diffracted electron beam to be
measured.

The experimental technique is shown in Fig.10. The crystal is held
at earth potential ~s is the first grid, ensuring a field free region
between the two. Magnetic fields are eliminated by use of three Helmholz
coilB at 90 to each other surrounding the chamber. The two centre grids
are held at a potential just below the primary beam energy such that
only elastically scattered electrons are passed through the optics. The
fourth grid is held at earth potential. The electronics provide an
auto-focussing facility ensuring that the beams remain in focus -over -the
energy range.
2.8.2. Measurement of the L.E.E.D. Intensity and Spot Width.

These measurements could be made in one of two ways.
a- The intensity of the L.E.E.D. snot could be measured using the
Faraday cup; by sweeping the primary beam voltage the beam is made to
scan across the apezture of the cup, thus providing a measure of the
intensity as a function of distance. However this method could not be
used if the 1-V Bpectra are rapidly changing in this voltage range,
b- A second method became available during the course of these experiments.
A video L.E_E.D. system was bought from the "Data-Quire Corp.H .
Briefly this consists of a low level video camera pionting at the screen,
interfaced to a small microcomputer. The image of the L.E.E.D. screen is
divided into a number of small windows and the microcomputer can
measure the intensity of any of these windows. Software allows the
operator to measure the intensity average of a spot, the maximum intensity
and the distribution of the intensity of any given spot. It allows rapid

collection of I-V spectra.



2.8.3. The collection of A.E.S. spectra.
It was shown in 19&7 that in principle an R.F.A. could "ee used to

11
; the basic L.E.E.D. display had become a

detect Auger electrons
spectrometer, an important event. Harris soon showed that differentiating
the signal led to enhanced sensitivity and Veber and Peria then
developed the techniques of phase sensitive detection to do this electron-
ically. The electrical circuit and the necessary equipment is shown in
Fig.1l. Modulating the crystal rather than the second grid led to
superior signal to noise ratios. The primary electron beam is a focussed
2keV beam of between 4 and 10/4.A. The oscillator provides a 4kHz sine wave
modulation to the crystal at about 5 volts peak-to-peak and also to the
reference of the lock-in-amplifier.

The back scattered electrons leave the crystal and move in a field
free region towards the first grid. Grids 2 and 3 are at a negative
voltage which can be ramped between 0 and 1000 v. Electrons with energy
greater than this pasB through the optics and are collected at the screen
( held at 350Vpositive to rapidly discharge the phosphor). The signal
is then fed to the lock-in. The signal reaching the screen is shown in
Fig.12(@) and represents the total number of electrons arriving - \Y;
in the energy range,between that of the primary beam to the retarding energy,
allows this to be differentiated into the normal N(E)/E curve (Fig.-I1S.(b))
and double differentiation allows the small Auger peaks to be emphasised

so producing a dN(E)/cLE curve (Fig-12(c)). The spectra were collected in

this form.

2*9. The Potassium Source.

The arrangement used is shown in Fig.13« Potitsium ions are obtained
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from a zeolite source, a large cage like molecule capable of storing
positive ions which are released on heating the zeolite. The potassium
zeolite waB commercially available (B-D-Hfg and was coated onto a
PI1/Rhd0”) filament as described "by Weber and CordeslS- A series of plates
capable of being floated, focus the emitted ions into a beam directed at
the sample. There was direct line of sight between the filament and the
crystal. The final shield is arranged in such a way so as to cover part
of the crystal and nroduce an adsorbate boundary, unfortunately the
boundaries were not as sharp as those for oxygen. In these experiments
the ion energy was between 3and 8 eV, a recent study by Overbosch et al
haB shown that notO-Ssium ions of this energy are fully accomadated at the

16

surface
17
It has been noticed that zeolite sources are prone to the produc-
tion of high levels of oxygen contamination, presumably due to the
breakdown of the cage structure. This waB never noticed in thiB series of
experiments as demonstrated by the A.E.S. spectrum in Fig.14 . In order to
produce cleanliness of this level the source was run for about 100 hours

at the operation temperatures,in the range 1300-150C®. The coverage

profile of a typical deposit is shown in Fig.l5.

2.10. The Indium Source.

Indium belongs to a group of metals which evaporate at significant
rates at temperatures far in eafocess of their melting noint . The difference
between indiums melting point and boiling point is the greatest for any
®aterial. The experimental arrangement for the dosing of indium is shown
in Fig.16 .Two stainless steel tubes, diameter Imm.were filled with, indium

18

wire of 99.999% purity (Koch Light Laboratories ) and sealed at one end.

The sealed end of each tube was spot welded to two feedthroughs mounted



on a flange. The open ends of the tubes were then bound together with W
wire so that resistive heating of the tubes was possible. A shield was
placed in front of the tubes to prevent evaporation onto the whole chamber.
There was a small hole cut into the Bhield to allow crystal dosing.

Temperatures between 1100 and 1400K were used to deposit indium, the
evaporation rate varied between these temperature from about a monolayer
per hour to 5 monolayers per minute. After an initial degassing period of
2 hours no contamination was detectable by A.E.S., as evidenced by the
Bpectra shown in Fig.19. Very careful checks were made to ensure that
evaporation was not taking place from the stainless steel but no evidence
for this could ever be found.

The source arrangement used here produced profiles similar to the
potassium coverage profiles, ae can be seen in Fig.l1l7« The source
proved to be extremely stable. Over the entire life of the source no
deterioration was ever noticed in the amount of material given off in

a given time at a preset temperature.
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Fig,8. The valve layout of the gasline and the U.H.V. chamber.
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Pig-3. The degrees of freedom at the sample manipulator.
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z-qgxis rotation



riff.4. The cample mount and electrical contacts



FIG.4.
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Fig.5. Tile cooling arrangement.
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Fig.6. Thermocouple output versus temperature from ( dashed line ) the

experimental arrangement and ( solid line ) standard thermocouple tables.
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n L,7. The variation of thermocouple output versus temperature at low

7
temperatures. Taken from the work of Sandstrom and Withrow .
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id.».8. The molecular beam source and its adaotion to uroduce adsoroate

coverage boundaries at the sample.






Fig.9 . Typical pressure versus time graphs during an adsorption experiment.
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The L.E.E.D. experiment.
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Hg . 12. The UB6 of differentiation in E.F.A. Auger experiments.
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Fic-13- The potussium Bouree.
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Ffi.l/).. Typical A.E.S. spectrum from the Y dosed surface.
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Tig.15. TypiAcaI coverage Vversus dkistance profiles for K.

The time shown on the graohs indicates the number of minutes the initial patch

) ) ) experiments. The heating temperature was Biok.
has been heated for in diffusion
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Fig.16. The indium source.

T is the indium loaded tubesj S the shield and V the tungsten wire used

to bind the two tubes together.






Fie.17. The type of coverage verBUs distance profiles obtained for

India., adsorption. Four curves are shown. These are the result of heating the

i patch for the time and temperatures shown.
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Fig.18. The boundary between zero and a half monolayer obtained for

oxygen. The open and closed circles represent two different experiments.

The apparent spatial distrbution of the boundary is thought to be due to the

width of the primary electron beam; estimated as 0 .15-0.25 mm.
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CHAPTER 3; DIFFUSION PROCESSES IN SURFACE LAYERS.
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3-1. Introduction.

Surface diffusion has "been one of the most neglected fields of study-
in recent years. However, the subject has undergone something of a revival.
It has long been known that the movement of reaction intermediates over

1
substrates is one of the most important steps in many catalytic processes t
Crystal and thin film growth is also dependent on the diffusion of species

2

across the surface. Mobility in surface layers is also important in less
applied fields. It is now a well known fact that mobility in the physi-
florbed layer leads to increased efficiency of chemisorption. Migration
of the chemisorbed species allow the adspecies to find sites of minimum
energy and so produce ordered structures. The principle reason for the
lack of experimental data is mainly associated with the diffuculty In
Qeasurlng the diffusion parameters. The development of surface sensitive
techniques capable of measuring surface coverages quickly and easily
has alleviated these problems to some extent, However,diffusion studies
still tend to be very time consuming and the work experimentally very
exacting.

The aim of thiB chapter is to briefly present an overview of surface

diffusion studies, both theoretically and experimentally. Migration of

electronegative and electropositive adsorbates will be reviewed but self-

diffusion will be largely ignored.

3-2. Experimental Techniques in Surface Diffusion.
These can be divided into 2 types; those which measure the diffusion
kinetics by noting the change in coverage of a deposited layer and those

which observe Brownian motion in an equilibrium distribution over the
4

surface.The first of these methods is based on Picks second law which



relates the change in surface coverage with time to the diffusion

coefficient, D,

N is the coverage, t the time and x 1b the distance moved at

coverage N.
3.2.1. Coverage sensitive methods,
a) Primary photon beam.
This technique is restricted to species which drastically change the work
function of the sample and thus iB very useful when investigating alkali
metal migration. In these experiments the photoemisiion of electrons from
the surface is measured and this will vary with the work function of the
: 5,6
surface. The method was first used by Bosworth in the 1930"* "> 1hit has
recently "been rediscovered7- Bosworths method makes use of a focussed
light "beam which can he accurately scanned across the sample. Provided
that the photoemisBion current can he calibrated with coverage then the
results can he readily treated to yield coverage/distance profiles,
t) Primary Electron Beam.

Scanning Auger electron spectroscopy (SAES) may well pro$/ve to he
the most ~important development in the study of surface diffusion.
This can he applied to any system with a convenien% Auger transition.

o

Recent studies include work on the N/w(l110) system . This work was
uotahle in that the electron hfcam was used to produce a line deposit on
the surface. This was done hy adsorbing the molecular X state over the
whole of the surface held at 90* A part of this strip was converted into

the ft state using the electron beam. The $ state could then he desorbed

"oy gentle heating. Scanning Auger has blbo beensuccessfully used hy Butz

9

and Vagner to study Pd and Au diffusion on V [1105



The secondary electron emission properties of surfaces have also "been
10,11
used to Btudy diffusion . The simplest way to monitor such effects

1b to measure the drain current at the sample,

1*1-1,
t p s
where 1 1is the secondary electron current and 1 the primary "beam current
S p

and are opposite in sign. Secondary electrons at energies of greater than
200eV originate only from the first 3 or 4 layers of the surface due to
escape depth considerations and hence are very sensitive to surface
effects. The investigators "who" .have made use of these techniques found
it easy to calibrate drain current changes with coverage (due to the
large work function change for the 0/V ~liojsystem studied ) and hence
10,11
Using scanning techniques to produce coverage versus distance "profliens;—————-
c) Other techniques.
13

An extremely novel technique was developed by Butz and Vagner to
Btudy the diffusion of 0 on V £110j . They deposited a sharp boundary on
the surface.between covered and uncovered areas,and then measured the
coverage versus distance profiles. This was done bj? monitoring the contact
potential of the surface as a function of distance. The vibrating
capacitor method was used,and in this work the reference plate was a small

-6 -6
vire (diameter 6x10m) held a distance of 10 m above the surface. This
could be scanned across the surface”so measuring the contact potential
as a function of distance which could be rapidly converted into coverage
profiles by using a coverage calibration. The distance resolution was
-6
quoted as 5*10 m. A similar technique has been used to measure the
14

diffusion of Cs across polycrystalline W samples . Here.the work function

as a function of distance was measured using a scanning electron

microscopy instrument.
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3.2.2. Field Emission Techniques.

These techniques have been used over the last 20 years "to™prutfide
the bulk of the available diffusion data. The field emission microscope,
devised by Muller in the 1930*s,produces a highly magnified image of a
eharply pointed sample on a fluorescent screenls. The image is formed by
electrons which are emitted under the very high field densities produced
by biasing the Bample at large voltages. Gomer has described how sharp
adsorbate boundaries can be produced on field emitter tips. This consists
of an effusion source pointing at the tip and keeping the walls of the
chamber at very low temperature. The field emission microscope provides
a resolution of about 20 : enabling individual low-index crystal planes
to be viewed.A typical example of the early work is a study of Ba diffusion
on V17-This metal increases electron emission very greatly and-thus bhe
field emission displays become brighter and so diffusion is easily followed.
However, it is very difficult to separate and understand some of the
effects in a field emission display. This is because the field emission
microscope shows the results of a number of different effects, e.g.

18,1

the possibility of coverage dependent parameters or the possibility of
different adsorption sites. Probe hole field emission microscop;uillowed
individuaVplanes to be studied and planes of high work function to be
studied and so alleviated some of the problems.

By far the most dramatic improvement of the technique came with the
observation that current fluctuations in field emission were related to the

21,22

diffusion process , the so-called “flicker noise technique'”. When the
adsorbate is in a mobile state on the surface, localised variations in
adsorbate density occur with time and these appear as rapidly appearing

and disappearing points of light on the screen. If a current measuring

system is used they appear as a spikey noise level. The level of the noise



JJ

and its frequency is strongly coverage, temperature and crystal plane
dependent. The adsorbate density Tfluctuations build up and decay with a
characteristic time given by*

2

}=r / 4D
o]

where r is the radius of the area probed. With r=50A , diffusion

-13 -10 2 -l
coefficients between 10 and 10 cm * vyield 0.6 >3> 0.0006s.
The amplitude of the flicker noise isielated to the mean square displace-
ment, X, of the diffusing species. The particular use of this method is
that it extends the substrate temperatures useful in diffusion studies
downwards so that processes such as desorption and absorption are well
seperated.

Field emission techniques are beset with problems. The high electric
field at the sample may affect the diffusion process in Bome way and="™-~
recent work has indicated that the flicker noise technique doeB not
measure diffusion directly although the measured values do relate to

65
diffusion in some way.

The flicker noiBe technique observes Brownian motion in an equilibrium
layer and the technique described below belongs in the same category.
After the development of the field emission microscope, Muller quickly
discoverd”~that the same apparatus could be used to obtain even greater

23
resolution and the Field lon Microscope was born. Here high pressures of
an inert gas (He at 0.1 Pa ) are admitted to the vacuum chamber and the
potential on the tip and screen is reversed compared t6 field emission.
Atoms on the tip,adsorbed from the background gas, make a number of of hops
until they slow down and ionised by quantum mechanical tunneling from the
gas to the tip, the positive charge on the tip then repels these ions from
the tip towards the screen where they impact and cause a bright spot.

o
Resolutions of the order of about 3A are obtained due to the minimisation



of the impinging ion energy parallel to the surface compared to the transverse
velocity of an electron in field emission. The very high fields in this
technique tend to strip gaseous molecules or atoms from the surface bo
only metal adsorbates can 'te studied24- In this technique Brownian motion
of individual adatoms is observed and the diffusion coefficient can be
found simply from the random walk relationship,
2
a - 4pt
where a is the mean square displacement in a random walk process.
3 2 3. Other Methods.
One of the earliest studies of surface diffusion was made by Langmuir
° when studying the Cs/V system. A polycrystalline V wire was surrounded
by a concentric electrode divided into three parts. Cs layers on the
-surface could be stripped by biasing the centre section negative- ~Hhd*- —— —
immersing the cell in liquid air. If the outer sections of the electrode
were positive aflarea on the wire depleted in Cs could be produced. This
central region could be filled with Cs by diffusinpfrom the outer parts
of the wire. The field desorption process could be repeated and if the
desorption flux was monitoredjdiffusion could be measured.
Other methods include monitoring the thermionic emission of V as a
26

function of thorium coverage , by monitoring the Cu signal in a

secondary ion mass spectrometry experiment as diffusion carried Cu

a*
into a clean area of sample from a high Cu coverage region. A similar
28
method was used to study physisorbed tritium on a 111 } surface
but this time the radiation from transported particles was measured.

There was a problem in this work in that thediffusion was accompanied by
desorption”™but a relationship was used in an attempt to separate the two

events.



3.3- Surface Diffusion Processes.
Diffusion is an activated process and follows an Arrhenius relation-
ship of the following form,

D =DOexp(-Em /RT)  ......... 2

This relationship breaks down if more than one diffusion process occurs at
the same time and”effectively”only single site hopping can 'te treated in
this way. Do is the pre-factor, known as the diffusivity, and E~the
activation energy for diffusion. The diffusion process is illustrated in
iig-lﬁ The adspecies lies in the "bottom of a potential energy well
separating it from the next site. By gaining energy Emit can reach the
transition state 4 from which it can reach the second site or refiUthe
original site. The lifetimesin tihe transition state are very smallj-"n
instantaneous picture of the sample would show most of the molecules
in the wells. Assuming that diffusion proceeds by hopping from well

2

to well with a mean square jump distance a over the "barrier Em with an

activation entrony ASm then the mean jump frequency can 'te expressed in
29
terms of absolute rate theory as,

r=(kT/h) exp (AS™/K) exp (-Em /7 kT) ......... 3
provided that the transmission coefficient at the barrier is unity.
Equation 3 is sometimes expressed as,

r=Texp(-Em /KT) exp( A S,T?k) .. ....... 4

withV =(KT/h) e 5

The diffusion coefficient is related to the jump ffequency through the

expression,

where <x-1 for diffusion in one dimension and ¢-2 for two dimensions.
If random walk is assumed it can be shown that,
<x*>r(rt) a  ......... 7

st XA
where \ x / 1b the root mean square displacement in time t. By combining



these expressions, It can he written that,

2 *
DO=Ya. (Asjk) ... .... 8
2ck
(0]
For diffusion in 2Di.e.0Cr2 and assuming that is0 and a- 3A,
-4 2 -
then at a temperature of 500K, evaluates to 3 x 10 cm s .

D can he expressed using equations 6 and J as,
D ={x )/t _...... 9

and experimentally this is apnroximated to ,

where x is the average distance travelled by a boundary in time t. IFf
D varies with coverage then the D values found refer to some average
D value over that coverage range.

It will he seen later that D is often-dependent on -coverage due ¢to -0«
coverage dependent interactions on the surface. These will strongly
influence the kinetics of the diffusion. The Ffirst examples of coverage
dependence discussed here is due to the adsorption of multilayers. These
layers are often weakly hound to the surface compared to the Ffirst layer
and are highly mobile. The second example of coverage dependence occurs
when lateral interactions exist between the adspecies. This is shown in
Fig.2 . Repuleive interactions between the adspecies willreduce the barrier
height, while attractive interactions will increase it. Bowker and King
developed both an analytical method and a Monte-Carlo routine to determine
the consequential results of lateral interactions on the diffusion process.
The results are indicated in Fig.3, where diffusion from a square boundary
18 represented. The point where the diffusing boundary crossed the position
of the original boundary was found to be sensitive to the interaction. For
attractive interactions the crossoverp point,Gc , is below the half

coverage position, for repulsive interactions it is above. With no IateralinteractiOnS



the crossover point is at the half coverage point exactly.

3.4* Survey of Experimental results.

3.4.1. Metallic Adsorbates: Strongly Charged Atomic Soecies.

25
Early investigations by Taylor and Langmuir showed that Cs diffusion

on a W polycrystalline wire was extremely coverage dependent. They found
3 - -2
that as the coverage dropped from 2.73 to 1.73 10Xatoms cm the diffusion

coefficient dropped from 3.45 to 1.4 10X cm B . This was thought to be

due to repulsive interactions on the surface. Shortly after this it was

26

showed that very similar effects existed for the diffusion of Th on W
N
Work continued with the systems Na/W5 and K/W , and the results all gave
good support for the effects seen by Langmuirzs- A different effect was
seen for the migration of Na than had been noticed for the other adsorbates.E5

Bosworth noticed5 that a patch of Na deposited on the surface followed by
temperature annealing was accompanied only by loss of Ha from the surface”
there was no sign of the patch spreading. However, if this process was
repeated many times then the Na began to spread in a diffusion like manner
but unlike the other alkali metals there was no coverage dependence
in the measurements. Bosworth postulated that the initial behaviour was
produced by diffusion into a microstructure of the surface. Egentually
thiB waB filled and diffusion across the surface began. For K this

effect was less important and the profiles of deposited patches after
heating resembled those expected of a diffusion process. These are
illustrated in Fig.4. For E,a very strong variation of E~Awith surface
coverage was found, at the lowest coverages measured Em was measured as

-1 -1
69%J mol  but decreased to a value of 28kJ mol at near the monolayer

point.
Suddenly in the 1950"s the effect of substrate structure on diffusion

could be examined using the field emission microscope. Also,by this time



vacua were "' approaching those obtained in modern UHV systems, thus
ensuring that most of the recorded data was from at least fairly clean
17

surfaces. Drechsler used this technique to study Ba diffusion on V.

The diffusion energies varied markedly from plane to plane, decreasing in

the order,

The £210} plane showed the most interesting results. This plane is made
up of rows of lattice atoms in the direction seperating flat terrace®.
Diffusion across the rows needed an activation energy of three times
greater than that needed for diffusion along the rows and this type of
32

result was soon repeated for Eg and Cs diffusion on W

It must be remembered that the field emission technique is to be
treated with some caution; diffusion is observed taking place over planes
of vastly different character and it is to be expectedthht certain sites
or planes act as '"feeder” sites for other planes by adsorbing gas very
quickly. This sort, .of effect will be the norm rather than the excep-

33
tion and may dominate some work. Work by Schmidt and Gomer and by

Meclewski34 seems to have suffered from this type of effect. Both
laboratories showed that the diffusion of K on W occured with an increas-
ing activation energy as a function of coverage. This Btrongly contradicts
the observed variation in the desorption energy which falls with coverage.
The only work that can be -"Viewed as being in any way reliable ie a
recent study by Love and Wiederick for Cs diffusion on polycrystalline tungst
und a 1 110~ sample.For the polycrystalline sample they found two
effects(presumably the Bame effects seen by BosworthS), diffusion into the
bulk via grain boundaries and the norm?l diffusion behaviour. The former

had an activation energy of 170kJ mol ,the latter an activation energy of

-1
17kJ mol . For Cs on the [ 110 \plane the absorption effect was very much



%

lees important and they found that the low coverage surface diffusion

2 1

regime could '"be described by,

D - 0.23+ 0.1 exp(-57 kJ mol 7/ BT) cm 8

Unfortunately ™ even in this work the variation as a function of coverage

was not measured.
3-4.2. Metallic Adsorbates: More Weakly Charged Atomic Species.

These studies are usually limited to the investigation of the trans
ition metals as adsorbates and self diffusion experiments. The mos
common technique is field ion microscopy. These experiments have bee
of great importance in the study of surface diffusion. The first
quantitative Btudy using FIM was made in 1966 by Ehrlich and Hudda for
W self diffusion. The work showed that motion was extremely directional

on channelled surfaces and this has now been found many times. A review

bas been published that documents the E Tr\énd Devalues for many metal

36
adsorbates on W and this will not be reproduced here.

On many surfaces the diffusion is seen to be I-dimensional. All
these BurfaceB are channelled and include the W ¢21ii and the W £3/~1J is
the Rh ~lioj , ¢331jand Nl and the diffusion takes place only along
the channels and has been seen for Belf diffusion and adatom
diffusion®such as Mo on W¢211} and w*3213 . On smooth surfaces the
diffusion 18 seen to be 2-dimensional and these include thef£llo/and

111 £planes of W~ and Rh™ . The activation energies vary widely from

one plane to another and this variation is predicted from pairwise

which show that Em is greater for rough surface
37 35

planes. This trend is followed for Rh , however, it is not for W where

interaction potentials

the ¢110]plane, the most close packed for a BCC metal, has the highest

This anomaly has now been explained in terms of surface relaxat-

39
ion and changes in field strength.

E,, value.
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Recent FIM experiments have shown that adatoms may Junto across the

channels on theillO® plane of Pt40, indeed on Ir,the cross channel Jumps
41
dominate the diffusion mechanism. The atom probe technique, which gives
chemical envlroment information, has shown that the cross-channel motion
. 525 ) )

for W adsorbed on Ir ¢110j , occurs by the incorporation of the adatom
into the lattice and the removal of the lattice atom to the adjacent site.

One of the most amazing observations in recent years was that clusters
are imoortant in the diffusion process. Using FIM, Bassett noticed the

42 43-50
association of adatoms to form clusters and quantitative studies
quickly followed. Results have been collected for the diffusion of Re
dimers on V £211] showing that the dimers diffuse more quickly than the
43

..adatoms . This effect is explained in terms of an attractive interaction
between the adatoms which peaks near the saddle point in the energy versus
distance curves. Even more suprisingly the rates of migration of Re
trimers on W (211l j has been shown to occur at rates similar to the dimer.44
Obviously these effects are very dependent on the interactions of the
adatoms and e.g. the migration of Ir dimers on W (2115 was observed but
the activation energy for surface diffusion is higher for the dimer

.50 , .36
than the adatom . Dimer studies have been performed for V on V (2115

50
and Pt on V £110?

Recent studies using scanning AES have been made for the diffusion of
9
Pd and Au on single crystal planes of V . This study is one of the most
elegant ever made in the field of surface diffusion. The role of lateral
interactions played an important part in the diffusion of these elements.
To this effect the profiles observed had distinct kinks at various
coverages corresponding to the position of various ordered structures.

These kinks in the coverage distance profiles occur because of the extra

stability of the ordered structures and have been observed for other



46 47
systems,notably for the spreading of Th on W ~113~ , Ba on W ~l10"

and Ba on Mo [ii0o] . For Pd and Au diffusion the dominating influence
on the profiles proved to 'be the presence of second layer atoms. These
atoms are free to "roll"™ over the first layer and extend the width of the
adsorbed patch; in doing so the second layer atoms are converted into
more strongly bound first layer atoms and the energy of the system is
lowered. This mechanism is very similar to the diffusion of physisorbed
gases which roll across the chemisorbed atoms until they reach an empty
site when they transfer to the deeper well49- The process is known as

the "unrolling carpet”. In these studies results were obtained in strong
support of the FIM observations that diffusion was sensitive to the
anisotropy of the surface. This was done by comparing the diffusion on

a stepped WA110N plane in different directions. It was found that Pd
could not spread in a direction perpendicular to the steps as fast

as it could in a direction "parallel to the steps (110 terraces). Thus it
was seen that circular patches of adsorbate assumed oval shapes under
heat treatment.

3.4*3* The Diffusion of Gaseous Adsorbates.

We shall divide this section into two separate sections. Firstly a
brief review of the diffusion of physisorbedspecies is given.The second section
will be longer and the diffusion of chemisorbed species will be reviewed.
Particular reference will be made to the system 0/W [iio},since this is
the only system which has been examined by a number of different techni-
quesjBO that work on field emitter tips and bulk single crystal planes
can be compared. The relationship between the structure of the surface
as viewed by LEED and surface diffusion will be examined.
a)Physisorbed Species.

It has been observed that when gaseous adsorbates are condensed onto



W field emitter tips at 4 .2K,thep, when the tip temperature is raised to
"between 20k and 40K a sharp "boundary is observed to move across the tip
49,51
. The process has "been discussed in the previous section; the
unrolling carpet. The "boundary displacement x at time t is given 'hy,
t
X v (DX N/Nt )  _....... 1
where N is the surface coverage and the density of trap sites.
In many studies it has "been impossible to control such low temperatures
or to measure them so that data collection at only very few temperatures
is possible. Usually D is found from use of equation Il and using a
calculated estimate of DO, can be found from equation 2. This type

of analysis is less accurate than Arrhenius methods but results onW53

show that EmVaries from 0 .4kJ mol_I to mol_I (for the adsorbates
H and CO respectively). This work was also notable in that it showed
that the diffusion of H took place in certain preferred directions.

In this type of study it is usually found that the lifetime of the

physisorbedspecies is of the same order of magnitude as the time of the

experiment and so desorption as well as diffusion is observed. Such

30,51

processes are described by the equation ,

X - £a exp(-Em /kT) exp( Ed /kT)}  .-.... 12

where Ej 1is the desorption energy. If, Emis measured where the
54
lifetime is long,then, Ej can be found. For 0 onV the measured value
-1
of Ej was 9-3kJ mol . For the t state of N on W at JJK no migration was

55
observed , implying that the desorption and the diffusion energies
had about the same value or the diffusion process took place with an
activation energy that was about equal to an energy that converted it

into a more strongly bound state.

b)Chemisorbed Species.

8

Using the method described earlier, Polak and Ehrlich investigated

the diffusion of the state of N over a V £ lIfi]surface.
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| 2 _1

2 - _
exp (-87.9 kJ mol /RT) cm s

The equation > D m4Jx 10_
was found to Fit hie results (illustrated in Fig.5 )over an experimental
temperature range of I100K.This value was found to 'be insensitive to the
initial coverage of > N, not too surprising a result since lateral
interactions on this surface are very weak between the N adatoms.
Evidence for this is the observation that N forms only a very weak

56
c(2x 2) pattern on V £110) and desorbs from the surface over a very

57
narrow temperature range

58
Chen and Gomer have used the flicker noise technique to study the

diffusion of CO on the same surface? this system is much more complicated
than N discussed above. Firstly,below 300K the CO is adsorbed as a
molecular, virgin state and no diffusion of this species could be seen,
presumably because the mobility of this state leads to the formation of
a more strongly bound ft state. Further adsorption onto the Tt state
produces a molecular OC state and this again was not observed to diffuse
because ofJ similar desorption and diffusion energies. Measurements at
650K did show that the ft Btate did diffuse and could be described by,
-5 -1 2 -1

D- 2vlO exp(-94 kJ mol /RT) cm s
and like N no significant change in this relationship could be found
as a function of coverage. This is something of a surprise since the
diffusing species is thought to be 0 adatoms which form a p(2 X1) structure
on the surface and 0 atoms,when on the surface from oxygen adsorption,
show coverage dependent diffusion parameters. This contradiction has been
explained in terms of a very strong C-0 interaction compared to a weaker

0-0 interaction. There is some evidence for this in photoemission exper-
59
iments.

Chen and Gomer have extended their studies with this technique to
60
study the system 0/W £110j . Here there was a very noticeable effect of

coverage on the diffusion parameters. The results are shown in Fig.6.



-1
At 6<0.2, E,,was found to be 60 kJ mol . As the coverage rises to a value
-1

of ©= 0.6, E~also increases to a value of 36 kJ mol . During this
-7 4 2 -
increase the DO value was found to increase from 10 to 10 cm s
IT D is plotted as a function of coverage (at constant temperature) a
distinct maximum is seen to occur. However, this work hasanumber of
puzzling features. The magnitude and the increase of D0 can not he
explained and may he due to the technique rather than any surface proper-
65

ty.Also it has been shown that as the temperature increases,the current
fluctuations should also increase if repulsive interactions exist between
the molecules,and this was observed.® This is in apparent contradiction with
the increasing value of Emthey found.

The 0/w£110j system had been investigated three years earlier by

13

Butz and Wagner but in this work the sample was a bulk single crystal

rather than a field emitter tip. The authors could deposit a very sharp

initial coverage profile and then diffuse it. Their results could be

61
treated using the Matano analysis . Thiﬁ is based on the equation,
D(N) - _ I dx _fxdN
* H 7 dl
>
where JdN = 0  and when wt=0 if x>0, NpNd
M, -

t=0 if x<0,N-N,

This assumes a perfectly square boundary between two coverages NO and N,
at an initial position of x =0. This is a very useful analysis method and
allows the evaluation of coverage dependent diffusion parameters to be
performed very easily. Typical .results from Butz and Wagner are shown in
Fig.7 and it is quickly seen that material gained on the left hand side of
the boundary does not equal the amount lost from the right hand side.

Thus the results violate the boundary conditions above. Despite this»the
authors continued with the analysis and found that the activation energy

-1
did not vary with coverage ;:a constant value of 113 kJ mol was reported.

However, D did vary with coverage and is shown in Fig. .8, displaying a



large peak just "below 0 -£. D”also showed, a large variation, changing
from 0.02 to 0.38 in the coverage range 6-0.4 to 0.9.
10 51
Experiments at Liverpool coupled with theory are in strong support
of these findings and have helped to form a coherent theory for the
Osv £110$ system "by providing an explanation of the diffusion results
62-64

using a number of LEED observations . It is clear that the increasing

58

Em value with coverage noticed "by Chen and Gomer is due to the presence

62-64
of adatom lateral interactions on the surface. The work of Lagally
shows that at the coverage and temperature where the Em value was found
to 'te at its lowest, the adatoms are randomly distributed across the surface
and the diffusion energy is the value for an isolated adatom. At the
high coverage region”™the temperature was low enough to allow the surface
adatoms to form an ordered p(2x I) surface phase because of next-nearest-
neighbour attractive lateral interactions between the adatoms and thus

13
the Efnvalue should be expected to increase. Butz and Wagner may not
have seen this because their experimental curves clearly showed
some non— diffusion linked effect. The peak observed at near 6= 0.5
in D versus coverage plots can also be shown to be due to these interac-
51

tions. A Monte-Carlo simulation shows that a distinct maximum in D
should occur at 0=0.5 provided that nearest-neighbour and next-nearest-
neighbour interactions are taken into account. Thi"s system emphasises

that there is a strong relationship between the surface structure,

as observed by LEED, and the surface diffusion of adspecies.

3 .5> Concluding Remarks.

It is hoped that this review illustrates the importance of surface
diffusion in the field of gas/solid interactions. It is clear that there
is a dreadful scarcity of reliable data in this area of surface science,

and most of the data has been collected on W, presumably because of the



ease of producing V field emitter tips. However, techniques are available

that can produce bulk single crystal planes of almost any metal and

surface science is certainly capable of measuring diffusion of adspecies

across these planes. Two measuring techniques may assume primary importance,
ion

scanning AES and scanning secondary mass spectroscor>y , because of the

ease of scanning and producing very small diameter electron and ion beams,

It is to be hoped that future investigators are more adventurous in their

choice of systems and possibly look at systems important industrially.

aB well a8 theoretically.
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Fig.-1. Potential energy plots as a function of distance for a molecule

travelling across the surface.



FIG.1



Fig. 2. The effect of lateral interactions on the notential energy

wells for the migration of an adsorbed adatom.



FIG.2



Fig.3* The effect of lateral interactions on coverage profiles. The initial
51
profile was a.square '"boundary. Taken from Bowker and King
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Pig.4- The spreading of a K patch across a polycrystalline V surfacej
6

taken from the work of Bosworth
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Fig.5* Diffusion profiles from the work of Polak and Ehrlich showing

theoretical curves(top) and the experimental results.
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Fig.6.The variation of E-. and versus coverage for 0 on W £11(Q3
* 6o
Taken from the work of Chen and Gomer



KJ mol“

025

0-5

COVERAGE



Hg . 7. Coverage versus distance plots for 0 on W $110n after heating
o}

an initial square boundary ( at is0O) for different times at 880 c.

13
Taken from Butz and Vagner
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Pig.8. Variation of D versus coverage for two different temperatures,

13
as measured 'by Butz and Wagner.
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CHAPTER 4: SURFACE DIFFUSION OF CHEMISORBED OXYGEN ON V £1103



Suface Diffusion of Chemisorbed Oxygen on WALioj.-

M.A. Morris, C.J. Barnes and D.A. King.

The Donnan Laboratories, University of Liverpool.Liverpool L69 37X.



I. Introduction.

Quantitative diffusion studies of adsorbed snecies on single crystal

surfaces are relatively rare, although several promising techniques are

now availablel"3 . On macroscopic single crystals(as distinct from field

emitter tips) a recurring difficulty arises from competition betw

diffusion and other processes,particularly desorption, absorption and

surface reconstruction, at the temperatures required to shift a diffusion

boundarydetectable distances. This is a major reason why oxygen on UINIO]

has become a favoured system: diffusion over distances of a mm in short

times ("WOO sees) occurs atrvHOOOK. Desorption occurs at temperatures

in excess of 1800K, provided that the coverage does not exceed half a

monolayer”™ No oxygen incorporation has been observed under these conditions.

mMoreover ,,. detailed structural studieszgf the o/w£110$ system have been

«ported, the phase diafram determined, and lateral Interaction enertlee

W e been estimated! The relationship between the coverage dependence of

diffusion coefficients and lateral Interaction, between dlffaalnt specie,

ha. been theoretically Investigated. The O/Villiol system provides an

opportunity to test the inclusions from these etudle.. The object of the

present work was to obtain more detailed results concernlne the coverage

dependence of the diffusion parameter, for thi. system than previously

obtained, and to re-emamine the validity of results obtained usln* the

field-emission flicker-noise technique.(or density fluctuation) for

the same system.

Durl¥ oxy4en adsorption at 3°°* on vfll1oS . islnnd. of a p(2 *D

structure are formed at low covered, coverins the surface at a frac-

tional coveraie of 6 —0.5 (relative to the density of ¥ atoms In the

surface)9 The domain etructure which ha. been obtained Is shown In

rid. Ho reconstruction of the surface occurs up to HOOK. The overlayer

disordering temperature, Tci Is stron5ly dependent on coverace: at



©<0.35» ~ - 45@ corresponds to island dissolution; and at 6> 0 .35»
T = 700K is an order-disorder transition? Various estimates of lateral
interactions have been made on the "basis of these results. Pairwise
interactions fail to explain the formation of a p(2x 2) structure
observed at ©=0.75, "out not at o= 0.25, and for this reason 3-body

10
(trio) interactions have been included. Pairwise interactions are
indicated in Pig.l., to which are added trio interactions between

*

adatoms forming the smallest triangle. Good agreement haa been obtained
“o— -1 -1
with; 0 ,=7hd mol *%t01=-5 4hJ mol ;wj=0; s 4e7kJ mol »

<]
Nj*~.3kJ m°l Theoretical calculations provide support for the importance

of trio interactions.
2 . Experimental.

The uhv chamber, pumped by a combination of ion and liquid-nitrogen”” =
cooled titanium-sublimation pumps and routinely producing pressures

-11 11

in the low 10 torr range, has been previously described. It is
equipped with Varian four-grid LEED/AES optics, with a Faraday cup,
and a quadrupole mass spectrometer, and a calibrated directional source, of
gas. The retarding field analyser was used to monitor oxygen coverages
by AES, and diffusion profiles were measured by scanning the crystal
across the electron beam, using accurate micrometer gauges on the
manipulator. In this way diffusion distances were-absolutely calibrated
and the incidence) beam and analyser conditions were maintained constant.
The mounting of the w£llC>3 crystal, viaWwires passed through spark-
drilled holes in the sample, is as described previously for a V £100%
crystal. Crystal heating and control was achieved by resistive heating
of the support wires for temperatures up to 7~0~. foh temperatures »hove

this electron bombardment was used. Temperatures were measured with a



V-Re 3% / V-Re 252 thermocouple housed In a spark-drilled pit in the
crystal edge. The crystal was cut and polished to within AO of vV £110N
and haB the dimensions 5*5*1 *5 mm. The crystal was cleaned in situ 'by
repeated heat: treatment in high fluxes of oxygen to about 1800K, with the
occasional flash up to 2500K. All traces of carbon were removed.

A localised patch of adsorbed oxygen was formed on the VAII10” sample
using the directional oxygen beam and shielding shown in Fig.2. A small
diameter hole, of measured length (0 .685mm) and diameter (0 .55mm) acts as
a source for adirectional flux of gas at the crystal which can be
calculated for a given pressure behind the source. The shield,S,can be
interposed between the source and the sample, either to cut of the gas
supply to the crystal completely (useful in absolute sticking probability
measurements) or,by aligning one of the slots in the shield with the
crystal, to deposit an appropriate adsorbate patch on the crystal. The
slots were cut in two orthogonal directions so that directionaleffects
in diffusion could be studied. The boundary produced by oxygen adsorption
on V £110J at 300K, with a sourceto crystal distance of 5 cm, determined
by scanning the crystal across the <110> direction in front of the
electron beam, is shown in Fig.3. A good step function is produced, an
essential”~rerequisite for detailed studies of diffusive coverage profiles.
3* Absolute Sticking Probability, Surface Coverage and LEED Intensities.

The directional flux oxygen source provides a convenient and accurate
means of measuring the absolute sticking probability and surface coverage.
During dosing the randomised flux of oxygen in the uhv chamber is
measured with a mass spectrometer, giving a pressure P, with the crystal
out of the gas beam, and a smaller pressure P" with the crystal in the
beam. The sticKIng probability, 8,is then simply:

O- 1 (P-T»)
T P



where f Is the fraction of the flux leaving the source which Is Intercepted

by the crystal. From the absolute intensity of the flux at the sample,

the coverage,Njis obtained from”
N« Jq .edt.
The variation of s with N for oxygen adsorption on the wf HO I sample
used for the remainder of this work 1b shown in Fig.4_With the crystal
at 300K the zero coverage sticking probability is 0.41(-0.015); s is
14

almost indenendent of coverage up to 6 5*10 atoms cm , and then
14

decreases quite precipitously towards zero at 7**”~0 atoms cm ,
corresponding very closely to half a™monolayer defined in terms of the
density of surface V atoms (14*7* 10 atoms cm superinp086” on
this figure is the observed variation in intensityof the (£.0) LEED beam
from the p(2X 1) structure at a primary beam energy of 65eV, the (£,£)
from the p(2x 2) at eV, and the (1,0) integral order beam at 72eV,
corresponding to the (Ixl) structure. Above the half monolayer position,
coverages were estimated from AES peak-to-peak height, calibrated at
6 =0.5. The maximum intensity of the p(2x1) structure occurs at -0=0.5,
of the p(2X 2) structure at 6=0.75; and the (Ixl) at 6=1. The initial
esticking probability, functional dependence of s on N, and maximum
intensity” p(2X1) beams are all in agreement with the literature.

We note here that we obtained very different results from another
W flio} face, also cut to within £0, and cleaned and polished to give
good Auger spectra and LIED pattern. The initial sticking probability
was 0.62 (t 0.015); and the coverage at the maximum intensity from~the 5
p(2xi) T,m beams, where s falls rapidly, was found to be 13X 10 atomscm.
We have no explanation for the behaviour of this particular crystal face,
which was regarded as anomalous by comparison with the literature, and

hence discarded. The most likely explanation is the presence of a high

density of ddfect sites, although we could find no evidence of these.



The sensitivity of oxygen to such effects may explain discrepancies
previously observed in the literature for this system particulary in
electron stimulated desorption studies. No anomaly was found for CO

adsorption on the same face: the initial sticking probability (0.88)

14 -2
and saturation coverage (11.5x10 molecules cm ) at 300K agree well

15

with the literature.

4. Surface Diffusion.

A typical set of results showing the spread of .boundary profiles
as a function of time,at 1063K, Is shown in Fig.5.Tha initial boundary
is a 6 -0.5/0 =0 step, which is readily obtained because of the sharp
fall in s at 6 =05 « To obtain data at higher coverages, much higher
beam fluxes were employed; under this condition the background pressure in
the uhv chamber was sufficiently high to produce a coverage of ©*0.5
on the shielded part of the crystal. 6 - 0.75/ © =0.5 steps could be
produced in this way, and a set of data at temperatures between 990K
and 1313" are shown in Fig.6 . Higher coverages could not be achieved
without losing the sharp edge at the adsorption temperature. Care was
taken that during the diffusion step effects were unimportant.

Diffusion profiles of this sort can be readilyanalysed to yield

the diffusion parameters. Diffusion 1b governed by the equation,

3N .2 dM M
it "51
where N is the coverage, t the heating time and x the distance moved at
the coverage N. D”) is the coverage dependent diffusion coefficient. IFf
the diffusion process is of the random walk type, it can be shown,
x = (D)
Thus curves taken as a function of heating time can be treated to yield

a single curve at one constant temperature. An example of this is shown

in Fig.?, for T =1063~ and illustrates the quality of the data. The



55

diffusion process is an activated process described 'by the equation,
I1"exp (-E~/RT)

where DO is the preexponential of the process and E*% is a coverage

dependent activation energy. Tor "boundaries that are initially perfectly

square before diffusion takes place , D can '"be calculated at any coverage

16
from the equation,
D - -1 dx
27 dN
N.

The initial "boundary is at position x 50 between two coverages N, and NO
N is the coverage at any point between these two values. Note that NO

is the coverage at t-0 and x~0 and that N,is the coverage at t=0

and x~0. This analysis has the important boundarycondition, ,® U—
No
xdN = 0 .
N,

This equation is very important, it states that any material lost from

the high coverage side of the boundary must equal the material gained

at the low coverage side. A similar analysis for this system has been

reported in the literature but this boundary condition is clearly not
17

met ; in~the present work this was always found to be true.

Using this analysis plots of D versus coverage can be drawn up and
examples of these are shown in Fig8 . The logarithmic values of D at a
particular coverage for various temperatures,v.is used to find the
activation energy and the preexponential for diffusion, utilising an

Arrhenius type plot. Fig. 9 shows these plots, and the Em and De values

extracted from these are shown in table 1I.
5. Discussion of the Surface Diffusion results.
It can be seen that the activation energy increases strongly with

18

coverage, 1in agreement with the results obtained by Chen and Gomer



5b

The value of the activation energy for diffusion agrees well with the high coverage
-1 -1

results presented by previous authors; 123 - 10 kJ mol here, 11~ kJ mol
17 -1
measured by Butz and Wagner , and 101 kJ mol as determined by Bowker

19
and King . The value of the preexponential is also of the same order

of magnitude as reported by these authors.

The variation of and DO are shown in Fig.10., also shown are the
18
values obtained by Chen and Gomer for comparison. The variation in
Em noticed by these authors has been confirmed here; other authors have
been unable to confirm the results because Of experimental difficultiesf

and these have been overcome in the present work. The variation of

has been attributed to the presence of lateral interactions between the

i
adatoms . The graph shown can be extrapolated to zero coverage

yielding a value of 63 kJ mol_l»in very good agreement with the value of

-1 18
56 kJ mol as found by Chen and Gomer . This value of the activation
enerjy is associated with the diffusion of a single isolated adatom, one
that does not feel any lateral interactions with another adatom. The

|

increase in E*>for Chen and Gomers results has been explained using
the phase diagram for the system. For 0<0.35 the island dissolution
temperature is 450~ and at the temperatures were the experiments were
carried out (above this) the adatoms should be randomly distributedl and
have the isolated adatom diffusion energy. For 0>-0.35 the transition
becomes an order-disorder transition at Tir”"00K above the diffusion
temperatures used by Chen and Gomer; hence the increase in E i s due

to the attractive interactions between moleculesin a p(2x1) island. The

results presented here, since all experiments were carried out above TOOK,

would seem to indicate that there is enough short range order between the

adatoms to make a contribution to th« diffusion energy. This contribution



may "be expected to increase as the coverage increases and so produce the
variation of E~observed here. If we write the difference in energy

between the two regimes, we can equate this to the interaction energy

"between the adatoms, i.e.,

elT -21- 2(i0~uQ)
faa = 1 1 , -1
Using the values of and £ found here, 7§ kJ mol , In
good agreement with the interaction energies reported by V.Y.Ching et al.
I*

Butz and Wagner report that they see no evidence in their activation

energy plots for an increasing value for Em . However_if their high co-
z

verage "boundaries are examined( a step profile "between 0 -1 and 6 =0.5)

it can 'te seen that at the x a0 position the crossover of the diffused
20

"boundary is "below 6 »0.75_ It has been shown that this is indicative

of attractive interactions between the adatoms. The crossover of the

low coverage boundaries does not show a similar effect”presumably then?
we would expect the sort of variation in I~noted here; this is explicitly
shown when the coverage profiles are examined,Tigs.5 &6t which show

exactly the same effects.

The variation of Do shown in Fig.10. is not as easily explained. A

18

strong variation of De was also found by Chen and Gomer .;it seems
/
likely that these results are almost certainly incorrect. The absolute
A

values reported by these authors are »factor of 10 too low. This

difference is ascribed to the fact that the field emission fluctuation

technique used by these authors leads to De values which are likely to
21 19 17

be misleading . Bowker and King and Butz and Wagner report similar

effects of the same order of magnitude but at different coverages. It

can be shown that,
2

DO -va exp (£S../k )
4

where V is the vibrational frequency of an adatom, and a the mean square



Jump distance. AS-"~is the entropy change associated with surmounting the
energy harrier. We can only surmise that the diffusion process occurs

through a number of different routes, possibly as clusters and individual

adatoms.

17 18

Butz and Vagner and Chen and Gomer both report a large peak in the
diffusion coefficient as a function of coverage. Fig.9 shows that the
same effect has been noticed in the present work. Using a Monte-Carlo
analysis Eowker and King8 have shown that this is due to t e presence
of attractive next-nearest-neighbour as well as repulsive nearest-
neighbour lateral interactions on the surface, and should produce a peak
in D at 6=0.5. The previous work shows that the peak is below this cover-
age. However this may not be so;Froitzheim et al have proposed that the
saturation coverage for this system is greater than one, this would ensure
that the results of Butz and Wagner were ehifted to higher coverage. In
the present work (unlike Butz and Wagner) we are able to measure absolute
Burface coverages and so have confidence in our values. It can be seen
that the peak reported here is slightly above the half coverage position*,

23
a recent theoretical study supports this. The theory again”™ mode s
the surface with the lateral iInteractions discussed earlier.
5. The Directional Effect in Surface Diffusion of 0 on W £110} .

The results above refer to a boundary moving id the <110 >direction.
Results were also obtained by depositing the boundary ~degrees to the one
used above and scanning in the <00I1> direction. No differences were
observed,as illustrated in Fig. H where an activation energy plot at

14 -2
a coverage of 4Xx 10 atoms cm  for both directions is shown: the

agreement is very good indicating that diffusion is isotropic for this

system. Presumably the agreement of Rvalues recorded by other authors

is because of this property.



6 . Conclusions i.

a) The diffusion of 0 on W £110J is dominated 'by the interactions between
the adsorbed adatoms. These lateral interactions are the same ones that
result in the complex phase diagram for the system. The dominant interact-
ion iIs the next-neareBt-neighbour attractive interaction which cause the
activation energy for surface diffusion to increase as the coverage
increases.

b) All the effects predicted for a Bystem where attractive next-nearest
-neighbour interactions are important, are observed in the same study.
These are 1) An increasing activation energy for diffusion as the coverage

increases.

11) A strong increase of the diffusion coefficient near the half
coverage position.
I1l1) The point where a diffusing boundary passes through the \
initial boundary position occurs below the half coverage
position.
c¢) The magnitude of E~and DO measured here agree well with previous
work. It seems likely that DO measurements using the flicker noise
field emission technique are misleading. The agreement between the
measurements would seem to indicate that the large number of defect sites
( although a small percentage of the total number -of sites ) present on

any bulk single crystal, have no, or a very small, effect on the

measured values.

d- There is evidence that the attractive lateral interactions between the

adatoms are Btill felt by the adatoms when the p(2* I) islands are

disordered by DEED.

e) Diffusion is isotropic on the W FI103 face.
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TABLE 1.

E-m (

kJ mol

76.61-5
89.5
100.5
1.4
117.8

123.1

0.019 *3%
0.10

0.05

0.019

0.40

0.63.



Tig.1. Domain Structure for p(2x"I™~0 islands on IFfC 110 .
Also shown are the two-body lateral interactions that exist between

the adatoms.






Fig.2. Schematic illustrating how adsorbate "boundaries were deposited

on the crystal.






Big.3” An example of the adsorbate patch deposited on the crystal at
300K. Two different examples are shown (onen and Ffilled circles) to

illustrate the reproducibility of the method.
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Fie.4 . sticking Probability and Leed intensity as a function of coverage
for O/villO] . Half filled circles and the LEED data refer to adsorption
onto the crystal used in these experiments. The half filled circles are

data from a second crystal. Open squares are intensity measurements of a

(1,0) LEED beam (72eV); filled squares from a (£,P) "beam (65eV); and half

filled from the @m-£) beam (96eV).






The spreading of an adsorbate boundary, a &-0.5 /7 0™0 step,

as a function of time at 1063K.






Fig.6. The spreading profile of a 6=0.75/ ©~0.5 step as a function

of time and temperature.
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Fig.7. A time reduced, plot of the data in Fig.5. (Obtained by making th
i

dimensionless.)
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Fig.8. Plots of D against coverage tased, on an analysis of the spreading

profiles.
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*ig.9. Arrhenius plots of Log D versus reciprocal temperature for

different coverages.
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Fig 10. The variation of and DO with coverage. For comparison the resul

18

results of Chen and Oomer are also shown, "but note that their DO

values have teen multiplied ty 10 Chen and Comers results are drawn as

(----),present work as ¢€-------- )






14 -2
Fig-11. Activation energy plots at NMx 1 0 atoms cm for diffusion

in the <00I>direction (open circles) and in the < 110> direction

(filled circles).
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CHAPTER 5: THE ADSORPTION OF POTASSIUM ON W¥ 110j.



6i

I. Introduction.

The adsorption of alkali metals on to single crystal planes of metals
lb one of the most studied fieldB since the advent of surface science. The
interest,here,has "been generated because of two important factors. Firstly,
they are readily treated theoretically and so have often "been used as
"ideal adsorbates” . The second reason is that they are of great importance
industrially; they are often used to increase the emission of certain
filaments (they lower the work function of the refractory metals), and
the ultra-low work functions they sometimes produce may lead to the

|
development of a near perfect Thermionic Energy Converter.

The most studied of the alkali metals is Cs, due, in part, to the very

low work functions observed when it is co-adsorbed with oxygen on to
2

tungsten. It has been well proven that for Cs and the other alkalies that

3
the binding energy of the alkali decreases with the weight of the alkali.

Work Tfunctions show the opposite trend going to ever more positive values
.Both effects are due ostensibly to the enhanced

46 7 8-10

polarisability as the radius of the atom increases.Li , Na and Cs

as the group is ascended

all form ordered structures on the W £110$ surface, many of these .
11

displaying order/disorder transitions below room temperature and as a

consequence many of the structures can not be observed at room temperature.

11
It would seem that the phase transition temperature increases with the

molecular weight of the alkali. From the LEED results we can build up a

behaviour pattern for the adsorption of these metals. Firstly, provided

the temperature is low enough, ordered commensurate phases are formed at

low coverages (6<01) and there may be several of these dependent on the

coverage. As the coverage nears a monolayer the system exhibits the pattern

due to hexagonal, close-packed layer* of adsorbate, with no registry with



the surface. These are normally visible at room temperature.

Basing explanations of surface properties of alkali metals on depolari
tion effects is being, challenged. Many of the alkali metals exhibit work—
function minima as a function of coverage; explained using this type of
approach. Tgwever results for V depositionon toV fik>3 show similar
variations, but the explanation is based on terms of surface mobilities.
The decreasing binding energy of alkali with increasing coverage may

also have a different explanation; similar results have been observed

for non-metal adsorbates and the variation is due to lateral interactions

23
"between the adspecies . Highly charged alkalies should show similar
effects.
Layers of alkali metals are strained due to their large -ionic :e-

radii and this,coupled to low sublimation energies,ensure that multi-
layer growth is rare. To this effect reports of layer growth of Cs on
W ClOOg B3 have been met with some scepticism.

Vast amounts of experimental and theoretical information have been
obtained for alkali metal adsorption,but much of it is conflicting.
This iB due,to a large extent, to the problems of maintaining good surface
cleanliness during adsorption; alkalies are extremelyr sensitive to small
impurity c;ncentrations35-lt has been pointed out that the high order T.vim
patterns observed for Zr adsorption on V/~ 100" are the result of oxygen

14
contamination . Tables of desorption parameters drawn up by Hurkmans et

3

al have allowed much of the previous work to be classified in this

category.

2. Experimental.
15

The system haB been described elsewhere . It consists of a stainless
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eteel chamber equipped with a 250 1b ion pump and a titanium-sublima-

“"firing"” on toa liquid nitrogen cooled shroud. Base pressures
-H
are in the 2x10

tion pump

torr range.Tkere ;is a mass spectrometer for residual

gas analysis and an R.F_A. for LEED and AES. Gbb inlet is from a

molecular "beam source or from the "background. The sample was a w£ll03
0

single crystal cut and polished to within \ of thef£ll0?surface plane,

measuring 75*75*5 mm. Temperatures were measured with a W-Re 5% /

W-Re 25# thermocouple located in a small pit drilled into the edge of

the crystal. Temperatures” 1000k were obtained using electron "bombardment

heating, "below this resistive heating was used. The thermocouple w*s

part of a feedback circuit vo.that the sample temperature could be contr-

olled to within 2K. The sample was cooled by liquid nitrogen flowing

through a stainless steel reservoir attached to the sample mounting block
Heat losses limited the sample temperature to 220K.

with a Conner braid.
15

The sample was cleaned in the manner associated with V until AES

showed the surface to be free of contamination.

Potassium evaporation was from a zeolite source coated on a filament

as described by Weber and Cordes . The filament was part of an electron

gun like assembly at the end of which was a shield with a Bmall slit cut

into it allowing K to be dosed on to the crystal. Large shield to crystal

distances resulted in a homogeneous K covering. It haB been pointed out

that zeolite sources are prone to oxygen impurities, presumably through

breakdown of the zeolite itself. Mass spectra taken during the dosing

showed only a mass peak at 39 amu, no KO or KO were ever observed.

After degassing the source for 100 hours, it could be used without the

AES revealing any oxygen on the surface.
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3* Results and Discussion.

3-1. Adsorption Eesults.

AES studies have been performed relatively few times for alkali metals

18-21
adsorbing onto refractory metals , In particular,K has only been

19

studied once for adsorption on toMo £110$ and Mo JIOON . The AES peaks

of K were observed in the usualoositions of 36 aQd 25lev. Tig,l shows

a typical AES derivative spectrum for a K covered W J lioj system, recorded

with the primary beam energy of 2keV, modulation of 5 volts peak-to-peak

and primary beam current of 4//2.A. Tig.2 shows the peak-to-peak AES deriv-
ative height as a function of dose time for the K 251 peak and the W 347 eV

peak. It can be immediately seen that the graph is made up of a number of

linear sections with distinct knees where theieis a change of slope. This
1.5

indicative of layer-by-layer growth. We assume that in the initial

graph is

portion of the graph the first layer is growing and the incoming K ions

have a sticking probability of one ( recent results have shown this to

35

be true provided that the ion energy is low and in our case the incoming

ions had a energy of 2eV). The first observed change in slope occurs at

the completion of this monolayer and second layer growth occurs. This

layer iB completed at the second knee. It is important to note that the

time to complete the second layer is greater than the first. This is not

due to any source instability, as evidenced by the-agreement of two

senarate runs shown in Fig.2 . We explain this fact by assuming a lower

sticking probability of second layer ionsjand this evaluates to 0.65.

After completion of the second layer, third layer growth begins but at this

point the AES signal becomes less consistent despite no noticeable

decrease in the signal to noise ratio. We believe that this is due to the

fact that third layer K is only very weakly bound and that the lifetime is

small. Thus the databecomes sensitive to the dose time, the time to

measure the signal and the time to move the sample to the AES position.



After this some approximate saturation coverage is reached.

These assertions were checked by repeating the experiments at temper-
atures other than room temperature. The results for substrate temperatures
of 250 amd 350K are shown in Fig.3. At the lower temperature the second
layer is completed faster; the sticking probability evaluates to 0.82. At
the higher temperature it is incomplete and the signal is again inconsist-

- ent. First layer growth is unaffected as would be expected for strong
adatom-surface interactions. These results are in support of OUT model.

The aensitivity of the multilayers to temperature should come as no

surprise; using the Frenkel equation,
» 32exp(Eg /RT)

khere J is the residence time, 0b theoreexoonential and T the surface
13 -1

temperature. For t~-1.6x10 s , TsJOOK and Ej is the sublimation

energy of K, then 3™ is 1508. If the sublimation energy is raised by

10jo ( or T lowered by 10% ), O ” evaluates to around 15 minutes. This

also shows that multilayer growth is not unreasonable. It has not been
22,23 24
observed for the K/Fe system or K/Ni{l16} but has been observed for

K on WE£ 1ool . In using this model we assume that the sublimation energy
has been raised slightly, possibly due to some interaction of the second

layer K ions with the surface. This seems to be negligable for the third

The results here are very similar to results for the Cs/v~110°

20
system where second layer Cs was formed at 250K. Third layer growth was

layer.

never observed presumably due to the lower sublimation energy of Cs
-1
(Cs = 78.7 and K - 9° kJdmol ).The layer-by-layer growth mode observed

here is different to the growth of K layers on Mo £110% but thiB

may be due to temperature differences which strongly affect the growth

26
mode

Further evidence was sought that the monolayer point was correctly



assigned. Thie vas done by measuring the drain current of the sample
under an impinging electron beam. Fig.4 shows the drain current as a
function of dose time. The drain current saturates at a time equal to the
time taken to complete the first monolayer. This is good evidence that
our assignment is correct,since it is to be expected that such graphs
level off after the first monolayer has been completed. The initial
decrease of the drain current is very rapid and then slows dramatically.

The drain current,Irf, is a measure of the total secondary electron

yield current density,!$ . They are related by,

where 1,p is the primary beam current. Clearly the secondary electron yield
increases at the exspense of the drain current for an electropositive
adsorbate as here. The draiDcurrent is a sensitive function of primary
team energy, incidence angle, substrate outer Bhell electrons, atomic
radius and the work function. Since the work function of the system

17
does not show a similar decrease and the other parameters are unaltered,we
assume that the drain current is a very sensitive measure of electronic
structure. From these results we thus see a very small amount of K alters
the electronic properties of the surface drastically. There is some evidence

for this in that the presence of small amounts of K cause the sticking

probability to increase drastically on certain surfaces .

3*2. LEED Observations.

A thoroughinvestigation was made to look for ordered phases devel-
oping during the adsorption of K. At temperatures between 225 and 1000K
and coverages in the zero to two monolayer range.no new LEED patterns were
ever observed. At no point was a Leed pattern observed due to a close-
packed E surface. All that was ever observed was a decrease iIn the .
intensity of the (Ixl) clean surface beams and an increase in the back-

ground. This is shown in Fig.5,where the intensity of a (1,0) beam and
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the intensity of the background (both measured at J"eY)are plotted against

exposure time. At the monolayer ooint the substrate beam has merged into

the background. The distance between LEUD spots was also monitored[ during

the adsorption regime in order to look for lattice contraction, but there

was no evidence for these effects.

It seems likely that the temperature in these experiments was too high

to observe any ordered nhases at coverages less than a monolayer, however”

the lack of the close~packed pattern is disturbing. The usual exolanation ,
for this structure is that mobility has decreased "by enough to allow the

K adatoms to "lock into" an energetically favoured arrangement. We

assume that slightly higher adsorption energies may make this less

favoured.
3.3- The Desorption of Potassium

An attempt was made to evaluate the desorption energy of K from the
W ¢ 1103} surface. This was done by producing a homogeneous coverage of

one monolayer across the surface(the source could produce this type of

deposit at large sample to source distances) and heating®™ the surface

to successively higher temperatures for a periods of 30b . During thisjthe
coverage was monitored using AES. The results are shown in Fig.6 and
indicate that the desorption occurs in two separate stages.lt has been
shovm that the presence of two peaks in a desorption spectra can be

<1
explained in terms of lateral interactions between the adatoms , one

would expect that these are important for the large,highly chargedjK

ions. The desorption energies of alkali metals have been measured and do show

the sort of variation with coverage these theories would predict 22,28
Using the equation,
de - -re exP "3 /ET)
dt
the

(where 6 is the relative coverage,"*" the preexponential and E~

desorption energy) the desorption parameters can be estimated



13 -1

if b preer.ponential of 10 s is assumed. For the two stages in the figure
this treatment yields; 2.8 (low coverage) ana 2.3”~Mgh coverage). This

is well above the value measured in previous work . This 1is because
here we measure desorption of ions and neutrals,which takes place at
higher energies than neutral desorption. The values here are closer to

the values measured in field desorption experiments 5which is a

process akin to the one here.
3 .4 . The Surface Coverage of Potassium.

We have so far failed to mention the surface coverage of K with
respect to the W atomic density on this plane. Unfortunately this could
not be measured with any accuracy in the present work, thus we assign
a value using the work of Blaszcyszyn et al . It was shown that the
work function of the system K/ V [lio] reached a plateauat the monolayer
point and this monolayer coverage was found to be 5x10 atoms cm . We
adopt this value. This value is very close to the density of the bulk

14 -2
[iio] K plane; 4-99x10 atoms cm . Some verification was found for
this; at an impinging ion current of 0 .8x10 A,the surface reached
monolayer coverage in 16.6 minutes,and provided a unity sticking probab-
ility this corresponds to a K surface density of 5.2*10 atoms cm

in fairly good agreement with the quoted value.

3*5. Surface Diffusion of Potassium.

Diffusion of I. on polyorystalline W has teen studied a nujnber of times,

¢ - g of the authors report that the

3r, 38

activation energy , for surface diffusion increases with coverage, "

But the results are conflicting

while the third reports the opposite trend - The results of Bosworth
and Schmidt and Gomer are summarised in table 1. Bosworths results
are more in line with what would be expected from a surface covered
2 S.

with adatoms which have a very strong repulsive interaction between them 7~

this despite the fact that Bosworth probably worked with a contaminated



surface. The diffusion process can he described by the equation,
D -\VI 2exp( A S-~/K) exp(- 3M/kT) =D0 (- Em/KT)

where V is the effective vibrational frequency of the adatom, 1 the mean
square Jump length and D the diffusion coefficient. The overall preex-
ponential DO is known bb the diffusivity and the activation energy for
diffusion is E,N\.

In this work diffusion was followed in the manner described below.
Using a small crystal to source distance a small diameter patch could
Be deposited onto the sample. This patch could then be measured by
turning the sample towards the AES beam and measuring the AES derivative
height;using accurate micrometers on the sample manipulator this could
be performed at various points along the sample. In this way coverage
versus distance profiles could be obtained. By heating the sample
diffusion could be monitored by rescanning the profile and Iggking for
Peajc shape changes. The peak shape analysis used by Bosworth could
not be used here to analyse the results because the initial Y. patch was
so large that the large peak shape changes needed” for good experimental
accuracy would have introduced edge effects. Instead the method used by
Bowker and King~was followed. This consisted of measuring the change in
tlle width as a function of time and termerature . Typical results at
two different coverages are shown in Figs. 7 and 8. At 6 0.2 for a
temperature of 610K and at 6 =1.0 at a temperature of 500K. For a random
walk process it is necessary that the increase in width of the patch is
proportional to the square root of the heating time. Experimentally this
was found to be true,as shown in Fig.9 for both high and low coverage.
Arrhenius plots of D (equal to(Axf/ t , whereAx is the increase in

width of a peak) as the temperature varied could be constructed at the two

coverages used here and are shown in Figs.10 and Il. The results are
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displayed in table 1. It can 'te seen that Em decreases with, coverage "but it
must 'te pointed out that these are average values over the coverage range
used and that the variation may 'te larger than these results indicate.

The Em values here aooear to be large when compared to the previous
results, this may be due to a single crystal plane being used here rather
than a polycrystalline sample, due to a higher degree of surface cleanlix
ness used here compared to the older results,or due to an experimental
artifact. This may arise from the large error quoted with the low coverage
data.This uncertainty is because of the competition of desorption with
diffusion at these coverages limiting the temperature range to about 50k
when the two processes are readily separated.The high coverage data does
not suffer this problem to the same degree and thus is more accurate.

The value of Em at 6 =1 is in close proximity to the value measured for

54 -1
Cs diffusion on V $110? ; 14= 57kJ mol .

Despite the experimental difficulties it has clearly been shown that
E~ decreases as 0 increases. Following Bosworth we explain this as
being due to the large repulsive interactions between these adatoms
that exist. The low coverage results annroximate to the oiffusion energy
of a isolated K adatom.and as G increases the repulsive interactions attain
greater significance allowing the adatoms to diffuse more easily.These
repulsive interactions are also responsible for the decreasing E-tfas
the coverage increases.

4. Summary and General Conclusions.

In the present study we have demonstrated that K is able to form
multi-layers on W £110$ at room temperature* however~the stability of
these layers is very low. Desorption from the first layer takes place .

in two stages, each stage presumably due to the presence of strong
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repulsive lateral interactions between the adatoms. These lateral

interactions strongly affect the diffusion kinetics,causing the activation

energy for surface diffusion to decrease as the coverage increases. The

decrease found here is opposite to the variation reoorted by some authors

3338
using the field emission microscope. The results here clearly show

the importance of lateral interactions between adsorbed molecules and

thus fits the idea that these interactions dominate the desorption, the

adsorption and the diffusion in many gas/ single crystal metal surfaces.
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Diffus ion parameters of K on W.

REF

k /w 36
polycryetalline

K/V 38
polycrystalline

X/wfl10j THIS WORE

kJ mol

63

50

20

21

40

75

128 i 40

48.5110

TABLE 1

40

-6
1.6x10

-4
1.3x10

32

NOT MEASURED,
ACCURACY TOO LOW

0.16

COVERAGE
-2
atoms cm X 10

0.12
1.2

5.0

1"4



Fig.1. Derivative AES spectra for a K-covered 110~ surface






Fig.2. Derivative AES peak-to-peak heights plotted against dose time
for Y. adsorption. Squares are the signals from the W J>AJeV peak and
circles the signals from the E peak. Open ad. filled symbols are the

results of two different experiments.
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Hg - 3. As Fig.-2 except that the adsorption temperature is varied.

Substrate temperature equal to: |1, 250K, 11, Room temperature , 111, 357R.
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Fig.4. The change in drain current at the sarmole ratioed to the clean

surface result against time of exposure.
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Fig.5. The intensity in a (1,0) LEED spot and the "background as a

function of exposure time.






Pig.6 . Coverage versus sample temperature. Details in text.
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PigB.7 & 8. Typical coverage versus distance profiles before and after

beating, at low and high coverage.









We.9e Typical versus heating time for the data in Pigs.7 & 8.
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FigB.10 & I1l. Arrhenius plots for diffusion of K at high and low coverage.
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Introduction

Studies of the surface properties of indium, as substrate

or adsorbate, are rare, and are largely limited to 1iIts compounds

which form 111 -V semiconductors, particularly InSb and InP.

However, 1indium is often used to coat metals iIn mechanical

engines, as It protects the metal from corrosion and acts

i 1,2 . . . . . .
as a lubricant. "’ No quantitative information is available

concerning 1its diffusion properties, and indeed there is a

general paucity of quantitative diffusion studies of adsorbates

3
on single crystal surfaces. In the present work we have

attempted to remedy both these deficiencies by using LEED and

scanning AES to conduct a detailed investigation of the growth mode

the thermal stability and surface diffusion of indium on

W{100} . The diffusion studies are of central importance,
and form part of a research programme aimed at determining

the role of lateral adsorbate-adsorbate interactions in

_ a 4.5 ,
surface diffusion, ~ and the role of mobile "precursor”

states 1iIn adsorption and desorption kinetics.”
Indium is a metal._forming a body centred tetragonal

structure with some distortion. In the bulk, each atom has

four nearest neighbours at 3.24 8 and four next nearest
neighbours at 3.36 8. It has the largest temperature range
of all the elements between its melting point (429 K) and 1its
boiling point (2340 K).

The (100) plane of tungsten has been very extensively
studied, and particular interest has been shown 1in the

discovery that the clean surface undergoes a reversible

surface phase transition at "w30 K.7
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2. Experimental

0
The uhv system, previously described in detail , is

equipped with Varian 4-grid LEED optics and a VG Q8 mass
spectrometer. LEED intensity measurements were conducted
with a Video camera interfaced to a microcomputer, supplied
by Data-Quire Corporation. AES measurements were made
with the LEED optics, typically operated at a modulating
voltage on the crystal of 6 V peak-to-peak. The system
was routinely capable of achieving "2 x 10 ~ torr.

The tungsten crystal was cut and polished to within

of the 1100 > plane, and cleaned iIn situ by the usual

method until no contaminant peak could be observed using----m
AES and also until the clean surface reconstruction (@ very sensiti\
test of the presence of impuritiesg) could be observed on
cooling below 370 K. The sample was heated either by
electron bombardment of by resistive heating of the support
wires, and temperatures were measured by means of a
W-5%Re/W-25%Re thermocouple Ilocated in a small hole spark-
drilled into the edge of the crystal. The thermocouple
output was used as a feedback to accurately control the
sample temperature for given time periods. The sample
was mounted on a manipulator with Vernier scales, allowing
accurate positioning and movement both horizontally and
vertically, and thus providing a means of recording AES
signals as a function of distance across the sample.

Indium was dosea onto the sample from an evaporation
source schematically illustrated in figure 1. It consists of

two narrow (ml mm internal diameter) stainless steel tubes,



sealed and spotwelded at one end to feedthroughs. The open

ends are attached to each other via a tungsten-ribbon, and the

tubes are loaded with pieces of indium wire (0.50 mm diameter,

99.999% purity, supplied by Koch-Light Laboratories Ltd.).

The source 1is resistively heated to 7700 K, and steady

indium deposition rates, at a source-to-crystal distance of

20 mm. of between 0.02 monolayers per minute and 4 monolayers
per minute, _.were readily achieved by controlling the temperature.

After an initial degassing period, the source could be used

at these deposition rates without an increase iIn background

pressure above 2 x 10"*°torr. It is bel"ieved that this

evaporation source design 1is particularly well-suited to

elements, such as Ag and Fe, where evaporation takes place

close to the melting point. The source is mounted with a

collimating shield, and provides a spot of indium on the

sample which could be varied between 2 mm and 15 mm in

diameter by varying the crystal-to-source distance.

3. The growth mode of indium films on WUOO} .
A typical Auger spectrum of the surface after a large

exposure (—vI5 monolayers) of indium is shown 1in figure 2;

the peaks at 345, 403, 417 and 460 eV are iIn close agreement

with previous studies of In. A careful examination in the

range 20 to 100 eV revealed no peaks 1iIn this range. The Film

thickness for this spectrum 1is sufficient to completely

attenuate the tungsten Auger peaks.

Both In and W peak-to-peak heights, A, at 403 andl74eV



respectively, were measured as a function of exposure of
the initially clean surface at 300 K to In, as shown 1in
figure 3. Excellent agreement 1is illustrated between two
independent runs with different dosing intervals (30 and
60 sec), which demonstrates the reproducibility of the
source.

For dosing times up to 3.8 minutes, the plot of ~(In)
vs time 1is perfectly linear, as shown iIn the inset to
figure 3, with a relatively sharp break from linearity at
this deposition time. Thereafter, the curve is continuous,
showing no further breaks which would be characteristic of
a layer-by-layer growth model0O; numerous runs -of-ttiis -type ee:
were recorded, and no evidence was found for changes in slope
at periodic intervals after the fTirst break from linearity.
Deposition onto the W{100} surface at 200 K produced an
identical result. A thorough 1investigation was made of the
possibility of alloy formation, by annealing the surface
at a range of temperatures. No change in the In or W peak
width or shape was ever observed; and no change in peak
intensity was noted until evaporation of In from the surface.
We conclude that alloying does not occur.

The break from linearity in figure 3 is tentatively
assigned to the point at which a complete monolayer 1is formed
Additional support 1is obtained from escape depth calculations
assuming layer-by-layer growth. Following Seah and Denchll,

the intensity of the In and W Auger peaks may be expressed

as



¢(In) = ¢(Inf exp (-msece x(403))

and (W) = ¢(W)O0{l-exp[-msece/x(180) 1)

0° 0
where ¢(In) and ¢(W) are the Auger peak iIntensities from

an infinitely think In layer® and the clean W surface,

respectively; m iIs the number of monolayers; and *(403)

and x(180) are the escape depths in monolayers of 403 and

180 eV electrons, respectively, through indium. The best

fits to the experimental data are shown in figure 4, and

were obtained with
X (403) = 2.5; X (180) = 2.25.

The In and W monolayer points show very good agreement with

these values for x

Linearity up to the monolayer point for ¢(In)

clearly points to completion of the first layer prior to

growth of the second layer. However, we note that the

attenuation of (W) as In is deposited onto the clean

surface is not linear, as 1is usually predicted for monolayer

growths; the initial decay is less than anticipated from

simple considerations. We believe that this non-linearity

can be attributed to the geometric effect indicated in
figure 5. At low coverages, trajectories of W Auger electrons

such as that indicated by path A are attenuated by scattering

through an indium atom; while trajectories such as that

indicated by path B are unaffected. On the other hand, as

the coverage is increased to a monolayer both the trajectories
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A" and B" are attenuated by their passage through adatoms.
Thus, 1if a retarding TfTield analyser, with a wide acceptance

angle, 1is used (as in the present work), and if adsorption

occurs randomly 1iInto surface sites, the attenuation of the

substrate signal should be non-linear iIn surface coverage.

On the other hand, 1if adsorption were to proceed by two

dimensional island growth of the first layer, the attenuation

should be linear. We therefore conclude that the first layerbegins

t form by random Ffilling of surface sites.

Finally, the monolayer point was checked by a simple

method. The total secondary electron yield, 6 , should be

a sensitive function of the surface electron barrier,”™ and

should therefore change continuously up to the;monolayer-point-;

and then remain roughly constant as further layers are

formed. The secondary electron yield is readily measured

by recording the drain current to the crystal as a primary

beam of electrons is impinged on it. In the present work

6 was measured at several primary beam energues as a function of

indium dosing time. A typical result is shown iIn figure 6 .

The secondary electron yield increases with indium coverage

(to be expected if In causes a decrease in the work function),

and the curve shows a pronounced knee at the monolayer point

defined by the AES measurements described above. No change in

6 was observed as the fTilm thickness was 1increased beyond a

monolayer.

From the behaviour of the Auger peak intensities with

indium deposition time, we conclude that the formation of an

indium film proceeds initially by random adsorption into

surface sites, Completion of a monolyer 1is followed by
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haphazard development of subsequent layers, possibly in the

form of three dimensional islands. This 1is known as the

Stranski-Krastanov growth mechanism, and is commonly observed

for metal film formation on metals. Layer-by-layer, or

Frank-Van der Me.rwe growth of films is only expected if the

lattice mismatch between the two metals is less than 9%.12

4. Surface Structure of Indium on WilOQ}.

The clean W{100} crystal exhibited a sharp (1x1) LEED

pattern with faint half-order beams,lattributable to the

onset of the low temperature (V2 x V2)R45° surface phase8,

just visible.at room temperature. The half-order.beams are.maore

intense and sharp at 200 K. Adsorption of indium on the

surface, at 300 or 200 K, resulted in a loss of the half-

order beams at very low In fractional coverages, accompanied

by an increase in integral order beam intensity (at a primary

beam energy of75 eV) to a maximum at the monolayer point;

the 1integral order beams then fade with an increase iIn back-

ground intensity until they eventually disappear at M mono-

layers. No new diffraction beams were observed throughout

the deposition sequence. The variation in intensity of

the (10) beam and the diffuse background are shown as a

function of exposure to indium in figure 7, for a substrate

temperature of 300 K. The width of the beams was also

monitored, but showed no change with coverage. The maximum

intensity occurs at the monolayer point defined by the AES

and secondary electron yield measurements, giving further

confidence iIn iIts assignment.



The intensity of the (01) beam (figure 7) shows a small
but very reproducible increase with very small doses of In,
amounting to <5% of a monolayer. It has been establishedo’
that very small amounts of impurity adatoms, such as 0, C or
N, prevent the formation of the low temperature phase.

For example, *2% of a monolayer of N adatoms was sufficient

to completely inhibit its formation.9 We therefore ascribe
this 1initial integral order beam iIntensity increase to

removal of the incipient reconstruction, with the

intensity scattered into the half-order beams on the clean
surface being returned to the integral order beams. (1t has
been found that 0.4 monolayers of In adsorbed on GeUIlO
completely lifted the (@2x8) reconstruction on that surface.1l3)
A further increase in In coverage to ~20% of a monolayer
results In no change in the (01) beam iIntensity; random
occupation of surface lattice sites, established from AES
measurements in the previous section, produces no coherent
scattering contribution to the LEED intensity. The sudden
subsequent increase iIn intensity as the In coverage is further
increased may be due to two-dimensional island formation at
this coverage. At one monolayer of indium, the intensity

and sharpness of the LEED beams 1is strongly suggestive of

a well-ordered pseudomorphic layer. This 1is in agreement with
a Tield 1ion microscope study of In on tungsten, from which
Nishikawa concluded that In overlayers have the same

lattice dimensions as the W substrate.1™ At monolayer coverage,

we therefore conclude that the In atomic density 1iIs the same



as that of the surface atoms in WilOOl, 1i.e. 10 x 10l4cm-2.
Above one monolayer, the substrate integral order

beam iIntensity is extinguished, and no other beams are

observed. The diffuse background intensity 1is increased.

There 1is no evidence for epitaxial growth, in contrast

with the In/Ge system.13 This result confirms the conclusion

from the AES results 1iIn the previous section, that the

growth mode 1is Stranski-Krastonov.

A thorough search was made for LEED patterns which
may be formed by annealing at elevated temperatures. The
crystal was dosed with In to various coverages and annealed
to increasing temperatures. No new LEED beams were observed
on cooling the crystal. The LEED pattern was also examined
with various coverages at elevated temperatures, and again
no patterns otehr than a (Ixl) or disordered*(Ixl) were

observed. No evidence was found for an order-disorder

surface phase transition.

5. Thermal desorption of Indium

After dosing the crystal with Iii at 300 K, stepwise
desorption was performed by rapidly (< 2 sec) heating the
crystal to a preset temperature, holding it at that
temperature for 30 sec, cooling the crystal and running
an Auger spectrum; the procedure is then repeated, increasing
the temperature at each stage, until the surface is clean.

The 1In AES intensity was converted to surface coverage 1in
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monolayers utilizing the calibration described iIn Section 3.

The results of two independent runs are shown 1iIn figure 8.

In the first (filled circles) the front face of the crystal

was covered with In by dosing at a relatively large distance

from the In source. In the second (open circles) the crystal

was repeatedly dosed at 300 K and annealed at 550-600 K, 1in an

attempt to ensure that both front and back faces of the

crystal were covered with 1In, since, as described in

Section 6 below, diffusion of the second layer of In is
rapid over macroscopic distances at this temperature.

The surprisingly good agreement between the two experiments

indicates that there is a negligible influence,of,diff-usion,.. ,

to the back face of the crystal on the overall 1loss of the

adsorbate from the front face as monitored by AES. We conclude

that the results iIn figure 8 refer exclusively to desorption.

Also shown 1in figure 8 1is a differential of the coverage

vs. temperature plot.
Evaporation from a thick film occurs down to two

monolayers over a narrow temperature range, 700 to 800 K; the

differential curve, corresponding to a desorption spectrum
at "2 Ks"1, produces a peak temperature Tp = 770 K.

Desorption of the second and Tirst monolayers occurs over a

wide temperature range, from 7”800 to 1200 K, giving a broad

peak iIn the differential curve, with Tp = 1050 K. Multilayer

evaporation is readily analysed, since, as shown experimentally,

by King, Madey and Yatesl) it is a zero order desorption process

and can be written as:
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de/dt = ve 'E/RT

with both the frequency factor v and the activity energy E

independent of coverage. The data in figure 8 readily

yield, from an Arrhenius plot of In”e/it) vs. 1/T,

E =240 kJ mol"1l; v = 1015sec_1.

The desorption energy is in good agreement with the reported

sublimation energy of In (-215 )kJ,>m0| ). Analysis of

desorption from the second and first monolayers is more

complex, since the results are clearly indicative,. o.f..a

strong dependennce of the desorption parameters on surface

coverage. However, assuming the same pre-exponential factor

as found for the multilayer (101 5se-c1 ), first order desorption

an equivalent heating rate of 2 Ksec"l, and Tp = 1050 K yields

E~ 340 kJ mol”1. The broad temperature range over which

desorption occurs suggests that the desorption energy

varies continuously over the range 250 to 350 kJ mol-1 as

the coverage decreases from e = 2 to zero.

6. Reactivity of In-covered WilOO) to CO and O

It was found that a multilayer-dosed surface at 300 K
left under uhv conditions over a period of 12 hours showed
no impurity peaks in AES. In an effort to investigate the

surface reactivity, 0O was admitted to a pressure of
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5 x 10 ° torr, and Auger spectra recorded after exposures of
up to 10°* torr sec. No Cor 0 Auger peaks were ever observed,
from which it is concluded that the sticking probability of

CO on the indium film is < 10_.4. The same result was

found for 02. The reactivity experiments were repeated

for films with just one monolayer thickness, and the same
result was obtained. Clearly all surface W100} sites are
blocked by In at this coverage (since Witself is very
reactive in CO and 02 adsorption.). We conclude that

indium very effectively passivates the W(100) surface for QO

and 02 adsorption under these conditions.

7. Surface Diffusion of Indium on WIIOOI.

7.1 First Layer Diffusion

Surface diffusion of indium was observed and characterised

by the following procedure. A small patch (*2 mm diameter)

of indium was deposited onto the centre of the cleaned

crystal at 7300 K, and the coverage vs. distance profile

of the patch was then measured along a fixed azimuth using

AES. The crystal was then heated to preset temperatures

for increasing periods, quenching to 300 K after each

heating period to again measure the patch profile. A large

number of such experiments were performed, varying the

diffusion temperature for a given patch coverage, and also

varying the patch coverage, over the range 0.5<e<2.0. In
all cases, the In AES peak intensity vs. distance profiles

were converted to coverage profiles using the calibration



curve, figure 3. The data are analysed to obtain the

activation energy for diffusion Em and the diffusivity DQ,

defined by D= D exp(-E/RT), where D is the diffusion

coefficient.
Data obtained after dosing to coverages at the patch

centre of e. = 0.5 and 1.0 monolayers, at temperatures of

C
693 to 750 K, are shown in figures 9 and 10. At these

temperatures and coverages no desorption of In occurs, as

borne out by the fact that the total area under the coverage

vs. distance profiles is independent of annealing time. The

shape of the patch after diffusion can be compared with the

predictions of Bowker and King4; this- gives -art.:!:.

indication that the activation energy

theoretical

immediate qualitative

for diffusion increases with decreasing coverage. As shown in

figures H< and 12, the change in the full-width-at-half-

maximum, ax, OF the patch varies linearly with the square

root of time. The gradients of these plots (Ax vs t) may be

in Arrhenius plots to determine the activation energy

in figure 13. The energy obtained

used
for diffusionl16, as shown

in this way refers to a coverage which is a non-simple
average'of the coverage across the diffusion boundary. The

plot in figure 13 yields Em = 73 kJ mol *, and DQ= 0.67 ;

the coverage across the profile varies between 0 and 0.5

monolayers, but the value for E is heavily weighted towards

For the dose with 0C = 1.0 monolayers, this
1

A0.4 monolayers.

method yields Em =52 kJ mol !, and Dg = 0.02cm’s’
The data can be analysed to yield Em and Dgq as a

function of surface coverage, using the expression:17
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where a and b are chosen values of the distance x across

the diffusion profile, e is the coverage at x, and t the
diffusion time. eQ is the value of e at t = 0. Using

this expression to obtain D for a given coverage interval,

a plot of InD vs. 1/T is constructed to produce Em and DO
corresponding to that coverage (figure 14). This analysis
confirms that there is a large decrease in with increasing
e, fromMO0O5 kJ mol“* ate = 0.25 to *65 kJ mol“* at

e = 0.75, and, in addition, shows that there is a corresponding

decrease in D with increasing e. The-,data are given-a . n

Table 1.

7.2 Diffusion in second and subsequent layers

Preliminary experiments revealed that the second and
subsequent layers of In diffused more rapidly that the first
layer. For example, figure 15 shows the result of an
experiment in which a 2 nm diameter multilayer patch of In was
dosed onto the crystal, followed by heating to 700 K for
N80 sec, cooling', redosing, and reheating repeatedly. The
patch spreads across the crystal surface, forming a homo-
geneous monolayer except in the vicinity of the patch itself.

The diffusion of a 2-monolayer patch (e = 2) at 615 k
Is shown in figure 16. At this temperature, the width of
the patch only increases until the coverage across the

patch reaches one monolayer, at which point diffusion is

effectively terminated. Similar results have been obtained



for Pd and Au21diffusion on several tungsten substrates;

the results are also strongly reminiscent of the "unrolling
carpet" diffusion observed from multilayers of CO and N222'

on tungsten Tield emission tips. Quantitative analysis

of the data, such as that iIn figure 16, is more complex

than suggested by previous workersz,3 since a distinction

must be made between atoms iIn the second layer, diffusing
over Tirst layer atoms with an activation energy E which
may be dependent on the second layer coverage, and atoms
diffusing i1n the Tfirst layer with the larger activation
energy barrier E . The diffusion of the two species cannot be
readily uncoupled, since there are two coverage gradients and
second layer atoms reaching bare sites are instairtly
converted into first layer atoms. An approximate procedure
was used to analyse the data, in which it was assumed
that diffusion in the Tfirst layer over the times and temperatures
employed (510 to 730 K) could be 1ignored; the coverage-

in the diffusing second layer species is then obtained as

(e - 1). Arrhenius plots constructed from the profiles
derived in this way are shown in figure 17, and the values

of Do and Em are given 1iIn Table 1. A more satisfactory
experiment was performed to obviate the difficulties in
this analysis. A homogeneous monolayer of indium was
produced across the whole surface of the crystal by repeated
high temperature diffusion. A patch of In was then deposited
onto this surface, corresponding to ec = 7 monolayers, and

the patch profile was measured as a function of time at

temperatures between 510 and 715 k (figure 18). From
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linear plots of (@x)2 vs time obtained from this set of

data, an Arrhenius plot was again constructed (also shown
in figure 17). The agreement between the results obtained
by the two procedures, shown in Table 1, is considered to
be very satisfactory. It is concluded that Do and Em for

In layers beyond a monolayer are insensitive to coverage.

8 . General Discussion

The properties concerning the growth, thermal stability
and surface diffusion of In films on WilOOl which have been
determined in this study may be summarised as follows.

1) The growth of an indium film on WtIOO) by vapour
deposition proceeds with a sticking probability which is
independent of coverage or layer thickness.

2) At very low fractional coverages of In (<0.02), the

W{100}(V2 x V2)R45° surface phase is converted to the (Ixl)

surface phase.
3) Up to a fractional coverage of 0.2, In atoms randomly

occupy surface sites, forming a two-dimensional lattice gas.
As the coverage is increased further, two dimensional

Islands are formed.

4) The first monolayer is completed before the growth of
the second and subsequent layers, and forms a well-ordered
(Ixl) structure. This complete monolayer renders the surface
inert to 02 and QO adsorption at 300 K.

5) Desorption (or evaporation) of the monolayer O0OCCUrS
over the broad temperature range 900 to 1200 K, indicating a

strong dependence of the activation energy for desorption, Ed,
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on surface coverage, iIn the range 350<Ed<250 kJ mol-1.

6) No incorporation of In iInto the tungsten crystal, or

alloy formation, was observed at any temperature.

7 Surface diffusion up to monolayer coverage occurs with

an activation energy Em and diffusivity Dg which are both

strongly dependent on fractional coverage. At e = 0.25,

= 0.75.

Em = 106 kJ mol-1, dropping to 64 kJ mol-1 at e

The activation energy barrier to diffusion 1is thus roughly

a constant fraction of that to desorption, 1i.e. "30%.

8) As the fTilm thickness 1is iIncreased beyond a monolayer,

no sharp AES break points are observed which could be

associated with layer-by-layer growth, indicating an uneven

development of film thickness. Even after annealing®to------

relatively high temperatures, no ordered structures could be

observed. Beyond the first monolayer, the film is disordered.

Evaporation from a thick film down to the monolayer region

E))

occurs over a narrow temperature range, 700 to 800 K. The

desorption energy (240 kJ mol *) is close to the reported

sublimation energy for In.

10) Surface diffusion in the second and subsequent Ilayers

occurs with Em = 23 kJ mol 1 and Dg = 3 x 10 ™~ cm”s-1,
i

i.e. Em is "wIX of the desorption energy,
Combining the diffusion study with the results pertaining

to the growth mode of the indium Ffilm produces a coherently

detailed model. Indium atoms colliding with an indium-covered

region of the surface apparently have the same trapping

probability as those arriving at free tungsten sites; but
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they are highly mobile (with a hopping frequency of 10® s”*
even at 200 K) and are therefore rapidly equilibrated with

the surface layer. IT the total coverage is less than a

monolayer, equilibration strongly disfavours the retention

of multilayer atoms, since the adsorption energy for

monolayer atoms (300 kJ mol”1) 1is significantly greater

than that for multilayer atoms (240 kJ mol-%*). (This energy

difference gives a Boltzmann factor advantage ,eAE//,RT, at
300 K of 10*°). Formation of the monolayer thus proceeds

via the mobile precursor mechanism originally proposed
18

by Taylor and Langmuir from studies of Cs adsorption on W,

and presently favoured for many adsorption systems. The

unrolling carpet effect noted iIn the diffusion studies from

initial multilayer patches 1is a clear manifestation of this

effect, coupled with the relative immobility of the first

layer. The radom development of layers subsequent to the first

is a reflection of the insensitivity of adsorption energy to

layer thickness, at least beyond the second layer. There 1is

no energy advantage from layer-by-layer growth.

The absolute values of the diffusion parameters obtained

in the present work bear some comment. The strong coverage

dependence 1iIn the activation energy for diffusion is

paralleled by a strong variation in the desorption activation

energy (and hence the adsorption energy) with coverage.

Both results are consistent with a repulsive nearest neighbour

lateral interaction energy of «v.20 kJ mol The values of

in the monolayer region are consistently ~30% of the In bond

individual

Em

energy; 1In contrast studies of the diffusion of
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metal adatoms In the field 1on microscope on W and Rh

single crystal surfaces have yielded diffusion energyes

which are consistently iIn the region of 5 to 10% of the bond

energy. Clearly, the energy profile for In atoms across

W{100} shows an unusually high degree of roughness, with

presumably a strong preference for the four-fold hollow

site. The repulsive interaction between adatoms 1iIs a

consequence of the Ilattice misfit iIn the eptiaxial layer:

the n.n. distance in bulk In is 3.24 ft, which is compressed

to 3.16 ft in the Tirst (ordered) layer on W (100

There 1is an apparent discrepancy between our conclusion

that there are strong repulsive interactions between n.n.. Jji.

adatoms iIn the fTirst layer, and our prior conclusion that

growth of the first layer proceeds by island formation above

a fractional coverage of”~0.2. However, Tfilm growth was

observed at temperatures of 200 and 3.00 K, where the Tfirst

layer i1s immobile and hence non-equilibrated. The

distribution of occupied first layer sites is entirely

determined by the adsorption kinetics, and island growth

is a direct consequence of trapping into a mobile second

layer at .filled sites, and spillover into the immobile

first layer at the island boundary.

In the multilayer region, the energy barrier to surface

diffusion is considerably smaller than in the first layer,

and is also a smaller percentage of the bond energy ("MO%).

In this sense the value is more iIn line with metal atom

surface diffusion energies reported iIn the literature,

although it is the lowest absolute value reported to date.
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The diffusivities Dg also vary strongly with coverage.

Absolute values can be discussed iIn relation to the

express ions

Dg = va /2a
and v = (kT/h)exp(AS /R)
where a = 1 for diffusion iIn one dimension, and a = 2 in

two dimensions; a2 is the mean square jump distance, over

a barrier with an activation entropy as The observed

variation in Dg between 0.64 cm s at 0 = 0.25 and

1.3 x 10"3cm2s_1 in the multilayer region thus corresponds

to a variation iIn the frequency factor v from 2 x 1016s-1 to

7 x 1013 s*“1, which can in turn be attributed to a coverage-

dependent AS , between 80 J mol”~K-1 and 20 J mol”~K-1.

There would appear to be a strong correlation between

and AS , which can be empirically represented as:

as En/Tb ”

where Tb is a constant with the units of K. This relation

has often been previously reported from kineticzgtudies on

surfaces, and is known as a compensation effect; this.is,

however, the Tfirst time it has been noted iIn relation to

di ffus 1on.
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Table 1

The activation energy for diffusion, Em, and diffusivity

Dg for In on W{100}

Em
Coverage e m. —
(monolayers) (kJ mol ﬁ)
0.25 106
0.50 79
0.75 64
1-2 22.2

1-7 24.9

Cm2DS—1

0.64

0.179
0.030
0.003

0.0013



Fig.l. The indium source. W is a W ribbon and T the In loaded tubes.
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Fig-2. Auger spectrum from an In dosed V £100} crystal (derivative mode).
Primary team energy of 2keV at a current of 5/»A and recorded with a

modulation voltage of $V peak-to-peak.






Fig.3 . The increase in the AES peak-to-peak height as a function of dose

time. The inset is an exspansion of the data at low dose times (0-5min).
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Fig.4. AES signal heights plotted against coverage (———-—- ®» and a "best

fit lineshape using the formulism of Seah and Dench.
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Fig.5 . The geometric effect in AES.






Fig.~. The change in secondary electron emission current (Al),ratioed

to the total drain current (i), versus coverage.
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Fig.7 . The change in the LEED intensity of a (1,0) "beam and the background,

level as a function of coverage.
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Fig.8. The change in surface coverage as a function of coverage. Open

circles are data taken from a surface homogeneously covered with In

from dosing and annealing the surface. The filled circles are data taken

from a surface where a large patch was deposited.Also shown is the differential

form of these graphs at two different coverages.
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Fig.-9. The change in a coverage versus distance profile as a function of

heating. Here the maximum surface coverage of the unheated patch was a

monolayer .
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Fig.10. Coverage versus distance profiles for an initial patch of maximum

coverage monolayer, as a function of heating time at two temperatures.
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Fig-11. A plot of the increase of the peak width squared versus heating

time for the patch of maximum coverage equal to \ monolayer.
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Fig.12. The increase in peak width squared as a function of heating time

for a patch deposited with maximum coverage of one monolayer.
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Fig. 13 . Arrhenius plots for the nrofiles deposited with a maximum

coverage of \ monolayer (based on a peak width analysis).
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Fig.l4 . Arrhenius plots at different coverages, 'based on a peak shape

analysis
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Fig.-15. The result of depositing multi-layer patches and annealing

to 700K.
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Fig.-16- The effect of heating on a patch deposited with a maximum coverage

of two monolayers.
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Fig-17. Arrhenius plots for multilayer diffusion. Squares are the data
from a patch deposited onto a homogeneous covering of In equal to one.
Circles are data "based on a peak width analysis of data of the type

shown in Fig.IG.






Fig.18. The change of a In patch deposited onto a surfacevcovered with

a one monolayer layer of In, as a function of temperature.
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I. Experimental.

The stainless steel UHV system, the retarding-field-analyser for
1

T.EEn an(i AES.and the gas dosing arrangement has been described elsewhere.

The sample in both investigations was the same, a 1.570.5 cm V single
o] c ?
crystal cut and polished to within X of the £100j plane. The crystal was

2
cleaned by the usual methods . Oxygen adsorption was achieved via random

dosing through a large diameter gate valve. 0 is admitted to the system
through a mercury pumoed”UHV~gas”~handling line from research grade gas
bottles, the purity being checked using a mass spectrometer . Sample

temperature control and measurement was bb described earlier .

2. Introduction.

In a recent study the adsorption of In on toa V [100" single crystal

1
plane was investigated and the results are summarised here.

a) Initially In adsorbs into a pseudomorphic (I1XI1) layer with the

number of In sites equal to the number of ~100" sites.

b) The first layer grows via 2D island growth. Subsequent layers condense

via the formation of 3D islands and these layers are disordered.
c) In films show no signs of alloying with the V surface.

d) In passivates the layer to CO and O adsorption.

e) Desorption takes place iIn two stages, one corresponding to the loss

of In multilayers, the other ti the loss of In from the first layer. The
-1

desorption energies are 200 and 275KJ mol respectively and the former

value is close to the sublimation energy of In.

) As the surface coverage of In increases the migration of In , in the

first layer, takes place with a continually decreasing activation energy.

g) Diffusion in the second and higher layers is very much faster than in

the first layer.

h) Within the first layer repulsive lateral interactions exist between the

adatoms.



The present study has been prompted 'by two major reasons. Firstly,

the coadBorntion system Metal/Oxygen-Metal has shown many interesting

3
effects for some alkali metals e.g. the formation of a double layer

6
for Cs/0/W , and the formation of-high order LEED patterns for mixed

adsorption layers. Secondly)the diffusion of an electropositive species

in the presence of an electronegative suedes should be interesting

both, theoretically and with an aim to explain material transport in

catalytic systems.

3. Results.

Formation of the precovered oxygen surface took place as follows.
-7

The crystal was saturated at a pressure of 10 torr and then annealed at

this pressure/at 1400K. On cooling a sharp p(2x2) LEED pattern-was—-—

It is well known that the 0/W £100] system shows a number®of
5-12

structures at various temperatures,

observed

and these are associated with

surface reconstruction, overlayer and oxide formation. In the current

investigation the highest temperature phase was used so that the
Burface was stable when heated in diffusion experiment. The p(2x 2)

has been shown to be made up of contributions from a p(2xl1) and a

8
c(2X2) and the coverage in this phase can be taken as 1.25 monolayers.

The surface structure of this phase is uncertain but almost certainly

. 5-12
the substrate £I00*> structure has undergone severe reconstruction

AES was used to investigate In adsorption on tothe p(2x2)-0 Surface.

The peak-to-peak derivative heights of Auger spectra were used as a
1

measure of coverage using the calibration curves reported earlier . With

the same bombardment rate as used in the earlier investigation, the rate
of growth of the In signal was the same up to the monolayer point. After

this the In signal increased slowly compared to the results for In

deposition on the clean W[100} surface. The results are shown in Fig.l.
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The horizontal scale 1b in ™ ,the time taken to complete a monolayer
on the clean surface. The surface reaches a maximum coverage of 1.6
monolayers (ML) .Such a result may he explained in terms of a decreasing

1
sticking probability 3, but this is not so here. Fig.2. shows the
apparent coverage of the surface as a function of heating time at JOOK.
Clearly the surface coverage of In increases as the surface is heated,
and the coverage reached is close to the value that would have been
achieved for clean surface adsorption. After this the coverage drops again,
presumably due to desorption. Similar curves were taken at various temper-
atures and an Arrhenius plot of the log reciprocal time to reach a
monolayer versus the reciprocal time can be used to estimate the activation
energy of this process. This is shown in Fig.3 and yields a value of
62 18 KJ mol_l- Information on this process can be found by close

V]

examination of the oxygen peaks. Formulism developed by Seah allows the

escape depth of electrons )E&o be calculated from the distance and the

type of material through which the electrons have to pass. It can be

written, }
2 |
X e - (538d/E )+0.41d(dE) ,

where E is the escaping electron energy and d the monolayer distance,

normally taken as the cube root of the volume per atom. So ANFor sl1oev

electrons ..escaping through In is 3*3 monolayers. The attenuation of an

AES signal is given by,

k = exp(-H/Xe cose ) where H is"the number of monolayers
6 is an angle to account for the collection of electrons and the

0
analyser geometry(G = 42 for an RFA)™ k can be evaluated as 0.66 if Hsl

and

This compares with an experimentally measured value of 0.68t 0.05, thus

it seems that the first layer of In sits above the oxygen-tungsten surface.

\

Auger peak lineshapes and their positions have long been known to be



15
Bensitive to chemical enviroment . In the present work, no shifts in

the O0,W or In peaks were ever observed, although the high modulating
voltages used here (bV peak-to-peak) may have obscured such effects, and
for the same reason lineshape comparisons were not made. Instead the
width of the recorded Auger peaks was used. These results are shown
in Fig.4. The In peak is not shown since its width remained unchanged by
the presence of 0 or annealing and the 0 peakB were not recorded because
of a lack of sensitivity. The figure shows that the W peak broadens
considerably when the p(2x 2)-0 phase is formed,presumably because of

the reconstruction of the V [ 100] surface. In adsorptionon to this surface
causes the peak to narrow and if the surface is annealed to restore the

In to the surface, the width decreases to a value close to that recorded
on the clean [100j surface.

DEED observations were also made. The p(2x2)-0 pattern order Bpots
fade as the In coverage increases until at a coverage of € =1 only
the (1 x1) spots can be seen. During this process the background
continually increases. Further adsorption seems to produce a negligible
change in the pattern. Heating the surface to ever increasing temperatures
maintains (1* I) symmetry until” faint c(2x2) spots associated with the
clean surface appear.

Desorption experiments were performed using the AES derivative height
to monitor the coverage. The p(2x2)-0 layerw&s prepared and then dosed
with In for excessively long times. The surface was then annealed to
increasing temperatures for 30s intervals monitoring the amount remaining
after each heating interval. These results are shown in Fig.5. The first
process occuring is the restoration of the In to the surface layers and it
i8 important to note that that the O signal does not attenuate very

strongly during this process,indicating that the 0 remains close to the
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outermost layers or spread throughout the In multilayers. The In signal
then drops very suddenly from the maximum value until the coverage reaches
0=1 when the rate of decrease slows considerably. During the rapid
decrease of tie In signal the 0 AES signal is also strongly attenuated.
Using the sudden decrease of the In signal an approximate value of the

desorption energy can be found using the equation,

dé -"G exp fTcEj /RT)
dt

where 6 is the relative coverage, t the heating time, R the gas constant

13 -1

and T the temoerature. If 'V, the preexponential 1b assumed to be 10 s,
-1

Ed evaluates to about 2S0 kJ mol . For the slower In loss the corresp-
-1
onding value is 308 kJ mol . Treatment of the O data yields a value of
-1
230 kJ mol .

Because of the effects noticed here it was only possible to calculate
diffusion parameters below 0-1. This was done by depositing an In patch
on to the surface and scanning the patch across the AES beam using accurate
micrometers on the manipulator. The crystal could then be heated and
the patch rescanned to look for diffusion effects. The maximum coverage
in the patch was set at 0 =1 ML. Typical results for a spreading patch at
a temperature of 680k for differing times is shown in Fig.6. The general
diffusion equation can be written,

D - Do exp(-Em /RT)

where D is the diffusion coefficient, D<L the diffusivity and the activation
energy for diffusion is E~. The diffusion mechanism can be found by plotting
the increase in peak width squared versus heating time; if theprocess is a
random walk type then these plots should be straight lines. Experimentally
this was found to be true as Fig.7 shows. The slopes of these graphs can be
used as the Y-axis in Arrhenius plots and such a plot is shown in Fig.8.

-1 -3 2 -1
From this graph Em-27-9 kJ mol &&& Do=1.45*10 cm s , but note that



these are average values over the whole coverage range.
16

Bosworth has derived a method to obtain activation energies as a

function of coverage from profiles such as obtained here. Using the

equation,
J (c-c)dx ~ Dt (dc0 7dx)a - (dc0 7dx)(
dc/dx is the change in coverage with distance and a and b are two

nitial

ordinates of c in a coverage versus distance graphs”™ c0 is the

value of the coverage at t =0. Thusv the integral on the left hand side

is the change in the total amount of adsorbate from a to b . can be

found at any coverage by plotting the log of D versus i/T at this coverage.

Results were evaluated at 0= 0.75. 0*5 and 0.25* The Arrhenius plots are

shown in Fig.8 and the resultant activation energies and diffusivities

are shown in table 1.

4. Discussion.

Results are presented here for the adsorption of In on the W ~100j

p(2 x2)-0 surface and these indicate that the system is far from simple.

Adsorption up to O : I appears to be fairly simple* _ In layer sitting

above the 0 is formed. The Deed pattern is a simple (iXl) at all energies

and this persists as the In is desorbed, indicating that the In layer

in some way rearranges the oxygen layer so that a In layer, pseudomorphic
with the substrate (IX 1) surface, can grow. The rearrangement of the
tungsten layer is reflected in the decrease in width of the
V AES peaK. /
Above 0=1 the rearrangement becomes even more complicated« Very
little of the adsorbing In is equilibrated near the surface. Since the

oxygen signal is only weakly attenuated during this incorporation stage
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we can conclude that the oxygen remains close to the surface hut the

In 1b incorporated into the V lattice. The tr*ansport of In may he via

grain "boundaries hut it is more likely that the first layer of In causes

the pathway to he onened hy substrate rearramgementjsince there was no
1

sign of any similar effects for the In/W [1005] system .

Whatever the structure of this arrangement it is clear that hy inputing

an energy of about 62kJ mol it can he dramatically altered and most

of the incorporated In can he equilibrated at the surface again.These

multilayers formed are not of the same type as the condensed multilayers

examined earlier . This is apparent since,the desorption energies are

higher; the oxygen AES signal is not strongly- attenuated hy the multilayer

formation (indicating that the oxygen is distributed through the overlayer”j

the persistence of the (Ix1) leed pattern is much greater than for

adsorption on the clean surface. These results lead us to postulate that

this structure is some In-0 alloy hound to the W substrate. The desorption

energies of these layers for both 0 and In are fairly close and it is

likely that the "alloy" rather than separate species is desorbed. The act-

ivation energy needed to form this structure may he associated with the

energy necessary to break the strong W-0 bonds.
The diffusion results are much more easily explained.The diffusion

energy is considerably reduced compared to diffusion at the same coverages

observed on the clean surface.although the diffusion energy still

decreases as a function of coverage. The decrease in diffusion energy

can be explained in terms of electron transfer to the 0 layer, increasing

lateral

the charge on the In adatoms and thus increasing the repulsive
17.

interactions between the In atoms and lowering the diffusion energy

This effect may be combined witha surface roughening effect which has
i.8,n,20

been shown to reduce the activation energy for surface diffusion

The values of DO noticed here are close to those predicted if the
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entropy of the activation is negligible and. that the length of the surface
21

hop is close to the lattice spacing. As the coverage increases there is
an increase iIn the value of DObut it is very small, in contrast with the
clean surface results which showed a large increase. This may be because
of the difference in the chemistry of the surfaces;if the peak in Dp for
the clean surface is associated with the increased disorder of the 2nd
and subsequent layers this peak will be very much reduced because of the

stronger order noticed in the In multilayers earlier. This is,of course,

only a very tentative explanation.
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Do

0.75
25.0* 5

4.23x10

4

TABLE 1.

0.5
25.0

4.23x10

4

0.25
47.0

8.25X 10

3

XJ mol
2 d
cm B



Fig.l. The apparent Burface coverage of In (estimated from a calibration
1
reported earlier ) versus the monolayer time.
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Fig.-2. The surface coverage of In versus heating time at three different

temperatures;7/00k (squares), 575 (triangles) and 560(circles).






Fig.3 . Arrhenius plots of the reciprocal time to reach maximum coverage

versus the reciprocal temperature.
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Fig.4 . The variation of the W AES derivitive peak width versus the
heating time. Also shown is the increase in width associated with the

formation of the p(2X 2)-0 structure and the p(2x2)-0 plus In structure.
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rig.5. The variation in 0 (- - - -) and In(--——<) coverage, as measured

using AES, as a function of temperature for successive anneals of 30s .
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Fig.6. The change in peak shape for an In patch as a function of time

for a 680K anneal.






Fig.7. A plot of the increase in peak width squared versus the heating

time at three different temperatures.
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Fig.8. Arrhenius plots for the diffusion process. = represents an
analysis "based on the increase of the peak width, other symbols are

from a peak shape analysis. These are; A, 6=0.75; ® . 0=0.5;", 6=0.25«
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CONCLUDING- REMARKS



The diffusion and adsorption kinetics of four systems have been
measured; these are O/will0? , K/W ~lioj , In/W [i00~ , and
In/W [100™ + p(2 X.2)-0. The three adBorbates are very different in their
physical *uid chemical properties and these differences are reflected in
their adsorption properties. Oxygen is typical of many gaseous adsorbates;
it saturates the surface at a density equal to the substrate atom density
and displays a number of ordered structures through the coverage regime.
Multi-a/~rs of 0 do not form at roo-T temperature.K is like many of the
alka?ies in that it forms very few ordered structures at room temperature
and none were observed in the preset-t study. Multilayer growth is unstable.
In is an excellent example of thetneVai/metal adsorption system. It
condenses with a sticking probability equal to one and multilayer growth
is highly savoured. The first lays." is pseudomorphic and layers after
this grow via the i.irmation of three-dimensional Islands.

This work has chown that these adsorpt ion properties O.rS mirrored in
the diffusion kinetics,of the adatomstacroS5 the surface* This is to be
expected since it is the properties of the adatom which dominate the
adsorption and Absorption properties. Hopeiully, this work emphasised that
to picture the surface realistically it is essential that the three events
are not considered as separate. More specifically the work presented here
has shown that there is a very strong relattonship-between the measured
diffusion kinetics and the surface structure. The reason for this is
clear, both diffusion and ordering are critically dependent on the lateral
interactions between the adsorbed species.

The diffusion/desorption/adsorption kinetics show that the K/W ~110n
system is dominated by the vary strong repulsive lateral interactions
between the adatoms, and the lack of ordered structures observed is because

of the same reason. The 0/V~110] system is dominated by the attractive



next-nearest-neighbour. interactions that exist. In this system the
oscillatory nature of the interactions, i.e. repulsive nearest-neighbour,
attractive next*»nearest and so on, results in several ordered nhases

as a function of coverage; the p(2x1), p(2y-2) and (Ix ). In shows a
sudden decrease in diffusion energy after the first monolayer is complete.
This 1b associated with the enhanced mobility of second layer adatoms

as they attempt to reach equilibrium with more strongly hound lst layer
sited (and s'. cause a lowering of the total energy of the system). No
charge in diffusiox* kinetics war notified at. a function of coverage above

0 =1 and this is strongly associated ¢rith the haphazard J-dimensional
island growth seen in the multilayer region. Below 0 =1 the diffusion is
dominated by repulsive interacti”™-s between the adatoms, the diffusion. ..
energy continually decreasingwith coverage,

The Th/W £10C»3 ~p(2*.2)-0 system in very much more complicatedJ
whereas In shows no sign of alloying with she clean wFlOQ”™ jubstrate
lattice, this is not true for the p(2x 2) O system where dramatic changes
in the nature of tne adlayer are noticed as a function of temperature.
Further investigations for this system are strongly indicated; XPS, ISS
and SIMS depth profiling would give detailed information on the surface
rearrangements noticed here. This system may have a commercial importruce
in that it could be related to the A1203 surface, which is important as
a catalyst and support. Proposals have been made by the author to examine
this system by the techniques listed above. Only at coverages <0 =1 can
the In be maintained,over the temperature range necessary, al the surface
-vacuum interface and so only at these coverages can the diffusion be
studied. The activation energy for surface diffusion decreased with
coverage as for the clean surface but the magnitude of the energy was

reduced and this lowering of the diffusion barrier may be crucial in the



absorption processes seen after 0- 1. The lowering of the surface
diffusion activation energy barrier is associated with a surface rough-
ening effect and/or electron donation to -tbe O adatoms increasing the
repulsive interactions between the adsorbed In.

For many years,surface diffusion has been very much neglected, apart
from the work of a few isolated laboratories. This is probably duo to
the work being very demanding and time consuming. However, the rewards
can ft? great, no surface will be fully upoeretood until high quality
diffuZlion meaeuremt ats have bee*™ mad*~ The lew techniques that are being
continually discover.id and the tmprO®iemeni of older ones should make
the experimentajlstb tr4k eapier and the reslits of these experiments

will be important academically arid commercially.



