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Errors, like straws, upon the surface fiow.

He .ho would search for pearls, must dive beiow,

Dryden



SYNOPSIS

Considering the important industrial appiications of mercury
it is remarkabie that so iittie work has been carried out on the
characteristics of mercury surfaces, Prior to the present work, the
iast determination of the work function of ﬁercury vas determined over
thirty years ago with somevhat unsophisticated apparatus,

In the present investigation contact potential difference
techniques have been developed which enabied the work functions of
solid and liquid mercury fiims to be measured.

The occurrence of impurity layers fioating on top of liquid
mercury surfaces is demonstrated, and their origin is traced to the
contaminating action of the borosilicate giassvare, Using liquid
nitrogen techniques the impurity layers were frozen and subsequently
submerged below clean condensed mercury films,

It has been demonstrated that the work function of mercury-
free gold films is approximately G,5eV higher than previous
determinations made in conventional ultra-high vacuum systems employing
mercury diffusion pumps,

In the course of this work a ne. measuring technique was
dewloped which enables the work functions of volatile liquids and
solids to be measured,

The clean surfaces were hroduced by condensing evaporated beams
onto giass and metai substrates under residuai gas pressures of less

9

than 16~/ torr. The measurements were carried out in both conventionat

glass ultra-high vacuum systems and demountable stainless steel systems,
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CHAPTER 1

SURFLCE _PHYSICS

Introduction

By their very nature all liquids, solids and gases have
interfaces which determine an immense variety of physical and chemical
properties, It is now known that many of the bulk properties of solids
are influenced by the surface conditions of the material,

Using sophisticated techniques, it is now possible to prepare
crystals which ar: free of dislocations (they are usually called whiskers).
These dislocation-free materials are measured to be about 100 times
stronger than ordinary crystals (1). Under ordinary conditions whiskers
gsoon lose their high initial strengths, Minute imperfections on the
surface (contamination spots such as local oxidation for example, or
places where the surface is scratched by another object) are sources of
dislocations that propagate through the crystal and thus weaken it,

In a similar manner the intrinsic strengths of non-crystalline
materials, such as glass, have been shown to be critically dependent on
the surface conditions of the sample (2).

It is difficuit to imagine how industry and life could function
without the catalytic action of surfaces, The amazing selectivity of

certain catalysts can only be explained by correlating the surface and

| internal structure of the catalyst with the molecuiar structure of the

reactants,

Enzymes are extremely specific in their catalytic action, Urease

will catalyze the hydrolysis of urea NHp :c = 0, in dilutions as high as

NH,



1,2

-2 -

one part of enzyme in 10 million of solution, yet it has no detectable

effect on the hydrolysis rates of substituted ureas, for exampie,
NH» .
2-c=o.
CH3-N-H
It is now known that the three dimensional structure and topography

methyl urea,

of the enzymes are responsible for spgcific action, The reacting moiecules
"fit" into folds on the surface of the protein moiecuie, and only those

that fit exactly undergo the required chemical change. This type of surface
phenomena has been described as '""fhand and giove chemistry'', Electronics

is almost entirely based on the control of electrons emitted from surfaces
in thermionic and solid state devices, Apart from its immense technological
importance, electron emission is a valuable tool in the investigation of
solid surfaces,

It can be seen that the importance of surfaces in technology is
vast, This practical importance is equalled by their considerabie
scientific interest, Although the properties of surfaces have been used
to considerable gain throughout modern civilization, their application has
been based more on chance And intuition than on a basic understanding of
surface phenomena,

The obvious relevance of the internal structure of materials to
the discussion of surfaces has made necessary a review of the modern
theories of solid state physics,

Description of Solid Structure

Solids can be usefully divided into two groups - crystalline and

non crystalline, liost of the naturally-occuring and man-made solids are

crystalline; this large group of solids can be usefully subdivided,
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according to chemical, electrical, magnetic and thermal characteristics,
into five types,

Briefly, the ciassification is as follows:-

a) Metals

b) Semiconductors

c¢) Ionic crystals

d) Valence crystais
e) Molecular crystals

The main characteristics of metal single crystals are that
they tend to be good reflectors of light and have good electrical
conductivity, which decreases as the temperature is increased,.

Semiconductors are distinguished by a feeble electronic
conductivity, which increases with increasing temperature,

Ionic crystals (of which common salt, sodium chloride, is a good
example) show good ionic conductivity at high temperatures, and cleave
well along crystal faces, They are composed of ions produced from
highly electro-positive and electro-negative elements.

Diamond is probably the best example of a valence crystal,

It has a low electronic and ionic conductivity, great hardness and
poor cleavage,

The fifth type of cryst&lline solid is the molecular crystal,
which is usually composed of inactive atoms, such as the rare gases and
saturated organic compounds such as benzene. They tend to have low
melting and boiling points, and in the gas phase, are in the form of

stable molecules,
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Glass is an excelient example of a random non crystalline soiid

structure, being in many ways a compromise between crystailine and

liquid properties, There is a considerable variation in the bond lengths

and the energy required to brezk the bonds wiii therefore not be
constant, Glasses on heating do not therefore have a sharp melting
point, but soften gradually,

Theory of Solid Structure

There are two main theoretical approaches to the nzture of
solid structures,

In the first approach, which is usually called the tightly
bound electron approximation, the treatment begins with the individual
atoms of the final structure, which are initially considered to be an
infinite distance away from their neighbours.

With a knowledge of the electronic structure of the separate
atoms, it is possible to caiculate how the individual atoms h:uve
their electronic energy leveis altered as they are brought in from an
infinite distance to their equilibrium positions in the final solid
structure.

In the alternative approach, instead of starting with separate
atoms, it is assumed that the nuclei of the atoms are in their final
equilibrium positions in the soiid structure, The treatment considers
the effect of gradually feeding the electrons into the resulting field
of force. Just as electrons in an atom obey the Pauli Principle, so
the electrons in the final solid structure are limited in their choice

of energy levels,
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After calculating the final electronic field of force it is
possible, using Pauli's Principle, to describe the solid structure
of the material, This approach to the structure of solids is called
the band model of solid state. The band theory of solids is usually
employed to describe the structure of crystalline solids, and, since
the great majority of the materials mentioned in this thesis are
crystailine, the band theory will be described in greater detail,

Band Theory of Solids

The band theory of solids was born out of the faiiure of the
free electron theory of metals, and brief outline of this early theory
is therefore relevant,

Sir J.J. Thomson'!s announcement in 1895 concerning the discovery
of the electron inspired P, Drude (3) to propose in 1900 that the
electrical and thermal properties of metals could be described by
assuming that metals contain free electrons in thermal equilibrium with
the lattice atoms, Insulators, on the other hand, were assumed to be
built up from molecules that had their positions firmly fixed in the
solid structure. Their electrons were also assumed to be firmly
attached to the parent molecules,

Although the theory was successful in qualitatively explaining
the difference betveen metals and insulators, it failed to explain why
metals usually had a heat capacity in common with insulators, of about
6 cal/mol deg.

According to the classical free electron theory, all the valence

electrons in a metal are free to move, and are thus called the conduction
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electrons. They are assumed to be in thermal equil jbrium with the
lattice atoms, In fact, the conduction electrons are treated as an
ideal gas of free electrons, and as a gas the electrons are assumed
to have energies that have a liaxwell-Boltzman distribution,

This 1atter assumption produces a conciusion that is in
contradiction to the observed facts,. If the electrons obey the
laxwell-Boltzman energy distribution, their average energy #ill be
directiy proportional to their absolute temperature, and wili therefore
have a molar specific heat of %} .

The molar specific heats of metals are usually very near to
3R - i.e. 5.97 kcal/kgm/mole C°, in accordance with Dulong and Petit's
law, This value of 3R for the molar specific heats of metals can
be deduced by neglecting the free electron gas in the calculations, and
assuming that only the lattice atoms have average energies proportional
to the absolute temperature.

Drude assumed, incorrectly, that the valence electrons have
an energy distribution that is continuous, that is, there are no
limitations on the energy values the electrons can have,

Jolfgang Pauli in i925 postulated his now famous exclusion
principle to explain the behaviour of electrons in atoms, It states
that, in any one atom no two electrons have identical sets of quantum
numbers, Although Pauli's exclusion principle wvas originally conceived
to explain the behaviour of electrons in atoms, it is now appreciated to

be of such a fundamental nature that it describes both matter and anti-

matter, Atoms and nuclei cannot be explained without it, It is now
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accepted as a cornerstone in all the theories that predict the
behaviour of fundamental particles,

In 1926 E, Fermi and P, Dirac assumed that the energies of
the free electrons are quantized, even though they are no longer
restricted to their parent atomic orbitals, Starting with this
assumption and the assumption that the electrons obey the exclusion
principle, they caiculated the energy distribution of the free electrons
in a crystal at absolute zero, and how it changed as a function of
temperature,

The energy distribution derived from these basic assumptions

can be expressed in the form

1
_ _4m(2m) E2 JE
s"‘E - h3 e[E —R?IO)I +1

where

:;nE is the number of electrons per cm3 with an energy between

E and E + SE.

m is the mass of the electron = 9,107 x 10'28gm.

h  is Planck's constant 6.624 x 10'27erg.sec.
k is Boltzman's constant =1.,38 x 10-16erg/°K
T is the absolute temperature in %k
Ep(0) is the Fermi level in ergs'given by
2
h_ 3N
Ep(0) 50 (5D

where N is the number of electrons/cm3.



Number of particles

—_——
Maxwell-Boltzmann Distribution of molecular
energies in a classical gas varies with temperature,
The gnergy distribution is narrower and the average
energy lower at room temperature (continuous curve)
than at some higher temperature (broken curve).

Number of particles

Energy __efra)
Ferm -Dirac Distributian of energies in an electron

gas at absolute zero (broken curve) differs little
from that at room temperature (continuous curve).

Figure 1,
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The caiculated distribution of the electron energies is very
different from the idaxwell-Boitzman distribution, It can be seen (see
Figure (1)) that at absoiute zero the energy distribution ends abruptly
and that at higher temperatures the energy distribution does not differ
from the absoiute zero distribution to any iarge extent. This extremely
small change in the free electron energy distribution, as a function of
temperature, explains why there is virtualiy no eiectron contribution
to the specific heats of metais,

It can be seen from the Fermi Dirac distribution iaw that at
absolute zero the valence free electrons are not all condensed into the
lowest energy levei, but progressively fill up the available energy levels
from the ground state, The level which divides the filled from the vacant
levels is known as the Fermi level at absolute zero and is denoted by ﬁ’(C)-

The Fermi temperature of the valence electrons Tp is defined by:

Tp = EF(O) Jhere k is Boltzman's constant,
—_

The electron velocity UF at the Fermi ievel is defined by:

mu2 = Epg
Values of the Fermi energies, temperatures and eiectron
velocities are given in Figure (2),
It can be seen that the energy of the free eilectrons near the
Fermi level greatiy exceeds the ﬁean energy of the lattice vibrations
at normal temperatures,

A more informative modei can be obtained by using a three

dimensional coordinate system, with the radii of successive spheres being



Er (ev)
Tr (deg)
up (cm/sec)

Ep (ev)
Ty (deg)
up (em/sec)

Li
4.72
55,000
1.31 X 10®

Cs
1.53
18,000
0.75 X 108

Na
3.12
37,000
1.07 X 108

Cu
7.04
82,000
1.58 X 108

K
2.14
24,000
0.85 X 10®

Ag
5.51
64,000
1.40 X 10*

Rb
1.82
21,000
0.80 x 10*

Au
5.51
64,000
1.40 X 108,
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directly proportional to the successive velocities of the electrons,
hAs the electron energies increase, the surface areas of the spheres
become larger and can therefore contain more electrons,

In the velocity space system, the Fermi level becomes the
Fermi surface, that is, the sphere that separates the occupied from
the unoccupied velocities; the velocity of the electrons at the Fermi
surface is known as the Fermi velocity UF'

So far, the oniy restriction applying to the free electron
energies that has been discussed is the exclusion principie, from which
vas derived the Fermi Dirac energy distribution,

The electrons being charged are influenced by the other charged
particles in the lattice system, In other words, the other electrons
and positively charged lattice ions modify the free electrond energy
distribution,

D. Bohm and D, Pines (4) in the early 1950s suggested that the
free electrons do not influence each other to any marked extent because of
two factors., Firstiy, because of their negative charge the electrons
repel each other and vill therefore arrange themselves so that they are
the greatest possible distance apart. The second factor is that of the
positive lattice ions, The ions will tend to screen the eclectrons from
each other, and so the electrastatic force of repulsion between the
valence electrons will be further reduced,

Although the free electrons affect each others! behaviour only to
a small extent, the effect the lattice has on the valence electrons!

motion is considerable,
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EFFECT OF LATTICE STRUCTURE on cloctron metion in a metal (and thus en the shape
of its Fermi surface) is considerable. In a simple cubic lattice an eloctren (horisental arrew
ot top left) meving along a rew of pesitive ions (dots) interacts mere olion with the lens
than one moving diagonally dees. The effects are mere complicated in faco-centered cubes
(bottom left) and bedy-centered cubes (bottom right) than in a simple cube (top right).

Figure 3,



Extended-zone scheme of lead

Figure 4.
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Consider a simple cubic lattice (see Figure 3); an electron
moving paratlel to the positive ions, i,e. towards a face experiences
a different electrostatic fiecld from an electron roving diagonally
towards a corner,

Because the intensity of the electrostatic field depends on
the direction of motion within the lattice, it follows that the eliectrons
will have an energy distribution that is spatially dependent,

Because the positive lattice ions influence the free electrons!
energy distribution, the rermi surfaces are distorted, and instead of
being spheres, they have bulges in particular directions (see Figure (4)),

The moving electrons, besides being affected by the electrostatic
field of the lattice ions are diffracted by the reguiar lattice spacings,
The most important consequence of this diffraction, is that it lcads
to the existence of encrgy gaps in the free electrons! energy distribution
L. Brillouin was the first man to calculate the values of these energy
gaps and hence they have become known as !'"Brillouin zones',

Brillouin used the "wavenumber'' (the wavenumber is the number
of wavelengths in a distance of 2mwem., i.e. %E ) in his calculations
instead of wavelengths, for ease of calculation,

A plot of encrgy as a function of wave number illustrates the
nature of these energy gaps (see Figure (5)).

In a crystai the lattice spacings are spacially dependent and
thus the allowed and forbidden energy levels will depend on the direction

of the free electrons! motion (see Figure (6)).



ENERGY

WAVE NUMBER
Plot of energy against wave number for an electron
moving at different speeds in a particular
direction in a metal is a parabola.

\‘ V
y A ENERGY GAP

ENERGY

T 7
WAVE NUMBER

Plot of energy against wave number for an electron
moving in a particular direction approximates a

parabola with "energy gaps''. L represents the
distance between two positive ions in the lattice

through which the electron travels,

Figure 5.
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Wave-number spaces in which energy is plotted against wave
number are plotted for electrons moving in two different
directions, The Fermi level marks the highest energy state
occupied by electrons; occupied states (grey curves) are
below it and empty states above (black curves). The wave
number at which the curves meet (at the Fermi level) gives
the position of the Fermi surface in a particular direction
in wave-number space.
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Without this concept of encrgy gaps it is difficult to explain
the great difference in electrical conductivity between metals,
semiconductors, and insulators, The resistivities range from 10-8 ohm,cm
for metals to 10%%ohm.cm for good insulators. This difference of 10°°
in resistivity is one of the widest ranges in nature,

tictals, semiconductors and insulators are often represented by
their energy gaps, or allowed bands. This usefui treatment is known as
the band theory of soiids,

In the case of metals (see Figure (7)) the highest energy band is
unfilled; the electrons in this band can easily be excited from their
lower ene.gy levels to higher vacant levels, The electrons can
therefore be easily raised to the empty conduction bands by an electric
field, so that the material acts as an electrical conductor,

At absolute zero semiconductors and insulators have completely
filled valence bands (see Figure (7)) and, because the forbidden band
is too wide for electrons to traverse, there is no mechanism for charge
transfer, These materials are thcrefore poor conductors of electricity,
The difference between semiconductors and insulators is in the width of
¢he forbidden band , insulators having wider forbidden bands than
semiconductors,

At room temperature a few of the electrons in the valence band
of semiconductors have sufficient thermal energy to cross the forbidden
band and enter the empty conduction band. The electrical conductivity
increases as a function of temperature, because more electrons cross the

forbidden band as their thermal energies are increased,
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(a)

One typical structure of metals - the body-centred cubic
structure, The atoms inside the crystal are all surrounded
by eight neighbouring atoms (top diagram), but atoms at the
surface have varying numbers of nearest neighbours (bottom
diagram); white atoms have four, dark grey five, light grey
six and black seven,

The numbers refer to the crystal plane.

(b)

4
& .
2 - 0% "o
2 .0..‘ ® g~ =

Figure 8.
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The characteristics of intrinsic semiconductors are changed by
the addition of smal! amounts of impurities, For example, the electrical
conductivity of a pure si_-icon crystai is increased by a factor of 103
by the addition of boron impurity atoms, in the proportion of 1 boron
atom to ;03 siiicon atoms,

The adcition of impurity atoms into the lattice of an intrinsic
semiconductor iattice produce additional electronic energy leveis cailed
impurity leveis, If these are located just below the conducting band they
are known as donor levels, and if they are situated just above the vaience
band they are termed acceptor levels. The energy required to raise
electrons frow the donor levels to the conduction band, or from the vaience
band to the acceptor levels is small compared with the energy gap of the
pure material, It is therefore possible for materials to behave as
semiconductors, although the energy gap between the conduction and
valence bands of the pure material is large,

A_Comparison of Internal and Surface Crystal Environments

In metals the energy distribution of free electrons is determined

by the atomic energy levels and the influence of the crystal lattice;
therefore any departure from the ideal bulk structure will change the
free electron energy distribution, Hence, atoms that are on the surface
of a crystal have an electronic environment different from that in the
interior of the sampie,

Consider a body-centred cubic structure:- the atoms inside the
crystal are surrounded by eight neighbouring atoms (see Figure (8a)),

but atoms on the surface vary in their number of nearest neighbours,



Chemical behaviour of different planes in a crystal may vary
just as much as that of entirely different solids, The (110)
plane of tungsten does not adsorb nitrogen at room temperature
although all other planes do; this is shown by the photographs
of a clean crystal (above) and the same crystal after exposure
to nitrogen (below), The (110) plane in the centre remains
uncontaminated.

Figure 9.
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depending on the plane in which they arc situated, This difference in
environment as a function of position is illustrated in Figure (8b).
It can be seen that the atoms on the more densely packed piancs have
the highest number of neighbouring atoms, Consequently, the properties
of the atoms and the bchaviour of the electrons will depend on position
in the material,

In chemical reactions different crystal planes of a clean
surface may act like entirely different substances. 1#olecular nitrogen
is dissociated and then strongly adsorbed by a clean tungsten surface,
The efficiengy of this dissociation and adsorption varies considerably
from one crystal planc to another (5,6). At room temperature, the
tungsten [110] plane, which is the most densely packed does not cause the
diésociation and adsorption of nitrogen; it remains uncontaminated while
the other less densely packed planes are covered with a dense layer of
adsorbed nitrogen (see Figure (9)).

In common with chemical properties the physical properties of
a surface vary from one crystai plane to another, The dynamical
properties of the surface atoms are different from the atoms in the bulk
of the crystal; Conventional and low energy electron diffraction results
(7,8) indicate that the mean square vibrational ampiitude of atoms at the
surface of silver, copper and ni;kel crystals is greater than that of
atoms in the interior of the crystal, The mean square vibrational
amplitude of the atoms will also depend on which crystal plane they are

situated (e,g. the mean square vibrational amplitude of an atom will be
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greater if it is on the [001] plane, than if it is on the [110] crystal
plane) .

Surface atoms differ from internal ones in another important
respect; the amplitude of their component of vibration that is normai
to the surface is not equal to the tangential componcnt (9).

As the behaviour of the electrons in the interior of crystals

is spatially dependent, it is not <urprising that as the free electrons

approach a surface their energy distribution will depend on which plane
they are approaching. It therefore follows that the energy required to
remove an electron from the metal (i.e. the work function) wiil

depend on the crystal plane of the surface,

Techniques used in _the Study of Surfaces

lost of the techniques used to investigate the nature of surfaces
observe the particles and electromagnetic radiation emitted or reflected
by the surfaces,

The infiuence of the optical microscope in surface science has
been immense, and until about 1930 it was one of the most powerful
instruments used in probing surface structures,

By the end of the nineteenth century, the optical microscope was
capable of magnifications of about a thousand but because of the wave
nature of iight any further increase in mganification wvas impossible,
Unfortunately, there are only 2 few limited techniques avaiiable which
are capable of focussing electromagnetic radiation of shorter .savelengths
than the visible section of the spectrum, This difficulty in focussing

radiation of high frequencies led to the development of the electron
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microscope in the early 1930s,

The initial stimulus for an electron microscope came from
Hans Busch, who argued that the electro-magnetic solenoid used in the
cathode ray tube was equivalent to an opticai lens, By 1933 uska, at
the Technische liochschuie in Berlin, had produced a two-stage electron
microscope with a maximum magnification of 10,000 cnd a resoiving power
of 500 Angstrbhs. ilodern electron microscopes have a resolving power
that is limited to about four Angstroms. With such a resoiution it
is possible to distinguish atomic iattices of large spacing, but not
individual atoms or the lattices of metals.,

Jith the development of the field emission microscope it is noJ
possible to resoive individual atoms of a limited range of materials (10),
In the field emission microscope the particles which produce the image
are not focussed by a lens system, and therefore, technically the
instrument is not a microscope in the conventional sense,

The sample is in the form of a fine electropolished point and is
placed in an evacuated chamber (see Figure (10)). Jhen a high potential
(usually a few kilovoits) is applied between the tip and a conducting
spherical phosphor screen, electrons are emitted from the point,

The amount of field emission current is dependent on the work
function of the surface, and since the emitted electrons foliov the radial
lines of force, it therefore follows that a highly magnified image of the
point is produced on the fluorescent screen,

A typical photograph obtained from the field emission microscope

is shown in Figure (1l1). The bright patches in the photograph correspond
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to the individual atoms of an atomically clean tungsten surface. The
different iattice planes are given by the numbers. In the (iil) plane
the atoms are only 4.52 apart, and the diameter of the surface shown
is about 1,0002, which illustrates the instrument!s exceilent
magnification and resolution,

Beams of eizctrons have been used as a poverfui tool for
examining the surface structure of a variety of crystais, To obtain
an atomic diffraction pattern the incident waves must be of shorter
savelength than the inter-atomic spacings on the crystal surface.

Electrons vith an energy of about i00 volts have a de Broglie
wavelength of approximately iﬁ, and as their penetration is limited to
the outer atomic layers of the surface, the diffraction pattern produced
by the reflected electrons discloses the surface structure,

Consider a face-centred cubic structure (see Figure (12)).
The three diagrams in Figure (12a) sho.s the three simplest surfaces
that are produced by cutting sections through it., The three diagrams
in Figure (12b) illustrate the structure of the different surfaces.
It can be seen that the surface atoms on the three faces have different
environments, The diffraction patterns produced by the (111), (100)
and (110) faces of a face-centred cubic structure are shosn in
Figure (12c). It is possible to caicuiate the arrangement of the surface

atoms from such diffroction patterns,

Low energy ciectron Qiffraction techniques are also used to

investigate the configuration of adsorbed atoms on clean surfaces,
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Figure 13.
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A clean nickel (100) face produces a diffraction pattern as
shown in Figure (13b), ‘hen oxygen is admitted into the vacuum system
containing the exposed nickei (100) face, the diffraction pattern changes
from the one illustrated in Figure (13b), and gradually a number of
diffuse streaks appear, . more oxygen is adsorbed these streaks coalesce
into new sharp spots, The new diffraction pattern is a square array
half the size of the original (i.e, Figure (13a)),

The new surface arrangement contains atoms of both nickel and
oxygen, These diffraction patterns indicate that oxygen adsorption
causes complete rearrangement of the nickel atoms on the crystal surface,
and the rearrangemeni{ begins when only a partial layer of oxygen atoms
has been adsorbed,

Electrical resistance measurements of thin conducting layers
deposited on non-conducting substrates provide a means of investigating
the surface characteristics of thin films,

If the film under investigation is thin (i.e, less than 100
atomic layers) its electrical conductivity will be influenced to a
considerable extent by the nature of the surface,

From electrical conductivity measurements as a function of film
thickness and temperature, it is possible to determine how the
behaviour of the conduction electrons is influenced by lattice defects
and scattering at the surface,

There is always a change (usually an increase) in the electrical
resistance of thin films when they adsorb gases (il). At room temperature

the changes are smail, usually less than 5% for most gases, Hence,
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electrical conductivity measurements are a useful probe in the
investigation of surfaces, The technique has the added advantage
of not changing the surface under investigation, and so can be
used to monitor surface reactions,

The work required to remove an electron from a metal is known
as the work function, This Guantity depends upon the properties of
the buik material and the nature of the surface, It is therefore
possible to determine from work function measurements the characteristics
of surfaces, and how they change as a function of:

a) temperature;

b) adsorption;

c) crystal orientation;

d) the internal structure of the material,

As the subject of this thesis is work function measurements
and their interpretation, this topic will be discussed in detail in
the next chapter,

The Preparation of Clean Surfaces

A clean surface exposed to a gas at atmospheric pressure is
subjected to 3 x 1023 moiecular impacts per square centimeter per
second, Many of the gas moiccules do not rebound eiastically, but
are adsorbed onto the c.zan surface., This process of adsorption
continues until the surface is covered by many iayers of molecules,
The time taken for a monolayer to form is inversely proportional to
the pressure. For air at a pressure of 1 torr the time taken is

approximately 10"6secs, at a pressure of 10-“Qon~it is more than five

haura
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For this reason, ultra-high vacuum conditions are essential
for the preparation of clean surfaces,

Clean surfaces may be prepared on metallic and non-metallic
substrates by several different techniques, the principle methods of
producing clean metal films being:

a) Vacuum evaporation

b) Crystal cleavage

¢) Elimination of impurities by heat treatment

d) Desorption of surface residues by electron bombardment
e) Cathodic sputtering

f) Field evaporation

Vacuum evaporation has the advantage that many types of substrate
can be used, One of the main criteria for the choice of substrate is
that it should have a lo# vapour pressure (i.e., balow about lO-lztorr)

The material to be evaporated is initially heated to a
temperature just below the temperature at which it has an appreciable
vapour pressure, The impurities which are more volatile than the
material are therefore eiiminated by evaporation, A further temperature
rise vaporizes the purified material - leaving behind the less volatile
contaminants,

The thickness of condensed films can be controlled to finer
limits than is possible with other methods of.film production, This
precise control of film thickness, coupled with monitoring techniques
(e.g. quartz crystal measuring methods) has enabled the properties of

surfaces to be investigated as a function of thickness,
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The structure of evaporated films is found to be highly
dependent on the condition of the: substrate surface, the initial
temperature of the substrate, any subsequent heat treatment, and the
evaporation rate, It can be seen that vacuum evaporation is an extremely
versatile process,

Ciean surfaces can be produced by breaking or cleaving single
crystals in high vacua. The availability of almost perfect large single
crystals limits the general application of the technique, but the
greatest limitation is the small number of materials with suitable
cleavage planes,

The great advantage of this method is that definite clean
crystal planes can be produced at low temperatures (i.e. ambient),
thus reducing the possibility of lattice defect formation, which often
occur if other techniques are used,

Under favourable conditions clean surfaces can be produced by
maintaining the materialat a high temperature for prolonged periods of
time. The adsorbed residues are desorbed provided they are less firmly
bonded to the surface than the atoms of the material itself,

This method is rather limited in its application, since the
surface to be cleaned has to be stable at high temperatures, usuaily
in the order of 1500°C. Hence, only the more refractory materials
(such as tungsten, molybdenum, tantalum and silicon) respond to this
treatment,

Unfortunately, at the high temperatures needed to desorb the

surface residues, impurities dissolved in the bulk material will tend
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to diffuse towards the surface. G.E, hioore (12,13) investigated the
production of further surface residues from dissolved impurities,

He concluded that the carbon monoxide evolved from hot refracting metals
was produced from dissolved carbon and oxygen atoms, which had diffused
to the surface of the metai, where they combined to produce the carbon
monoxide molecuies,

Clean surfaces can be produced by bombarding contaminated
materials with low-power density beams of electrons (i.e. 5 x 10-%mp/cm2
at 100 volts), The adsorbed impuriti es are desorbed in the form of
an ion current,

D. Lichtman (14) has investigated the mechanism of electron
beam induced desorption by comparing thermal and electron induced
desorption data, He concluded that under favourable conditions
surfaces can be c.eaned by electron bombardment,

If the pover of the bombarding beam is sufficiently small the
temperature rise of the surface will be negligible, therefore impurities
dissolved in the bulk of the material will not diffuse to the surface
easily,

Lo+ energy eiectron diffraction techniques have been employed
by R.M, Bruger and co-workers (15) to demonstrate that clean surfaces
can be produced by cathodic sputtering techniques, in conjunction with
heat treatment,

The surface to be cleaned by sputtering is placed in a pure inert

3

atmosphere of argon, at a pressure of about 10°° torr., The bombarding

positive ions are produced in a discharge maintained by an applied
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voltage of about 500 volts, The positive ion current density is kept
at a low value (i,e, loopamps/cmz) to prevent surface pitting.
Atomically ciean surfaces of the refactory metals such as titanium

and nickel have successfully been produced by this technique, Their
final surface structures were found to be parallel to the atomic planes
of the bulk materizl,

In conclusion, this method is limited in its application, since,
it is unlikely that gas molecules will be completely prevented from
entering the structure of the surface in the case of the more reactive
metals.

Under favourable conditions clean surfaces can be prepared by
using high electrostatic field techniques., Field evaporated surfaces
are usually produced in field ion microscopes by increasing the
potential of the tip so that the field is about i0? volts/cm near the
surface of the tip (16), +Heakly held surface contamination and
irregularities are removed from the surface of the me tal sample by the
high field. Repeated field evaporation removes successive atomic
layers and it is thus possible to observe defects present in the bulk
of the material as they emerge at the surface (17).

This technique has the advantage that it can be applied to a
wide range of materials, but unfortunately, it can only prepare clean

surfaces with an area of approximately lo-locmz.



1,7

- 23 -

The Factors which determine Surface Characteristics

Many investigators have studied the physicali and chemical
properties of surfaces under what were considered to be identical
conditions, Until recentiy, the reproducibility of the experiments has
been extremely poor, The lack of agreement was due mainiy to the residual
gases (which were of unkno.n composition) adsorbed by the surfaces and
incorporated in the film material during condensation,

In any investigation of the physical and chemical properties
of thin films it is essentiai to measure the characteristics of the
bulk materizl, the surface, and the gas phase residues, It is therefore
considered appropriate to summarize the factors shich influence the
properties of surfaces, ilodern ultra-high vacuum techniques are .
incapabie of attaining absolute vacuum conditions; and hence all
surfaces are in gaseous environments and are thus liable to contamination.

The residuai gases can affect the nature of surfaces in two
ways.

Firstly, the presence of a gas atmosphere during the growth of
a thin film cen influence the internal structure of the material.
Reactive gases such as oxygen will be incorporated in the buik structure
of the thin fi.m, during condensation, The resuiting surfaces will tend
to have irreproducible physical and chemical properties,

Secondiy, there is the effect of surface contamination., /in
adsorbed layer of gas can change the properties of surfaces to a .marked

extent,
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Many investigators (18,:19) have observed the change in electrical
conductance of thin metal films (i.e. less than 100 atomic iayers) when
a gas is adsorbed, These conductance changes, which are of the order
of a few per cent, are usuaily interpreted as being due to the adsorbed
gas layers infiuencing the behaviour of the conductance eiectrons,

iiost of the chemical and physical properties of ciean surfaces
are influenced by the addition of adsorbed layers, It is therefore
essential to monitor total and partial pressures at every stage of an
experiment,

In any investigation of surface properties it is essential to
have information concerning the nature of the bulk structure of the
material, The characteristics of surfaces can be affected by the nature
of the underlying layers in three main ways:-

a) The structure of the pure material,

b) The infiuence of lower layers having a different structure from
the surface materiai,

c¢c) The thickness of the film,

The properties of an idealized perfectly clean surface would be
determined soieiy by the structure of the underlying buik material - if
it were possibie to produce an absoiute vacuum and materials of perfect
purity., Hence, the properties of real surfaces are not determined only by
the characteristics of the pure bulk material,

Since,the properties of surfaces are dependant on their
microscopic geometry, rough and smooth surfaces of the same material wiil

have different chemical and physicai properties,
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It has been shown that the microscopic structure of a surface
depends on its method of production, and hence a clean film prepared
by evaporation will have different properties from a surface produced
by clieaving, £s the roughness of surfaces is difficuit to measure in
absolute terms it has been found useful to introduce the '"'surface
roughness factor'", shich is defined as thé ratio of the actual to the
geometric areas., For example, the typical roughness factor of an
evaporated aluminium fiim is about 2.5, and that of an evaporated
rhodium surface can be as high as 10 (106).

It is therefore imperative in any investigation of surfaces
to have as complete an understanding as possible of the internai and
surface structures,

The thickness and nature of the underlying iayers can influence
the behaviour of a surface.

Investigations (20) have demonstrated that the electrical
conductivity of films varies as a function of thickness., The crystalline
properties of fiims also vary as a function of film thickness, A series
of experiments has recently been performed (21) to investiéate
recrystailization in copper and gpld fiims, The time of recrystallization
was found to increase with decreasing thickness,

The surface micro-structure of a substrate can influence the
structure of a deposited fiim., This phenomenon of oriented intergrowth
between two crystalline materials is called epitaxy, Hence, in
consideying the properties of any given surface it is imperative to

measure the fiim thickness, and state the substrate surface structure,
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#hen a material is heated, the kinetic energy of its atoms
and their interatomic distances increase, and therefore it is not
surprising that the chemical and physicai properties of surfaces
vary as a function of temperature.

Research into the adsorption rates of gases on c:ean surfaces
as a function of temperature, has been performed by a number of
workers (22). From those and similar experiments it is apparent that
most surface phenomena are temperature dependant.

1.8 Conciusion

In this chapter the theoretical and practicai importance of
surfaces, and in particular solid surfaceg, has been stressed,

Much of the previous work in this fieid has been complicated
by iil-defined conditions produced by exposure to gas phase residues.,
Therefore, to obtain meaningful measurements of surface propertiss
it is necessary to initially prepare clean surfaces, and any subsequent
contamination must be ciearly defined,

One of the most informative tools used to investigate surface
phenomena is the study of work function measurements.

The fo.lowing chapter is concerned with the mecasurement and

interpretation of work function values,



_CHAPTER _II

ELECTRON EMISSION :ND ORK FUNCTION MEASUREMENTS

Introduction

The technology of eiectronics began in 1883 when T,A. Edison
patented vhat became knoun as the '"Edison'" effect and what is now known
as thermionic emission, This effect was applied by Fleming in 1904 to
rectification and by L, de Frost in 1906 to amplification,

4 considerablie part of modern electronics is based on the emission of
electrons from surfaces, and the control of these electrons to perform
various tasks,

Electrons can be induced to leave a surface by two methods:-
(A) By giving the electrons sufficient energy to overcome the surface
barrier,

(B) By thinning and reducing the height of the surface barrier by the
presgnce of a strong appiied electrostatic field.

The theoretical treatment of these two methods will be
discussed separately.

The band theory of solids, which was outlined in the previous
chapter, serves as a useful model in the expianation of electron
emission, The eiectrons have energies which are distributed up to the
Fermi levei Ep(q) (Figure (1)).

If the potential energy of an electron in the partly filied
conduction band is lower by a factor of X than one which is an infinite

distance above the surface, then the +urk required to remove an electron
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from the metal (usually known as the work function) +vill be the
difference (X - EF(o)) see Figure (14),

The .+ork function § arises from two effects. The first is the
electrostatic or image force, between the emitted electron and its
induced "mirror image'' in the metai, The second component arises
from the difference in chemical potential between an electron in the
metal and one aun infinite distance above the surface,

The potentiai energy of an electron due to the action of these
two forms is showun as a function of its distance above the surface in
Figure 14,

It is assumed that the surface is a structureless equipotentia:
piane and that there are no fields due to space charge effects nor an
applied electrostatic field, (23).

2.2 Types_of Electron Emission

2.2.1 Thermionic Emission

The ideaiized exampie of thermionic emission from a clean
metal surface wili be considered,

The number of electrons per second approaching the surface with
sufficient energy in a direction.normnl to the surface to escape over
the potential barrier .ili be calculated.

It is convenient to express the Fermi-Dirac distribution in terms

of momentum P,

<. _ 8w P3P )
Snp F exp [(__E ;TEFSOI)] +1 (2-1)
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3

where Slnp is the number of electrons per cm~ with momentum between

Pand P + P,

The momentum P is the vector sum of Px'?y and P,, and if
the yz plane is considered to be the emitting surface, only the Px
component , which is normal to this plane need be considered,

Hence equation (2-i) can be transformed as
o
$n = 28P 2w r dr (2-2)
X —=
h exp [(E‘E )] +1
kT

e’
where S’nx is the number of electrons per cm3 with momentum in the

x direction between P, and P, + Px; r is the resultant momentum in

the yz plane, given by: r2 = Py2 + Pz2

Because the electrons obey a Fermi-Dirac distribution of energy

E is large compared with kKT and so the unity in the

" Epo)
denominator of (2-2) can be neglected,

The electron energy E in (2-2) is given by
2 2 2 2 2
(P," + P.7 + P,7%) _ (P, + r°)

E = =
2m 2m

Substituting this value of E into (2-2) and integrating
2
)

. 4mkT E P
Snx s exp( F'(‘g)_ - Z;RT' ng (2-3)

The electrons which have a momentum shich is greater than Px
can pass through the potential barrier of total height ;{.

Where

2
P

. S = E + 0
2m X F(0)
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The current carried by each electron will be the product

of its charge and velocity, which is €Px
"y

The total emitted current per unit area is given by:
el

YTemkT o) {
I=—3— ex F(0) ;
h g KT J

2
21 exp (- gx__J.dPx

a 2mkT
P
X
2m2
= -i*l"-‘i’—;"—‘—"— exp ( Ef(0) - P'x® ) (2-4)
h KT 2mkT

But P! 2 = Ep(g) t ¢ therefore (2-4) reduces to

X
2in
2
I= ﬂE%ﬂE_ . T exp (- g?) (2-5)
= AT [
- 0 exp (- d (2'6)

Eguation (2-6) is usuai.ly called the Richardson-Dushman equation (24),

The proportionaiity constant (usualiy known as the Richardson
constant) has the numericai value of 3,6 x 10" when measured in e.s.u.,
and 120 vhen the current is measured in amperes.

Equation (2-6) suggests that it is possibie to obtain a value
for P from the gradient of the straight 1ine obtained when iog _%z is
plotted as a function of % . Thermionic emission from reai surfaces
is complicated by a number of factors:-

() The actuai area of the electron emitter is never equal to the
macroscopic geometric area,

(ii) @ changes as a function of temperature., (The change in work

function as a function of temperature gg-is usually 10_4év/°Cfor metals,)
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(iii) In the derivation of equation (2-6) it was assumed that § is
constant for a.:i positions on the surface. This assumption is only
valid for uncontaminated pianes of a single crystal,

(iv) A fraction of the electrons vith sufficient energy to pass
through the surface barrier are reflected (25); this, however, for
clean metals, is likeiy to invoive only a smali correction,

The_Energy Distribution of the Emitted Electrons

The energy distribution of the emitted electrons can be derived
from the Richardson-Dushman equation,

The total number of electrons emitted per cm2 per second is
given by

2
= m 2 -L -
N 3 T exp ( kT) (2-7)

The number of electrons arriving at the surface per cm2 per
second with velocities normal to the surface in the range de and

P> Py is obtained from equation (2-3).

2
n(V )V, dv = ﬁmt%lg exp ( EF(0) - ™WVx) v_dv (2-8)

kT 2k * X
I Vex represents the velocity of an electron after emission on

the x- direction, then

%mvz = ';'mvxz - EF(O)- ¢

(]
®
L]

V,, dVey = VydV (2-9)

X

The velocity distribution F(Vex)dvex of the emitted electrons

can be obtained by dividing (2-8) by (2-7) and then substituting (2-9);
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one obtains

F(Vex)dvex - mvex exp(- mvaﬁ) dvex (2-10)
N kT 2kT

Hence, the velocity distribution normal to the surface exhibits a
Maxwellian form,

The Richardson-Dushman equation and the energy distribution
of the emitted electrons have been derived by Nordheim (26, 27) using
statisticai mechanics,

2.,2.2 Photoe.ectric Emission of Electrons

In the phenomenon of photoetectric emission, which was
discovered by Hertz in .887 (28) the electrons gain sufficient energy
to overcome the surface barrier by absorbing a photon,

The maximum kinetic energy E of a photo electron on emission
at a temperature of OOK, is given by the Einstein relationship

E=ho- ¢
shere O is the frequency of the incident electro-magnetic radiation,
and P is the difference between the Fermi energy of the emitted electron
in the metai and the vacuum levei,

It was showsn in Chapter I that at absolute zero the Fermi-Dirac
distribution of electron energiés ends abruptly at Ep(g). However,
at higher temperatures the energy distribution does not end abruptly
at Ep(g) but tails off, and a fraction of the electrons have energies
that are greater than EF(O)' Consequently, at temperatures above 09K

the photo electric threshold frequency is not sharply defined.
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Secondary Electron Emission

Austin and Starke (29) discovered the phenomenon of secondary
electron emission in 1903, while investigating the reflection of electrons
by meta.is.

when a solid is bombarded .+ith a beam of electrons, several
processes can occur, the nature of which will depend on the character-
istics of the material and on the energy distribution of the incident
electron beam:

(1) f# fraction of the incident electrons, or primaries, w#ill be
elasticaily reflected,

(2) The remainder of the electron beam will penetrate the soiid and

lose energy by exciting the lattice electrons, Some of these primary
electrons which have lost a fraction of their original energy return

to and escape from the surface. These electrons are known as inelastically
reflected primaries,

The lattice electrons which have been excited by the primaries
lose their energy in a number of ways:-

(a) Emission of a photon.
(b) Dissipation of the energy into heat,
(¢) Escaping from the lattice.

It is therefore possible to distinguish between three categories
of electrons emitted from the surface:-
(i) Eiasticaily reflected primaries,
(ii) Ineiasticaily refiected primaries,

(iii) Excited iattice electrons, usualiy calied the true secondaries.
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A typical energy distribution, obtained by Rudberg (30,31),
illustrates the three categories of electron emission (Figure (15)).
It can be seen that there are three peaks in the distribution curve.
denoted by a, b and c,

The sharp peak (a) is produced by the primary electrons which
have been refiected without loss of energy.

The small fluctuations in the curve at (b) correspond to the
inelasticaliy refiected primaries,

The broad iow energy peak (¢) is due to the true secondary
electrons produced in the material by the primary beam,

Theory of Secondary Emission

To date, no theory has satisfactorily explained the mechanisms
of secondary electron emission, The lack of agreement between
experimental observations and existing theories is due, mainiy to
incomplete understanding of the interaction of the primary electrons
with the lattice electrons in the solid, There is also insufficient
information concerning the electron energy distribution in many of the
materials investigated.

The general shape of the secondary eiectron yield curves will
be derived from a classical approach rather than a wave-mechanical

one,

The calculation of the secondary electron yieid is simplified
if the phenomenon is considered to be split up into two separate stages:-

(A) The production of the secondaries by the primary electron beams
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(B) the probabiliity of the secondaries reaching the surface and
escaping from it,

To cailculate the secondary emission coefficient €§ a number
of assumptions are made:
(a) The incident primary electrons are normal to the surface,
(b) The primaries after they have cntered the material continue to
travei in straight lines that are perpendicular to the surface.
(c) The primary electrons lose energy in accordance with #hiddington'!s
law:~

_ dEP(x) = A (2-11)
dx E‘P(x)

where Est) is the energy at a depth x and & is a constant that is

characteristic of the material.
{d) The number of secondaries produced by a single primary electron

in a layer dx is proportional to 9p djvided by the average excitation
dx
energy required to produce a secondary,&’,. Hence,

n(x) = - dEp (2-i2)
Se  dx

(e) The probability of a secondary electron produced at a depth x
reaching and escaping from the surface is:

F(x) = £(0) ¢ = £(0) ks (2-13)
where f(0) is the probability of escape of a secondary produced near
to the surface,

T .
x, = — is considered to be the range of the secondaries,
o
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Neglecting the veiocity distribution of secondary electrons,

the secondary emission coefficient 5 may be written in the form
3 =5n(x) r (x) dx (2-14)

where n{x)dx represents the number of secondaries produced in a
layer of thickness dx at a depth of x, by one primary electron.
¢ (x) is the probability of a secondary electron reaching and escaping
from the surface,

Although the integrai extends over the whole thickness of the
material, in practice the primary electrons lose most of their energy
within a distance of a few hundred fngstroms from the surface.

It follows from (2-11) that if E;, is the energy of the primary

Po
electrons as they hit the surface, the energy of the primary electrons
as a function of distance is given by
_ 2
E%p(x) = E°p - 2 hx (2-15)
It can be seen that the approximate maximum distance of penetration

of the primary electrons xp is obtained by letting EP = 0, It thus

follows that:
E 2
Xp = PQ (2-16)
2A

The range of the primary electrons is therefore proportional
to the square of their energy.
From (2-12), (2-15) and (2-16)

n(x) = (é)%, S S (2-17)
2 Ge(xp-x)3

1
X_. as a function of (xp - x) "2 is illustrated in Figure (16).
X

It can be seen that most of the secondary electrons are produced
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Neglecting the veiocity distribution of secondary electrons,

the secondary emission coefficient 5 may be written in the form

3= fnlx) 1 (0 ax (2-14)
where n(x)dx represents the number of secondaries produced in a
layer of thickness dx at a depth of x, by one primary electron.
¢ (x) is the probability of a secondary electron reaching and escaping
from the surface,

&Llthough the integrai extends over the whole thickness of the
material, in practice the primary electrons lose most of their energy
within a distance of a few hundred /ngstroms from the surface,

It follows from (2-11) that if Epo is the energy of the primary
electrons as they hit the surface, the energy of the primary electrons
as a function of distance is given by

E2p(x) = E°p, - 2 hx (2-15)

It can be seen that the approximate maximum distance of penetration

of the primary electrons Xp is obtained by letting EP = 0, It thus

follows that:
E 2
xp = “Pg (2-16)
2A

The range of the primary electrons is therefore proportional

to the square of their energy.
From (2-i2), (2-15) and (2-16)

n(x) = (é)%, —_—t (2-17)
Ee(xp-x)z

1
X_ as a function of (xp - x) 2 is illustrated in Figure (16).
X

It can be seen that most of the secondary electrons are produced
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near the end of the path of the primary eiectrons,

The general shape of the secondary emission yield curves can
be obtained by considering primary electrons with very low# and very
high energies,

At very low# primary energies Xp<Kxg, and therefore the
probability of a secondary escaping from the surface may be taken
as f(0). Hence, from (2-14) and (2-12),

S =1£(0) {n(x)dx = £(0) EP0  hen Xp<< X .
€e

It can be seen that for low primary energies the secondary
electron yield S'should rise proportionally to the primary energy Epg,.

At very high primary energies Xp 55 Xg only the secondary
electrons produced in the range 0 x xg need be considered, because
f(x), being an exponential function of x, decreases rapidly with
increasing x, It is apparent from Figure (16) that the production of
secondary electrons as a function of depth can be considered to be
nearly constant when '%P is small,

Hence, from (2-16) and (2-17)

n(x) n(0) = A
€e EP0

Therefore, from (2-14) it follows that
aQa
S = é“ f{x) dx
e EPo o

A . f(0) when Xp >> xs
GeEpo o
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It can thus be seen that for high primary energies the secondary
electron yieid 5' is inversely proportionai to the primary energy.

Considering the nature of sccondary electron yield at high and
lo~x primary electron energies, it is ciear that <5 will have a
maximum value at a primary cnergy corresponding to xp £ Xg.

It is also possible to produce secondary electron emission by
bombarding materials with ion beams (32), However, the mechanism of
secondary emission produced by ion bombardment is quite different from
that of electron bombardment. Electron induced emission is basically
a bulk effect while ion bombardment is essentially a surface one,
Hence, the theoretical treatment is completely different,

Field Emission of Electrons

Field emission was discovered in 1897 by R.d. Wood, who observed
that electrons could be emitted from surfaces without any input of
energy. Field emission may be defined as the emission of eliectrons
from a surface under the action of an applied electrostatic field,

In photo emission and thermionic emission the electrons leave the
material by gaining sufficient energy to overcome the potential barrier,
In field emission the mechanism is quite different; the barrier is
thinned and iowered by the applied field so that some of the unexcited
electrons can '"'tunnel'' throuch and escape. The process is iliustrated
in Figure (17). It can bz seen that without an applied field (a) an
electron can escape from the surface only if it is given sufficient

energy to surmount the work function of #. The presence of a strong
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etectrostatic field (b) (typicaiiy about 106 volts/cm) thins and lowers
the barrier so that electrons can ieak away through it,

This electron tunneling which is a quantum-mechanicai phenomenon,
can be more easiiy comprehended by considering the Heisenburg uncertainty
principle, which states that the product of the uncertainty of momentum
AP and the uncertainty of position Ax is roughly equal to Planck's
constant; that is

AP.Ax=2 D
2

#shere h = g%, h being Planck!s constant,

If electrons near the Fermi level are considered, their uncertainty
in energy is equal to the height of the barrier §, therefore the
uncertainty in momentum is (Zmﬂ)%. From Heisenburg's principle this

gives the uncertainty in position to be

5
2(2n9) 3

This lack of uncertainty in position will be of the same order

as the barrier width —g; , where F represents the applied field.

Therefore
Fe ' 2(2m)?
or that

_9:?2 2 1

—

N

2m
2(
;zj Fe

The above relationship is found to agree fairly well with the conditions

for field emission,
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Fowler-Nordheim Theory of Field Emission

The wave-mechanical approach to field emission will be
considered, using the concept /?kzl as the probabiiity of an electron
being in any particular position, The potential barrier will be
assumed to be triangular, This,of course, is not the case, but
calculations and observations show that the derived resuits agree to
within 20% with actual field emission conditions,.

It wili be seen from Figure (i8) that for an applied field
of 4 x 107 volts/cm and a work function of 4 volts, electrons near the
top of the Fermi level Ep(o) will have to tunnei through a barrier of
thickness 10'7cm.

The Schrodinger wave equation will be used to consider the one-
dimensional case in the x direction, which is normal to the surface.
Inside the material the behaviour of the electrons is described by

2
dzz//+8:§"‘ EY = 0

dx

where E is the kinetic energy of the electron,
Outside the metal and inside the triangular potential barrier

the behaviour of the electrons is described by

dZ’Z 8mm _ | -
" + hZ[E (p + EF(0)) +Fed]7//- 0

where F is the field strength,
It is possible to solve these two equations using the surface

boundary conditions, namely, that ?ﬁl and d are continuous
dx

when x = 0,
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Inside the potentiai barrier the solution to the wave equations

is given by

1
D(E) = 45(" T Ep(g)- E )2.exp [- .5(8'"2“‘)2 (® t Ep(0)- E) 2 ] (2-18)
(¢ + Ep(o)) e F

where D(E) is the fraction of electrons of energy E which can tunnel
through the potential barrier.

The totai number of electrons tunnelling through the barrier and
hence the current leaving the surface, can be calculated by multiplying
the number of electrons arriving at the surface (derived from the
Fermi-Dirac distribution law) by equation (2-i8)., When this is
integrated with respect to energy the result is the Fowler-Nordheim
relationship (33).

) 262 33; g
B 2F
I=2§h(ﬂo) Lexp[--( 2]
(P + EF(0)) 92

2

where I is in amps/cm
F in voits/cm
EF(O) and P in eV,
The Fowler-Nordheim equation uakes it ciear that no heat
energy is required., This has been verified by several uworkers (34),
who have demonstrated field emission at liquid helium temperatures,
The wave mechanicai theory agrees #ith observations that show
the emitted current increases exponentially as a function of the applied

electrostatic field, A 1 per cent change in the field produced roughly

a 10 per cent change in the emitted current. Hence, this non-linear
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rclationship could be used to produce ampiification,

Field emission wiil be extremeliy sensitive to small variations
in the work function of the surface, since this occurs in the
exponential factor., Hence, the various crystai pianes of a materiat
have cuite differcnt fieid emission characteristics,

The Fowler-Nordheim theory predicted huge current demsities -
of the order of 108amps/cm2. This amazing prediction was confirmed in
1940 by Haefer (35) who measured a current density of 106amps/cm2.

The wave-mechanical theory of field emission develioped by
Fowler and Nordheim in 1928 still appears to be essentially correct,
Although the theory has been in agreeuemt with most of the observed
data, it fails to account for the nature of field emission at large
current densities, It is observed that the density of the emitted
electron beam does not increase as a function of the appiied field as
rapidly as the Fowier-Nordheim theory predicted, This discrepancy has
been explained in a modified #ave mechanical theory (36) which introduces
the hypothesis of the electron space charge and the effect this has

on the electrostatic field.

The_Infiuence of Adsorbed Layers.

The phenomenon of adsorption was discovered in 1773 by Scheel,
who observed the condensation of gases (c.g. oxygen) on the surface of
active charcoal,

Clean surfaces, being extremely reactive combine spontaneously
7ith most gases (that is, the activation energies for the reactions are

almost zero, (37, 38)), but the nature of the binding forces can vary
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to a considerable extent,

Two main types of interaction can be distinguished. If the
bond between the adsorbent and surface is strong, the phenomenon is
called chemical adsorption or chemisorption; if it is weak it is
cailed physicai adsorption,

The main differences between chemisorption and physical
adsorption can be summarized as foilows:-

(a) In physicai adsorption the binding is sminly due to van der

Waals forces, while in chemisorption valence forces are responsible,
(b) The binding energy is much stronger in chemisorption than in
physical adsorption (approximately 105cals/mole and 103 cals/mole
respectively]},

(c) Chemisorption, unlike physical adsorption, is specific,

(d) Physical adsorption, unlike chemisorption, is generally reversible
(i.e. on decreasing the pressure the adsorbed gas is desorbed).

The centre of charge density of the electrons in non polar
atoms is coincident with that of their positive charges, but when
adsorbed on surfaces they become polarized., Hence, adscrbed films
consist of a layer of dipoles. -In extreme cases the eiectrostatic field
at the surface is strong enough to ionize the adsorbed fiim, producing
an adsorbed layer of ions,

These adsorbed dipoie layers modify the surface barrier and thus
the work function, Consicer an electron of charge e near to a plane of

charge dengity 5~ The force on it wili be 2w 0%, and the force between



(a) Adsorbed layer-negative (b) Adsorbed layer-positive
outwards, outwards,

Effect of adsorbed layers on the potential
near a metal surface,

Figure 19,



- 44 -

two such plane sheets of equal and opposite charge density is 4T G%.,
The difference in potential between the two pianes is 4ﬁwfﬁ, ahere

d is the distance of separation, A dipole iayer with n dipoles/cm2
can be considered to be made up from two such charge pianes, Hence,
as the dipole moment M of each is equal to the product ed, and since
C’= ne, the potential difference is 4mnli, The work function of a
surface will be increased by 4mneii if the dipoles have their negative
charges outwards, and decrecased by the same amount if the dipoles
have their positive charges away from the surface,

These two cases are illustrated in Figure (19). It can be
seen that the adsorbed layers change the potentiai barrier at the surface
from 0 to 0!,

From the kinetic theory of gases the period of time, tm, that
is required for an initially clean surface to be contaminated with a
monolayer is given by the eguation

tm = Nm

Bv

wshere §§ is the sticking coefficient, i.e., the fraction of the molecules
bombarding the surface which are adsorbed, V is the number of molecules
bombarding a square centimeter of.the surface per second, and Nm is
the number of sites per monolayer,

At a pressure of 10—7torr and assuming a sticking coefficient of
unity a clean surface will adsorb a monolayer in seconds, ijost sticking
coefficients are found to be fairly high, of the order of G.1 - 0.5,

and vary with coverage and temperature (39),
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Bloomer and Haine (40) investigated the adsorption of
oxygen on a clean tungsten surface and found the time required to

produce a monolayer to be given by

t. = 2.4x 10-6
m T ————————
P

seconds

where P is the pressure in torr,

Hence, in an investigation of clean surfaces, it is imperative
to have a residual gas pressure that is maintained at or below 16~%orr.

Flash fiiament techniques have been used by many workers to
investigate how the sticking coefficients vary as a function of coverage.
Figure (20) iliustrates the change in sticking coefficients for various
gases on the 411 plane of tungsten at room temperature.

Gas surface interactions can be divided into four main
groups (41),

Firstiy, the phecnomenon of adsorption and desorption acting
concurrently and in equiiibrium (sece Figure (2ia)).

Secondly, the phenomenon of substitutional adsorption
(Figure (20b)). The binding energy between a surface and an adsorbent
will be different from the one between the same surface and another
adsorbent, Hence, it is possiblé for some atoms or molecuies to
adsorb on a surface by displacing previousiy adsorbed layers, This
process becomes important when gases are introduced into systems with _
previously contaminated surfaces,

Thirdly, there is the possibility of ionic or electronic

desorption (42), An electron or ion, if it has sufficient energy, can
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desorb weakly adsorbed particles,

Finally, there is the possibility of dissociative surface
ionization (Figure (21d)). An incident beam of particles may dissociate
the adsorbed molecules producing the desorption of ions (43),.

The Influence of Temperature on .Jork Function Values

In the course of this work it has been assumed that work
functions are independent of the temperature, In fact, most work
functions increase in a non-linear manner as a function of the
temperature, This variation is usually stated in one of two ways:-
either the work function coefficient is quoted at a definite temperature,
or the change in work function is described in the form of a virial
equation,

According to Herring and Nichols (44) three factors contribute
to the temperature coefficient:-

(1) The surface potential barrier will be modified by the thermal
expansion of the lattice,

(2) The increase in the vibrational amplitude of the atoms due to
thermal excitation will cause the charge distribution near the surface
to change,

(3) The Fermi-Dirac energy distribution of the electrons will be
slightly altered with increasing temperature., Hence, the value of the
Fermi energy will change and the work function will be altered,

With these three premises Herring and Nichols presented a
theory which describes the temperature variation of work functions that

agrees with the measured results (45) to within 25%.,



Richardson Constants

Temp. °K Usable
Metal for 10-7 torr A emission
vapour amps/cm? ¢ amps/cm?
pressure degree? eV
Cs 273 160 1-81 4 X 1027
Ba 580 60 2-11 1 X 10-11
Ni 1270 60 4-1 5 X10-*
Pt 1650 170 5-40 2 X 10-*
Mo 1970 55 4-15 5 X 102
C 2030 48 4-35 2 X103
Ta 2370 60 4-10 6 X 10!
w 2520 80 4-54 4 X 10!

Figure 22,
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Experimental idethods used to measure .ork Functions

The Thermionic Jork Function

The Richardson-Dushman equation (2-5) suggests that log ’%Z

plotted as a function of % should result in a straight line.
Thus it could be conciuded that from the gradient a value for the
work function could be determined, However, because of complicating
factors, Richardson plots are not linear, and hence Richardson work
functions differ from the true work function (46), The electron
reflection coefficients (i.e,, the proportion of free electrons which
do not escape but are reflected by the surface back in to the metal)
vary as a function of temperature and therefore the pre-exponential
factor is not constant, A negative space charge is produced above the
surface potentiai barrier, thus changing the value of the apparent
work function., The space charge can be reduced by increasing the
strength of the electrostatic field bet.veen the ecmitter and collector,
but this increascd field affects the mature of the surface potential
barrier,

Thermionic work function determinations in addition to these
theoretical limitations are restricted in their application,

Thermionic emission techniques are i1imited to temperatures
where the surface wili emit measurabie currents without the excessive
evaporation of the emitter itself. In practice, the vapour pressure
of the material must not exceed 10'7torr. It can be seen from Figure
(22) that this factor limits the application of thermionic emission

studies to a few refractory materials,
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Thermionic emission only becomes measurable at relatively high
temperatures, usually in the order of I,OOOOC, and therefore its
use in the investigation of work function changes as a function of the
adsorption of impurity layers is limited,

The Photoeiectric Jork Function

Einstein!s equation concerning the photoclectric emission of
electrons, E = hﬁ)- ¥, suggests that the work function ¢ of a material
may be determined by measuring the maximum kinetic energy E of the
photo electrons, and the frequency'D of the incident electromagnetic
radiation,

However, at temperatures above 0°K the threshold frequency is
not well defined but tails off (see Figure (23)).

The smaii photoemission observed for frequencies slightly
below the threshoid frequency at OOK, 7)0, corresponds to the electron
energies in the tail of the Fermi-Dirac distribution at higher
temperatures, It is therefore difficult to measure accurately the
threshold frequencies at temperatures above absolute zero, This
restriction limits the appiication of the method to work function
determinations

Thi¢ photo electrons wili be emitted from the arcas with the
lowest wvork function, This need not necessarily be typical of the
surface as a whole, but may correspond to regions of contamination,

Another disadvantage of thc photoelectric method is that in

gaseous environments it is difficult to avoid the production of ions
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which, when adsorbed on the surface, will change the surface potential
and hence the measured work function,

For the above reasons, photo electric investigations are
usually iimited to clean surfaces under uitra high vacuum conditions
at relatively low temperatures,

The Contact Potential Difference WJork Function

The variation in potential between two metais I and 11
separated by a vacuum is shown schematicaliy in Figure (24). If the
two metais are connected by an external circuit, equilibrium will be
realized when the two Fermi levels Ef(0),; and EF(O)Z have the same
height, which implies that a potentiai difference U, = EF(O)Z- EF(O)l
exists at the junction between the two metals, This potentiai difference
is called the Volta effect, or contact potential difference. Its
magnitude is, as can be seen in the figure, equal to the difference

in work functions:-

U2 = ¢1 - ¢2 (2-19)

The validity of equation (2-19) rests on the assumption that
the tso conductors are in equilibrium at the same temperature, Thus,
from this relationship it can be seen that if the work function of
one of the surfaces is known it is possible to determine the other if
the value of U;5 is known,

The Kelvin method of measuring contact potential differences
consists of observing the displacement current which is generated when

the capacity of a capacitance constructed from the two surfaces to be
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compared is varied, The voitage required for compensation is equal
and opposite to the contact potential difference. A low frequency
amplifier and a cathode ray tube are usually employed to determine
the balance point,

It can be shown (47) that the voltage E;V induced across the

external circuit is given by:

Sv = RUjpAcP Cos Pt 1

volts (2-20)
4md (1 + oSin Pt)2 9 x 101!

where R is the resistance of the external circuit,
U;p is the contact potential difference,
A represents the area of the surfaces.
2 is the frequency of vibrations,
2
d corresponds to the normal separation,
¢ is the amplitude of vibration,

Since measurements are made at the null-point, an accurate
knowiedge of the geometry is not required,

This method of determining work functions has the added advantage
of not introducing surface disturbances through:- heating; irradiation;
or electron bombardment, It is also possibie to investigate surfaces
in gaseous environments, since it does not cause charge build up,

The only disadvantage of this method is that it gives the
arithmetic mean work function of the material under investigation,

In other words it does not indicate how the uork function changes from

one position to another,
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The Keivin method of determining contact potential differences
has been found to agree with electron beain methods to within
experimental limits (48).

Conclusion

In this chapter the reievant details of eiectron emission
and work function measurements have been reviewed, The importance of
work function determinations as a classical method of studying surface
phenomena has been emphasized. These techniques have proved to be
particularly useful in probing the nature of the elctronic interaction
between chemisorbed atoms and the adsorbent surface,

To appreciate the need for the present investigations it is
first necessary to consider the previous work in this field which will

be given in Chapter III,



CHAPTER 1II1I

REVIEJ OF PREVIOUS EXPERIMENTAL _DETERMINATIONS

3.1 Introduction

An immense amount of work has been carried out during the last
fifty years on work function investigations,

Many of the early experimental determinations were impeded by
limitations in the techniques involved., Early attempts at measuring
work functions were affected by contaminating layers produced by
impurity gases resulting from insufficient out-gassing of the components
and inadequate vacuum conditions, Despite the inevitable doubt as to
the absolute values obtained from these inquiries, many valuable trends

were observed.

In this review of the previous experimental determinations the
factors which influence electron emission and work function values are
considered separately, keeping all other variablesas constant as possible,

3.2 The Dependence of Work Function Values on the Method of Measurement

There are three main techniques employed in determining the
electron work functions of the elements:- thermionic, photoelectric
and contact potential differencé methods, When applied to comparable
surfaces the three methods yield values that differ by as much as a few
tenths of a volt, This spread is greater than the experimental errors
of the measuring techniques and represents the difference between
different kinds of phenomena. To illustrate this effect the work
functions of polycrystalline tungsten obtained by the three main methods

will be reviewed,
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hMeasurcments have recently been obtained by Nichols (49) of
the average thermionic constants, using Richardson plots over a
temperature range 1,300 to 2,200°K., Polished polycrystalline tungsten
had a work function of 4.464 volte and unpolished, a value of 4.45 volts.
These results emphasize the fact that the average thermionic work
functions from polycrystalline emitters are dependent upon the effects
of polishing and the types and relative amounts of the various exposed
crystal faces,

Because they involve electron emission, thermonic determinations
w#ill be very close to that of the lowest work function patch on the
surface,

An investigation of the photoelectric work function of aged
polycrystalline tungsten has been carried out by Apker, Taft and
Dikkey (50), Three different photoelectric methods were used:-

1) An analysis of the spectral distribution by Fowler!s method,
2) By extrapolating (current)% - voltage curves to the saturation
line,

3) Du Bridge's method (143, 144),

The values obtained from the three methods differed by only a
few hundredths of a volt, the average being 4,49 volts, In 1964 Hopkins
and Ross (51) carried out experimental determinations of the work
function of tungsten employing contact potential difference techniques,
Using the Kelvin method they obtained a value of 4,54 volts for well
aged polycrystalline tungsten, This value has been confirmed by

Hopkins and Riviere (52, 53),
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It can be szen that the thermionic and photoeiectric work
functions, 4.45 and 4.49 volts respectively (the unpolished thermionic
sample being considered) are lower than the value obtained from contact
potential investigations, The contact potential difference method,
because it does not involve the emission of electrons, gives an average
value for the work function, Hence, it is not surprising that the value
obtained by this method is higher than those obtained using other
techniques involving electron emission,

Comparisons between thermionic and other work function methods
are further complicated by the wide difference between the temperatures
at which they are observed (54).

Unfortunately, the exact crystal orientation of the surface of
thermally well-aged tungsten foil is not known, Recent work has shown
that it is not completely random, but that the process of rolling
tungsten often orients the surface crystallites in the [100] direction
(55). The different work function values may therefore be caused by
different degrees of annealing. The thermionic samples, because of
their high temperature, are probably almost completely strain free,

3.3 h t_of u
3.3,1 The Variation of dork Function as a Function of Crystal Plane

Surfaces, when emitting electrons, become polarized, Schottky
(56) suggested that the force between the polarized surface and the
emitted electron can be considered as attraction between the electron

and its mirror image, If the distance between the surface and electron
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2 .
is x, this force is ___2____2 , where €, is the dielectric constant
e o 2x)

for a vacuum,
The energy ¢ required to remove the electron from a very small

distance from the surface r_,, to infinity is obtained by integrating

o’
. 2
between these limits, and is —S——
16m€ o1y

Schottky argued that for distances less than r,, where the
surface cannot be considered to be a smooth plane, the field produced

by the individual atoms should be considered constant and equal to

The difference in potential energy is therefore:

2
er, e2

16mé ;2 16me o T,

The sum of these two factors is the work function,

Hence,
¢ = ez + ez = ez
16me,r, 16weyry 8Meor,

Substituting r, in angstroms and @ in electron volts, the relationship

becomes

. 1.2
p = =5

This indicates that, for any given material, the more closely packed
planes will have the highest work function,

The fact that the electron emission from surface is dependent
on the orientation of the surface to the crystal lattice was first

observed when the electron emission of poiycrystalline metal surfaces ,
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was examined by means of the electron microscope. The conclusion that
the work function has different values for areas of different
orientation has been confirmed by direct measurement,

The most reliable determinations of the variation of work
function as a function of the different crystal pianes have been made
with tungsten,

It can be seen from Figure (25) that there is good agreement
between workers concerning the strongly emitting planes - that is,
the ones with the lowest work functions, However, though tungsten may be
outgassed thoroughly, the values obtained for the weakly emitting planes
vary considerably from one worker to another, This discrepancy almost
certainly represents differences in the degree of past annealing.

The measured work functions of tungsten lie between a i1owest
value of 4,30eV for the (116) plane and a highest value of approximately
5.8eV for the (0Oll) plane, Tungsten is not unique in having work
function values that differ by a 1.5eV margin from one crystal plane
to another, Mrowka (57) and Smoluchowski (58) have presented theoretical
explanations of the infiuence of the crystal orientation on work
functions, but agreement between their calculated values and the measured
ones has been inconclusive,

The Influence of Surface Irregularities

Except for completely clean single crystals real surfaces are
composed of numerous regions of differing composition., The image

potential of an electron outside a smooth surface will be different from
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that for an irregular surface, and hence there will be a significant
variation in work function vaiues as a function of the surface structure,
Farnsworth and Chung Fu Ying (63) working in the United States
have compared the work functions of buik metais and condensed films,
They have found that both silver and gold when condensed from the vapour
phase on to substrates at room temperature have work functions that are
about 0.3 volts iower than those of the bulk metal, #hen these
condensed films were anncaled at a temperature of about 350°C the
work functions changed to those of the bulk metais. Farnsworth and
Chung Fu Ying beiieved that these effects were due to the presence
of large densitics of lattice flaws wshich were frozen into the films
on condensation and that they were removed by annealing,
A technique has recently been developed whichutilizes an
electron beam scanning process to investigate work function
variations (64). The information, which is usually displayed on a
television screen can be resoived to within a few microns, It is
possible with this scanning system to monitor continuously changes in
the surface patchiness due to thermally induced atomic migrations,
Because of the practical limitations of controlling the surface
conditions it is extremeiy difficult to obtain reproducible work
function values,

The Variation of .Jork Function Values as a Function of Fiim Thickness

Nost of the physicai properties of metal films change from the
bulk characteristics as their thickness is reduced, and therefore a

variation in the work function as a function of film thickness is to
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be expected, Recent work on the influence of the film thickness on
work function values is somewhat contradictory,

Using thermionic techniques, Rauh and Thorn (65) obtained
data which indicated that the work function of a uranium film increases
with increasing depth of deposit up to i5 atomic layers, vhen it
reaches a limiting value of 3,47 voits, This observation that
uranium films which are thicker than 15 atomic layers have a work
function that is independent of depth - i.e.,, constant at 3,47 volts -
is in fair agreecment with previous determinations of the bulk work
function of uranium (66,- 67).

The dependence of the photoelectric work function on depth
has been investigated by Garron (68), Results obtained from
aluminium, gold and silver films up to a thickness of 800 8 confirm
Rauh and Thorns' reported variation in work function with increasing
film thickness,

The results mentioned above are not in agreement with the
observations of Bryla and Feldman (69) who, using a contact potential
difference method, failed to observe any variation in the work function
of gold, platinum and silver films as a function of film thickness,

The lack of agreement between different workers in this field
may be because of irregularities and impurities in the materials
masking any variation in the work functions produced by different

film depths,
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The Influence of Underlying Structure

Low energy electron diffraction experiments carried out
by experimenters (70, 71) indicated that films which are deposited
by evaporation at a slow rate have an orientation which is related to
the microstructure of the underlying substrate., ience, since the
work function of a crystal is dependent on the crystal face which
forms the surface, it is to be expected that the work function of a
metal wiil be influenced by the characteristics of the substrate,

Blackmer and Farnsworth (72), using photoelectric methods have
measured the electron emission properties of silver films as a function
of substrate structure, They found th 't silver films deposited on
quartz and molybdenum substrates had a work function of 4.4leV,
compared with a value of 4,50eV when deposited on bulk silver.
Electron diffraction patterns from the evaporated silver films on
fused quartz indicate a micro-crystalline structure, hence the low
values are almost certainly associated with the minute size of the
crystal.

It is thercfore extremely important when investigating the
properties of thin films to take into account the rate of deposition
and the orientation, temperaturé and contamination of the substrate.

The Temperature Dependence of wJork Function Vaiues

iiost of the early experimental determinations of the temperature
dependence of the work function were hampered by limitations in the
technigues involved. These investigations are liable to suspicion for

one or more of the following recasons: the temperature range was limited;
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the vacuum techniques were inadequate; and polycrystalline samples
wvere used, Against this background the measurements performed by
such workers as Shelton (73) and Hutson (74) are suspect. In order
to overcome some of these limitations Blevis and Crowell (75) measured
in a continuous fashion, variations in the work function of single
crystal surfaces over a wide temperature range (0 to 700°C). Using the
diode retarding-field method determinations were made on [100], [110],
[111], [211] and [221] faces of single copper crystais. Although the
method is not suitable for determining absoiute work functions it is
extremely sensitive to small changes in the work function,

lieasurements obtained from copper samples of [1l0], [211],
[111] and [221] orientations are illustrated in Figure (26). It can
be seen that the work functions decrease with increasing temperature.
The results of the determinations are summarized at the bottom of
Figure (26) where g% at 600%°K is iisted,

Underwood!s (76) absolute work function values of 5.64 and
4,98 volts for the [100] and [111] faces at room temperature, when
combined with the sensitive changes in work function obtained by Blevis
and Crowell, yields the absolute variation in work function as a function
of temperature (illustrated in.Figure (27)). Aiso shown in the figure
is Bolshov!s (77) thermionic determination of the work function of
copper at its melting point,

It was observed by Bolshov that the work function varies cont-

inuously as the temperature is increased through the melting point,
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It is therefore probable that the work functions of all the crystal
faces approach a common vaiue near the melting point, Considering
that Bolshov used thermionic techniques at the melting point of
copper (at a temperature of 1083°C the vapour pressure of copper is
approximately 5 x 10~3torr(145)) these investigations are liable to
suspicion,

Other workers (78 ,79) investigating the temperature dependence
of the work function of tungsten, confirm that the work functions of
the [112], [116] and [111] faces tend to converge near the melting
point,

The Infiuence of Adsorbed Films

The adsorption of gases on solids is spontaneous, so there is
a drop in the free energy of the system, Considering that, prior to
adsorption, the adsorbent molecules move freely in three dimensions,
the adsorption of gases is therefore accompanied by a large decrease
in entropy. Since the change in enthalpy, AH, of the system is given
by AH = AF + TAS, it follows that AH must always be negative -
i.e,, all adsorption processes are exothermic,

The work function changes observed when surfaces adsorb gases
have been used in the interpretation of the electronic processes

taking place near the surface. Many systems have been investigated

by work function techniques, but there is still considerable disagreement

over important fcatures, Much of the divergence of opinion is almost

certainly due to poor gas phase analysis,
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Since Langmuir (80), many authors have discussed the
interaction of hydrogen with clean tungsten surfaces, In most of the
investigations a tungsten surface was bathed in an atmosphere of
hydrogen; changes in the total pressure were attributed entirely to
hydrogen,

Moore and Unterwald (81) have investigated surface and gas
phase residues using flash filament and mass spectroscopic analysis,
Carbon monoxide was found to be so persistent that they believed that
most of the published work with hydrogen was performed unintentionally
in an atmosphere of carbon monoxide, The carbon monoxide was probably
produced from carbon and oxygen atoms dissolved in the tungsten, which
diffuse to the surface and then combine,

The stability of giass at high temperatures and in gas
discharges has recently been investigated by Bills and Evett (82),
ileasurements performed on pyrex borosiiicate type glasses indicate
that large quantities of decomposition products can be evolved
from glass either by heating above about 350°C in a vacuum (122) or
by a chemical sputtering process initiated by bombarding the glass
with low energy ions,

Thus, in attempting to outgas; giass vacuum systems by baking,
many workers may have unwittingly contaminated the surfaces of the
system, This of course throws suspicion on all gas and surface phase

work carried out in glass high vacuum systems,
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Influence of Temperature on Adsorbed Layers

Ehrlich (83) using work function and fiash filament techniques,
has investigated the variation in sticking coefficient for nitrogen
on tungsten, There was an observed decrease in the sticking coefficient
as the temperature was increased. The heats of adsorption aiso varied
as a function of temperature. At low temperatures, i.e,, below 115°K,
nitrogen adsorbs as molecules with a binding energy of 9kcal/moie,
Above a temperature of 115%K the binding energy increases to 20kcal/mgle.
Ehrlich proposed that at low temperatures nitrogen molecules
are physisorbed on tungsten surfaces and at higher temperatures the
nature of the bonding changes into a chemisorbed state, It is probable
that many gaseous molecules or atoms may first adsorb on surfaces by
a physical process which acts as a reservoir for the subsequent

adsorption into a more strongly bound chemisorbed state,.

The Dependence_of Jork Function Values on_ Adsorbate Coverage

The influence of adsorbate coverage on work function values is
usuaily expiained by assuming that molecules (which may possess permanent
or induced dipole moments) when adsorbed on surfaces, produce electrical
doublie iayers,

The change in the work function, A@, can be related to the
fractional coverage, O, by

Ap = T ar Ng 10 (3-1)
where Ng is the number of adsorption sites per em? and B is the

dipole moment associated with each adsorbed molecule,
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It should be possible to determine p. from plots of AP as a
function of 6, Baker and Rideal (84) investigated the adsorption
of C0, C2H4 and Hy on evaporated films of Co, Fe, Ni and Ta,

They observed a linear change in the photoelectric work function as
a function of adsorbate coverage, when 6 < 0,6,

Considering that evaporated metal films are extremely porous,
the agreement between equation (3-1) and Barker and Rideal's work is
almost certainly fortuitous,

Eisinger (85, 86), attempting to make significant comparisons
with equation (3-1) considered the adsorpticn of nitrogen on an array
of identical sites, in this case the (113) face of a tungsten crystal,
Flash filament techniques were used to determine the amount of
adsorbed gas, and photoelectric methods were employed to measure the
work functions,

A plot of AP as a function of the coverage, 6, was found to be
linear until the number of adsorbed nitrogen atoms was double the number
of surface tungsten atoms, and at this point there was an increase in
the gradient, Af still continued to increase linearly with coverage.

The two gradients obtained from the plot, when substituted
into equation (3-1), indicate that for a coverage of 6 = 0.5 there

17 to 7.3 x 10’17e.s.u.

is a change in the dipole moment from 1,6 x 10~
The magnitude of the dipole is in itself an indication of the
bond type; large p values (i.e,, > 10‘16e.s.u.) indicate predominantly

ionic bonds, while small L. values suggest covalent bonds,
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It can thus be seen that it is possible to make detaiied
interpretations of adsorption mechanisms from work function changes
as a function of adsorbent coverage,

3.5.3 The Infiucnce of Crystal Orientation on Adsorption

wac Rae (87), working at the Bell Telephone iaboratories, has
investigated the influence of crystal orientation on adsorption
characteristics, Low energy electron diffraction techniques were used to
study the adsorption of oxygen on the [11i], [001] and [110] surfaces
of nickel, The three surfaces, when covered with a monoiayer of oxygen
were found to have extremely ordered three-dimensional structures,
composed of both oxygen and nickel atoms. The structures were different
from each other, and peculiar to the different crystal planes., 1In
many respects the ordered structures had more in common with three-
dimensional compounds than the two-dimensional structures usually
assumed for adsorbed films,

The mechanism of adsorption was observed to be dependent on
the orientation of the surfaces, This is illustrated by the work
function increases due to the adsorption of oxygen. The difference in
work functions between the clean surfaces and the surfaces having
adsorbed layers were:- 1.2, 0.6 and 0,25 volts for the [111], [110]
and ]001] planes, respectively,

Fieid emission studies have been used by Holscher (88) to
‘examine the chemisorption of nitrogen on individual crystal faces of

tungsten, The work function changes for the different planes were



Surface potentials of nitrogen on individual crystal
faces of tungsten, after 10 min exposure to p=10"¢ Torr at 300°K.

Work functions (V) Surface
potential (V)
Crystal face oW PW-N dw-dw-N

(311) 4.50 4.76 —0.26

(611) 4.30 4.59 —-0.29

(n11)s 4.40 4.27 +0.13
(100) 5.2 4.3 +0.9

(310) 4.35 4.74 —0.39

(111) 4.40 4.70 —0.30

Total surface 4.50 4.32 +0.18

8 This notation indicates that the face in question was in the [110] zone with
the image located just outside the dark spot of the (100) face.

Figure 28,
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measured by means of Fowler-Nordheim plots. The results (see Figure
(28)), which are in agreement with previous findings, confirm that

the work function changes of individual crystai faces are considerably
different from the changes of overall work functions of polycrystalline
samples,

Reference Surfaces in Gases

By the very nature of the Kelvin method of determining contact
potential differences, it is imperative to have a reference surface
whose work function is known. Therefore, when investigating the
adsorption of gases, it is of the utmost importance to have a standard
electrode whose work function will not be altered by the admission of
the gas,

Bomke (89), using photoelectric measurements, observed that the
work functions of cadmium and zinc remain constant at their ultra-high
vacuum values when nitrogen and the noble gases are introduced at
room tcmperature. De Voe (90), using similar techniques, verified
these observations,

Gold, because of its relative chemical inertness,is an
excellent reference surface.' Hopkins, iMee and Parker (91) have
recently investigated the influence of oxygen on the work function of
gold, They concluded that the surface potential of vacuum deposited
gold films is unaltered by the presence of oxygen at low pressures
(up to 1 torr), Trapnell (92), observed that at room temperature and

low pressures, gold chemisorbs neither nitrogen nor hydrogen,
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These measurements clearly indicate the remarkable stability
of gold surfaces in low pressure atmospheres of oxygen, nitrogen and
hydrogen,

The absolute work function of an evaporated gold film has
been determined by Anderson (93), employing the Xelvin method. Using
a barium reference electrode he gives a value of 4,83eV. These
measurements are subject to criticism, owing to the extreme reactivity
of the standard surface. Riv;;re (94) quotes a value of 4,7veV, when
measured with respect to well-aged polycrystaliine tungsten,

These determinations of the work function of evaporated gold
films are liable to suspicion, since they have been made in
experimental tubes which have been pumped and baked on mercury systems
prior to sealing off,

In 1966 Huber,(95), using a mercury-free vacuum system,
investigated the effect of mercury vapour contamination on the work
function of gold, He demonstrated that mercury is extremely reactive
towards gold, lowering its work function by approximately half a volt
(see Figure (29)). The measured work function of mercury-free gold
surfaces was 5.22 1 0,05eV,

Riviere (96) using similar mercury-free vacuum techniques, has
recently confirmed Huberts observations, It would therefore appear
that the measurements of the work function of gold which were
determined in the past were in fact measurements of the characteristics

of mercury contaminated surfaces,
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Previous Determinations of the Work Function of Mercury

The phenomenon of electron emission from mercury surfaces is
employed extensively in modern in&ustry. The range of uses is very
w#ide, embracing mercury vapour lamps and mercury switching devices,
Considering the importance of rectification and inversions in the
electrical supply industry, it is surprising that only a few
determinations have been carried out of the work functions of mercury
surfaces.

It wili be recalled that the usable thermionic emission from
a surface is restricted by the maximum temperatdfe at which it can be
operated without excessive evaporation of the material itself,

The practical limit is a vapour pressure of about 10-7torr. The vapour
pressure of mercury is only less than 10-7torr at temperatures below
-40°C, Therefore it would appear impracticable to use thermionic
technigues to determine the work function of mercury,

In 1958 Gomer (97), and in 1963 Parker, Anderson and Hardy (98)
carried out fieid-emission experiments with mercury whiskers,

(The whiskers were produced from mercury vapour condeRsing on a tungsten
substrate cooled to between -60°C and -80°C). The field-emission
patterns obtained from single 110 oriented mercury whiskers were used

to investigate the growth kinetics of the samples, Unfortunately, they
did not construct any Fowler-Nordheim plots to obtain a work function
value, Although a considerable amount of work has been carried out on
field emission from mercury samples, there has not been a published

value for the fie.d-emission work function to date,
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Photoelectric determinations of the work function of mercury have
been made by Kazda (99), Hales (100) and Roller, Jordan and Woodward
(101) . Extreme care was taken to obtain pure mercury, The samples
were outgassed by vacuum distillation,

Kazda and Hales used a continuous flow system to produce clean
liquid mercury surfaces, Both workers measured to wsithin narrow limits
a threshold wavelength of 2,735% for mercury at room temperature, which
corresponds to a work function of 4,52eV,

Roller, Jordan and Woodward measured the threshold wavelength for
solid mercury surfaces at liquid air tempema ture, They observed that,
with increasing thickness as tﬁe film condensed, the work function
first decreased to a minimum, and then increased with increasing film
thickness to the final constant vaiue of the bulk material,

The final vaiue for a thick layer of mercury was 4.52eV.

Klein and Lange (102), in 1938, reviewed the then known work
function values obtained by contact potential difference techniques.

They plotted the following: the first and second ionization potentials,
the standard electrode potentials, and the work functions of the elements,
as a function of ascending atomic number, Because all the ionization

and electrode potentials were known, they were able to estimate the work
functions that had not been determined, They quoted a value of 4,50eV
for the work function of mercury.

This figure is liable to suspicion since the work functions they

\
quote in the determination of the work function of mercury are
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considerably lower than recent measurements using sophisticated
techniques., They quote work functions of 4,32eV, 4.46eV, 4.38eV and
4,46eV for nickei, copper, tungsten and gold respectively; these are
considerably lower than the modern accepted values of 4.74eV, 4.50ev,
4.56eV and 5.22eV (94, 146, 95). Hence, the value of 4,50eV which
they quote for the work function of mercury is most probably an
undercstimate,

Conclusion and Statement of Problem

In the course of this chapter the most important factors
that influence the characteristics of surfaces have been summarized.
It has been established that the various measuring techniques yield
different work function values,

It is apparent that appreciable discrepancies exist between
the various workers in this field, and that very little work has
been carried out on mercury surfaces, In fact, the only consistent
determinations were made nearly forty years ago, with rather
unsophisticated photoelectric equipment, Indeed, no attempt has been
made to determine the work function of clean mercury surfaces by
means of the refined techniques now available,

The present work is aimed at determining the work functions
of solid and liquid mercury, using contact potential difference
methods, It is also intended to investigate a new technique of
measuring the characteristics of surfaces which have an appreciable

vapour pressure,



CHAPTER__IV

DESCRIPTION OF APPAR~TUS AND EXPERIMENTAL PRGCEDURE

Introduction

Electron emission techniques for determining work functions are
unsuitable for this work, It is difficult to obtain sharp threshoid
frequencies with photoelectric methods and such methods cannot be used to
investigate adsorption phenomena since it is difficult to avoid the
production of ions which, when adsorbed on the surface wili change the
nature of the surface potential, Thermionic emission techniques are
impracticable when used to investigate metals with low melting points,

The only practicable methods are those that entail contact
potential difference methods,

Zisman's (103) modification of Xelvin's method of determining
the Volta potential was used in this work, In this a vibrating capacitor
is constructed from the surface under investigation and a reference
surface of known .+ork function, The induced contact potential difference
between the two surfaces is equai to the difference of their work
functions. Hence, the work function of the reference surface must be
known before the other can be célculated.

There is neither electron emission nor an incident beam of
photons, so that the use of the method does not change the characteristics
of the surfaces. The main disadvantage of this system is that it gives an
average Jork function for the #hole surface, and it is unsuitable in

any investigation of surface irregularities and patchiness etc.
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Method and Technique of Work Function Measurement

It is customary in the theoretical treatment of the Kelvin
method to assume that the vibrating capacitor system is completely
jsolated. In practice, the vibrating system is one of several capacitors
«hich includes the capacitor between the vibrating surface and the
electrostatic shield., Therefore, there will be several contact potential
differences, and no single applied potential vill exactly compensate the
potential between the two surfaces,

In this work, extraneous fields were minimized by rmaking the
distance between the surfaces under investigation very small relative
to the distances between the vibrating system and other metal
components,

The contact potential differences were measured using the standard
procedure - i.e., backing off the signai from the vibrating capacitor
system, by applying a measured potential in series with the plates,

The first stage of the amplifying system consisted of a type
954 electrometer vaive, from which the output wsas fed into a two stage
feedback amplifier employing two E.F.40 valves (see Figure (30)).

Because the input signal was of a low frequency, large coupling
capacitors were used. The decoupling capacitors were also large, so as
to filter out as much 50c/s interference as possible, This decreased
the amplifications, but increased the signal to noise ratio, Noise was
further reduced by using accumulators and dry batteries for the power

supplies,
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The signal, amplified by a factor of about 10,000, was fed into
a 50c/s twin parallel T filter (see Figure (31)), to reduce the mains
interference, The output was displayed on a Telequipment type $.32
oscilloscope, fitted with a type P.A. 3 pre-amplifier,

The reversibie backing-off potential was supplied from an
accumulator placed across a 1600 ohm iinear potentiometer, and was
measured on a calibrated multi-range Crompton meter (see appendix II),

Under the most favourable conditions the contact potential
differences could be mcasured to within a miilivolt, an error which is
small compared with the measured potentials,

Ali components of the amplifying and potentiometer systems were
placed in metal electrostatic screening boxes, which were connected by
earthed coaxial leads (75 ohm). Care was taken to ensure that ail
coupling loops were reduced to a minimum,

Vibrational instabilities were reduced by mounting the measuring
equipment on a firm base disconnected from the pumping frame,

The Experimental Apparatus

The investigations were carried out in two separate vacuum systems,
one constructed from borosilicaté glass, the other from stainless steel,
Glass was used in the construction of approximately half of the
experimental apparatus, but because of its inherently low impact strength
and chemical instability, it was decided to continue the work in a
demountable stainless steel vacuum system. The operation of the two

vacuum systems involve quite different techniques, so it is appropriate

to discuss them separately,
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The Glass Vacuum System

This part of the experimental equipment was designed to attain
the lowest possible pressure, so that any clean surfaces produced in the
apparatus would not be contaminated too quickly by gas phase residues
(i.e., to extend the time available for experimentai observation),

A photograph of the vacuum system and manifoid is shown in
Figure (32), A schematic representation of the apparatus is shown
in Figure (33),

The initial stages of the system, which produced a pressure of
5 x 10'7torr, consisted of a three stage mercury diffusion pump, which
was backed by a Metrovac high speed rotary pump,

To reduce water vapour contamination and the diffusion of oil
from the backing pump, a phosphorus pentoxide trap was inserted bwtween
the backing and mercury diffusion pumps, For ease of manipulations
grease taps vere used below the diffusion pump, but because they cannot
be thorough.y outgassed, and would therefore have acted as a source of
impurity, they were not employed above this stage,

The mercury used in the diffusion pump was purified by acid
treatment and vacuum distillation, Iliercury vapour .as prevented from
diffusing into the high vacuum system by two liguid nitrogen traps
connected in series,

A Penning gauge, mounted between the oven base and the liquid
nitrogen traps, was used to measure the ultimate pressure of the system

while the manifold was being outgassed. The Penning gauge consisted of
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a ring-shaped anode positioned equidistant between two circular cathodes,
1 cm apart, A magnetic ficld of about 600 gauss was produced normal

to the p.iates by a strong permanent magnet, A potential of 2,000 volts
was applied betuween the electrodes to induce a discharge. The resulting
electrons described helical trajectories, thus giving an appreciable
current amplification, Jhen monitoring pressures beiow 10'5 torr, it
was necessary to initiate breakdown with a high frequency leak detector,
A multi-range micro-ammeter was used to determine the breakdown current
which, with the aid of a calibration curve (Appendix 1), provided a
measure of the pressure, The iower limit of the instrument was found to
be about 10'7torr, where the discharge terminated,

The vacuum system sas designed to allow hydrogen to be introduced
into the apparatus so that the contaminating metal oxides could ail be
reduced, The hydrogen, wshich was supplied from a high pressure cylinder,
was introduced through the greased tap, TZ’ into the gas reservoir, G.R,
The hydrogen pressure was measured on the manometer, and was always
maintained below 50torr, so as to reduce the risk of an accidental
expliosion,

The Glass Uitra-High Vacuum System

At a pressure of 5 x 10'7torr a clean surface will be contaminated
by a monoiayer in a few seconds. Thus, in any investigation of clean
surfaces, it is essentiai to obtain pressures'considerably lower than
those produced by the initiai stages of the vacuum system,

The conventional vacuum system was linked to the ultra-high vacuum

system by means of a system of glass ''pig's-taiis' breakers and
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constrictions, and hence the use of grease taps above the diffusion
pump wvas eliminated, The breakers were opened magneticaily by means
of a soft iron siug enciosed in a glass enveiope to prevent outgassing
into the equipment, The manifoid was isolated from the conventional
vacuum system by carefuily heating the constriction C until the glass
fused.

The uttra~high vacuum system consisted of a getter tube, two
Alpert ionization pumps, a mercury purification system and the
experimental tubes, A photograph of this part of the apparatus is
shown in Figure (34),

The getters were commercially produced barium evaporators
and 12 of these were spot welded onto a nickei wire lattice., The
structure was placed in a side-arm so that the sublimed metal would
not contaminate the experimental tubes, A radio-frequency eddy current
supply was used, both to outgass and to fire the getters, .Jhen flashed
the getters lovered the gas pressure by an order of magnitude,

After the getters had been fired, the pressure was further
lowered by means of a commerc.aliy produced /lpert type inverted
ionization puip and gauge (iullard I,0.G. 12 gauges).

The ionization gauge head consisted of a tungsten filament
placed about a centimeter avay from the helical moiybdenum grid, aiong
the axis of which vas a tungsten wire coitlector, The whole assembly
~#as placed insice a glass envelope, the inner surface of which was

coated with a conducting screen, which was usually maintained at the
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same potential as the collector, thus increasing the pumping speed.

The ‘thermionic electrons which were emitted when the filament wvas
heated were accelerated towards the positively charged grid. The
energetic electrons ionized the gas molecules to produce positive ions,
which were acceierated towares the screen and coilector, where they were
subsequently trapped (104),

A schematic representation of the geometry and potentials in
the gauge is shown in Figure (35).

A miiiiameter and a microameter were used to measure the
thermionic electron current and the positive ion currents respectively,
If the electron current was maintained at a constant value the positive
ion current was proportional to the gas pressure, The approximate
pressure (to the nearest order of magnitude) in the high vacuum system

was obtained from the calibration relationship:-

p = 11Ip
s T,

where P represents the gas pressure in torr, Ip is the positive ion
current, and Ie is the thermionic electron current. The relative
sensitivity, S, of ionization gauges for various gases have been
investigated by Lafferty (105). The sensitivities do not vary by more
than an order of magnitude from one type of gas to another., §, for
carbon monoxide, nitrogen and oxygen in this type of gauge is of the
order of 12 and, because the pressure measurements were only needed to

the nearest order of magnitude, the above sensitivity w~as used,
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By using two Alpert gauges in series it was possible to
obtain pressures of about lu"lotorr. At these 10.; pressures several
hours are required to produce a monolayer of adsorbed gas, and hence
the apparatus was capable of muintaining clean surfaces.

Glass Vacuum Technigues

All the glass components in the vacuum system, which were
constructed from borosilicate pyrex glass, were cieaned by washing in
nitric acid, distiiled vater, methylated spirits and finally acetone.
The experimental tubes were connected to the pumping system by wide bore
tubes to obtain the maximum pumping speed.

The vacuum system was initially evacuated, by means of the
rotary backing pump, down to a pressure of 10—3 torr, At this pressure
most of the large leaks could be detected with a high frequency spark
coil, The iocation of the leaks was indicated by a bright discharge,
or by the discharge changing colour when an organic volatile tiquid
(usuaily carbon tetrachioride) was applied near to the lieak.

The pressure in the system was reduced to 10-7torr by means of
the three-stage mercury diffusion pump. The ultra-high vacuum system
was outgassed by baking at a.temperature of 250°C for several days.

The pressure increased to about 10'3torr and then, as the outgassing
rate decreased, the preseure fell again to 10_7torr. At this stage

the vacuum system was flushed with a low pressure stream of hydrogen for
several hours at the baking temperature.

The metal components were further reduced by heating to a dull

red temperature, either by passing a current through them, or by means
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of an eddy-current heater., At the end of this period the hydrogen was
evacuated from the system, and the baking resumed for three days,

until the Penning gauge ceased to funct.on (i,e,,the pressure was below
10-7torr).

Jhen the glassware had been thoroughly outgassed the baking
oven was removed to faciiitate the outgassing of the metal components,

The Aipert gauges were outgassed by heating the filaments
to white heat and maintaining them at a potential of minus 550 voits
relative to the grids and collectors, The resulting thermionic
currents desorbed contaminants adsorbed on the surface of the grids
and collectors,

The metal samples were outgassed by heating them to a
temperature at . hich the evaporation rate was beginning to become
significant, so that the more volatile impurities would be sublimed
off leaving the ciean sampies behind. The standard procedure of metal
outgassing foliowed by baking was continued until the Aipert gauges
recorded no appreciabie gas evolution,

buring the whole of the outgassing process the freezing traps
were continuously immersed in liquid nitrogen to stop mercury vapour
diffusing into the manifold,

After the initial evacuation had been accomplished, the manifoid
was isolated from the vacuum system by melting the constriction (see
Figure (33)). The pressure was then reduced by two orders of magnitude

by firing several of the getter strips and leaving the active films for
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several hours to adsorb the gas phase residues. The flashing routine,
foliowed by several hours adsorption, was repeated three or four times
until there was no furthcr pressure drop.

To complete the evacuation, the Alpert gauge was switched on
for several days. The pumping speed of Alpert pumps is proportional
to the pressure and hence an exponential decrease in pressure is
observed., If the system did not contain any i1eaks the pressure
subsequently fell to about 5 x lO"lOtorr.

4.4.3 Construction of the Glass Experimental Tubes

Six experimental tubes were constructed to investigate
particular phenomena, and their design varied considerably. The tubes
(which will be described individually in the next chapter) were all
constructed to determine work function values, so they contained many
common characteristics,

Since buik metal components are difficult to outgas, glass
was used as the material of construction, as far as possible,

The tubes contained two electrodes, the Kelvin electrode
(which was usually the reference surface) being vibrated normally to
the surface under investigation, The Kelvin electrodes were mounted on
a spring system constructed out of two crossed tungsten strips,

The sensitivity of the system wvas increased by placing the plates as
close together as possible, care being taken to avoid contact during
operation, The sensitivity was further increased by adjusting the

spring system, so that the Xelvin assembly had a high frequency of
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oscillation, (4 frequency of between 20 and 40c/s seemed to be the
opt imum) ,

Most of the ciean surfaces were prepared by evaporating a thin
fiim of the metai under investigation onto a pyrex substrate, The
glass discs wera formed in carbon mouids at a temperature of about
800°C, by gentiy pressing soft giobuies of pyrex into shape. To make
electrical contact with the far side of the substrates, tungsten rods
were carefully eased through the molten glass, After being slowly
annealed the discs were ground flat by mears of carborundum powder,
and then flame polished to produce microscopically smooth faces,

The flame polishing process oxidised the tungsten rods producing high
resistance oxide layers, which vere subsequently removed by washing
with a sodium hydroxide solution. As an added precaution, small onts
of aquadag were placed on the ends of the tungsten rods, to guarantee
good electrical contact,

To increase the accuracy of the system, the areas of the
surfaces were made as iarge as possible, but the diamecter wvas limited
to about 3cms, because of field effects between the electrodes and the
glass envelope. The weight of large electrodes was also prohibitjive
since it was very difficult to devise a suitable vibrating system,

The clean films were evaporated from small beads mounted on
tungsten helicai supports, A iength of 30 s,w.,g, wire of the metal
to be evaporated was coiied around a helix of 25 s,w,g., tungsten wire

and melted in an atmosphere of hydrogen, to reduce dissolved oxygen
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and any oxide present, The reduced filaments ./ere supported on 18 s,u,.g.
nickel leads, which were spot welded to the tungsten rods in the
envelope pinch, The hydrogen adsorbed by the beads during the reduction
process was expelled during the subsequent ogutgessing processes,
To restrict the beams of evaporated metai the fiiaments vere enclosed
in cylindricai nickel shields. The completed evaporation assemblies
were then carefully positioned near and normai to the corresponding
glass substrates,

The Xeivin electrodes were mounted on hinges; this enabjed
the reference surfaces to be moved from a position opposite the
evaporation beads to the experimentai region, A glass covered iron
slug was used to magnetically defiect the Keivin assembly from one
stable position to the other, The moveable Kelvin electrodes were
electrically connected to the pinch ieads by means of ductile nickel
tapes, care being taken to shield the vulnerable regions against short
circuiting induced by the evaporated metal., After being cieaned in
nitric acid and distilled water the envelopes were drop sealed onto
the pinches, after which they were siowly annealed, and then coupled
to the vacuum system,

The Stainless Steel Ultra-High Vacuum System

iateriais used in the construction of ultra-high vacuum systems
must satisfy several fundamental criteria., These include a low vapour
pressure at outgassing temperatures, chemical inertness, ease of

fabrication, and impermeabiiity to gases,
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Stainiess steei systems not only satisfy these requirements,
but also have the added advantage of being dewountable and free of
moving parts, Stainless steel systems, unlike the conventional glass
ones, are compleiely free of mercury and contaminating organic vapours,

4 photograph of the stainiess steel vacuum system and measuring
equipment can be seen in Figure (36). A schematic representation of the
system is shoyn in Figure (37).

The pressure in the system was reduced from atmospheric to
about 10-3torr using a sorption pump containing molecular sieve
(aluhnnium caicium silicate).

At this stage a Pirani gauge head (Edwards Type M.6.A.), located
Just above the sorption pump, measured the pressure in the system,

Before being immersed in liquid nitrogen the sorption pump
was outgassed by heating to a temperature of about 250°C for several
hours. Jhen the moiecular fore pump had produced a pressure in the
micron range, the first bakeable valve V) was closed, and the
first getter ion pump G.I.R. was turned on,

The getter ion pumps consisted of a titanium anode of honeycomb
structure positioned equidistant between two titanium cathodes. A
strong axial magnetic field was maintained between the electrodes by
means of a permanent magnet.

The pumping speed of a getter jion pump varies with the nature
of the gas being pumped, and it is therefore possible using hydrogen
(for which the pumping rate is three times that of air) to use the

pumps as leak detectors,
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When the first getter ion pump had reached equilibrium with
the outgassing rate of the unbaked system (usualiy at a pressure of
approximately 5 x 10'7torr) the gaskets and welded joints were
carefully exposed to a narraw stream of hydrogen, Any leaks in the
system were indicated by a pressure rise of about an order of magnitude,

If these leak detecting tests proved negative, the system was
then outgassed at a temperature of about 230%C for a couple of days,

The outgassing was discontinued when the first getter ion pump G.I.P.;
(pumping speed 8 litres/sec below 10-4torr) recorded a pressure lower
than IO—BtOrr. it this stage the second getter ion pump G.I.P.,

was switched on, and, after it had outgassed itself, the second bakeable
valve V2 was closed. .'hen the pressure had fallen to below 10'9torr
the last getter ion pump G.I.P.3 was turned on to pump the experimental
chamber E.C. (the rest of the system was isoiated from the experimental
chamber by closing the third valve V3). With this cascade pumping
technique it was possible to attain pressures below lO’lotorr.

A trigger discharge gauge, T.G., (Generai Electric Type 22.G.T.210) was

8

employed to acasure pressures below 1G -torr,
The demountable stainless steel components were connected by
means of Conseal flanges used in conjunction with oxygen-free, high-

conductivity plastic deforming copper gaskets,

For ease of manipulation the metal evaporators and shields were
mounted on a nickel wire cage (see Figure (38)), which, when assembled

was gently inserted into the cylindrical experimental chamber.
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Electricai contact between the evaporators and the external power

supply ./as made by means of metal to ceramic '"feed throughs',

Figure (39) sho.s a schematic representation of the experimental chamber,
f linear motion drive enabied the clean surfaces under

investigation to be moved transversely relative to the Kelvin eiectrode,

To assist the delicate internal operations a 1%" Pyrex viewing port

was fitted to the chamber,

The Kelvin Electrode Vibrating System

In the giass experimental tubes the Xelvin electrodes were
induced to vibrate by gently tapping the glass envelopes, The system,
though adequate, suffered from the foliosing defects:i~
1) The vibration decayed to zero as a function of time due to internai
damping and hence it was difficult to utilize the maximum sensitivity
of the equipment,

2) The lack of controi over the amplitude made it difficult to

avoid collisions betuseen the Kelvin electrode and the other surface.
As the resuiting contact between the plates could change the surface
characteriatics (e.g., by charge-transfer phenomena) it was decided to
investigate other vibrating systems,

4 block diagram of the vibrating system used in the stainless
steel apparatus can be seen in Figure (40).

The Xeivin electrodes, K.E,, werc mounted on crossed spring
assemblies .+hich had resonant frequencies in the 20-50c¢/s range.

The system .as induced to oscillate by vibrating the transmission
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arm, T.i., at the Xelvin electrodes resonant freguencv, a transducer
vas used to maintain the vibrations,

The transmission arm was connected to the stainless steel
chamber by an elastic bellows-type membrane. The flexible coupling
caused the vibrating electrode to shift when the pressure in the system
was reduced, and therefore, to compensate for any movement, a system
of adjusting screws was provided,

It was observed that the resonant freguency siowly fluctuated
as a function of time; this wag8 possibly due to the elasticity of the
springs changing because of the bakout and ocutgassing processes, Any
change in the resonant frequency was compensated for by adjusting the
characteristics of the electronic osciiiator. The amplitude was
controiied by the variabie resistance in the circuit,

The induced contact potential differcnce between the vibrating
plates wvas measured by the classical Kelvin technique. Photographs of
typical osciiloscope displays are shown in Figure (4l), The middle
oscillograph represents the null point, while the other two signals
show egqual and opposite off balance points of +0,G05 and -0.005 volts
respectively, (is can be seen in the photographs, when the balance point
is passed the phase of the signal changes by T radians, and hence the
determination of the null point is considerably simplified.

Purification of iiercury

The initial charge of mercury, which was carefuliy poured into
the first mercury reservoir (Hg.R)l (see Figure (33)) had a purity not

less than 99,.8%. The first mercury reservoir was located below the
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oven base where the temperature did not rise above 30°C and hence the
vapour pressure of mercury in the glassware was maintained below
10-3torr. After the manifold had been evacuated and baked, the
mercury was outgassed by siow refluxing under a pressure of 10-7torr,
for severai days, The impurities outgassed from the mercury would
have contaminated the rest of the system, and so at this stage the
rest of the manifold wvas given a second bakeout by heating with a gas
flame,

After the system had been thoroughly eutgassed, the mercury
was slowly distiiled from the first to the second reservoir (Hg.R)z.
To ensure that the iess voiatile impurities remained in the first
distillation tube, a lov distillation temperature and hence a slow
rate of distillation .vas maintained, A 100 watt heating tape was
coiled round the whole length of the first distillation tube to
achieve this, The first distiliation was discontinu.ed w“hen three
quarters of the original percury had been distilled (this usually
took several days), The first reservoir was then isolated by closing
the constriction,

Similar slowv distillation techniques were used in the second
stage of the mercury purification, The rate of evaporation was
controlled by coupling the heating tape to a Variac transformer,
ithen three quarters of the mercury had been distilied into the third
reservoir (Hg.R.)3, the second constriction was sealed. During the

two distillation processes the mercury must have further outgassed
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and therefore the surfaces of the iast reservoir must have been
contaminated,

The adsorbed impurities were removed by heating the glass-
ware to a temperature of about 300°C with a gas fiame,

The final stage of the purification consisted of distiliing
the mercury from the reservoir (Hg.R.)j into the tube connecting
the experimental tube to the last distillation reservoir, J{hen
the required amount of mercury had been condensed in the tube the
two constrictions iinking the small tube were closed - leaving the
purc outgassed metal in the sealed side arr:., The mercury was
then admitted into the experimental region by magnetically breaking
the isolating seal,

Before the breaker was opened, the pressure inside the
experimental tube and the connecting arm were about 10-lotorr and

1077

torr respectively. Hence, considering that the volume of the
high vacuun system was approximately two orders of magnitude greater
than the tube containing the mercury, the partial pressure of the

impurities in the experimental tube when the mercury was admitted

was unlikely to have been higher than 10 %orr,

§gmmarx

In the course of this chapter, the experimental apparatus
and techniques have been reviewed. In the preparation of the clean
films an attempt has been made to obtain materials with a maximum

impurity content of one part in 107.
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CHAPTER V

CONTACT POTENTIAL__DIFFERENCE MEASUREMENTS ON LIGUID

AND SOLID RM&ZRCURY SURFACES:  RESULTS AND DISCUSSION,

Introduction

The contact potential difference method of determining work
functions is possible only if the work function of one of the surfaces
is accurately known at the time of measurement,

At room temperature mercury has a vapour pressure of approximatel)
10"3torr (see appendix III), which under normal conditions would
contaminate a clean reference surface in about a millisecond, Therefore
the problem with using the Kelvin method , in conjunction with mercury,
is one of keeping the standard surface free from polluting adsorbed
layers,

Three different techniques for maintaining this freedom have
been investigated and these in chronological order, were:-

a) The reference surface was heated to a high temperature (in the
order of 500°C), in an attempt to desorb adsorbed mercury molecules.
b) The mercury was cooled to the temperature of liquid nitrogen,
where its vapour pressure is less than lo-lstorr, thus effectively
eliminating the source of contamination,
c) The reference electrode #as separated from the mercury vapour by
a thin insulating glass partition,
The first two methods which were investigated, entailed similar

experimental techniques and will therefore be discussed in this chapter.
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The other method (i.e., using thin insulating partitions), employed
quite a different experimental procedure and will be reviewed in a
later chapter,

The results discussed in this chapter were obtained from five
experimental tubes, (hile measurements w#ere being taken, except where
otherwise stated, the residual gas pressures were less than 10-9torr.
The first two experimentai tubes were used to investigate contact
potential difference changes between liquid mercury surfaces and hot
molybdenum Xelvin electrodes, The remaining three tubes were designed
to investigate the surface characteristics of solid mercury films,

Contact Potential Difference Measurements on Liquid Mercury Surfaces

Tube 1

The first experimental tube (a photograph of which is shown in
Figure (42)) ias designed to determine the work function of liquid
mercury, The mercury electrode consisted of a pool of the liquid
metal positioned at the bottom of the experimental tube, In order to
restrict the weight of the mercury the lower end of the tube was
flattened,

The distance between the Kelvin clectrode and the mercury
surface could bz adjusted by pouring the required amo.nt of metal
into or out of the mercury reservoir side-arm,

Several workers (107, 141) have produced clean surfaces by
heating materials to high temperatures, It was therefore decided to

investigate the possibility of producing clean mercury-free reference
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surfaces by heating molybdenum electrodes to dull-red heat,
hMolybdenum was selected because it does not form an amalgam with
mercury (108) and its soiubility in mercury is below 2 x 10-5per
cent (109). tiolybdenum lends itself to this method since its vapour
pressure at 900°C is below 10~¢%torr (138) and the work function of
well-aged poiycrystalliine molybdenum is accurately known (111).

The moiybdenum electrode was initially cieaned by slowly
etching away the heavily contaminated outer layers with a dilute
solution of chromic acid, After the acid treatment the eiectrode was
washed in distilled water, acetone and finally carbon tetrachloride.
At this stage the molybdenum was outgassed by eddy-current heating to
a temperature of about 1,000°C for several minutes., To reduce any
oxide layers the outgassed electrode was employed as the cathode in
a low pressure (about i torr) hydrogen discharge, After about two
days the discharge was terminated and the purification process was
completed by subjecting the reduced electrode to a second outgassing
process,

At the fipal seal-off from the manifold the system consisted
of the experimental tube containing the required amount of mercury and
an Alpert pump, The Alpert gauge and experimental tube iiere connected
by a collapsible constriction,

The partial pressures of the residue gases were further
reduced by switching on the Aipert pump, after the mercury had been

cooled to liquid nitrogen temperatures (thus effectively eliminating



- 92 -

contaminating mercury vapour from the Alpert gauge). The final
constriction was sealed after pumping for about two days, when the
partial pressure of the residual gases was approximateiy lo’lotorr.

In an effort to desorb adsorbed mercury molecuies the molybdenum
reference electrode was heated to a duli-red heat by means of an eddy-
current heater, which was carefully positioned around the base of the
experimental tube, /hile the Keivin eiectrode was being heated the
mercury was poured out of the main experimenta. tube into the
reservoir, thus maintaining the mercury at room temperature,

When the molybdenum reference surface had been heated to its
maximum temperature (about 900°C) the eddy-current heater /as removed
and the correct quantity of mercury was gently poured back into the
experimental tube,

During the manipuiation of the mercury great care was taken to
avoid contact between the iiquid metal and the hot Kelvin electrode.

The two surfaces under investigation were electrically
connected to the external eiectronic equipment by means of nickel
leads and tungsten sea:s,

After the experimentai tube had been processed using standard
high vacuum techniques, contact potential difference measurements were
made by the conventional Xeivin method. The molybdenum reference
electrode was induced to vibrate by gently tapping the experimental

tube,
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Results obtained from the First Experimental Tube

The resuits obtained from this simple tube, which are
iliustrated in Figure (43), show a compieteiy random fiuctuation
in C.P.D. measurements as a function of time,

during the series of C,P.D., determinations the temperature
of the moiybdenum electrode was continuously maintained above a
temperature of 3OOOC. Jhen the eddy-current heater was switched on
(usuaily about every two minutes) to boost the temperature of the
reference surface up to a duli-red heat, no discontinuity or sudden
change in the C,P.D. measurements were observed, It was therefore
conciuded that the random variation in C,P.D, measurements probably
represented a change in the surface nature of the mercury electrode,
rather than a variation in the characteristics of the molybdenum
surface,

After recpeated C.P.D, runs the glass surfaces inside the
experimental tube, in the region of the motybdenum disc, became
coated vith a thin layer of contamination (this could be observed as
a pale-blue bioom), The impurity layer almost certainiy originated
from the molybdenum electrode, since it was not present before the
molybdenum surface was heated and it gradually became thicker with
repeated outgassing processes of the Xelvin eiectrode,

It must therefore be conciuded that the impurities outgassed
from the molybdenum were contaminating the surface of the liquid

mercury. Jith this simple experimental tube, it was not possible to
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prevent the outgassed residues contaminating the mercury surface,
It vas therefore decided to construct a new experimentai tube‘
which sou.d incorporate in its design a method of preventing the
contamination of the mercury,

Tube 2

The second experimentai tube svas designed to follow C,P.D,
changes between a poiycrystaliine molybdenum reference electrode and
a i1iquid mercury surf;ce, under more carefu.iy controlled purity
conditions than the first experimental tube,

/ movable giass diaphragm, G.D., (see Figure (44)) was used
as a shie.d to protect the clean mercury surface, Hg, from the con-
taminating residues, outgasged from the moilybdenum disc, Mo, during
its hecat treatment,

The moiybdenum disc was reduced and cieaned by empioying the
technigues used to condition the eiectrode in the first experimentai
tube,

The first stage of the mercury-desorbing heat treatment
invoived raising the moiybdenum electrode by magneticaliy maniputating

the iron slug, §;, from its position just above the mercury surface

i
(as shown in the schematic diagram), to a higher ievel, This enabled
the circuiar g:ass diaphragm to be carefuily piaced in a horizontai
position, just above the mercury clectrode. The diaphragm was then

moved from the vertical plane to a horizontal position (as shown in

the photograph, Figure (45)), by means of the second magnetic slug, S3.
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Jhen the Kelvin eiectrode was in its raised position (as
shown in the photograph) it was eddy-current heated to a duil-red
heat. It wsas hoped to restrict in this ./ay the outgassed contaminants
to the section of the experimental tube above the shieiding giass
diaphragn,

Kfter the diaphragm had been removed to its vertical position,
the hot reference surface was then gentiy iosered to its measuring
position, - i.e., just above the mercury su}face.

It can be seen from the photograph (Figure (45)) that the
blooming produced on the inside of the experimental tube by the out-
gassed residues was successfu.ily confined to the region of the tube,
above the diaphragm, The pool of mercury and the Keivin electrode
Jere electrically connected to the externa. electronic equipment by
means of the tungsten seals, T, - T2.

The inter-electrode distance couid be finely controlled by
pouring smali amounts of mercury out of the hemispherical base into
the side-arm containing the second iron siug, $3.

The C.P.D. measureients were determined by the conventionai
Kelvin method of tapping the experimental tube to induce the reference
electrode to vibrate relative to the surface under investigation.

Results obtained from the Second Experimental Tube

Aithough the glass diaphragm successfully exciuded the out-
gassed contaminants from the mercury pool, the results obtained from

this more sophisticated tube displayed the same random fluctuations as
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were obtained from the first tube. In common with the previous tube
the iarge variation in C.P,D.,, as a function of time, appeared to be
independent of the temperature of the eclectrode, The lack of
reprocucibitity aimost certainiy represents the influence of impurity
fiisms on the surface of the mercury.

The possibility that the mercury was reacting with the giass
equipment can not be dismissed. Borosilicate-type g.asses are known
to react #ith a wide range of metats (ii10). Hence, the mercury was
probab:y leaching impurities out of the glass tube, which because of
the high specific gravity of mercury (i.e. 13.6) would form a thin
contaminating layer on top of the mctal,

Because of the apparent inertness of boro-silicate type glasses,
it is often considered to have no effect on the experiments carried
out within, However, glass is known to act as a source of contamination
(147, 148). It was therefore concluded that glass is an unsuitable
constructional material for investigating the surface characteristics
of iiquid mercury,.

It was therefore decided to abandon the liquid mercury in glass
equipment determinations and concentrate on the surface nature of solid
mercury films,

It was hoped that by employing liquid nitrogen temperature
techniques to '"freeze' the impurity iayers and subsequentiy submerge

them below condensed filis of evaporated mercury,
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5.3 Contact Potential Difference lMeasurements on Soiid Mercury Surfaces

4Lt the boiling point of nitrogen (-196°C at atmospheric

‘lstorr (see

pressure) the vapour pressure of mercury is below 10
appendix III). Hence, considering that the duration of the C.P.,D.
mcasurement periods rarely exceeded one day, the effect of the vapour
on the surfaces under investigation could be ignored.

The investigation of the surface characteristics of solid
mercury developed in three stages. The first consisted of
investigating the variation in C,P.D, between a solid mercury surface
and a hot nickel Kelvin electrode, The second phase of the enquiry
measured the C.P.D. between a hot nickei reference electrode and a
ciean mercury film, evaporated onto a soiid mercury substrate (cooled
to liquid nitrogen temperatures). The final phase determined the
work function of evaporated mercury films deposited at iiquid nitrogen
temperatures, using freshly evaporated nickei fiimsias the reference
surfaces.

Nicket was selected as the reference surface because its
effective evaporating temperature is considerably lower than that of
sioiybdenum (112),

5.3.1 Tube 3

The third experimental tube was designed and constructed for

the investigation of C,P.D, changes between a polycrystaliine nickel

reference electrode and solid mercury surfaces, The dimensions of

the tube were approximately the same as those for the preceeding tubes,
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being about i5cm long and having a diameter of 6cms (a photograph
of the tube is shown in Figure (46)).

A smalt permanent magnet was used to def iect the Kelvin
electrode from its equiiibrium position., The magnetic m=thod of
inducing the reference eiectrode to vibrate (uniike the conventional
tapping process) had the advantage of not disturbing the rest of
the experimental tube,

The nickei electrode, Ni, (see the iine diagram, Figure 47))
was maintained at a temperature of approximately 300°C by means of a
smaii heating eiement HE, which was mounted behind the Keivin electrode.
The tungsten mounting springs and seals, T1 - Tz, were empioyed to
conduct the electric current through the helical fiiament. dJith this
design it was hoped that the mercury vapour .jouid preferentially condense
on the mercury eiectrode, Hg, which Jas cooied to the temperature of
liquid nitrogen., In common with the preceeding tubes the inter-eiectrode
distance was reguiated by pouring mercury into a side-arm reservoir, R.

The nickel electrode was initiaily cieaned in a diiute soiution
of nitric acid to etch off the contaminated outer Layers, Before
aésembly the Kelvin electrode was w#washed in distllied +ater, acetone and
finally ether. To remove adsorbed oxygen and oxide fiius, the nickel
surface was reduced by flushing the experimental tube with hydrogen
followed by eddy-current heating to a dull-red heat,

To reduce the partiel pressure of the mercury vapour, the mercury

end of the experimental tube and the side-arm reservoir, were immersed
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in liquid nitrogen for severai days, so that all the mercury vapour
condensed on to the solid mercury surfaces, The process was assisted by
warming the remainder of the tube with electric heating tapes,

Great difficuities .ere encountered as the mercury was cooled
below its meiting point. The solid mercury was found to adhere strongly
to the inner wa.ls of the glass envelope (several workers (1i4, 115)
have reported that pure mercury wets degassed glass).

The adhesion of the solid mercury to the glass in conjunction
with its high coefficient of expansion (41 x 10'6 compared with about
6 x 10'6 for borosilicate type glasses) caused the experimental tubes
to crack. The cracking was eliminated by the foliowing procedure:-

a) Making the mercury eiectrodes much thinner and therefore physically
weaker than the glass envelopes.

b) Removing existing strains in the glassware by thorough annealing.
c) Gradually warming and cooling the mercury through the phase changes
and therefore reducing the magnitude of the strains,

Results from the Third Experimental Tube

The C.P.D. readingsobtained from this experimentair tube are
shown in Figure (48), plotted as a function of time after soiridification,
It can be seen that once ghe mercury in the tube had been frozen, the
C.P.D. was static to within narrow iimits, for periods as long as
50 hours, but when the mercury was aliowed to .iquify and was then
resolidified the C.P.D, always changed to a nev value (which itself

remained constant as a function of time).
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Consider the C.P.D. reading of A(see the Figure);over a period
of 20 hours it varied by only a smail amount, remaining at +i.,5 volts,
At B the mercury was meited and resolidified; the new C,P.D., reading
at C wsas -0,63 volts - i,e,, it had even changed poiarity from B to
C. From over 30 of these complete cycles three effects were observed:-
1) The C.P.D. readings were static (to within a few mitlivolts) as
long as the mercury remained solid,

2) The C.P.D. always changed if the mercury was aliowed to meit and
was resolidified,

3) The C.P.D. readings had values between +2 and -2 volts (i.e., a
variation of 4 volts),

The C.P.D. changes observed when the mercury was resolidified
could be explained by either a variation in the surface characteristics
of the standard electrode, or a change in the mercury surface,

The possibiiity that the standard eiectrode was changing by
adsorbing mercury vapour was eliminated by keeping the mercury eiectrode
solid, whiie the mercﬁry in the reservoir, R, vas melted for a few
minutes. Therec was no change in the measured C.P.D,, and so it could
be concluded that for the short periods of time that the mercury
electrode was melted (approximately five minutes), the surface of the
standard electrode did not change,

These results indicate that it was the surface of the mercury

electrode which was changing, This could be because:
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A) The phase changes caused the internai structure of the mercury
to change and therefore the characteristics of the surfaces (crystal
orientation, roughness coefficients etc) varied.

B) The surface was changed by impurities floating on the mercury,

The work function values of metals do not differ from one
crystal plane to another by more than a 2 voit margin (59, 60, 61, 62).
Hence, considering that the measured C,P.D, readings had a variation
of 4 voits, it seems likely that impurity layers were responsibie
for the observed effects,

The impurity iayers would not be capabie of movement once the
mercury had been soiidified, and hence the C,P.D, measurements would
be static.

The impurity-fiim hypothesis wiii account for the C.,P.D,
fiuctuations obtained from tubes 1 and 2, The thin contaminating
fi:ms were almost certainiy moving around on the surface of the
ligquid mercury,

It was decided at this stage to investigate the characteristics
of clean evaporated mercury surfaces, using solid mercury fiims, at
liquid nitrogen temperatures, as the substrates, It was thus hoped
that the mercury condensed on the solid mercury electrodes would
bury the frozen impurity iayers,

5.3.2 Tube 4
The fourth experimental tube (a photograph of which is shown

in Figure (49)) vas developed for the investigation of the surface
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characteristics of evaporated mercury films deposited at the temperature
of liquid nitrogen onto soiid mercury substrates,

In common with the previous tube the Xeivin electrode was
constructed out of 0.007" poiycrystaiiine nickei sheet, fitted with
a heiical heating etement H,E., (see the schematic representation
of the Keivin assemb.y, figure (50)).

The Kelvin eiectrode, K.E. (see Figure (5.)) couid be 1ifted
from position (i) to position (ii) by means of the magnetic slug, S,
thus leaving the mercury e.ectrode unobstructed,

It can be seen from the photograph of the Ke.vin assembly,
Figure (52), that the two current carrying teads feeding the heating
element were separated throughout the pivoted vibrating system by
giass insuiators: this was difficult to construct but proved to be
effective,

The heating element was continuousiy maintained at a dull-red
heat, except for the short periods during which the C,P.D. measurements
were taken (approximatcly one minute), The procedure was necessary
because the large electrostatic and magnetic fields, produced by the
heating current, compietery distorted the signais,

Results from the Fourth Experimental Tube

The experimentai tube was used initially to confirm the
findings obtained from the previous tube (tube 3) - i,e., the work

function of soiid mercury changes when it undergoes a cycie of phase

changes,
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The C.P.). readings obtained from tiis tube when the mercury
electrode was meitted and resoiidified dispiayed the same general
characteristics as i..ustrated in Figure (48).

Jith this wore sophiaticated tube it was possibie to investigate
the variation in work function as the Kelvin electrode was moved
along the frozen mercury surface., At this stage the mercury gun,

.G, , was maintained at the temperature of liquid nitrogen: thus

i
exposing the fiocating iimpurity layers,

As long as the XKelvin eiectrode was kept vibrating around
a fixed mean position, e.g., position (i), (see Figure (53)) the
C.P.D. measurements were constant as a function of time, However,
it was noticed that .hen the Xelvin assembiy was moved by means of
the magnetic slug to a new centre of vibration, e.g., position (iii),
the C.P.D. changed. The only change in the system was in the position
of the Kelvin electrode relative to the mercury surface, Hence, it
can be conciuded that the solid mercury electrode had a work function
which varied as a function of distance along its surface,
No detectabie trend .+as observed when the C,P.D. readings

#ere piotted as a function of position, e.g., a typica: set of

mea surements were:

Position (i) - 0.7 voits
Position (iv) - 2.i voits
Position (iii) - 1.2 voits

These C.P.D. readings add further weight to the contaminating impurity-

layer hyp#thesis,
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To prepare reproducible clean mercury surfaces, it was
decided to condense an evaporated beam of mercury vapour on top of
the frozen contaminating films, This was achieved by iifting the
Kelvin assembly from its measuring position (position (i)), by means
of the magnetic siug, to a higher position (i.,e., postion (ii)) so as
to ieave the mercury substrate unobstructed,

Jhen the Kelvin electrode was cicar of the svlid mercury
surface, the mercury in the mercury gun, M.G., was ailowed to mlit
and reach room temperature, At room temperature the vapour pressure
of mercury is approximately 10-3torr and so over a period of severai
hours the surface of the frozen mercury electrode w~sas covered with
a thick itayer of cvaporated mercury, The thickness of the condensed
film could be estimated by observing the opaque iayer of condensed
mercury deposited onto the walls of the experimental tube in the
vicinity of the solid electrode, The films of evaporated mercury,
because of their random nature were reproducible.

The change in C,P,D, plotted as a function of time as the
solid mercury eiectrodes were covered with condensed fiims of mercury
can be seen in the graph (Figure (54)).

The initiali C,P.D., between the contaminated mercury electrode

_“gnd the Kelvin surface was constant as a function of time at -0,72
volts (region 4). At the point B the Keivin assembiy was magneticaiiy
removed from the measuring position and the mercury in the mercury gun

was-allowed to meit, It can be seen that as the condensed mercury film
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increased in thickness the C.P.D., approaghed a value of -0.26 voits
(region C), which changed neither as a function of fiim thickness
nor position along the surface of the condensed fiim, It was aiso
observed that the C.P.D, between the Kelvin electrode and the
condensed film did not change significantiy as a function of time.
when the condensed fiim and frozen substrate were melted and
resolidif ied the C.P.D. changed by +i.4 volts, i.e., to +1.,t1 vouts
(point D). hi.e the mercury in the main experimental tube underwent
the phase change cycle, the mercury gun was cooled to —196°C.
Hence, the soiid mercury substrate was not covered by a ciean
evaporated mercury fiim, The reading at D (+1,i4 volts) represents
the C,P.D. between the poiycrystalline nickel reference electrode
and the mercury surface contaminated with impurity layers,

At the point E the Kelvin electrode was raised from its
measuring position and the mercury gun was slowly warmed to room
temperature, It can be seen from the graph that as the mercury
vapour condensed onto the mercury substrate the C.P.D. approached
a value of -0.23 voits (region F).

The resuits obtained from over 20 of these phase changes
followed by mercury evaporation may be summarized thus:

1) The C.P.D. measurements obtained from the contaminated mercury
substrates displayed the erratic behaviour as was observed in the

previous tube (tube 3),
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2) Jhenever a clean mercury film was deposited on top of the
contaminated substrates, the C,P.D. readings always approached a
vaiue of -0.24 T ¢.0U3 volts,

It wouid appear, therefore, that a means had been devised

for determining accurateiy the C.P.V, between mercury films and a

reference surface.

In this tube the reference electrode was constructed out of

polycrystalline nicke: sheet, the work function of which was

unfortunately not known. It was therefore decided to construct a

new experimental tube, which wouid have incorportatd in its design
a method of producing reference surfaces of known work function,
Tube 5

A photograph of the fifth and final glass experimental tube
constructed to investigate mercury-vacuum interfaces is shown in
Figure (55). The tube was developed to measure the C.P.D. between
evaporated nickel reference surfaces and condensed mercury fiims
(deposited at the temperature of liquid nitrogen), Therefore,
considering that the work function of evaporated nickel films is
known accurateiy (94) the experimenfal tube enabied the work function
of solid mercury to be determined.

In common with the previous tube an electricaliy heated
pivoted standard electrode, S.E., (see the schematic representation,

Figure (56)) was mounted just above the mercury electrode, Hg.



SE.
NiG
He.R.

H.E.
T -Ta

T2

MERCURY ELECTRODE

STANDARD ELECTRODE
NICKEL GUN
MERCURY RESERVOIR
MAGNETIC SLUG
HEATING ELEMENT
TUNGSTEN SEALS

Figure 56.



- 107 -

The Keivin assembly (see the perspective inset) would be magnetically
moved, from the measuring position (position (i) to a point opposite
the nickel gun, Ni.G. (i.e., position (ii),

For case of manipulation, as many of the components of the
tube as possibie were placed in side-arms, e.g., the magnetic slug, S.
This system had the added advantage of permitting fauity components
to be replaced wsithout dismantljing the rest of the experimental tube,

The first stage in the preparation of the ciean mercury films
consisted of cooling the mercury electrode, Hg, and the mercury
reservoir, Hg.}., to the temperature of fiquid nitrogen (by immersing
the bottow parts of the experimental tube in a Dewvar flask containing
liquid nitrogen)., This effectively reduced the vapour pressure of
the mercury to zero,

wWhen all the mercury had condensed, either onto the mercury
electrode, or the reservoir (this usuaily took several days), the
Kelvin assembiy was magneticaily raised from position (i) to
position (ii). Hence, the surface of the mercury substrate was
unobstructed and ready to receive the evaporated mercury beam,

At this stage the mercury side-arm reservoir was slowly
warmed to room temperatures thus evaporating a thick layer of
condensed mercury onto the solid mercury substrate,

After a clean mercury surface had been deposited, the
reservoir was recooled to the temperature of iiquid nitrogen and so
the vapour pressure of mercury in the experimentat tube was again at

an extremely iow level,
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The clean reference surface was produced by condensing a
beam of evaporated nickel (from the nickel gun, Ni.G.) onto the
polycrystalline nickel substrate. At a high temperature (i.e.,
approximately 1,400°C) nickel and tungsten combine to form an alloy,
However, if the proportion by weight of nickel to tungsten on a
filament of thec iatter is kept beiow 30%, the nickei will evaporate
at its melting point in preference to atioying (i42). The construction
of nickel evaporators in the form of coiled coits on 27 s,w.g.
tungsten wire fulfitied this condition,

The final stage of the experimental procedure used to determine
the work function of solid mercury consisted of iowering the Kelvin
assembly from the evaporation position to its measuring position
(i.e., position (i)),.

Results from the Fifth Experimental Tube

Before being employed in the determination of the work
function of mercury, this tube was used to investigate the surface
nature of contaminated solid mercury (i.e., without a freshly
evaporated layer of mercury). In common with the two previous
experimental tubes, the work function of frozen mercury films was
found to change:-

A) After a cycie of phase changes.
B) As a function of position on the surface,
A typical set of C,P.D. readings, plotted as a function of

time, obtained from this experimentai tube, are shown in Figure (57),
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The initial reading of +1.54 volts - i.,e,, region A,
represented the C,P.D. between the Kelvin electrode (of unknown
work function) and the contaminated mercury,

At B the Kelvin assembly was magnetically raised to position
(ii) - leaving the mercury electrode unobstructed, The mercury in
the reservoir was then meited and warmed to room temperature, thus
enabling the mercury susbtrate to be covered with a condensed film
of mercury., It can be seen that, over a period of 1i/4 hours, the
C.P.D. changed from + 1,54 volts and approached a steady value of
- 0.34 volts (region C)., At this stage the mercury in the side-
arm was resolidified and cooied to -196°C.

The readings measured in region C represented the C.P.D,
between the reference surface and the clean condensed mercury film,

deposited at - 196°C, onto the contaminated mercury substrate,.

At D the Kelvin assembly +as moved from its measuring position

to position (ii) - i.e,, opposite the nickel gun, At this stage a

beam of evaporated nickel was condensed onto the reference electrode

It can be seen, from the graph, that as the thickness of the condensed

film increased, the C.P.D. approached a value of + 0,29 T 0.05 volts
(region E).

Thz figure of + 0,29 + 0.05 volts represented the C.P.D.
between an evaporated mercury film (condensed at - 196°C, onto a
mercury substrate) and an evaporated nickei fiim (deposited onto a

polycrystalline nickei substrate),
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The T 0,05 volts error represents the total deviation for ten
different experiments, each of which invoived many repeated evaporations
to determine the degree of consist@ncy as a function of thickness,

Assuming Rivieres(94) value of 4.74eV for the .ork function
of nickel, the work function of evaporated mercury at a temperature
of - 196°C is therefore 4,45eV.

The most outstanding feature of the C,P.D. readings obtained
from any one experiment was the constancy as a function of time.

It was difficult (owing to the nature of the method) to reduce the
interval between the end of evaporation and the first reading to less
than a minute, /After the first measurement the potentiometer setting
did not have to be reacjusted for severai days,

This extremely low level of contamination can probably be
ascribed to the getter-action of the mercury beams condensed at the
temperature of liquid nitrogen (many sticking coefficients increase

with decreasing temperature (139, 140).

Conciusions

All the experiments described in this chapter have been
directed towards determining the work function of mercury.

The presence of thin impurity iayers floating on the liquid
mercury (i.e,, in the first two experimental tubes) prohibited the
measurement of the work function of mercury at room temperature.

Using evaporation techniques at the temperature of liquid

nitrogen (i.e., in the last two tubes) the contaminating films were
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successfuily frozen and submerged beneath fiims of mercury.

The work function value, obtained from the fifth experimental
tube is slight.y iower than the determinations reported by other
workers (99, 100, iUi).

This difference may rcpresent a difference in the surface
characteristics of the reference electrode, Riviére condensed
the nickes films ontc glass substrates, vhiie in this investigation
the substrates were constructed out of poiycrystailine nickel,

The difference may a.so be due to the notorious difficuity in
outgassing nickel completeiy,

Several .Jorkers (113) have reported that annealing can
change the work function of a surface by as much as a tenth of a
voit, Therefore, considering that the mercury films were deposited
at liquid nitrogen temperatures, it scems likely that they wouid
have contained many imperfections and had high roughness factors,
It would therefore seem probable that the slight disagreement
represents the degree of annea.ing of the mercury films,

The solid mercury techniques can only be used to measure
work functions at the temperature of liquid nitrogen, To extend
the study to iiquid mercury it was considered necessary to examine

the thin partition method mentioned earlier,



CHAPTER _VI

THE GLASS PARTITION METHOU:

RESULTS _AND _DISCUSSION

Introduction

Although the iow temperature techniques, which were reviewed
in the previous chapter, proved successful in the determination of
the work function of solid mercury, it still remained necessary to
measure the work function of 1iquid mercury,

iMercury at room temperature has a vapour pressure of
approximately 10’3 torr, Jhich would contaminate a ciean surface in

about a millisecond, At this stage in the investigation it was

decided to piace the liquid mercury in a separate sea.ed giass container

thus maintaining the Xelvin eiectrode free of mercury contamination,

It was hoped that the insulating giass partition (i.e,, vhich
separated the reference surface from the mercury vapour) wouid not
change the C,P.D. between the two metal electrodes by a significant
amount,

The assumption that the C.P.D. between two surfaces is equal
to the difference of their ork functions is oniy realized .hen the
tvo Fermi leveis arc the same in equilibrium,

The am;rphous structure of giass and the localized nature of
its eiectrons renders it difficult to discuss the energy band scheme
of the material., The physical meaning of Fermi ievels in glass is

therefore somewhat more abstract than that in the case of metais,
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It was therefore hoped that an insulating giass partition
when placed between t.o metals .Jould not deform their Fermi levels,

The partitions wecre constructed out of i m.m, thick borosiiicate glass
sheets. Before assembiy the partitions were rigorous.y cieaned by
soaking in chromic acid and Jashing with distiised water, ethyi
aicohoi and acctone,

Jith the glass partition method it was possible to investigate
the iover surfaces of the iiquid mercury e.ectrodes, Hence, the impurity
layers (encountercd in the earlier experimentai tubes) floating on the
top mercury surface, were ciear of the mercury-glass interface,

Preliminary Glass Partition Tube

The results obtained from this experimentali tube are of interest
only in so much as they provided information which resulted in the
improvement of the experimental techniques, which were incorporated in
subsequent apparatus,

The experimentai tube (a photograph of which is shown in
Figure (58) was designed to investigate the following phenomena:-

(A) The effect of thin glass partitions on C,.P.D. measurements,
(B) The influence of mercury vapodr on the reference surfaece,

The apparatus as essentiali:y two separate vacuum systems with
a Ilm.m, thick glass partition betiween the two electrodes (see the line
diagram, Figure (59))., The section of the experimental tube containing
the Keivin electrode, X.,E,, /as maintained free of mercury vapour by

means of liquid nitrogen traps.
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Considering that the reference surface wvas free of mercury
vapour ( and hence of known work function), it was hoped that the
C.P.0, betueen the mercury electrode, Hg, and the Keivin electrode
would enable the work function of liquid mercury to be calculated.

The Ke:vin electrode consisted of a glass disc on to uwhich
a thin film of go.d vas condensed from the go.d evaporator, Au.E.

The Keivin assembiy was magneticaliy moved (by means of the iron siug,
§) to its measuring position - i,e., under the glass container, after
a clean gold surface had becen deposited onto the giass substrate,

The sccond iron slug, SZ' was piaced in a side-arm, so that
it couid be magneticaiiy induced to smash the internai breakable seai,
B.S. Hence, mcrcury vapour vould diffuse from the mercury electrode
into the mercury-frec region of the experimenta: tube. It was thus
hoped to observe the effect of mercury vapour on the .ork function of
gold,

The C.P.D., produced when the reference surface ./as vibrated
was fed from the eclectrodes to the external measuring equipment by means
of the tungsten seals T; and T2.

Results

The results obtained from this tube may be summarized thus:-

(i) The C.P,D, readings were neariy always large - typicaliy greater
than 6 voits.
(2) If any contact occurred between the glass partition and the

vibrating electrode a change in the C.P.D. measurements was observed.
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(3) After such a C,P.D. change the rcadings fell approximately exponentialiy
as a function of time (as can bc seen on the graph, Figure (60V)).
(4) If any further contact occurred during these decays, a sudden
change in the C.P.D. resulted, as can be seen on the graph, after
a pceriod of 20 minutes,
These effects are most probaply caused by a charge build up
on the insulating partition,
ilany investigators (116, .i7) have measured the contact
charging of borosilicate glasses ./hen they are moved over metal
surfaces, It therefore seems iikeiy that the results represent a
charge build up, induced by the friction of the collisions between
the vibrating electrode and glass p:rtition,
The exponential decay in C,P.D. readings (made clearer in the
logarithmic plot, Figure (61)) probably reflects a migration of charge
to earth potential.
Because of the nature of the vibrating system (the reference
electrode .as caused to vibrate by gently tapping the experimental
tube) it proved impossiblie to prevent the vibrating electrode
accidentaily touching the glass surface., Hence, the C.P.D. readings
between the mercury electrode and the 'goid film were masked by the
charge phenomena,
At this juncture it was decided to investigate the glass partition
method with more sophisticated techniques, J/hich employed the tranducerised

vibrationai system mentioned eariier (i.e,, Chapter IV, page 85,),
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Investigation of the Charge Transfer Hypothesis; Using the Stainiess

Steei Equipment

At this point in the enquiry it was considered necessary to
verify that the effects obtained from the preiiminary giass tube were
caused by charge-transfer phenomena.

It was decided to use a demountable stainicss steel system
fitted with the electronic system of vibration, \/ith this method
the amplitude of the vibrating eiectrode couid be controiied; and
hence it was hoped to avoid the iarge C.P.,D.s, produced by the inter-
electrode collisions,

The basic arrangement of the apparatus within the stainless
steel chamber is sho.wn in the schematic represcntation, Figure (62),
The glass partition, G,P,, consisted of a rectangular 8 x 5cm. boro-
silicate glass sheet, of thickness im.m,

A gold evaporator, Au.t., was used to deposit a thin fiim
of goid on the far side of the partition (i.e., on the side furthest
avay from the Kelvin electrode). The gold layer was electrically
Joined to the measuring equipment by means of a tungsten lead, TZ’
which was fused imto the glass sheet, To avoid electrical contact
between the evaporated goid film and the stainiess stee: mount, a
smail shield (represented as a '"W" on the line diagram) was placed
near the mount; thus producing a break in the condensed fiim,

To reduce the weight of the vibrating electrode a metal disc

was chosen in prefcrence to a glass substrate, This considerably
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reduced the weight of the Keivin electrode; and hence, the frequency

of vibration was increased, hich therefore produced greater sensitivity,
Physical contact betwcen ithe reference surface and the glass partition
was avoided, since the vibrating electrodes amplitude could be accurately
controlied,

Resuits

To confirm that the :arge C.P.D.s observed in the giass tube were
induced by inter-eiectrode coiiisions, the electronically controiled
eiectrode was set vibrating so that it never touched the glass shcet,

The C.P.D. between the gold film on the far side of the glass
partition and the nickce. reference electrode vwas +0,23 vo.is,

This reading remained to »‘ithin narrow linits (t 0.02 volts) constant as a
function of time,

Large changes in the {.P.D. Jere observed whenever the Xeivin
eiectrode was forced to strike the partition, A typica. run is shown
in the graph, Figure (63), It can be seen that in common with the
resuits obtained from the giass experimentai tube, the C.P.D., decayed
as a function of time, A logarithmic piot (Figure (64)) demonstrates
the exponential nature of the decay,

Aithough the effects had bcen associated with the inter-electrode
coilisions, it remained necessary to confirm that charge-transfer
phenomena were involved,

To verify that the C,P.D. effects which were produced after the

inter-eiectrode coilisions, were caused by a charge-transfer phenomena,
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it .as decided to bombard the glass partition vith a beam of

thermionic electrons, Hence, if charge effects were responsible,
similar results would be produced by the electron bombardment treatment,
Electron Bombardment Effects

The eiectron gun, £.G. consisted of a tungsten fiiament mounted
in front of the partition (sce Figure (62)). To recceive the beam of
thermionic electrons the glass partition was moved from its measuring
position to a position opposite the electron gun, After the filament
had been electrica.:y heatec to a high temperature (about 2,500°C)
for several seconds, the glass partition wvas quickly returned to its
measuring position; and then C,P,D, readings were plotted as a function
of time,

It can be seen from the graph (Figurc (65)) that the beam of
electrons produced iarge changes in the C,P.D., which subsequentiy
decayed exponcntialiy as a function of time, These exponential changes
in C.P.D. are represented by the straight plots in the logarithmic
graphs (Figure (66)).

The possibi.ity that photons (originating from the hot filament)
were producing the C.P,D. changes was eliminated by biasing the golid
fiim, with a potentia. of - 50G volts re.ative to the electron gun,

These was no change in the C.P.D. vhen the biased fiiament was heated
and so it could be conciuded that charge-transfer phenomena wvere

responsible for the C,P,0., changes,
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Further evidence that charge effects .ere invoived was
provided by a comparison of the C.P.D. changes and the thermionic
current characteristics,

It can be scen from the graphs - i,e., Figure (67), that the
C.P.D. readings did not aiter unti: the thermionic current became
significant (i.e., hen a current of about 3 amperes passed through
the filament).

The C.P.D.s uvere observed to approach a constant value of
+ 3.6 volts as a function of the fiiament current (Figure(67)). This
plateau probabiy represents the biasing effect of the electrons
trapped on the surface of the giass partition,

The resuits obtained from the charge-transfer investigations
may be summacized thus:-

(1) If any contact occurrcd between the vibrating eicctrode and the
glass partition a positive change in the C,P.D, measurements was
observed - i.,e., the glass became negatively charged relative to the
reference electrode,

(2) Jhenever the giass partition was bombarded #ith a beam of electrons
the C.,P.D., readings increased,

(3) After the electron bombardment and coliision-induced C.P.D,
changes, the readings fell approximately exponentially at similar rates,

It therefore seems certain that the large coilision-induced
C.P.D. changes were produced by a transfer of electrons from the
vibrating electrode to the glass partition - caused by the friction

of contact.
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At this juncture the nature of the collision~induced effects
had been explained and avoided by employing the electronic vibrating
system, It was therefore decided to investigate the influence of
glass partitions on C.P.D, deterninations,

The_ Influence of Glass_Partitions on C,P.D. Determinations

/ line diagram of the apparatus used to investigate the
infiuence of giass partitions on C,P,D., measurements is shown in
Figure (68). 4As can be seen the glass partition could be moved (by
means of a stainless steel tinear feedthrough) from a site opposite
the Kelvin electrode - i.e., position (i), to a position clear of the
vibrating electrode - i.e., position (ii). i photograph of the
equipment is shown in Figure (69). The equipment was designed to
measure the change in C.,P.D. when a giass sheet was placed between
two metal fiims of known work function,

Contact Potential Difference_Measurements Bet.een Gold Surfaces,

To reduce the number of variabie factors, it was decided to
evaporate the same metai (gold) on the far side of the glass partition
as on the Kelvin electrode, Hence, if the metal evaporator contained
impurities, both surfaces would be equaily contaminated, It was
hoped in this way to detect any change in the C,P.D. induced by the
glass sheet,

The two surfaces were different in an important respect;
with the reference surface, the characteristics of the last few layers

to be deposited were measured, while with the fitm on the far side of



14

«———— (s4noy) 3L

[4]

4 'O.o.l
8.0'
0
0
O
—_ =)
< r~
9o ©
-." =
LO—O0—O- O = LNO.OIM =
100~
(o]

“3WIL HLIM 03D NI_39NVHD



- 12 -

the glass partition the first few layers to be condensed were
investigated, In an effort to bury the outgassed impurities it was
therefore decided to deposit the first film onto the Xelvin eiectrode,
Jhile a clean surface was being evaporated onto the vibrating el.:ctrode
a system of screens shielded the giass partition,

ifter a thick layer of gold had becen deposited onto the
reference surface, the glass partition was carefully moved to a position
opposite the metal evaporator (position (i)) to receive a gold film on
its far side (i.e., the side furthest away from the Kelvin electrode).
Results

The results obtained from this experiment are illustrated in
the graph (Figure 7C), piotted as a function of time after film
deposition,

Over a period of several hours the C.P.D. measurements decreased
from the initial reading of - 0.0i4 voits to a minimum vaiue of -~ 0,03
volts, This decrease in the readings was followed by an increase to
a stcady value of - 0.02 volits,

Jith residual gas pressures in the order of 1079 torr
adsorbed monolayers will be produced in times not longer than about
one hour (il8), Since pressures iower than this were not attained
initially it must be conciuded that adsorption phenomena may have
contributed to the changes,

4Although adsorption processes can not be excluded it seems
likely that annealing effects vere mainly responsbile for the C,P.D.

changes, for the following reasons:-
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(a) {ith the residual gas pressures in the vacuum system (5 x 1G-Jtorr
at the time of film deposition) adsorbed fil..s wouid have been produced
much more quickiy than the observed C,P.D. changes,

(B) iany investigators (9., 92) hove reported that gold films do not
chemisorb gas phase residues at pressures lover than 10-3torr.

Hence, it seems likeiy that the final value of -0,02 volts
represents the difference in C.P.D., between an annealed goid-giass
interface and an annealed gold fiim, condensed on to the nickel
substrate,

The twventy miilivoit difference between the measured and
theoretical value of 0 volts, was probabiy caused by one of the
following factors:-

(1) Because of epitaxial grouwth, the orientation of the substrates
would have influenced the structure of the films,

(2) The roughness coefficient of the gold-vacuum interface almost
certainiy differed from that of the gold-giass interface,

(3) The giass partition p.aced between two surfaces may have produced
the C,P.D. difference,

To differentiate bet.een the ‘three factors, it was decided
to condense a goid film on to the near side of the giass partition,
The C.P.D. readings wouid stiii be influenced by the first factor,
but not the last two, Hence, the effect of the giass partition on

C.F.D, measurements couid be ascertained.
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The C.P.3. readings obtained when a gold film was deposited
on to the near side of the giass partition are plotted in Figure (71),
as a function of time, /After the gold surface had been condensed on
to the glass substrate the measurements decreased from the initial value
of + 6.28 volts (point 4) to a steady reading of + 0,64 voits (i.e.,
region B), This change in C.P.D, over a period of 4 hours most
probabiy represents the effect of annealing processes since gold is
known to be extremeiy resistant to adsorption phenomena at low
residual gas pressures,

Hence, the different substrates (glass and polycrystaliine
nickei) changed the C,P.D., by a factor of 40 miiiivolts. It therefore
seems reasonabie to assume that the readings obtained from the preceding
experiment (Figure 7C) refiected the different surface conditions of
the films, At this juncture, it was decided to determine the influence
of glass partitions on C,P.D, readings, between metals of different

but known work functions,

B — T —" S ———. - —— e -

Contact Potentia) Difference lleasurements Betaseen Goid and_Tungsten
Surfaces
WJith the except ion of the metal evaporators, the apparatus
employed in this phase of the inquiry was identical to that illustrated
in Figure (68).
In order to measure the C,P.D. bet.een a goid reference surface

and a tungsten fiim, deposited on the far side of the glass partition,
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it was imperative that the impurities dissolved in the tungsten
fiiament did not condense on the glass shect, ience, the initiai beam
of evaporated tungsten (i.e., ths most contaminated) .as condensed

on to the Xeivin electroce,

After a thin fi:m had been deposited on to the vibrating
eicctrode the giass partition .!as siowly moved to a position opgosite
the evapogator, where il receivecd a fiim of cvaporatced tungsten,

It can be seen from the graph (Figure (72) that as the fiim
of tungsten increased in thickness the C,P,», changed from - 0,095 voits
(point A) to a steady value of - 0,030 volts, This reading of - 0.030
voits aimost certainly represented the different surface characteristics
(roughness, orientation etc) of tungsten-vacuum and tungsten-g.ass
interfaces.

Jhen a gold fi.m sas condensed on the Kelvin electrode (point B)
the C.P.D. changed by a factor of - 0,585 voits to a constant vaiue of
- 0.615 voits, 4 second goid fiim deposited on top of the first one
changed the C.P.J. by 2 further 8 miilivoits,

Combining Riviere's (94) va.ue of 4.,565eV for the work function
of poiycrystaliiine tungsten vith these C,P.D, resuits, gives the work
function of gold to be 5,.8 ' 0.05eV, .hich is in fair agreeeent with
Euber?s (95) value of 5,422 T 0,05eV, The slight discrepancy betieen
the two determinations most probabiy reflects the nature of the under-
.ying layers, Huber preparzd his reference surface by depositing
tungsten fiims on to borosiiicate giass substrates, whiie in this work

the tungsten films .ere condensec onto poiycrystaliine nickei substrates,
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To corroborate the resuits, a clean tungsten surface was
deposited on the near side of the glass shecet - i,e., the partition
was used as a substrate, The resuiting changes in the C,P.D, are
plotted in Figure (73) as a function of time,

The first set of readings (region A) represented the C.P,D.
between the gold Kelvin electrode and a tungsten film on the far side
of the glass partition (i.e., the 1ast set of measurements in the
preceding graph). It can be seen that, when a tungsten surface was
deposited on the near side of the glass sheet, the readings changed
to - 0,57 volts, which over a period of an hour approached a constant
value of - 0.51 voits (region C),

& second tungsten deposition (point D) gave rise to a simiiar
set of readings., Since tungsten is known to adsorb a wide range of
gases (129, 130, 131) it is most probable that adsorption affects
contributed to the C.P.D. changes, Therefore in order to determine
the work function of gold, it is essential to consider the C,P,D,
immediately after the depositions (points B and D) - i.e., before the
tungsten surfaces were contaminated.

Combining the readings obtaingd from the clean gold and tungsten
fitms (- 0,57 volts) with Riviere!s value of 4,565 volts for the work
function of tungsten, yields a value of 5,14 volts for the work function
of gold. Hence, the two technicques employed in this investigation to
determnine the work function of gold (the glass partition and the
conventionai Kelvin method) produced values that differed by less than

one per cent,
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Contact Potential Difference illeasurements Between Gold and Silver

Surfaces

In order to verify that insulating partitions have oniy a
slight effect on C,P,D), determinations, it was decided to use the
partition method to measure the work function of silver,

The changes in C,P,D, with time are plotted in Figurc (74).
The first set of readings (i.e., region A), corresponds to the C.P.D.
between a ciean siiver film, deposited on the far side of the partition
and a contaminated reference surface (of unknown work function),

At point B the Xelvin electrode .as standardized with a ciean
fiim of condensed goid, After the gold deposition the C,P.D.
decreased to - 0,71 voits, and then over a period of one hour decreased
further to a constant value of - 0,74 voits (region C), This small
final change almost certainly reflects the influcnce of annealing
phenomena; since gold does not chemisorb gases at low pressures
(10-9 torr in the experimental chamber), and the silver-glass inter-
face was not in a position to rcceive contaminants. Thus, the C,P.D,
between clean gold and silver surfaces is - 0,71 volts,

Combining these results with the work function of gold
obtained from the previous giass partition experiment (i.e. 5.18 10.05eV)
produces a work function of 4,47 ¥ 0,05eV for the stlver-glass inter-

face, which although a iittle higher than Riviere's (94) value of

4,31eV is in excelient agreement with Anderson's (119) determination,
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At point D (sec the graph) a clean silver film was condensed
on the near side of the partition, which produced a2 + 0,095 voits
change in the readings to - 0,65 voits (region E). Hence, assuming
the work function of gold to be-5,i8 T 0.05eV, the work function
of the silver-vacuum interface was 5,53 T 0,05eV,

After the final silver condensation the C.P.D, changed from
its initial vaiue of - 0,65 voits (region E) to a constant reading
of - 0.47 volts (region F), Since silver is known to adsorb a wide
range of materials (132, 133) the shift in the measurements over a
period of two hours almost certainly represents the adsorption of gas
phase residues (of unknown composition) on the silver film,

It can be scen from a comparison of the results, that the
siiver-vacuum and siiver-giass interfaces had work functions that
differed by less than tio per cent,

Summary of Resuits

The resuits obtained from the experiments carried out to
determine the influence of glass partitions on C,P,D, measurements
may be summarized thus:-

(1) The metai-glass interfaces and metal-vacuum interfaces had work
functions that did not differ by more than two per cent,

(2) The work functions of the metal-vacuum interfaces weie a.ways
slightly higher (usually about 50 millivolts) than the metal-

glass work functions,
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(3) After the annea.ing proccsses the metal-glass work functions
werc extremely stabie as a function of time (rarely changing
by more than 5 miilivoits,.

The second effect was almost certainly caused by the differcnt
surface conditions, lietal-giass interfaces most probably have
rougher surfaces than the metal-vacuum fiims,

The iast cffect, besides reflecting the inaccessibiiity
of the metal glass interfaces to contamination, suggests that the
surface nature of the near side of the glass partition (i.e., facing
the Kelvin electrode) did not change.,

It was therefore cdecided to investigate the stability of
the glass-vacuum surface,

6.5 The Stabiiity of thec Glass Partition

The experiments carried out during this stage of the
investigation were intended to determine the reproducibility of
the glass-vacuum interfaces as a function of the gas phase pressure
and of the distance along the surface of the glass sheets,

6.5.1 Effects of Increased Residual Gas Pressurec

The residual gas pressure ,as increased by fiashing tungsten
filaments (to desorb adsorbed contaminants). although the total gas
pressure was accurately measured by means of a triggered ion gauge
the partial pressure of thc different gas phase residues was unknown,
Hovever, the contaminants were doubtless typical of stainiess steel

vacuum systems, and hence the observed results were relevant,
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In order (o eiiminate charge build up effects, the fiiament
was operated at relativc.y low temperatures (i.c., aoout 1,000°C)
where the thermionic emission of electrons was negiigible (assuming

A and @ to be 41 amp.crn."zdeg,’.-2

and 4.45 eV respectively, (i134),
the thermionic current from the filament would have been approximately
10~19 anps at 1,3OOOK).

The resu-ts obtained are plotted in Figure (75) as a function
of time. The first set of measurements (i.e., region A) represent
the C,P,D, between & gold-glass interface and a go.d reference surface,
with a residual gas pressure of 5 x lo'lotorr.

Jhen the getter ion pumps were switched off and the tungsten
filament flashed (point B), the readings increased by 0,195 volts
to a setting of + 0,225 volts, which was constant as a function of
time; at this stage in the C,P,D., run the pressure was constant at

-7
iU torr,

At point C the pumps were reintroduced and the filament
allowed to cool to ambient temperature, As the pressure feil from
10=7 torr to its original vaiue of 5 x 10710 torr, the C.P.D,
readings decreased (over a period of 30 hours) from the maximum to
a valuc of + 0.038 voits).

The two principle features of the curve may be summarized
thus:

(1) After a cycic of pressure changes, the measurements had altered

by less than 1C miliivolts,
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(2) The rise in C.P.D, readings s considerably steeper than the
gradual drop {(an hour comnared with over a day).

Todd (126, 121), sorking in the U,S..i., has demonstrated
that under vacuum conditions the diffusion of water va,our from boro-
siiicate glasses is a reversible process, Hence, these effects we:re
most probabiy caused by ions or molecuies being reversibly adsorbed
on the giass-vacuum interface,

The salient feature of the above resuits, is that at iow
pressures (i,e, below 10“9 torr) the surface nature of the partition
was not influenced to any marked extent by its history,

Change in_the Surface Conditions of The Glass Partition as & Function

of Distance

In order to determine the stability of the glass-vacuun
interfoces, as a function of distance, it was decided to measure the
C.P.D. between a movable gold reference surface (i.e, it could be
moved in a paraliel dircction above the glass surface) and a gold
film deposited on the far sicde of the partition,

The spatial resoiution of the measurcments was increased by
fitting the Kelvin assembly with a 1.0cm, diameter reference
clectrode (i.e., instecad of the usual 4 cm, electrodes), The decrease
in the Xelvin electrodes area was approximately compensated for by the
iighter electrodes higher frequency of vibration. Hence, there -.as

oniy a small drop in the sensitivity of the system,
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« threaded counter fitted to the linear motion feedthrough
accurately measured the movement of the giass sheet.,

The graph (Figure (76'A')) iliustrates the variation in C,P.D,
as the reference eicctrode was moved iinearly above the surface of the
glass partition (with a go:cd film condensed of the far side),

It can be secn that over the centrai region, the readings were
to within 15 millivolls, constant as a function of position., Region .,
almost certainly corresponds to the infiuence of the aquadag deposit,
used to elcctrically conncct the gold film to the measuring equipment,
In a similar manner, region B represents the effect of the stainlcss
steel mount,

Hence, excluding the end regions, the C,».D, measurcments were
to within narroy iimits independent of position,

‘Jhen applied to 2 gold film deposited on the ncar side of the
partition, thc linear probing techniques produced the resuits shown
in the bottom graph (i.e,, Figure (76'B8')). Since the condensed goid
coverced both the stainless steel mount and the aquadag.layer, the C.P.D.
readings were virtually constant as a function of distance,

6.5.3  Conciusions

rrom the above considerations it is apparent that the only
process likely to cause a significant change in the C.P.D, readings
is the physical adsorption of ions or molecules, This effect was

climinated by operating at sufficiently low gas pressures,
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Determination of the Work Function of Liquid Mercury

s line diagram of the apparatus cmployed to determine the
C.P.D., between a gold reference surface and a mercury-glass inter-
face is shoun in Figure (77),

The mercury electrode, Hg, consisted of a pool of iiquid

mercury cnclosed in a sealed glass container; fitted with a thin (ilm.m,)

plane glass wall. Except for the eiecctrical feedthrough, the mercury
container was constructed out of borosilicate glass (a photograph of
this component is illustrated in Figure (78).

After being soaked in chromic acid for a week, the container
was washed in distilled water and fitted to the glass high vacuum
system (sece Figure (33), to be processed,

The inner surfaces of the glassware were outgassed by being
baked at 250°C, under high vacuum conditions for several days,

9

Jhen the residual gas pressure as below 5 x 10" ’torr o small amount
of mercury was triple distiiied into the container, after receiving
the required quantity of mercury the glass vessel .Jas separated from
the manifoid by means of a coilapsible seal,

at this stage the mercury =lectrode assembly was placed in the
stainicss steel vacuum chamber a short distance (a foew millimeters)
above the Kelvin ciectrode (see the schematic representation),
Extraneous fieids werc minimized by making the reference surface

smaller than the mercury electrode (diameters of 2,5 cms, and 3,5 cm,

respectively),
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The stainless steei apparatus and the outer walls of the glass
container were outgassed by being heated to a temperature of 220°C,
under high vacuum conditions, for scveral days. In order to restrict
the vapour pressure of the mercury to about 50 torr the outgassing
temperature Jas maintained belov 230°C,

An important feature of the experimental configuration was
that the mercury containcr as positioned above the vibrating surface
i.e., the lover surface of the mercury electrode was investigated,
Hence, any insoluble impurities (e.g., particles from thermal
decomposition of the glass (i22) wouid have floated a+ay from the .
mercury-glass interface,

The first stage of the experimental procedure consisted of
measuring the C,P.D, between the Xeivin eclectrode (of unknown work
function) and the mercury-g.ass interface, /t this juncture the
mereury electrode was moved to a position opposite the goid evaporator,
i .E. (by means of the iinear feedthrough) wshere it received a condensed
film of goid. The C,P.D, bctween the gold film (of known ..rk function)
and the Lelvin electrodc standardized the reference surface, Hence,
the difference of the two C,P,D., determinations when combined with
the work fumct.on of gold yielcded the work function of liquid mercury,
Results

The resuits of the C,P,D, measurements made with the liquid
mercury equipment, are shown in Figure (79), plotted as a function of

time,
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The initiai reading of + 0,82 voits (region /i) corresponds
to the C,P.D, betuween the :iquid mercury-glass interface and the Kelvin
eiectrode (of uniknown work furction), ihen a ciean goid film was
deposited on thec near side of the giass partition (point B) the
readings decayed.exponentially from a value of + 0,55 voits to a steady
reading of + 0,i3 voits. The exponential decay almost certainly
reflects the infiuence of the thermionic electrons emitted from the
hot metal evaporator being trapped on the surface of the glass
partition, and subseguently ieaking away to earth potentia:,

The constani reading of + 0,13 voits (region C) represents
the C,P.D, betuween the goid film, which was condensed on the near
side of the glass surface, and the vibrating electrode., Combining this
reading with the vork function of gold, 5.18eV (#hich was determined
at an earlier stage in the investigation - i,e., pagel2® produces
a value of 5.,3icV for the w.rk function of the reference surface,
Hence, from the originai C.P.D, (+ 0.82 voits) and the work function
of the standardized Lelvin electrode, the work function of the liquid
mercury glass interface was 4,49eV,

It wii. be recal.ed thet im éection 6,4 the work functions
of metal-vacuuwu interfaces were usually about 50 miilivoits higher
than those of thc wetai-glass interfaces, It therefore scems iikely
that the work function of a .iquid mercury-vacuun interfoce will be
greater than the measured vaiue of 4,49eV, by a factor of about

50 mirlivoats,
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Thus, the work function of w._rcury, at room temperature, is
4,564 £ ¢.02¢7, The T 0.02eV error represents the total deviation frow
the experimcnts carried out in scctivn 6,4,
sonciusiens

The work described in this cacpter developed in tio stages. The
first, an? by far the longest, invastigated the effect of glass portitions
or C.P.u, determinations,

The second phese of the cencuiry was the usce of the technicucs
already developed to measure the work funct:on of mercury at room
temperature,

It hos been established that the targe C,P,D. changes encounteved -,
with the preliminary cexperimental tube, wcre caused by colilisions betucen
the electrocdes, These effects wer:e compicte.y eliminated by introducing

a transducerisec system of vibration,



CHAPTER _VII

CONCLUSTONS _/ND__SUGSESTIONS_ FOR_ FURTHER _GRK

e,

The experiments described in the preceding two chapters have
been directed towards the determinations of the work function of
mercury, Three different techniques of muintaining the reference
surface free of contaminating mercury vapour were investigated,

Although the first method (whicih employed hot molybdenum
reference eiectrodes) failed to yield reproducible results, it success-
fully demonstrated the contaminating action of borosilicate glasses on
mercury surfaces,

The solid mercury and glass partition techniques produced
values of 4.45eV and 4.54eV respectively for the work function of
mercury.

The ninety miiiivolt difference betwveen the two determinations
vas most probabiy caused by one or more of the following factors:-

(1) Jork functions are known to change as a function of temperature;
it is therefore certain that the difference in temperature between the
sampies contributed to the difference in values,

(2) It is possible that at the phase change (i.e., the melting point
at -39°C) there is a discontinuity in the work function of mercury,
(3) Liquid and solid mercury most certainly have different roughness
factors,

The change in temperature of about 220°C .ould have changed

the work function, but this change wuulid probably not have amounted to
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more than 0,02eV (temperature coefficients are of the order of

207%V/°C (:35). ilence, the first factor fails to account for the
observec difference of (,09eV, Boishov (i23) usinz thermionic emission
techini¢ues observed that the vork function of copper varies continuously
as the temperature is raeaised through the meiting point, It would
therefore seem uniikely that there is a discontinuity in the work
function of mercury at the phase change.

The 9C miilivoit difference between the work function of liquid
angd soiid mercury is most probebly mainly due to dissimiiar roughness
factors,

Many workers (124) have reported that thin condensed films
exist in the form of islands wthich fiow together as the film thickness
is increased. This mechanism of formation most certainiy introduces
discontinuities into evaporated surfaces, At liquid nitrogen
temperatures the mobiiity of the condensed mercury atoms wiil be
extremely low; and hence it can be assumed that the iattice
imperfections would not have been annealed.

The liguid mercury-glass interfaces most probab.y had iow
roughness factors since poiished borosilicate glass surfaces usualily
have roughness factors of about 2,5 (i25). It therefore seems likely
that the solicd mercury fiiis had rougher surfaces than the i{icquid
mercury-glass interfaces,

Rough surfaces are known to have lover work functions than

siooth ones (136, (37); it wouid therefore seem certain that the
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difference between the results represents the degree of anneaiing of the
solid and liquid films,.

In the course of this vork a new measuring technique was
developed, +hich extends the scope of C,?.D. determinations, The glass
partition modification of the Xelvin method has the advantage of enabling
the work functions of volatile liquids and solids to be measured.

Good agreement was also observed between the present determination
of the work function of gold and those of Huber (95) and Riviere (96).
These investigations have demonstratcd that gold films, when prepared in
mercury-free uitra high vacuum systems, have work functions which are
higher than those reported by eariier orkers (using mercury contaminated

systems) .

Suggestions for Further Work

This wvork has emphasized the importance of ultra-high vacuum
techniques in work function investigations,

The results obtained from liquid mercury surfaces (Chapter V)
suggest that a programme of investigations undey more controlled conditions
of preparation (e.g., substituting inert containers for the contaminating
glass enveiopes) might be of considerabie value,

Eventualiy, efforts must be made to observe the change in the work
function of mercury as a function of temperature,

The glass partition method could be employed to cover the range of
temperatures from - 1969C to about 206°¢ (i.e., where the vapour pressure

of mercury acting on the glass containers becomes appreciable)., Such an
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investigation is also necessary in order to confirm Bolshov'!s (123)
observation that phase changes are not accompanied by a discontinuity in
the work function,

It has been postuiated in this work that thin impurity layers
floating on top of the liquid mercury surfaces were responsible for the
random C,P.D, fluctuations reported in Chapter V, This hypothesis could
be confirmed by using the glass partition method to compare work function
values obtained from the top and bottom horizontal faces of mercury
sampies,

The variation in work function of metal films as a function of
thickness should be re-examined, These investigations are usua.ily
compiicated by two extraneous factors:-

(1) “Then a series of fiims is condensed it is possible to produce a
sandwich type structure (i.e, a.ternate metal and adsorbed layers),
(2) Changes in the surface characteristics due to the iack of epitexy,

The first factor is usuaily minimized by using extrecmely iow
residuai gas pressures,

The second effect could be climinated by using the glass partition
method to investigate the change in uork.function of a metal-glass interface
as the thickness of the metal fiim is increased, by condensing more metal
onto the far side of the samp.ie (i,e, although the metal film would increase
in thickness the structure of the metal-glass interface would remain the
same) ,

Using a mercury reference surface it would be useful to investigate

the effect of mercury vapour on the work functions of clean metallic surfaces.
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The surface characeristics of the mercury electrode would not be
changaed by the mercury vapour and hence it could bz assumed that any
variation in the C,P.,D, readings wouid correspond to a change in the
work function of the other surface,

The Xelvin C,P.D, method of determining wvork functions has been
utilized throughout the present study and could be used satisfactorily in
further work, The technijue could be improved, however, by replacing
the cust omary vibrating motion by rotary motion, Koim (i26), employing
this technique made rapid inter-comparison measurements among severai
electrodes with a sensitivity of ¥ 1 millivolt,

The scope of C.P.D, determinations could be extended by the
introduction of automatic recording systems, Several workers (127, 128),
ho have applied these techniques to adsorption studies, have reported

a response of 0.1 voit/sec coupied with a sensitivity of 0.5 miilivolts,



APPENDIX 1

Penning Gauge Calibration Curve
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Calibration of_ Crompton Voltmeter
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Vapour Pressure of RNercury
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Physical Constants of the lietals Investigated

Element Ionization Electro- Type of Lattice Density ork
potential negativity crystal spacing (gm/cec) function
(volts) structure (2) (eV)
Ag 7.54 1.9 F.C.C. 4.085 10,49  4.31 (R)
Au 9.18 2.4 F.C.C. 4.078 18.88 5,22 (H)
3 8.1 2.6 B.C.C. 3.165 19.3 4.56 (R)
Ni 7.61 1.9 F.C.C. 3.523 8.902 4.74 (R)
Hg 10.39 2,7 R, 3.005 13,546 4.53 (K)
tio 7.35 1.8 B.C.C. 3.147 10,22 4,22 (R)
F.C.C. - Face Centred Cubic
R - Rhombohedral
B.C.C, - Body Centred Cubic
(R) - Riviere
(H) - Huber

(K) - Kagda
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C Capacity
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k Boitzman's constant

K Absolute temperature

m Electron mass

M Dipole moment

Ns Number of adsorption sites per cmz.
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