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SYNOPSIS 

The work functions of titanium films have been measured at 

room temperature with a scanning probe version of the Kelvin-Zisman 

dynamic capacitor. The values for the clean surfaces of films deposited 

-9 onto a gold substrate at 2.10 torr lay between 4.5 and 6.0 eVe The 

surface potentials of hydrogen were positive apparently due to pene

tration of the adsorbed hydrogen atom with a partial negative 

ionicity below the surface electronic plane. The maximum surface 

potential increased approximately linearly with the initial work 

fu~ction and varied between 0.26 and 1.30 eVe A surface potential 

~del was proposed which attempted to account for dissociative 

adsorption of molecular hydrogen and solution of adsorbed atomic 

hydrogen. The time dependant changes of the surface potential were 

consistent with the theoretical predictions and the activation energy 

for solution of atemic hydrogen was derived to be between 0.7 and 1.5 
. -1 

Kcal gr-ato~ • The work function and surface potential of rapidly 

-7 deposited films at 1.10 torr onto a silver substrate behaved similarly 

to those above and mass spectrometric analysis of the residual gas 

provided evidence for a predominant adsorption of hydrogen. Slowly 

deposited films at this pressure onto a silver substrate, however, 

possessed a low work function between 2.5 end 3.8 eV wllich broadly 

encompassed the range of values recently published by others for thin 

titanium fil~s deposited apparently under similar conditions. The 

low values apparently arise from impurities. The surface potential 

of the residual gas adsorbate was negative on contaminated films and 

the time dependant changes were of a similar form to those of purer 

films. These results ~re discussed in relation to the hydrogen surface 

potential model and the adsorption of other gases. 



The work function of two polished stainless steel electrodes 

were 4.65 + 0.10 eV at 1.10-7 torr and 5.60 + 0.10 eV (after baking) 

at 2.10-9 torr. The work function was reversibly decreased by 

illumination. prolonged exposure to hydrogen and by applied electro-

etatic fields; it was reversibly increased by an incident electron 

current. These effects are interpreted as the result of an oxide 

layer on the steel surface. Theoretical models are proposed which 

attempt to account for these as due to changes in the density of 

surface states at a semiconducting oxide surface. The results are 

generally consistent with the theoretical predictions with the exception 

of the field effect. 

The effect of stray capacitive coupling on contact potential 

measurements was experimentally investigated. The results were partially 

consistent with the predictions cf a model which is proposed. These 

effects are shown to be a major source of error if simple precautionary 

measures .~e not taken to avoid them. 
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CHAPTER 1 

INTRODUCTION 

The surfaces of solids have attracted scientific attention 

since the early part of the nineteenth century. This has arisen 

:~ ed1iticn to their fundamental interest because of their important 

role in many facets of life and from their practical applications in 

others, among catalysis, adsorption, crystal growth and metallic 

corrosion. The important practical applications of electron emission 

and the electric lamp stimulated active research into the fundamental 

properties of the surfaces of solids in the early part of this 

century. It was from these studies that Irving Langmuir established 

the fundamental concepts on which a major portion of present day 

concepts are formulated in surface physics. 

Experimental progress in the past has almost invariably led 

theoretical advances in the understanding,of fundamental surface 

processe.. The effects of crystal orientation, for example, on 

chemical reactivity wai appreciated long before the theory of atomic 

structure was formulated. Consequently the knowledge of solid surfaces 

has been far less than that of the bulk counterpart. This is due to a 

number of reasons. Firstly, the theoretical description of solid 

surfaces is difficult and complicated due to the distortion of the 

periodic lattice potential at the surface interface. Secondly, the 

forces exerted on the surface atomic layer are assymetric. Thirdly, 
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there is generally a tendency for a reaction to occur with the 

environment because of the unsaturated n~tur~ of the surface forces. 

The experimental techniques which have been available have not 

enabled a well defined environment and surface to be prepared and 

kept free from contamination. Consequently progress has been 

largely achieved through experimentation and intense efforts to 

correlate and interpret observations with simple systems. 

This rcscarch received its impetus from the need for an 

evaluation of the work function of titanium. Portable neutron 

generators commonly use titanium hydride cathodes. Field electron 

emission from the cathode is an important physical gas breakdown 

mechanism which limits their lifetime. The work function among 

other factors determines the breakdown voltage at which emission 

occurs. The objectives of this research were to determine the 

work function of pure titanium in vacuum, and also in hydrogen at 

room temperature and to measure any sp~tial variation. In the 

course of this work, incidental results were obtained on the work 

function of gold Rnd silver, on problems associated with the experi

mental method of work function measurement chosen and also on the 

effects of surface chargo on the work function of stainless steel. 

The work function is particularly sensitive to surface 

contaminntion and the amount and nature of any adsorbed gaseous 

molecules. A study of the work function and surface potential of 

adsorbed gases is a valuable technique in investigating the 

adsorption of gases on solids. Early research at the beginning of 
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this century on the work function derived its impetus from several 

sources. Firstly, there were the practical applications of electron 

ct:lission. Secondly, there was a fundamental interest in the work 

function as a intrinsic property of metals predicted by the then new 

electron band theory of solids. Thirdly, the work function was 

related to the contact potential difference which had been, and 

at that time 8till was, the subject of a warm debate that had 

remained unresolved for more than a century. 

The contact potential method of Kelvin 1898 and Zisman 1932 

is used in this wor~ for the measurcoent of the work function. There 

had been historical interest in contact potentials long before the 

foroulation of the concept or of any measurement of the work function. 

The concept of the work function although technically introduced by 

Richardson and Langouir is intrinsic in the original theory of Volta 

in 1797, on the origin of the contact charging of conductors, to 

\Ihom the discovery of this phenomenon is attributed. Volta 

propos~d that the contact potential difference was an intrinsic 

property of conductors in contact and that it was wholly located at 

their junction. The theory was supported in later years by 

Lord Kelvin, Langmuir and Richardson. There then followed a warm 

debate between the exponents of the contact theory and those in 

favour of a chemical theory. The latter proposed that the contact 

potential was located at the ~ctel-dielectric interface and that it 

arose from a chemical reaction between them. The discovery of electron 

emission and also Richardson's theory of theroionic emission (1912) 

stimulated renewed interest in the contact potential. The thermionic 
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theory was based on the then new electron theorY'of '~etals and 

postulated that there was a fundamental force across a metal-dielectric 

interface which was an intrinsic property of conductors. Technological 

improvements in vacuum science afforded an opportunity to directly test 

the opposing hypotheses concerning the origin and location of the contact 

potential. Research which was directed towards establishing Richardson's 

hypothesis was also directly associated with the theories of the contact 

potential. He had shown fron statistical thermodynamic arguments that 

the contact potential difference is directly related to the difference 

in work function of the conductors in contact. At about the same time, 

1912, Richardson had demonstrated the equivalence of the work function 

parameter appearing in the photo-electron emission thaory of Einstein 

with the 'work of extraction' in the thermionic theory. A few years 

later Millikan and Hennifl.es resolved the conflict on the nature and 

existence of the contact potential. They experimentally verified the 

predicted theoretical relationship between the contact potential and 

the work functions of conductors in contact. It was some years how

ever before the issue was accepted and in 1916 Langmuir wrote "the 

scepticism regarding electron emission has b~en largely resolved in 

the last few years and it is almost accepted that electron emission 

is an intrinsic property of metals". 

An interesting historical account of this period given by 

Langmuir 1916 snd Compton and Langmuir 1930. 

Richardson's theory made no assumption regarding the 

location of the contact potential and the debate concerning it 
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continued. Helmholtz h3d shown earlier about 1379 that at any 

potential discontinuity at a conductor surface there exists a 

double charge layer. The existence of this layer could be clei":d 

without recourse to any metallic junction and vice-versa. At 

about this time Schottky was ,. ·;:"'~o:':1l3 the image force theory 

to account for certain anomalies in thermionic emission phencmena. 

~he icage theory was important to the exponents of the contact 

;cnction theory since if the work function was solely d~e to the 

i~ge force then the concept of double charge layers had no 

validity. If this was the case, th~ contact potential could be 

claimed to be \1holly located at the metal junction. The success 

of the iease theory in accounting for the thermionic anomalies 

lent support to these views. It is now known that the work 

f.mction is not £lolely due to the image force however. An account 

of this period is given by Becker 1935. 

The concept of the contact potential was clarified by 

Chalt!!ers 1942 who suppcrted the viell that both electro-static 

and thcrmody~mic potentials are involved in its definition. 

Thermodyncmic concepts form the basis of present day views and 

these are returned to i'n Chapters 2 and 4. 

The quantity of published literature on the work function 

and adsorption of gases on solids is formidable. No attempt is 

mnde to review this broad field in this thesis for this reason, 

and also because there are a large nunber of review articles which 

d~al with ~~ny aspects of these phenomena. Frequent reference is made 
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to these w~lere nacessar}'. The uork function of solids is reviewed 

in C!lt'pter 2 together with the adsorption of gases on solids where 

these ~re relevant to the study of the work function. The techniques 

of r-~asuri~3 the work function have been extensively reviewed. These 

~=e therefore on17 briefly discussed in Chapter 2. A detailed 

dir.ctt~aio:1 of t~e Kelvin - Zis1!lan method is given later in Chapter 4. 

In r.::,:en~ j'ears the:,~ has been, in sll,,:,face scif'r.ce, a 

'>v~lo~."':.:1t of a variety of phydcal techniques. Thase have allowed 

are.: a.,rl deep"''=" irsi(,at into the structure of surfaces and the 

c~ ('::.c~tr.;:y a~c:rJc p:-oCe::l3ea l-1!lich occur on thet:l. This has come 

;:~,o'.!t ,,,it:l the ir.i-rovcmcnts in the art of ultra high vacuum 

~~c~~olcg7 r~l in the r~~dy conmercial availability of hydrocarbon 

fr~a vC.~".J!'m !,V'1')O, ~~terials of hieher purity and residual gas mass 

~~~ctro-etc~s. Thc~e ~actors have p~rmitted a closer physical 

c~finition of. t~3 specimen surface, its purity and of the environment 

:n ~lhiC'.h it is situatc~. 1'11i:3 closer degree of control has allowed 

~.;.:,orte·lt £'.dVll!lCC'J to be tn:vle in undcrGtantlin~ tho elcml'!ntary processes 

i~~orta!lt in the ir.tcractions of eases with ~olids. Research effort 

!'l~ll:1 r..:lturelly conc(ntrat~d on sb:ple we1l defined sy:::tems. 

7~1~ het£'o=ocencit? of solid surfaces is well established. 

V~rious cr~'~tallogrephic plane3 of a s!nele elc~cnt may exhibit as 

uicb 3. s:,cctru~ ;n tl~eir physical ;roperties as a1non3 the bulk 

elc:ner.ts thc.:1-;eh'cc. A variety of different ,.' ''''~''~~.:"\ states may 

exist on even sin3le crystal planes. The work function, surface 

p"tt'!ltbl a:ld relative population of these states mny now be 
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investigated as a function of temperature, crystal orientation and 

nature of the adsorbed species. The selective adsorption and 

~obility of different gases upon different crystal planes and 

their variation among different materials may be examined. There 

is a body of evidence that partial or complete reconstruction of 

t~e up~errDst surface layers may occur with particular gas-solid 

syctems to form new ordered structures. These advances in turn 

~1VC Gti~ulated further theoretical description of the solid-gas 

interfece. 

The fhyoical methods used currently for the investig3tion 

of the structure and propel ties of metal surfaces and adsorbed 

layers are briefly described. 

Rata ionised gas atona approaching a natal may be neutralised 

by en electron from the surface. Anger neutralisation is nccompanied 

b~' the ejection of ~ccondary electrons whose yield and energy dis

tribution!1 are sensitive to the presence of ac1~orb('d layers. AUBer 

rrcctroscopy is becomir.g important in the stuJy of adsoprtion on 

solid3. The phenomenon is described by Kaminsky 1965 and by riviere 1969. 

The evolution of cas from a he3ted metal occurs in distinct 

ctages. Flash desorption spectroscopy (FDS) inco~jv-ztio~ with ~~AB 

tpcctrometric analysis of the desorbed products allows the nature of 

the deoorbing species, their binding energies, the kinetics of the 

surface processes and temperature dependance of the desorption to be 

.ctu1ied. The teChniques and experimental results are reviewed by Ehrlich 

1963 and by l~ns~n and Mineault 1968. 
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The fundamental experiments of Davisson ,,:,' r,T:;:.~r 

in 1927 demonstrated the wave nature of the electron. Low energy 

electron diffraction (LEED) from the uppermost surface layers of 

solids has become an important technique for studying the structure 

nr.d adsorptive properties of metals. LEED has established the 

similarity between the crystalline struct~re of the surface layers 

with th~t of th~ bulk metal and also that partial or complete 

rcconstr~ction of the surface layers during adsoprtion may occur to 

fore n~ ctdere1 structures. Revi~~s of L~~D arc given by Lander 

lSG!. and by Fer:te-.:orth 1968. 

'l'~e Mtcre of the bor.1in3 betwee~ adsorb~d layers has also 

~~r.~ i~:r~~i~ated by r.~asurements of the electrical resistance 

cf t!dn re.t".l fil!!:: an1 aleo of the infra-red spectra of ad,;orbed 

!:rr.~.l~~. '1'4"l~!l~ ct"o little l1,gcd in com~a!'iton ~o other pt.ysical 

t~C!~i'i~l~C. In tbo latt~r there are proble!r..s in the interpretation 

c! tl·.~ tr~~tr.' an~. tr.o:t e:r.peritlents have been conducted in poor 

:~e ccnductivity of thin metallic filn~ is d~pend~nt. 

t'.o::..,n~ o~~"r fl'.cto=o. on the f:-ae condcction electron t"'ndty 

W:1!,C!6 tl~y be r.:c.l't~:,.:!lly reduced or enhan'!ed 0'1 a1sorption depending 

en tl-.e n'l ~·.:.re o~ tho eas~~tal bend. 

I~ the cas~ of ferroC8gnetic C~~3tences. a stud7 of the 

in~enBity cf ~zn~tiaation reveals info~~tion on the adsorption 

bond 8ir.~e. tho latter affects the surface t:'.~cnetic dipole. This 

h not L1 wid'lly used tec1-.niq·.10. 
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The three techniques mentioned are described by Hayward 

and ":rapnell 1964. Hair 1967, Thomson lind Webb 1968, Hofer 1968, 

Bly~~der 1968 and by Robertson 1970. 

Energetic ions and electrons incident on solid surfaces 

C3y de~orb ions and neutral adsorbed specie5. The nature of 

l~~~3 i3 determined by the composition and state of the layer. 

:lec~rc~ anti ion desorption spectrometry in con!unction with mass 

G~ectro:::.~tic e.rullj'sis, enp.o1es infort!l.:1tion relatinB to tbe n.:1ture 

ci the l~jr~ ~~d its compo~ition to be obtained (cf. P.ork and 

C~~coliv~r 196C, Cobu:n 1960, S~~on et ale 1968). 

T~:c c~l1 c~ir;~io~ of e1ectron9 from metals has played a major 

=ol~ in c~L~!d~~inr, the kinetic. of the fo~ation and r.obility of 

':.1:-:"J:·;c1 . lC7e-::'!J CR a fl\~ctiC'n of temperat1lre o~ individual sit131e 

c:y~~~"l ; leN: 'J. Field e:li&fL:ion microscopy (FZ!i) has dforded a v~.ew 

cf th~ sc:f3ce cn al~s~ an ato~ic scale since its conception in 1936 

::y l:'.lller. F::! is revico'1cd by Gnod and Maller 1956, Gomer 1961, 

t~~lich 1~=3 ~~1 recently b7 U~n~en a~d G~rdner 1~68. rot is allo 

an i:';;,,:rtrtl~ tect-.:li~'.!e for tha study of the work furction of . . 
o=ic~t:\~t 1 r.t:=hces at' . .} t!".e C!lrface poter.tial of arlsorbed gases as 

di~~~~~cd llter in C~optcr 2. It h~9 also fo~n1 ap~lication in the 

etu'!:! of ep!.ta~y and r.'.lc1eation phenc"·~n3. S~trfllce diffusion of 

:t~t~ll!c cds":t:-bltea and in t:le stujy of crystal growth. 

Field ioniaation microEcoPY (~IM) has n~t been 80 successful 

al its electron co~ter~art for the study of adsorption becau8e of the 

oroet of fiold c:!.2sorption due to tho high field strer:::ths employed. 
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Field desorption, however, has revealed information on the binding 

energies of adsorbed and parent eetal atoms, (cf. Ehrlich and 

Kirk 1968). FDi has been used for the study of surface structure, 

defects, deformation and radiation damage, surface diffusion and 

corrosion reactions among others. This technique and its 

applications are described in the articles mentioned above. 

In addition to the flash filament and field desorption 

methods described above, the heats of adsorption may be determined 

by direct calorimetric measurements or by determining the equilibrium 

adsor~tion isotherms as a function of temperature. These have 

been described by Hayward and Trapnell 1964, Kaminsky 1965 and 

Robertson 1970. Experimental results for similar systems show 

widespread values implying the adsorption heat is sensitive to the 

experimenta1'conditions and crystallographic orientation. The heat 

of adsorption is apparently related to the work function and ionisation 

potential of the substrate and ad~~r;~t~. 

The techniques used in this research were largely determined 

by the objectives of the project. Titanium is no exception to the 

general rule that clean transition metals are highly reactive to 

their environment. It has found widespread application as a residual 

gas "getter" in vacuum tubes for many decades and it has been almost 

exclusively used as the active elements in evapor-ion and getter-ion 

pumps since their inception in tbe late nineteen fifties (cf. Dusbman 

1962, Roberts and Vanderslice 1964, Hopkins 1968). Titanium is known 
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to absorb large quantities of gas (cf. Chapter 6) and its hydride 

may be used as a source of pure hydrogen. It was therefore 

necessary to prepare the samples under ultra high vacuum conditions 

if pure surfaces were to be prepared and maintained. The vacuum 

system and pumping unit<ho8e~ wer.e free from hydrocarbon vapours 

£~1 ere described in Chapter 3. The choice of a titanium getter-

ion pump afforded the opportunity of preferentially pumping those 

active gases detrimental to the preparation of clean specimen 

titanium surfaces. 

The specimen surfaces were prepared by collecting metal 

vapour evaporated from a heated filament of titanium onto a cool 

substrate. This method hal the advantages of low cost and ease of 

preparation of macroscopic fresh surfaces. The other common 

techniques of preparing clean surfaces which are reviewed by Menzel 

1963, Roberts 1963. Roberts and Vanderslice 1964 were unfavourable 

because Ot the high capital outlay for macroscopic single crystals, . 

t~e ductility of titanium and because of the risk of surface 

contamination from bulk or gaseous impurities during prolonged cleaning 

cycles. However, the question of the substrate material on which 

the film was to grow was i~ort.ant. Titanium reacts strongly 

with certain glasses (cf. Roberts and Vanderslice 1964). The 
\ 

I sublimation of other transition metals on to glass surfaces has 

been observed to cause an evolution of gas from the glass which 

may contaminate the growing film (Hickmott and Enrlich 1958). The 

activati~n energy for solution of gases in titanium is apparently quite 

small and the bulk diffusion coefficient at room temperature quite high 
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(cf. Chapter 6). Adsorbed gas already on the substrate, 

therefore, may be dissolved by the film and rapidly contaminate 

the outer surface layers. The complex structure of glasses 

therefore rendered them unsuitable. However, pure gold or silver 

appeared to satisfy these demands by providing an inert noble 

substrate surface free from adsorbed gases in ultra high vacuum. 

Thick films of these metals were deposited in ultra high vacuum on 

to clean pyrex glass and these provided the substrates on which the 

titanium surfaces were formed. The methods of preparing the substrates 

are described in Chapter 3. 

The work functions of gold and silver films in vacuum are 

well established. The use of these materials 8S metal substrates 

provided the reference surface necessary for the evaluation of the 

specimen work function from contact potential measurements. 

There were a number of major practical problems encountered 

with the form of the contact potential method employed in this work. 

Firstly, an amplitude instability of the vibrating electrode was 

caused by a mechanical coupling between the vibrator drive, the vacuum 

.ystem and the experimental rig. It severely limited the resolution 

of contact potential measurement on occ8ssions. Secondly, spatial 

work function measurement. necessitated using one of the capacitor 

electrode. as a small probe. This caused a loss of signal 

sensitivity. It was partially offset by the use of a differential 

detector amplifier. However, it demanded a high degree of electrical 

insulation of the vibrating electrode and considerable difficulty was 



- 13 -

experienced in finding an insulator material with suitable 

properties for this application. 

In the course of experimental measurements two further 

problems arose. Firstly, the use of the differential amplifier 

allowed contact potential measurements to be sensitive to stray 

capacitance. The coupling caused significant errors in the values 

measured. In anticipation of these effects, the material of the 

vibrating probe was chosen to be the same as the vacuum system walls 

(stainless steel) since then, the (hopefully) small difference in 

contact potential would minimise this source of interference. 

Secondly, the work function of the steel surface, however, was unstable 

and sensitive to optical irradiation, electro-static fields and also 

charged particles which were discovered to be emanating from the ion 

pump. Both of these problems were experimentally investigated since 

they affected the accuracy and validity of the contact potential 

measurements. 

This introductory chapter is followed by a review of the 

work function. The third chapter describes the experimental apparatus 

and techniques. The contact potential method and experimental effects 

of stray capacitive coupling are described and interpreted in Chapter 

4. The work function instability of the stainless steel probe is 

described in the fifth chapter. An interpretation is given there of the 

effects of irradiation and electric fields. These chapters provide a 

background to the measurements of the contact potentials between the 

noble and titanium metal films and the steel probe. MeaRurements were 

also made between titanium and silver covered steel surfaces. These 
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measurements are introduced by a review of the work function and 

adsorptive properties of silver, gold and titanium in Chapter 6. 

The contact potential measurements are described in Chapter 7 

together with a discussion and interpretation. A summary of each 

of the three phases of this work is given in Chapter 8. The 

appendices contain the mathematical derivations used in the various 

models and also copies of the papers relating to this thesis 

published by the writer in co-authorship with Dr. N.A. Surplice. 
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CHAPTER 2 

THE WORK FUNCTION AND SURFACE POTENTIAL 

2.1 Definition 

The work function ~ is defined as the change in the 

thermodynamic potential of a conductor when a virtual charge is 

transferred from a point within the conductor to a point 

outside of the conductor where the classical image force is 

negligible. A distance of about 10-4 cm is sufficient. The 

thermodynamic concept is discussed by Herring and Nichols 1949, 

Culver and Tompkins 1959 and by Gundry and Tompkins 1968 in ter~s 

of the electrochemical potential ; which is equal to the change 

of Helmholtz free energy per electron. 

The electrochemical potential ~ c: a conductor is dependent 

on its internal and external state. The cheoical potential ~ is 

defined to be dependent on the internal state only 80 that it is 

not affected by the external conditions by 

ef 1 (2.1) 

where ~l is the average internal electrostatic potential over a 

space small on a macroscopic scale. The work function is defined by 

(2.2) 



(0) iviETAL SURFACE 

__ -------r------_____ VACUUM 
LEVEL 

FL 
CB 

METAL VACUUM 

(b) A SEMICONDUCTOR SURFACE (n-TYPE) 

....------;r-----..-- VACUUM LEVEL 

CB j 

------a..FL ------1:---
i . 

VB 

SEMICONDUCTOR VACUUM 

Figu~e~ The work function ~ in the electron band theory of solids 

for a metal and a semiconductor 8urface. FL, CB and VB are the Fermi 

level, conduction and valence band respectively. 
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where '~2 is the electrostatic potential at a point outside of the 

surface. The surface potential X is defined by 

X - ~2 - ~l (2.3) 

and then ~ is also defined by 

~ • - (~/e) - X (2.4) 

The work function is considered to consist of two components. the 

* 'inner work function' ~ and the surface potential X. Since X may 

be expected to depend on the crystallographic orientation. equation 

(2.4) implies a similar dependence for ~ also. The concept of X· 

arises from the physical discontinuity of the solid lattice at the 

surface where there exists an unsymmetrical charge distribution around 

the surface ions (Figure 2.3 and 2.4). The value of ~ is dependent on 

temperature. since ~. ~. ~l and ~2 may be dependent on temperature. 

The thermodynamic definition does not depend on the validity of 

any theoretieal description of the electronic structure of solids. In 

the electron band theory of metals, electrons are distributed in 

available electron states according to Fermi - Dirac statistics. The 

Fermi - level is defined as being the highest occupied energy state 

at absolute zero temperature. At finite temperatures, the probability 

of occupancy is a half •. In this description, the work function is seen 

to be the minimum energy required to remove an electron from the Fermi-

level to a point outside of the surface. The work function is con-

veniently shown on the electron energy band diagrams shown in Figure 2.1 

(a more accurate description is given in Figure 2.4 discussed later in 

Section 2.5). 

• • Calculations by Bardeen show X may vary from a fraction of a volt . 

(for alkali metals) to as much as a volt for other metals but ~ contT'i.h"tc..:: 

at least 80% of the value of , generally. 
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In the case of patchy surfaces, Herring and Nichola 

1949 define t~e electrostatic potential t2 outside of the i-th 

patch by a distance small compared with the scale of the patch 

t 2 . • - ~/e - ~. ,1 1 

In the .bsence of any external fields, the potential 

(2.5) 

attains a constant value t2 at a distance which is large compared 

with the patch size. 12 is given by 

~2 - E f. t2 . • - ~/c - ~ • 1 ,1 
1 

where f. is the fraction of the surface occupied by the i-th 
1 

patch. The electrostatic field outside of a patchy conductor 

falls off exponentially with the perpendicular distance from the 

(2.6) 

surface when the patches are small in comparison with the surface 

curvature. 

The definitions are also valid for semiconductors and 

insulators. The work function of an n-type semiconductor in the 

electron band theory is shown in Figure 2.lb. At the surface, 

localised energy states may exist within the forbidden energy gap. 

The occupancy of these states leads to a space charge layer. extending 

into the semiconductor 'bulk to maintain charge neutrality at the 

surface. The layer is ucmed after its discoverer, Schottky. The 

height of the Schottky barrier. Vs is related to the density of 

occupied surface states, NS' the depth of the layer, d the density 

of donors within the semicon'uctor no' and the dielectric constant 

K by the equation 

(2.7) 
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where w • 2wE/n K and E is the permittivity. The o 

"t d f N f 1011 to 1014 cm-2• Th •• 1 magnl u e 0 S may vary rom e emplrlca 

time constants for the release and the capture of charge in surface 

states may vary from microseconds to several hours. The value 

·of no is typically between 1014 and 1019 cm-3• The work function 

of a semiconductor is defined by 

(2.8) 

where 6 is the energy difference between the Fermi level and the 

bottom of the conduction band, and t is the conduction band width. 

Since Vs is depen~cnt on the electronic state of the surface, ~ may 

be sensitive to illumination, adsorption and electrostatic fields. 

The electronic description of semiconductor surfaces is reviewed 

by Bordeen and Morrison 1954, Plummer 1962, Wright l!66 , Many et ale 

1965 and by Frankl 1967. 

2.2 1'1easurement 

The techniques of measuring the work function and contact 

potential have been extensively reviewed. F~-:-mon and Wagner 

1951, ::'·.~"·.rv.~r.~ 1955. Culver and Tompkins 1959, Eberhagen 1960, 

Hayward and Trapnell 1964, Jenkins and Trodden 1965, Kaminsky 1965, 

Gundry and Tompkins 1968 and Riviere 1970 describe and compare 

most of the methods. 1-1any other review articles refer specifically 

to one or more of the different methods and these are cited below. 
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The methods naturally fall into two broad classes. The 

first includes the direct methods which involve the measurement 

and transport of charged particles into or from the surface. 

This class includes all the electron emission methods. The 

second is concerned with the indirect methods, some of which also 

involve charge transport in the vacuum space. 

Direct measurements of the work function are made by 

photo-electric, thermionic or field excitation and emission of 

electrons. They are of special significance in the technical 

application of emission phenomena. Direct methods may only be 

used at low gas pressures if electron scattering or gaseous breakdown 

is to be avoided. and they also run the risk that the surface may 

be disturbed by photon or charged particle irradiation. 

Thermionic emission (TE) and plloto-electric emission (PE) 

methods have been reviewed by Dushman 1930, Hughes and DuBridge 

1932, Becker 1935, DeBoer 1935, Reiman 1935, Herring and Nichols 

1949, Wright 1953 and also by Nottingham 1956 in addition to the 

general reviews cited above. The thermionic method is unsuitable 

for low temperature studies and also for those substances which 

give no appreciable emission below their melting points. Technical 

problems may arise in the preparation of clean surfaces since 

thermal treatment alone is often insufficient. Photo-electric 

methods may require vacuum ultra violet techniques and the emission 

currents may be very small. Spurious photo-currents from other 

surfaces within an experimental system may be troublesome. 
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Field electron emission (FEE) methods have been reviewed 

by Good and Muller 1956. Gomer 1961. Ehrlich 1963. Hansen and 

Gardner 1968 and other discussions are given in the book edited'by 

Iiren 1970. The high. electrostatic field strengths needed for 

measurable field electron currents from cold metals have 

technically limited the general application of FEE to sharp tips 

of the refractory met·aI's. 

Other direct techniques. which are feu frequently used include 

the calorimetric method and· the surface ionisation method.. These 

are described in the general reviews above. 

The direct class of contact potential methods is composed 

of two subclasses depending whether charge flows in the vacuum 

gap between the free surfaces of the metals in contact,. or through 

their com:tlOn electrical in"terface only. 

O!le of the r:dr.cipd ' disadvantages of indirect methods is 

that an auxilary surface of known work function is needed for 

absolute work function measurements. A value of the reference 

surface is commonly inferred from the published literature. It 

is never certain, however, that the reference surface has the same 

work function as that measured in another experiment. These problems 

. are further discussed in Chapter 4 •. 

The indirect methods are discussed in the general reviews 

above and also by.Patai:and Pomerantz 1951 and by Gundry and 

Tompkins 1968. The emission contact potential methods are based on the 
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principle of the thermionic diode. The retarding potential or 

space charge limited regions of the diode characteristic may 

be explored to measure any change in the anode work function. 

Holscher 1966 and Haas and Tho~1s 1966 have refined the method 

allowing a detailed investigation of the work function distribution . 
across a patchy surface. Other techniques in this group include 

the magnetron method due to Oatley and the electron reflection 

cicroscope method. The emission type of contact potential methods 

share the disadvantages of the direct techniques. 

The second class of indirect methods include the static and 

dynamic capacitor methods. The static method allows only changes 

in the contact potential to be neasured. The dynamic method 

(uables both the change and the absolute magnitude to be determined. 

This method h~s the disadva~~~ge, however, that mechanical vibration 

must be introduced into the vacuwa system. The principal of both 

methods is similar and described in more detail in Chapter 4. These 

methods possess a general simplicity of operation and interpretation. 

They lend themselves to the study of a far wider range of metal-

gas systems and throughout a wider range of t~mperaturcs and 

pressures than the emission methods. The dynamic capacitor method 

was the most suitable for the present application. The particular 

experimental form used is described in the third and fourth chapters. 
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2.3 Interpretation of Measur~~~ 

The surfaces of most solids experimentally prepared 

are not u~iform, :~ general they are composed of an unknown 

m.·~";)er of crystal orientations, each of an unknown area and 

work function. The various methods of measurement may yield 

differer.t ncmerical values of the measured work function. This 

is due to the fundamental differences between each in the excitation 

or trrnsport of charge. Rivi~re 1970 has reviewed these problems. 

In thermio::l;.c 8!':.d photo-electric measurements, patch fields 

to~d to su?press electron emission from the high work function 

l'~eas. COI'~P:'.1Pt;.t1y, the me,'lsH,red value is weighted towards the 

100.1 wo:,k function patches. In the thermio~ic case, Herring and 

Nichols 19/:9 c,e~in~ t\-10 limitir.g cases, \oraere the applied field is 

(a) ~"ch strc~3er or (b) tmch ueaker than the patch field. If ,* 
is the appare~t work function of the ith patch, and w. is the 

1 

fraction of the total zero field current carried by the patch, then 

theory shows for case (a) that the composite work function ,** is 

given by 

t w. 
1 

(2.9) 

~** is 'usual~y the (!,tt'o::'tity dedved from the Richardson thermionic 

!l'.ot. Riviere 1970 discusses case (b) which yields a composite 

work function ,** som~ what larger than the arithmetic mean value, ~. 

Th~ dif~"'''''-'''''''n "~~' .• OP~ ~~'!'t :-".,1. ~:':~~ is roughly equal to the maximum 

difference between the individual patch work functions. The thermionic 



- 23 -

~ 
work function is also c~pu~r:>'c on the applied field due to the 

Schottky effect. An extrapolation is needed to obtain the field 

free value. . ., 

Similar considet~tions as these apply to photo-electric 

and field emission measurements. Experimental considerations 

suggest the value of the work function derived from the total field 

current in the FEE method is close to the mean value ~ {Riviere 1970:. 

The indirect methods also yield a composite value. The value derived 

in the case of the capacitor techniques is the true arith~~tic.mean 

value ~ defined by 

(2.10) 

where fi is the fraction of the surface occupied by the ith patch 

of work function ~i' The retarding potential and space charge 

limited indirect methods yield a value weighted towards the low work 

function patches which. for the latter, is almost the mean value • 
•. 

Experimental work, described below. suggests Anderson retarding 

potential method gives the mean value ~. 

Riviere 1970 concludes that many of thp. emission measuremp~ts 

bear no simple relationship to the patch work function distribution 

or arithmetic average. 

Only a few direct comparisons have been made between 

different methods with the same surface. A~ agreement within 20 mV or 
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less has been reported between measurements by the dynamic capacitor 

method and the photo-electric method (Glasoe 1931, Dillon and Farnsworth 

1957). A similar agreement was found with the retarding potential 

method (Anderson 1952, llopkins and Ross 1964) and also with the space 

charge limited diode Cfignolet 1950 and 1952). The retarding 

potential and photo-electric methods were also found to be in close 

agreement by Anderson 1938. These measurements refer to randomly 

orientated metal films. A close agreement may not occur for 

polycrystal1ine surfaces which possess a large patch work function 

distribution. Farnsworth and Winch 1940 have found a close agreement 

between the dynamic capacitor and the photo-electric methods for 

orientated metal surfaces. Hopkins and Smith 1968 have compared 

the dynamic capacitor and the retarding potential methods with 

differently orientated turgsten surfaces which were subsequently 

coated with films of barium. There was a clear disagreement between 

the values measured by each method for both pairs of surfaces. 

They sho~ed that the differences could be accounted for by either 

a c~ange in the electron reflection coefficient from zero to 0.6 

for the coated surface, or if there had been a patch work function 

variation of 1.0 eV (in a two patch model). 

The disagreement between Anderson and Hopkins and Smith may 

have been due to 0 different form of structures investigated by them. 

In one case theBe were randomly orientated thin films and in the 

other they were orientated surfaces. Lea and X~e 1968 have found the 

photo-electric and the dynamic capacitor to yield values of the work 

function of uranium films which were in close agreement. The electron 
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beam contact potential method, however, gave values higher than 

either of these for the surface investigated. This was probably 

due to a change in the electron reflection coefficient as uranium 

was adsorbed on tungsten. 

2.4 Work Function of Pure Surfaces 

, " ,1 . \,"" " )' 1.,' "I':: 

2;4~1 Introduction 
pI ", • \ ,,.. . • I~" ' t \' 

Numerous surveys of a review or bibliographic nature deal with 

the results obtained with specific methods. Thermionic emission 

measurements have been reviewed by Dushman 1930, Reimann 1934, 

DeBoer 1935, Herring and Nichols 1949, Wright 1953, Nottingham 1956 

and Weissler 1956. Photo-electric measurements have been reviewed by 

Hughes and DuBridge 1932, DeBoer 1935 and Weiss1er 1956. Field 

emission measurements have been discussed by Gomer 1955, Good ~nd 

Muller 1956 and by Gomer 1961. Hopkins and Riviere 1964 have 

reviewed reliable contact potential data. Wider surveys of the 

results of all ceasuring methods 1l8ve been made by Michaelson 1950, Culver 

and Tompkins 1959 and Eberhagen 1960. 

Many early measurements may not be representative of pure 

surfaces because of the difficulties of vacuum and experimental 

techniques. Riviere 1970 has reviewed and discussed the reliable 

measurements of the work function of the elements, alloys and compounds. 
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2.4.2 Polycryatalline Surfaces 

Measurements of the work function have mainly been carried 

out with polycrystalline surfaces. Comparison of the data is 

complicated by the anisotropy and temperature dependance of ~, its 

sensitivity to contamination and also by the natural differences 

in the composite values measured with different techniques. The 

published values for any particular element may vary by up to a 

volt or more (cf. l1ichaelson 1950). 

The work functions of the elements lie within the range 

from less than two to about six electron-volts. The alkali and 

rare earth metals form a group having the lowest values, of which 

tha lowest is possessed by caesium. The other elements have a 

work function generally larger than three volts and platinum has 

the highest value of all. 

The work function of oxides, nitrides and carbides and also 

the elemental semiconductors lie typically within the range for 

metallic elements (cf. Wright 1953, Riviere 1970). The work function 

of various glassy insulators has been measured to lie within the 

range from 4.5 to about 5.0 eV (Rohatgi 1957, Nelson 1963). 

2.4.3 Effects of Structure 

Real surfaces are gener~lly far from uniform and they 

possess numerous defects of various types and differently orientated 
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crystallites C1en1.cl 1963). The structure of polycrystalline 

surfaces has an important effect on the work function measured by 

any of the methods as described in Section 2.3. The surfaces 

prepared at low temperatures are usually unstable and require 

annealing. At elevated teoperatures, atomic diffusion may occur and 

the surface may recrystallise thus reducing the defect density and 

promoting the growth of larger grains. The relative contribution of 

non close-packed crystal faces decreases with the increase in grain 

size which accompanies recrystallisation. 

Thin films formed by vapour deposition are often in a state 

of strain, and possess a large defect de~slt7 and small grain size. 

Sintering normally causes ~ to increase by as much as a few tenths of 

a volt. The work function of gold and silver films may be less 

than that of bulk polycrystalline substrates of the ~ame clements. 

The values become the same after annealing (cf. Chung and Farnsworth 

1952). 

The crystallinity and orientation of thin films may be influenced 

by the degree of preferred orientation and nature of the s1.1bstrate. 

It may, therefore, directly influence the work function of a film 

overlay. The work function of silver films, for example, deposited 

onto single crystal faces of the same element have a lower work 

function than that of the substrate, even when they have the t~~~ 

structural properties as revealed by electron diffraction. The 

values become the same after annealing (cf. Clarke and Farnsworth 

1952). Indirect measurements of thin metal films on glassy and 

different metallic substrates have also indicated a dependance of , 
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on the degree of preferred orientation of the substrate (Hopkins 

and Riviere 19M). 

The work function of thin films has, on occas.ion, been 

observed to be dependant on their thickness in the case of the 

elements Ag, Al,Lu and Ur (P~'~h and Thorn 1959, Garron 1962). 

A study by rryla and Feldman 1962, however, failed to find any 

d'=:,end«nce with Ag, Au. or Pt. These: variations may be due to the 

effects of structure or contamination, among others. 

Surface structural damage may be induced by energetic 

charged particles. The production of defects and occluded 

gaseous impurities in the target has been observed to cause changes 

in ~ of several tenths of a volt (cf. Dillon and Oman 1963, 

J..awson and Carter 1968). The original surface is normally restored 

by ar..nealing. 

There have been few direct studies of the effects of bulk 

structural changes. Cardwell 1949 and Fry and Cardwell 1962 have 

observed unuau31 variations in the photo-electron emission of iron, 

nickel and uranium as the temperature was cycled through their 

transformation points. Paddock has investigateJ titanium and his 

results are discussed later in Chapter 6. 

The inducement of strain in thin metal strips or films 

may ~1~0 promote changes in the work function. Such effects are 

normally smaller than those of recrystallisation (cf. Wallis and Far~~7~~t~ 
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1::5:, Craig 1969). The cause of these effects is not certain but 

may involve changes in the defect density. 

Linder 1927, Johnson and Shockley 1936 and Hartin 1939 

among others performed the first investigations of the anisotropy of 

thermionic and photo-electron emission from one point to another across 

bulk metal surfaces. The earl~ work in this area has been reviewed 

by Herring and Nichols 194~. 

The patch work function diatribution of bulk samples of graphite 

and gold after various treatments was as large as 0.7V in the experiut.nts 

performed by Parker and Warren 1962. The electron beam scanning 

r'etarding potential method ,has also detected spatial variations 

similar to th.ooe abo'le (Haas and Thomas 1966). The work function 

distribution of a flashed tu~gsten ribbon was only O.2V in comparison 

to ,'ariations as large a!: a volt for nickel, stainless steel and 

for various oxides. Hampson 1966 detected only a small spatial 

vari.atio:l in the ~ork function of Ni films on glass of less than 15 mV. 

The spatial resolution of his measurements however was poorer than 

that in either of the two experiments above. 

2.4.4 Work Function of Alloys 

The work on a110yo is reviewed by Riviere 1970. The work 

function generally reflects the relative composition of the component 

elements and the phase diagram. Important differences ma, exist if 

intermetallic compounds are formed. In such cases, the composite 
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exist to determine a mean, the spread of values or individual determination is given. (S.I~ s..AA(e ; .. ftl .... ~ •• ~) 
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work function may lie outside of the range encompassed by the values 

of the i~dividual elements themselves. Sachtler and Dorgelo 1965 

in a study of the work function of copper-nickel film alloys, hove 

found that stratified metallic layers may readily interdiffuse at 

room temperuture. Th~ work function of tungsten single crystal 

surfaces is only slightly disturbed by Snk~ll concentrations of 

2.4.5 Work Function of Orientated Surfaces 

Some of the earliest investigotions on specific orientated 

metal surfaces were performed by Rose 1933 and Martin 1939. Experiments 

by Huller 1937 and by Ue:ldenhall and deVoe 1937 with the field 

~mi8Ain~ also supported the earlier evidence for the dependance of 

the work function on crystal structure. The early evidence is 

reviewed by Herring and Nichols 1949 among others. 

Field emission microscopy has been widely used for the study of 

orientated surfaces. These measurements have been supported by 

others using alternative techniques which also provide a useful 

check on the validity of the theoretical models on which FE is founded. 

Riviere 1970 t~s reviewed many of the measurements on single 

crystal faces. A sucmary of his results for tungsten is shawn in 

table 2.1. The work function of the lowest work function planes is 

known most accurately. There is some disagreement between the FE 

results for the (110) face and for those by other methods. There is 

a comparative close agreement between these other methods. This 
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has led to the suggestion that one of the assumptions in the FE 

theory may not be valid for this plane. 

Heasurements have been made for individual faces of Ag, C:l , 

Fe, Ni, Ho and Ta. In the case of Ho, the work function of the 

(100), (110) and (111) faces encompassed the range f~om 4.10 to 

Thermal imperfections in the surface of orientated surfaces 

may have a similar effect on the work function as discussed 

previously for polycrystalline surfaces (cf. Muller 1955). 

There have not been many studies of the effects of structure 

on the work function of semiconductors. Indirect measurements have 

shown th~t the contact potential between the (100), (111) and (110) 

faces of Si is less than 0.2V. Similar measurements on the same 

faces of Ge yielded a cont~ct potential of less than O.lV. There is 

a wide variation in the values of the work function of about 0.6V 

for the (111) face of Si between different techniques. 

:.' • ' •• 6 ~pendance on Temperature 

Early measurements of the temperature coefficient are 

possibly unreliable because of the likely presence of temperature 

dependant contamination. These are reviewed by Becker 1935 and 

Herring and Nichols 1949. The temperature coefficient of metals 

. -4 . -5 0 -1 
18 negative and of the order of 10 to 10 eV K (cf. Wilson 1966). 
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Measurements of the coefficient of low melting point elements is 

difficult because of their high vapour pressure. Field emission 

measurements on single crystal planes of tuus.tan indicate the 

temperature coefficient may be dependant on the surface structure 

(Van Oostrom 1963). 

2.5 Surface Potential and Adsorption 

2.5.1. Introduction 

The change in the work function 6~ of a clean metal surface 

when gas becomes adsorbed is loosely called the surface potential, SP. 

The adsorbate SP is really the change in the value of X the surface 

potential of the metal substrate as defi'ned in equation (2.4). The SP 

is negative l1hen 641 is positive and positive if .s, is negative. The 

measurements of the SP of physically and chemically adsorbed gases on 

metals have been reviewed and discussed by Culver and Tompkins 1959, 

Eberhagen 1960 and by Gundry and Tompkins 1968. The differences between 

chemical and physical adsorption have been discussed by Young and Crowell 

1962 and Baynard and Trapnell 1964. 

The adsorption of gases in general displays a pronounced 

structural dependance and preference for specific crystal planes for any 

particular metal substrate (c.f. Hansen and Mimcault 1968). Many of the 

SP measurements have been made with polycryatalline surfaces and the 

results often vary widely for any particular gas-metal'system. This 

may be due partly to the effects of impurities or to differences in the 

atomic structure of the metal surfaces. In the case of thin films the 

SP of gases has been observed to be 4ependent on the aintering temperature 

due to surface structural changes with the temperat~re (c f. Crossland 
... ' ,0' 
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and Pritchard 1964, Delchar and Tompkins 1968). 

2.5.2 Chemical Adsorption of Gases 

The condensation of a chemically interacting gas normally 

proceeds via a weakly bound precursor state. Evidence for this has 

corne" from measurements of the sticking coefficient in which it has been 

found (for atomic states) to be almost independent of coverage over a 

wide range (c.f. H2 on W, Tamm and Schmidt 1970). Chemisorption of 

oxygen, nitrogen and hydrogen on clean metals is normally dissociative 

and increases the metal work function. The work function typically 

increases linearly with coverage e at first and then assymptotes to an 

equilibrium value near e ~ 1.0 The SP shows a pronounced structural 

dependence, it may even change sign for some systems and also be 

temperature dependent. The SP of hydrogen for example at room 

temperature varies from -0.54 on the (100) plane to -0.30 eV on the 

(111) plane of tungsten, for the (110) p1nne the overall SP reached 

+0.14 eV (Hopkins and Pender 1966 and figure 7.16). Consequently it is 

difficult to assign typical values. However, for the primary ad at om 

layer on transition metals at normal temperatures the SP may be 

typically between zero and -0.5 eV and -0.5 and -5.0 eV respectively for 

hydrogen and oxygen. For nitrogen the values lie between these ranges. 

Exceptions to these ranges may be frequent however. 

l~hen a non-metallic molecule or atom is adsorbed on a clean 

metal surface it forms chemical bonds with the metal atoms in the 

neighbourhood of the adsorption site characterised by a binding energy. 

A number of different states may exist even for a given gas ad at om and 

metal crystal plane each characterised by a particular binding energy. 
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Figure 2.2 Diagramatic illustration of the various forms that the SP (-A~) 

t.otherm may take as a function of coverage e or exposure time t to an 

adsorbing gas such as O2, N2, H2 or CO on a clean metal surface. TYPical1~ 

SP a e at low coverage (a-b) and assymptotes to a stable value (c-d) result~ 

ing from adatoms in a single state ale If other states exist (a2, a
3

) the 

SP isotherm may change curvature, the direction being dependent on whethe~ 

the state is electronegative (a2) or electropositive (a3). 
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Similar or different states may exist for other crystal faces of the metal. 

The adatom population of each state is temperature dependent among other 

factors. Generally the magnitude and sign of the SP is dependent on the 

ad at om population and may vary from one state to another. Evidence for the 

existence of mUltiple binding states for hydrogen on tungsten single crystal 

planes and on other transition metals has been given by Delchar and Tompkins 

1968, Adams et al 1970 (among others). Multiples state of nitrogen on 

tungsten are discussed below. 

The general characteristics of the SP isotherm are sh~~n in 

figure 2.2. In the case of hydrogen the SP has been observed to vary 

linearly with coverage e (or exposure time) over a wide range of e on the 

single crystal planes of tungsten and other metals (c f. Bo\!dart 1952, 

Estrup and Anderson 1966, Hopkins and Usami 1970). For oxygen and nitro~en 

an initial linear variation has also been observed but typically aver a 

smaller fractional range of coverage than for hydrogen (Boudart 1952, and 

Kisluick 1961 and Hopkins et al 1971 report examples for O2 on Pt and W(llO) 

and for N2 on W(3l0». Becker 1955 has given several examples of changes in 

the curvature of the SP versus coverage plots for O2, N2 and H2 on the 

crystal planes of W (curve ace in figure 2.2). Similar results have recently 

been reported for hydrogen (Adams et al 1970) and oxygen (Hopkins et al 1971) 

on the single crystal faces of W. These results have been interpreted as 

due to adsorption in multiple binding states (al and a2 in the diagram) on 

the surface having different dipole moments and adatom (or admo1e) population. 

Adams et al above combined flash desorption and LEED to investigate the 

kinetics of the states. Dissociative adsorption may also occur at very low 

temperature~ RM ell'So result:s in a negative SP (c f. Honkins et al 1967, 

Delchar and Tompkins 1967 and 1968). 



- 35 -

The adsorption of nitrogen on tungsten has been extensively 

studied (c.f. Delchar and Ehrlich 1965, C1avenna and Schmidt 1970, Adams 

and Germer 1971 among others) and illustrates the diversity of adsorption 

phenomena on single crystal faces. At room temperature nitrogen is not 

adsorbed on the smooth (110) face. At 10\-1er temperatures a week y state 

is populated. The SP of y-nitrogen was small and positive. On the 

(100) face two weak y states existed but the SP of adatoms in these states 

had an opposite polarity. N2 was also adsorbed on this face in a strongly 

bound 8 state which resulted in a positive SP of +0.4 eVe On the rougher 

(111) face N2 was adsorbed into two strongly bound states (a and B) each 

resulting in a negative SP. A weak y state also existed for the (111) 

associated with a small positive SP. The dipole polarity of the B state 

is apparently dependent on the roughness of the substrate plane. A 

similar complexity has been found for other systems which have been studied 

in detail (c.f. N2 - Mo' Abon and Teichner 1967, Hayek et al 1968). 

There have been frequent reports of a positive surface potential 

for oxygen, nitrogen and hydrogen adsorbates on many clean metals. These 

have generally t3ken two forms: in the first the normal negative SP changes 

slope and increases with further exposure i.e. the work function of the 

composite surface decreases (curve acf in the diagram ) second (and less 

frequently reported) the work function of the clean metal surface initially 

decreases on exposure and subsequently increases normally as expected 

(curve agh in the diagram). Positive excursions of the SP have been suggested 

to be due to: 

(a) weakly bound electropositive states 

(b) penetration of an electronegative adatom below the surface 

electronic plane so that the direction of the dipole moment is 

such as to reduce the work function 
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(c) rearrangement processes between the metal surface atoms and 

the adatoms. 

Weakly bound electropositive states have been reported for nitrogen an 

tungsten as discussed above. They have not been reported apparently for 

oxygen except recently for the W(llO) plane (Hopkins et a1 1971). In 

the latter system at room temperature two electronegative states (a,S) 

were sequentially populated causing a change in the curvature of the plot 

of SP versus exposure (curve ace). The e state was temperature dependent 

and required an activation energy. At low temperatures it was not 

observed and instead the a state and a weakly bound y electropositive state 

were observed (curve acf). The y state was interpreted as physisorbed 

molecular oxygen. For hydrogen, electropositive states have been reported 

on ~~". (Abon and Teichner 1967), W (Hopkins et al 1967 , Adams et al 1970), 
u 

Pt (Rootsaert et al 1962, Lewis and Gomer 1969) and also for N. (c.f. 
1 

Lichtman et al 1968). In particular Crossland and Pritchard 1964 and 

Delchar and Tompkins 1968 have measured the SP of hydrogen on nickel films. 

At 90 and 3000 K molecular hydrogen was dissociatively adsorbed on the clean 

metal into a primary electronegative state giving rise to a negative SP 

(c.f. curve abc in figure 2.2). When further gas is adsorbed the SP 

changes positively (c.f. curve cf in figure 2.2) due to the population of a 

weakly bound molecular and "electropositive state on top of the primary 

adatom layer. The magnitude of the positive excursion increased with the 

pressure and inversely with the temperature. The reduction in , became so 

large in some cases that the value of the clean metal surface was obtained. 

When the supply of gas was reduced, the positive increment decayed and this 

was interpreted as due to migration of the weakly bound adsorbate to the 

inner pores of the film. This led De1char and Tompkins to suggest that the 
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main cause of the concavity of the curve of the SP versus coverage was 

due to the distribution of adsorbate between the outer and inner surfaces 

of the film and not epparently to depolarisation effects in the outer 

ad layers • 

Positive surface potentials arising from causes (b) and (c) ~bove 

have not been reported for hydrogen since in the latter case there is 

little evidence for surface rearrangement in odsorption (c.f. Delchar 

and Ehrlich 1968 using SP measurements and others discussed below). In 

the case of oxygen, however, several cases are known where the initial 

exposure of the clean metal to the adsorbate reduced the work function at 

low coverage and afterwards increased (c.f. curve agh in figure 2.2) with 

further exposure e.f. O2 on Ta (110) (Fehrsand Stickney 1967), on Ur 

• films (Riviere 1964) and on Al films (Roberts ~nd 'Jells 1969) at room 

temperature. Similar effects hav~ been reported for 12, Cl, Br and F on 

transition metals (Burshstein and Shurmovskaya 1964, Duell et al 1966, 

Fehrs and Stickney 1969 end cited works). Jowett et al 1969 and Jowett 

and Hopkins 1970 have reported similar results for the halogens on the 

single crystal faces of W where both the magnitude and sign of the SP was 

dependent on the surface structure. The common explanation of these 

positive SP effects at low coverage has been penetration of some of the 

electronegative adsorbate below the surface (case (b) above). In the case 

of the halogens, however, it has been pointed out (Sargood et al 1970) that 

this explanation is not consistent with the SP results for single crystal 

plane substrates. Polarisation has also been suggested (Sargood et al 1970) 

but estimates of this effect have shown (Jowett and Hopkins 1970) that it 

cannot account for the structure anisotropy. The latter authors have 

shown that the appreciable anisotropy of the dipOle moments with surface 

structure is not easily explained by dipole lengths or differences in the 
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dipole density. They suggest that charge transfer processes and changes 

in the degree of smoothing of the electron distribution in the surface 

plane (the Smo10chmiski effect discussed later) due to the adsorbate 

should be considered. In the case of O2 on T~ above Fehrs and Stickney 

also discussed the evidence for reconstructiona1 processes (case (c» at 

low coverage. 

Transient positive excursions of the negative SP of chemisorbed 

oxygen have been frequently reported at higher coverages due to reconstruct-

ional processes (case (c) above). Quinn and Roberts 1964 reported transient 

positive decays in the negative SP when doses of oxygen were introduced to 

several metal film surfaces. For any particular metal the magnitude and 

rate of decay of the positive transient typically increased with the 

temperature and also with the magnitude of the negative SP (i.e. the 

adsorbate density or coverage). The coverage at "7hich the positive decay 

first became apparent typically reduced with increasing temperature. These 

o effects occurred at 300 K for Ni and Cu and even at very low temperatures 

for Fe and Cr. The transient wa3 not generally observed with Mo however. , 
The ease of incorporation for an oxygen p.datom was f.ound to be 

Fe > Cr > Ni > eu > M9. Similar results have been observed for Ni by 

o 
Delcher and Tompkins 1967 between 77 and 273 K who also give a detailed 

analysis if the incorporation of 0 by Ni and also for At and Pb (Roberts 

and Wells 1967, 1969). These results have been generally interpreted.as 

due to time dependent place exchnnge or substitutional diffusion surface 

processes between oxygen electronegative ad at oms on the outer metal surfRce 

and metal atams in the surface. For At and Ni the activation energy for 

this process was apparently very small < 3 and ~ 7 Kcnl mo1e-1 

respectively. In most of the above cases it occurred for a coverage e < 1.0 • 
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This interpretation is supported by the fact that positive transients were 

also induced by heating the surfaces covered with electronegative oxygen 

which also regenerated fresh electronegative sites on the surface, 

indicating that the surface oxygeI'. had become incorporated into the metal. 

Recently De1char 1971 hes reported similar effects for the (110) and (100) 

faces (but not the (111) face) of eu which \01cre consistent with the known 

features of reconstruction from other LEED experUuents. Huber and Kirk 

1967 (and cited work) have also studied the oxidation of At with SP 

measurements but concluded that incorporation did not occur until 

e > 1.0 in disagreement with Roberts and Hells. They contended that £.n 

impurity was responsible for the positive transients observed by the latter 

authors. However this suggestion may not easily account for the regenerative 

effects observed. Positive surface potentials of oxygen have been reported 

for other metals, viz.W( Duell et al 1966, Zingermann and Ischuk 1967) 

Fe (Burshstein end Shurmovsknya 1964, Kobaynshi and Kato 1969), Ti 

(Klemperer 1962) and U1' (Riviere 1964). In most of these the amount of gas 

adsorbed corresponds to many mono layers and hence the reduced work function 

may be simply that of the oxide. 

Roberts 1970 has recently revie\ved the experimental evidence from 

LEED and other methods for the incorporation of adsorbed gases (mainly for 

oxygen) into metals and Horgan and King 1970 present further evidence for 

02 on Fe, Ni, Mo and W surfaces. For oxygen and nitrogen experimental 

evidence exists for these processes even at very low tcmp~ratures (c.f. 

May 1965, Germer 1966, Haas 1968 and aoberts 1970). Because of the low 

scattering power of electrons, hydrogen has not been so widely studied 

with LEED and interpretation of the patterns is difficult. However, it 

appears that reconstruction is not so frequent with HZ as far 02 and N2 

although on some surfaces it is known to occur (i.e. Ni (110), May 1965, 
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Estrup and McRae 1971). May and Germer 1968 have investigated with LEED 

the formation of oxide layers on Ni (110). Oxygen initially diffused 

directly into the lattice interior leaving the surface sites vacant until 

the bulk concentration had became sufficiently high when a surface oxide 

phase was precipitated~ Direct diffusion into the bulk occurred at les8 than 

5000 K and under certain conditions reconstruction occurred on initial 

adsorption of oxygen even at lO00K. There have been few combined LEED and 

SP meaqurements of the adsorption of gases. Farnsworth and Hayek 1967 and 

Hayek et al 1963 for example have used both LEED and SP measurements to 

study the adsorption of oxygen on M at 3000K. On the (110) face the 
. 0 

initial adsorption of oxygen resulted in an ordered structure with zero SP, 

further adsorption beyond a coverage e • 0.25 produced another structure 

which resulted in a negative SP. The adsorbate layer was disordered at 

full coverage e • 1.0 and for e > 1.0 the SP was constant. Adsorption at 

high temperatures under certain conditions produced ordered structures and 

zero SP. These effects have been interpreted as due to place-exchange 

processes in which only the outer adsorbed layer (and not apparently 

the subsurface layer of oxygen) produced any change in the work function. 

At low coverage the oxygen adatoms diffused directly into the subsurface 

region leaving the metal work function undisturbed. Similar phenomena have 

been observed in surface potential measurements of oxygen on 

transition metals at higher temperatures (c.f. Zingerman and Ischuk 1967. 

Bassett 1968). 

Only a few measurements of the SP of water vapour have been 

reported. For tungsten and platinum surfaces the SP is negative and 

approximately the same magnitude as for oxygen (Jowett et a1 1969, 

Sargood et al 1970). The adsorption of water on clean tungsten surfaces i: 
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is dissociative and is commonly viewed as the formation of atomic hydrogen 

and OH radicals bound by the oxygen atom at low coverage. At higher 

coverages. the adsorbed hydrogen adatoms are apparently replaced by 

further OH radicals and molecular hydrogen is des orbed. The surface 

potential of carbon monoxide is typically negative on transition metals. 

}fultiple binding states have been reported for CO as for other gases with 

a variation of the SP of the adsorbate in each state (c.f. Klein 1970. 

Mathews 1970) on many metals but adsorption of CO is not accompagnied 

by reconstructional processes apparently. 

In summary. the variation of the SF with coverage of a gas on a 

clean metal surface may arise from complex processes even at normal and 

constant temperatures. In the case of 02 and N2 the concavity of the SP 

isotherm (c.f. curve ad in figure 2.2) may be due to the competing 

processes of simple adsorption on the metal surface. diffusion into the 

metal and structural rearrangements between the adatoms and the metal 

surface atoms (as recently suggested for O2 on Ni. Delchar and Tompkins 

lSo7). In the case of E2 and CO the SF isotherm may be the result of 

simple adsorption into several states on the outer metal surface and the 

depleting process of diffusion (for thin films) from the outer to the 

inner surfaces of porous metals. In addition, direct interstitial 

diffusion may also occur for hydrogen adatoms into metals such as Zr, 

Ii and Pa which have a large solubility for hydrogen. The SF variation 

with coverage may therefore show a complex behaviour with temperature and 

surface structure. 

I 
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2.5.3. Physical Adsorption of Gases 

The SP resulting from physical adsorption of gases on metals 

is positive. Although the adsorbate-metal bond may be weak the SP may 

be vQry large and vary significantly with the surface structure. The 

SP of Xe for example varies from +0.9 to +2.4 eV among different single 

crystal planes of tungsten (Engel and Gomer 1970(bj'~ Similarly Pa1mberg 

1971 reported a value of +0.9 eV for the SP of Xe on Pd. For a given 

crystal plane the SP may vary widely for different adsorbates. Engel 

and Gomer reported values of +0.46, +0.83 and +1.13 cV for the SP of Ar, 

Kr and Xe respectively on the W{lOO) plane. Similar variations were 

observed for the other planes of W studied. Rootsaert et al 1962 have 

also given evidence for a structural dependence of the SP on the planes 

of tungsten. Culver and Tompkins 1959 review the early results for a 

number of adsorbates and metals by Mignolet and others. 

Molecular physisorption (or weak chemisotption) may also occur on 

metal surfaces and result in a positive surface potential. Some examples 

of these were given in the preceding section. In addition carbon monoxide 

is physically adsorbed on clean copper, silver and gold surfaces resulting 

in a positive surface potential (Culver et a1 1957). Recently Delchar 

1971 has reported negative values of the SP of CO on various single 

crystal faces of Cu at room temperature and below. 

2.5.4. Adsorption of Metals 

The SP of the alkali metals has been extensively studied on 

transition metals. The SP is positive and increases with increasing 

coverage e. It typically reaches a maximum value before decreasing 
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slightly and subsequently becomes almost independent of the quantity 

adsorbed. The plateau value is attained near the point where e • 1.0. 

The SP of alkali metals on W may be as large as +3.0 eV. FEE experiments 

with single crystal faces of metals have shown a pronounced sensitivity 

of the SP on the work function of the adsorbing crystal plane 

(Ovchinnikov 1967 and 1968, Ovchinnikov and Tsarev 1968, Voronin 1968). 

In the K-\-1 system for example the maximum and plateau values of the 

composite work function 0 for a particular crystal plane are linearly 

dependent on the value of 0 for e - O. Similar results are found for 

Cs, Na and Sc on Rh and tv. These results infer that the SP for a given 

system is directly proportional to the adsorbent plane work function 

(for e - 0) and that the constant of proportionality varies from one 

system to another. 

Many of the important features of the structural arrangement of 

alkali adatoms on metal surfaces and their relationship to the surface 

potential have been unknown. Macrae et al 1969, Chen and Papageorgopoulos 

1970, Fedorus and Naumovets 1970 and Gerlach and Rhodin 1970 (among others) 

have recently investigated with LEED and SP measurements the structure of 

alkali metals on tungsten and nickel. For Cs on W it appears that the 

minimum in the work function curve with coverage is associated with the 

formation of a definite two dimensional structure of the ionic adsorbate 

while successive layers 'have a metallic hexagonal close packed, structure. 

Structural rearrangement between the surface atoms and the adsorbate 

apparently does not occur (at least for ~on W, Frank and Schmidt 1968). 
~, 

The SP variation with coverage for other metals has not been extensively 

investigated. Recently Anderson and Thompson 1971 have measured the 

variation of the work function of tungsten and rhenium with the coverage 

of titanium. The form of the SP versus coverage curve was similar to that 

\ 
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of the alkali metals. Adsorption of metals other than the alkali metals 

may be complex ~nd involve alloying or structural rearrangement with the 

substrate (c.f. May 1965, Taylor 1966, Collins and Blott 1968). 

2.5.5. Adsorption on Non-Hetals 

The surfaces of s~li-conductors and insulators and adsorption of 

non-metallic atoms and molecules has been reviewed and discussed by 

Plummer 1962, Volkenstein 1963, 1967, May et al 1965 and Frankl 1967. 

According to popular views (c.f. Kisselev 1967) a neutral gas molecule 

(or atom) becomes initially physically adsorbed according to the la\Js of 

physicali;r adsorption. Physical adsorption may apparently cause a 

significant change in the work function "(II of the substrate. The work 

function and surface potential are related to the Schottky barrier height 

V given in equations (2.7) and (2.8). On semiconductors, physisorbed • 

ad at oms (or molecules) may have di.pole moments several orders of 

magnitude larger than expected from those on metal substrates. The 

surface barrier height V (and subsequently ¢) may also be changed due to 

the ad9pecies disturbing the recombination rate parameters of electrons 

and holes at the surface. Some of the neutral adsorbate may become 

"electronically adsorbed" by charge capture from the conduction and 

valence bands of the substrate thus changing the density of surface states 

at the vacuum - substrate surface and subsequently also V and fIJ. The 

localised and trapped charBe on the adspecies may also affect the 

recombination rate parameters. Adsorption of an electronegative gas such 

as oxygen is depletive sinca as the concentration of 0 ions (or 0;) 

incr,~ases so V increases thus reducing the supply'. of electrons and the 

rate of conversion of 0 ~ 0- (and similarly for O
2
). The concentration 



A 8 

c. () 

Figure 2. 3 Formation of a double layer at a metal surface by spreading 
out of the electron distribution . The density of the stipling represent 
the time average of the electron density, the dots represent the centres S 

of the atoms and the hexagons represent the unit cells . A: el ectron 
distribution as it would be if the cha:8e d~stribution about the surface 
atoms were the same as that about the 1nter~or atoms, no spreading or 
smoothing of the distribution. B: actual distribution, complete spread
ing and partial smoothing. C: charge density for B minus A, equivalent 
to a double layer. D: illustration of complete smoothing and no spread
ing of the distribution ,(l-Itff~ I\.'b 1'~2.) . 
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of electronically adsorbed gas is consequently sUlall and typically a 

fraction of a monolayer although very large changes of.~ ( ~ volts) may 

occur during adsorption. Hydrogen and water vapour are normally found 

to be donor adspecies and lead to a reduction of V and~. The quantity 

of "electronically adsorbed" gas and the changes in ¢ are partly determined 

by the kinetics of charge transfer fran the bulk to the surface of the 

substrate. Volkenstein 1963 and 1967 has developed an electronic theory 

of adsorption on semiconductors. The SP in this type of adsorption is often 

sensitive to illumination due to photo-induced changes in the density of 

states at the surface. Adsorption or desor~tion may be induced with 

corresponding changes in the SP. 

In the case of insulators the thermal equilibrium concentration 

of free electrons is nUJch less than that of semi-conductors and electronic 

chemisorption may not spontaneously occur except in the presence of 

external irradiation. 

2.6 Theoretical Description 

2.6.1 The Hark Function 

The work function ¢ of a metal surface is normally viewed as being 

formed by two parts: the inner work function and the surface potential 

(c.f. equation 2.4, section 2.1). The former is a volume contribution 

dete~ined by bulk metal properties and it is unaffected by the surface 

conditions. X arises fran the surface double"charge layer which is a 

consequence of the extension of the free electron charge distribution beyond 

the surface atomic plane. The spreading out occurs because it lowers the 

electron energy. The formation of the double layer is shown in figure 2.3. 

In this figure A shows the electron distribution as it would be if the 
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Figure 2.4 Schemmatic potential energy diagram for a simple 

one dimensional metal surface of (a) densities of electronic 

and positive charge density (b) the various contributions to 

the effective potential energy of an electron for (curve 1) 

the electrostatic double layer, (curve 2) potential energy 

of a classical point charge. (curve 3) potential energy of 

a moving electron and (curve 4) the image potential. The 

oscillatory structure predicted by Juretscbke is shown in 

curves 2 and 3. 
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charge distribution about the surface atoms were the same as in the 

metal bulk. B shows the actual distribution end the difference between 

A and B is shown in C. The variation of the charge density across the 

surface and the potential variation due to the double layer is shown in 

figure 2.4. 

There have been several attempts to find a correlation between 

the empirical work functions of the elements and their atomic and chemical 

properties (c.f. Michaelson 1950. Gordy and Thomas 1956 and cited references). 

Varley 1960 has deduced a semi-empirical relationship between the experimental 

work functions and a theoretical value of the Fermi energy for a simplified 

model in which surface structural effects (and electron-electron interactions 

for monovalent metals) were assumed negligible. The empirical data on which 

many of these have been based is generally unsound and they have a reduced 

~portance due to the development of other theories (c.f. Herring and 

Nichols 1949). 

The theoretical concepts and.mode1s have been reviewed by Herring 

and Nichols 1949 and Herring 1952. ~he theoretical description of the work· 

function dates back to Bardeen in 1930's (emong others). The surface 

barrier to an electron moving within the metal and across the surface into 

the vacuum is schematically shown in figure 2.4. The barrier for a uniform 

metal surface is canposed of three parts (a fourth due to the Smolochowski 

effect is discussed later). The first is the classical electrostatic 

potential barrier due to the positive charge density end the time average 

of the density of negative electron charge as shown in figure 2.4. Within 

and close to the metal surface short range exchange and correlation: 

quantum interaction potentials make an important contribution but rapidly 

diminish in importance as the distance from the su~face plane increases. 
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Thirdly, at larger distances from the surface the potential barrier is 

almost entirely due to the classical image potential arising from the 

electrostatic interaction between a classical test charge and its 

induced image in the surface plane of the metal. The classical image 

potential V(x) = -e2/4x breaks down at short distances from the surface 

where quantum interactions become significant. as shown by Bardeen 

(but appreciated long before this by Langmuir and others). The 

internal potential is assymptotic to the image potential outside of the 

surface as sho,,,n in figure 2.4. 

Estimates of the surface potential ,,,ore made by Bardeen who 

showed that X may only constitute a small fraction of the total work 

function and for a complete calculation of ¢ the other factors must 

be considered. These calculations arc quantum mechanical in nature 

and consequently have been based largely on one dimensional simplified 

models of uniform metal sufaces largely neglecting the effects of 

anisotropy of the crystalline structure of metal surfaces. The 

exchange potential essentially accounts for a spin dependent repulsion 

between electrons of like spin due to the exclusion principle. The 

correlation potential arises from the polarisation of the electron 

distribution due to a lack of statistical independence of the positions 

of the electrons (even for anti-parallel spins). Both of these effects 

result in a screen of the field of anyone electron (tending to keep 

other electrons away). This causes a local charge deficiency about an 

electron (often termed an exchange hole) which accompanies the electron 

in its motion through the lattice. Cons~quently the potential of the 

electron is reduced from the '\Dlue of the classical electrostatic potential 

within and close to the metal surface (curve 2 in figure 2.4) for a 
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classical (static) test charge. The motion of free electrons produces a 

further reduction in the potential (w'hich is dependent on their energy) 

since the polarisation charge around a moving electron does not have time 

to adjust itself (unlike a classical charge). When this is taken into 

account curve 3 in figure 2.4. results which also assymptotes to the image 

potential. 

Bardeen, in his model, considered a fixed distribution of 

uniform positive charge and a system of neutralising negative charge. 

Using an estimation for the correlation interaction potential he arrived 

at a theoretical value of the work function of sodium in close agreement 

with the experimental value. He 6hm~ed that the surface potential was 

largely due to exchange and correlation forces rather than ordinary 

electrostatic forces. This conclusion has often been stated to be true 

for all metals by others. Smith 1969, however t as discussed later below 

has shown that for many metals this may not be the case although it may be 

true for N~. The shape of the potential barrier at the surface has an 

important consequence on theoretical models of internal electron reflection. 

and field emision. The distance from the surface x at which the classical o 

image law breaks down is typically a £e\,,1 angstroms (for N~). Bardeen and 

Sachs and Dexter 1950 have made estimates of x. Juretschke 1953 extended 
o 

Bardeen's model for N~ by including the effects of the (average) exchange 

potential. The SP exhibited a distinct oscillatory structure as a 

function of the distance from the surface (c.f. fieure 2.4). Similar 

results using more refined calculations and including the effects of 

correlation were obtained for N~ by Loucks and Cutler 1964. The 

calculations for N~ above excluded the surface dipole potential which did 

not contribute to the work function significantly (for NaJ. Similarly 

Davies 1968 and Gadzuk 1968 have a1ao investigated the effects of 
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correlation on the surface barrier of N~. These authors used different 

analytical methods but also arrived at similar conclusions to Juretschke 

apart from differences in the degree of dampinc of the oscillatory 

structure. 

Smith 1969 has recently calculated the surface potential of twenty 

six elements using the free-electron model of a plane uniform metal surface. 

For some metals, including sodium, the surface potential was largely composed 

of the exchange and correlation potentials substantiating Bardeen's earlier 

conclusions. For most metals, however, the ordinary cculomb potential 

barrier was a significant fraction of the surface potential in contrast to 

the case for sodium. There was a reasonable agreement between the theoretical 

and experimental values of the work functions. The deviation of the latter 

from the former was within the range conceived for the effects of 

crystallographic orientation on the experimental values. 

Smolochowski 1941 has made the only attempt apparently to calculate 

the effects of surface atomic structure on the work function. He considered 

a simplified model which included only the coulomb potential and ignored 

the exchange and correlation potentials. The spreading of the charge 

distribution perpendicular to the surface plnne did not vary very much with 

the anisotropy of the structure. Negative charge tended to accumulate in 

the troughs between atoms in the surface plane thus smoothing out the 

contours of constant electron density. The degree of smoothing varied 

appreciably with the atomic structure and effectively produced a negative 

contribution to the surface potential thus reducing the work function. 

The degree of smoothing typically increased with the atomic roughness of 

the surface and as the atomic p~cking density decreased. Some extreme cases 

of smoothing are shown in figure 2.3. There is no smoothing in case A and 
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pnrtial and complete smoothing in cases Bard D respectively. 

Smolochowski's theory (although for an idealised surface) predicted a 

tendency for the surface atoms on a deme plane to have e higher \Y'ork 

function than those oc an open plane. Heasurements of the work functions 

of the single crystal planes of copper and tungsten are consistent with these 

predictions (c.f. Delchar 1971). 

The potential barrier for non-uniform surfaces includes an 

additional factor to account for the non-uniform distribution of the image 

charg<,;: ~l7hich modifies the classical image force at large distances x from 

the surface. Periodic irregularities of atomic dimensions may disturb 

the ideal classical image potential at small distances. The corr€ction 

factor is typically a fmY' per cent and becomes vanishingly small for 

x » 2A
o 

(Hodino3 1967). For larger m.:1croscopic irregularities the image 

potential may be reduced by u significant fraction (Lewis 1954) but the 

patch electrostatic field associated with the irregularity compensates for 

the disturbance leaving the barrier shape unaffected (Morant and House 1956). 

The the:ory of the temperature dependence of the work function of. 

clean metal surfaces h.:1s been reviewed by Herring and Nichols 1949. Jain 

and Krishnan 1954 have further discussed the theoretical problem for 

monovalent metals. The major factors are the thermal expansion of the 

lattice and the thermal agitation of th~ ato.ns in the lattice which caUSe 

a tenperature dependence of the inner work function nnd the surfnce double 

layer moment. The various effects predicted from simplified models 

cancel one anothi;r resultin~ in e. very small temperoture coefficient of the 

work function in i.lgrecment with the experimental evidence. Recently Hopkins 

et al 1969 have determined the values for a foil and the (110) and (100) 

foces of \-1. The v.~riaticn of the coefficients with surface structur,o was 
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consistent with the expect ation of a maj or contribution from the temperature 

depe~ence of the smoothing of the electron distribution in the surface 

due to the SmolocholVski effect. 

A theoretical explanation has been given by Tinder 1968 of the change 

in work function due to stress in which the Fermi level was shown to be 

dependent on elastic strain. Experimental results on the positive-ion and 

thermionic emission from heated F. filaments nrc apparently in qualitative 
I., 

agreement with the theory (Antypas and Tinder 1968). Craig 1969 has given 

a discussion of the theories and experimental work on stress induced 

changes in the work function of metals. 

2.6.2 Surface Potential 

A non-metallic molecule such as 02' N2 or H2 is normally spontaneously 

and dissociatively adsorbed on clean transition metal surfaces. Recently 

Avoird 1969 has treated the problem lII'ith a quantum mechanical perturbation 

theory for hydrogen on transition metals in a simplified model in which the 

activation encr3Y for dissociation was sh~Tn to be very snall. A non-metallic 

atom chemisorbed on a clean metal surface makes chemical bonds with 

neighbouring metal atom~ surrounding the adsorption site. Qualitatively, 

the number of bonds depends on the size of the adatom and the lattice 

spacing. The chemical bonds between oxygen or nitrogen and a metallic surface 

are normally covalent. For hydrogen the field of the proton core is screened 

by the metallic conduction electrons and the bond is essentially metallic in 

character or of the resorlating covalent type of Pauling. Culver and 

Tompkins 1959 and Gundry and Tompkins 1968 discuss the experimental evidence 

And the ch3racteristics of the bonding bet."een metals nnd non-metallic 

adsorbates. These bonds have a certain decree of ionicity and possess a 
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dipole moment. The component M rerpendicular to the surface may be 
o . 

negative or positive if interstitial adsorption occurs. The latter may 

be the first stage of solution. 

The classical surface potential model assumes that the image 

force is valid and that the electrical image of the charged adatam on the 

metallic conducting surfac~ constitutes a dipole. The polarity of the 

dipole depends on the direction of charge transfer between the adatom 

and the surface and the position of the adatom in respect to the 

surface plane. For alkali tietal adsorption negative charge is 

transferred to the metal, the dipole moment is positive arxl since the 

adion is adsorbed on the outer metal surface the work function is reduced. 

In a simple model of an electronegative ad at om of oxygen or nitrogen 

adsorbed en the outer m~tal surface the dipole moment is negative since 

negativ~ charge is transferred effectively to the adatom and the work 

function increases. Clearly in either case A dipole of opposite polarity 

results \.;rhen t~c adatom penetrates below the electronic plane and the 

direction of change of work function is then reversed. If the outer metal 

o -2 surface becomes covered \.;rith C1 .. C1 e atoms crn ,0 being the fraction of 

the total number 00 of sites available rer cm2 then a surface double charge 

layer is formed. If the dipoles are non-interacting then U - qd where 
o 

q is the charge on the adatam and d is the effective length of the dipole. 

According to classical electrostatics an electron experiences a force 

F .. 4~oqe inside the double layer and since Fd D 4~C1qed - 4~0°cl1 e 
o 

then the change in work function 6¢ is: 

(2.11) 
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The correctness of this equation depends on the assumption that the 

dipoles are non-interacting. This depends en the values of M and the o 

adatom po1arizability a. At low coverage the prediction that A¢~ 

is often observed experimentally (c.f. figure 2.2). For hydrogen, for 

example, on tungst~n Eoudart 1952 cites a case \vhcre !:lC/J«fJ for 6< 0.7 • 

Similar results have been found for 112 and other gases on other metals 

(c.f. section 2.5.2). Oxygen atoms have a larger value of a than 

hydrogen and lateral interactions should become apparent for smaller 

values of 6 as typically found te be the case (c.f. section 2.5.2). 

Equation (2.l1) is also only valid for adsorption into a sins1e state. 

Multiple binding states are kr..o\o'n to exist and the dipole moments may 

vary from one state to another. In the case of a two state (1 and 2) system 

the equation becomes of the form: 

(2.12) 

where the· + or - sign is us ed to denote that the second state may be 

electronegative or e1ectropositiv~ and this includes the assumptions 

previously and also that the t\110 statES arc not mutually interacting. 

An equation of this form may qUrllitative1~ describe the changes in 

curvature of the SP variation with coverage (c.f. figure 2.2) which have 

been reported and interpreted as due to mUltiple states (e.f. section 

2.5.2). 

In a single state system the surface potential normally varies 

non-linearly with adatom coverage and assynlptotes to a final value! 

(c.f. figure 2.2). The non-linearity is probably partly the result 

of direct dipole-dipole repulsion betl,reen the surface bonds which result 

from the sharing of electrons between the metal and adsorbate. The 
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po1arizability of metallic adsorbates is much larger than that of simple 

diatomic gases and depo1arisation effects arc expected to playa more 

important role. Attempts have been made with classical models to 

calculate the mutual dcpolalisation as a function of coverage 6 fron which 

the variation of ¢ with e may be predicted. Boundart 1952 discusses some 

of the early models based on an assumed di~ole distribution. These 

classical nlooels are generally consistent with the experimental results 

for alkali adsorption on metals for small fractional ranges of coverage 

only (i.e. e < 0.4). Recent theories have yielded agreement over a UDch 

wider range of coverage. Gyftopoulos and Levine 1962 pro~osed a model which 

was based on an extension of the concept of electronegntivity for composite 

surfaces using a semi-empirical depolarisation function for a fixed array 

of surface dipoles. Rasor and Harner 1964 treated the problem differently 

but also included a semi-empirical polarisation function. Schmidt and 

Gomer 1966 have also proposed a model based on a simple depo1arisation 

field from a point dipole array. UacDona1d anfl Bar10\~ 1966 (and in their 

cited previrus ~Tork) have presented a sophisticated ulodel also. The simple 

classical model bre~ks do,m even at 10,~ coverages and docs not account for 

the gross differences in the dipole moments from one crystal fac~ to anot~er. 

The more sophisticated tr~atments above can be fitted to experimental 

results over a much wider range of coverage. B10tt et a1 1965 and Lea 

and Hee 1968, for example, hnve found l". recsonuble ugreement between the 

GYftopoulos nnd Levine model and ex~erimental results for Cs nnd Ur 

on tungsten. The former authors did not find S':.lch good agreement with th9 

Rasor and Harner theory. Schmidt and Gom.::r found that their model \U1S 

consistent with the results for K on tuncstcn. Others have not found a 

good agreement for Cs on U with either of the G-L or R-I~ theories (c.f. 
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Coggins .?nd Stickney 1968). The above models are generally based on an 

assumed distribution of poin.t dipoles among other simplifying assumptions. 

Their detailed interpretation and justification requires knowledge of the 

surface structure of the adsorbate. It is only recently that such investig

ations with LEED have been made (c.f. section 2.5.4). 

In recent years there has been an increasin:; interest in the 

quantum mechanical description of the surface potential and adsorption 

for hydrogenic and alkali metal cdsorbatcs. Toya has given one of the few 

quantum models from first principles and recently reviewed these for hydrogen 

(Horiuti ar~ Toya 1970). For metals two states (r and s) were predicted. 

Eydrogen atoms in r states are located above the metal surface atom outside 

of the electron cloud of the surface and increase the ,,,ork function. The 

theory implied that the negative polarisation of the r-adatom became reduced 

as the Hork function of the metal increased because of a nutua1 repUlsive 

interaction between adatoms. This arose because of the competition between 

ad at oms for metal electrons \vhich tended to wenken each other's bonds. 

Hydrogen ~Antoms in s states were located in interstitial sites in the 

surface embedded in the E:.lectron cloud of the surface and resulted in a 

reduction of the work function. Bennett 1968 (and cited works) has given a 

~uantum mechanical treatment of alkali-substrate i~teraction and the effective 

charge OIl the adion with covernge. The adsorb.:lte-mutual intcr.:lction due to 

a direct overlap of localised orbitals had a strcLll! effect en the adion 

charge but this wns cou,pensate:d for by oth~r effects. The change in the 

f'lurfuce potential with covcrnge in a simplified ulodel wns shown to be clue 

at low coverages to mainly long range cmllomb adion interactions. 
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Figure 2.5 Schematic energy level diagram of electropositive 

adsorbate - metal interaction showing the raising and broaden

ing of the ionisation level (1) as a function of ada tom dis

tance and the adatom charge q for (a) I > ~, partial positive 

q and polar-metallic bond, (b) I » , metallic bond, q neg

ative, (c) I < ~, large positive q and polar-ionic bond 

(Schmidt and Gomer 1965, 1966). 
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Gurney had shown in the 1930's that the valence level of the 

adsorbate electron was raised and broad~ned vlhen an atom became adsorbed 

(c.f. Gadzuk 1967, Gerlach and Rhodin 1970). The broadening is regarded 

as the formation of an adsorbate band and that the band is filled to the 

level of the Fenni level. Consequently the effective charge q on the adatom 

depends upon the position of the raised level with respect to the Fermi level 

and subsequently on the work function and on the distance between the adatom 

and the metal surface. The situation for electropositive odatoms is shown in 

figure 2.5. Ionic adsorption (q > 0) requires that the entire raised bund 

lies entirely above the Fermi level. Consequently for electropositive 

adsorbates a high degree of ionicity is favoured by a high wQrk function. 

The metal-adsorbate bond in this scheme will be ionic, polar-meta11ic 

or metallic if the raised and broadened level lies above, at or below the 

Fermi level respectively (Schmidt and Gomer 1965,1966). Gadzuk 1967 (a) 

has applied a first order perturbation theory to alkali - substrate inter-

actions and calculated the shift and broadening of the atomic level as a 

function of the ada~cml distance from the metal surface. This enabled the 

average charge of the adion to be calculated and consequently the dipole 

moment. Gadzuk (and also Bennett) used the classical image law as describing 

the potential between th~ ion cores and the metal. Polar-metallic bonds 

did not appear to produce a sufficient dipole moment to account for the 

experimental results and a net transfer of an electron to the metal was 

required. The transferred charge became essentially localised inside the 

metal near the adion to form a polar-ionic bond with the alkali ion core. 

This was equivalent to forming a dipole moment M - qt(s) where o E; (s)was 

the effective distance of the location of the polarisation charge from the 

ion core. In another paper Gadzuk 1967 (b) treated the adsorpticn of a 
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hydrogenic atom on the surface of a dense electron gas neutralised by a 

distribution of positive ions. In this theory the wave functions of the 

impurity ion ~{tended into free space but were prevented from penetrating 

into the substrate due to repulsion. Extending the model to real conduction 

band electron densities, he showed that hydrogen atoms increased the work 

function (similar to TOY3'S r-states above) due to the effects of a 

screening polarisation charge in the metal surface. Gadzuk extended the 

Rasor and Warner theory (which was knovn to be inconsistent with 

experimental results for small adatams i.e. Li) to show that the latter and 

also his own were consistent with experimental results for Li on \l. Recently 

Gadzuk 1969 (a) has improved his theory by including a more exact treatment 

of the polarisation screening. In it he showed thpt the classical image 

charge approach was not generally applicable since the induced screening 

charge of the adion was within the bulk and not on the metal surface. 

Consequently volume polarisation led to a larger dipole length (for small 

distances of the adion from the surface) than classically expected. 

Gadzuk concluded that the agreement in his previous theory which involved 

the classical assumption \-1as fortuitous. Both theories predicted a 

variation of the dipole moment with the substrate crystallinity. In his 

more recent theory the dipole moment H - q E;; (s) depended on the effective o 

charge q and the distance ~(s) between the adion core and the location of 

the polarisation charge. Both of these factors depended on the free 

electron density of the substrate. As the density became reduced so 

t(s) became increased since the volume polarisation charge extended further 

into the bulk (i.e. the screening became less ~ffcctive) and q became 

reduced since the reduction in the electron density effectively reduced the 

ionicity of the adion-metal bond. The dipole moment will increase or 
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decrease depending on which of these parameters is dominant as the free 

electron d~nsity varies. Newnes 1969 has also given a quantum mechanical 

treatment of the interaction of hydrogen with transition metals in which 

he ignored surface structure and assumed only the d band interaction with 

the adatom was important. The theoretical charge densities on the adatam 

varied from 1.4e for Ti to 1.2e for Ni. These were too large (though of 

the correct sign for charge transfer) to account for the negative experi

mental dipole manents since they predicted dipole lengths much smaller than 

experimentally expected. Gadzuk 1970 has compared Newnes' theory with his 

own and concludes that apart fran some numerical differences they both give 

the same results. A recent discussion and short review of the classical 

and quantum developments in the theory of adsorption has been given by 

Gerlach and Rhodin 1970. 

Gerlach and Rhodin 1969,1970 have investigated the SP of Na. K 

and Cs on Ni single crystals using absolute measurements of the ad at an 

coverage. Good asreement was not found with the Gyftopolous and Levine 

theory. The previous reported agreement by others between experimental results 

and this latter theory may have been due they suggest to the use of relative 

coverage measurements. Gerlach and Rhodin found much better agreement ,~ith 

the Gadzuk model and discuss some of the problems of its application to 

surface potential measurements. Fehrs and Stickney 1971 however conclude 

from meausrements of the dipole moments of Cs. K and Na on W and Ni single 

crystal planes that the classical model predicts values in much closer 

agreement with experiment than Gad~uk's model although other (cited) 

studies h.ve not found this. 
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It has been appreciated qualitatively for some time that the 

mugnitude of the surface potential is related to the nature of the metal 

-adsorbate bond and consequently to the electronic structure and surface 

properties of the ectal (c. f. Ehrlich-1966.Hadey BInd Yates 1967, Gundry 

and Tompkins 1963). At tempts have been made to find an empirical relation-

ship between the surface potential and the properties of the Illeta1 

substrate and these are reviewed by Culver and Tompkins 1959. For simple 

gases the sign of the SP has been suggested to be related to the difference 

between the e1ectronegativities X of the metal taking X· ~ and the 

adsorbate X = (I + A)/Z where I is the ionization potential and A is the a 

electron affinity of the atom. The dipole moment H • c(0 - Xa) where c 

is an empirical conversion factor. On this basis the sign of the surface 

potential is negative for gases ap~ positive for metallic adsorbates. 

Hignolet has found that the surface potcmtiul V is related to 0 and Xa 

by the empirical equation: 

v = 0.29 (~ - 3.15 Xa) (2.l3) 

which described the SP of °2 , 12 and lIZ on several transition metals 

reasonably well. This rule is violated however, by the observations of an 

initial positive SP of nitrogen on '~(100) and of oxygen on T (llO) as 
a 

described in section 2.5.2. De1char and Ehrlich 1965 found an empirical 

correlation betH-can the sign of the SP of NZ on lv \\lith the roughness of the 

crystal plane substrate but this has not been substantiated by other studies 

however (Madey and Yates 1967). These ~lpirical correlations have used 

ill-defined experimental results. Recently Sargood et a1 1970 have 

attempted a fresh correlation between recent values of the SP of Cs, Ba, 
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Ur, 12, Br, CJ1. , 02 nnd H20 on four single crystal faces o~ tungsten with 

the electronegativity. Although many simplifying assumptions were moo~ in 

the analysis, they found a high degree of correlation in t-1hich each metal 

surface i was characterised by an effective e1ectronegativity 

linearly related to the work function of the crystal plane ~. 
1. 

X. • 2.3 0. - 2.S 
1. 1. 

X. which was 
1 

(2.14) 

instead of the earlier assumption that for a metal )l . - 0. above. 
1. 1. 

Empirically the SP of each adsorbate V t<7as described by: 

v ... - a r. (X - X.) 
1. a 1 

(2.15) 

where r. is the ionic radius. The s lope of the curve a was an empiricd 
1 

constant varying inversely with 0. between 0.26 and 0.27. The SP of 
1. 

hydrogen and nitrogen did not fit into the above scheme and this may have 

been due tl1Cy surgest to the small size that IT and N adatoms may take 

enabling them to penetrate into the metal surface. a For hydrogen, r.- 2.06 A 
1. 

and X m 6.6eV from which the correlation predicts that a reversal of a 

sign of the SP occurs for X i.e. for 0 < 4.0 eV. a 'U 
Sargood et a1 

did not include in their analysis the Russian results for alkali metals on 

the single crystal faces of transition metals (section 2.5.4). These results 

are also described by an' equation of the form V - a + b¢ for a > 0 and w 

b > 0 where the constants a and b depend on the adsorbate and substrate. 

This is of the same form as equation (2.15) for alkali metals and it is in 

qualitative agreement with Sargood et al's conclusions. 
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Recently Engel anu Gomer 1970(a) hnve measured the sr of oxyg~n 

on si.ng1e crys~al feces nf tungsten. The negative SP b~cam~ more positive 

(i.e. them~gnitude of the SP decreased) and the magnitude of the n~gative 

dipo1a moment decreasl?Ci as the clean substr:lte ,·york function f/J o increased. 

The results for the SP of hydrog(;!u on tungsten (r.::portcd by Hopkins and 

Pender 1966) are plotted in figure 7.16 as a function of 0. A siMilar c 

effect to that above elso occurs fer hydrogen. Engel and Gomer 

sugeested thnt for eleetronep,ntive :~atcms (with a large ionisation 

potentie.l) such ::,.s oxygen th~ variation of the di.pole moment ,·lith ¢o may 

be qualitatively accounted for by a similar model to that proposed by 

Schmidt and Gomer enrlier fer all:ali-substrate interaction (figure 2.5). 

In this case, for oxygen, the empty affinity l(~vel is lowered by the 

interaction with the substrate, and it would be maximally broooeucd :md 

maximally filled by the low£st value of 0
0

• Thus the magnitude of the 

neg~tive char~c on the adf.tom (Dnd th~r~forc the SP) increases as ~ 
o 

decreases. For oxygen, the affinity level is too hi.gh but a similar 

effect occlirs if it had ,. resonanca level at R 'II f/J. A similar scheme! 

ma.y also Hpply to hydrogen involving an affinity resonance level at 

R 'II -6.5 eV. 

There is no gener~lly accepted explnnation of the positivo 

surface potential which nris~~s ill physical ndsorption. Eneel and Gomer 

1970(b) discuss some of the proposds th.:1.t have been made. The internction 

of rm:e g.::.ses vJith ruetds hcs been assumed to be of the Vander Waals type 

resulting from disp~t'sion forc~s wh~ch Ilrise frc~:l the interaction b~tween 

fluctuating dipoles in the adscrbate and the im·".se in the metal. The 

large dipole n:oments wllich ,.rise :i.n physisorption have been sugBcsted to 

be due to polnrization of the ndsorbnte in the electric field of the Illetal 
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surface. The deg:-ee of polarization m.:\y be expected to be greatest 011 the 

highest w'ork function planes of a. Y!letc.l and the variation of the SP of 

several r:-'.re gases on the cr:f5tal planes c..f H is consistent "",ith this 

possibility (Engel nne! Gomer 1970). Gomer points out how(~vcr that 

polarization may be insufficient since the met ... l fi~ld dies off at a short 

distance from th~ surfE.ce. Alternatively Hulliken has proposed a charge 

trronsfcr between the adsorbate A and the metal h without the formation of 

a bond in which the eh:ctron transfer A + 1-1 ~ A + + M- was stnbilised by a 

+ resonance between the core A and H. In this model Engel and Gomer 

Sh(.I~"ed th3t maxinum charg~ transfer wr.s also fevourcd by D. maximum substrate 

"1Ork function. In a similar picture to that of the broadening and raising 

of the valence level of an <llkali atom in adsorption, a net positiv~ charge 

on the adsorbate mcy result i.f the adsorbate has an cxcitui state near the 

metal Fermi level. The magnitude of the Sf' in this scheme then depends 

on structural ;>aramcters ns in the case of the alkali model. R~cently 

Palmberg 1971 has four.d the variation of the SP of Xc on Pd (100) faCe) to be 

well described by the dc:.polarisnticn model of Scmnidt Iltld Gomer 1966 over e 

wide range of covct'J.ge.. Polarization has also been su~me8ted to be the 

cause of the positive surface potential which nrises in molecular 

physis orption. 
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Figure.3.l Diagram of the vacuum system and experimental tube (not to scale): V viton valve, MV metal valve, 

S sorption pump, I getter ion pump, SP sublimator pump, MS mass spectrometer, RD rotary drive, VB vibrator bar, 

es glass substrate, P probe electrode, H heater coil, PI palladium thimble. 



CHAPTER 3 

EXPERIMENTAL DETAILS AND METHOD 

3.1 The Vacuum System 

The system was exhausted by a titanium getter ion pump in 

preference to a diffusion pump for the reasons given in the 

introduction. It was not necessary to provide an auxi~iary 

pressure measuring device since the pressure could be measured 

from the ion pump current using the manufacturer's,calibration 

. for air. The particular pump used was the Ultek "Boostivac" 

which had a pumping speed of 25 ~ sec-I. It also inc~rporated 

a water cooled titanium sublimation pump, which had a maximum 

-1 . speed of 500 t ,sec , and two internal bake-out heaters. The 

sublimator was not finally used in the experiments. The system 

was initially pumped from atmospheric pressure to a pressure of 

about 10-3 torr with a chilled zeolite sorptio~ pump. 

In the last experimental run two more ion pumps were added 

-1 which increased the total pumping speed by about 140 1 sec • 

The experimental tube is shown in Figure~ ,3.1 to 3.4. 

It was manufactured from a low carbon grade 304 stainless steel 

(type ENS8E) which provided some advantages in preference to glass. 

,The tube was designed to allow vibrational motion to be introduced 

:,into the vacuum and relative translational ,motion between the pair 



Figure 3.2 Photograph of the experimental equipment, 

vacuum system and the light ~eight handy-angle fraQe 

(used in experiments A and B). 
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of metals forming the dynamic capacitor. Electrical leads were 

brought into the vacuum by means of insulated current feed-

throughs mounted into ports set about the tube body. 

The dynamic capacitor. and its associated electrical 

wiring was mounted on a single metal flange, the capacitor 

flange. This arrangement allowed it to be independantly and easily 

removed from the system. It is shown in Figures 3.5 and 3.6. 

The body was made from 6.0 inch internal diameter tubing, about 

which six mating ports were symmetrically located. The bottom was 

welded to a reducing flange of the same·size as that of the Boostivac 

pump which was bolted dir.ectly onto the end. The top of the tube was 

welded to a 6.0 I.D. flange, onto which was bolted a solid blanking 

plate. A hole was cut in the ·plate to accommodate the capacitor 

flange, with its assembly protruding downwards through the hole into 

the tube. 

.. . . 

Small flanges of 1.5 inches I.D. were welded to the ports 

about the body of the tube to mate with the standard size of conflat 

flange used on components commercially obtainable. Thase accommodated 

a pyrex glass window, connections to a gas supply and the backing 

pump line and several electrical instrumentution feed throughs. A 

vacuum connection to auxiliary ion pumps and a mass spectrometer 

was added in later experiments. The electrical instrumentation 

flanges were of a heavy current duty type which carried three lOA 

copper leadS'; a ulliversal·type havinb only two 301.. and also three 

SA leads'nu:.! lastly an instrUtlent.:1tiotl type which carried'eight 

light current leads. The insulation braakdown voltage 



Figure 3.3 Photograph of the vacuum system and layout on 

the rigid steel frame (used in experiment C) . 
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of each lead was stated by the manufacturer to be lKeV or greater 

(Ferranti Limited). A detailed view of the tube is given in 

Figures 3.2 and 3.3. 

Vacuum line connections were made between the tube and 

auxiliary equipment with stainless steel tubing. Glass to Kovar 

metal seals were used in providing a connection between pyrex 

glass vacuum lines and the metal system. The foreline was sealed 

off from the high vacuum side by a bakeable metal ultra high 

vacuum valve. 

Argon arc welding techniques were used throughout in the 

metal welds. The mating flange connections conformed to the 

standard conflat design commonly used in ultra high vacuum hardware. 

Commercially available oxygen-free high conductivity copper gaskets 

were used on all the flanges to provide a vacuum seal. The internal 

surfaces of the steel system and auxiliary apparatus were either 

electrolytically polished or cleaned after manufacture by sand 

shot-blasting. 

The auxiliary vacuum equipment and soft-ware were purchased 

from Ferranti Limited and Vacuum Generators Limited. The former 

company also manufactured the basic experimental tube and capacitor 

flang~ to customer specifications. A number of th~ blanking 

flanges, vacuum line connections and extension pieces were made by 

the workshop staff in this department. 



Fisure 3.4 Photograph of the equipment, vacuum system and 

steel frame. 
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The experimental tube and ion pump were supported vertically 

by a split iron collar about the reducing tube connecting the 

pump and the cha~ber. The original experimental system is shown 

in the photograph in Figure 3.2. The collar was bolted to a rigid 

'handy angle' frame. This arrangement was mechanically unstable 

and affected the precision of measurements (cf. Section 3.4 and 

Chapter 4). Various modifications failed to improve the situation 
I 

and another supporting structure was built for the later experimental 
'" , 

runs. The second system is shown in Figure 3.3 and 3.4. It was 

made of two "inch steel U-channel sections, whose legs were embedded 

in ~ concrete block approximately a foot deep. The frame was braced 

by cross member sections of steel. A three foot square plate, half 

an inch thick, was bolted to the top of the frame. It was isolated 

frqm the frame by thick and anti-vibration machine mounting material. 

The top surface of the plate was covered with an asbestos board. 
, 

The vacuum system was s~cured through the centre of t~e top plate by 

a heavy split iron collar, a foot square by one inch thick. The 

experimental tube and the ion pump extended above and below the plate 

respectively as before. The instability was reduced. 

In later experimental runs, an aluminiuu baffle was inserted 

into the throat of the Boostivac pump. Its function was to prevent 

a direct line of sight from the discharge elements of the ion pump 

to metal surfaces within the experimental tube (cf. Chapter 5). 

In the last two experimental runs, a fine mesh stainless steel 

screen was mounted around the internal vertical walls of the tube. It 



-

Figure 3.5 Photograph of the capacitor steel flange with one 

of the early capacitor designs (used in experiment A). 
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was insulated from the tube by ceramic fish beads. Holes were cut 

in the screen where necessary. to allow the intrusion of 

electrical leads and evaporation filaments into the tube. Its 

function is described in Chapter 4. 

3.2 The Capacitor Flan~ 

A photograph of the complete capacitor flange is shown in 

Figures 3.5 and 3.6. A silver steel fJetal bar was gold brazed 

at its centre through a stainless steel well. The wel.l was arg,on-

arc welded into the flange as shewn. Vibrational motion was 

introduced into the vacuun by tr~nsversely driving the free end of 

the bar in the air. 

The principle of the dynamic ~·,pu('itor is described in 

Chapter 4. The electrodes of the c~:.~.~itor were composed- of a 

stainless steel probe mounted on the vibrator bar and a metallic 

film on a substrate which was mounted opposite the probe. The probe 

"7as made. from a circular rod and had an area of about one tenth of a 

square centimetre. The end of the probe was threaded and it was 

secured in a hole in the bar by stainless steel nuts and washers. 

. 2 
The area of the metal film on the pyrex substrate was about 5 to 10 cm • 

The substrate was cut from circular pyrex tubing. 

A detailed view of the substrate arrangement is shown in the 

photograph in Figure 3.7. The substrate was supported on a stainless 

steel cylindrical block. The block was mounted onto a drive rod 



Figure 3.6 Photograph of the final form of the capacitor 

design and the rotary connector assembly (used in experi

ments B and C). 
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passing through its axis. The rod in turn was axially aligned 

to the drive shaft of a rotary magnetic drive, using an online steel 

connector. In this way, different porti~ns of the film and 

substrate could be brought opposite tho steel probe for the 

purpose of spatial contact potential measurements. 

The sides of the substrate were screened from stray evaporant 

flux with tantalum foil scre\ied into the support. The substrate 

was directly supported by several small stainless steel bolts 

screwed into the block. In order to prevent shorting of the 

metal film to earth potential by the bolts, their heads were coat~d 

with a liquid solution of ceramic paste. The paste was vitrified 

o at a temperature of about 500 C. 

The first five.experimental runs were conducted with the 

substrate design in Figure 3.5. In these experiment~, a simple 

steel disc was attached to the drive extension rod, onto which n 

glass substrate was mounted. Insulation of the metal film was 

attempted in two ways. In the first, the support was insulated 

from the drive rod by an online tungsten to pyrex glass seal 

connector. In the second, a portion of the area of the substrate 

exposed to the metal evaporant was protected by metal screens which 

prevented the film from caking contact with the disc. Neither 

of these methods was entirely satisfactory, due either to fracture 

of the online connector or to stray metal evaporant which destroyed 

the insulation. The first experimental results were obtained with 

the second of these preliminary designs. They were dispensed with, 



Figure 3.7 Detail photograph of the substrate assembly in 

Figure 3.6. 
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hal-leVer, for the remaining experiments in favour of that shown 

in Figures 3.6 and 3.7. 

The method of making electrical connection to the film 

is described in section 3.5. The electrical leads from the 

substrate were taken to stand-off electrical connectors mounted 

on top of the substrate support as shown in Figure 3.7. These 

were Dade from threaded steel rod set into n~chined ceramic 

st~pports which were screwed into the support block. The connectors 

\7ere located in a well in the top of the block thereby screening 

the~ fro~ metal evaporant. 

A five T,,·ray stainless steel slip ring and brush asser.lbly 

was built to provide an electrical interfece between the fixed 

vacuu~ electrical feed throughs in the flange and the movable 

substrate asse~bly, Figures 3.6 and 3.7. The rings were electrically 

isolate~ from each other by ceramic bushes. These and the steel 

rings were mounted onto a ceramic tube which provided a means 

of insulation between them and the metal drive rod onto which the 

assembly was mounted. The drive rod and the ceramic sleeve 

were machined to accept a ceramic key running the length of the 

assembly, which caused it to rotate with the drive shaft. Each 

ring was fixed to the sleeve by a fine steel bolt, which also 

functioned as an electrical connector. Electrical connection 

was made with fine tungsten wire between the slip rines and the 

stand off terminals on the substrate support block. The electrical 

potentials from the substrates were picked up from the rings by 
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tungsten ribbon b~ushes. These were spot welded onto a glass -

tungsten five-way electrical connector. The connector and 

brushes were rigidly held in their correct positions by heavy 

nickel leads, circumscribing the assembly, which also electrically 

conn~cted them to the instrumentation feed throughs in the flange. 

Tha feed throughs were centrally placed about the port in which 

the rotary drive ~·~a.s mounted. 

. The stainless steel probe was insulated froo the vibrator 

ro~ • .. 1ith an alumin.a ceramic plate (Fig'uoe 3.6). Th~ riatel-18S 

iuitia1l7l made from machinable 'ceramtec', bllt this wag an un

satisfl'ctory material since it frequently fractured dnring 

vibration. A similar plate was cut from alumina "dth diamond 

m~chine tools and this material was found to be satisfactory. 

The plate was kindly prepared by the B.C.R.A~Elect=ical connection 

.le3 made between the probe and the slip ring assembly with a very 

fine t'jr~Gten wir~ which did not impede the probe vibration. 

The slip ring assembly was e:reened fro~ stray cvaporant 

fluy. by a large glass sleeve securely held in the throat of the 

upper flange. It completely enclosed the assembly, except for 

a small portion cut nway to avoid the vibrator drive bar. The 

external surface of the glass was coated in situ with gold to 

prevent any charge accumulation which might have dist.lrbed the 

measurem",nts. 

* British Ceramic Research Association 
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The substrate could be rotated 3300 about the drive axis 

and thereby positioned in front or away from any of the ports 

in the system walls. The electrical insulation resistance of the 

films was better th~n that of the electrical feed throughs in the 

capacitor flange which were ~ 1010 O. 

Preliminary experiments deQonstrated the need for electro

static screening of the vibrator bar from the capacitor film 

electrode. This was achieved by the (de-mountable) on-line steel 

connector shown in Figure 3.6. The female acceptor was welded 

onto the base of the vibrator well. 

3.3 Production of Hydrogen 

Hydrogen was introduced into the system through a heated 

palladium-silver thimble. The thimble was sealed via a graded 

glass joint to a pyrex vacuum line as shown in Figures 3.2 and 3.3. 

In some experiments the thimble was isolated from the high vacuum 

system by a bakeable metal valve. The heater coil surrounded 

the thimble but it was placed several inches away from the graded 

seal to avoid heating the glass. The high pressure side of the 

thimble was enclosed in a pyrex jacket. A pyrex vacuum line led 

to a glass to metal seal and conflnt steel flanges. The vacuum 

line was exhausted with a chilled zeolite pump and a small getter 

ion pump. The auxiliary pumping system was necessary since at 

atmospheric pressure hydrogen continued to be evolved from the 

thimble after operating in a normal fashion. Consequently it 
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prevented ultra high vacuum from being quickly established again 

in the experimental tube. The thimble, however, appeared to 

b . d ° °d 1 f 10-3 torr. Th h1 ecome pOlsone ln a reSl ua vacuum 0 ese pro ems 

were avoided if the residual pressure was reduced to about 10-6 

torr or less on the high pressure side of the thimble before 

introducing hydrogen. 

It was possible to vary the pressure of hydrogen in the 

tube from the base value of 2 x 10-9 torr to a maximum value 

-5 of 10 torr. The pressure of hydrogen required on the high 

pressure side of the thimble to achieve this range varied from 

10-6 to 10-3 torr with the thimble at a typical temperature of a 

fe,\' hundred degrees centigrade at most. 

3.4 Instability of the Dynamic Capacito~ 

The stainless steel probe was vibrated at about 115 Hz, 

'lhich was the natural reson~nt frequency of the vibrator bar. The 

free end of the bar was rigidly coupled to a moving coil transducer 

(Pye-Ling Limited). The coil was driven with a high stability 

oscillator (type TF 2100, Harconi Limited). The transducer 

unfortunately presented a variable load to the oscillator. 

Consequently, they were mutually isolated with a high stability 

buffer pcwer a~plifier (Dawe Limited, type 440B). The experimental 

set-up is shown in Figures 3.2 and 3.3 and the driving circuit 

in Figure 3.3. 
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A Q-factor of the mechanical bar resonator was determined 

experimentally to be approximately 750. A frequency drift of 

less than 0.1 liz from resonance caused the vibrational amplitude 

to fall by about a factor of e. The frequency instability of 

the oscillator originally used, the Dawe 440B, limited the 

precision of contact potential measurements to about + 0.1 V. It 

was impractical to operate at a frequency other than at resonance 

since the signal sensitivity became so low. The TF 2100 had a 

frequency and output amplitude stability of 0.001% per hour and 

0.3% per hour respectively. It was more sensitive to temperature 

than desirable. however, having a frequency and amplitude drift of 

0.01% per °c and 0.4% per °c respectively. The oscillator was 

generally satisfactory. It was mounted in a thermal enclosure 

to reduce the effects of short term temperature fluctuations as 

shown in Figure 3.4. 

At resonance, the '.:bole of thl3 system and rig were driven at 

the frequency of vibration. The mechanical coupling was sufficient 

to disturb the stability of aoplitude of the vibrating probe, with 

similar consequences to that of the frequency instability described 

above. The problem was reduced by rigidly mounting the transducer onto 

a steel girder frame set into a massive CJ!lore..te.. block, Figures 

3.2 and 3.3. The data from the experimental runs 5 and 6 were 

obtained with this system and the original (but heavily damped) handy 

angle rig. The problen: wu only partially resolved, however, and 

consequently another rig was constructed (cf. section 3.1) as shown 

in the photograph 'in Figure 3.3. With this rig and the transducer 
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mounted as shown, a power dissipation of less than O.25W was 

sufficient to drive the whole of the vacuum system and the steel 

rig (weighing over 5 cwt) at the resonant frequency of the c~lpacitor • 

The stability of the vibrational amplitude of the c;~pncitc'r 

electrode was. however. considerably improved allowing ahieh d~gree 

of sensitivity to be attained. 

The frequency and mechanical amplitude stability of the 

cZ!p:!citor was a severe problem with the rigid form of drive 

coupling between the vibrator electrode and the vacuum system. 

It would have been a major undertaking to redesign and rebuild 

the system in order to accommodate a flexible bellows coupling. 

3.5 Preparation of Clean Surfaces 

3.5.1 Vacuum Components 

The following cleaning procedure was followed fo.r all the 

vacuum components. 

The component was washed in commercial detergent and finally 

rinsed in water to remove dust and gross contamination. It was 

then washed in successive fresh solutions of de-ionised water, 

trichlorethylene and (or) acetone. It was finally rinsed in 

de-ionized water and dried naturally in dust-free air. The clean 

components were handled only ",:th dry clean cotton gloves. 
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3.5.2 Thin Film Substrates 

Substrates were cut from scratch free stock pyrex glass 

tubing of about 1.0 inch diameter. (They were approximately one 

inch in length). They were lightly flame polished in air. A fine 

platinum lead was flame fused into the surface. A small pOTtion 

of the glass enclosing the lead was coated with liquid bright 

platinum, Figure 3.5. The platinum film was slowly dried 

with a torch flame. Substrates were initially cleaned with 

successive solutions of commercial detergent and water. They were 

then rinsed in successive fresh solutions of reageant and analar 

acetone, nitric and chromic acid and ammoniuo hydroxide. In 

between each of these rinsings the substrates were washed in 

fresh solutions of de-ionized water. The clean items were 

stored to dry in a dust free atmosphere. Immediately before 

mounting in the system, they ,~ere again rinsed in solutions of 

analar acetone and de-ionized water. Extreme care was taken with 

them and they were handled only with clean metallic hand tools or 

with clean dry cotton gloves. 

In the c·;tse of the thir. film resistance mnitors, the 

whole of the substrate was painted with platinum save for a 

narrow strip at the centre as shown in Figure 3.6. 

In the last experimental run ~n erbium-molybdenum alloy 

substrate was used instead. It was covered, on one half, with a 

gold film. It was provided by the A.W.R.E. and maintained as 
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supplied under vacuum (~ 10-4 torr) until it was used. The 

substrate was exposured for less than a day to the dry 

laboratory atmosphere before the system was pumped down. 

3.5.3 The Steel Electrode 

The stainless steel electrode forming one plate of the 

dynamic capacitor, Figure 3.4, was cleaned after manufacture, 

in the same way as the vacuum components above. It was then 

polished with successively finer grades of wet carborundum powder 

and lastly with a cocmcrcial metal polishing solution. It 

showed a uniform and bright surface finish after polishing. 

Electrolytic polishing solutions were found to be unsuccessful. 

The polished surface was thorrughly washed in detergent and water 

again. It was then rinsed thoroughly in alternate solutions of 

de-ionised water and analar acetone before a final water rinse. 

The probe was subsequently treated in the same way 8S the clean 

substrates. 

The steel probe and the substrates receiv~d in vacuuo 

only the normal bake out treatment. Attenpts tOOQt~a88 a 

test probe by electron bombardment in vacuuo were unsuccessful. 

3.5.4 Thin Metal Films 

Thin films of the metals Ag, Au and Ti were deposited 

onto pyrex substrates at room temperature from a charge of the 
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respective element at its sublimation temperature. The charges 

were supported on pure tungst~n multi strand coils which we~e 

he~ted by a direct current. Fine wires of the noble metals 

and tungsten were obtained from Johnson Mathey Limited. They 

were stated to be 99.99% pure. The titanium was obtained in 

wire form and it was stated to be 99.6% pure (Koch Light Laboratories). 

Hulti stranded tungsten wire was formed into hairpin 

filaments. The filaments were mounted with stainless steel 

connectors onto the heavy current duty electrical feed throughs 

and reduced in hydrogen. Two filaments were mounted on each 

flange. The copper leads were sheathed in pyrex tubing to protect 

their insulators. The evaporant ~ire was wound onto the reduced 

filament and fused in the hydrogen atmosphere. The evaporatGr 

flanges were bolted onto the radial ports of the experimental 

tube. The same care was taken with the prepared evaporators 

as with the other cleaned components. 

3.6 Electronic Detection 

The electronic detection system is shown in Figure 3.8. 

The alternating current flowing between the electrodes of the 

dynamic c"~pacitor was detected across the input impedance of a 

differential head amplifier (Keithly 103). It had an input 

impedance of 5 x 107 n and its bandwidth was restricted to 100 -

300 Hz. Its peak to peak noise referred t. the input was 20 ~V. 
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The output signal was further amplified (Tel equipment PA3). 

The overall gain of the system was variable over the ranee from 

103 to 105• The amplified signal was monitored with an 

oscilloscope and detected with a (Brookdeal PSD 629) phase 

sensitive det~ctor. A reference voltage was taken from the 

driving oscillator. Its phase was adjusted with a (Brookdeal 

MS 320) phase shifter to give a maximum rectified output dc 

signal. The detector bandwidth was reduced to a value allowing 
, 

a response time of one second and reasonable signal to noise 

ratio. 

The Keithley bead amplifier was supported on anti-

vibration mounting on top of a separate support rig (Figures 

3.2 and 3.3). This arrangement reduced microph(JOic 

pickup. The connecting electrical lead between the vacuum 

system and the head amplifier was doubly screened ,to reduce 

pickup. Coaxial brass elbow connectcrs were designed to screen 

the output electrical leads on the cap~citor flange. The 

connectors were held in position by a common brass base sitting 

on the flange (cf. Figure 3.4). 

The principle of measurement is described in Chapter 4. 

The backing voltage was supplied from a floating screened dc 

battery supply. The output potential was continuously variable 

in millivol.t· increments from -10 to + lOV. The de potential 

was applied in series with the static electrode and the head 

amplifier input. The potential was measured with a calibrated 

crompton voltmeter. 
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The measurement of the contact potential was performed 

in one of tw~ modes. In the first mode, the backing voltage 

was adjusted to give a null de output from the phase 

sensitive detector. !he balnnce point was checked by sweeping 

the voltage firstly from one side, and then from the other. 

In this mode, about thirty seconds were required for each 

measurement. Under favourable conditions the null point could 

have been determined with an accuracy of two millivolts or 

less. In the second mode, the low impedance de output from 

the detector was fed directly into a floating input high 

impedance and free running (Beckman) potentiometric pen recorder. 

The recorder had an input impedance of several megohms and a time 

constant of one second. The recorder deflection was calibrated 

with a series of known increments in the backing off voltage which 

simulated changes in contact potential. The contact potential 

was checked regularly using the first mode whenever the recorder 

method was used. Mode 2 was used in measurements on the work 

function of steel and on titanium where d~/dt was often too fast 

to be accurately followed in Mode 1. (cf. Chapters 5 and 7). 

The sensitivity of Mode 2 was similar to that of Mode 1. For 

practical reasons measurements w~re only made to an accuracy of 

5 or 10 mV. 

3.7 General Experimental Procedure 

The general experimental procedure was as follows. Fresh 

substrates and evaporation flanges were prepared and mounted in 
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the system. The rotary drive was radially c~librated for the 

particular experimental arrangement within the tube. It was 

not possible to accurately locate the substrate position with 

respect to the evaporation sources or the cond~nser probe 

visually through the window port. In some of the later experiments 

thin film resistance monitors were placed near the evaporators 

to monitor the deposition. These were screened with tantalum foil 

to prevent contamination from other evaporators. An electrical 

continuity check was made before finally assembling the system. 

-3 The system was pumped out to about I x 10 torr with the 

foreline pump. The foreline valves were closed and the pressure 

reduced to about 10-7 torr with the ion pump. The high pressure 

side of the palladium diffusion unit was also pumped out to about 

10 -7 torr in tha 8ar~e way. The complete system was baked at 

o 250 C for several days with the internal pump heaters and also 

with a removable oven (on loan). The bake out temperature 

was adjusted to maintain the system pressure at all times at 

-6 less than 10 torr. After cooling the system and pumping 

for a further two days or so, the base pressure of the system 

was equal to or less than 2 x 10-9 torr. 

The diffusion thitible and evaporation filacents were 

successively outgal8ed over a period of about three days or 

or more until there was no increase in the base pressure when 

they were raised to their normal operating temperatures. During 
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this period the substrate was rotated out of sight of the evaporator 

being ootgassed. 

Stray electrical charges on the glass auustrate disturbed 

measurements. Consequently film evaporation was continued 

outo the substrate, rotated into line of sight of the evaporator, 

until sensible results were obtained. Additional films were 

Buccessively deposited for the purpose of measurements. After 

each deposition the substrate was rotated in front of the probe. 

The calibration of the cegnetic rotary drive allowed the Same 

portion of the substrate to be measured on each film. Spatial 

contact potential variations were investigated by rotating the 

substrate, bringing a different area of its surface opposite 

the probe. The amplitude of yibration of the probe was reduced 

each time the substrate was moved for the purpose of deposition. 

Successive films were deposited until the evaporator filament 

fused or the charge became exhausted. Deposition was monitored 

by measuring the resistance of the thin fil~ on the monitor 

substrate mounted beneath the primary film substrate (cf. Figure 

3.6). An 'avometer' or laboratory R-C bridge was used for this 

purpose. 

Uydrogen was diffused into the system by adjustine the 

partial pressure of hydrogen on the high pressure side of the 

thimble and its t~mperature. Preliminary experiments allowed a crude 

temperature-pressure calibration of the diffuser to be made. 

At the end of each experiment the system was let up to 

atmospheric pressure with cylinder purity nitrogen gas. 
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CHAPTER 4 

THE DYNM1IC CAPACITOR METHOD AND THE EFFECTS OF 

STRAY CAPACITANCE 

4.1 The Contact Potential 

When two conductors, i and j, are brought into electrical 

contact, free electrons may flow from one to the other. If the 

value of the electrochemical potential ; in each is different 

originally, the change transfer continues until the value of ~ 

in each is the same. This condition implies a difference of 

potential v .. between two points just outside of the surfaces of 
1J 

the conductors which is given from equation (2.2) if the subscripts 

are omitted by: 

v .. • 1J 
~. - ~.. ~. - ~. 

1 J J 1 
(4.1) 

Equation (4.1) was originally derived by Richardson and its 

experimental verification was described in Chapter 1. The 

electrostatic potential outside of a patchy surface is given by 

equation (2.6) and it follows that the difference in potential 

between two points outside of patchy conductors is given by: 

V •. • ~. - ~ .• ~. - ~. 1J 1 J J 1 
(4.2) 

where ~ is the arithmetic average work function defined by 

equation (2.10). 
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A contact potential also must exist between points along 

the surface of a patchy conductor when the distance from the 

surface i3 1:';::111 compared to the patch size. Equation (4.2) is 

valid for distances sufficiently large from the surface that the 

patch electrostatic field is small. The work function appearing 

in this equation is that of the free metal surface and the contact 

potential v .. is therefore associated with the potential discontinuity 
1J 

at the free surfaces. Intermediate conductors do not affect 

the contact potential between the free metal surfaces. 

The situation before and after electrical contact is shown 

in the energy band diagram in Figure 4.1. The metal having the 

largest work function, i say, is charged negatively by the electron 

transfer leaving the other positively charged. 

4.2 Dynamic Capacitor Method 

The capacitor method was originally proposed by Kelvin in 

1898 and is currently used in the form due to Zisman 1932. The 

two metal surfaces, whose contact potential is to be measured, are 

arranged to form a capacitor C, and they are electrically connected 

through a resistor R, cf. Figure 3.8. The charge on each is given 

by Q. CV ..• A displacement of either electrode causes a charge 
1J 

flow ~Q be~~een the free surfaces. ~Q is detected by the voltage 

developed across R. If an external dc backing voltage Vb is 

included in series in the circuit and adjusted until any displacement 

of eith~r electrode produces no voltage drop across R, then Vb and Vij 

are related by: 

Vb a - V .. lJ 
(4.3) 
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The theory of this method is discussed by Chalmers 1942, Domeni .alli 

1954 and C_.dry and Tompkins 1968. 

In the Zisman method, one of the electrodes is vibrated 

continuously so that an alternating voltage is developed across R. 

This development lead to easier amplification of the signal 

and its detection by cathode ray oscilloscopes or phase sensitive 

detectors. The principle of the static capacitor method is similar 

to that above. In this technique, the electrodes are stationary 

and the change in contact potential ~v .. causes a current ~Q to flow 
LJ 

in the external circuit which is detected across R (Delchar et a1 1963). 

Various refinements have been made to the metlwds for electronic 

detection and vibrating the electrode for improved stability and 

for automatic recording of the contact potential. These are reviewed 

by Gundry and Tompkins 1968. 

The use of a small vibrating electrode to study patch effects 

on the other stationary electrode has been described by Parker and 

Warren 1962 and by Wolff et al 1969. The design of the scanning 

vibrating electrode capacitor used in this work and described in-

Chapter 3 was based on that of Parker and Warren. 

4.3 Reference Surfaces 

The dynamic capacitor method is indirect and a reference work 

function is needed to deduce the work function of the other electrode 

from the contact potential measurement. It is never certain 

that the work function of the reference surface has the 
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same value that has been measured in another experiment, nor 

that the changes in contact potential are solely d~e to the other 

active surface. The work function of six clean gold films, 

for example, measured in four different laboratories ranged from 

5.22eV to 5.45eV (Huber 1966, Riviere 1966, Holscher 1966, 

Satchtler et al 1966). Therefore to infer that the mean value 

of 5.34eV applies to any other gold film in similar conditions 

leaves the result of any contact potential measurement subject 

to an uncertainty of about O.leV. A similar conclusion can be 

arrived at for aged tungsten foils (cf. Haas and Thomas 1969, 

Hopkins and Riviere 1963). The latter authors recommended aged 

tungsten to be used as a standard reference surface in contact 

potential work. The evidence favouring the use of noble metal 

films as reference surfaces in SP work is discussed in Chapter 6. 

Reference surfaces of fresh gold and silver films were used in 

the present research. 

4.4 Technical Factors 

The alternating voltage v developed across the resistor 

R by a sinusoidal modulation of the capacitance C lU1S derived by 

Myers 1953. If the capacitance modulation is described by: 

C • C o 
-1 

(1 + (a/d) dn wt) (4.4) 

where Co is the mean capacitance and a, d and ware the amplitude 

of vibration, the mean distance between the electrodes and the 

pulsatance respectively, then v is given by: 

2 
v - - a wAR Y V .. /4~ d lJ (4.5) 
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where y. cos wt/(l + (aId) sin wt)2 and V .. is tIle contact 
1J 

potential. Equation (4.5) is valid for a plane parallel plate 

capacitor of area A. 

Equations for the true wave form of the generated signal 

have been derived by Anderson and Alexander 1952 and by Uacdonald and 

Edmondson 1961 since in a real capacitor the modulation of C is not 

strictly sinusoidal. They also discussed the harmonic content 

and sensitivity of the method under various conditions. Briefly, 

the harmonic content increases with the amplitude of the modulation 

of the capacitor, with the reciprocal time constant and with non-

parallelism of the electrodes. 

The conversion efficiency ~ may be defined as the ratio 

of the ac voltage to the overall dc voltage in the circuit by: 

~ • v /(V ., + Vb) 1J 
(4.6) 

~ is approximately proportional to the fractional chan~e of 

capacitance ~c/c and to the codulation factor m • a/d. If a 

phase sensitive detector is used then v is rectified to give a 

proportionate de output v' and ~ is proportional to v'/(V •. + Vb)' 
1J 

~ may be experimentally determined by measuring the change in de 

output for a series of known impressed dc voltages and is given 

by: 

• v/(v .. + Vb) a v'/(V .. + Vb) a t.C/Cl£a/d 1J 1J ... (4.7) 

where v, ~c and m are peak values. In the first two expressions 

for E; the numerators are not independent of the denominators, 

consequently ~ ~ 0 as Vb ~ - V •.• 
1J 
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A high conversion efficiency is needed to obtain a good 

signal to noi3e ratio Sn which may be defined by: 

Sn = ~(V .. + vg)/rr 
1J 

(4.8) 

where IT is the peak noise. It is advantageous to use a large 

capacitor and a high conversion efficiency. Ideally IT is 

composed only of the input noise to the head amplifier. 

4.5 Noise Problems 

The following sources of noise are superimposed on the 

desired signal: amplifier noise. electromagnetic pickup and 

microphonic noise. f.mplifier noise has been discussed in detail 

by Parker and Warren 1952. They deduced the theoretical optimum 

value of Sn for an equivalent circuit of the capacitor and head 

amplifier. The theoretical values were in good agreement with 

those measured experimentally. Briefly, the optimum value of ~ 

was approached if A, R, wand m were allo\'led to take their 

maximum practical values. The theory suggested that a value of 

Sn ~ould be attained which would allow a resolution in the 

measurement of V .• of a few tens of microvolts if w was sufficiently 
1J 

high. Unfortunately these parameters are technically limited 

by the mechanical response of the system designed. 

The head amplifier must have a high input impedance and 

low input noise. 7 Its input resistor is usually between 10 

and lolOn. The parallel input impedance of the cable between 
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the capacitor and the amplifier, l/wC, must be kept sufficiently 

high not to bypass R. The product l/wCR should be kept small, 

but as w increases the resistor noise becomes less iuportant 

t1:.:n valve or transistor noise. 

Electromagnetic pickup is rC!duced by the standard precautions. 

~Iicrophonic noise can be a far greater source than the others 

coobi~ed. The rigid mechanical coupling between the moving-coil 

type of tr~nsducer and the vacuum system used in the present 

work W.:lS troublesome in this respect and it was found essential 

to mount the transducer and head amplifier on a separate block as 

described in Chapter 3. 

Mignolet 1950 drew attention to the emf induced by the 

vibration of an electrode in a stray magnetic field. Calculation 

showed the mean emf to be much smaller than other sources of noise 

in the present experiments. 

In this work, the following values were typical for 

R = 5 x lo7n m ~ 0.5, w ~ 115 Hz and A ~ 0.1 cm2 which resulted 

under favourable conditions in a conversion efficiency of t '" (\.1 

due primarily to the small area of the probe electrode. The 

input peak noire to the head amplifier was typically 20 ~V. The 

narrow b~nd amplifier and phase sensitive detector reduced the 

noise level and under favourable conditions th~ contact potential 

could be measured to an accuracy of a few millivolts. 
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4.6 Effect of Stray Capacitance 

The dynamic capacitor is capactively coupled to the walls 

of the vacuum chamber aIm to other surfaces inside it. The 

detected signal may include a component due to this stray 

capacitance which has the same frequency but not necessarily phase 

as the true signal given by Equati~n (4.5). A manifestation of 

this is the very large effect of static charge en glass surfaces 

01ignolet 1950). To reduce this undesired signal, Anderson 1952 

recomnlended, firstly, that the screen should be made of tlle same 

metal as the vibrating electrode, secondly, that the support for 

each electrode should be coated with a film of the same metal 

as the electrode surface, and have the same degree of cleanliness. 

Other such criteria are: using a large capacitor and a large 

amplitude of vibration, keeping the electrodes a large distance 

from the vacuum cllamber walls and ensuring the inner surfaces are 

conducting Cfignolet 1950, Anderson 1952). 

Potter 1940 found that changing the potential V of a metallic • 
electro-static screen around his apparatus altered the measured 

value of the contact potential between dissimilar metals V12 

by about one tenth of V and in the same direction. He concluded • 
that Vs would affect all values of V12 by the same amount and that 

for measuring ch~nges of V12 the value of VB was unimportant. He 

also concluded that when measuring the absolute value of V12 , the 

potential difference between the shield and the electrode that was 

connected to the detector should be equal and opposite to their 
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contact potential. If this was not the case, there could be 

e systemmatic error caused by the stray capacitance. He adjusted 

V 8 until there was "zero contact potential" between two 

Itidentically contaminated" tungsten filaments. 

llackerman and Lee 1955 observed an approximately linear 

change of as much as 80mV in the measured value of the contact 

potential when the mean electrode spacing or amplitude of 

vibration was altered. It also changed if one electrode was 

rotated with respect to the ot~er and these effects may be 

explained as the results of stray capacitance. 

Simon 1959 investigated the effect of stray capacitance 

by measuring the apparent contact potential V as a function app 

of the interelectrode spacing d for a series of amplitudes of 

vibration a. For a constant value of a, Vapp increased to a 

limiting value as the conversion efficiency ~ increased, i.e. 

as d was decreased. The limiting value itself decreased as a 

was decreased. For the range of values of a and d investigated by 

Simon, V varied by more than O.14V. He qualitatively explained app 

these effects by considering the relative changes in the true 

capacitance and the stray capacitance. A small change in d has 

a large effect on the former, but has little effect on the latter 

because its other electrode, e.g. the vacuuo chamber wall, is 

relatively far away from the vibrating electrode. Simon concluded 

that with a suitable choice of a and d, the error in the measured 

value of V .. was only a few mV, although it is not clear how he 
1J 
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arrived at this figure. Recently Weissmann et al 1968 also 

observed V to increase by a felY' mV when the inter-electrode app 

spacing d was decreased. 

It is apparent that although several simple technical 

criteria help in reducing the effects of stray capacitance, 

they are insufficient alone to justify an assumption that these 

effects are negligible. 

4.7 Theory of Stray capac:i.tance 

If the vibrating electrode is called number 1, the Rtationary 

electrode number 2 and the strr:y electrodes numbers 3, 4 •••• , n, 

then the total charge Q on electrode 1 is given by: 

(4.9) 

where Clj and Vlj are respectively the capacitance and potential 

difference between electrode number 1 and the jth fltr",y !';I1Tf",ce. 

The signal across the input resistor of the detector is the sum of 

the oscillatory currents I due to the amplitude modulations of the 

capacitances C12 and L Clj assuming all the currents are in phase. 

If the electrode spacing is moJulated so that its instantaneous 

value is given by {d + a. f(wt)}, where d is the mean spacing 

between electrodes of area A, a is the amplitude of modulation and 

w is the angular frequency, then the instantaneous value of the 

capacitance is : 
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C • (e A)/d {I + mf(wt)} (4.10) 
t 0 

where m • aId and the oscillatory current is: 

-2 dQ/dt • - V1j C1j m {1 + mf(wt)} f'(wt) 

For simplicity (4.11) may be written: 

If V is the apparent contact potential in the presence of app 

stray capacitances, then tbe null point is givell by I • 0 

when the backing voltage Vb • - Vapp is in series with V12 

and V1j • Using this condition gives: 

) 

(4.11) 

(4.12) 

and since Vlj + Vb is the potential difference be~~een the vibrating 

electrode ~nd the stray capacitance in the presence of a 

backing voltage, this equation is equivalent to the one given 

by Simon 1959. 

It is not easy to predict the variation of V • The app 

simplest case is to assume that all the capacitances are of the 

p~alle1 plate type, of area A, with instantaneous electrode spacings 

.:! {L"." mf (wt)},. to obtain an approximation for the ratio of the 

eap$~itances in Equation (4.12) by using a binomial expansion to 

the first power of m. This however leads to: 
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dCt/dt = 6C1 , - (E Al ,) {ml , f(wt)}/u l , 
J 0 J J . J 

In Equation (4.12) the fraction E6C1j /6C12 reduces to 

([Clj/Cl2)(d12/dlj) and it follows that: 

for m « 1. 

(4.13) 

Equation (4.12) predicts therefore that V varies with app 

(d12)2 which disagrees with the experimental results presented 

in Section 4.9. The reasons for this failure may be firstly, 

that although m « 1 for the stray capacitances, it is quite 

large (e.g. 0.3) for the dynamic capacitor and, secondly, the 

stray capacitances are not all of the parallel plate type. The 

stray capacitive signal was observed to be in antiphase with the 

true one.· The expression for 6C12 should either be expanded to 

a higher power of m or else the full expression for dC/dt 

given in Equation (4.11) should be used, but neither of these lead 

to a simplification of Equation (4.13). 

4.8 ~erimental l1ethod 

The effect of stray capacitance was first detected when, 

in one of the preliminary experimental runs, the substrate support 

collapsed and dropped off the rotary drive. The design of this 

particular assembly was of the preliminary type described in 

Chapter 3. In the absence of the substrate which formed the 

stationary electrode of the capa~itor, a stray capacitive signal 

was clearly observable. 
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These experiments were conducted in the unbaked system 

-7 at 3 pressure of 10 torr. As described in Chapter 3 the 

vibrating electrode was insulated from the drive bar. The bar 

itself was screened by an earthed cylinder, Figure 3.6. Th~re 

was no detectable capacitive coupling (i.e. < 0.1 pF) between 

the bar and the stationary electrode. In order to evaluate the 

effect of stray capacitance a stainless-steel screen of fine mesh 

was mounted just inside of the wall of the vacuum system Ind 

electrically insulated from it, as described in Chapter 3. The 

potential difference between the vibrating electrode and the 

screen was varied by an external circuit in order to simulate 

changes in contact potential between the electrode surface and 

the walls. The amplitude of vibration was adjusted by varying 

the driving voltage to the transducer, although its response was 

non-linear. The mean spacing between the Kelvin capacitor 

electrodes was varied by using an almost semi-circular substrate 

electrode so that the spacing was changed when it was rotated to 

a new position relative to the vibrating electrode. The conversion 

efficiency ~ was determined by measuring the change in dc output 

for a known impressed dc voltage (as given in Equation (4.7». 

Finally by moving the stationary electrode completely away from 

the vibrating one it was possible to observe the signal due to the 

modulation of the stray capacitance alone. The stray capacitive 

signal alone could alternatively be observed by detecting the 

signal from th~ screen across the input resistor of an auxiliary 

head amplifier. In this arrangement the apparent and stray 

capacitive signal could be monitored on a double beam oscilloscope. 
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During these series of experiments th~ pairs of the surfaces 

of the elec·trodes of the Kelvin capacitor were films of 

silver and erbium oxide (previously exposed to air), silv~r and 

gold, silver and silver, silver and titanium films. 

4.9 Results 

The apparent contact potential V was measured as a app 

function of the screen potential V. for different values of the 

spacing d and twu amplitudes of vibration a. The results are 

shown in Figure 4.2. They show the linear dependance of V app 

on V. and therefore on Vlj and also that it varies with d and a. 

The magnitude of the change in V for two different values of d app 

was O.16V and O.4V respectively for a change of 2V in Vee 

Such large changes in Vlj may be realised by the accumulation of 

static charge on insulating surfaces, by gross contamination or 

by oxidation. A change in work function of the vibrating electrode 

will affect VI. and subsequently V in a similar way. 
J app 

This experimental evidence supports Anderson's suggestion 

described in Section 4.6 and disputes Potter's claim that the 

error in the measured contact potential was independant of the 

magnitude of the potential difference across the stray capacitance. 

The stationary electrode was moved completely away from 

the vibrating electrode, so the signal due to the stray capacitance 

alone could be observed. Before it was moved away the contact 
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potential betl-reen the Kelvin electrodes could be measured with 

a sensitivity of a few mV in the backing voltage. After it had 

been moved away not even a change of 5V in Vb could be detected, thus 

showing that all the signal in this arrangement llQuld be from the 

stray capacitance. The vibrating electrode and the screen were 

then used in the manner of the Kelvin capacitor in order to find 

their contact potential. A backing voltage Vb \>las put in series 

with them and the signal they produced detected in the normal way. 

Figure 4.3, Curve A shows how the output from the phase sensitive 

detector varied with Vb. Its intersection with the abscissa is Vlj • 

The stationary electrode was returned to its norcal 

position and the signal from the Kelvin capacitor was measured 

as a function Vb' firstly with Vs • 0 which is shown in Curve B 

of Figure 4.3, and secondly with Vs • - Vlj , which is shown by 

Curve C. These two curves have a much sharper response than A 

because the conversion efficiency was much greater for the Kelvin 

capacitor than for the stray one. As intuitively expected, the 

response curve for the normal substrate position with the screen 

earthed, Curve B, was approximately the sum of the individual 

curves from both capacitors Curves A and C. An exact agreement 

would not be expecteJ since the real and stray capacitive currents 

were out of phase. The difference between the intercepts of 

curves Band C with the abscissa shows that, in this instance, 

the difference between the apparent and true contact potential 

was O.2eV. If the true contact potential cha~ged this would 

correspond to Curve C being displaced along the axis and the error 
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would therefore also change with it. If the results shown in 

Figures 4.2 and 4.3 are combined then they are described 

by the empirical equation: 

(4.14) 

where fl is a constant. 

The variation of V was measured as a function of the app 

conversion efficiency ; (which is approximately proportional to aId) 

for two fixed values of the spacing d. For convenience the 

screen was maintained at earth potential. The results are given 

in Figure 4.4 which show that V varies linearly with ~ when d was app 

constant. The extrapolated curves each cut the ordinate at the 

same value of V ,seemingly the true contact potential. From app 

Equation (4.7) ~ ~ aId and the results are described by the 

empirical equation: 

Vapp - Vl2 f2 (a/d) for constant d (4.15) 

Simon 1959 also studied the variation of V with ~, app 

but for constant values of a rather than d. For technical reasons 

it was not possible in the present work to repeat his measurements. 

However, Figure 4.5 shows that Mlen his results for V were app 

replotted as a function of l/~ they gave a straight line for each 

value of a. Three of these lines could be extrapolated to 

intersect a common point which was probably the true value of Vapp. 

Since his values for t were in arbitrary units, this may account 

for their intersection point lying on the negative side of the 
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axic at V .. O.23V, althoug!1 Sim~n con3id~r:;J the t~ue ,ralue 
app 

to be 0.211. It fo:l~ls th!t: 

(4.16) 

Some effects of stray c~pacita~ce on the v~riation of th~ work 

functio:1. acr'Jss a film 0:1. a su!>strate .?:-e deo::cribe1 in Ch~pter 7. 

4.10 Conclusions 

The empirical cquadons (4. :5) anrl (4.16) show t~.at the 

model l'sed i"1 dedving the theoretical value of V given in app 

Equations (4.12) and (4.13) was over simplified. Combining th~ 

experiCle:-.tal evidence summarised in Equations (4~i4), (4.15) and 

(4.16) gives the equation: 

V - V12 + K ad (V1 , + Vb) 
~pp J 

(4.17) 

whe-:e K is a constant \>1hcse m!3.gnitude anrl sigYl. depend~ on the 

expp.riml?ntal e.pparatus and conditions. T~is /?,'JY'ltion may be 

compared with the theoretic~lly exp~cted one given in Equation 

(4.12). 

A dI!l?le and effect be way to ~w0id the effects of stray 

cap"'.cit3nc~ is to connect t~e vil- _ tin~ el"'~trode to the earth 

1in~ and th~ sta~ionary one to the inp~t ter~in'll of the detector. 

In these conditions, the current oscillating betveen the vibrating 

electrode and the walls of the vacuum chamber (which contribute 

cost to the stray capacitan~e) does not f1~w tb~ough th~ input 
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detector in series with the Kelvin electrodes. This corresponds 

effectively to the condition that Vlj + Vb • 0 in Equations 

(~.12) and (4.17). Its effectiveness can be tested by showing 

the value of V is independant of one or more of the parameters app 

a, d and (Vlj + Vb). If a detector is used with a differential 

input (as in the present work) this precaution c~nnot be taken and 

the increase in signal to noise ratio does not compensate for the 

serious effects of stray capacitance. 

In conclusion, the effects of stray capacitance have been 

discussed in detail and results have been presented which show 

the general relationship between tIle apparent contact potential 

and the stray capacitance. It has been shown that their 

effects may lead to substantial errors in contact potential measure-

ments. Simon's analysis of the dependance of the apparent contact 

potential on the potential between the oscillatins electrode and 

the surface forming the stray capacitance is shown to be correct. 

The change of this potential may lead to further errors of 

ceasurement. The variation of the apparent contact potential 

with the modulation factor has been studied and analysis of 

Simon's data supports the empirical results summarised in 

Equation (4.17). 
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CHAPTER 5 

THE EFFECT OF IRRADIATION AND ELECTRIC FIELD 

ON THE WORK FUNCTION OF STEEL 

5.1 Introduction 

The work function of the stainless steel vibrating electrode 

was chanL~<;rl 

exposure to 

. by optical and charged particle irradiation, 

-6 H2 at high pressures (~10 torr) and by externally 

applied dc electric fields. In the absence of these its work 

function was constant. These effects were observed for two steel 

electrodes although only results from one of these are presented. 

They are interpreted as the result of chaDges in the distribution 

of charge within or on an oxide layer. The electrode received 

only the normal bake-out treatment in vacuum after polishing 

in air (cf. Chapter 3). The experiments were conducted in the 

baked vacuum system at a pressure of 10-9 torr. The reference 

surface was a gold film deposited at 10-9 torr on the glass 

substrate. A current of charged particles emanating from the ion pump 

was incident on the electrodes since the experimental construction 
-

unfortunately allowed a direct line of sieht between them and the 

pump discharge elements. A baffle was placed in the throat of 

the Boostivac pump after these experiments to prevent their access 

into the experimental chamber as described in Chapter 3. The cl •• Je 

!l~.~ icts were completely eliminated in a later experimental 

run by depositing in-situ a film of Ag on the electrode (cf Chapter 7). 
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The €ffects of electrical charges on the work function of 

metal surfaces have been frequently observed in oil-diffusion 

pumped systems. In such instances they have been attributed 

to the presence of a dielectric contaminant on the metal surface 

(Stewart 1934, Lindholm 1960, Petit-Clerc and Carette 1968 (a) and (b» 

and from adsorbed gases (Marmet and Morrison 1962) • Similar 

effects were recently reported by Dobrozemsky and llaltau 1970 
t· , .. " i I ~ I ~:'. .' . 

in an unbaked system using viton gaskets and exhausted with a 

getter-ion pump and chilled sorption plffilp. In their ex:>eritlcmts 

at '" 10-6 torr, an incident electron current. <10-8 A n'.:n-2 on 

metal surfaces produced changes in ~ .f up to a volt. The clean 

surfaces of graphite and gold however changed less th3n 0.1 eVe 

The decay constants of the surface charge varied from 3~ minutes 

to several hours. 

Similar phenomena have been reported fer metel ~~rface3 

immersed in a low pressure gas discharge (cf. Hopkins an1 Vick 

1960 and Davies et al 1961 and cited references). ~ changed 

by as much as 10 eV even for small discharge c\.trrents ~7hen various 

oils were deliberately introduced into the system (Ds7ies et al). 

The thermionic work function of aged etainless ~teel 

ribbon has been measured by Wilson 1966. Th~ work fcnction in 

ultra high vac~um varied from 4.34 eV at l0800 K to 4.22 eV at 

1395
0

K. MOrozova et a1 1962 have meaoured the conteet potential 

between gold films and stainless steel subjected to various 

oxidising treatments in vacuuo in an oil-diffusion p\."=.pcd system 
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at 10-6 torr. If the work function of their gold samples lies 

within the range from 4.2 to 4.9 eV (cf. Chapter 6) then the 

work function of the steel oxides lay within the range from 4.5 

to 5.1 eVe 

5.2 Experimental Method and Results 

5.2.1 Effect of Neutral and Charged Particles 

The current collected by the steel electrode was dependant 

on the partial pressure of H2 as shown in Figure 5.1 and also on the 

potential of the electrode. The electron current collected 

-13 -9 -11-6 varied from ~ 10 A at 10 torr (H2) to ~ 10 A at 10 torr (H2). 

Insulated (floating) electrodes and positively biased ones collected 

negative current carriers and negatively biased ones collected 

positive carriers. The negative current was typically 10 to 30 

times the positive current for equal but opposite biasing potentials 

at constant pressure. When the ion pump was switched off this 

current decayed to zero, and under these conditions hydrogen was 

introduced through the palladium thimble to a maximum pressure 

of 10-6 torr. After a few minutes the gas pressure was reduced 

to avoid overheating the pump. During this cycle there was no 

change in the work function of the steel specimen within the 

experimental resolution of + 10 mV. 

The effect of an electron current was investigated by 

gradually increasing the partial pressure of hydrogen with the ion 
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pump switched on. The typical variation of the steel work function 

~ is shown in Figure 5.2. The initial introduction of H2 to a 

pressure of 10-6 torr, with the ion pump operating, increased ~. 

Both the magnitude of the change and the rate of change depended 

on the incremental increase of gas pressure and the rate of 

pressure rise. The change in ~ at each constant pressure and 

incident current is shown in Table 5.1. If the pressure was 

maintained at 10-6 torr (cf. point B in Figure 5.2) then ~ reached 

an equilibrium value and after a few minutes decreased linearly at 
" -1 

a rate of '" 10 mV min (Curve CD in the diagram) and eventually 

became smaller than the original work function. Although this 

reduction showed no evidence of stopping the gas pressure was 

reduced at point D. When the H2 was pumped away these curves 

were retraced in the reverse direction although with a longer 

time scale until the original value of ~ was obtained in ultra 

high vacuum. 

5.2.2 Effect of Illumination 

The work function decreased when the electrode W~8 illuoiuated 

and this occurred whenever internal filaments inside the system were 

heated above yellow heat. Quantitative measurements were obtained 

with a mercury high pressure discharge lamp (Wotan 250W) shining 

through a clean pyrex window in one of the vacuum chamber ports. 

The lamp generated a continuous spectrum of approximately constant 

intensity throughout the ultra-violet, visible and infra-red 

regions on whichYeresuperimposed several intense lines. The 



Pressure (H
2

) II t <fl - <flo TOl'r CIO 

10-12Acm-2 mins mV 

3.10-' < 0.1 5 . 0 
:.10-8 

,O~l 11 - 10 
8.10··::J 1.1+ 15 + 20 
1.10-7 1.6 20 + 40 

2.10-5 
3.5 25 "liC 

';'. "I.T~ .5.1 ~h~ .... ariation of the equilibrium change in - ... ,-~-.~.--

l,;: •. ~ >-1orl~ fnt:ctiC''J. (4) -.p) of stainless steel with the 
CIO 0 

:r:d.acnt el~ctrcn curre::l.t 11 as the pressure p of hydro-
, I 

~~!l ~.:,~'l incre~:mtally i::l.creascd from figutes 5.1 and 5.2. 

~h~ c~ro= it: .p(lO -.po is + lOmV and t is the time for 

c~P.dt::":4i~!n to b~ established for each incr~ment of p. 



+0·0 

- 0·4 
> 
" -
~ 
I 0-2 
~ 
_J 
S 
I-z +0·1 
IJJ 008 
t-

2006 
I 

0 
I-
0 
:x: 
a. 

004 

00 

+O~I~----~--~~----+-----+-----+-----~----~ 

o 10 20 30 
TIME t (MINUTES) 

Fiaure 5.3 Typical reduction in the work function ~ of the steel 

probe when illuminated at constant intensity with white (mercury) 

light at 2.10-9 torr. Curves a and b were obtained with a.low 

illumination intensity. 



- 104 -

most important of these were at 3650, 5461 and 4358 AO (Vaidya 

and Daudawate 1966). The transmission coefficient of pyrex is 

almost constant at approximately 0.9 throughout the visible region but 
o 

fa~l8 off.sharply at ~3500 an~ ~ 2500 A to ~ 0.5 or less (Shand 1958). 

Attempts to identify the optical frequency responsible were 

unsuccessful. No vacuum photo-electron current from the steel 

specimen .:ou1d be detect hi above the sensitivity limit of an 

electrometer detector (~ 10-13 A dc). The photo-potential (i.e. 

change in ~) was independent of the ~eutral gas pressure at a 

maximum pressure investigated ~ 8. 10-7 torr (H2). It was 

independant of the flux of charged particles when the ion pump 

° °d d h 1 h 3 10-8 torr (112). was operatlng prOVl e t e pressure was ess t an ~ • 

Above this value, the magnitude of the photo-potential was reduced 

by the opposing effects of incident electrons on the steel work 

function. 

When mercury light was incident on the steel surface 

(by reflection from the internal walls of the system) the photo-

voltage ~o- ~ exponentially increased and assymptoted to an 

e":",,:,,.:,~·=itlrl value with a tit:1e constant of about· 30 minutes, Figure 

5.3. The curves appeared to be distorted in the presence of the 

ion pump current but these may have been unreliable b~cause of 

unstable or low intensities of illumination. Other experiments 

showed that the electron current retarded the development of the 

photo-potential in time and also reduced the magnitude of the 

equilibrium chE.1l6e in $. At low pressures the time development 

was not affected and the data shown in Figure 5.3 is free from 
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these effects. Technical difficulties prevented a quantitative 

investigation of the effect of the current on the photo-

potential. The equilibrium value of the photo-potential 

increased with the intensity of illumination as shown in Figure 

5.4 as a function of the number of clean identical quartz spectrosil 

filters inserted into the optical path. These results were 

obtained by illuminating the steel with the mercury light through 

the filters and removing them one at a time allowing equilibrium 

to be established each time. The maximum photo-potential 

observed was - O.SeV. 

In the absence of the ion pump current the photo-

voltage maintained its equilibr1um value for fifteen minutes 

or more after the illumination was removed. The photo-voltage 

could be quenched by increasing the pressure of R2 with the ion 

pump on and the time constant of the decay depended on the current. 

The original value of the work function was eventually regained. 

5.2.3 Effect of Electric Field 

The mean separation between the capacitor electrodes was 

approximately 0.5 em. ~len a dc potential difference Ve 

was applied between the steel surface and the reference electrode, 

so that the negative pole of the battery was connected to the steel 

electrode, the work function ~ decreased exponentially in time 

until the change in ~ was equal to Iv I. e The effect was repeated 

if Ve was further increased and in this way ~ was reduced by l.6eV on 
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one occassion. The original work function was regained on 

reducing V to zero. A potent~al difference of opposite e 

polarity however caused no change in $ below the maximum value 

of V - l.OeV inver 'gated in this case. This field effect e 

occurred whether or not the ion pump was operating and the ion 

pump current did not influence it until the gas pressure was 

greater than 4 x 10- 7 torr (H2). Above this pressure an 

incident electron current opposed the field effect. Some typical 

examples of the change in ~ when a potential Ve was impressed 

B,,=,e r~oW':'l. ~."'. Figure 5.5. The exponential time constant generally 

increased with the magnitude of Ve as shown in Table 5.2. 

When equilibrium was established for the initial value 

of V , $ could be decreased still further by increasing the e 

applied potential difference to a larger value. The data accuracy 

was poor for these additional changes and consequently the results 

could not clearly distinguish whether the exponential time constant 

fo~ e~ch in~~~~ental pulse was independent or not of the magnitude 

of the incremental increase in V • e 

On reducing Ve to zero, ~ increased quickly and then 

assymptoted to its former value. The recovery period was also 

exponentially time dependant and behaved similarly to the 

~-.; to.: "1 redt1(~t5 on in work function. 



TABLE 5.2 

Curve Iv I T % Erro,!. in T 

Volts mins + 

1 0.10 13 8 

2 0.26 20 15 

3 0.07 41 25 

4 0.07 12 8 

5 0.30 43 33 

6 0.30 27 12 

The exponential time constants from the field 

effect data shown in Figure 5.5 as a function 

of the impressed de potential Vee 
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5.3 Discussion 

The main constituents of EN58E stainless steel are irun 

(72.3%), chromium (19.1%) and nickel (3.1%). When an iron film 

o is grown in vacuum at ~ 300 K and exposed to the atmosphere, an 

oxide film of thickness ~ 30 AO is formed (Kruger and Yolken 1964). 

The mechanical polishing of the steel electrode undoubtedly 

caused local heating and severe surface damage on a microscopic 

scale. Consequently the electrode prob~bly possessed a surface 

oxide whose thickness was likely to be significantly greater than 

30 AO
• Commercial irons and steels contain appreciable quantities 

of il2 since its solubility at 3000 K is high. At higher temperatures 

(~ SOOoK) the diffusion coefficient of H2 in Fe is large and its 

reliberation occurs easily (Dayton 1960, Calder and Lewin 1967). 

o The oxides of iron, however, are not reduced by 112 belo~l 800 K. 

Iron oxides are n-type semiconductors and at 10-9 torr the electrode 

surface was likely to be covered with a mixture of oxygen, hydroxyl 

groups and possibly some water vapour which may have been readsorbed 

after bake-out. With the exception of H20, these molecules are 

electron acceptors. Other likely surface contaminants may have 

been carbon and sulphur which have diffused from the bulk of the 

steel to its surface (llarris 1968). 

It is unlikely for such small incident electron currents 
< -11 
(~10 A) that electronic and photon desorption of adspecies 

from the surface or irradiation damage were of primary importance. 

The incident mean primary particle energy was unlikely to be 
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greater than 25eV since a negative retarding potential of this 

value was sufficient to ~stablish a net positive current. At 

such low primary energies secondary electron emission is unlikely 

to be important. Adsorbed molecular gases on stainless steel are 

known to be desorbed by energetic primary electron impact 

CicCracken et al 1967) or dissociated. Either process may 

result in a reversible work function change of the correct 

direction to account for the results in Figure 5.2. The electron 

desorption efficiencies of electronegative gases from stainless 

steel are known to be highly sensitive to their thermal history 

and to vary from 5 x 101 to 10-7 molecules per incident electron 

at an energy of a few hundred e1ectron-volts a1cCracken et al 1967). 

However, even if the cross-section for either process is unity, 

the rate of change of surface coverage would be too small by 

several orders of magnitude to account for the changes in ~ observed 

if the surface was metallic. 

Structural damage or sputtering is improbable at low 

primary energies. If the effect of particle bombardment on W 

. . 15 -2 + 15 cons1dered, for example, a dose of ~ 10 em of He (or 

Ar+ ions) at ~ 200eV is required to change the work function 

by typically a few tenths of a volt (Lawson and Carter 1968). 

11 -2 In the present case, a total electron ciose of ~ 10 em resulted 

in a change in ~ of ~ O.leV which is much larger than expected 

from the results for W. Similar concrusionrl apply to photo-. 

ucsorption in th(~ case of illumination. 
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The conclusion is drawn therefore that none of the above 

physical processes is likely to be primarily responsible for the 

effects of irradiation on the work function. The steel electrode 

was apparently behaving in a non-metallic way. 

The surfaces of real insulators. semiconductors and metal 

oxides are characterised by numerous imperfections and adsorbed 

impurities. These constitute surface states which act as traps 

for electrical charge. The charge in the surface states is 

accompanied by an exte .... ·.lrj space charge layer. the Schottky 

barrier, at the surface causing the potential at the vacuum interface 

to. be!' different th ... ~ in bu' '':. It s~tisfies tll..1 nee'! ·f~ electrical 

n:utrality cf ·~e surf;' .. :: and is sust'aineu by' the :high .. Jialcctric constant 

conductivity of the semiconductor. The height of 

the barrier is related to the surface state density by Equation 

(2.7) and to the work function by Equation (2.8) as described in 

Chapter 2. Processes which disturb th~ equilibrium surface state 

density (i.e. illumination. adsorption, incident charged particles 

or electric fields) may be expected to disturb the work function. 

Such affects are well known and are reviewed by Bardeen and 

Morrison 1954, Plummer 1962. Volkenstein 1963. Many et al 1965, 

Kisse1ev 1967. Frankl 1967 and in the articles in the book edited 

by Frumkin 1964. Similar effects have also been observed for 

oxidised or catalytic surfaces of Pt, Ag, Au and Co (cL H.inc and 

Siejk~1~~3 and their earlier cited work) when irradiated with 

gamma rays or ultra-violet light. 
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The results are ascribed to charge redistribution processes 

on an oxide surface of the steel electrode. The assumption that 

the surface was oxidised is empirically supported by the low 

sensitivity of its work function to neutral hydrogen. Hydrogen 

is only weakly adsorbed on iron oxides at 300
0

K (Hayward and Trapnell 

1964, pS6, Pearce et al 1969). It tends to reduce the work 

function of lightly oxidised metal films by a few tenths of 

a volt for iron and chromium although by ~ 1.2eV for nickel (Quinn 

and Roberts 1964). However these measurements probably do not 

apply to a true oxide. 

5.4 Theoretical Models 

The oxide is assumed to be n-type and sufficiently thick 

to support a Schottky barrier at both the vacuum and metal-oxide 

interfaces. The energy band diagram is shown in Figure 5.6. 

The surface charge densities at the vacuum and metal-oxide inter-

faces are denoted by Nand N respectively and V and V are s s· 

the corresponding heights of the Schottky barriers. The apparent 

(or effective) work function of the steel electrode ~ is related 

to the work function ~ of the metal surface by: 
m 

cp • cp + V m s - V • 0 + 1; + V s (5.1) 

Consequently cp may be altered by changing O. Vs or V and their 

effects are considered separately below. The temperature T and 

the capture cross-sections nand y for holes and electrons are 

assumed constant. 
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Model A 

If a fraction f of the incident primary electron current 

11 or photo-generated electrons within the oxide come into thermal 

equilibrium with the oxide lattice and stay in the conduction band 

CB then the potential energy of all of the oxide is raised 

relative to that of the metal. A steady state is reached between 

the arrival rate of electrons and their loss rate 12 over the 

barrier V into the metal. This process reduces V but not Vs by 6V 

and therefore increases ~ by eV. Any subsequent changes in II 

or 12 are assumed scalI in Model A and are considered in the 

other moda1s. The solution of the continuity equation for the 

electron density n in the cn is: 

dn/dt • f II + P - Aexp - eV/kT + 1m (5.2) 

where A is a thermionic constant, P is the rate of photo-

generation of electrons in the CB and 1m is the current from the 

metal to the oxide. The solution of this equation is given in 

the Appendix A for the assumption that the changes in n and V 

are small and linearly related to each other: 

~ - ~ • (~ - ~ )exp - e(t 11 + P)t/CkT = 00 0 
(5.3) 

where the equilibrium change ~oo - ~o is: 

~ - ~ • (kT/e) log (f 11 + P) = 0 
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This model may account for the effects of the incident electron 

current in the absence of illumination (P • 0) and electric 

fields as shown later. 

Model B 

The work function ~ and Vs may be changed by the effects 

of trapping incident or photo-electrons and gas molecules in the 

surface states Ns at the vacuum-oxide boundary. In this model the 

fraction of incident primary and photo-electrons thermalised in 

the CB i~ assumed to be negligible and similarly any changes in N 

or V (which are considered in model C). The rate of change of 

Ns depends on the following factors: the rate of arrival G of 

electronically active gas molecules on the oxide-vacuum surface, 

the electron current 11 incident on the surface, the electron 

current flr'~7ing to the surface states from the oxide CB, the 

hole current J to the surface states from the oxide VB, the total 

density of surface states HO which can be occupied and the s 

electron and hole capture cross-sections y and n at the surface. 

The continuity equation for the vacuum-oxide surface is given by: 

dNS/dt - G + {Il + P + A exp(- eV /kT)}{No - U }y - N (J + P)n s s s s 

(5.4) 

where the hole current J • Hev, M is the hole concentration and v is 

their average velocity. It is assumed that J is independant of 

Vs and that the rate of thermal generation of electrons and holes 

near the oxide surface and the rate of thermal escape of electrons 

from occupied surface states are both negligible. It is also 

• 
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assumed that there is a negligible probability of photons 

releasing electrons from the states Ns ' The barrier height Vs 

is related to Ns from: luation (2.7) by: 

where w is a constant defined in Chapter 2~ The solution of 

tquati~~ (5.4) is given in the appendix B. In the absence of 

adsorption effects (G • 0) and for the assumption that the changes 

in Vs and Ns are small the general solution is: 

~~ - ~ - (~~ - ~o)exp -{{II + Ply + Ay exp - eVs/kT + (P+J)n}t 

(5.6) 

where 

~ - ~ • (kT/e) {log a - log(N (J+P)n - (Il+P)(No - N )y)} 
~ 0 s~ s SCD 

and a is a con~tant defined in the model. 

It is shown later that this general solution may be simplified 

and that ch.,:lnges b surface state density in this model may 

acco\.'''lt for the effects of H2 (at high pressure), incident 

electrons and photons observed. 

Model C 

In this model changes in the surface state density Ns at 

the -::1.cuum surface assumed negligible and that only the density 

N at the metal-oxide interface is ch3nged. If nO is the total 

dp"~~~y cf states which may be occupied then the continuity equation is: 

dN/dt • 14 (No - N) y - N (P+J)n (5.7) 
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. \ 

where the electron current 14 passes from the oxide CB to the 

surface states and it includes a term for the photo-generation 

rate of electrons in the oxide. If the photo-electron energies 

are large and they are not therma1ised in the CB then 14 may be 

written: 

14 - P + A exp - eV/kT 

but if they are thermalised then: 

14 • (P+A) exp - eV/kT 

It is implicitly assumed in Equation (5.7) that the electron 

current I from the metal to the oxide does not populate the m 

(5.8) 

(5.9) 

surface states. If this is not the case then this term must be 

added to (5.8) and (5.9). In (5.8) the form of the equat:on 

is unchanged if the photo-electrons are excited from the metal to 

the surface states (instead of from the oxide) and it applies to both 

cases therefore. The general solution of the continuity equation. 

which is derived in Appendix C for small changes in N and V and 

when the photo-term P iu equation (5.8) is dominant is: . 

~ - (~ - ~ ) exp - (I4y + (P+J)n)t o ~ 
(5.10) 

This equation is valid for the non-thermalised photo-electron 

current defined by 14 in Equation (5.8). A solution is not derived 

for the more complex case of 14 given by (5.9). 

The general value f~r ~o - ~~ is dependant on the term for 

14 and for non-thermalised photo-electrons (or photo-electrons from 

the metal) according to (5.8) then ~ - ~ is: o ~ 
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~o - ~oo· (kT/e) {log a - log (b - P( (No - Noo)Y - Noon) )} 

(5.11) 

where a and b are constants in the model. 

It is shown later that these general solutions may be 

simplified and that this model may account for the effects of 

photon irradiation. 

5.5 Application of the Uodels 

5.5.1 Jry~~~~nt Electrons 

M~dels A and B predict that ~ increases exponentially with 

time at a constant incident electron current II as given by 

Equations (5.3) and (5.6) for the photo-term P • 0 and providing 

that II is doreinant over the thermal electron current reaching 

the states. The time constants of the chonge in ~ are predicted 

differently by the models. They also both ~redict that ~ is 

reversible when 11 ceases. The data shown in Figure 5.2 for 

any constant value of II is not sufficiently accurate to distinguish 

between an exponential rise of ~ and some other law. 

The maximum change ~ - ~ at a constant value of II is 
co 0 

predicted by model A to be proportional to log 11 and by model B 

to be proportional to {b - log (c - d II)}' The exrerimental 

results shown in Table 5.1 were obtained over a small range of ~ 

and they fit equally well the empirical laws where ~ -, is 
co 0 

proportional to II or log II and log U
co 

- '0) proportional to 
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to log II' The prediction from model A agrees qualitatively with 

the data of Petit-Clerc and Carette 1968 (a). The results of 

Dobrozemsky and Haltau 1970 were obtained over a range of nearly 

two orders of magnitude in ~ and their results approximated more 

closely to a log ($~ - $0) a log 11 law which disagrees with the 

predictions from both models A and B. 

5.5.2 Effect of Hydrogen 

The absence of any significant SP of neutral hydrogen 

on the steel surface to a pressure of 10-6 torr (H2) is consistent 

with previous work on iron oxides discussed in Section 5.3. It 

is implicitly assumed that H2 was not adsorbed on the gold reference 

surface and the evidence for this assumption is discussed in 

Chapter 6. The positive SP ~bserved beyond point C in Figure 5.2 
r ~-

occurred when both electrons and hydrogen molecules were incident 

-6 on the electrode surface after a few minutes exposure at 10 torr (H2). 

-9 The initial negative SP with increasing pressure from 10 tQrr 

to 10-6 torr c~r-o'eAB in the diagram W&9 Ascribed (Section 5.5.1) 

to the incident electron current. It is apparent that at high 

exposures a second and opposing physical effect becomes significant 

with the effect of electrons and at even higher exposures this 

effects dominates causing ~ to decrease at a linear rate. The 

positive SP is attributed to molecular hydrogen being adsorbed 

on the oxide surface. This does not contradict the empiric3l 

result described above in Section 2.5.1 that the SP was negligible 

-6 for an adsorbate pressure of 10 torr or less since in this case 

the exposure period was much less than that which accompanied the 
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positive SP in Figure 5.2. Hydrogen is an electron donor 

adsorbate on semiconductors cf. Many et a1 1965, Kisselev 1967 

and may form a layer of hydrogen ions which effectively reduce 

the surface state density at the oxidc-vacuum interface and 

consequently V and also ~. s 

The adsorption of simple gases on semiconductors was 

discussed in Chapter 2. A diatomic gas molecule may be adsorbed 

on a semiconductor in two ways (H':!~~··iard and Trapnell 1964. 

Volkenstein 1963, Frumkin 1964, Kisselev 1967. HallY et al 1965, 

Mine and Sieb 1968). It may be initially adsorbed inte· a neutral 

a state which is physically bound and in Girect equilibrium with 

the gas phase according to the kinetics of physical adsorption. 

In the case of a donor gas such as hydrogen, a(H2) ~ay lose 

electrons to the (n-type) oxide becoming ionised to form a 

second + B state e(H2 ) as observed for 

system (cf. Kisselev 1967) or B(ll+). 

example in the II - Z 0 n 

The B states ferm extrinsic. 

surface states on the oxide-vacuum surface which are in direct 

and proportional equilibrium with the a state. The continuous 

creation of B - states results in a reduction of the barrier 

height V and therefore ~ until equilibriuD is established with s 

the rate at which they are neutralised by the increasing thermal 

electron current from the oxide CB over the barrier Vs. The 

sticking coefficient s of 112 on iron oxide is Stlall at room 

temperature. The generd continuity equation for the vacuum-

oxide surface is given by model B in Equation (5.4) and in the 

absence photons and charged particles reduces to: 
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o 
eN Idt • G + A ex~ (- eV IkT}{N - N )y - N In 

s • s s s s 
(5.12) 

The term ~ and the solution of the continuity equation are derived 

in the appendix E where it is shown that if the gas term G 

is dominant then at low coverage (n(6)«N ) the change in ~ is 
So 

described by: 

~ - ~ ~ 2w a b s N t 
o So (5.13) 

where the constants w, a and b are defined in the model. This 

model predicts that d~/dt at constant pressure increas~s with 

the gas pressure (which is included in the parameter a), with 

the sticking coefficient s and with the fraction (b) of a - states 

which may become 6 - states as intuitively expected. It predicts 

a linear reduction of ~ with time which is compatible with the 

experimental observations at high exposures to il2 shown in the 

later part of Figure 5.2. At these pressures the effects of 

H2 on $ were evidently much greater than those of the electron 

current from the ion pump which tended to increase ~ and which 

-6 were dominant at pressures < 10 torr. The model suggests that 

at low pressures « 10-6 torr) the population of the a state 

was small and consequently the change in $ with the pressure of 

H2 (in th~ absence of the ion pump current) from ~ 10-9torr to 

~ 10-6 torr was very small also. At longer exposures of H2 at 10-6 

torr the population of a and a - H2 became such as to cause a 

measurable change in ~ which is compatable with the model. When 

the gas pressure was reduced the model suggests that the population 

of the a state decreased and consequently also that of the a - state 
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and so the barrier height rose to its original value where the 

effects of the incident electron current were dominant once again. 

5.5.3 Ill~~-~~~cn 
----.--

Model A accounted for photo-electrons which became 

thermalised in the oxide conduction band thereby increasing the 

density of electrons. It predicted that ~ would increase on 

illumination which is contrary to the experimental observations. 

Illumination could reduce ~ in both models Band C provided in 

the former case a photo-hole current to the vacuum surface states 

was ~omine~t over the electron current, and in the latter case 

providing an electron current was dominant at the metal-oxide 

surface states. 

The solution of the continuity equation in codel B for 

photo-effects only is given by Equation (5.6) for 11 • 0 and 

if the photo-hole current is dominant then: 

~ - ~ • (~ - ~ ) exp - (P+J)nt 
00 IX) 0 

and from (5.6) the equilibrium change becomes 

$ • (kT/e) (log a - log N (J+P)n} 
o s 

IX) 

(5.14 ) 

It is shown in appendix B that NsJn ~ a and if P is dominant then 
IX) 

this equation becomes 

~ - ~ • (kT/e) {log P + log N n} '1'0 't'1X) S (5.15) 
IX) 
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Thus model B predicts an exponential reduction of ~ with time and 

$0 - $~ is dependant on log P when P » J the thermal hole 

curr~nt. Model n did not assume that the photo-electrons were 

thermalised or not in the ol:idQ CB since an assumption was unnecessary 

if the photo-hole current was the dominant factor. 

Model C took account of ch~nges in the surface state 

density at the metal-oxide interface due to a photo-electron 

and hole current. The solution of the continuity equation is 

given in Equations (5.10) and (5.11). It predicted that $ 

would decrease exponentially with time providing the photo-

electron current dominated the effects of the photo-hole current 

and under these conditions the solution reduces to: 

$ - $ • ($ - $ ) exp - Pyt 
OD 0 OD 

(5.16) 

where 

$ - $ - (kT/e){log a - 10g(JN n - P(No - N )y)} o 00 ~ ~ 
(5.17) 

and $ - $ > 0 since a ~ IN n as shown in the model. This o 00 ~ 

nodel also predict" a'~ exr"'T)(,,"1tip.l red~ct~.on in $ ~.ri~!?- ti~e 8111 

that the equilibrium change $ - $ is dependa~t on a logarithmic o ~ 

function of P. This model however only took account of photo-

electrons which were not thermalised in the oxide conduction band. 

In the other case the expression for the current passing to the 

surface states given in Equation (5.9) resulted in a complex 

continuity equation the solution of which was not given in the 

appendix. It seems reasonable to suppose that some of the photo-

generated electrons ~~ve sufficient energy to escape across the 
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metal-oxide barrier V although the band gap of the oxide and V 

are unknown. Photo-potentials were observed when an internal 

filament was raised to yellow heat giving approximately a black 

body distribution of photol ~nergies and also with the mercury 

light whose spectrum was cut-off by the transmission limit of 

the pyrex window at ~ 3eV. 

Doth models Band C predict a logarithmic increase of 

the equilibrium photo-potential ~ - ~ with the photo-
o = 

generation rate P. It is shown in appendix E that P is related 

to the intensity of illumination T by the equation: 

(5.16) 

where ab is the absorption coefficient, Nb is the number of optical 

absorbers in the optical path and q is a constant in the model. 

The equilibrium photo-potential in model B is dependant on the 

intensity of illumination and if P is substituted in Equation 

(5.15) then: 

~o - ~= • C - ~(kT/e)Nb (5.19) 

where C - (~T/e){log qTo + log Ns n} 
= 

which describes the change in ~o- ~= as a function of the number 

of optical absorbers placed in the optical path. The equivalent 

equation for model C is obtained by substituting for P in Equation 

(5.17) which gives an equation of the form: 

~o - ~= - (kT/e){log a - log(b - d exp - ~ Nb)} (5.20) 
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~here b - IN n , C • qT (No - N )y and a is defined in the model. 
00 0 00 

Model B predicts a linear reduction of the equilibrium 

p::-: :.:o-potential as given by Equation (5.19) which is compatible 

with the experimental result shown in Figure 5.4 described by the 

e~~irical equation: 

(5.20) 

~here the constants take the empirical values m = O.02eV and 

b = O.2eV. Hodel C however predicts a functional dependance 

of $ - $ on Nb which is more complex and less easily compared o 00 

with the experimental data. 

Consequently it is ~·:~:c~:: to distinguish whether 

the photo-voltage is the result of a photo-hole current to the 

oxide-vacuc~ surface states as in model B or of a photo-electron 

current to th~ oxide-metal surface states as described by model C.' 

Both models correctly predict the reduction of $ and an 

exponential dependance with time. ~IDdel B predicted also the 

relationship between the equilibrium photo-voltage and the intensity 

of ill~ination as experimentally observed while model C 

predicted a more complex relationship. 
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5.5.4 r· ~ 1~! ~ ... r. "".'"',:: . - ... ~------

The external electric field effect was unidirectional 

and occu-:-red only l(!'hen the negative pole of the battery was 

connected to the steel surface Le. when the potential of the 

fte~l and its oxide layer was raieed relative to the reference 

ele:tro:1e and negative charge 'tolas induced on the surface. If 

the oxide layer did not screen the metal from the electric field 

th/?:. after t!le field was applied there would be a potential 

b:::-o 1: ~:-~ ·7: t:lin the oxide. Before applyi'1g the field the current 

12 fro:l the o:dde to the metal exactly cOl!1pensates that from the 

r:etal 13 to the oxide. \('.'::1 the field iG applied the direction of 

the potenti31 gradient is such as to reduce 12 (leavin3 13 

u:1dictuhed) and consequcI'otly a net flo,(ol of electrons would occur 

into th~ o:dde conduction band. This corre:OIlonds to model A 

and leads to an increase in $ contrary to the expp.rimental results. 

The reduction in <I> may be caused by r. decrease in N at s 

the o=~5 t:1e'-'laC'_~t~ interface or by an increaRe in N at the oxide-metal 

surface corresponding to modelg nand C respectively. If the 

oxide screens the metal then the induced negative charge 

associated with the impresced field potential will reside in the 

oxide-vacuum surface. If this is nt the case then the charge 

resides in the metal surface near the metal-oxide interface. If 

the induced charge in either case became trapped in the respective 

surface states model B would imply an increase in , and in the case 

of model C, ~ would be reduced. A similar case to model C ai8ht 
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be envisa3ed if a double charge layer is formed across the tletal-

o:dde interface cOE?osed of the induced negative charge on the 

~etal surface and an additional induced positive space charge on 

the oxide surface established by a hole current. Such a double 

layer might lead to a reduction in ~ due to the potential difference 

across it. It is difficult, however, in all of these models to 

qualitati',ely accocnt for the unidirectional property of the field 

effect. 

The T:l0rk function of rtainless steel was stable in time 

in ul tra high vacu'.!:Il and for short exposures to H2 at a pressure 

-s of ~ 10 torr. It was dist.rbed, however, by prolonged exposure 

to lI2' ill:::linatio!l. and incident charged particles and electric 

fields. Several physical processes were discussed for metallic 

surfaces which were unable to readily account for these effects. 

Th~ beh:rTiot'r uas con3iste::t uith a hypothesis that the metal 

surface was en oxide. Three oxide ~odels were considered which 

too!t. e..CCOC:1t of cht''1ges in th·.) density of electrons ;n the 

cC'~.~1tction band, I:lodel A, charges in the dcrsity of occupied 

s~rface ctates at the vac~~- oxide surface and at the netal-oxide 

interface, models Band C respe~~ively. 

~bdels A and B predicteJ a reversible and exponential 

i~~·~~~~ in ~ with time due to incident electrons in 8sreement 

with the experi~ental results although the latter might fit equally 
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well anotter ti~c-dependa~t laNe Both models predicted that the 

equilibric."'!l chan.ge. ir.=rcased "rith a 108 function of the current 

in agreement ~lith the experi~cntal results altbough th; latter 

also fitted other functions since the range of change in ~ 

inve1::tigated ~las sn:all. Tile results predicted by the models were 

in agreement ~'1ith the qualitathre experimental results obtlined 

by Petit-C1e:.·c ar..d Caretta although neither accounted for those 

observed by Dobrozemsky and Halt&,~ who investigated a l!lUch wider 

range of char.ge in ~. 

Short expoollres to H2 at 
< -6 
~ 10 torr resulted in no 

change in ~ ~lhich was consistent wi th the previous work on iron 

-6 oxides. Longer exposures at ~ 10 torr caused ~ to decrease 

slowly and ~pp=oximate1y linear17 with time. This vas interpreted 

as the result of adt.orption C'.nd con"lersion of weakly adsorbed gas 

+ to a charged :orm of hydrogc~ e(H2 ). A siQple QOde1 based on 

mode~ B predicted a lir..ear ar..d reversible of ~ in time as 

experimentally observed. 

Photo-illcmination reduced the work function. Both 

models Band C predicted an exponer..tial reduc:ion of ~ with time 

as experimentally observed. Both also predicted that the equilibrium 

change should increase with a logarithmic function of the photo-

generation rate. Model B predicted that the equilibrium change 

should linearly decrease with the number of optical absorbers 

in the optical path in agreement with the expcrirnp.ntal observation. 
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The prediction from model C was more complex however. 

Consequently it is difficult to distinguish whether the dominant 

factor causing the photo-potentia1s was a photo-hole current to 

the vacuum-surface or a photo-electron current to the metal-

oxide surface. Model C also incidentally described the changes if 

the electrons were emitted from the metal into the oxide surface 

but this is perhaps unlikely since the photon-energies were 

tYrice1ly less than 3cV and the work function of the metal was 

probably ~ 4.5eV. The Dember effect was not considered since 

the potential changes associated with it are very small. 

Several mechanisms were discussed in relation to the 

cause of the electric fiald effect. It was not possible to even 

qualitatively account for the unidirectional property although 

one of them might account for the correct change of cjl experimentally 

observed. 
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CHAPTER 6 

REVIEW OF PREVIOUS WORK ON GOLD, S IL VER 

AND TITANIUM 

6.1 Measurem~nts on Gold 

6.1.1 Work Function of Gold 

Sachtler et a1. 1966 have tabulated the published 

measurements prior to 1966. The results for both bulk and m~tal 

film surfaces vary widely from about 4.0 to more than S.OeV. 

All of these experiments were conducted in systems exhausted 

with diffusion pumps and Huber 1966 has shown that Au is sensitive 

to small traces of lIg vapour. The mcasurellents in diffusion 

pumped systems are therefor~ tmreliable. Huber found that in a 

getter-ion pump syste~ the work function ~Au of pure Au fil~~ 

deposited at 200°r. on ro1ished st~inless steel was S.22 + O.OS 

eV and indepenjant of their thickness. He used a dynamic capacitor 

~ethod with several different metals as reference surfaces. These 

results were independently confirmed by Rivip.rc 1966 who arrived at 

a value of 5.28eV for Bold films deposited at room temperature 

onto aged rhutheniull in t.n ion pumped system. 

Sachtler et all 1966 measured the photo-electric work 

function of gold films derosited on glass in a system exhausted 

with a getter-ion pump. o At a substrate temperature of ~ 330 K 
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during deposition ~Au wes 5.30eV and increased by 80mV when the 

film was annealed at 400 - 500oK. Holscher 1966 arrived at a 

value of 5.45 eV for a gold film deposited on glass at about 

4SOoK using the field emission retarding potential method. 

Hampson 1966 deduced a value of 5.18eV for Au films deposited 

onto W filmfJ (on polished l"i) by the dynamic capacitor method 

in an ion pump system assuming a value of 4.54eV for the work 

function of a W reference surface. All of the above experiments 

employed ultra high vacuum techniques. 

The value of ~Au is sensitive to the surface structure 

d • ..:I'" an l.ncreases \~:''':lt'3 S1.nterlng. 

have reported a gradual reduction in ~Au of about O.leV with 

increasing film thickness on a bulk substrate of the s~e element. 

lfter reaching a particular thickness ~Au varied apparently 

randomly from one deposition to the next. Bryla and Feldman 

19~2 have observed a scal1 change in ~Au with increasing 

thickness h of Au films on glass when the resistivity was 

~ 108 n Sq-1 after which ~ became indepcndant of h. Ying and 

Farnsworth concluded that the value of ~~ for films was less 
nU 

than that of bulk po1ycrysta11ine gold substrates but increased 

to their value after annealing. These structural effects may 

only be valid for contaminated surfaces in view of Huber's 

experiments described earlier. 
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6.1.2 ~dsorption on Gold 
, 
" , 

tulk eo1d is difficult to purify in vacu~ and varies 

uith th~ £t~te of outgassing (ct. Horris 1931, Parker and Warren 

19(2) • l·~c.:1y of the ccn:non residual C:lSe3 are adsorbed on out-

gassed bulk gold c..::.1 this b r:· .... ~~"'·~:l rolated to adsorbed 

;'tr.:;mritics (l:ugheo and DuBriclge 1932. Dillon and Farnsworth 1957). 

!~~?~~ll 1953 inve3ti~a~e~ the adsorption on evaporated 

ri 1 ...... ,.. 
• ......... J 0: A,} in a Sj'stC::l hewing a base preasure of less than 

-(. 
10 to.:r. lle a~c!>tcd th.J criterion that if 1es s th!'.n 2~ of 

the t~o:::.:tric surfaC2 ~Y'a:: covered in thirty mir.utes at an 

-3 -2 
equi.libd.u:l c:!cor"'r.~~ eaa pressure bet~,.,.~cn 10 . and 10 torr 

'(~ercnot adr:orbcd t'_~ rooe tc::pcrature. C2H2 an1 C21I4 uere reversibly 

d b ~ t t t ~ .. nd a1~o CO at - 7aoC. c cor c~ ~ roo~ e~,p.ra ure ~; ~ 

Cul .... er ct all 1957. Pritch?\rd and To~pldns 1960 and 

Fritcharc1. 1962 hav2 m-;a::;ured the SP of 11
2
, X and CO on Lu films. . e 

X er-.d CO re~u1tcd in a :·ositive S:' of + 0.5 an:! + 0.93 eV e 

respec~ivcly. These 3e3~s were adsorbed at 1e3s than or ~ 1900 K 

c~~ce?t for no!~cular H2• H2 ,(Y'as only adsor~ed if previously 

.'~. ~~~·~.:'.::~·'·1 and it '(-las con~:?lete1y desorbed at '" 2000 K. 

f ... dsorption of nolecular or atomic 11 did not occur at 3000 K. 

rp ~easure~~ntG by Riviere and colleagues (Hopkins et al. 1964. 

Riviere 19~4 e::d cited works) l:.ave also shewn that $Au is not 

affected cy N2 or H2• Some adsorption of H2 m.ay occur at high 

'! 



Year Substrate Pressure Surface ~ eV Method Notes Author 
... 

Torr 

1936 Glass 10-8 Film 4.33 CP b Anderson 

1940 < 3 10-8 (111) 4.75 PE Farnsworth and Winch 
'" 
< 3 10-a (100) 4.81 FE 
'" 10-a 1941 Glass Film 4.47 CP a Anderson 

Rocksalt 10-a (100) 4.79 CP d 

1950 < 5 10-8 bulk (4.60 - 4.76) PE Blackmer and Farnsworth 

< 5 10-a (100) 4.81 PE 

< 5 10-8 (111) 4.75 PE 

Mo < 5 10-8 Film 4.41 PE e 

Glass < 5 10-8 Film 4.41 PE e 

Bulk Ag < 5 10-8 Film (4.4 - 4.6) PE 

1952 Ta 10-a Film 4.31 CP Anderson 

1952 W < 5 10-8 Film 4.33 CP Mitchell and Mitchell 

1953 C < 10-7 Film 4.31 TE c Jain and Krischnan 

1957 Fused Pt < 10-a Film 4.31 CP Riviere 
on Glass 

1964 Glass < 10-9 Film 4.30 CP Hopkins and Riviere 

'" (1964) (1) bulk 4.29 CP· . Hopkins 

TABLE 6.1 Measureoents of the work function of Ag. All of the experioents were conducted in diffusion pucp systeos and at 

room temperature unless otherwise indicates. Notes: a ~ - 4.56eV for T = 500
0

K, b T· 90
0
K, 

. 0 
c T • "" 1300 K, 

. .. ., .... ... , , .", '."- .... d 1' •• 500oK, . e sintered value. 



- 130 -

temperatures hONcver (Holden and Rossington 1964). 

Hopkins et a1. 1964, Riviere 1964 and Sacht1er et a1. 1966 

have shown that O2 is not adsorbed on Au films at 3000 K. In 

these experiments there was no change in ~ within 10mV or so 

for evaporated (or sputtered) films whether sintered or otherwise 

in systens exhausted with diffusion or getter-ion pumps on 

exposure to O2 at a pressure of a few torr. An earlier report 

cited by Riviere of a positive SP of O2 on Au was suggested to 

be caused by an impurity. At elevated temperatures O2 has been 

observed to be adsorbed and result in a SP of - 0.7eV (cf. Sachtler 

et a1. 1966). 

Most of these gold surfaces have probably been contaminated 

with mercury or oil vapour. lfuwever. the close agreement between 

the experiments performed in both getter-ion and diffusion pumped 

systems for the SP of 02 gives some confidence in the measurements 

and also their general application to pure gold surfaces. 

6.2 Heasurements on Silver 

6.2.1 "Jork Function of Silver 

The measurements of ~Ag since 1936 are summarised in Table 

6.1. Prior to this time the results for bulk specimens varied widely 

from 3.56 to 4.7 eVand probably reflect the effects of contamination 

(cf. Reiman 1934, Anderson 1952). The values shown in the table 

also lie within this range. 
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Anderson measured the value for an orientated film in 

the (100) plane grown on a cleaned rocksa1t substrate at 500oK. 

The value was in good agreement with that of a bulk crystal in the 

(100) orientation measured by Farnsworth's group. There is a 

close agreement between the measurements on an aged wire and on 

the (Ill) face of Ag. I~derson has suggested this may have been 
1. ' '. ~ r' ;' 

~ . , I 

the result of thermal facetting of the wire leaving the surface 

retrysta1lised in the (111) plane. 

The measurements on thin films show a good consistency 

between different laboratories and among different methods. 

The values lie within the range from 4.31 to 4.47 eV for films 

o on glass, Mo, Ta and W substrates at 90 and 300 K. A single 

value on an aged Ag bulk substrate is higher than these. 

The work function of Ag films shows some structural 

dependance on the orientation and degree of crystallinity of the 

substrate (cf. Anderson 1952 and Farnsworth 1958 and their earlier 

cited works). Hopkins and Riviere 1964 have inferred a small 

but significant increase in ~Ag in the substrate sequence glass, 

Wand Ta due to an apparent increasing degree of crystallinity 

in the substrate. The value of ~Ag for unsintered films has been 

reported to vary with thickness and with sintering in a similar 

way to that of Au films described above (Blackmer and Farnsworth 

1950, Bryla and Feldman 1962). When bulk or orientated substrates 

of the same element are used the annealed value of the film 

becomes equal to that of the substrate (cf. Farnsworth 1958 and cited works). 
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Studies of tha nucleation and growth of Ag films have 

shown that the nature, structure and preferred orientation of 

the substrate may affect the growth, structure and defect density 

of the film overlay (cf. Duell and Ross 1964, Jaeger et a1. 1969)~ 

Clarke and Farnsworth 1952 have concluded from electron diffraction 

experiments that Ag films which are depcsited onto orientated 

bulk;: ; substrates adopt th.eir structure and orientation as proposed 

earlier by Anderson for mica substrates. The effects of structure 

on the value of ~A is generally consistent with the known 
.g 

featu~e3 of the growth and structure of AS films. Wallis and 

Farn~~orth 1956 have observed that induced strain in po1ycrystalline 

AS strips may result in a change in ~Ag by as much as 30 mV although 

the cause of this was not clear. 

Th,= results eiven in Table 6.1 imply that 4>Ag varies by 

~ 0.5eV or more among its individual crystal planes and the 

smaller differences between the values for thin films may reflect 

structural differences in the films as discussed above. Substrate 

contamination Uk~y also affect the film growth end defect density 

although the evidence is inconclusive (cf. Bachmann and Shin 1966, 

Jaeger et a1. 1969). 

6.2.2 Adsorption on Silver 

As discussed for the case of bulk gold, outgassed bulk Ag 

may adsorb many of the coomon r.~~~~ and this is also likely to be 

due to adsorbed impurities (cf. Hughes and DuBridge 1932). 1~ ~i3ilar 
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experiments to those described earlier for Au, Trapnell 1953 

has shown that Ag films do ~ot chemisorb H2, N2, CO, C2H2 or 

C2114 from temperatures near their boiling points to room temperature. 

O2 however wa~ 510"1ly adsorbed ;.t room temperature and more 

rapidly at lower te~peratures. It reached an equilibrium 

-3 0 coverage of ~ 0.1 at a pressure of ~ 10 torr at 300 K. 

Steiger et al. 1969 have studied adsorption on orientated surfaces 

of Ag by LE~D and ellipsometry techniques. At room temperature 

and below O2, C2 H2,C2H4, :~= ;i.nd Xe were physically adsorbed on 

the (100) and (110) faces with heats of adsorption of ~ 6 Kcal mole-l • 

There was a rapid adsorption at low temperatures of apparently 

resi.dual H20 but at ~ 3000K the rate of adsorption was much 

slo':7er. l1f~is~ler and Wilson 1953 also reported that ~Ag decreased 

by as m~ch as 0.2eV on exposure to H20 at ~ 20 torr but the 

purity of the surface is unknown. 

t1ercury vapour does not apparently adsorb on Ag films 

at room temperature (Huber 1966). Surface potential measurements 

have shown that N2 and molecular 112 are not adsorbed on Ag films 

at room temperature (Culver et al. 1957, Pritchard and Tompkins 

1960, cited t!rJ.published works of Riviere 1964 and Hopkins and Riviere 

1~54) although atomic hydrogen was adsorbed below 200oK, however. 

Culver and Tonpkins 1959 cite the previous work of Ogawa on the 

SP of H2 but point out that his results probably refer to a con

taminated surface. They also cite the work of Suhrmann et al. 

who arrived at value of - 0.4SeV for the SF of 112 on Ag. 
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E_;.:':~~ev et al 1960 have reported that CO2 is not adsorbed. 

on Ag films at 300 oK unless the surface is oxygenated previously. 

co ~13 .. dsorbed on Ag films at '" 2000 K or less resulting in a SP 

of + 0.4eV (Culver et a1. 1957). 

There have been several reports that O2 is adsorbed with 

a negative SP on AS at room temperature. Pritchard and Tompkins 

1960 measured a SP of - 0.42eV for O2 on Ag films probably at 

900 K and similarly Ogawa (cited by Culver and Tompkins 1959) 

arrived at a value of '" - 0.4eV (at 900K). Emikeev et ale 1960 

and also Rentschler and Henry (cited by Riviere 1964) have observed 

a negative SP for the adsorption of O2 on bulk and sputtered 

film surfaces of Ag at '" 3000 K. Degeilh 1969 has studied 

orientated surfaces at '" 3000 K. Adsorption of O2 occurred in a 

single irreversible state on the (111) plane and resulted in a SP 

-6 of - 0.95eV at 10 torr (02), A similar state existed for the 

(100) plane which resulted in a SP of - 0.85eV. The (100) also 

possessed another but slow and partially reversible state which 

was due to impurities and when these were desorbed by outgassing 

only the former normal state was present. May and Linnett 1967 

have reported that clean surfaces of Ag adsorb atomic oxygen at 

300
0
K to form a thin surface oxide layer and Muller 1966 has 

studied adsorption of 02 on the (Ill) face of Ag at room temperature 

by LEED. Oxygenated Ag surfaces are known to adsorb other gases 

(cf. Enikeev et ale 1960, Hayward and Trapnell 1964, Degeilh 1969). 

Conversely 02 adosrption may be completely absent on some faces of Ag at 
o 

'" 300 K unless outgassed to desorb impurities (Degeilh 1969). 
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6.3 Measurements on Titanium 

6.3.1 Work Function of Titanium 

Evaluation of the published work is difficult because of 

the general lack of detailed experimental information given by 

the authors with one or two exceptions. The results are summarised 

in Table 6.2. Prior to 1960 ~Ti was apparently reasonably 

established to be ~ 4.0eV. Since then, however, recent 

ceasurements have varied widely between ~ 3.5 and 5.8eV which 

is surprisin3 iu view of the higher purity metals available and 

the improvements in vacuum technology. 

The earliest measurements are apparently those of Schulze 

1934 and Klein and Lange 1938 in systems of poor base pressure who 

arrived at values in close agreement with each other. Rentschler 

. and Henry 1945 measured a value for Ti films d -;"ol'iit--ri f:,,:,Ot1l • powdar 

which was also in close agreement with the previous measurements 

but did not mention any variation of ~Ti after deposition or 

details of the gas pressure. Uhlig 1951 has also measured the 

cpd between Pt:. and bulk Ti in air. Jain and Krischnan 1952 

measured the thermionic value of ~ for a film deposited and aged 

on graphite which was apparently prepared in an auxiliary vacuum 

system and transferred in air to the measurement tube. No 

details were given of the gas pressure, ou~gassing conditions 

or changes of~. Malamud and Krumbein 1954 performed their 

. -4 
experlments in poor vacuum ~ 10 torr and these are unlikely to 

refer to clean surfaces. Nomof the above results are likely there

fore to be representative of pure Ti surfaces. 
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Suhrmann et al 1962 have made measutf':lCnts on very 

thin films of Ti deposited onto a glass substrate at 900 K in 

-9 -10 a system having a base pressure between 10 and 10 torr. 

The deposition took 30 to 50 minutes after which the film 
. 0 

thickness was between 45 and 70 A. The work function of the 

'clean' unsintered film was 3.52eV. Although they did not stnte 

how long after deposition the measurement was made it is likely 

that the results refer to a freshly deposited film. Impurities 

on t~~~ glass sub3trate or gettering during the long evaporation 

tiu:e may have conte.minated the film. The film 'Nas annea~ ~.! 

o for about two hours at '" 1.00 K er..d ~ became 3. 8leV. This result 

may also be unrepre5cntative because of the possibility of 

contamination during the annealing period. Wilson 1965 has 

~ade the first measurements in an ion-pt~p syoteM. H~ found the 

effective T~ value of two Ii ribbons varied from 3.5 to 4.4eV. 

-3 The temperature coefficients of ~ varied fro~ - 1.0 10 to 

- 8.8 10-4 eV oK-I. The base pressure was ~ 10-9 torr and one 

of the ribbons was outgassed fo~ several hours at '" l4000 K and the 

other at 1500 - l6300 K for a few minutes. The measurenents were 

made between 1100 and l58SoK and therefore the rerults refer to 

the high tem,erature a - phaRe of Ti. t-lj~.~on concluded that ~Ti 

decreased with increasing outgassing times or te~perature which 

may have been the effects of impurity. Few details were given 

of the outgassine cycles or change of ~ uith time or te~perature 

during these or with the gas pressure. 
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Paddock and Magee 1966 have measured the TE work function by 

the diode method of a wire in a system with a base pressure between 

5.10-8 and 5.10-7 torr. ~Ti for three different wires lay between 

5.21 and 5.7geV between 1170 and l4000 K. The value for a fourth 

o sample which was heated to only ~OO K was 3.77eV which subsequently 

increased to 5. 22-:;V when the wire was heated for several hours above 

l1700 K the allotropic transformation temperature. They suggested this 

was the result of the change in structure from the a to the e phase 

but the higher value tTlay have been ca'_''''''d by impurities diffusing to 

the surface at the higher temperature or due to adsorption from the 

residual gas. Few details were given of any outgassing cycles or 

variation of ,. The wires had apparently become distorted by the heat-

ing 't",hich may cast doubts on the validity of applying the diode theory 

since this i~?lies cylindrical symmetry and consequently also on the 

nunerical results. Magee 1967 has briefly reported a PE work function 

of Ti films deposited on aged Ni. He gave very few experimental details 

and did not state the pressure. The purity of the substrate is question-

able. 'Ti for two different films was 3.52 and 3.60eV but these are 

unreliable since the time which elapsed between the end of ;:eposition 

and the tine of measurement was not stated. This is supported by the 

fact that ~Ti increased by only 80 mV afterwards over a period of six 

days which i~ uncharacteristic of a clean transition metal. 

Vladimirov 1963 has measured a field emission average work function 

of titanium films deposited onto W emittor tips. ~ decreased with in-

creasing coverage and attained a value of 3.6eV. The system pressure, 

outgassing conditions of the Ti (on Ta) source and the cleanliness (or 

cleaning cycles) of the substrate Were not stated. The evaporation rate 

was very slow (- 250 seconds to attain a coverage e - 1) and the deposit 

was heated between 1000 and llOOoK. The reliability of this measurement 

is questionable due to the possibility of contamination. Anderson and 
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J:'h:.::.?con 1971 l':.a"l~ recently performed similar measuren:ents of the FE 

-'0 0 avera3e \~ork function at ~ 10 - torr and at 293 K in an oil diffusion-

pt:,:,,:;c1 Yc.etn.:''ll systen. The work ftmction of Ti FE tips lay between 2.2 

c!'.d 2.6 eY dee apparently to bulk iopuriti£'s near the surface \-1hich 

eon1d no'; be rC:':Jvcd. They cited a measurement by E1inson and Kudintseva 

(1S':2) of t:~~ worl':. function of TiC (~ ::I 2.72eV) sugsestirg the i.mpurity 

r.::] h~7e 1;e~n ca.r:-on. Conseluent1y thin fil:rs of Ti were deposited at 

o 
233 K cnto tJ (~ ... 4.5cV) and Re (<p ... 5.03V) outgasscd r:'B tips. 1:1 both 

cecco <p c!3c::cane:.l l1i ':h increasing t:\ to a ,"a1ue (for e > 2) inc2?eTldent of 

~!1ie\:'-:.'3C3. ::i. f,or:~ experim~nts an initial inere~se of </> oecu~rc1 at 

':~l:j' r:::r..ll ·:e.le-;o of e of abcut c. 2~V. '!'h~ FE pattern fo= Ite ":3S 

ch::n:u:tc::in:ic 0= an r-ep deposit sU38estcd to b~ a - Ti(~1ep) epitaxed 

to !l3(h~?) for ~Yhich <p n 4.CO -!- 0.05eV. v."'hen the Ti on U def'osit was 

0f ~ ~~C ~s~csit w:s obtained apparently e - Ti (bee) epitaxed 

to lJ(bcc) .~:= ~·!hich ~ ,.. 3.65 :; 0.05. This value for 13- Ti is ~losc 

t~ tlVlt of Valdinirov abo7e but less than tr.at of Zhubei"l:'{o (1963) W~10 

Qi:>:nins1 ¢ .... 3.7 - 3. SeV (after a small correction by Anderson and Thor::::"-::') 

for a h<;~t;'d ccposit on l·T. All of these values for e - Ti are much less 

th3U tl:.')~e of lo1ilcon 196G and Padcock and l-!agee 1967 C -.~ 1e 6.2) by a volt 

or t:.'Jre 't-;1:.}n l'CColomt is taken of the temperat11re dc~c!'.1ence of </>. !.nJerson 

e~d Tho~p3cn did net st2te their eva.poration rate but the reproducibility 

of their results (in four experiments for W a~1 in t~o for r.~) a~perent1y 

m:c1udes tb~ posl'libility of contarr.ination from the vacu1.!~ system. 

Th~ work function of TiC has been reported to be 3.35eV (Goldwater 

and Haddard 1951), 2.27,," (Elinson and Kudintseva (1962) cited by Anderson 

E'.nd Tt--:· ... ()U B71) and 4.09cV (Ingold 1967) for sanp1es ~'7hich received 

o ~ extensive out3assing between 1600 and 2300 K at pressures less than 10 

ton" (G c.nd II) and -9 
~ 10 torr (I). The conditions of the other measure-



,Year 

1954 

1953 

1962 

1962 

1962 

1967 

1967 

1968 

Gas 

Cl 

Xe 

C1 

O2 
H2 

H2 

N2 
O2 

Base 
Pressure 
Torr 

",10-4 

j 

" , 

j 

< 10-9 
'" 1 

'" 10-9 
10-9 

Surface 

Ribbon 

j 

FilD" 

Film 

Film 

Film 
Film 

Filc 

Temp. 
OK 

300 

j 

300. 

300 

90 

300 (1) 

300 

296 

4'0. ' 
ev. 

4.45 

j 

j 

j 

3.81 

3.60 
j 

.j 

SP 
eV' 

- 0.31 

Notes 

ate 

- 0.8 to - 1.1 b 

+ 0.84 

+ 0.4 

- 2.1 

< 0 

- 0.35 

e 

c 

e 

d 

ate,f,g 

+ 0.12 to ~ 0.22 g 

- 0.22 e 

-·1.4 ~0.2.e 

Method 

PE 

CP 

CP 

PE 

PE 

PE 

CP 

CP 

Author 

Malamud and 

Krumbein 

Mignolet 

Anderson and 

Gani 

Klemperer 

Suhrmann et a1. 

Magee 

Czarycki 

Muller 

T4\BLE 6.3 Surface potential of gases on titanium. The adsorbate pressures were (torr); 10 Malamud and ~uob~in, ~ 10-5(1) 
-5 -2 . -8 . . h 1 Anderson and Gani, 10 - 10 Suhrmann et a1., '" 10 Czaryck1 t and the others are unknown. ~ 0 18 t e va ue 

of the clean c····faee and all the experiments employed diffusion pumps. Notes: a after several hours, 

b after heating and cooling in the gas, c at a coverage e ~ 0.1, d after annealing at 300oK, e Maximum value, . . 

g after annealing at '" 4000 K for 1 hour. g dependant on the atomic TitH ratio, j not measured or stated. 
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ment (E and K) are unknown. Wright 1953 and Herman and Wagener 1951 

(p.2l7) have cited values of 3.7 and 4.7eV for the work function of 

titanium oxide. The work functions of the oxides and carbides are 

in close agreement with those for supposedly pure surfaces of Ti 

(except in two cases in Table 6.2). 

6.3.2 Surface Potential Measurements 

The measurements of the SP are summarised in Table 6.3. 

Mign01et 1953 briefly reported the SP of Xe on Ti which was large 

and positive but the experimental details were not given. Malamud 

and Krumbein and also Anderson and Gani have measured the SP of 

Cl at ~ 3000 K which was negative on Ti and its magnitude increased 

when the sampl~ was heated and cooled in the vapour. Anderson and 

Gani found that Cl initially reduced ~Ti of their thin films by 

0.4eV until the coverage exceeded ~ 0.1 when ~Ti increased. At 

saturation the SP was - 2.leV. 

Klemperer 1962 has investigated the effect of O2 on the 

PEE from Ti films but few experimental details were given. The 

films were annealed at o 300 K and cooled to When oxygen 

was introduced the photo-current was initially reduced but after 

several days the emission recovered again. When further O
2 

was 

introduced the effect was repeated. When the film was heated to 

~ 400
0
K in v2 the emission often increased above the value for 

the 'clean' surface. ~he r~r~nerative cf~ectg were intc~;reted as being 

due to soh.don. of ovve£n into the motal. Mull 19c 8 \. d -J er ~ ~_~ rcrorto a 
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large :l2gative SP of O2 on clean titanium film~ at 'V 27;oK 

pre~ared in ultra high vacuum and measured by a CPD method (Table 

6.8). 

Su\rtr..~nn ft <11. 1962 and Magee 1967 have investigated the 

SP of 112 ."'':':. '!i fi1;:ns. It was con-:luded in the discussion 

preced:'n3 th:i.s secti.on that the values of ~Ti arrived at by these 

~lOrl,:<;>rs were possibly unreliable and unliltely to refer to clean 

Gllrfac~s of ':i. The SP results therefore may refer to adsorption 

of Pz on contaminated films. In Suhrmann's E'xperiments, H2 was 

introduced from th~ ba~e pre~sure 'V 10-5 torr (H2) above a film 

at ~~oK which had been a~nea1ed for an hour or so at 'V 4000 K after 

deposition at 90o~ in vacuum. $Ti increased by only 40 mV. The 

resistivity of the film also increased. At higher pressures 

-5 -2 
'V 10 to 1') torr (H2) ~J~i increased :'urther and attained a 

~axi~t~ S~ of - O.25eV at 900 K end - 0.35eV at 273
0

K. The relative 

film c~- :",osition was estimated to be TiHo•6 and TiH1.2 at these 

teoperatu=es respectively. These concentrations were attained 

after 'V 13 h0urs exposure to H2 and the possibility of contamination 

of the fUn dU!'ing this period casts doubts cn the validity of the 

results. The resistivity measurements enabled the conclusion 

the film although no simple relationship was found between the 

resisitivity or pressure and the SP results. Magee however disagrees 

with these results and found that A • was reduced by 0.12eV 
'l'Tl. 

and 0.22eV for two differe~lt films wher. the concentration of H L, 

solution had reached an estimated value of 'l'iHO • .Jl6 anJ TiH1.6 

respectively. 



Gas 

O2 

Co,c02 
N2 

H2 

TABLE 6.4 

Year 

1960 

1961 

1969 

1961 

1957 

1961 

1965 

1967 

1967 

1967 

1968 

1961 

1965 

Base Presflure 
Torr 

<10-7 

2.10-8 

"'10-9 

2.10-8 

2.10-8 

2.10 -9 

~10-9 (1) 

"'10-10 

"'5.10-10 

3.10-8 

2.10-9 

Substrate 

? 

Ta 

? 

Ta 

Ta 

Cu 

g 

Pt (1) 

Glass 

Ta 

Cu 

s 
·0· 

'" 1.0 

'" 0.85 

0.85 

'" 0.4 - 0.9 

0.25 

0.08 - 0.17 

0.1 - 0.13 

0.18 - 0.37 

0.18 - 0.76 

0.35 

0.5 

0.05 - 0.19 
0.01 . 

Notes 

f 

e 

e 

b,h 

b,c 

b,c,d 

e 

b,h 

Author 

Brennan et a1. 

Clausing 

Ehrhard and Cassuto 

Clausing 

Wagener 

Clausing 

Elworth et ale 

Barra 

Barra and Hayward 

Czarycki 

King and Hayward 

Clausing 

Elsworth et a1. 

Th2 initial sticking coefficient~ s )1 gases on titani~ (films) at ~ 300oK. All of the experiments were 
o 

perfo~ed in diffusion pump systems unle3s otherwise notcj. Notes: b dependant on thickness, c ion pump 

sYGtem, d dependant on thickness of underlyir.3 fil~, e dcp2ndant on structure, f sintered at 40°C, 

g not stated, h pressure rose to '" 10-8 torr during deposition. 
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Czarycki 1967 measured the SP and sticking probability 

of N2 at 3000 K on Ti films deposited on stainless steel at a 

-9 base pressure of ~ 10 torr. The major residual gases were 

CO and N2, CH4 and H2 in that order. When N2 was introduced 

to ~ 10-8 torr 9Ti i~cre~8ed by a mnxim~~ v~lu~ cf 0.22~V at a coverage 

'4 -2 r::1. ~ 13.1'.:. :: ':::9 C~ • n:; C!.~[ln v<J.lu~ of ~ was not measured but 

the results appear reliable. 

6.3.3 Sticking Coefficient 

Measurements of the sticking coefficieni. s of gases on 

clean Ti surfaces at 3000K are summarised in Table 6.4. The 

initial values So for O2 are very high. For H2 however So is 

apparently small but this may reflect the difficulties of producing 

pure films since contamination is known to affect the values for 

H2 (Stout and Gibbons 1955, Clausing 1961). There is disagreement 

as to whether the initial getter rate of films for O2 is dependant 

on the thickness (cf. Zdanuk and Wolsky 196~. Wagener 1957). In 

the case of N2 and H2 the initial values or getter rates vary 

l-dde1y with the filo thickness and also in the case of N2 with 

that of the underlying film for successive depositions (Elsworth 

et al. 1965, Harra 1967, Harra and Hayward 1967). Such effects 

may also reflect the presence of contamination however. The 

initial values generally increase with a reduction in the film 

deposition teoperature although it is not clearly established 

whether this is solely due to a structural effect or not. The 

values for H2 vary from 0.16 to 0.85 around 1000K (Clausing 1961 

Elsworth et ale 1965, Prevot and Sledziewski 1968). Larger 

coefficients also result when the film is continuously deposited 
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in the presence of :':~7! gas ,·!hen the concentration dissolved t!lay 

a11ov1 the compounds TiH2 and TiN1.5 to be formed (Clausing 1961, 

Harra 1967). 

The sticking coefficient of H2 is apparently independant 

of the number Nad of adsorbed molecules at room temperature over a 

range of Nad varying between a factor of 10 to 103 depending 

on the :i1m structure (Clausing 1961). Elsworth et ale 1965 

also reported that the sticking coefficient remained at a high 

value for long periods at 5.10-8 torr (H2) above a :~O AO thick 

film. The value decreased only after several hours exposure. 

At low tet!lperature, however, S(H2) may not be independant of Nad • 

In the case of N2, s is dependant at room temperature on Nad (N2) 

(Elsworth Pot ale 1965 and previous cited work, Czarycki 1967, 

Barra 1967, Barra and Hayward 1967, King and Tompkins 1968). 

Harra and Hayward found that s was approxim3te1y desclibed by: 

(6.1) 

Elsworth et ale found that the getter r3te was related to the 

exposure time at constant pressure (between 10-8 and 3.10-7 torr 

(N2» by a logarithmic law. The sticking coefficient of O
2 

linearly decreases with the quantity of gas adsorbed over a 

' ....... to:5.cn-.l range of coverage from N dIN d • 0 to N IN 11:".35 a a ~ ad ad~ 

at room temperature (Erhardt and Cassuto 1969). 
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At room temperature O2 , H2 and N2 may be absorbed by Ti 

films. Elsworth et ale above observed that five monolayers of 

H2 were absorbed at 5.10-8 torr (H2) although saturation was not 

complete. The capacitance c of the film for 1I2 increased with 

the film thic!mess and inversely with the temperature in agreement 

other studies described later. Although contamination affects 

the sticking coefficients for H2 it did not appear to affect the 

value of c. Oxygen is absorbed after the formation of a chemisorbed 

monolayer and results in the growth of an oxide at room temperature 

(Erhardt and Cassuto 1969). 

of the sticking coefficient 

at 3000 K and'below and at ~ 

These authors employing measurements 

and N d have studied the growth kinetics a . 
-7 10 torr (02). There is some 

disagreenent on whether the capacity of Ti films for O2 (at 3000 K) 

is dependant on the film thickness (cf. Wagener 1957, Zdanuk and 

Wolsky 1961). Nitrogen is also dissolved by Ti films. Elsworth 

et ale found the initial sticking coefficient was related to the 

pressure p by: 

where the constant k depended on the film area. At constant 

pressure and after an induction period of ~ 30 minutes the 

quantity of adsorbed gas became proportional to t l indicating 

the diffusion of atomic N. The adsorption satisfied a theoretical 

diffusion equation from which they deduced a value between 4.10-7 

and 10-
18 

cm2 sec-l for the diffusion coefficient of N in Ti. 

They applied a simplified diffusion eq~ation for a semi-infinite 

solid and deduced that the surface concentration c of N2 at a 
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ccnstant presaure p was proportional to p~. The equilibrium 

coverage of N experimentally fitted a Lang~uir adsorption 

isot~er~ end usir.g this they showed that the equilibrium coverage, 

the sticking coefficient s and the sorptive capacity c of the film 

ware ey.~acted to be proportional to pi as experimentally observed. 

The inert gases are not adsorbed at room temperature 

C~ Ti ~nd their sticking coefficients are very s~~ll (Causing 1961). 

6.3.4 Adso~ption on Titanium 

The cOI!lmon residual gases H2, ~i2' O2, CO, CO2 and H20 

are apparently dissociatively adsorbed on clean Ti from ~ 800 K 

to te~peratures ~ 15000 K. Adsorption is accompanied by the 

fornation of steble oxides, nitrides and carbides of Ti and at a 

rate 'l1hich may increase by orders of magnitude with temperature 

throughout the above range (Gulbransen and Andrews 1949, Stout 

and Gibbons 1955, l-kCracken et ale 1968). 

-1 Brennan et ale 1960 have derived a value of ~ 236 Kcal mole 

for the heat of adsorption of O2 on Ti films in close agreement 

with the heat ef oxidation. The value of the heat and the 

sticking coefficient were almost independant of coverage e until 

e ~ 0.6 - 0.7 after which they both decreased. Fehlner 1966 

and Erhardt and Cassuto 1969 have studied the oxidation of Ti 

f • 0 -8 -6 1lms at 300 K or less at low pressures (10 - 10 torr (0
2
» 

by resistivity and direct adsorption meas~~ements respectively. 
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two of these were weak and reversible and populated at low 

temperatures. At room temperature only the third state (BN
2
) 

was populated which was irreversible. Ellsworth et al. found 

o that less than 0.03% of adsorbed N2 at 300 K was released by 

heating to 5000 K for several hours in vacuum. 

At 3000 K and below CO is irreversibly adsorbed on clean 

-1 
Ti with a heat of adsorption of .~ 153 Kcal mole and a large 

sticking coefficient (Table 6.4). CO2 is discor~~t:~:~y 

t'.dsorbed bet~leen 78 and l5000 K with a heat of adsorption and 

sticking coefficient similar to that of CO (Trapnell 1953, 

Stout and Gibbons 1955, Clausing 1961, Hayward and Trapnell 

1964 p205 and 244). In the dissociative adsorption of CO2, 

CO is desorbed apparently. There is some disagreement whether 

C1l4 is adsorbed on Ti films at normal temperatures (Trapnell 

1956. Clauning 1961. Fr~-ces and Jepsen 1963). At higher temperatures 

up to at least l5000 K C1l4 is dissociatively adsorbed with the 

production of TiC and the liberation or solution of H2(Stout 

and Gibbons 1955). Other hydrocarbons, C21l2• C2H4 and C2H6 are 

irreversibly adsorbed at 3000 K with no desorbtion products and 

a high degree of coverage (Trapnell 1953, Roberts 1963). 

Stout and Gibbons 1955 reported that H vapour did not 
g 

affect the adsorptive properties of Ti at high temperatures and 

pressures. Stow 1959 however has stated that the getter rate of 

thin films of Ti at normal pressures and temperatures is affected by 

oil vapour from diffusion pumps. 
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6.3.5 rA~ ... ·~,tio·\ from Titanium 

The .. · ... eve ~xperimenta1 results show that Ti reacts with 

common residual gases to former compo~r.ds over a wide range of 

temperature and pressure. The oxides are not reduced by H2 and 

their decomposition temperature is typically greater than 2000oK. 

N2 and C react to form the nitride and carbide of Ti which are 

stable compounds to at least 12000 K and possibly 30000 K (for TiN) 

and ~ 34000 K (for TiC) (Gulbransen and Andrews 1949. Rutherford 

et a1. 1961). H2 is soluble in Ti and its concentration decreases 

.::~t ~~mperature (cf. Section 6.3.6). When Ti is heated in 

vacuum it getters residual active gases at a rate which increases 

with temperature as described in Section 6.3.4 but H2 is desorbed. 

Levine and Lichtnan 1960 have studied the outgassing properties 

of bulk Ti at high temperatures and found that the pri~cipal desorbed 

gases were H2 (~97%) and H20 ('" 1%). At temperatures near the 

subU ... '!tion point l"" l600oK) gaseous oxygen and hydrogen (or 

dissolved impurities) may react with adsorbed C to produce r"), CO2 

and CH4 (Holland et a1. 1961, Elsworth et a1. 1965). At the 

sublimation temperature the relative concentration of C impurity 

in Ti wires is known to increase as Ti atoms are sublimated. It 

has been suggested that some C may also evaporate with Ti atoms 

(~utherford et ale 1961). 

6.3.6 Adsorption of Hydrogen 

Hydrogen is soluble in Ti and the reaction has been studied 

mair.ly at high temperatures and pressures. The properties of 
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absorption by Ti have been reviewed by Libowitz 1960, Mikheeva 

1960, l1ackay 1966 and Kolachev 1968 among others. The phase 

diagram of the HZ-Ti system is complex (cf. HcQuillan 1951 

and cited work). H2 is initially absorbed to form a solid 

solution, the a - phase. Adsorption at constant ~(H2) and T 

obeys an atomic diffusion law: 

dN Idt .. k t i ad 1 

where t is the exposure time and k is a constant (Mikheeva 

1960). The concentration c in solution obeys Sievert's law 

over a wide range of temperatures and pres~ures: 

(6.3) 

(6.4) 

where r. is the gas constant. The heat of solution Q of molecular 

-1 -2 H2 is ~ 11 Kcnl gr - mole and k2 ~ 10 (cf. the above review 

articles and UcQuillan 1951, Uikheeva 1960). The solubility of 

H2 in a - Ti at 3000 K is small (~ 0.1 atomic %). When c exceeds 

this value Sievert's law is no longer applicable and a Ti 

hydride compound is precipitated. The hydride may be one of 

sev~ral phases depending on the concentration and temperature. 

The atomic structure varies from one phase to another and with c 

and T within anyone phase. Hydridic phases may be precipitated 

even at very low temperatures and pressures because of the low 

solubility. 

Hydrogen is very mobile in a - Ti (and also in the hydridic 

phases). The diffusion rate is apparently ~ 108 ti~es higher 

than any other impurity interstitial (Kolachev 1968). The 
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diffusion coefficient D is normally measured at high temperature 

and related to the activation energy for diffusion Qd by: 

(6.5) 

, 4 2 -1 
For a-Ti Ko1achev cited a value of ~o ~ 10 cm sec and 

-1 Qd ~ 5 - 12 Kca1 grm - atom (Mackay 1966, McCracken et a1. 

1968, Kolachev 1968). 

There have been few studies at low pressure and teMperature. 

Suhrman et a1. 1962 investigated the resistivity of Ti films 

~ 70Ao thick at 90 and 2730 K in an ultra high vacuum system as 

a function of p(H2) up to 10-2 torr. These experiments were 

described previously in Sections 6.3.1 and 6.3.2 where it was 
, 

concluded that the films were probably contaminated. However. R 

increased when H2 was introduced until the concentration of H 

in the film reached a value HITi ~ 0.12. As the ratio HITi 

increased further (as p was increased) R increased further at 

900 K but decreased at 2730 K. The resistivity measurements fitted 

an atomic diffusion law but there was no simple explanation for 

the effect of T. They concluded that solution of H, was preceded by 

the formation of a monolayer of adsorbed 1I. These results are ncJ- ;". 
consistent with the suggestion that the surfaces were contaminated 

before adsorption of H2 since from other studies it is known 

that H can diffuse through a contaminated surface layer on Ti 

and co-exist with other gases in solution also (cf. Gulbransen 

and Andrews 1949, Stout and Gibbons 1955). Iwanoski and Schirjaev 

1965 have studied the adsorption of H2 by pure Ti films deposited 
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o in ultra high vacuum at low temperatures (78 - 178 K) and pressures 

(10-10 - 10-7 torr). Within this range H was in solution and 

the equilibrium concentration .at constanf p decreased rapidly 

with increasing temperature and their results empirically fitted 

an electrolytic solution law. Small quantities of H2 were 

rapidly absorbed but several hours were needed to reach a 

concentration of H/Ti - 0.75. At 7,oK the equilibrium pressures 

of ~ 1.10-a. 1.10-9 and 1.10-10 torr (H2) resulted in the equilibrium 

concentrations of H/Ti ~ 1.0. 0.4 and 0.09 respectively. The 

adsorption times needed were ~ 3 - 4. O.S - 1.0 and 0.2 - O.S hours 

respectively. Giorgi and Ricca 1967 studied the absorption of H2 

on Ti powders extensively outgassed in ultra high vacuum which 

obeyed Sievert's law over a wide range of temperature (600 - l200oK) 

-7 -3 and pressure (10 - 10 torr (H2». 

There is no generally accepted theory of H in Ti. Two 

theories are used each of which accounts for various experimental 

results and the residual metallic properties of hydrides. They 

are discussed in the review articles mentioned above and also 

by Gibb 1962. In the metallic theory absorbed hydroeQ~ h."!.S. a 

positive charge and a shift of electrons occur to the metal con-

duction band. Wesolowski et a1. 1963 have presented evidence 

suggesting the atom is almost completely ionised in TiH2•0 • 

In the ionic theory the U atom has a net negative charge and the 

residual metallic properties are accounted for by metallic bonding 

by valence electrons. Gibb 1962 has suggested that the positive 

form of H. may be really a resonating bond form of U-. In this 
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case both forms may exist in sufficient amounts to account for 

ttc high ~obi1ity of H and also the overall structural and 

ther:nodynamics of the system which are more easily accounted 

for by the ionic th~ory. Suhrman et a1. 1962 concluded from 

their Eurface potential measurements that adsorbed hydro5C!G. c'n Ti at 

90 a.:1d 273°K, \Olao negatively charged. 1·1ag~e 1967 }-A)fi'~\1tv.. c.~served a 

't.1ere probably contaminated and structural che.:lges may also have occurred 

liMit. T~enc factors co~plicate t~e interpret~tion of the resistivity 

l!n1 !,p data. Sl.1h~'3!ln ct a1. ob~crved a change in the direction 

° cf ch~lse c: R ~ith increasi~g concentration of H at 90 and 273 K. 

Although thb oaybe due to one of th2 cbove effects it cuggested 

thllt H. =3~· e:dst in t,,~o electronic forn:3 in Ti (or strictly in 

6. 4 CC!1c1~!3ions 

A cuitable reference value fer the work function of 

unsintered eold filns deposited onto glass in ultra high vecul.'lIl 

at 300°l{ io 5.~OeV in a~ ion pl'l!lP \'3C'.IU:!! syatcm. The work 

function of p~!re gold surfaces is not affected by 02' U
2 

.112• CO 

within lOuV or so at r003 t£~r~rature and at pressures below a 

f~1 torr. C2I12 cnd C2H4 are re'lersib1y adsorbed at room 

t~per.lt\.!re but no SP data for th(eo~ or for II
2
0 arpear to have 

been publip.hed. 



- 152 -

The l:ork function of Ag for thin unsintered films on glass 

and various polycrystalline metallic substrates is reasonably 

well established to be 4.30eV at 3000K. Higher values occur 

for orientated surfaces and for films on substrates of the same 

element. The value of ~Ag maybe affected by structure and thickness. 

Pure films do not chemisorb 112t:~2' CO, CO2 , C2H2 or C2H4 at room 

temperature and ~Ag is known to be stable on exposure to H2, ('0 and N2 

at room teoperature. O2 is adsorbed (sometimes irreversibly) at room 

temperature on orientated surfaces and thin films with a negative 

SP up to - 0.geV. The results of Steiger et all and Degeilh on the 

adsorption of O2 on the (100) face are in disagreement. 

The pv~lished values of the work function of titanium 

vary from 3.5 to S.8eV. Many of these are close to those of the 

oxides and carbides of titanium. In many cases the measurements 

probably refer to contaminated surfaces and in others they are 

pert~ps unreliable because insufficient information was given to 

evaluate their measurements. Titanium adsorbs with the formation 

of ~xi~~s, hydrideA, nitrides and carbides many of the residual 

vacuum gases from low temperatures to temperatures close to its sub-
,.. .. . ." 

llmat10n pOlnt at a rate WhlCh lncreases wlth tempc:':'~'J!,~. Out-

gassed bulk samples in vacuum therefore may be free of H but are 

likely to be contaminated. Auf."!!" epcctroscoP7 of o .. t"'Ba~·"'~<! T. foils in 
1 

o ultra high vacuum upto at least 1300 K have revealed the presence 

of sulphur, carbon and oxygen impurities which were not altogether 

removed by heating alone (Bishop et al. 1970). With the exception 

of Wilson's measurements all the experiments were apparently 

with the exception of hydrogen. 
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performed in diffusion pump vacuum systems and there has been 

one report that oil vapour is detrimental to the production of clean 

Ii surfaces. Ihe activation energy 'for solution of 112 • N2 and 02 inTi 
.. 

is small and their diffusion rates are large. Ihe presence 

of these gases adsorbed on the substrates onto which Ii films 

are deposited may lead therefore to contamination of the growing 

film. Rentschler and Henry 1945 have in fact observed that thin 

films of Ii may react with adsorbed oxygen on the substrate.and result 

in 'a value of ~ which, is lower than for-,thicker Gupposedly pure 

£ilms~;, Ihe sticking coefficients of 02 are large at room temperature 

but the values for H2 and N2 are lower and more diverse which may 

reflect the difficulties of producing clean surfaces. The values 

also vary with the film structure and only in the case of H2 

apparently is the coefficient independant of the quantity adsorbed 

at room temperature. Few reliable SP measurements have been 

reported. Ihe SP of N2 and 02 is apparently negative and may 

attain large values. In many cases the adsorbent was contaminated 

probably before introducing the adsorbate gas or during the adsorption 

period and in others insufficient details were given for a reliable 

evaluation to be made. Suhrman et a1. and Magee disagree on the 

sign of the SP of B2 on Ii films (which were of doubtful cleanliness) 

and in the former case the films were very thin ( ~ 40 - 70Ao) and 

o may have reacted with H20 on the glass substrate at 90 K. Steiger 

et al. as discussed above in Section 6.2.2 have found evidence 

for thick layers of H20 on very cold substrates at low pressures. 
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CHAPTER 7 

CONTACT POTENTIAL RESULTS WITH GOLD, SILVER, 

STEEL AND TITANIUM 

7.1 Introduction 

The preliminary contact potential (cpd) experiments were un-

successful owing to various faults in the apparatus. The first results 

were obtained with the fifth run, experiment A, although a-leak in 

the gold brazing of the vibrating bar in the capacitor flange limited 

-6 the base pressure to - 2.10 torr. The aixth run experiment B was 

made in ultra high vacuum and the seventh experiment C in high vacuum 

(- 1.10- 7 torr). The effects of stray capacitance on the cpd and 

surface charge on the work function of steel (described in Chapter 4 

and 5) were investigated in experiment B. All of the results except 

for some in experiment C are subject to a systemmatic stray capacitance 

error estimated to be about 0.3 + 0.1 eV (cf. Chapter 4). The results 

from experiments A and B are also affected by the surface charge on 

the steel probe. In the last experiment C the probe was coated in-

situ with Ag and they are free from these effects. 

The results from runs A and B were obtained with the first 

experimental rig shown in Figure 3.2 and the last results in run C 

with the sturdier rig shown in Figure 3.4 (cf. Chapter 3). In 

experiment C a metal baffle was placed between the Boostivac pump 

and the experimental chamber. This prevented stray currents from 

the pUmp from reaching the film surfaces and the reduction in 

pumping ~peed was offset by the addition of two other ion pumps 



+~o 

- 0-8 > 
-!! 
> 0-6 

0 
Q. 0-4 
U 

0·2 

0 

1·0 

'> 
~ o·e -
> 

0·6 
o 
0. 0-4 u 

0·2 

0 

5 

0- 0 ...0--0 0 

5 

---2 

-----3 

--I 

10 15 20 25 
TIME t (MINUTES) 

cro--<>-O 
Q Q aooo 00 0 0 0 

10 15 20 25 
TIME t (M INUTES) 

Figure 7.1 Variation of the cpd V • ~Au - ~s between gold films deposited 
-6 

onto pyrex at 2.10 torr (experiment A) and stainless steel (~s - 4.64eV at 

equilibrium). Films 1-5 were deposited onto the clean glass and afterwards 

coated with titanium (no results for films 4 and 5). Films 6-9 were 

deposited onto the titanium layer. 

30 

~-

30 



- 155 -

(cf. Chapters 3 and 5). Measurements were always made at the 

centre of the substrate unless otherwise stated. This precaution 

was taken because of the large changes in the apparent cpd across 

the substrate due to stray capacitive effects as described below. 

7.2 Gold Films 

Gold films were deposited onto pyrex sybstrates. Sensible 

cpd measurements were only obtained when the ~ .. j".3 . was sufficiently 

thick to prevent electrical charging of the glass surface. In 

experiment A five transparent gold films were deposited at 2.10-6 

torr but technical problems prevented accurate measurements on the 

last two films. The results are shown in Figure 7.1 which were 

obtained using the mode 1 method of contact potential measurement 

(cf. Chapter 3). The gold was later coated with Ti (section 7.4 

below) and afterwards the system was let up to air with N2 gas. The 

evaporation source was renewed and the system pumped out again. A 

second series of gold films numbers 6-9 were deposited (Figure 7.1). 

The cpd for each increased by 0.1 - 0.2 eV just after deposition and 

the stable values progressed to a reproducible contact potential 

between the steel and the films of + 0.65 + 0.05 eV in close agree-

ment with the previous gold film number 3 before deposition of Ti. 

In ultra high vacuum, experiment B, fourteen gold films were 

-9 deposited onto a fresh glass substrate at a pressure of - 2.10 

torr which did not increase during the evaporation. Anomalous con

* . tact potentials as large as 6 eV resulted for the initial deposit •• 

but successive films thickened the deposit and sensible results 

* using mode 1 measurement. 
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were obtained. The results for two of the later films are shown in 

Figure 7.2. The cpd increased by = 0.17 eV after deposition and 

eventually became constant after thirty minutes or so. The final 

cpd between the last gold film and the steel probe was + 0.3 eVe 

In each case the eq~ilibrium value of the cpd was constant in 

vacuum for several hours or more and was not affected by increasing 

the pressure of neutral hydrogen to ~ 10-6 torr (cf. Chapter 5.2). 

The final values of th~ cpd in these two experiments yield 

the work function of the steel probes to be 4.65 eV and.5.60 + 0.05 eV 

in experiments A and B respectively. The steel electrodes were not 

the same in these and in the latter experiment (cf. Chapter 5.2) it 

l·Tas known that the work function was sensitive to illumination and 

charged particles from the ion pump. Measurements of the spatial 

variation of the cpd across gold films are discussed later. 

7.3 Silver Films 

-7 The steel probe was coated in-situ at 1.10 torr with Ag 

from the evaporator filament (experiment C). In order to do this 

the substrate was rotated as far as possible out of sight of the 

evaporator. The substrate in this experiment was an erbium coating 

on a ~10 base and one half of it was covered with a gold film. A 

film resistance monitor was used near the evaporator and the 

resistivity of the film deposited on the probe was ~ 20 n per 

square. In previous experiments (cf. Chapter 5) the probe work 

function was affected by optical irradiation during evaporation. 

Tests were made to establish that the Ag surface was stable. In 
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one of these the substrate was positioned so that its surface 

and also that of the probe were screened from the Ag evaporator 

by the substrate support. The temperature of the evaporator was 

gradually increased until Ag was evaporated and then it was decreased. 

During this period the cpd between the probe and the substrate was 

continuously monitored. It decreased when the filament became 

white hot but quickly regained its former value when the temperature 

was reduced. The change(l corresponded to a reduction in the probe 

work function of approximately 0.15 eVe The cpd did not change in 

the following 30 minutes with + 30 mV. In other similar tests the 

cpd did not change at all. 

Silver films were succecsively deposited onto the substrate 

at 1.10-7 torr and there was no increase of the gas pressure during 

the evaporation. The cpd between the Ag probe and the substrate 

progressively decreased from one evaporation to the next as the 

film thickness increased. With the assum~tion that the work function 

of the probe was 4.3 eV (cf. Chapter 6.4) the substrate work function 

~ increased frem 3.83 to about 4.1 eVas shown in Figure 7.3 ~ generally 

decreased to a steady value by as much as 60 mV in about ten minutes 

after deposition. Two evaporation filaments were used and the films 

numbers 5 and 6 were deposited with the second filament. Titanium was 

deposited onto the substrate (as discussed in the section below). 

Two more silver films were deposited onto the Ti layer to check 

the contact potential between the Ag coated probe and fresh Ag 

films on the substrate. The initial values after deposition of the 

work function of these two films were 4.08 and 4.38 eV respectively 

(assuming ~ • 4.3 eV for the probe). The first film increased to 

4.28eVand then decreased to 4.08eV (Figure 7.6a). the second decreased to 
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(experiment A). The backing voltage was switched off between cpd measurements after point B (film 8). 

Reference surface - steel ¢ ~ 4.65eV. 
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approxinately 4.20 eV in the twenty minutes or so after evaporation 

after uhich they became constant. 

7.4 Ti tanium Films 

Eight filmn were deposited in experiment A in high vacuum 

onto the gold ~ilm substrate en glass. Dll:,hg dCfosition the preslJure 

-5 -7 . 
::-a:?;.dly dec~eaRed from 2.10 torr to 5.10 torr and evaporatio:1 

wes continued for ~O cecon1s after the n:.nitI'l.'.:m preoE:ure ~1as re.'lcr.ed. 

Ofte:1 3'?·,er.~! bOH::-S ela!,~ed ~"efoT.e the rreS~!1lre rose to its former 

value. ~.Jith the ans'lr.".,tion tnat t!1e work fu=:.~tiors of the gC'lld film 

a::1d th~ rt€'~l pro::-c't',cre 5.::0 and 4.65 e'l respectively (cf. section 

Th~ initial values ~ o 

.:.~,.'.:.' :?::-0!'1 S~'O'lt ,".55 to 3.35 eO; ar..d i:1 each case ¢ rlecreaaed ~!' 

an c,:!',o'.'.n: be::wn~:l 0.2 e!'ld 0.6 eV "Nithin about ten minute3 and sub-

Be-:uen~ly B:;arc"ltly i:1creasecl to a~ e'lllilibriC!'l value of CI 4.6 :; 0.1 e"l 

after sC7~ral nO'Jrc. 'l'he res'llts for t'.;o fi~:!s a::-e omitte1 because of 

technical difficultieo. In the cas~ of filrn nUllber 8 t··" backing 

voltace V. was wJitched of~ be~~en m~asurer~nts of the cpd after 
:> 

the point D was reach~d. Before this, A-B in the ~iagram. and 

al~o for all the other filns Vb was continuously applied. The 

applicatiou of Vb was ap,arently disturbing th~ meaDurements causing 

the appa::-en~ ~ to increase with time. 

In the ultra high vaCl:um, experim~nt B, eleven films were 

deposited onto the gold fUm substrate on glass at 2.10-9 torr. There 

WM I1.0 increase in the pre~st:re durin:; de:?osition. The seventh film 

wag '.!o!',,"hed at .. 7.10-1 torr (H
2

) and during the period following 
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-8 evaporation the pressure fell to 2.10 torr. The cpd between the 

steel probe and the films was measured with the pen recorder in 

mode 2 since the application of Vb in the mode 1 method disturbed 

the probe work function (cf. Chapter 5). In ultra high vaculC t!1e 

equilibrium work function of the steel probe l7as 5.6 eV (cf. section 

7.2 above) and assuoing it was constant the results for titanium are 

shown in Figure 7.5. The work function ~s of t~e probe reversibly 

decreased during evaporation, however, due to the illum~nation from 

the filament. In order to estimate the effect on the measured cpd 

two photo-simulation tests were oade in the same way as for the 

silver films described in section 7.3. The evaporation filament 

was heated in exactly the same way as for the real depositio~s. 

The results are shown for film number 3. The filament was heated 

at points a and b in Figure 7.5. The reduction in ~s is sho~n as an 

apparent change in ~Ti' The results for the initial ~~rk function A 
"'0 

and the surface potential ~o - ~f for the films are too large by 

0.30 + 0.06 eVe The final values 'f of the films arc not affected 

by the probe instability. Similarly the initial rate of change 

- -1 d$/dt t+o is too large by 17 + 3 mV min • These correction factors 

are the mean values derived from the two simulation tests. The 

corrected values are given in Table 7.1. '0 varied widely from about 

4.8 to 5.9 eV and, decreased to a final value ~f between about 

4.0 and 5.0 eVe The time t f taken to attain ~f varied from 

about 30 to 60 minutes. In the case of three fil~s (numbers 1. 4 and 

5) the cpd was measured for a period after ~f had been attained and 

in each cas e , increased by about 0.1. 0.75 and 0.2 eV af ter l'''" .... 
1, 17 and 2 hours respectively. 



Film 

1 

2 

3 

4 

5 

6 

7* 

8 

9 

10 

11 

Error II 

Table 7.1 

4-0 eV 4-f eV V
f 

eV t
f 

mins 
d~/dtt-+o 

-1 mV min 

5.25 4.99 + 0.26 35 - 53 
5.15 4.83 + 0.33 35 - 33 
5.46 4.94 + 0.52 30 - 63 
5.01 4.50 + 0.51 40 - 63 
5.61 ~4.55 :-.,. 1.06 ~65 - 88 

~4.29 ~ 0.46 

5.97 4.67 + 1.30 55 -103 

4.86 ~4.30 ~+ 0.56 ~35 - 53 

4.62 4.24 + 0.38 45 - 38 

4.51 4.('4 + 0.47 55 - 38 

5.55 4.42 + 1.13 55 - 88 

+0.10 +0.06 + 0.10 +5 :; 10 

Summary of the corrected measurements on titanium 

deposited on gold at 2.10-9 torr in experiment B 

shown in Figure 7.5 of the initial value ~, the 
. 0 

final value ~f' the surface potential Vf • ~o-~l' 

the initial rate of change of ~ and the time t
f 

taken to achieve the final value. 

* deposited at 7.10-7 - 2.l0-Storr (U2) 
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In this experiment a stray electrical current was known 

to be incident on the electrodes (cf. Chapter 5.2) although it had 

been shown previously to be too small in ultra high vacuum to 

affect the measurements. In order to firmly establish this fact 

the ion pump was switched off from t-5 to t-40 minutes after 

depositing the tenth film. There was no apparent effect on the 

magnitude or rate of change of the cpd. 

In experiment C nineteen films were deposited onto ·the 

silver film substrate at 1.10-7 torr. The reference surface was 

a silver film on the steel probe and the results are not affected 

by the photo-instability whi~~ occurred in experiment B (cf. section 

7.3 above). The cpd between the reference surface and the films 

was measured in mode 1. The evaporator temperature was initially 

set low, but since it became apparent that little Ti was being 

evaporated the filament temperature was gradually increased from one 

deposition to the next. The resistance R of the film resistivity 

DOnitor was measured during each deposition. It was initially covered 

with a Ag film R = 20 n per square onto Which Ti was deposited(cf 

section 7.3). The variation of the work function of each film is 

shown in Figure 7.6 and a summary of the initial and final values. 

the maximum surface potentials and the direction of change of R is 

given in Table 7.2. The substrate work function progressively 

decreased from one deposition to the next although there was no 

change in R or little in ~ from the initial value. ~o continued to 

decrease and reached a minimum value of about 2.5 eV but in the case 

of the later films. numbers 6 - 12, R increased and also ~ after 

deposition by as much as 0.9 eVe Two fresh silver films were 
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deposited onto the substrate to check the stability and value of 

the reference work function (cf. section 7.3). 

A second series of films were deposited onto the fresh 

silver substrate surface, numbers 13-19. For the first the 

evaporation temperature was not changed from that for number 12 

but afterwards the temperature was gradually increased further 

for each deposition. The films 13-16 showed a similar behaviour 

to the previous (and thinner) ones except that the initial value of 

~o lay between 3.3 and 3.8 eV and their final value of ~f lay 

between 4.0 and 4.2 eVe R increased during each deposition for all 

the films which possessed a n~gative SP. numbers 6-16. The evaporator 

heater current was increased by = 30% before depositing film number 

17 but it was not changed for the remaining films. All of these 

films 17-19 reduced R. Technical difficulties limited the measure-

ments on one film. The results are sl~wn in Figure 7.6b. In the 

case of these thicker films cj> lay between 5.6 and 7.0 eV. cj> o 

decreased after deposition by as much as 2.6 eV, and ~flay between 

3.95 and 4.3 eV after about 90 minutes. ~ generally slowly increased 

by a small amount after ~f was reached. 

The results for films 18 and 19 are free from stray capacitance 

errors since in these instances it was possible to connect the 

vibrating probe to the "earthy" side of the head amplifier (cf. 

Chapter 4). Two tests were made to check the photo-stability of 

the reference surface (as described above) for films number 9 and 14. 

The reference surface was stable to within + 50 mV. 



d~/dt mV min 
Film 4-0 eV 4- f eV Vf eV t f mins <SRn t-+o 

1 4.04 3.98 + 0.06 6 0 - 4 
2 3.98 3.90 + 0.08 9 0 - 10 
3 3.91 3.92 - 0.01 6 0 0 
4 3.94 4.04 - 0.10 6 0 + 19 
5 3.94 4.06 - 0.12 5 0 + 27 
6 3.68 3.62 + 0.06 6 + - 14 
7 3.48 3.44 - 0.04 5 + - 14 
8 3.15 3.32 - 0.17 12 + + 30 
9 2.56 3.04 - 0.48 22 + + 56 

10 2.95 3.42 - 0.47 44 + + 31 
11 2.72 3.42 - 0.70 50 + + 54 
12 2.64 3.44 - 0.80 ~60 + + 44 

Two fresh Ag films deposited on substrate 

13 3.81 
14 3.34 
15 :'.42 
16 3.24 

17 5.84* 
18 5.80 
19 6.74 

Table 7.2 

4.18 - 0.37 sSO + + 15 
4.06 - 0.72 sBO + + 24 
4.10 - 0.68 ~~') + + 33 
3.95 - 0.71 ~90 + + 38 

Higher Evaporation Temperature 
~4.59 ~+ 1.25* ~50 ~- 43 
4.05 + 1. 75 80 - 80 
4.22 + 2.52 ~80 - 64 

Summary of the measurements on titanium.fi1ms 

deposited on silver at 1.10-7 torr in experi

ment B from Figure 7.6. <SR is the direction 

of change of the resistance of the thin film 

resistance monitor during the deposition and 

I~RI = 0.5% R where R = 20 n sq-l. Reference 

surface was silver ~. 4.30 eVe 

* :; O.leV 

-1 
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7.5 Patch Effects 

The spatial variation of the work function was measured by 

rotating the substrate to bring a different portion of the film 

opposite the reference probe. The substrates were not perfectly 

circular (cf. Figure 7.7) and the interelectrode distance d 

varied with their position. All the spatial measurements are 

affected by a non-linear capacitive error except for those for 

and 7.9. The measurements were made when the work function was 

no longer varying in time. The values of ~Au and ~Ag at the centre 

positions of the substrate are assumed to be 5.3 and 4.3 eV 

respectively. Tha effect of the capacitive error is shown for one 

of the Ti films by repeating the measurements in the presence of 

the stray capacitance (by reversing the electrical connections between 

the Kelvin electrodes and the head amplifier). 

7.6 Residual Gas Composition 

The gas composition was measured with an tfS10 magnetic 

mass spectrometer (A.E.l) and thirteen minutes were needed to make 

a complete spectral scan. There were negligible quantities of gas 

with a mle > 48 in comparison with the other gases present. The 

sensitivity factors for the instrument were taken to be the 

arithmetic averages of the values published (A.E.l. 1969, Craig 

and Harden 1965 and Bailey 1963). The range of values given in these 

sources is shown as an error width in table 7.3 which also shows the 

typical composition of the system before and after baking. There 
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(c) 

Fi&ur~~ Schematic illustration of the cross-sections of the substrates 

used in experiments (a)A, (b)B and (c)C where P is the reference vibrating 

probe, A is the axis of rotation and the dotted line (---) is that of an 

ideal circular substrate. The inter-electrode distance d varies in a 

different way for each case as the substrate is rotated in front of P 

about A. 
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was no appreciable change in the partial pressures of the other 

gases when hydrogen was introduced from the base pressure to 

-8 - 3.10 torr (H2) except for H20 and A which increased by + 20% 

and + 1004 respectively. The original spectrum was recovered on 

pumping the H2 away. 

7.7 Discussion: Gold and Steel Results 

The large and variable cpds between the reference steel 

probe and gold in experiments A and B when the films were very 

thin may be caused by electrical charge on the pyrex substrate. 

This may arise from (a) photo-excitation of electrons in the glass 

to the surface, (b) electron bombardment from the evaporation fila-

oent or by (c) charge transfer between the insulator surface and 

metal islands in the film. The latter possibility has been 

sl_tegested to account for electrical conduction in thin discontinuous 

films and Hill 1969 has made a theoretical study of this. The 

transfer of charge apparently establishes a Schott1, barrier Vs at 

the insulator surface (similar to the case of semi-conductors cf. 

Chapter 5) and he gives experimental evidence that for gold and 

silver on various glasses V varied from about 0.5 to 1.4 eVe s 

In some cases the magnitude of V was disturbed by an impressed s 

electric field perpendicular to tha substrate. Previous work has 

shown that sensible cpd measurements only result for sufficiently 

thick films on insulators (~ SOO AO) by Maddison 1964 and by Hampson 

1966. The large and variable cpds in the present experiments did not 

occur when the deposit was thickened sufficiently and they were 

also sensitive to the applied backing potential Vb' These effects 

above. 
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Sensible cpds were measured with thicker gold films (i.e. 

film number 3 in Figure 7.1) and the final value for the third 

film was the same as that of the later films numbers 8 and 9 which 

were deposited onto a titanium layer. The gradual increase in the 

equilibrium value for films numbers 6-9 may be caused by a change 

in the coverage of the substrate by the gold film. If this was 

the case the underlayer was completely covered eventually and the 

v~lue of ~f was reproducible for the last two films. There is an 

ap~arent increase in time of ~ from ~o to the final value ~f by 

as much as 0.15 eVe ~Au is stable under these conditions (cf. 

Chapter 6) and this change may be related to either adsorption or 

desorption of gas from exposed Ti patches if the substrate was not 

completely covered or to a photo-instability of the reference steel 

probe (cf. Chapter 5). The direction and magnitude of the change 

of ~ is consistent with this possibility and the apparent change 

is due to the return to equilibrium of the probe surface. A 

similar effect occurred for the gold films in experiment B in 

ultra high vacuum (Figure 7.2) which isalso ettribut~d to the photo-

instability of the reference steel surface. The equilibrium cpd 

decreased from one film to the next and finally reached a value of 

+ 0.3V which is probably due to a change of coverage of the substrate 

with an increasing thickness of the deposit. In ultra high vacuum 

the cpd between the steel probe and the Au film was constant (within 

+ 20 mV) for at least several hours and did not change when the 

-6 pressure of H2 was increased to - 2.10 torr for a few minutes. 

This is consistent with the previous reports of the stability of 

clean gold in hydrogen (cf. Chapter 6) unless ~Au and ~St~el 

fortuitously c~r~g~d by an equal and opposite amount. 
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The results from experiments A and B enable the work function ~ s 

of steel to be found assuming a value of 5.30 eV for ~Au (cf. Chapter 

6) • TIle values of ~ are 4.65 eV (experiment A) and 5.60 eV +0.1 eV s 

(experiment B). Although there is a large difference between these 

it was shown in Chapter 5 that ~s was decreased by large exposures 

-6 to H2 at - 10 torr. Consequently a lower value might be expected 

in experiment A apart from any differences in their preparation 

and thermal history which may have occurred. The values of ~ are s 

the equilibrium ones. During evaporation illumination decreased 

~s by ~O.l to ~0.3 eV and afterwards ~s relaxed to its pre

illumination value thus causing an apparent change in ~Au after 

deposition (Figures 7.1 and 7.2). 

7.8 Discussion: Silver Results 

Visual examination confirmed after experiment C was com-

pleted that the probe reference surface was coated with a thick 

film of silver. The reference work function is assumed to be 

4.3 eV (cf. Chapter 6). The surface was stable during evaporation 

to within 50 mV and the photo-instability experienced with the 

steel surface alone was absent. There was, however, a small and 

reversible change of cpd between tbe silver reference and the erbium 

substrate during the first photo-test which did not occur in other 

later tests between the reference and the substrate covered with 

titanium. Assuming the probe reference work function was that above 

the value for the erbium substrate was 3.5 eV. The first ailverfilm 

increased the work function to ~ 3.8eV and further·~~~e.iti~n. 

increased it by an additional 250 mV. After deposition 



Gas 

H2 

H2O 

CO.N2 

O2 

A 

CO2 

CH4 

He.Ne 

MS/10 

Boostivac 

Table 7.3 

Pressure 10-8 torr Error 
A B - % + 

2.0 0.9 40 

10.0 0.1 

20.0 0.16 15 

<1.0 0.01 20 

0.8 0.05 20 

4.0 0.02 5 

4.0 35 

<0.03 <0.03 25 

4.10-7 1.10-8 
"50 

2.10-7 2.10 -9 

Typical residual gas composition in the 

unbaked (A) and baked (B) system and the 

total pressures measured by the 115/10 

spectrometer and the ion pump (N2 equiv

alent). 
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is each case (except one) ~ decreased in time by 30 - 60 mV. 

The initial and final values are plotted in Figure 7.10 as a 

function of N the film number. The temperature and time of the 

evaporation was similar for each film for 1 ( N ~ 4. The linear 

change in <I> with N may be caused by a change in coverage e of the 

substrate by the silver overlay on the erbium substrate. This poss-

ibility would account for both the magnitude and direction of change 

of ~. For small film thicknesses e may not vary linearly with N 

but When the film had become continuous to an island - pathwork 

structure the enclosed and exposed patches of the substrate may 

progressively shrink in size with the mass of the deposit. The 

first film was apparently sufficiently thick to establish the patch 

network and later films increased the average thickness and reduced 

the area of the substrate. In this model the substrate work function <I> 

is given by: 

(7.1) 

for N > 1 where ~Ag - 4.3, ~e is the fractional change in e for AN - 1 

and N is the film number. For N- 0 ~ • ~Er - 3.5 eV and since the 

total change in ~ was about 0.25 eV then the total change in 

coverage is predicted from (7.1) to be about 15%. This result 

implies the first film covered = 85% of the substrate which is 
\ 

consistent with the resistivity measurements on the ~ilver film 

which indicated that they were probably continuous. ~ eventually 

became apparently independent of N (Figure 7.10) which implies 

that the substrate was completely covered. If account is taken of 

the probable error due to stray capacitance 0.3 + 0.1 eV then the 

final work function of the film was 4.4 + 0.1 eV in reasonable agreement 

with previous measurements (cf. Chapter 6). The linear variation of ~ 
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with U cay be circumstantial and other possible causes include stray 

capacitance effects, structural changes or impurities in the film 

but these do not so readily account for the results. 

The small change in the cpd following each deposition may 

be caused by: (a) a residual photo-effect on the silver coated 

steel probe, (b) adsorption on the exposed erbium substrate patches 

in the film or (c) on the silver film. There is some evidence for 

(a) and also (c) for the case of oxygen and water vapour (cf. 

Chapter 6) but it is not possible to distinguish which is the cause, 

although the latter is more probable. 

7.9 Discussion: Titanium Results 

7.9.1 Introduction 

The results from the preliminary experiment A shown in 

Figure 7.4 are not very accurate because of the technical problems 

which were encountered with the stability of the probe amplitude of 

vibration. As discussed in section 7.7 titanium was deposited in 

this experiment at 2.10-6 torr onto a gold surface which did not 

apparently completely cover the glass substrate. It is not known 

whether the Ti covered the substrate although the second series of 

Au films which were deposited later onto the Ti were apparently 

continuous. The initial and minimum values of the work function of 

Ti films varied widely. In each case ~ decreased after deposition 

and the SP was positive. In the unbaked system the principal 

residual gases were H20 and CO (and N2). The maximum SP varied 

from + 0.2 to + 0.6 eV and this variation may reflect the effect of 

impurities, adsorption of different gases or some dependance on the 



~o IV 

Experi- Sub- Type Range 

SP eV 

Sign Range ~f e7 Film Type 
No. Ment strato 

B Au High 4.5-5.9 Pos 0.26-1.13 4.0-5.0 ,1-11 1 

c Ag Low 2.5-3.8 Neg 0.06-0.8 3.0-4.2 6·-16 2 

High 5.8-6.7 Pos 1.2-2.5 4.0-4.6 17-19 3 

Table.7.4 Sumcary and classification of the results and film 

type numbers for titanium from Tables 7.1 and 7.2. 



- 168 -

film structure. It was shown, however that the backing voltage Vb 

was disturbing the measurements. It is possible therefore that (a) 

the maximum values of the SP include a contribution from this bias 

effect and that (b) the whole of the increase in ~ after the 

maximum value had been reached was due to the bias effect which 

increased the apparent value of~. The cause of this is unknown 

but it may be due to the effects observed for thin Au films on 

glass substrates discussed above or to the reference steel surface 

due to the electric field effect as described in Chapter 5. These 

results are not reliable and at most are indicative of the 

occurrence of positive surface potentials and of the large variations 

which may result for the initial and time dependeQt changes of the 

work function. 

7.9.2 Work Function 

The results from experiments Band C are shown in Figures 

7.5 and 7.6 and are summarised in Tables 7.1 and 7.2. They incur 

an error due to stray capacitive effects (cf. Chapter 4) in the 

absolute values of ~o and ~f but ·their difference (the SP) is not 

affected to a first approximation. If account is taken of the 

probable error ~o and ~f should be reduced by 0.3 + 0.1 eVe The 

results fall into three classes as shown in Table 7.4. Titanium 

films deposited (a) at 2.10-9 torr onto gold possessed a high value 

• ( ) -7 of ~o between 4.51 and 5.97 eV; type 1 f1lms, b at 1.10 torr onto 

silver possessed a low value of ~ between 2.56 and 3.81 eV; type 2 
o 

films, (c) and thicker films at 1.10-7 torr in the same experiment 

possessed. high values of ~ between 5.84 and 6.74 eVe The equilibrium o 

value of ~f lay between 4.04 and 4.99 eV for types 1 and 3 films and 
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between 3.04 and 4.18 eV for type 2 films. The SP of adsorbed gas 

was positive when ~ was high and negative when 9 was low. In o 0 

this classification the initial films (numbers 1-5 in Table 7.2) in 

experiment c which produced no change in the film resistance (6R - 0) 

monitor have been excluded. Type 2 films produced an anomalous positive 

increase of 6R (Table 7.2). Lucas 1964 and Chopra and Randlett 1967 

have observed that the resistivity of a thick metal film may be 

increased by depositing a thin film of another element onto it. 

These results suggest that type 2 films were thin and that the type 

3 films which reduced the resistivity as expected were much 

thicker as concluded for other reasons previously. 

The work functions of gold and silver are not affected by 

cost of the residual gases at room temperature except in the latter 

metal which adsorbs oxygen and possibly water va~~ur. ~Ag generally 

decreased by a small amount after deposition of the films at 1.10-7 torr 

and this is likely to be caused by the adsorption of these gases. 

although it may have been due to other causes. The real substrates 

~ were therefore (a) for type 1 films at 2.10 torr a gold surface 

. ~ free from adsorbed gases and (b) for types 2 and 3 fl1ms at 1.10 torr 

a silver surface probably covered with oxygen and water vapour. For 

the sake of clarity a substrate covered with gases or impurities 

which are reactive to titanium is referred to as active. An active 

substrate may lead to contamination of a slowly growing or thin film of 

titanium. 

In the high vacuum experiment C the evaporation time was 

the same for each film but the evaporation temperature T of the e 

sublimation filament was gradually increased ~uring the sequence 
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of depositions from a low to a high value and consequently also 

the rate of deposition. The residual gas contamination rate of 

the films during their growth was therefore initially high and fell 

to a lower value as T was increased. Thus type 2 films which 
e 

possessed low values of 41 were·· (i) thin (ii) deposited onto an o . 

active substrate and (iii) had a high residual gas contamination 

rate. The latf!'r (type 3) films in this· sequence which had a high value 

of 41 were .(i) thicker (ii) deposited onto a Ti - gas sandwich 
o .' 

type layer substrate on silver and (iii) had a lower residual gas 

contamination rate. It may be concluded that (a) thin films of 
.~.' '. ", 

titanium deposited slowly onto an active substrate in high vacuum 

have low values of 4l and that (b) thicker films of titanium 
o 

which are deposited more quickly onto active substrates have high values 

of 41. It follows that (c) type 2 films which had low value of 41 o 0 

are less representative and that type 3 films having high values 

are more representative of clean surfaces of titanium. 

If the above conclusion were true then films of titanium 

which (i) were thick,.or thin, (ii). had a low residual contamination 

rate and (iii) were deposited onto an inactive substrate would 

have high values of 41 representative of clean titanium. The films o . 

deposited at 2.10-9 torr in experiment B onto the gold film substrate 

of unknown thickness satisfy these three criteria and they also 

possessed a high value of 41 A~ predict~d (Table 7.4). 
o 

The conclusion is drawn therefore that high values of 4l 
o 

are characteristic of clean titanium films (typ~s 1 and 3) and that 

low values of 41 result from impurities. The source of these appears o 
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to be (1) adsctb'ed gas on the substrate or on the surface of the 

previously deposited film and (2) residual gas adsorbed on the gro\lling 

film.'.""The SP results are discussed in detail below. The previous 

measurements for films of titanium were discussed in Chapter 6 and 

were summarised in Table 6.2. The values of ~ vary from 3.5 to 
o 

4.17 eV (Rentschler and Henry 1945, Jain and Krischnan 1952, 

Suhrmann et .'11. 1962 and Magee 1967). These are close agreement 

with th~ low values measured in the present experiments for type 2 

films. As described previously the measurements of Rentschler 

and Henry and also Jain and Krischnan were made in poor vacuum, 

Magee did not state the base pressure in his system. Suhrmann 

et ale deposited their films in ultra high vacuum but at a very slow 

o -1 rate (- lA hr ) for about an hour. Their films may also therefore 

have been contaminated from the residual gas during their growth. 

In all four measurements active substrates made of nickel, graphite 

or glass were used which were prcLably covered with reactive adsorbed 

gases. These films were (i) of unknown or very small (- 70 AO
) thiCkness, 

(ii) deposited onto active substrates and (iii) deposited in poor 

vacuum or exposed to the residual gas for an unknown time before 

the measurements were made. These satisfy the criteria for type 2 

films having a low value of ~ in the present experiments due to o 

contamination. In support of this conclusion the low values for type 

2 films and also the previous results above are within the range of 

values of ~ for the oxide and carbide of titanium 2.7 - 4.7 eV 

(cf. Chapter 6.3). Rentschler and Henry 1945 reported that when 

thin titanium films were deposited onto oxygenated metal substrates 

a value of ~ was measured which was lower than that of thicker films. 

":'nde~:"?Tl Bud Th"ltlpson 19~t h(Ve also found that bul',~ L"T'.lritle. i.n 

Ti reduce ~ by a volt or Dore (cf. Chapter 6.3.1). These facts curcem-



stantia11y support the conc1usio~ \t~~impurities on active sub-

strates may have led to low values of ~ for thin films. o 

It has been assumed in the above interpretation that (i) the films 

of Ti (and Au and Ag) were continuous, the films of Ti (ii) were sufficiently 

'thick for them to be a film and not a dilute layer on a substrate of another 

element and (iii) that they had the same atomic structure irrespective of 

thickness, evaporation rate or base pressure, (iv) the structure was of the 

normal roon temperature hexagonal close packed a phase of Ti (v) there was 

no alloying or interdiffusion of the substrate material with the Ti film and 

that (vi) there were no impurities evaporated from the sublimator filament. 

The first two assumptions may not have been the case for the initial films 

in experiment C which had an anomalous resistivity. The first five of these 

however were discarded and were not included in the aualysis. There is no 

evidence in the present work to believe the assumptions (iii) and (iv) were 

not true although it is known that in the initial stages of the growth of 

some metal films that atomic structural changes may occur· cf. Chopra et ale 

1967. There is evidence for Ni and C~films that inter-diffusion may rapidly 

occur at room temperature (cf. Chapter 2). Even if assumption (v) was not 

true it would be difficult to account for the high values of ~ observed for o 

films on both Au (~ = 5.3eV) and on Ag (~ = 4.3eV) substrates. The last 

assumption was 0~timi8tic. In both experiments Band C the sublimation 

filament was extensively outgassed. However, impurities may only have been 

desorbed at the sublimation temperature. If this were true it is likely that 

the initial films in either experiments were more contaminated than the latter 

ones. This may have been an additional cause of the low '0 values for type 

2 films in high vacuum (and a180 for those in experiment A). Evaporated im

purities may also be a contributing cause of the variation of ~ in each o 
experiment. 

• Epitaxed bcc ~difications at 2930 K of thin (es2) Ti films on W(bcc) have 
been reported for which ,<~(a) which converted at greater thicknesses to 
a-Ti(hcp) cf. (Chapter 6.3.1). A similar effect may be responsible for 
the reduction in, (cf. Table 6.2) with successive depositions since the o substrate was Ag (fcc). 
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The initial values of ~o for types 1 and 3 films were 

concluded to be representative of clean surfaces but vary widely 

from 4.8 to 6.7 eV (Table 7.4). The values for the contaminated 

type 2 films also vary widely but this may be simply due to differing 

degrees of contamination. If the above six assumptions are true 

then the results for the clean films imply a variation in ~ of 

about 2.0 eV between the sinsle crystal faces of titanium. The 

maximum difference for tungsten, however, is much less than this 

£mount (cf. Chapter 2). This suggests that some of the divergence 

may have been caused by impurities from the residual gas, substrate 

or evaporation filament as well as a natural variation of ~ with 

the surface structure. 

7.9.3 Surface Potential 

In ultra high vacuum the predominant residual gas was 

hydrogen with traces of water vapour, carbon monoxide (and nitrogen) 

as shown in Table 7.3. The partial pressure of hydrogen was 

increased to about 8.10-7 torr before depositing one film. The SP 

for each was positive and the conclusion is drawn thet the adsorbate 

was hydrogen. This disagrees with the sign of the SP for hydrogen 

reported by Suhrmann et ale (Table 6.3) but as discussed previously 

their results may not refer to clean surfaces. Magee 1967 observed 

a positive SP of hydrogen also but the purity of this surface is also 

in doubt. The values in both of these experiments refer to large 

concentration of hydrogen in the film which probably exceeded 

the solubility limit. Consequently the interpretation of the results may 

be comp1~cated by the precipitation of hydridic phases in the films 
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¥igure 7.11 Schematic illustration of dissociative adsorption of hydro

gen and water vapour on titanium surfaces where d is the distance of the 

effective centre of charge of the ada tom from the surface electronic plane 

(---). The vacuum is above and the metal below d - 0: (a) electronegative 

hydrogen i.n deep sites for which d <; 0 and the SP is positive, (b) water 

vapour, (c) electronegative hydrogen on impure surfaces where presence of 

the impurity (I) results in d > 0 and negative SF. 
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(cf. Chapter 6.3). These measurements therefore do not substantiate 

or dispute the present conclusion on the positive SP for pure 

titanium surfaces. 

Positive surface potentials at low coverage (cf. Chapter 

2.S) have been interpreted as the result of penetration of the 

adsorbed electronegative ada toms below the surface electronic plane. 

A positive SP may also result from an electropositive ada tom located 

above the ~lectronic plane. Studies of the bulk properties of 

titanium hydride have not distinguished whether the predominant 

b d • • f f .- + .+ -on 1ng 18 0 the orm T1 - H or T1 - H (cf. Chapter 6.3). 

The present SP results cannot distinguish the direction of charge 

transfer between the adsorbed hydrogen atom and the titanium film 

since its position with respect to the electronic surface plane is 

unknown. However, it is known that hydrogen is rapidly absorbed by Ti 

at 3000 K with a small activation for solution, that in dilute con-

centrations absorbed hydrogen atoms are located in interstitial 

holes in the lattice (cf. Chapter 6) and that transition metal M 

to hydrogen bonds are normally viewed as having a partial negative 

ionicity of the form M - H-x, 0 ~ x ,L It is probable there-

fore that the positive SP arises from the dissociative adsorption 

of hydrogen and the formation of a negative atomic * layer 

located in interstitial surface sites below the surface.electronic 

plane. The situation is shown in Figure 7.11a. 

It is known for titanium from Chapter 6 that (i) the activation 

energy for solution of hydrogen is 8m31l (ii) the diffusion rate is 

high at room temperature (iii) the sticking coefficient (or getter 

* recent th~(retical work (Chapter 2.6.2) predicts that H. adatoms 

on Ti acquire partial negative charge. 
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-9 
rate) for hydrogen can be constant for long periods at 10 -

10-7 torr (H2) and for longer than expected for a monolayer to 

be formed (iv) large concentrations may be dissolved at 300
0K even 

-10 
- 10 torr. The time dependent change in the SP may be derived 

from a model which takes account of dissociative adsorption of 

molecular hydrogen and solution of ada toms into the film. Suppose 

there is only one state in which adatoms penetrate below the surface 

plane so the SP V > 0 then V is related to the number N of adatoms by: 

v • ~ - ~ - 4we M N, M > 0 
000 

(7.2) 

where the dipole moment M • q d and q is the magnitude of the ncsative o 

ada tom charge. The rate of change of N is 

dN/dt • 2s Ng - N exp(- eQ/kT) - 2Nd (7.3) 

where s is the sticking coefficient, Ng is the rate of incidence of 

molecular hydrogen on the film surface, 2Nd is the rate of desor?tion 

of molecular hydrogen, N exp - eQ/kT and Q are the rate and activation 

energy for solution of atomic hydrogen respectively. The solution 

of (7.3) is given in Appendix F for the assumptions that (a) Nd 

is negligible, (b) s is independent of coverage, (c) there is only one 

state and that dissolved hydrogen diffuses rapidly away from the sub-

surface so that V - feN) only. Then: 

where .I. -... _ 4nsM eNg exp eQ/kT 
"'0 "'f 0 

and or - exp eQ/kT 

The model also predicts that 

- • SwsM eNg o 

(7.4) 

(7.5) 

The experimental results shown in Figure 7.5 are ~eplotted on a 

1~6~~i~h~~c :.c~'e in Figure 7.12 and the initial rate of change of ~ 
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against the final surface poter.tial in Figure 7.14 (curve B). The 

experimental results are in reasonable agreement with the prediction 

of the model given in equations (7.4) and (7.5). The plots of log ~ 

against t or log(t) and log (~- ~f) against log(t)were non-linear. 

The time constants T of the curves shown in Figure 7.12 lie within 

the range 4.3 ~ T ~ 13.0 mins. The model therefore predicts 

from (7.4) that: 

4.3 ~ exp eQ/kT ~ 13.0 mins 

and since 1 eV = 20 Kcal mole-l then the activation energy for 

solution Q is: 

-1 0.73 ~ Q ~ 1.3 Kcal gr-atom (7.6) 

The results for experiment B (Curve B in Figure 7.14) are described 

by: 

-1 
d~/dtt 0 • - a - b (~o-~f) mV min (7.7) 

where a • 17 + 17 mV min-l and b • 0.066~ 14 min-I. The model 

predicts from (7.5) that: 

-1 
0.OS2.~ lIT ~ 0.080 min 

and from (7.4) the activation energy Q is: 

1.26 ~ Q ~ 
. -1 

1.48 Kcal gr-atom (7.8) 

The two values of Q predicted by the model and given in (7.6) 

and (7.8) are in rEasonable agreement with each other and are plausible 

values for the rapid solution of hydrogen which is known to occur 

at room temperature. The values are much smaller than those derived 

from high t~mperature and high pressure studies of the hydrogen

titanium system which yield values 5 - lOKcsl gr-atc~-l (cf. 

Chapter 6.3.6)~. How~ver. impurities are known to increase Q and it 
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does not seem unreasonable to suppose that the surfaces of the films 

were much purer than the bulk samples used in the other studies. 

Consequently, the values of Q for the former would be expected to 

be lower than those for the latter as in fact observed. The scatter 

in the values of T (and Q) in the fi~ures may be partly due to stray 

(.~pacitive errors, impurities or effects of surface structure in the 

film since the value of Q may be dependent on the crystallographic 

orientation. The model 81:0 :redicted from (7.4) that the maximum 

surface potential <1>0 - <1>:: was proportional to Ho,s,Ng and exp Q. 

Although it may be circumstantial the maximum surface potential was 

in fact observed for largest partial pressure of hydrogen (film number 

7, table 7.1). 

Three major assumptions were made in the model. Firstly the 

SP was assumed linearly dependent on the number of adsorbed hydrogen 

atoms. There is evidence in other gas-metal systems that this may be 

so for hydrogen adsorption where mutual depolarisation effects are 

apparently small over a fractional range of coverage (cf. Chapter 2). 

Qualitatively this may also be favoured if the adion sinks below tQe 

surface electronic plane as in the present case (or if the coverage is 

small). Secondly, the sticking coefficient was assumed independent of 

coverage. There is evidence from independent sources that this may be so 

for H2 on Ti as described in Chapter 6.33. Thirdly, the pressure p of 

H2 was ~~~~med ~onstant. ~or film number 7 (Figure 7.Sb) p varied by more 

than a factor of 10 but the linearity of the logarithmic plot was un

affected (Figure 7.12) suggesting that variations of p were not of first 

order importance. The departure from linearity in the logarithmic plots 

may indicate a breakdown of the former two assumptions. 

In the high vacuum experiment C both positive and negative values 

of the SP were observed. The former occurred in type 3 
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Hn 
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N2+CO 
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CO2 

Table 7.5 

Partial Pressure -8 (10 Torr) 

A B C D E 

4.4 4.9 6.3 5.0 4.6 

8.2 6.2 4.6 4.1 3.7 

34.4 26.8 22.0 19.6 17 .5 

67.0 65.0 61.8 61.0 61.0 

4.0 2.0 2.7 3.3 4.0 

2.9 2.S 2.9 2.9 2.9 

16.1 9.5 7.1 5.7 4.8 

(a) 

Relative Incidence Rate 

,GAS C D E , 
H2 0.39 0.31 0.28 

CH4 0.09 0.08 0.08 

H2O 0.45 0.39 0.3S 

N2+CO 1.0 0.98 0.98 

°2 0.04 0.05 0.06 

CO2 0.09 0.07 0.06 

(b) 

Variation of (a) the partial pressures and (b) the in

cident rates (rg1ative to (N2 + CO}) in experiment C at 

1.10-7 torr just before (A,B) and after evaporation of 

T. film number 19 t = 15 (C). t = 30 (D) and t = 45 
1 

minutes (E). 

\ , 
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films and the latter on type 2 films, Table 7.4. It was concluded 

above that the low values of $ (type 2 films) were due to contamination 
o 

and that the type 3 films were much purer. In these experiments 

the precise gas composition was unknown although typically the 

major species were H20, CO(und N2) as shown in Table 7.3 The mass 

spectrometer was functioning at the end of experiment C, however, 

and the gas composition before depositing Ii film number 19 and its 

change afterwards is given in Table 7.5. The differences between 

the figures in columns Band C suggest the residual composition was 

app~rently changed by heating the sublimation filament to its 

evaporation temperature, H2 and O2 appear to have been evolved 

and the pressures of the other major gases were reduced. The 

increase in the argon peak is probably due to the Boostivac ion 

pump. llowever, Il2, H20 and CO2 are apparently being adsc.1rbed and O2 

evolved in time after depositing the film but it is uncertain 

whether this is due predominantly to the ion pump or the film. The 

rates of incidence of the component gases on the film relative to 

nitrogen (calculated from the partial pressures) are given in 

Table 7.Sb and the predominant gases incident on the film are 

(N2 + CO), H20 and 1I2• The latter two gases are dissociatively 

adsorbed on clean titcnium and the relative incidence rates of 

atomic hydrogen and oxygen are 1.68 and 0.45 respectively for 

column C assuming dissociated HiO + 2H + O. The incidence 

rate of atomic hydrogen therefore is much lareer than that for 

(N2+CO). Since (1) the partial pressure of (N2 +CO) varies little 

in comparison to that of H2 and H20 and (2) the relative incidence 

rates of atomic hydrogen, atomic oxygen and n~lecu13r (N2+CO) are 
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1.68, 0.45 and 1.0 respectively (assumine H20 + 2H + 0), then it 

appears that the predominant adsorbate is atomic hydrogen providing 

the sticking coefficient of oxygen is not greater than that of hydrogen 

by a factor of about four. This latter assumption does not seem un

reasonable. If dissociation proceeded via H20 + H + OH then the 

incidence rates become 1.23, 0.45 and 1.0 for atomic H2 , OR and 

(N2 + CO) respectively. If dissociation of H20 did not occur (although 

this is unlike1,) then the incidence rates become 0.78, 0.45 and 1.0 

for atomic H2 , H
2
0 and (N

2 
+ CO) respectively. Consequently it is 

reasonable to suppose that the positive SP arises fron a predominant 

adsorbate of hydrogen adatoms due to dissociative adsorption of 

molecular H2 and H20 since the SP of oxygen and nitrogen on Ti is 

negative and probably also the OH radical (cf. Chapter 6.32 and 

Table 6.3). 

Suppose dissociative adsorption of H20 proceeds as H20 + 2H + ° 
and that N(X) and Ng(X) denote the number of adatoms X and their 

rate of incidence on the surface, then tIle rate of change of the 

number of N of ada toms for dissociative adsorption of H2 and H20 is: 

dN/dt • dN(H)/dt + dN(O)/dt (7.9) 

where dN(H)/dt • 2s1 Ng(H2) + 2s2Ng(H20) - N(H)exp-eQ/kT 

and dN(O)/dT· s2 Ng(H20). Similar equations are obtained if 

dissociation proceeded via H20 + H + OH. At low coverage N ~ N(H) 

and since from above Ng(H) ~ 4Ng(O) then (7.9) becomes: 

dN/dt = dN(H)/dt = 2sl Ng(ll2) + 2s2Ng(H20) - N(H)exp-eQ/kT 

i.e. dN/dt = dN(H)/dt = a - bN(H) 

which is of the same form as the continuity equation in the hydrogen 

surface potential model (equation (7.3». This model predicted that 

(7.10) 

(7.11) 
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log (~ - ~f) a t. The results for type 3 films which had a positive 

SP are reported in Figure 7.l3c. The logarithmic curves are bilinear 

suggesting a two component adsorptionproce8s. The model suggests 

that the initial linear portion is due tQ hydrogen. After about ten 

minutes the measured SP is smaller than expected from the model. 

This may be caused by: (a) oxygen adatoms (or OR) which arise from 

dissociated water vapour or similarly N2 or CO which have a negative 

SP (cf. Chapter 6 and Table 6.3). An increasing concentration of 

these electronegative adspecies would tend to progressively reduce 

the magnitude of the positive SP due to hydrogen with increasing 

coverage; (b) the sticking coefficient s2 of water vapour may not 

be independent of coverage; (c) the sticking coefficient s1 of 

hydrogen may no longer be independent of coverage in the presence 

of other adspecies. Both (b) and (c) would invalidate the assumption 

in the model that the sticking coefficient is independent of 

coverage. The SP of adsorbed gas on the low initial work function 

films was negative (type 2 in Table 7.4). The gas composition 

above these was unknown. Adsorption of O2 and N2 on Ti are known 

to result in a negative SP (Table 6.3). The low values of ~ were 
o 

co~cluded above to be caused by impurities. A negative SP may also 

result from R20 and it may be speculated also for hydrogen if the 

impurities prevent the negative hydrogen adion from entering the 

interstitial surface sites so that it rests above the surface electronic 

plane. The situation is shown in Figure 7.llc for the two cases of 

an occlud~d and a surface impurity for hydrogen adsorption. The 

negative SP for each of the type 2 films is also described by the 

empirical equation log ($ - ~f) - - tIT for values of T in the range 

5.6 , T ~ 24 :·ll.nutes as shown in Figure 7.13 (a and b). The model 

developed for the adsorption of hydrogen is not applicable for oxygen 

or nitrogen since for these gases the sticking coefficient is known 
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to be linearly and exponentially dependent on coverage respectively 

(cf. Chapter 6). The time dependent change for each may be 

estimat~d if it assumed that the surface potential V is related 

to the number N of adsorbed atoms by: 

V· 4> - 4> • 411'eM N, M < 0 
000 

(7.12) 

If for oxygen s • s (1 - kN) where k is a constant then the cono 

tinuity equation become~: 

dN/dt • 2so (1 - kN)Ng - Nd 

where Nd is a term accounding for des;erption. This equation is 

of the form: 

dN/dt • a - bN 

which after integration and using the boundary conditions: t • 0 

N • 0, t ~ ~ N - Nf leads to 

(7.13) 

> 4> and b • 8nM s kN~. This predicts that log (4) - 4>f)<X.-t 
000 

which is consistent with the experiment results shown in Figures 

7.13 (a and b). Although this result was obtained for oxygea, a.~ , 

simi~or result would be found for any electronegative adspecies for 

which s linearly decreased with N. In the case of nitrogen 

s • s exp(-N/N ) where N is a constant and the continuity equation 
000 

becomes: 

dN/dt • 2s Ngexp(-N/N ) - Nd o 0 

but this leads to a dependence of the SP (or 4> - 4>£) on log(t) 

which is not consist~,·t with the experimental results. In the 

(7.14) 

case of hydrogen, it is known that hydrogen may be dissolved by 

titaaium even though the surface may be contaminated (cf. Chapter 6) 
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which implies that molecular hydrogen may still be dissociativel! 

absorbed. If this is so. the model developed previously above 

for the SP of H2 on clean surfaces may be applied to the results 

for contaminated films by reversing the sign of the dipole moment 

(i.e. SP) in equation (7.2). This results in a solution of the 

continuity equation identical to that in the model (equations (7.4 

and (7.5» except that ~f >~o and d~/dtt~ > o. This model then 

predicts a reEult in close agreement with the SP changes shown in 

Figure 7.13 for the contaminated type 2 films. The agreement may 

be fortuitous since the assumptions in the model may not be valid 

for a contaminated surface. However. it is expected in such a 

case that the activation energy Q would be much larger than for 

pure surfaces as in fact seen in the logarithmic figures since 

the time constants 'are much longer. The model for dissociative 

adsorption of hydrogen on a contaminated surface which gives 

rise to a negative SP is shown in Figure 7.11c tor the two types of 

impurities in the films. This proposal is consistent with the results 

of Suhrman et al. (cf. Chapter 6) who measured a negative SP of 

hydrogen on films which were concluded previcusly to be possibly 

contaminated. 

The initial rate of change of ~ for the type 2 films is plotted 

against the maximum SP in Figure 7.14 for comparison with the other 

results. The points as expected do not lie on the curve B for 

hydrogen. (experiment B at 2.10-9 torr). The first series of films 

numbers 6-12 lie apparently on Cl after which a fresh silver substrate 

had been deposited. The later films lie on another curve apparently 

C2• The scatter in the points may be due to several causes but it 

is probably associated with impurities in the film, their effects on 
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the SP of hydrogen and the mUlti-component nature of the adsorbate. 

The maximum surface potential ~o - 9f is shown as a function of 

the initial work function ~ for each film in experiments Band C in o 

figure 7.15. The surface potential increases (i.e. becomes more 

positive) as ~ increases. The scatter in the data points about the o 

line maybe caused by stray capacitance effects. The results are 

described by: 

~ - ~ - a(~ -b) o f 0 
(7.15) 

where for(~: 

Experiment B a '" 0.75 b - 4.leV 

and Experiment C a '" 0.S2 b '" 3.5eV (Curve Cl ) 

a '" 0.95 b '" 4.leV (Curve C2) 

The results for the high vacuum experiment fall apparently on two 

curves: Cl for films 6-12 and C2 for the later films 13-19 which 

were deposited onto a fresh Ag substrate. It is difficult to 

comment significantly on the results for experiment C since these films 

were probably contaminated resulting in low ~ values. For the ultra o 

high vacuum experiment B however the adsorbate was hydrogen as con-

eluded above. The hydrogen surface potential model predicted that 

~ - ~f • STIseM Ng exp Q/kT where M • qd. The values of 8 and H for 
000 0 

oxygen and hydrogen and other geses are known to vary with the 

structure of the adsorbent (cf. Chapter 2.5.2 and 2.6.2). Thus the 

linear variation may be a fortuitous consequence of the particular values 

that s, M and Q take for the films. Alternatively, however, the 
o 

results may be due to a variation of the dipole moment Mo with the 

work function ~ if s, Ng and Q are not the dominent variables. With 
o 

this assumption the present results may be compared with those for 
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hydrogen on the single crystal planes of tungst.~ (figure 7.16). 

The largely negative SP in this system becomes increasingly positive 

as $ increases in agreement with the present results (figure 7.15) o 

for Ti. The results for Ware also empirically described by 

equation (7.15), where a • 0.88 + 0.25 b - 5.09 + 0.l2eV. The 

values of the empirical constant a for Ti and W substrates are in 

r~asonable agreement. For oxygen on tungsten, Engel and Gomer 1970(a) 

have also found the negative SP to become increasingly positive as 

the work function ~ of the adsorbing plane increased. 
o 

It is of interest to compare the results for H2 on Wand Ti 

with the recent model of metal-adsorbate interaction suggested by 

Engel and Gomer 1970(a). This was an extension of their previous 

model for low ionisation potential I ada toms to those having a high 

electron affinity A and ionisation potential such as Hand O. The 

energy level diagram for the former is shown in figure 2.6 (discussed 

in Chapter 2.6.2) and for the latter case the diagram is shown in 

figure 7.l7(a). The affinity level A is depressed and broadened 

near the metal where it is shown sche~~tically as a resonance level 

filled to the height of the metal Fermi level. The resonance 

adatom band will be qualitatively maximally filled on the lowest 

work function surface. Thus the excess Ilegative charge on the 

adatom increases as ~ reduces. ~o 
Consequently the dipole moment 

and the SP become more positive as ~ increases. Engel ann Gomer o 

state this is satisfactory only if ~ ~ A. For oxygen and hydrogen 

the level A is too high but these may have a resonance affinity 

level R in between the A and I levels and for a free hydrogen atom 

R • - 6.5eV (they cite). For the R level Engel and Gomer show 

that there is no excess charge q on the ada tom when the R band is 
e 
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dipole moment M • qd or surface potential (SP) with ~ for an adatom . o 
outside of the metal surface (a-f) and penetrating below the surface 
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half full and this corresponds to figure 7.17(a). If the occupancy 

is greater than one half the adatom acquires an excess negative 

charge and the SP is negative. The variation of qe with ~ is illustrated 

in diagram (b) (for a constant spacing) where the position of the 

R level at a distance d is 4> say. For cp • 4> q • 0 and there a a e 

is no charge transfer; qe becomes negative for 4> < 4> and Iqe l a 

increases as 4> reduces. The variation of the dipole moment and the 

SP with ~ is shown in diagram (c) .\Mo • qd). The .region of the 

negative q corresponds to the curve ab (for simplicity a linear 
e 

variation is assumed) for an ada tom outside of the metal surface 

(i.e. d > 0). The form of the curve ab is consistent with the 

experimental results for 02 on W (Engel and Gcmer) and also for H2 

(cf. figure 7.16). The resonance model seems to imply that the 

adsorbate band occupancy may become less than a half if 4> is 

sufficiently large resulting in an effective positive charge on 

the adatom (diagram (b» and consequently a positive dipole 

moment and SP denoted by curve bf (for d > 0). A adr:ror image 

is obtained for penetrating adatoms (d < 0), curve cbg. 

The results for the H2-Ti system are qualitatively of the same 

form as the curve bf in diagram (c). That is, they are consistent 

with the predictions of the resonant affinity model for effectively 

positively charged H ada toms in sites outside of the surface plane 

(i.e. the bond is of the form Ti 
+ 

- H ). In the previous discussion, 

the positive SP was accounted for by penetration of negatively 

charged hydrogen ada toms below the surface plane (i.e. the bond was 

of the form Ti+ - H). This direction of charge transfer was 

- + assumed because of the lack of evidence for M - H metal bonds among 

other factors. The experimental results however are not in a,."O'f'.L, .~;, 
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with the resonance model which predicts the curve cb for negative 

ada toms penetrating below the surface plane. The penetration 

model may however still be plausible if other factors cause the 

negative adatom charge q or the penetration depth d to increase 

with ~. Since the atomic packing uensity increases with $ then o 0 

d would vary inversely with ~ which predicts~an inverse variation 
o 

of the SP with ~ t contr~ry to the experimental results. The 
o 

resonance model did not account for: (1) polarisation which is 

probably a small factor in the present case (2) negatively charged 

hydrogen adatoms in interstitial sites which would prooably reduce 

the degree of smoothing of the electron distribution due to the 

Smolochowski effect. This would constitute a negative contribution 

to the positive dipole moment the magnitude of which would decrease 

with the atomic packing density .+ -(3) the ionicity of a T1 - H 

bond would tend to be maximised by an increase in the atomic packing 

density. If the latter two factors had a greater influence on the 

effective dipole moment of the penetrating .datoD than the reduction 

in the effective negative charge predicted by the resonance model 

with increasing ~ t then the SP would increase with ¢ for penetrating 
o 0 

electronegative ada toms as observed. 

The positive surface potentials of hydrogen on titanium 

and the empirical relationship SP a(~ - b) are consistent with: 
. 0 

(a) hypothetical predictions of the resonance model for a Ti- - H+ 

bond with the effectively positively charged ada toms situated 

outside of the surface plane 

(b) ~enetration of effectively negatively charged ada toms below 

the surface plane for a Ti+ - H- bond providing there are 



- 187 -

various factors which effectively increase the magnitude 

of the negative adatom charge with the density of atomic packing 

in the surface plane (or with ~ ) over and above the reduction o 

in the charge predicted by the resonance model. 

The empirical relationship above however ii' , not consistent with: 

(c) hypothetical predictions of the resonance model for 

penetrating and effectively negatively charged ada toms below 

the surface with ~ bond type Ti+ - H- since this model 

predicts the positive SP to decrease with ~ • 
o 

It is unfortunate that the position of the ada tom with respect to 

th~ surface plane is unknown since otherwise it may have been 

possible to examine the validity of the models more exactly. 

7.10 Discussion: Patch Effects 
• 

The spatial variation of ~ across the gold, silver and 

titanium films shown in figures 7.8 and 7.9 are primarily due to 

the effects of stray capacitance. The cross-sections fo the 

substrates used in the experiments are shown in figure 7.7. As 

the substrate was rotated opposite the reference probe P the 

intere1ectrode distance d charged. The variation of ~ reflects 

the effects of stray capacitive errors and their dependence on d 

(as discussed in Chapter 5). The results in figure 7.9 for two 

titanium films are free from these errors. The average value of ~ 

measured over an area of the order of the probe area ( ~ 0.1 cm2) varied 

by less than the error of measurement + 20 mV. The apparent reduction 
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acr03S the surface of £ilm number 18 1S due to a change in ~ 

during the period ( ~ 10 minutes) taken to scan the filn surface. 

The work function of the previous film however was stable in ti~e. 

These results are consistent with the expectation that thg ne.:l<::t::red 

spatial variation would be small o·.N'in.g to the micro-crystalline 

structu=e of the film and the macroscopic dimensions of the probe 

electrode. 
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CHAPTER 3 

CONCLUSIONS 

8.1 Contact potential differences between various metal surfaces 

have been measured at room temperature and at low pressure with a 

scanning probe version of the Ke1vin-Zisman dynamic capacitor. 

The rigid mechanical coupling between the vibrating bar carrying 

the probe and the vacuum system was unsatisfactory since it 

introduced a difficult problem of instability of the vibration amplitude. 

On occas.ions it limited the accuracy of measurements to + 0.1 eVe 

Under favourable conditions an accuracy of a few millivolts was 

possible using phase sensitive detection and narrow band amplifiers. 

The Boostivac getter-ion pump was the source of a stray 

current of charged particles which entered the experimental 

chamber. Heta1 surfaces within the chamber collected a current 

whose magnitude and charge was dapendertt on the potential of the 

metal and the gas pressure. The current was too small (typically 

-11 -2 10 A cm ) to affect the measurements on metallic surfaces 

-8 but it had a significant effect at pressures above ~ 10 torr 

on the potential of insulating surfaces. The stray current was 

finally avoided by placing a metal baffle in between the pump and 

the chamber. 

Technical problems and the use of a differential input 

head amplifier caused the measurements of the contact potential 

to be sensitive to stray capacitive coupling between the vibrating 



- 190 -

electrode and other ancillary metal surfaces within the experimental 

chamber. The coupling was experimentally shown to be a major 

source of error if suitable precautionary me~sures were not takan. 

Previous experimental and theor~tical work on their effects was 

reviewed. An expression was derived for the apparent contact 

potential due to these effects. A method was developed which enabled 

their effects to be experimentally investigated. Experimentally 

th~ magnitude of the ~rror increased lin~arly with the amplitude 

of vibration, the interelectrode distance and the sum of the cpd 

and any dc potential between the vibrating electrod~ and the other 

surface forming the stray capacitance. The predictions of the model 

were only in partial agreement with these results since the error 

was predicted to be proportional to the distance squared. This dis

agreement was probably the result of some of the simplifying assumptions 

in the model. The results showed Simon's analysis to be correct and 

they were consistent with the qualitative conclusions of Anderson and 

Mignolet. They dispute, however, the earlier results arrived at by 

Potter. 

8.2 Stainless steel was chosen as the reference material for the 

vibrating probe in order to reduce (hopafully) the errors due to 

capactive coupling between th~~ probe and th~ stainless steel vacuum 

chamber walls. This was an unfortunate choice due to charge effects 

on an oxide layer on the probe surface which disturbed its work 

function as described below. TUere is apparently only one value 

reported fo~ th~ work function of steel. The values for the probes were 

derived from the cpd between them and reference surfaces of gold films 

deposited in-situ onto pyrex substrates for which the work function is 
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reasonably established to be 5.3 + 0.1 eVe The reference gold films 

also served as a conducting and pure metallic substrate for titanium 

films which were deposited onto them. In a later experiment silver 

was used for the same purpose and also to provide an alternative 

reference work function surface. 

The work function of the stainless steel probes was constant 

-9 at 2.10 torr. It reversibly decrc~sed by as nroch as 0.5 eV when the 

surface was inJircctly illuminated with white light from a mercury 

discharge lamp, by less than a few tens of millivolts on short 

-6 exposure to hydrogen at pressures upto 10 torr and by as much as 

0.25 eV on prolonged exposure to hydrogen, and as·~uch as 1.& eV by 

applied electrostatic fields. It was reversibly increased by as 

much as - 0.2 eV by an incident low energy electron current 

(~ 10-11 A cm-2). I 1" 1 h h th th b h d t was qua ltatlve y s own t at e e pro os n 

probably become oxidised during their preparation. Thre~ models were 

considered of an n-type semiconducting oxide on the surface. The 

first took accounted for changes in the dunsity of electrons in the 

conduction band, the second for chnnges in the density of surface states 

at the oxide-vacuum surface and similarly at the metal-oxide interface 

for the third model. The first two models predicted a reversible 

and exponential increase of th~ work function due to the electron 

current which was in agreement with the experimental results although 

the latter might fit equally well other time-dependent laws. The 

predictions' of the first model w~re also in agreement with the 

~xperimenta1 results of Petit-Clerc and Carette but neither predicted 

those published recently by Dobrozemsky and Haltau. The latter two 

models predicted a reversible and exponential reduction in time of 



- 192 -

the work function on illumination which vas in agreem~nt with the 

experiucntal results. Unfortunately the results could not distinguish 

whether the photo-potential was cRused by a photo-hole current to 

the oxide-vacuum surface (second model) or. by a photo-electron current 

to the m~tal-oxide surface (third nodel). The variation of th~ photo

potential .. ith tha intensity of illumination was consistent with thl:! 

predictions of thes ~ond model. but the third predicted a norc 

complex relationship. The stability of the work function for 

short exposures to hydrogen was consistent with previous studies of 

the adsorption of 112 on iron oxides. The reduction of $ en prolonged 

exposure W3S consistent ,dth the predictions of a sinple model of 

adsorption of hydrogen donors on semiconductor surfaces in which 

physically adsorbed hydrogen was converted to a partially and positively 

charged form. The electrostatic field effect was unidirectional and 

no simple explanation could be found for it. 

§...l Contact potentials as larg~ as 6 eV l1en~ measured between thin 

metal (gold) films on glass and t1!.:= steel probe at 2.10-9 and at 

1.10-7 torr. The cpd varied in time ,and also with a bias potential 

to the film. The films were probably discontinuous since th.; effects 

no longer occurred when the dep~Jsit hecame sufficiently thick. They 

were qualitatively discussed hi terms of a lOc.'llisation of electrical 

charge on exposed portions of the substrate due to chnrg.; transfH 

processes betwe.en the insulator surface and metal islands in the 

film among 'other possibiliti~s. 

The cpd between the stael probe and ~ series of gold films 

deposited on glass was measured at • 2.10-6 torr (experiment A) 

and nt 2.10-9 torr (experiment B). The cpd increased after depositing 
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the films and assymptoted to an equilibrium value. This change was 

due to the photo-instability and charge effects on the probe. The 

work function of the gold films deduced from the equilibrium values 

of the cpd increased with the thickness of the deposit until a 

reproducible value was obtained. In the case of experiment A this 

was probably due to a progressive increase of coverage of the lower 

work function (titanium) metal substrate. The final values of the 

work function for the films was assumed to be 5.3 eVe The work function 

did not change within + 10 mV when the partial pressure of hydrogen 

-9 -6 
was increased from the base pressure of 2.10 torr to about 10 

torr in agreement with previous measurements by others. The 

equilibrium work functions for the two reference steel surfaces were 

4.65 + 0.10 and 5.60 + 0.10 eV in experiments A and B respectively. 

The difference between these is probably due to the effects of 

ba~ing the second probe and prolonged exposure to the residual gas 

in the case of the former. 

Silver was used instead of gold in the final experiment C 

at 1.10-7 torr for the reasons given above. A thick silver film 

was deposited in-situ onto the steel probe which eliminated the charge 

effects experienced before. The reference work function of the 

probe was assumed to 4.3 eVe The glass substrate was replaced by 

an erbium one (supplied by the U.~.~.t.~~. Its work function was 

deduced to'be 3.5 eV from the cpd. Silver was deposited onto 

the substrate to provide a relatively pure substrate surface for 

titanium. The work f~ncfion of the substrate increased approximately 

by the same amount with each fresh deposition of silver from 3.8 to 

about 4.1 pV after the initial deposition. These results were 
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consistent with the predictions of a simple model in which the 

film deposit progressively covered the lower work function substrate 

with increasing average thickness. The model implied that the initial 

filrncovered approximately 85% of the substrate. The work function 

of each fresh film changed generally by as much as 60 mV after 

de~gsiti~R apparently due to adsorption of residual gas on the exposed 

patches of the substrate or of oxygen or water vapour cn the silver 

film itself. The work function gpnerally decreased but on some occassions 

it increased. 

8.4.1 Films of titanium were deposited onto gold or silVer film 

substrates in each of the three experiments A, Band C. In each 

experiment the values of the work function for the clean films varied 

widely and this is probably due to impurities and structural 

differences in their surfaces. 
~6 

The films were deposited at 2.10 torr 

in experiment A onto a probably discontinuous gold film substrate. The 

work functions varied between 3.3 and 4.6 eV. The residual gas com-

position was unkno~~ but the major constituents were probably water 

vapour &~d a mixture of carbon monoxide, nitrogen and hydrogen. 

The work function decreased after deposition by as much as 0.6 eVe 

This was probably due to the adsorption of water vapour and hydrogen 

since the surface potential of nitrogen is known to be negative and other 

experiments had shown that the combined partial pressures of carbon 

monoxide and nitrogen did not change appreicably relative to the 

others above fresh titanium films. After the minimum value waS 

reached the work function increased over a period as long as several 

hours to ~ 4.6 eV for all the films. The application of the backing 

voltage in the measurements was shown to disturb the apparent value 

of th~ contact potential. Consequently the maximum values of the 



- 195 -

surface potential and also the later increase of the work function 

(and its cause) are unc~rtain. This may have been caused by the 

charging pheno~cna observed for discontinuous metals if the 

titanium was not continuous or to the electric field instability 

of the steel reference probe. These preliminary results are 

perhaps only indicative of the larg(:. variations which I:lay be measured 

in the work functions of titanium films and in the surface potentials 

of adsorbed gases and also of the occurence of large positive valuLs 

of the surface potential at low coverage. 

§.!-'!~~ The work functions of the clean surfaces of titanium films 

-9 deposited onto a gold film substrate at 2.10 torr in experiment 

B lay within the range from 4.5 to 6.0 eVe These values are much 

higher than tho$e previously reported for pure films but are 

significantly close to the extrapolated thermionic values of Wilson 

at room temperature (4.9 to 5.6 eV) in ultra high vacuum. After 

deposition the work functions 'decreased in tinte to m.inimum 

values between 4.0 and 5.0 eVe Analysis of the residual gas 

composition and other experimental evidcncc showed that the positive 

surface potential arose froI!l the adsorption (,If hydrogen. A qualitative 

discussion was given of the properties of the hydrogen-titanium 

system. Th;;: positive surface potential coult! t·e eXi,11ained hy 

dissociative adsorption of molecular hydrogen and the penetration of 

the hydrogen adato8s t,·:!.t:~ a rnrtbl ne(;:ative ionicity into ,surfaco 

interstitial sites in the lattice wh~re t~e adsorbate was below the 

surface electronic plane. The dipole mom~nt of the adsorbed 

hydrogen atom in this situntion would be positive resulting in a 

positive surface potential and a reduction of the work function of the 
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titanium films. A simple model was proposed of the surface 

potential of hydrogen (the ESP model) which accounted for dissociative 

adsorption of molecular hydrogen and solution of the adsorbed atoms 

into the film. The predictions of tho model were consistent with 

the experimental results for the time depend3nt changes of the 

-1 surface potential and a value betwe~n 0.7 and 1.5 Kcal gr-atom 

\TaS derived for the activation energy for solution of atomic hydrogen 

in titanium. Previous mC3surements of the activation energy with 

bulk titanium at high temperatures and pressures have resulted inl~~ger 

'·1 
"ra1 ue.s ( 5 - 10 Keal . 5r-atom ) but this mc'lY be expected 

since these were probably not so pure as the thin films. The 

variation in the values derived from the pr<:..sent experiments is 

probably caused by capacitive errors, impurities and structural 

differences in the film surfaces. 

8.4.3 The values of the work function of the clean surfaces of 

thin titanium films slowly deposited onto silver film substrates 

werecuch lower than those 3bove and lay between 2.5 and 3.8 eVe 

It was concluded frc~ a qualitative analysis of the relative 

condition'} e·f the growth of the films that the low values resulted 

from impurities. These apparently arose from the evaporation source 

or from gettering of the residual gas or adscrbed reactive gases on 

the substrate during th~ growth of the film. Frevious measurements 

of the work function of titanium films lie within the range from 

3.5 to 3.8 eV for recent determinations and between 3.9 and 4.2 eV 

from early investigations. It W3S concluded in the review and discussion 

of tht~se previous results that the latter were unlikely to refer to 

clean surfaces end similarly for the former' because of the conditions 
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in which the films were grown. In support of the conclusion and 

also that the low values measured in the present experiments are 

due to impurities are the results of Rentschler and llenry who reported 

that the work functions of thin films of titanium deposited on to 

oxygenated surfaces are lower than those of thicker (and apparently 

purer films. The previous results and also the present ones for 

slowly deposited films are significantly within the range of values 

reported for the oxides and carbides of titanium. Impurities provide 

a logical explanation for the variation of the work func~ions of the 

clean surfaces of the films. The work function of these impure 

films increased after deposition and the final values lay between 

3.0 and 4.2 eV. The residual gas composition was not exactly known, 

however, although previous experiments had shown that the major gases 

were typically water vapour, hydrogen and a mixture of carbon monoxide 

and nitrogen. A simple model of the time dependent change of the work 

function gave predictions for oxygen in agreement with the results; 

but not for nitrogen although the surface of both of these is known 

to be negative on titanium films. The change in surface potential 

was of a similar form to that of hydrogen alone and this was in 

agreement with the predictions of the HSP model if the sign of the 

surface potential in the latter was negative. Evidence for dissociative 

adsorption of molecular hydrogen and water vapour on contaminated 

titanium was discussed and a negative moment m~ght arise if the 

impurities prevented the hydrogen ada tom from penetrating below 

the surface electronic plane. If this was assumed to be the case the 

modified HSP model resulted in values of the activation energy for 

solution larger than those for the pure surfaces as expected. 
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Thicker and more rapidly deposited titanium films in the 

last experiment possessed a high value of the work function for the 

clean surface between 5.8 and 6.7 eVe The surface potential of 

the adsorbed gas was positive and experimental evidence was given 

for the adsorption of hydrogen and/or water vapour. The time 

dependent changes of the surface potential were similar to those of 

hydrogen alone on pure surfaces in experiment B and were largely 

consistent with the pretictions of the RSP model. The differences 

between them could be qualitatively explained by a breakdown of one 

of the assumptions in the model due to the presence of atomic oxygen 

from the dissociative adsorption of water vapour (or from OR or another 

impurity gas) or due to changes in the sticking coefficient of hydrogen 

or water vapour. Non-dissociative adsorption of water vapour was 

considered unlikely but might also account fur the results if its 

SP were positive but this is probably unlikely. 

8.4.4 The ~ximum surface potential of hydrogen increased with the 

work function of clean titanium surfaces. The HSP model predicted that 

the surface potential should increase with the sticking coefficient; the 

activation energy for solution, the hydrogen adatcm dipole moment 

and the adsorbate pressure. The linear variation of the SP with ~ o 

may have been fortuitous. If the change was dUe to a variation of the 

dipole moment then the reGults were consistent with the hypothetical 

predictions of the Engel and Gomer tesonance affinity model for metal

adsorbate i~teraction for (effectively) positively chargad hydrog~n 

adatoms on the outer surface of the metal. The results were als', 

consistent with penetration of electronegatively charged ada toms 

below the surface providing the (effective) negative ada tom charge 
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increased with the atomic packing density. Various factors which 

might lead to this dependence were discussed. The experimental results 

could not determine the position of the ada tom or clearly distinguish 

the direction of charge transfer. The positive surface potential of 

hydrogen measured in this work is in disagreement with the results of 

Suhrmann and colleagues. However, in the latter case their films 

were possibly impure and atomic structural changes may have also 

occurred since the concentrations of hydrogen were high. The negative 

surface potentials they observed are consistent with those measured 

for impure films in the present results which are also possibly due 

to hydrogen. 

8.5 The sp~tial variation of the work function of metal films was 

shown to be distorted due to the effects of stray capacitive coupling. 

In the few instances where their effects were avoided the average 

value (over an area of the order of 0.1 cm2) varied by less than 20 mV 

(for titanium films). This result is in agreement with previous 

measurements for films of other elements as intuitively expected if 

the average crystal size in the film surface was much less than the 

area of the probe electrode when the measurements are made with the 

Ke1vin-Zisman technique. 

8.6 It has been concluded from this work that the work function 

of clean titanium films is decreased when hydrogen is dissociative1y 

adsorbed onto the surface at room temperature. Positive surface 

potentials on other metals have been observed previously by others 

for physisorbed hydrogen or weak molecular chemisorption of hydrogen 

on top of primary electronegative adlayers. A similar case has not 
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apparently been observed previously for a positive surface potential 

of a prinary hydrogen adatoo layer on a clean metal surface. This 

may be partly due to the fact that experioental studies have been 

more concerned with metals which have a low solubility for hydrogen 

at normal temperatures. The present results and conclusions are 

partly based on the validity of the arguments pertaining to the cleanliness 

of the films deposited in ultra high vacuum which possessed work 

functions significantly higher than those measured by others previously. 

If the former are not valid the conclusions regarding the surface 

potential of hydrogen may require revision. 
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APPENDIX A 

The continuity €~aation in model A is given by: 

dn/dt • f II + P - A exp - eV/kT + 1m (5.2) 

If the change in the electron density n in the oxide conduction 

band is linearly related by the constant C to the change in 

potential V then 

C dV/dt • - dn/dt (A.l) 

The constant C is related to the capacitance of the oxide. If 

constants a and b are defined by a • -A exp - eV/kT and 

b - f II + P + 1m then from (5.2) and (A.l): 

C dV/dt • - (a + b) (A.2) 

and since a~ c - (e/kT)a dV then (A.2) becomes: 

J{a(a + b)}-l da • (e/Ck~) Jdt 

log {(a + b)/a} • b et/CkT 

and substituting for a and b gives 

ex? eV/kT • cl exp {- e(f II + P)t/CkT} + c2 (A.3) 

sinco I is constant and where c is a constant. If the change m 

in V is small then cxp x = 1 + x and using the boundary conditions: 

t • 0 V • ".'0' t - 00 V - V Q) then (A.3) reduces to: 

v 00 - V - W - V ) exp - dt 
00 0 



where d • e(f II + P)/CkT. The work function ~ and V are related 

by equation (5.1) and therefore it £0110\01s that: 

~oo - ~. ~oo - ~o) exp - e(f 11 + P) tlCkT (A.4) 

which describes the time dependant change of ~ at a constant 

incident electron current II or illumination intensity p. 

The equilibrium change ~oo - ~o may be derived using the 

boundary conditions: t < 0 and t • 00, dnsldt • 0, then from 

Equation (5.2) 

and f 11 + p + I • A exp - eV IkT m 00 

and if these equations are divided then 

e (V - V )/kT - log (f II + P + 1 )/1 o co m m 

and since 6~· - 6V then assuming the current 1m is negligible 

in comparison to the incident electron and photo-generation rate 

terms then 

~ - ~ - (kT/e) log(f 11 + P) 
00 0 

This equation predicts that the equilibrium change increases 

with log 11 and log P in the absence of illumination (P • 0) 

and charged incident particles (II • 0) respectively. 

(A.5) 



APPENDIX B 

The continuity equation in model B describing the surface 

state density at the vacuum-oxide surface is: 

dN Idt • G +(11 + P + Aexp - eV IkT) (Us
o - N )y - N (J+P)n (5.4) 

8 . 8 S 8 

For low pressures the gas term G may be neglected and after 

rearrangement (5.4) is of the form: 

d~: Idt • - aN + b s s (B.l) 

where a • (11 + P + Aexp - eVs/kT)y + (J+P)n 

If the terms 11 and P are dominant over the thermal current 

Aexp - eV/kT then Equation (B.l) becomes: 

where the constants c1 and c2 are found from the boundary 

conditions: t • 0 N 
8 

t • ~ N • N , giving; o 8
00 

- N • (N s s 
co 

- N ) exp - a t 
So 

The barrier height V is described by the Schottky formula: s 

and for small changes in Vs and Us then 

- N 2 • 2 w N (N 
s Soo 8 00 

- U ) - V S 8 
~ 

- V 
8 

(B.2) 

(5.5) 



Since ~ and Vs are directly related by 6~ • 6Vs from 

equation (5.1) then (B.2) becomes after substituting for a: 

~ - ~ • (4) - ~ )exp -{(II + P)y + (J+p)n t} ~ ~ 0 "~ 
(B.3) 

which describes the time dependant change of the work function 

for a constant incident electron current and photo-electron 

generation rate. 

The equilibrium change ~~ - ~o is derived from the 

continuity equation using the conditions: 

t < 0 N • N s s 

which gives: 

dN Idt .. 0 t - ~ s ' dN Idt • 0, s 
o 

Aexp - eV IkT· 
8

0 

~ 

o 
Ns nJ/(N - N )y 

o s So 

and 11 + P + Aexp - eVs IkT 
o 

• N n(J+P)/(N - N )y 
S 8 S 
~ 00 00 

• 

If the last equation is rearranged and the equations are divided then: 

exp - e"(V -v )/kT - {(No-N )N nJ}/{(No-N )(N n(J+p)-(Il+P)(No-N )y)} 
s S 8 8 S 8 S S S 8 o ~ ~ 0 0 00 00 

Since from above 6~ • 6V then this equation reduces to: 

(B.4) 

where a • (Nos - N ) N nJ I (No - N ) s s s s 
co 0 ° 

This equation predicts: (a) 4>~ - 4>0 increases with the incident 

electron current 11 in a log fashion and (b) if the photo-hole 

current is the dominant term in the absence of an incident electron 

current (11 - 0) then 4> < cj> since log N n(J+P» log a and ~ - ~ 
~ 0 Soo 0 GO 



increases with log P. In the absence of charged particles or 

illumination N 
s o 

• Nand $ - ~ - 0 as intuitively expected. 
S D> 0 

00 

APPENDIX C 

The continuity equation for model C ~hich describes the 

surface state density of the metal-oxide interface is: 

o 
dN/dt • 14(N -N)y 

which may be written in the form: 

dN/dt • - a N + b 

where a - 14 Y + (P+J)n 

o 
b • 14 N n 

- N (P+J)n 

Equation (C.l) is similar to Equation (b.l) i~Ap~~udiK ~ 

(5.7) 

(C.l) 

i.: 14 is independent of N where the solution was shown to be: 

N • c l exp - a t + c2 

where the constants c1 and c2 are found from the boundary conditions: 

t .. 0, N ... N , t .. 00 N" N, giving: o 00 



N - N • (N • So) exp - a t = = (C.2) 

The barrier height V is described by the Schottky formula given 

by: 

2 
V • w N 

and for small changes in V and N then 

N
2 

- N2 • 2w N(N - N) • V - V = = = 

(5.5) 

and since $ and V are related by o~ • - 6V from Equation (5.1) 

then Equation (C.2) becomes after substituting for a: 

~ - $ • (~ - $ ) exp - (14y + (P+J)n)t = 0 = (C.3) 

This equation describes the time dependent change of ~ for a 

constant intensity of illumination. The electron current 14 

from the oxide CB to the surface states for non-thermal photo-electrons is 

14 • P + Aexp - eV/kT (5.8) 

and for thermalised photo-electrons 

14 • (P + A) exp - eV/kT (5.9) 

The solution given in (C.3) is valid only for non-therma1ised 

electrons since in the derivation it was implicitly assumed that 

14 ; f(V) and this condition is satisfied when the photo-electron 

te!~ in (5.8) is dominant. A solution of the continuity equation 

thermalised current given in (5.9) is cQcplex .r.d.i. 

not derived. 



The equilibrium change ~ - ~ is derived froa the o co 

continuity equation using the boundary conditions: 

t < 0 N - No' c!N/dt - 0; t - co N" NIX) t dH/dt· 0 

and for 14 as defined in Equation (5.8), then from the continuity 

equation: 

o . 
Aexp(-eVo!kT) (N - N )y. N In o 0 

and o 0 
Aexp(-eV)kT) (N - N.)y= Nco (P+J)n - peN - Nco)y 

When these equations are divided and rearranged they give: 

v -v - (kT!e){log(N In)- lOB (P(N n -(No-N )y) +JU n) IX) 0 0 co Q) co 

Since froQ above o~ - - oV, this equation reduces to: 

o 
If the photo-electron current term peN -N )y > PN n co co 

the hole current term this equation predicts that $ - ~ will o co 

increase with the photo-generation rate P and also that $ < ~ co 0 

since in this case the first term log a on the right hands ide 

of the equation is greater than the second term. In the absence 

of il1~~in3tion (P=O) the model predicts t~at $0 - ~co • 0 since. 

then No .. Nco as intuitively expected. If the above condition is 

not true and the photo-hole current is greater than the photo-

electron current then ~ > ~ and ~ - cp increases with P. 'l'co '1'0 'I'eo 0 

(C.4) 



APPENDIX D 

The continuity equation froo ~del B describing the 

surface state density in the presence of an electronically 

active adsorbing gas is: 

(5.13) 

The rate of change of the density n of adsorbed a - H2 is relatcJ 

to the pressure and the sticking coefficient s at low coverage by 

dn(a)/dt :I a s 

where a is a function of pressure. If the density of e - H2 is 

directly related to n(a) by 

nee) • b n(a) 

then the rate of change of e - H2 is: 

dn(e)/dt - bas (D.l) 

The density of occupied surface states Ns is related to n(8) 

l'l s - nee) 

assuming a - H2 is a donor molecule and that a(H2) is only 

(D.2) 

physically bound and does not disturb Ns' n or y. 

height V is related to N by the Schottky formula 

The barrier 

and 

s s 

2 
V • 0) N s s 

dV Idt • 20) N dN Idt s s s 

(5.5) 

(D.3) 



· . 
The tern dN /dt is giveh in the continuity equation. If the s 

assumption is made that the rate of adsorption of electronically 

active gas molecules is dominant and that a(1l2) does not disturb 

Us' y or Tl then equ,".tion (5.1l) reduces to: 

d~l /dt - G - - dn (a)/dt s 

and therefore s~bstituting for dNs/dt, Ns and dn (e)/dt froo 

Equations (D.I) and (D.2) into (D.l) gives: 

which is of the form 

fdV
S 

... c f (N - f t)dt s o 

where c ~ - 2 absw and f • abs 

Va .. c (N
s 

- (ft/2~ +: k 
o 

The constant k is found with the boundary condition: t • 0 Vs • V 
So 

nee) ... 0, the equation gives: 

v - V 
So S o 

a C (2N - ft)t/2 
So 

(D.4) 

If n(e)« Ns and since from Equation (5.1) 6~ • 6Vs then (D.4) 
o 

becomes after substituting for c and f 

cjl . - cjl Q! 2 ab sw N t 
(I) a (D.S) 

o 

for small t. This equation predicts a linear reduction in cjl at a 

constant pressure of H2 with tice which is dependant on the pressure. 

stickinc coefficient and proportionality factor between the oc. and estates. 



AP?ENDIX E 

The photo-generation rate P is related to the optical 

intensity T·and the quantum efficiency ~for electron-hole 

pair production by the equation 

P n q T (E. I) 

wher~ q. a/hv e~d h io Planc~'s constant and it iR assumed 

for ei~?licity that the reflection coefficient is zero and that a 

~nj Tare independant of fre~ue~cy v. The optical intensity T 

is related to the source intnnoity To and the munber llb of 

optical absorbers in the optical path by: 

where a
b 

is the absorption coefficient and therefore P is given 

by: 

(E.2) 

APPENDIX F 

The continuity equation describing the rate of change in the 

nu~b~r N of adsorbed hydrogen atomq in the surface l~yer is: 

dN/d~ ~ 2sNg - Nexp(-eQ/kT) - 2Nd (7.3) 

where s is the Dticking coefficient, Ng is the rate of incidence of 

hydrogen v~lecules on the surface, Nexp - eQ/kT and Q are the rate and 

activation energy for solution of hydrogen atoms And 2N. iR th~ lie!!lnrpti.on 
u 



rate of molecular hydrogen. If the surface potential V is linearly 

related to N by 

(7.2) 

a:1.d if s is independent of N then: 

cV Idt • a - b V (F .1) 

W:lere a -8tresNg E.nd b • exp -eQ/kT, assuming the desorption rate Nd 

C3Y be r-eglected. Integration of (F.l) leads to: 

V • gl exp - bt + q2 

where the constant g is found by the conditions: t • 0 N • o. V • 0, 

t ~ ~ N - N
f 

V· Vf giving after substituting for V from (7.2): 

~ - $ - (~ - ~ ) exp - tIt f 0 f (F .2) 

where L ~ er.p eQ/kT. The rate dN/dt - 0 when t ~ ~ N ~ N
f 

giving 

from (7.3); 

Nf n 2sNg exp eQ/kT 

and it follows from (7.2) that: 

A - Af - 811'eM Rt'!g exp eQ/kT 't'o '1'_ 0 (7.4) 

It has been implicitly assumed "that the dissolved hydrogen atoms 

do not contribute to V (i.e. that their dipole moment is very small or 

that they diffuse rapidly away from the subsurface region), that the 

activation energy for dissocietion of H2 is small so that dissociation 

is not rate limiting in the continuity equation and also that adatoms 

are adsorbed into only one (electropositive) site on the metal surface. 
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