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SUMMARY 

The interaction of oxygen with a tantalum surface 

has been studied in an ultra high vacuum system. This 

study consisted of observing the thermal desorption of 

neutral species from the surface and the effects of 

gas adsorption on the electron work function. 

The study of the thermal desorption spectrum 

revealed the presence of two adsorbed gas species. 

From this study, the initial coverage of each adsorbed 

species and the order, heat of activation, change in 

entropy and free energy change for each of the 

desorption reactions were ascertained. 

The effect of the adsorption of oxygen on the 

tantalum surface was observed from the change in the 

electron work function. The electron work function in 

these studies was determined by a contact potential 

difference methods
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CHAPTER 1 

INTRODUCTION 

1.1. Introduction 

The interaction of gases with a metal surface represents one of 

the earliest studied chemical reactions. For example, in 1796 van 

Marum studied the dehydrogenation of alcohols by metal surfaces, 

Since that time, a vast number of studies of gas-metal surface 

reactions have been undertaken, AS a result of these studies, the 

gas~metal surface reaction can be broken down into two main 

categories: 

1. The adsorption of gases on the metal surface. 

2. The desorption of products from the surface. 

1.2. General Considerations for the Adsorption of Gases ona 

Metal Surface 

When atoms or molecules of a gas collide with a metal surface 

there exist a finite probability that they will be adsorbed cn the 

surface, If the adsorption is an activated reaction then the rate 

of adsorption has been defined as’ 

oP £() 
ae Ze exp(-E/RT) 1.1 

(2mmkT) 

where o is the condensation coefficient, P is the gas pressure above 

the metal surface, f(€) represents the probability that the gas will 

make a collision with an active site, and E is the activated energy 

of adsorption reaction. For atoms or molecules that are physically 

adsorbed on the surface, i.e., the forces between the molecule and 

the metal surface are weak Van der Waals forces, the molecule must
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surmount an energy barrier of a magnitude E in order to become 

chemisorbed. If the energy barrier is greater than the physical 

desorption energy, then when the molecule acquires sufficient energy 

to pass over the barrier, it will be preferentially desorbed rather 

than chemisorbed. Chemisorption for the activation adsorption 

reaction can only occur directly from the gas phase. 

In the non-activated adsorption reaction, the activation energy 

E. will approach zero. In this reaction the desorption energy of 

the physically adsorbed precursor will be greater than that of the 

activation energy Eo and hence a physically adsorbed molecule can 

become chemisorbed, The chance that a physically adsorbed molecule 

will became chemisorbed will depend on the availability of active 

sites on the surface and thus the surface coverage will be an 

important factor for the chemisorption of molecules when a precursor 

is involved. 

1.3. General Considerations of the Desorption Reaction 

The rate of desorption of gases from a metal surface can be 

expressed as 

~ nf n= kyo exp(-Q, /RT) 1.2 

where go is the surface coverage, n’ is the order of the reaction, 

ky is a constant, and C is the desorption activation energy for a 

molecule adsorbed in the jth state. 

While an adsorbed gas molecule usually exists in a single 

physically adsorbed state, the molecules in the chemisorbed state 

have been known to exict in a number of adsorbed states? a Each
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ef these adsorbed states can be characterized by its om individual 

desorption rate equation, 

1.4. Surface Ionisation 

Surface ionisation is a process by which atom or molecules are 

desorbed from a surface in a charged state. These charged species 

may be positive or negative ions. The formation of negative ions 

is of considerable academic and comercial interest. Its commercial 

interest stems from the use of negative ions in the formation of 

dielectric material by means of a gas phase anodisation reaction®? ©, 

The degree of surface ionisation for the ith species desorbing 

from a surface can be defined as 

  1.3 

Where Ny. 4 represents the number of positive or negative ions 

of the ith species that are desorbed from the surface per unit time 

per unit area, and N; is the number of neutral species that are 

desorbed from the surface per unit time per unit area. o has been 

shown to be a function of the temperature of the surface T, the 

electron work function ex, the ionisation potential I or the electron 

affinity A, and the electric field that accelerates the ions from the 

surface F, 

From the Saha equation, a, can be expressed as® 

  

a, \/A (ae E= 2) 
a Sa exp((ex - eI;)/kT) 

& = 
gj \A (l- r) 

1.4



& 
where — is the ratio of the statistical weights of the positive 

& 

ions and atamic states of the adsorbed atom, r > oy and pe are the 

average reflection coefficients of the positive ions, the electrons 

and the neutral atoms, respectively, and vA is the ratio of the 

thermionic emission constant (120.4 amperes on oo and the 

"apparent" erieeich constant. Equation 1.4 is generally referred 

to as the Saha-Langmuir equation. 

én analogous expression fora_ is given a” 

Qa \fa (Tae a=) 
4 o. et — }e— |] ————_ | exp (A - ex) x) 

* ~ 
Q, A (l- r)) 

1.5 

where V/Q, is the statistical sum ratio of the adsorbed negative 

ion and that of the neutral aton, respectively. The electron 

affinity A, for a given surface temperature T, cannot be cbtained 

by directly solving equation 1.5 for a given value ofa. This 

results from the fact that o_, 03, Rs 7 and a cannot be experi- 

* 5 
mentally ascertained and a value of A could be in serious error, 

An approximate value of A can be obtained by solving 

6 a(ine.) 
A= 7-k ——— +) ey 1.6 

d(1/T) 

provided ex and the pre-exponential terms in equation 1.5 are not 

significantly temperature dependent. 

Consider the following alternate method for the determination 

of the electron affinity. F. M. Page? has shown by a thermodynamic 

calculation that the rate of desorption of negative ions per unit



area can be expressed as 

oc ’ 
n_ = -~ exp(A = a - ex)/RT) Let 

0. 
s 

where c is a function of the electronic charge, o/o, represents the 

fraction of the surface covered by the adsorbed gas species and Q 

is the heat of desorption of the electron acceptor. By dividing 

equation 1,2? into equation 1.7 ane obtains 

co 

=O = ——— ep ((A - ex) RD), 1.8 
n 

a ee 5 Q 

In equation 1.8, all the quantities in the pre-exponential term are 

known or can be experimentally ascertained. Hence, the electron 

affinity can be ascertained by directly solving equation 1.8. In 

order to solve equation 1.8 one must know the following: 

1. The rate equation for the desorption of neutral gas 

species from the oes ene 

2. The electron work function of the surface as a 

function of coverage. 

3, The temperature of the surface. 

4, The ee equation for the desorption of a given 

ion species from a metal surface. 

This thesis represents a study of the thermal desorption reaction 

of neutral gas species fron a metal surface and the determination of 

the electron work function in the presence of adsorbed gas species.
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CHAPTER 2 

THE THERMAL DESORPILON OF GASES FROM A METAL SURFACE 
  

2ele Introduction 

A great number of studies concerning the interaction of various 

gas species with metal surfaces have been reported in the Literature)?» i, 

Most of these studies have been concerned with the adsorption reaction. 

The adsorption reaction has increased our knowledge concerning the 

gas-metal surface interaction by providing the following information: 

1. The adsorption isotherm for various gas-metal surface 

systems. 

2. The heat of adsorption as a function of surface 

coverage. 

3. A rate equation for adsorntion under certain well 

defined conditions. 

4, The determination of the adsorption activation energy 

for systems such as hydrogen and nickel. 

While the above information certainly adds to our understanding 

of the gas-metal surface reaction, the study of the adsorption reaction 

has not provided information regarding the following: 

1. The existence of a number of adsorbed gas phases for 

a given gas-metal system. 

2. The binding energy for each of the individual 

adsorbed gas phases. 

From thermal desorption studies it is not only possible to 

ascertain the individual adsorption phases and their associated binding
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energies, but also to provide the following additional information 

concerning the desorption reaction: 

1. The rate equation for the desorption reaction. 

2. The order of the desorption reaction for each of the 

individual adsorbed phases. 

3. The number of adsorbed gas species per unit area for 

each of the phases. 

In view of the importance of a thermal desorption study, the 

remaining portions of this section will be concerned with (a) the 

theory of the absolute rate reaction, (b) the application of the 

latter thecry to the desorption reaction, (c) the interpretation of 

the thermal desorption data, and (d) the experimented apparatus and 

techniques used in thermal desorption studies. 

2.2. The Theory of the Absolute Reaction Rate 
  

The quantitative formulation of reaction rates in terms of 

activated complexes was first used by H. Eyring in agas 2 . Since 

that time the theory has been applied to a wide range of rate pro- 

cesses, such as diffusion, dielectric loss, and internal friction in 

high polymers, 

This theory is based substantially on two main postulates, 

The first postulate states that for any atomic or molecular process 

that requires an activation energy, the atoms or molecules involved 

must first form an activated complex. The rate of the reaction will 

be dependent on a factor of the form exp (-«/T). The activated 

complex will form at the top of an energy barrier which separates 

the initial and final states. The rate of the reaction is then the 

velocity at which the activated complex passes over the barrier.
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The second postulate states that the initial reactants are 

always in equilibrium with the activated complex, and that the latter 

decomposes to the final state at a definite rate. 

Consider an activated atom or molecule having a velocity between 

xX and x + dx in one degree of freedom. The probability of such an 

event occurring is given as 

° ee ° 
P(x) = constant . exp (m’ () /(2kT)) dx 261 

* 
where m is the mass of the activated complex and k is the Boltzmann 

constant. 

The average velocity of the complex with a motion in one direction 

can be expressed by 

exp =(m'G))/(2KD)—-& ck 

2.2 M
o
l
 

"   

exp | an (2) JCD) sey 

rc kT t 
x =. a . 2.3 

Qn mm" 

If d is considered as the width of the top of the barrier, then 

  

the average time required for an activated complex to cross this 

distance has the form 

3 te 
2a m 

= e Gae 24 

kT 

  a i 

N
e
l
l
 a
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The fraction of the activated complexes that will cross the 

barrier per unit time will be 1/1. The cmecentration of the activated 

complexes is given as ct and the rate at which they cross the barrier 

is 

  

3 z Kr 1 
re GCG = ea 268 

Qu m d 

where the term Cy 3 eee q represents the product of the concentrations 

of the reactants and the k* is known generally as the rate constant for 

the reaction, The rate constant k* can be expressed as 

‘ ct ee il 
ieee x *¢ 2.6 

Cy Cacees (Gre on it da 

Since it was postulated earlier that the reactants will always 

  

be in equilibrium with the activated complex, it then becomes possible 

to express the equilibrium constant for the system of ideal substances 

  

  

as 

K = Ze 
Cy cB eee q i 

If statistical mechanics are used then the equilibrium constant is 

expressed by 

' 

F, 
Ko = exp (-E,/(RT)) 2.8 

Bewresett) 
AUB N 

where E, represents the difference in the zero level energy per mole 

of the activated complex and that of the reactants, In other words EG 

in equation 2.8 represents the amount of energy that the reactants must
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' 

acquire before they can form the activated complex. By represents the 

complete partition function for the activated complex, while the 

product of the total partition functions of the reactants is given as 

PAF ese Fue 

By assuming that equilibrium constants defined by equations 2.7 

and 2.8 are equivalent, equation 2.6 becomes 

’ 
dds kT 3 F, 

  exp (-E,/(RT)) 
% 

d 20m E poe Fa N 
2.9 

1 
F, is the complete partition function for the activated complex. 

+ 

The complex will, because of translational motion along the reaction 

co-ordinate, decompose to either products or to the initial reactants. 

The complete partition function for the activated complex can be 

expressed as 

' 
Fy = Ff Ci») 2010 

where f (tr) is the translational partition function and is given by 

2n m* KT i 
f(t) =|————-] «d 2011 

h 

and h is Plenk's constant. 

By substitution of equations 2.10 and 2.11 into equation 2.9, the 

expression for the rate constant becomes 

. Fy kT 
Kes = [ — Jew CERT). 2.12 

Pa PR eee Ry h
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In order to allow for the possibility that not every activated 

complex that reaches the top of the barrier will decompose into products, 

a transmission coefficient K is introduced and equation 2.12 can now 

take the form of 

K Fy kr 
1 ee evo (cee (0) 2.13 

3 Fy Eyscs Fy NCR 

The rate of the reaction is now expressed as 

Fy ,T 
Saye = eect seer mae ne vo K Cy Cy vee Gp = K Cy Cy vee Cy exp (-E,/(RT)) « 

3 Fa Fy eee Fy 

2.14 

If it is assumed that the experimental energy difference between 

the activated complex and the reactants AE) approximates the value 

of E5» then equation 2.14 in a logarithmic form becomes 

K (Cy Cy ives Gp k Fy ES 

10 Ohne eer a te Pans Nene 
P,P eee Fy h RT 

2.15 

An expression for:the experimental activation energy 4E can be 

obtained by the differentiation of equation 2.15 with respect to 

temperature and is given as 

din) aE, 1 
e-- te, 2.16 

ar RT ir
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The equilibrium constant can also be expressed in terms of the 

standard free energy of the reaction, i.e., 

AG” 
K = exp eae 2.17 

RT 

ace = act - act 2.18 

where 

and act and ach represent the free energies for the reaction in the 

forward and reverse direction!, the standard free energy can also 

be expressed in the form 

AG adh? SrA? 2 2.19 

and AH®° and AS° represent the standard heat of the reaction and the 

change on entropy, respectively. 

From equation 2.17 and 2.18 the equilibrium constant can now be 

expressed by 

% # 1 exp (-AG]/(RT)) 
X shaun s ee 2.20 

ko exp (-AG3/(RT)) 

where ky and kg represent the rate constants for the forward and 

reverse reaction respectively. Hence, the rate for the forward reaction 

can be expressed as 

ast ant 
dn@e}) 92oIn Gq) G, GC, .65 Ge = an (Gy Ca G yet —— “ea, 

R RT 

Cat 

ast and aut in equation 2.21 represent the change in entropy and 

the heat of activation for the formation of the activated complex.
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Upon differentiation of equation 2.21 with respect to temperature, 

one obtains the following expression for the heat of activation, namely 

dint) — ant 
= ae 222 

aT RT 

If the reaction rate (r), expressed by equation 2.15, can be represented 

by the forward reaction rate (rj), then by combining equations 2.16 and 

2.22, the heat of activation for the formation of the complex can be 

expressed by 

= sR - RT. 2623 ant > 

* 1 . * 
By assuming also that a constant ky can now be introduced into 

equation 2,21, the expression for the change in entropy of the 

activation reaction can now be expressed as 

AE 1 P 
ast - [k InP) - Inka Cy Cy vee Gy) - 1] es 

T 
2.24 

and the free energy of the reaction for a given temperature becomes 

Ach =orany -- (tus? 2025 

While the rate of the chemical reaction is determined by the free 

energy of the reaction, the change in entropy can provide an insight 

to the mechanism of the reaction.
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2.3. Application of the Theory of Absolute Reaction Rates to 

Thermal Desorption Reactions 

Consider a surface in a system where the adsorption and desorption 

reactions are occurring simultaneously. If the gas on the surface does 

not change in composition and concentration with time, then the gas- 

surface reactions have reached a steady state. The gas reaction at the 

surface can be far removed from the steady state by rapidly increasing 

the temperature of the surface. The gas desorption reaction rate will 

then determine the gas composition and concentration on the surface. 

Thus for a desorption process 

>» nat, + nA PAC ad) ‘ad (e) gare 

the reaction rate expression can be given as 

ow 
dA Ky AE, (k aE, 

in — eee si + Int 2.27 
2 

dt Bs n® RT 

and then by rearrangement and differentiation with respect to (1/T), 

the experimental activation energy can be expressed as 

ee ioe) 
aE, 7 

d (1/T) 

u" 

2.28   

The standard heat of activation cant) in terms of the experimental 

activation energy EF was expressed by equation 2.23, Before the 

standard heat of activation can be determined, however, a convenient 

Standard state must be chosen.
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~t is customary)? to express the heat of adsorption on a metal 

surface in terms of the initial heats of adsorption; i.e., at low 

surface coverages where the heat of adsorption is independent of the 

coverage. A convenient standard state for the desorption reaction 

would also be at a low surface coverage and where the free energy of 

the reaction is independent of surface concentration. 

Equation 2.23 becomes 

any 2 OE, - RT, 2629 

Where T, is the surface temperature at which the free energy of the 

reaction is independent of the surface concentration, 

The change in the entropy for the desorption reaction can be 

determined from 

~dA AE 
+ ay P 

aS* = R| Inj — 7 ine, A)- 1 + 

ce qe 1, 

2.30 

when n’is 1, the constant ra will have the units of eee and an 

numerical value of between 0 and 1, The constant eS for the second 

order reaction, i.e., when n’ is two, will have the units of coe oe 

aS eaten and an assumed numerical value of A0=1 

+ 
The desorption free energy for the reaction AG] can now be 

determined from 

act = anf - Tasf . 2.80
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2.4. Interpretation of the Thermal Desorption Data 
  

When the temperature of a metal surface is rapidly increased or 

"flashed", the pressure increase in the system is dictated by a com- 

petition between the rate at which the gas enters the system and the 

rate at which it is removed. Such a reaction is illustrated by Fig. 1. 

The mass balance for the system during the flash is given as 

aN 
(=) = So ee hs 2.32 Se Re E L E 

where V denotes the volume of the system, Rp is the rate of the gas 

evolution fron the metal surface, P represents the leak rate into 

the system, S,, is the rate at which gas is readsorbed om the metal 

surface, Sp is taken as the rate at which gas is removed from the 

system or the total pumping speed, and N is the gas density. As 

stated in the previous section, when the temperature of the surface 

is increased rapidly enough, the desorption rate R, will determine 

the concentration and composition of the adsorbed gas species on the 

14 surface’'. If the numerical values NS, and FL are small compared to 

Rp and NS, then equation 2.32 reduces to 

G) 
vy({—)= Rk, - Ns, . 2.33 py) Pee E 

Equation 2.33 can also be expressed as 

ape ‘an Z 
Kv(— ] = -(—]- s, P 2.34 

at at. 

where n is the number of adsorbed gas species on the surface, K is a
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Pe 

constant, and is defined by 

= Poa rr . 2635 

Fea is the equilibrium pressure of the system at a moment just 

before the "flash", and P is the pressure of the system at some time 

during the "flash", 

Upon examination of Fig. 1 it can be seen that a maximum occurs 

in the pressure-time plot at a time Ch)» and at this instant, 

equation 2.34 simplifies to 

(= ‘ 

—_ = XS. . 2.36 
dt. En : 

th 

Equation 2.34 can be rearranged to give 

a 
(=) xu (S)is x57. 2.37 

By multiplying equation 2.37 through by the term (= i Ms (K Sp P. ae 
m 

the rate of desorption. at any time t, can be expressed as 

én ‘dn Vv oP* Pt 
oe om ae i 2.38 
at at S. Pe at ey 

a im t 

"  
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Fig. 1. Desorption of gases fron a metal surface.
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If equation 2.37 is integrated, then the initial coverage of the 

surfece is given by 

t 
‘an 

o. = —) a 2.39 
ie at 

t 
° 

dn 
where t& represents the time at which (=) approaches zero. The 

at 

number of adsorbed gas species on the surface at any time between the 

time interval 0 and t, can be found by solving 

ny t ! 

() (= 
(0. -0,) = eect =a) dt. 2 edo 
Onet at at 

t *: 
° ° 

The experimental activation energy for the desorption reaction 

of the nth order is given as 

  

  

(dn/at), 
aE, = Rdj In . 2.41 

(a, oi) 

d (1/T) 

The standard state for the desorption reaction has been defined in 

section 2.3. This state will occur m the surface as some time toe 

Fig. 2 is a typical plot of the desorption rate fran the metal surface 

as a function of time. The time ty illustrated in Fig. 2, is defined 

as that time when the desorption rate is one half the maximum desorption 

oB* 
rate and the sign of ae is negative. T, can be determined from a
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A typical plot of the desorption rate as a function 
of time.
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knowledge of the surface temperature as a function of time. The 

standard heat of activation, the change in entropy, and the standard 

free energy of the desorption reaction can now be determined by 

substitution of us into equations 2.29, 2.30, and 2.31 respectively. 

2.5. The Experimental Techniques and Apparatus used in Thermal 

Desorption Studies 

The amount of knowledge about the chemistry of the gas-metal 

surface interaction by rapidly heating the surface and desorbing the 

gas is indeed impressive. Yet, wless strict attention is given to 

tHe experimental techniques and the equipment used, the results from 

such experiments can be misleading. This section will be concerned 

with what is thought to be the most important aspects of the 

experimental techniques and equipment. 

2.5.1. Required information 

The thermal desorption reaction experiment consists of permitting 

gas to adsorb on to a metal surface and then drive the gas off by 

rapidly heating the filament. However, before any quantitative kinetic 

information can be obtained about the reaction, the experimental 

results must provide the following information: 

1. The pumping speed of the system for the gases 

involved in the desorption reaction. 

2. The gas density of the system as a function 

of time. 

3. The temperature of the metal surface as a 

function of time.
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The ‘total pumping speed of a vacuum system is the sum of all the 

various modes of pumping, These modes include not only the vacuun 

pump itself, but pumping due to pressure measuring devices and the 

adsorption of the desorbed gas species om various surfaces contained 

within the vacuum system. The pumping speed is defined by the 

equation 16 

-dP Ss 
Se ee I ESS) 2.42 
dt Vv 

where S is the pumping speed in litres/sec., and Pe is the ultimate 

lowest pressure. For a range of pressures where S is independent of 

the pressure, equation 2.42 can be integrated to give 

Vv 
s = — s[m@ - Ps]. 2643 

At 

Should P >» P., then fron equation 2.43 the pumping speed can be 

v P 
S = inf — 24 

oat) Po 

where P, and P, represent the pressures at the beginning and the end 

expressed as 

  

of a time interval defined by (tg - +1). 

The observed form of the desorption spectra or gas density as 

a function of time will be dependent upon the pumping speed of the 

system and the rate at which the temperature of the filament is 

increased. 

For a closed system, i.e., where the pumping speed approaches 

zero, the desorption spectra will have a form similar to that shown 

in Fig. 3, Since Fig. 3 represents the desorptim spectra for a



P
R
E
S
S
U
R
E
 

—
—
 

    
  

Fig. 3. 

TIME ——- 

Thermal desorption spectrum for a closed system,
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single gas species adsorbed on the surface, the structure in the 

desorption spectra indicates that the gas was adsorbed in several 

states and each state required a different desorption energy. With 

the pumping speed of the system approaching zero, equation 2.37 

becomes 

ean aP* 
—- = KV{— 245 
dt dt 

and the initial surface coverage is 

te 
ore KV eo 2.46 

where Bee is the maximum pressure. 

A flow system exists when the pumping speed S > 0, The effect of 

pumping speed on the desorption spectra for a constant heating rate 

is illustrated by Fig. 4. Comparison of Figs. 4 and 3 reveals that a 

better resolution of the individual peaks can be obtained from the flow 

system than from the closed system. In order to obtain quantitative 

information from the desorption spectra, the pumping speed of the 

system must be known 17. 

The rate at which the temperature is increased will effect the 

resolution of the desorption spectra from both the closed and the flow 

system, An increase in the heating rate will cause the individual 

desorption peaks to coalesce and make quantitative analysis of the 

individual peaks more difficult. The resolutiom of the peaks, for a 

given heating rate, can be increased to some extent by increasing the 

sweep rate of the recording instrument. This is limited, however, by 

the response time of the pressure measuring circuit.
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Thermal desorption spectrum for an open system. 
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The last and most important parameter is the temperature of the 

metal surface as a function of time. Since the temperature as a 

function of time does not appear in any of the rate expressions in 

sections 2.2, 2.3, or 2.4, its exact form is not important other than 

that the instantaneous first derivation of the function should be at 

all times equal to or greater than zero. 

The most common method of increasing the temperature of the 

surface is by resistance heating!”“20 » i.@., the power stems fran the 

TR product generated across a metal filament. There are two important 

consideration that should be borne in mind when using this form of 

heating technique. First, the filament should be of sufficient length 

so that the portion of the filament where the temperature variation is 

the greatest, because of heat losses to the contact supports, will 

represent only a small fraction of the total filament. G. Ehrlich?” 

has studied the temperature variation along a filament under conditions 

where the temperature in the middie portion of the filament was 

increased rapidly with time or was held constant over a period of 

time. The result of this investigation showed, that as the temperature 

was increased, the temperature variation along the filament whose 

temperature was changing rapidiy with time was significantly more 

uniform over a larger portion of the filament than that for the 

filament held momentarily at a steady state. 

The temperature of the filament at any instant during a "flash" 

can be determined from the measurement of the instantaneous filament 

resistance. The instantaneous resistance is obtained from the ratio 

of the voltage across the filament and the filament current at a time 

(t) during the "flash". From a knowledge of the composition of the 

filament and its physical dimensions, the temperature of the filament 

at a time (t) can be determined from the temperature dependence of
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resistivity of the filament material. G. Ehrlich?” has warned, and 

rightly so, that because there is a temperature variation across the 

filament during the flash, there will also be a resistance variation. 

However, for a filament of sufficient length the end corrections can 

be considered well within the experimental error. 

2.5.2. Detection of the desorbed gases 

There are basically two types of pressure gauges commonly used 

to detect the gases being desorbed during a thermal desorption experi- 

ment. ‘The first type is known as a total pressure gauge and determines 

the pressure by ionizing a fraction of the gases in the system. There 

are two forms of this type of gauge, and each form determines the 

pressure by measuring the positive ion current resulting from the 

impact of energetic electrons with the gaseous species in the system. 

The intensity of the positive ion current for a given density of a gas 

species will be dependent on the total ionization cross-section. The 

total ionization cross-section is a function of the electron energy. 

For most gases a maximum in the value of the imization cross-section 

occurs for electron energies of about 100 ev21, Since the magnitude 

of the ionization cross-section will vary from gas to gas, with 

helium having one of the lowest values, the true total pressure of 

the system can only then be determined if the composition of the 

gas is know and the appropriate corrections are made. 

The Bayard-Alpert gauge is perhaps the most commonly used gauge 

in flash desorption studies. The electrons from this form of gauge 

are generated by means of thermionic emission from a hot metal file- 

ment. Upon being accelerated to a grid, the electrons ionize a portion 

of the gas within the gauge. Although this form of a total pressure
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gauge responds well to small changes in gas density within the system, 

it does suffer from two inherent burdensome features. 

1. 

26 

When electrons strike the grid, there is a possibility 

that a soft x-ray will be emitted. These soft xrays 

in turn interact with the negatively biased ion 

collector surface so as to produce a photoemission 

current. The effect of this photoemission current on 

the pressure measurement becomes most pronounced at 

pressures less than 10” oe The photoemission 

current at low pressure can often equal or exceed the 

positive ion current of the collector and thus prevent 

any accurate pressure measurement. 

The hot incandescent filament used in the Bayard- 

Alpert gauge can itself interfere with the results of 

a "flash" desorption experiment. The gauge filament 

surface can be responsible for the decomposition of 

the gas under investigation. For example, the surface 

of the gauge filament often contains carbon as a 

result of the decomposition of hydrocarbons, This 

carbon can then react with oxygen to form carbon 

monoxide. Thus, the introduction of pure oxygen into 

a flash desorption system will result in the adsorption 

and desorption of oxygen and carbon monoxide from the 

metal surface under investigation. 

The second form of a total pressure gauge that is often used in 

thermal desorption studies is generally known as a Penning gauge. 

This form of a gauge operates on the principle that the electron path 

between the anode and cathode is greatly increased by the presence of
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crossed magnetic and electrostatic fields. The electrostatic field 

is generated by the formation of an electron space charge on an axis 

parallel to the anode surface and at right angles to the applied 

magnetic field. The potential of the electron space charge is near 

that of the applied cathode voltage. As a result of these crossed 

fields, the electrons will move in a radial path. This path will 

increase in radius after each inelastic collision with a molecule 

until the path of the electron intercepts the anode surface. Some 

of the latter inelastic collisions between the electrons and the 

gas will result in the ionization of the gas molecules. The detached 

electrons, as a result of the ionization reaction, will become part 

of the electron space charge, while the positive ions will be 

collected at the cathode surface. The pressure of the system is 

determined from the ion current. 

This form of a total pressure gauge is useful in flash desorption 

studies because its operation does not depend on the continuous 

operation of a hot incandescent metal filament and the pressure 

measurement is not x-ray limited. The chief disadvantages of this 

form of gauge is that the pumping speed is usually much greater than 

2 that of the Bayard-Alpert gauge? and the ion current can vary non- 

linearly with pressure. 

The second type cf pressure measuring instrument is called a 

partial pressure gauge. Partial pressure gauges used in flash 

desorption studies are commonly known as mass spectrometers. This 

type of gauge is similar to that of the Bayard-Alpert gauge in that 

it detects the pressure of the gas from the ion currents. These 

ion currents are a result of inelastic collisions between energetic 

electrons emitted from a hot filament and the molecules in the system. 

Thus, this type of device will suffer with the same inherent dis-
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advantage as does the Bayard-Alpert gauge. The primary advantage of 

this type of gauge is that the partial pressures can be determined 

by passing the gaseous ions through an electric or magnetic analyser. 

The analyser separates the ions according to their charge to mass 

ratios. It is, therefore, possible to obtain a mass spectrum of the 

desorption peak. 

Ir general, the mass range must be scanned by changing the 

potential of an electrostatic plate or the intensity of a magnetic 

field. The magnetic field deflection instruments can perhaps make 

only two or three scans/sec, In view of the fact that the flash 

times are about one second in duration, the usefulness of the magnetic 

scan instrument is rather doubtful. Scan rates as high as 100 Kiz for 

a time of flight mass spectrometer with a 60 an long drift tube have 

been reported}, and an instrument of this type would be capable of 

determining the entire mass spectrum throughout the entire flash. 

2.5.3. Vacuum pumps 

2053.1. Diffusion pumps. Mercury end oil diffusion pumps are 

commonly used for the production of ultra-high vacuum pressures. 

These pumps operate on the principle of the banberdment of the gas 

molecules with energetic oil or mercury vapours which provides the 

gas with a preferred velocity. By the use of these pumps, pressures 

below we torr can bé obtained. Their chief disadvantage, as far as 

their use in a flash desorption system is concerned, is that in spite 

of the use of traps and baffels between the pump and the system, oil 

or mercury can find its way back into the reaction chamber, The 

decomposition of oil on the surface of the flashing filament will not 

only alter the surface characteristics of the filament, but also the
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composition of the gas species desorbing from the surface. Thus the 

desorption spectra could be severely altered by the contamination from 

the diffusion pump. 

2.5.3.2. Turbo-molecular pump. This pump consists of a horizontal 

housing that contains a series of annular rings comprised of fixed 

slotted blades that are uniformly spaced from one another. A rotatable 

cylinder is contained within the housing, and its annular rings occupy 

the space between the rings of the housing. The clearance between the 

two sets of rings is very close, and when the cylinder is rotated at 

about 16,000 revolutions/minute, the molecules within the rings are 

given a preferred momentum by repeated collisions with the rapidly 

moving rings’+, These pumps are capable of producing pressures as 

low as 1* ig? torr. Their chief disadvantages, besides their high 

cost, are that they are not very effective in removing water vapour 

and hydrocarbon oil from the cylinder bearing can find its way back 

into the main vacuum system. 

2.5.3.3. Sorption pumps. These pumps can produce system pressures 

as low as 1x 10° : torr by the physical adsorption of the gases on 

a cooled surface. The materials used in these pumps are commonly 

referred to as molecular sieves, or zeolites which are generally 

dehydrated crystalline alumino-silicates*?, the original structure 

of these silicates is such that upon dehydration a system of internal 

cavities, interconnected by pores, permeates the entire materiai2? 

and provides a large surface area. The dimensions of the pore is 

dependent on the chemical composition of the zeolite. Potassium 

alumino~silicates have pore diameters of 3 a, while sodium alumino- 
° 

silicates have pore diameters of 10 A. The pumping performance of 

a pump will depend on the composition of the gas and the zeolite,
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i.e., a zeolite can not effectively reduce the partial pressure of a 

gas whose molecular diameter exceeds that of the pore diameter. In 

general most commercial zeolites are effective in removing most gases 

except for inert gases like helium and neon. The chief advantage of 

using this form of pump in a flash desorption system is that it does 

not constitute a source of hydrocarbon contamination. 

2.5.3.4. Sublimation pumps. A sublimation pump operates by the 

adsorption of gases on to a cooled metal surface. The surface used 

in this pump is a deposited metal film of titanium, molybdenium, 

tantalum, or tunsten. When the gas surface coverage approaches a 

monalayer, another metal layer is deposited. This will not only bury 

the adsorbed gases on the previous surface, but also provide a clean 

metal surface for further gas adsorption. 

The pumping speed of the pump will depend on the sticking 

coefficient of the particular gas species, the effective surface area 

of the metal deposit, and the temperature of the surface. The pumping 

speed per unit area of a metal deposite of titanium at liquid nitrogen 

temperature is quite high for gases such as oxygen, nitrogen, hydrogen, 

carbon monoxide, and water vapour. Gases such as helium, neon, and 

methane are much more difficult to remove with this type of pump. This 

pump, like the sorption pump, will not constitute a source of hydrocarbon 

contamination. 

2.5.3.5. Getter ion pump. The getter ion pump is modelled after the 

Penning type pressure gauge, except that the pump cathode is constructed 

of titanium. In the operation of the Penning gauge, the ions that 

strike the surface of the cathode are desorbed as neutral atoms or 

molecules, With the getter ion pump, however, the energy at which the 

ions impact the cathode surface is sufficient not only to bury the ion
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in the interior of the cathode, but also cause cathode atoms to leave 

the surface as a result a transfer of momentum between the impinging 

ion and the surface atoms. The latter process is known as sputtering. 

The ‘sputtered cathode material will deposite on other surfaces of the 

pump end thus constitute a form of sublimation pump. The getter ion 

pump is generally not a source of hydrocarbon contamination and can 

be operated at ambient room temperature or at elevated bake out 

temperatures. 

2.5.4. Construction of the vacuum system 

While it is not necessary to go into all the details of the 

construction of an ultra-high vacuum system suitable for thermal 

desorption studies, there are a few major considerations which should 

be borne in mind. 

1. The desorbed gases from the filament will make a number of 

collisions with the walls and surfaces contained within the 

system before reaching the pressure gauge. Reaction of the 

gases with these surfaces could lead to errors in the deter- 

mination of the rate and composition of the gases. For 

example, atomic hydrogen adsorbs strongly on glass walls”? 

and thus glass surfaces should be avoided in a system 

studying the ‘desorption reaction of hydrogen fron a metal 

surface. 

2. The placement of the pressure measuring gauge too near the 

flashing filament could lead to erroneous measurements. 

By placing the gauge some distance fran the desorption 

chamber, the conductance of the connecting tube must be 

taken into consideration. As a result of the rapid increase 

in the surface temperature of the metal there will be a
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sudden increase in the pressure at one end of the connecting 

tube. Now by assuming a Maxwellian distribution of gas 

velocities, it is important that the average time for the gas 

to reach the gauge must be much shorter than that of the 

flesh duration, Let c+ represent the conductance of the 

connecting tube of a length 1 and a radius a, then the average 

time required for a gas molecule to reach the gauge would be 

2 
mal 

31 
4] 1T+— {C 

8a 

Consider that a and 1 have values of 1 om and 100 cm 

w
t
 

ry   . 2.47 

respectively and the conductance + C of the tube is given as 

100 a /sec., then upon substitution of these values into 

equation 2.47 the average transit time for the molecule will 

be about 20 milliseconds. For a flash duration of ome second, 

the above transit time is well within the experimental error. 

While the above example represents a rather extreme case for 

an all metal system, it does point out that for some glass 

systems using narrow bore tubing, the transit time could be 

increased and thus introduce a considerable error in the 

correlation between the filament temperature and the desorption 

spectrum. 

The last point of consideration in the construction of the 

vacuum system is that during the design and construction of 

the system provision should be made for heating the system to 

an elevated temperature for some period of time. This heating 

of the system or baking will help to desorbe gases from various 

internal surfaces of the system and thus reduce the internal 

leak rate.
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CHAPTER 3 

THE ELECTRON WORK FUNCTION 

3.1. Introduction 

It has been established for a number of years that the electron 

work function of a metal surface is effected by the presence of 

adsorbed gas species??-26 »« Hence, the measurement of the work 

function of a conductor surface is an essential part of the study 

of a gas-surface interaction. 

The following sections will consider the nature of the electron 

work function of a conductor surface; the applicebility of the method 

of determining the work function with regard to a gas-surface inter- 

action; and the effect that a patchy surface has on the work function 

measurement. The vacuum requirements will not be considered for they 

will be the same as for the desorption studies of the previous chapter. 

3.2. The Electron Work Function = 

The "true" work function ex for a homogeneous surface of a 

conductor is defined as?3 

ex = - ed, - i 3.1 

where ed, is the electrostatic potential energy in the vacuum just 

outside the conductor surface and u is the electrochemical potential. 

The electrochemical potential can be expressed as 

3.2 et
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where n is the number of electrons, V is the volume and F is the
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Helmholtz free energy of the electron. In terms of the total energy 

of the system the electrochemical potential becomes 

ft aE 
a ° 3.3 

on 
SV 

Fran the method of Wigner and Bardeer??, the energy of the system 

where S is the entropy. 

may be evaluated for some metals by using the self-consistent field 

solution to the wave equation. At absolute zero the total energy23 

of a volume of metal, i.e., relative to the state of separated ion 

cores and electrons, is expressed as 

Ee: f ©)- coulomb energy - exchange energy - 

correlation energy + Ey 

3.4 

where E, is the interaction energy between ion cores of the volume and 

€; represents the energy parameters for a single electron that is 

moving in a field of ion cores and the coulomb field as a result of 

the rest of the electrons. The mathematical expressions for the 

exchange and correlation energies per electron can be assumed. After 

multiplying the latter two energy terms by n, the number of electrons 

per unit volume, the total exchange and correlation energies are 

substituted into equation 3.4. By taking the partial derivative of 

equation 3.4 with respect to n we obtain, 

2 2 2 
8E he Be De Ye 

eee = = sie $+ — + + 5 ees 

én he rs (rp, + CRg) (r, + CRA) 

3.5 

where r, represents the radius of a volume that is defined as the metal
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volume per free electron, C is a constant, and RR is the Bohr radius. 

The first energy term in equation 3.5 represents the energy of the 

electron at the top of the Femi distribution, the second energy term 

gives the exchange energy correction, while the last two terms are 

the correlation corrections. 

Now on substitution of equation 3.5 into equation 3.1, the true 

work function of the metal surface at absolute zero can be expressed 

2 2 2 
fe Be be Ye 

x . 

rs (m, + CR) rae cR,) 

  

3.6 

The difference between the first two terms of equation 3.6 will 

be dependent on the double layer? of the surface. The double layer 

results from the spreading out the electron distribution and has the 

effect of producing a dipole moment per unit area. This spreading 

out of the electrons will have the effect of lowering the kinetic 

energy of the electron and increasing its potential energy. The 

potential energy increase is mainly a result of the last three terms 

in equation 3.5, i.e., the exchange and correlation energy corrections. 

Therefore, the average interaction energy of an electron will increase 

as the electron density decreases. The exchange and correlation 

energies are related to the total energy of the electron that is 

necessary to overcome the image force (e /(4x)) which acts on the 

electrons at large distances from the surface.
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3.3. Basic Techniques for the Determination of the Electron Work 

Function of a Surface 

This section will be a discussion of the four basic techniques 

for the determination of the electron work function of a conductor 

surface, i.e., thermionic emission, photoelectric emission, field 

emission, and the contact potential difference. A major consideration 

in the discussion of each of these various techniques will be its 

applicability to the study of a gas~metal surface interaction. 

3.3.1. ‘Thermionic emission 

The saturated thermionic emission current density from a con- 

ductor surface is generally expressed by the Richardson-Dushman 

equation as 

J = AQ=2,) T exp Cex) 3.7 

2 
where J is the current density in amperes/com , A is a constant that 

ne 2 2 
is equal to 4mmk e/h or 120 amperes/om /deg , and n, is the zero 

field reflectim coefficient. The Richardson-Dushman equation can 

be derived either from a thermodynamic” ora kinetic? argument. 

J.Ce Riviers has pointed out that the two most important criteria 

that must be met before equation 3.7 is valid are (a), the surface 

of the conductor must be uniform end (b), the electric field necessary 

for current saturation must be so weak it can be set to zero. 

By now taking the total differential of the rearranged logrithmic 

form of equation 3.7 and then dividing through by the term (dT) we 

obtain 

a n/t’) on (ey ae ek 
e 

: ag =a 3.8 

aT Q- 25) aT kT dT kT 
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and since 

  

  

-aT a 
—— et 3.9 
d (1/T) 

equation 3.8 becomes 

2 2 
-kdiInW/T) Kr dr, T d (ex) 

= x + ‘ey =. 

d (1/T) Q- 7) aT aT 

3.10 

2 
-kdinQJ/T ) ‘ 

The term can be determined experimentally and is 
d (1/T) 

& 
generally known as the "apparent" work function ex . Therefore, 

equation 3.8 can be expressed as 

kT dry Td (ex) 
* 

ex = ex + ————~*% — - ——— 3.11 

Qe r,) ar at 

where ex now represents the work function of the surface at absolute 

zero, and the last two terms are corrections for the temperature 

dependence of the reflection coefficient and work function, respectively. 

The value of A in equation 3.7 can be determined fran the experi- 
2 

mental plot of the In(J/T ) as a function (1/T) as (1/T) approaches 

ZeLOe 

The most essential point about the above discussion of deter- 

mination of the work function by the thermicmic emission technique 

is that the temperature of the metal surface must be varied, In 

section 2.3 it was pointed out that by increasing the temperature of 

the surface, the composition and concentration of the adsorbed gas 

species could become solely dependent on the desorption reaction rate.
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In section 3.2., it was shown that the work function of a surface is 

strongly influenced by the first few atomic layers on the surface. 

Hence, an attempt to study the effect of the electron work function 

on a gas-metallic surface interaction by the thermionic emission 

technique is not feasible. 

3.2.2. Photoelectric emission 

The process of electron emission as a result of light striking 

a metal surface is generally known as photoemission. Experimentally 

the photoemission current fron the metal is a function of the surface 

temperature and the light Frequency”? . It is also observed that 

electron emission occurs only when the light frequency exceeds a 

lower limit known as the threshold frequency hyo 

Consider now the photoemission from a metallic single crystal 

surface held at T=0. At this temperature, all of the electron energy 

levels in the Fermie distribution are filled. The minimum energy 

(hy) to remove an electron from the surface would then be that 

required to remove an electron from the top of the Fermie distribution. 

The work function of the surface is thus given as 

ex = hy, 3.12 

where wie is the threshold frequency. Under these temperature con- 

ditions the onset of a photoemission current would be sharp as the 

light frequency was varied through the threshold value. 

The rate of photoemission from a surface will not only be 

dependent on the light intensity, but also on the number of electrons 

of suitable energy (N) that strike the surface per unit area per 

unit time. There is a finite probability that these electrons will 

interact with the radition and acquire a proper momentum normal to
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the surface 20 . Re H. Fowler®? has shown that for N, electrons having 

a momentum range between p and p + dp normal to the surface, the ratio 

of the photoemission current density to the temperature can be 

expressed as 

J 2 
»(3,): In(Bk) + f (w-eydAT 3.13 

Tt 

where f is a known function and B is a constant for a narrow range of 

frequencies near the threshold frequency. 

From equation 3.13, R. H. Forler®? determined the work function 
2 

of the surface by first plotting the In(J/T ) as a function of hv/kT, 

hy - hy, 

when T was held constant. A plot of In (f) as a function of 
' kT 

was then made and the two plots were then superimposed by shifts along 
2 

both axis. The magnitude of the shift along the In(J/T ) axis repre- 
2 

sented In (Bk ), while a shift along the hv/kT axis will give hy /kT. 

Since Twas constant, ex can be determined by the use of equation 3.12. 

A second method for obtaining the work function of a conductor 

surface fron equation 3.13 was proposed by L. A. Du Bridge °+, In this 

method the light frequency was held constant and it was the temperature 

of the surface that was varied. This method is experimentally superior 

to that suggested by R. H. Fovler ~ pacauce this method is not subject 

to current density variations as a result of changes in light intensity 

with changes in light frequency. 

81 like that of the R. H. Fowler The L. A. Du Bridge method’ 

method, requires an experimental and theoretical plot to determine 
2 

the work function. The experimental plot if the In(J/T ) as a functim 

of (1/T) and the theoretical plot is the In (f) as a function of
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chy - hy.) 

in —————-__... The plots are again superimposed by shifts along 
kT 

2 
both axis and once again Bk and ey are obtained. Should B or ex 

be significantly temperature dependent then the superimposing of the 

two plots would be difficult. 

The photoelectric emission method for the determination of the 

work function of a surface is useful for temperatures not exceeding 

1100 K. At higher temperatures, the photoelectric current becomes 

obscure by the substantial increase in the thermionic emission current. 

The photoelectric method can be used in the study of gas-metal surface 

reaction32-35 however, the R. H. Fowler method is preferred since 

the temperature of the surface is held constant and the concentration 

and composition of the adsorbed gas species are not altered as a 

result of the method of measuring the work function. 

3.3.3. Field Emission 

As the strength of the electric field at the surface of 4 metal 
k 

conductor is increased to about 10° volts/cm, the probability of an 

electron being emitted from the surface is also increased. The current 

density for high field emission is given py?? 

S62 7 do 
1.55x 10 E -6.838 x 10 € (ex) _2 

J = 5 exp amperes cm 

‘ s2€ ex E 

  

where E is the electric field strength in volts per om, J is the 

-2 
emission current density in amperes cm , and 6 is a very slowly 

varying function of the field E and the work function ex. If
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equation 3.14 is differentiated with respect to 1/E we obtain 

th 
2 . 

d InW/E ) 47 
= § = ~6,.838x 10: e(ex) 4 3.15 

da (1/E) 

The value of S in equation 3.15 will be mainly dependent on the value 

of the work function ex. 

In order to solve equation 3,15, the emission current density J 

and the electric field strength E must be determined experimentally. 

It is usually found that the exact emitting area A and the distance 

d between the emitter and collector are difficult to measure experi- 

metally. For this reason equation 3,15 is generally expressed av? 

3 smd 7 2 
d InGi/v ) -6.838 x aot ol 

= § 5 3.16 

d (1/v) d 
  

where v is the applied voltage, and i is the measured electron current. 

Before any accurate measurement of the work function values can be 
, 

determined, the values of € and d must be known. The slowly varying 

function € has been tabulated from the image potential®® »- The value 

of d can be determined by determining S from a surface of a known 

work function yale . 4 

The field emission method for the determination of the work 

function of a surface is quite applicable for studies of gas-metal 

surface interactions®’""1, since the temperature of the surface 

remains constant throughout the measurement, the composition and 

concentration of the adsorbed gas species on the surface will remain 

in a steady state. The upper temperature limit at which the work 

function can be determined will be dependent on the temperature 

dependence of the vapour presence of the metal surface. Work function 

23 
measurements have been made on tungsten surfaces held at 2000 K .
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3.3.4. Contact Potential Difference 

Consider now that two metallic surfaces at T=0 are connected 

electrically, as shown in Fig. 5, through an external circuit. Let 

the surfaces be brought close enough so that there will be electranic 

interactions. In order that two such surfaces be in a state of 

equilibrium, their respective electrochemical potentials must be 

equal and hence 

Uy = Ug 3.17 

where the subscripts signify metal surface (1) and metal surface (2). 

By use of the definition of the work function given by equation 3.1, 

equation 3.17 can now be expressed as 

e + e = e +e . ¢ 3.18 
“ , % 4, if 

By rearrangement, equation 3.18 becomes 

- eb = Vip 3.19 ex - ex = ed , 
1 2 a2 

where V,2 is referred to as the contact potential difference and can 

have values of 0 V,.< 0. The work function of either of the metal 

surfaces can be obtained from equation 3.19 provided the contact 

potential difference is measured and the work function of the other 

surface is known. 

303.421. Capacitor Method 

The contact potential can be experimentally determined by two 

basic methods. The first method arranges the two metal surfaces such 

that they form a parallel plate capacitor. The capacitance of the 

capacitor is defined as‘? 

KA 
3.20   

Un dy
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Fig. 5. Contact potential difference 

between two metal surfaces’.
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where A is the surface area of each of the metal surfaces, K is the 

dielectric constant of the medium between the plate, and d, is the 

distance separating the plate. 

The charge on the capacitoy when no external voltage is applied, 

is given as 

CS te Vie 3.21 

and 

ROG ea Ny 3.22 

when a voltage of V_ is applied to the capacitor. If d, is a function 

of time then equation 3.22 becomes 

dQ dc 
— = — Wp. + V) 3.23 
cae : 

where dQ/dt represents the current in the capacitor circuit. Thus 

when dQ/dt approaches zero, V will be equal to -Vy9. The method 

described above is generally known as the Kelvin Method’? 

3304.2. Electron Beam Method 

The second general method for determining the contact potential 

difference can be classified as the electron beam method. This method 

determines the contact potential difference by observing the current 

voltage characteristic of a beam of electrons that strike a conductor 

surface at a normal incident”3? pe velo 

Qnee again let metal (1) and metal (2) be electrically connected 

by an external circuit like that shown in Fig. 5. Let the temperature 

of metal (1), however, be increased to T, so that the thermionic 

emission current density is significant. If the electrons from a
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small area of metal (1) are allowed to incident the surface of metal 

(2) and if this impinging electron beam represents the only electronic 

interaction between the two metal surfaces, then equation 3.19 becoms 

e - @ + = V 3.24 x x eEp 12 

where eE,, represents the thermelectric e.m.f. The thermoelectric 

e@.mof. can be expressed as*3 

T) To t 

dt) d Uy dtp 
ep = — + — + —— 

aT aT ar 

c Ty T) 

and T represents the temperature of the voltage supply. Since metal 

3.25 

(2) is not actually in direct contact with metal (1) and assuming that 

the energy dissipated at surface of metal (2) by the electron beam is 

trivial, then the second term in equation 3.25 will be effectively 

zero. It was also assumed that the temperature of metal (2) was 

constant and thus the third term can also be neglected. Equation 3.25 

is then reduced to 

  3.26 

fn ideal current-voltage characteristic for the electron beam 

striking the metal surface (2) is illustrated by Fig. 6. In Fig. 6,
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Jz represents the electron current density impinging the surface of 

metal (2), while V,; represents the voltage applied to metal (1) with 

respect to metal (2). 

Examination of Fig. 6 reveals that the current-voltage 

characteristic is comprised of three distinct regions. Region A is 

known as the saturated current region. It is apparent from Fig. 6 

that the current density Jz in this region is independent of the 

applied voltage V,;, but it is found to be dependent on the electron 

transmission coefficient, the electron work function and the temper- 

ature of the surface of metal (1). The current density Jz can now be 

expressed by equation 3.7 provided rn,» T, and ex are replaced by 

te? T,, and ex, respectively. 

In order to explain the independence of the current density J) 

on the applied voltage V; in the saturated region, consider the 

electrostatic potential energies of the electrons in the vacuum just 

outside of the metal surfaces. If the electrochemical potential 

energies are equal, then the relationship of the electrostatic potential 

energies of the electrons is given as: 

eG, + Vio = eb, 3.27 

If a voltage V, is applied to metal (1), with respect to metal (2), 

then the electrochemical potentials of the metals will not be equivalent 

and equation 3.27 will become 

eb, + Vip + Vy > eg, 3.28 

and will be valid for all values of V, > -Vj2-
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The above electrostatic inequality is illustrated by Fig. 7. 

From Fig. 7 it is apparent that the electrons emitted from the metal 

surface (1) do not have to surmount an electrostatic potential barrier 

in order to approach the surface of metal (2). J» will then be 

dependent only on the emission parameters of the surface of metal (1). 

The point B in the characteristic current-voltage plate is 

generally referred to as the "knee", The "knee" occurs when the 

electrostatic potentials energies of the electrons in the vacuum just 

outside the metal surfaces are equal and so the inequality 3.28 becomes 

ed, = eb, 3.29 
1 iz 

when 

i SaSee 3.30 

Now equation 3.19 can be rearranged as 

e =e #5) 3.31 x x, 12 

and if ex, is temperature dependent then equation 3.31 becomes 

ex) 2 x, + Vy2(T) 3.32 

Since the contact potential difference can be determined fron 

equation 3.30, when equation 3.29 is applicable, then the current 

density J2 can now be expressed in terms of ex, and V}2(T) as 

2 
dps AC r, ) yy Sexpi- [ «x, + Vy9(T))/kTy ] 3.33 

If equation 3.33 is rearranged into a logrithmic form, then 

upon differentiation with respectto (1/T) we obtain 

2 a[inc,/7y") - v.27 ] 
Ce oi es Se ee 3.34 

e d (1/T)



      

  

  

    

                

Fig. 7. Potential difference in saturated 
region of the characteristic plot.
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Hence from equation 3.33, the work function of a surface at a 

constant temperature can be determined fran a Richardson type plot 

of the saturated current densities and contact potential differences 

obtained from a family of characteristic plots. The family of 

characteristic plots is obtained by varying the temperature of the 

surface of metal (1). 

Region C is known as the retarding region of the characteristic 

plot. In this region the electrostatic potential energies of the 

electrons just outside the surface of metal (2) are greater than those 

outside metal (1) and this case is illustrated by Fig. 8. 

Now the inequality 3.28 will become 

eb, +5 Vint Vin < eb, 3.35 

when -Vj2> Vy. 

V, can also be expressed as 

Vi(T). = -Vi2(T) — Av 3.36 

where AV is the displacement voltage in the retarding portion of the 

characteristic plot as shown in Fig. 6. 

Then upon substituting equation 3.36 into equation 3.33, the 

current density Jz can’now be expressed as 

2 
Jo = A(l-r,)*T, xexp- (Cex - Vy(T) - Av)/kT,) 

| 2 
3.37 

where V, is the applied voltage of a displacement voltage of AV and 

can have values of 0 Vy 0. Now if equation 3.37 is rearranged 

into a logrithmic form which is then differentiated with respect to



  

  

  

  

        
  

  
  

  

Fig. 8. Potential difference in the 
retarding region of the 
cha yacteristic plot.
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(1/T), the ex, can be expressed as 

2 
a [into/) + viCr)] 

ey = -k —————__———_ + wv 3.38 
* d (1/T)) 

In order to solve equation 3.38, a Richardson type plot is made 

from the current densities Jz and the applied voltages V, obtained, 

at the same displacement voltage, from a family of characteristic 

plots. Fig. 9 illustrates the manner in which the current densities 

Jy and the applied voltage V, are obtained from the family of 

characteristic plots. 

The term A (1 - Te.) appears in both equations 3.33 and 3.37 and 
2 

can be evaluated by determining either [anco,/7; Pa tee CL) ] or 
2 

fina (sat./T)) + Vi2(7)| as T, +O, When Jo(sat.) refers 

to the saturated current density. 

From the above discussion it appears that the electron beam 

method for measuring the contact potential difference is quite useful 

for determining the electron work function of a surface held at a 

constant temperature. The temperature is, however, limited to about 

1000 K because at higher temperatures the thermionic emission current 

would become significant. 

3.3.4.3. Use of the cintact potential difference method in 

the study of gas-metal surface interactions 

The capacitor method is quite useful in studying the effects of 

a gas-metal surface interaction. Its usefulness stems from the fact 

that the measurement technique does not interfere with the gas~surface 

reaction, but only measures the results of the interaction in terms of 

the change in the work function of the surface. The Kelvin method has 

47 
been quite successful in studying the effects of carbon monoxide ,
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46 
halogens ©, nitrogen*”, oxygen’, and potassiun'® on metal surfaces. 

Whereas, the electron beam method has been used to study the inter~ 

43-50 49 actions of oxygen . hydrogen’?, carbon dioxide®, nitrogen”, 

cesium®+, sodium”, and potassium?® on metal surfaces. 

3.4. Work Function Measurements on Patchy Surfaces 

The discussion thus far has been concentrated on the work 

function of a homogeneous surface. There are, however, a large number 

of surfaces that are comprised of areas or patches which have different 

work function values. These patches arise from differences in the 

crystalline structure of the metal surface or the formation of islands 

of adsorbed gases. In the following discussion it will be assumed 

that the shortest distance across a patch will greatly exceed the 

distance between the surface and the point defined by the electrostatic 

energy 

By using equation 3.1, the electrostatic potential energy 

adjacent to the ith patch is defined as 

ef, = ex, - U 3.39 

The electrostatic potential for n patches defining a unit area will 

be given as 

3.40 Hh 
be 

© 
g
e
 u i Hh
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when £5 is that fraction of area covered by the ith patch, If we let 

n 

= Oe = eb; 3.41 

isl 

and 

n 

f; ex; = ex 3.42 

isl 

the equation 2.40 becomes 

e@ = -ex - a. 3.43 

From equation 3.43, equation 3.19 can now be rewritten in terms 

of a patchy surface as 

ex - ex = e® - Say 3.44 xX, x, %, ed | 12 

where V,2 represents the average contact potential. 

Consider now the effect that a patchy surface will have on the 

"knee" portion of characteristic plot as described in section 3.3.4.2. 

Since the electrostatic potential energies of the two surfaces are 

equal, equation 3.30 will become 

Nya eVie 3.45 

for patchy surfaces. Equation 3.45 is particularly important because 

it predicts that for patchy surfaces the contact potential difference 

will be an averaged value and hence the "knee" will not be as well 

defined as that illustrated in Fig. 5
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The work function of the surface of metal (2) now is expressed as 

2 - 

al n@2/t) - V2] 
ex = k 

2 d (1/T;) 
  3.46 

and can be solved from a Richardson plot of the current density 

(saturated) and average contact potential differences obtained from 

a family of characteristic plots.
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CHAPTER 4 

EXPERIMENTAL APPARATUS 

4.1. Introduction 

The primary objective of this thesis is to elucidate the gas-metal 

surface interaction by studying the kinetics of the gas desorption 

reaction and the effect of adsorbed gas species on the work function 

of a tantalun surface. Such an objective will require an experimental 

apparatus that must fit the needs of each area of study, and thus the 

instrument must possess both simplicity in its design and flexibility 

in its operation. 

Fig. 10 is a general description of the experimental equipment. 

From an examination of Fig. 10, it can be seen that the experimental 

apparatus is comprised of a vacuum system, a reaction cell, and a gas 

supply system. 

4,2, Vacuum System 

4.2.1. General description 

The sorption pumps and the gas supply system were constructed from 

pyrex glass. The ultra-high vacuum portion of the system, except for 

the pyrex housing used ‘for the experimental cell, was constructed out 

of stainless steel components supplied by Vacuum Generators Limited. 

These stainless steel parts, i.e., the all metal values, the sym- 

metrical 6-way adaptors, the reducer coupling, the sublimation pump 

housing, and the various flanges were all bakable to a temperature of 

400°C, Gold metal seals were used throughout this portion of the 

vacuum system except for the flange supporting the current leads and 

filaments of the titanium sublimation pump.
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The ultra-high vacuun gauge was a trigger discharge gauge, model 

No. V315,; supplied by GEC - AEI (Electronics) Ltd. The gauge and its 

magnet were bakable to 300°C. 

The entire ultra-high vacuum portion of the system and the gas 

supply system, as shown in Fig. 10, were mounted in an asbestos bake- 

out oven. This bakeout oven was heated by nichrome heating elements 

and was capable of reaching temperatures of 250°C. The sorption pumps 

were mounted on the outside of the oven, and thus the entire system 

was quite mobile. 

The next three sections will be concerned with the description of 

the various pumping modes used in the system. The last section con- 

cerning the vacuum system will be devoted to the description of the 

pump down procedure. 

4.2.2. Sorption pumps 

In Chapter 2 it was shown that presence of hydrocarbon vapours in 

a vacuum system could represent a serious source of contamination for 

gas-metal surface desorption reactions. It was also shown that 

cormeions and sublimation See were free of such sources of con- 

tamination, and hence these pumps were chosen as roughing and high 

vacuum pumps respectively. 

The two sorption pumps, as illustrated by Fig. 10, were constructed 

in a manner similar to that reported by J. 0. Corea The pumps were 

connected in series and were isolated from one another by means of a 

valve V, with an elastomer gasket. Each of the pumps contained five 

pumping chambers. These pumping chambers were fabricated from pyrex 

tubing of a medium wall thickness and an outside diameter of 2.5 cn. 

A tube of stainless steel wire mesh, was held in the centre of each of 

the chambers by means of stainless steel wires attached to the tube
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and pressing against the walls of the chamber. The zeolite pellets 

(10 X) were placed in the space between the walls of the chamber and 

the stainless steel tubing. It was found that about 100 grams of the 

zeolite pellets were sufficient to fill each pumping chamber to a 

height of about 8} inches, The main function of the stainless steel 

tubing was to ensure that the gas could reach all parts of the pumping 

chanber®’, The thickness of the zeolite layer in the pump chamber was 

about three or four times pellet diameter. A thin zeolite layer is 

desirable because it improves the heat transfer and thus also improves 

the performance of the paaey 

The volume of the pump chamber in pump No. 1 was about three 

litres. The pressure in this pump was measured by a Pirani type 

vacuum gauge. In order to prevent a dangerous pressure build up during 

the regeneration erciene this pump was equiped with a B-14 socket and 

a rubber stopper to act as a safety pressure relief valve. 

Pump No. 2 had a pump chamber volume of two litres. The pressure 

in this pump was measured by a hot filament ioisation gauge supplied 

by Genevae Ltd. 

The vacuum pressure obtainable by a system pumped by a sorption 

pump will be dependent upon the composition of the gases in the system 

and the gases adsorbed on the zeolite. Zeolite surfaces at 77 K will 

adsorbe gases such as oxygen, nitrogen, and water vapour, while gases 

like neon, helium, argon, and hydrogen are not readily adsorbed. Some 

gases, such as water vapour, are so strongly adsorbed on the zeolite 

that they can only be removed by baking the zeolite at a temperature 

of about 280°C. In order to obtain the lowest possible pressure, the 

sorption pump must be activated by purging with boiled-off nitrogen 

while the pump chambers are baked at a temperature of 280°C.



~ 53 - 

When a pump was not activated before the pump was placed into 

operation, i.e., the pump chambers were immersed in liquid nitrogen so 

* that the zeolite was below the surface of liquid, the lowest pressure 

obtainable was about 1x 10" torr. For an activated pump, however, a 

pressure of 5 x 10m torr could be obtained. The pressure as a 

function of time for the activated sorption pump No. 1 and for an 

activated sorption pump reported by J. 0. Cope are illustrated in 

Fig. 1, 

6 
In order to obtain pressures lower than 5x 10 torr, the 

sorption pumps No. 1 and No. 2 were operated in series. The following 

is a typical series of steps taken to activate the sorption pump No. 2 

by means of pump No. 1. 

1. The isolating valve V, was opened. 

2. The pump chambers of pump No. 2 were placed in an electric 

bakeout oven and the temperature increased to about 280°C, 

3. The sorption pump No. 1 was put into operation and the 

pressure of the entire system reduced to its lowest value. 

4, ' Valve V, was closed and pump No, 1 was allowed to regener- 

ate, i.e., the pump chambers were permitted to warm to room 

temperature. : 

5. The sorption pump No. 1 was then purged with boiled-off 

nitrogen and towards the end of this purge the nitrogen 

pressure in pump No. 2 was increased to one atmosphere by 

momentarily opening valve V). 

6, With the valve V, closed, the sorption pump No, 1 was 

again put into operation. 

7. When the pressure in pump No. 1 was about 1 x 10° torr, 

the pressure in pump No. 2 was slowly reduced to about 

1 torr by periodically slightly opening the valve V,.
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8. Steps 5, 6, and 7 were repeated at least four times. 

9.- With the pressure in pump No. 2 at about 1 torr, the 

pump chambers of pump No. 2 were now removed from the 

bakeout oven. 

10, The sorption pump No. 2 could be placed into operation 

as soon as the pump chambers had reached ambient room 

temperature. 

Upon completion of the above procedure, pressures of 5 x 10" torr 

were obtainable in pump No. 2. Care was taken in step 7 that the gas 

flow from pump No. 2 to pump No. 1 was always in the viscous flow 

region and this limited the back diffusion of water vapour and the non~ 

adsorbable gases into pump No. 2. 

4.2.3. Sublimation pump 

The titanium sublimation pump was used to cbtain system pressures 
La? 

of less than 1x 10 torr. The stainless steel chamber, the titanium 

(85%)-molybdenium (15%) filaments and their copper electrical support 

rods were supplied by Vacuum Generators Limited. A cutaway of this 

pump is shown in Fig. 12. 

The operation of this pump is quite simple. The outer surface of 

the stainless steel pump chamber was immersed in liquid nitrogen. A 

clean titanium film was then deposited on the walls of the pump chamber 

by resistance heating of one of the filaments. The high heating 

current necessary for a sufficient titanium deposition rate was obtained 

from two 12 volt heavy duty storage batteries that were connected in 

parallel. The time of a typical titenium deposition was about 

13 minutes.
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As stated in Chapter 2, the pumping speed for a given partial 

pressure will be dependent on the rate of adsorption of the gas species 

on the clean titanium surface. The pumping speed per unit area for 

gases such as hydrogen, nitrogen, oxygen, and water vapour are quite 

sufficient. For example, the pumping speed of nitrogen on a clean 

titanium surface at 77 K will be 2.6 Bere ec enn when the nitrogen 

pressure is about 1x 107 : torr, The pumping speed of the sublimation 

pump for gases such as helium, neon, and argon is quite low. Therefore, 

as in the case of the sorption pumps, steps must be taken to purge 

these gases fron the system prior to the operation of the sublimation 

pulp. 

4.2.4, Trigeer discharge gauge 

As stated previously, a Penning discharge pressure gauge was 

selected for the ultra-high vacuum portion of the system. This form 

of gauge can measure pressures in the oem torr range and does not 

suffer from an X-ray or filament vapour pressure limitation. This 

gauge has the additional advantage that its construction is quite 

robust and alterations in gauge geometry because of sagging filaments 

or grids cannot occur. 

Since the ion getter pump is based a the principle of a Penning 

gauge, it is not surprising that the pumping speed of the discharge 

gauge is significantly greater than that of the Bayard-Alpert type 

gauge. Discharge gauge pumping speeds of 1 litres/sec are generally 

reported, but pumping speeds as high as 3 litres/sec for oxygen has 

been reported for a Redhead type gauge?®, Hence this form of gauge 

—8 fs 
can, at pressures less than 10 torr, represent a large portion of 

the total pumping speed.
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4.2.5. Vacuum pump-down procedure 

This section will be a general description of the pump-down 

procedure that was used to evacuate the experimental apparatus to 

high vacuum pressures. 

1. 

2. 

36 

4, 

Se 

6. 

Te 

8. 

9. 

10. 

Vacuum valves, V,;, V2, and V3 were opened fully. 

The conditioning steps 2 through 10 inclusive for 

pump No. 2, as described in section 4.2.2., were 

repeated. 

The doors of the oven were placed in position and the 

heat radiation shields were placed over the entire oven. 

The temperature, measured by a mercury thermometer, in 

the oven was slowly increased at a rate that did not 

exceed 100°C per hour. The oven temperature was limited 

to 250°C and maintained at this temperature for a period 

of not less than 4 hours. 

Each of the titanium filaments were outgassed for 

30 minutes by a heating current of 20 amperes. 

The oven temperature was allowed to cool to ambient 

roon temperature at a rate not faster than 100°C per 

hour. 

The high vacuum valve V2 was closed and the sorption 

pump No, 2 was allowed to regenerate. 

The steps to activate pump No. 2, as described in” 

section 4.2.2., were again repeated. 

The high vacuum valve Vz was opened and the system 

pressure was reduced to about 1 x oe torr. 

The vacuum valves V2 and V3 were then closed and the 

discharge gauge was turned on.
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11. When the pressure did not decrease any further, as a 

- result of the pumping by the discharge gauge, the 

titaniun sublimation pump was placed into operation. 

As a result of the above procedure, the pressure in the ultra- 

high vacuum portion of the system could be reduced to pressures well 

into the 107”? torr range. The reason for the activating pump No. 2, 

after the bakeout cycle, was that the pressure in the system was of a 

value of about 1 x 10" torr. This pressure increase was not the 

result of a leak in the system, but was due to the saturation of pump 

No. 2 with hydrogen. This increase in the partial pressure of hydrogen 

is believed to be a result of the degassing of the stainless steel 

during the bakeout eycle®? « The hydrogen was partially removed by 

the operation of the activated sorption pump No. 2, and further removed 

by operating the sublimation pump. 

4,3, The Reaction Cell 

The reaction cell was designed to study the effects that adsorbed 

gas species have on the work function of a metal surface and the 

thermal desorption reaction of gases from a surface. The various 

experimental techniques required to conduct the latter studies were 

viewed in some detail in Chapters 2 and 3. Because of the number of 

various techniques that could be employed, it becomes of the utmost 

importance that the methods which are used are compatible. 

The first experimental technique that was considered was that of 

the electron work function of a plane metallic surface. From the 

discussion in Chapter 3, it appears that either the photoelectric or 

the contact potential method would be suitable. The use of the photo- 

electric method requires an involved optical system because the light
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beam impinging the surface must vary with frequency but no intensity. 

The contact potential difference method of determining the work function 

is experimentally less complicated than that of the photoelectric method. 

The electron beam method was used to determine the contact 

potential difference. The experimental apparatus used was similar to 

that reported by H. Shelton"®, ‘the planar triode used by H. Shelton 

is illustrated by Fig. 13. The 3000 gauss magnetic field was placed 

so that the magnetic and electric fields were normal to the surface of 

the metal filaments. A positive potential, with respect to the fila- 

ments, was applied to the shields and the grid containing the aperture. 

As a result of electrostatic and magnetic field geometry, the cnly 

electrons that were measured by the collector were those formed by a 

beam whose area was defined by dimensions of the aperture. The 

characteristic plot was obtained by varying the potential of the 

collector with respect to the emitter. 

The experimental cell used in this study of gas surface inter~ 

actions is illustrated by Fig. 14. The upper and lower portions of 

the cell were constructed from a high purity copper sheet supplied 

by Imperial Metal Industries Ltd. The sides A and B were constructed 

from stainless steel wire mesh, so that the temperatures of the emitter 

and the collector could be measured by an optical pyrometer. The grid, 

emitter, and collector were fabricated from a .005 cm thick metallurgical 

grade tantalum sheet, which was supplied by the Fansteel Metallurgical 

Corporation. 

Fig. 15 illustrates the electrical circuit that was used for the 

electron work function determination. The current for the emitter was 

supplied by two 12 volt heavy duty storage batteries that were connected 

in parallel, ‘The potential of the emitter was varied by applying a 

voltage at the junction of the resistors shown in Fig. 15.
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In this cell, the collector filament will also serve as the "flash" 

filament for the thermal desorption studies. The length of the 

collector, which is limited by the dimensions of the cell, is not as 

long as one would desire for the use in thermal desorption reactions. 

A longer collector filament, however, could cause, because of sagging 

effects, serious alignment difficulties in the electron work function 

determination. 

The electrical circuit used in the thermal desorption studies is 

illustrated by Fig. 16. The current was supplied by two 12 volt heavy 

duty storage batteries connected in parallel. The circuit current was 

determined by measuring the voltage occurs the standard resistor. The 

relay was controlled by a flashing wit supplied by Mr. M. Painter. 

A Tektronic Oscilloscope type 545A with a type M, four trace 

pre-amplifier plug-in unit was used to display the following voltages 

along the same time base. 

1. The voltage across the standard resistor. 

2. The voltage across the collector filament. 

3. The voltage output from the triggered discharge gauge. 

The oscilloscope trace was recorded on photographic film. 

4.4, Gas Supply System 

As illustrated a Fig. 10, the gas sample was stored in a pyrex 

break-seal vessel. The manifold to the vessel was first evacuated by 

the pump down procedure outlined in section 4.2.5. When the pressure 

in the system was less than 1 x 10° torr, the leak valve V3 was closed 

and the gas could be admitted to the manifold line by the crushing of 

the break-seal with a metal weight.
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The gas used in this study was oxygen. The oxygen was prepared 

from the thermal decomposition of potassium permanganate. An AEI MS9 

mass spectrometric analysis of the oxygen showed traces of both nitrogen 

and water’ vapour. Fig. 17 illustrates the experimental apparatus used 

to prepare the oxygen gas sample and the experimental procedure was as 

follows: 

1. The ground glass valves V,, Vs, Vg, and V7were opened, 

2. The activated sorption pump No. 1 was placed into operation 

and the pressure in the line, measured by a Pirani vacuum 

type gauge, was reduced to less than 1x 107 torr. 

3. Heat was applied to the HO, and the pressure was allowed 

to increase to greater than 1 torr, 

4, The vacuum valve Vg was opened periodically wmtil the 

pressure in the line was about .2 torr. 

5. Steps 3 and 4 were repeated 18 times. 

6. Valves V,, Vs, Vg, and V7were closed and the gas sample 

flask was sealed at points P, and P,.
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Fig. 17. Apparatus used to prepare oxygen gas sample. 
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CHAPTER 5 

RESULTS AND DISCUSSION OF THE THERMAL DESORPTION REACTIONS 

$.1. Introduction 

This chapter will be concerned with the studies of thermal 

desorption from a tantalum surface. Section 5.2. will consider the 

interpretation of the oscilloscope display traces and the experimental 

procedure used for a thermal desorption reaction. Particular attentim 

will be given to the determination of the filament temperature as a 

function of time. 

Sections 5.3. and 5.4. will consider the interpretation of the 

experimental data. In these sections the experimental data obtained 

from typical 6; and 8) peaks will be examined. 

Sections 5.5. and 5.6. will examine the effects that the residual 

gases and oxygen have on the thermal desorption spectrum. 

5.2. The Oscilloscope Display cf a Thermal Desorption Reaction 

Figure 18 illustrates an oscilloscope display of a thermal 

desorption reaction (experiment No. 236-1) which was recorded on 35 mn 

Ilford 50-91 recording film. The time base of this display was 

«2 sec ae The time intervals between .00 and .18 seconds and 

between 1.82 and 2.00 seconds were not recorded because of a limitation 

in the field of view of the camera, The above is fot a serious limit- 

ation and no desorption peaks were observed between .00 and .18 seconds 

when the zero of the time base on the display was shifted 1 an to the 

right.



  Fig. 18. An oscilloscope display of a thermal desorption reaction.
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The voltage across the standard resistor is represented as a 

function of time by the trace designated as A. The vertical scale of 

this trace was .05 volts eae This voltage is directly proportional to 

the collector current and hence trace A also represents the collector 

current as a function of time. ‘The trace designated by A' indicates 

the zero voltage base line for the trace A. 

The trace V is a display of the collector voltage as a function 

al 
of time. The vertical scale for this trace and 1 volt an. The 

trace V' represents the zero base line for the V trace. 

The pressure trace is designated by P. and represents the pressure 

measured by the discharge gauge as a function of time. The discharge 

gauge was calibrated for dry air for which the ae sensitivity is 

2.5 amperes eee It can be assumed that the pressure increase is due 

to an increase in the partial pressure of oxygen. If the latter assump- 

tion is true, then the gauge reading must be corrected for the gauge 

sensitivity for oxygen. The value of the gauge sensitivity for oxygen 

was not supplied by the manufacturer. The manufacturer does state 

that the gauge sensitivities for nitrogen and dry air are equivalent, 

and thus one can also assume that the gauge sensitivity for oxygen is 

approximately that for dry air. 

The log scale range of the gauge control unit was selected and 

the ampli fication of the plug-in unit to the oscilloscope was adjusted, 

so that a vertical deflection of 1 on cm the display screen represented 

a pressure change of an order of magnitude. 

The numerical values of the pressure, collector current, and 

collector voltage were obtained from an enlarged image of the display. 

The pressure values could be obtained directly from the P. trace by 

enlarging the display such that 1 om of the vertical spacing would 

just contain a cycle of a similogarithmic graph paper.
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The collector current I, was obtained from 

YY - <3) x Sp 

DECC)” 2 eam 5.1 

Xx R 

where (Y - XY) represents the numerical difference between the trace 

at a time t and zero base line, X is the enlargement factor, R, is 

the value of the standard resistor in ohms, and Sp is the vertical 
nok 

scaling factor in volts/am . 

A similar expression 

WY - XY) x Sp 

Vt) i ee 5.2 

x 

was used to determine the value of the collector voltage at a time t. 

Table I lists the measured values of Pls I, and Ve at various times 

during a thermal desorption reaction. 

Examination of the P, trace in Fig, 18 reveals that there are two 

distinct pressure peaks and are designated as 8, and 83. The pressure 

in the system should decrease to its initial pressure value after the 

By peak, but there was only a slight pressure decrease followed by a 

gradual increase. The reason for this latter effect is believed to be 

because of the degassing from the walls of the cell. 

5.2.1. Determination of the total pumping speed 

As described in section 2.3, the pumping speed of the system was 

determined from the observed change in pressure as a function of time, 

Examination of Fig. 18 and Table I shows, that after 1.40 seconds or 

at the termination of the "flash", the pressure decreases with time.



Table I 

Observed experimental values of the pressure, collector current, and 

collector voltage and the calculated values of the total collector resistance 

and temperature at various times during the thermal desorption reaction 

  

  

  

sr +e Collector Collector Collector Collector 

Hee BES @) — Current YQ voltage (V.) | Resistor (Ry) temperature 

(sec.) (torr.) (amperes) (volts) (ohms) (K) 

+20 1.4 13.0 1.54 118 940 

228 1.6 12.5 1.71 2137 1285 

40 1.4 12.2 1.87 2153 1560 

249 2.0 12.0 2.00 «167 1805 

252 3.0 12.0 2.04 171 1860 

055 4.0 12.0 2.12 0177 1980 

057 5.0 11.7 2.17 2186 2140 

+62 9.0 11.7 2.20 «189 2200 

ord 6.0 11.7 2225 2193 2260               

=
1
9
 

-



Table I (continued) 

  

  

            

7 +8 Collector Collector Collector Collector 

ES eS SEIEES ) 20 Current ay voltage Wy Resistor (RY) temperature 

(sec. ) (torr, ) (amperes) (volts) (chms) (kK) 

277 5.0 11.7 2029 «197 2320 

291 4,0 11.7 2.34 .200 2320 

1.00 5.0 Ae: 2.34 ~200 2320 

1.20 6.0 11.7 2.34 +200 2320 

1.40 7.0 11.7 2.34 +200 2320 

1.46 5.0 

1.50 4.0 

1.57 3.0 

1.76 2.0     

- 
$
9
 -
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From the observed pressure values at various times, the pumping speed 
“ et 

of the system was found to be 15.3 litres sec . 

5.2.2. Collector temperatures _as_a function of time 

The temperature of the collector as a function of time, as 

discussed in section 2.5.1., can be determined from the instantaneous 

filament resistance Roe This resistance value at a time t is obtained 

from the ratio of the instantaneous collector filament voltage V, and 

the collector current IQ Rp can be defined as 

Roe ta) Soe wes 2 5-3 

where Rp. is the resistance of the tantalum collector filament, Rou 

and Res are the resistances of the copper leads and stainless steel 

filament supports respectively, and R, is the sum of all the other 

resistances. Table I lists calculated values of R, at various times 

during the thermal desorption reaction. A plot of Rp as a function 

of time is shown in Fig. 19. Fig. 19 shows, for portion of the curve 

between the times .20 and .60 seconds, that Rp appears to be linearly 

dependent on time. From this linear relationship of Rp with time, the 

initial resistance RP ean be obtained by extrapolating the Rp - time 

plot to t=0, The value of Rp obtained was found to be .080 chms, 

The current carrying leads to the cell were made fram copper wire 

that was about 80 cm long and had a diameter of .158 an, The resist- 

ance of the copper leads can be obtained by solving the general equation 

for the resistance of a metal conductor®® 

el 
R=— Seu 

A 

where p is the resistivity of the metal, 1 is the length of the
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2 
conductor in cm, and A is the cross sectional area in on. The 

oR ' a6 
resistivity of copper at 300 K is about 1.5 10° ohm om. The 

initial total resistance of the copper leads Row? calculated by means 

of equation 5.4, was found to be .012 ohms. 

The stainless steel supports for the tantalum filament were 

each 2.54 cm long and had an individual cross sectional area of 

022 me If the resistivity of the stainless steel Peg Was about 

30 x 10° ohm om, then from equation 5.4 the initial total resistance 

Re for the filament supports was calculated to be 0.0069 ohms, 

The tantalum filament was 2 cm long and its cross sectional area 

3 2 oo : 
was 1.25x 10 om. The initial resistance re of the tantalum was 

found to be .0295 ohms. =; 

Equation 5.3. may also be expressed as 

Orne ° ° ° 
Br = Bree Fay © Ae take oo 

where RP ©, RO. and R° are the initial values of the tantalun 
‘a? Fou? Res x 

filament, copper leads, stainless steel supports, and contact resist- 

ances respectively, and Rp is the experimentally determined initial 

total resistance. Upon solving equation 5.5, the initial value of R 

was found to be .0316 chms. The collector circuit contains 12 contacts, 

and hence the average resistance of each of these contacts would be 

0.0025 ohms, 

Consider now the temperature rise in the connecting copper leads 

and the stainless steel filament supports during the thermal desorption 

reaction. The average collector current in this thermal desorption 

experiment was about 12 amperes and this would mean that the energy 

aR dissipated in the copper leads would be about 1.73 watts or 

ai x 2 
«413 calories (gram) sec . With the density of the copper and its
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59 a 
specific heat capacity taken as 8.94 grams on and .09 calories 

1 ak < : 
gran deg , the calculated temperature increase in these leads was 

about 1K. 

The energy a Rg) dissipated in the stainless steel supports 

was calculated to be 1.00 watt or .27 calories (gram) aa If the 

density of the stainless steel is taken as 7.75 grams ee ee and its 

heat capacity is estimated from the law of Dulong and Petit, then the 

temperature increase calculated for the filament supports is about 4 K, 

It is well known that the resistivity of a metal, and hence the 

resistance of a conductor defined by equation 5.4, will be some 

function of the temperature. ‘The temperature change in the copper 

leads was calculated to be 1K. The effect of a temperature change 

of this magnitude on the resistance of the copper leads will be 

trivial and thus 

Lesa) 
Ray = Roy . 56 

The change in resistance of the stainless steel supports, as a 

result of the 4 K temperature change, can also be ignored and so 

Ro pomnaee 5.7 

The effect of the collector current on the contact resistance is 

indeed very hard to estimate. Although the average contact resistance 

value is quite small, the energy could be dissipated in such a small 

volume that localized heating could take place. However, the materials 

involved do have comsiderable mass, and thus could act as good thermal 

sinks. It may then be assumed that the contact resistance during the 

thermal desorption reaction can be expressed as 

Rio) = ares 5.8
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Now upon rearranging and substituting equations 5.5, 5.6, and 

5.7 into equation 5.3, the tantalum filament resistance Rog? ata 

given time t, can be expressed as 

: oO Oo Oo 
Rpg) = Rpt) > Roy - Res - R 5.9 

Rpg = (Ry) - 0.051) chms . 5.10 

The temperature dependence of the resistivity of tantalum has 

been reported, The resistivity of the collector tantalum filament, 

for a given time t, can be found by substituting equation 5.10 into 

5.4 to obtain 

A 
Pratt) = Rpglt) j Sell 

The thermal linear expansion of tantalum between 300 K and 2400 K 

is reported as 1. 79°9, this would mean that the resistivity correction 

due to thermal expansion will be well within the experimental error 

and thus can be ignored. The temperature of the filament at a time 

t, is determined by first solving equation 5.11 and reading the 

temperatures directly from the tantalum resistivity-temperature plot 

reported in the reference’, 

The collector temperatures, for various times t, are listed in 

Table I. The collector temperature T as a function of time is 

illustrated by Fig. 20. The collector temperature appears to be 

linearly dependent on the time for temperatures up to 2200 K. The 

temperature obtained at the intercept, when t=0, is approximately 

that of ambient room temperature and thus does support the use of the 

above method for the determination of the filanent temperature.
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5.3. Experimental Procedure 

The experimental procedure that was used for the study of the 

thermal desorption reaction of oxygen from a tantalum surface is as 

follows: 

i. 

2. 

3. 

4 

Se 

The pressure in the experimental cell was first reduced 

by the pumpdown procedure that was outlined in section 

4.2.5.6 

When the system had reached its ultimate pressure, the 

tantalum collector filament was then "flashed" to a 

maximun temperature of about 2200 K. The flashing of 

the filament was continued until the pressure increase 

resulting from the flash was consistent. 

The pressure in the system was then increased by 

leaking in oxygen from the oxygen supply system. 

The pressure was controlled by means of the variable 

leak valve. 

After a predetermined time, the leak valve was closed 

and the pressure in the system was allowed to return 

to the value obtained in step 2. 

The tantalum filament was then "flashed" and the 

oscilloscope display was recorded. 

5.4, The Analysis of a 8) Desorption Peak 

This section will, consider the desorption reaction kinetics of a 

8, peak. The 8, peak shown in Fig, 18 will not provide enough data 

points for a complete and accurate analysis, hence the #, peak 

experiment No. 224~3 will be considered and its recorded oscilloscope 

display is shown in Fig, 21,



  
Fig. 21. Thermal desorption spectrum of experiment No. 224-3.
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5.4.1. Determination of the rate of desorption as a function 

of time 

The first requirement for the analysis of the data is to obtain 

the pressure and the filament temperature, at various times t, from 

the recorded oscilloscope display illustrated by Fig. 21. The method 

used to obtain this information was described in the previous section 

and the values that were obtained are listed in Table II. 

In section 2.4, the rate of desorption was expressed as 

* Es 
dn dn Vv dP PL 

_ ={ — — |— + +, 2.38 
2 & 

dt dt Sar. dt LE 
+t th E t ie ay 

dn # 
In order to solve equation 2.38 for | —- » the quantities Pie 

dt 
< 

oa | ete 
=e ees | », and S,, must be obtained from the experimental data. 

m dt 
4% 
m 

al 
The pumping speed Sp was calculated to be 18.5 litres sec . 

P was defined by equation 2.35 and its values at various times 

during the 6; thermal desorption reaction are listed in Table III. 

* 
A plot of P, as a function of time is shown in Fig. 22, Fron 

3 
oP 

Fig, 22, the instantaneous slopes | — can be obtained and values 
dt 

+t 

for various times are listed in Table III. The value of PE » obtained 

a3 8 m# 
directly from Fig. 22, is 17x 10° torr. With the value of PE 

m 
* 

PB 
known, the values of —- were determined and are listed in Table III, 

P. 
t 

B
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Observed experimental values of the 

pressure and calculated values of the 

collector temperature at various times 

during the thermal desorption reaction 

  

  

  

Time Pressure x 10" Collector temperature 

(sec) (torr. ) «K) 

020 1 905 

024 2 1030 

+26 4 1040 

229 6 1065 

230 8 1070 

+33 10 1120 

+36 15 1160 

43 18 1230 

252 a4 1360 

53 10 1400 

62 8 1465 

270 6 1565 

74 5 1610 

+80 6 1640 

86 10 1730 

aon: 20 1810 

294 4O 1840 

1,00 100 1970 

1.20 100 2015 

1,30 4O 2050 

1.40 30 2085 

1.44 30 a 

1.52 20 > 

1.62 10 - 

1.70 7 -        



Table III 

* * 
a [(®P By 

Calculated values of Ps ce 2S 
at * P.. 

m™m 

various times during the 8 thermal desorption reaction 

dn 
>and — at 

dt 

  

  

  

* * 

time | Px 10° 7 eo) x 10° “t Se 
it e bee dt i 

(sec) (torr) Gene eeee ) pleesieet see, cus) 

020 Oo 12) 0 0 

224 ay 4O 059 «506 

026 2 86 2176 1.08 

229 5 120 2294 1.14 

230 ‘ 120 e411 1.64 

233 9 120 2530 1.77 

236 ik 100 2825 1.90 

43 ay 0 1.000 1.96 

252 13 -57 2765 1.06 

259 9 -57 530 175 

262 7 -40 e411 2074 

70 5 -17 2294 - 

7H 4 =19 .259 =             

=
)
 

+



ar Tice 

dn 
The last value that is necessary in order to solve for =) 7 

dt 
< 

dn 
by means of equation 2.38, is 5 » This value can be obtained 

dt 
13 
m 

directly by solving equation 2.36. The value of K used in equations 
19 at a1 

2236 and 2.38 is given as 3.27 10° molecules litre torr 48 

dn 
and hence the value (2) for the 8; desorption reaction is 

at 
t 

13 ly? se, 
1.06 x 10° atoms or molecules” om « The calculated values of the 

dn a 
rate of desorption (=) are tabulated in Table III. 

dat 
t 

5.402. Calculation of the coverage of the surface 
  

The initial coverage of the surface 0, can be obtained by 

solving equation 2.39. The required integration was accomplished by 

graphical means. From the values given in Table III, a plot of 

dn 
_ versus time was made and is illustrated by Fig. 23. The 
dt 

t 

areas under the curve, for a number of time intervals, were determined. 

The initial surface coverage o, was determined from the total area and 

was found to be 3.7 x 20"? atoms or molecules ane The surface 

coverage at any time during the desorption reaction (6, - 9. +) can be 

determined from equation 2.40, The values of Co, ~ 9.) are listed in 

Table IV.
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A list of experimentally determined values used to examine the kinetics of 8, reaction 

Table IV 

  

  

  

  

eh 416 
(o_ - 0.) dn (dn/dt), x 10 (dn/dt),. x 10 
Ome 5) t ie 

time 12 —_ x 10 z 

ee a ( )T ( Yr tt z Sam kce Ca Sp 

ee toil ae om! cok 2 coe ak ot 

(sec) | (molecules am ) | (molecules sec cm )| (sec deg ) (em molecules sec deg )| (K) 

220 3.70 1.53 4.31 117 960 

023 3.66 4,00 10.9 2298 1000 

025 3.56 8.00 21.9 617 1020 

327 3.36 13.0 37.1 1.08 1050 

230 2.90 17.4 56.1 1.92 1080 

232 2.54 18.6 66.3 2.62 1105 

235 4.697 19.4 86.4 4,39 1140 

+38 1.39 19.4 118.0 8.49 1180             
  

-
S
L
-



  

  

            

Table IV (continued) 

( ) (an/at), x 10" (ens roi To oe dn er dn/dt), * 10 cn/dt), x Oo 

time th ==} = 10 z 
x 10 dt (o_ =o.) T ( ) = = Pou ot BG oe 

ae fee, se eed ol! 2 wl el ue 
(sec) | (molecules on ) | (molecules sec cm )j| (sec deg ) (em molecules sec deg )| (K) 

o4O 1.01 18.8 157.0 15.7 1200 

042 «680 15.0 176.0 25.1 1260 

45 0334 9.20 212.0 64.4 1300 

248 2144 4,60 242,0 129.0 1320 

250 2080 2.80 254.0 316.0 1380 

205 2006 - - - on 

.58 = = zi a =     

=
o
 =
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5.4.3. Determination of the order of the reaction 

The order of the reaction can be ascertained from a plot of 

(dn/dt) 

In   as a function of (1/T). The values of foe, ~ 9) 
nm 

(a, - 0, re) iT. 

were obtained fron Table IV. The corresponding values of (dn/dt) t and 

T were obtained from Fig, 23 and a temperature-time plot similar to 

that illustrated by Fig. 20, These latter values of (dn/dt), and T 

are listed in Table IV. 

The integer n’ can be assumed to have a numerical value of either 

lor 2, and thus the order is determined by observing which of the two 

values of nf will produce the best straight line plot. First and 

second order plots for the B, reaction are illustrated in Fig. 24. 

It is apparent from inspection of these plots that the 8 thermal 

desorption reaction is second order. 

5.4.4. Determination of the heat of activation energies, the change 

in entropy and the standard free energy for the reaction 
  

The experimental activation energy AE was determined by solving 

  

(dn/at), 

equation 2.41, The value of d In / a(i/T) 

OOS + tT 

was obtained from the slope of the second order plot. ‘The calculated 

eh mk 
value of aD was 47.8 kcal mol or 200kJ mol . 

The standard state for the desorption reaction was defined in 

section 2.3. and a method for its determination was presented in 

section 2.4, ‘The time t, was determined from Fig. 23 as .45 seconds 

and this. corresponds to a filament surface temperature Ty of 1300 K.
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The standard heat of activation was given as 

+ 
AH = OE, = RIG . 2.29 

Substitution of aE and T, into equation 2.29 gave a ont value of 

wel a 
45.2 kcal mol or 189 kJ ml . 

In order to determine the change in entropy of the reaction 

ast, equation 2.30 is now expressed as 

t if dn ald 
aS = R BE (heer - In 1x 10 (o -o6 45) -1 

at ° . 

t= 645 E 

47.8 Et 3 
+ —— kcal mol deg . eos e 

1300 

The values of (dn/dt) ys and (a, - 6 ys) can be obtained fron 

Table IV, Upon substitution of these latter values into equation 5.12, 
me el: 

the change in entropy as* was calculated to be 44.2 calorie mol deg 

ee 
or 185 J mol . 

The standard free energy of the reaction can be determined from 

act = ant - Ts ast . 2.31 

The values of an’, v5 and ast have been determined above, and hence 

el 
the value of ac for this reaction is found to be -12.0 kcal mol 

ah 
or -50.1 kJ mol . 

In this section, the standard heat of activation and the standard 

free energy change were determined for the 8, peak of a thermal desorp- 

tion experiment. The result of this analysis of the 8, peak is given 

in Table V.
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Table V 

The results of the analysis of 

a 8, desorption reaction 

  

Derived Parameter Calculated value 

  

a 
18.5 litres sec 

  

  

A y 3 =1 
: 1.85 x 10" meter sec 

413 S17 oe 
(an/at) : 1.06 x 10 molecules sec am 

t ; 17 ad =2 m. + 
1.06 x 10 molecules sec meter 

+12 =e 
30.7 10 molecules cm 

% 417 =o 
3.7 x 10 molecules meter 

  

Order of the reaction Second 

  

AE. 

=e 
47,8 kcal mole 

  

  

  

    
ae 

P 200. kJ mole 

To 1300 K 

we 
Ky 45.2 kcal mole 

4H oy 
189. kJ mole 

=k ak 
+ 44,2 cal mle deg 

AS ny Ay 
185. Jmole deg 

Et 
+ ~12.0 kcal mole 

AG   =k 
-50.1 kJ mole 
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Fig. 26. The rate of desorption as a function of time.
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5.5. The Analysis of a B» Desorption Peak 

The desorption spectrum of experiment illustrated in Fig. 18 

was selected to illustrate a typical analysis of a 2 desorption 

reaction, The filament temperature as a function of time has already 

been determined and was shown in Fig. 20. The pressure Pe at various 

times t has been listed in Table I 

5.5.1. Determination of the rate of desorption as a function of time 
  

ek * 
The values of Py Pays and (dP (dt), were obtained in a manner 

m m 

similar to that used in section 5.4.1. for the analysis of the 8; 

& 
peak. The values of PL are tabulated in Table VI. 

A plot of - as a function of time is illustrated by Fig. 25. 

The instantaneous slopes (aP* Jat) i. listed in Table VI were obtained 

in the same manner as those in section 5.4.1. The value of (dn/dt), 
m 

was calculated to be 4,51 x ro"? atoms or molecules Bece: one The 

calculated values of the rate of desorption (dn/dt) ie for this reaction 

are tabulated in Table VI. 

5.5.2. Calculation of the coverage of the surface 

The determination of the initial surface coverage 0, and the 

coverage (o, - 6. t at a given time t were determined, as in section 

5.4.2., from a plot of (dn/dt),. as a function of time. The plot of 

(dn/dt),. versus time is illustrated by Fig. 26. ‘The initial surface 

coverage 6, was found to be about 1x 10°" atoms or molecules cca 

The values of (a, - 6. +) for various times during the thermal desorption 

reaction are tabulated in Table VII.



# # 
Calculated values of Ps (dP /dt) 

Table VI 

a Pe 

* 
2 oa and (dn/dt) 

at various times during the thermal desorption 

  

  

  

Tim | , +8 (aP /ét), * not Cd ee (dn/dt),, fue 
P|, (torr) x 10 nal BP bia be 

(sec) torr sec ) m | (atoms sec am )} 

40 0 4.29 0 478 

249 6 10.1 .073 1.48 

252 1.6 26.6 +210 3.88 

255 2.6 50.0 2 342 7.13 

257 3.6 71.5 oATY 10.1 

62 7.6 0 1.00 4.51 

66 6.6 -30.8 ~869 469 

071 4.6 24.7 -606 -.031           
  

- 
8
 -
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A list of experimentally determined values used to examine the kinetics of the 82 reaction 

  

  

  

+4 #16 
(a, - 9.) (dn/dt), x 10 (dn/dt),. x 10 3 212 ° te “AS. t eo +h 

time | o,x 10 ne (dn/at), « 10 P| ax tO 
% x 10 

(o, - 9.) T (oy o,.) T 

al, me wk wk, alt a os mA) ak eel a 
(sec (atoms cm ) | (atoms om ) | (atoms sec om ) (sec deg ) (en atoms sec deg ) (kK) (deg ) 

040 231 9.64 7.80 $519 2381 1560 6.42 

04S 278 9.17 11.7 7.92 816 1710 5.88 

250 1.46 8.49 18.0 11.3 1432 1870 5.35 

253 2.32 7263 45,0 30.2 3.98 1950 5.13 

295 3.44 6.01 71.3 54.4 9.86 2010 4,98 

057 512 4,83 101.0 101.0 20.6 2080 4,80 

60 7.86 2.09 74.0 163.0 3704 2181 4,60 

+62 9.01 095 4S.1 215.0 225 2200 4uoSu 

65 9.79 «16 13.0 368 367 2210 4,52 

70 5695 - - - = a =                   

= 
28
 

=
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5.503. Determination of the order of the reaction 

The order of the reaction was determined in the same manner as 

that for 8, peak in section 5.4.3., i.e., froma plot of the 

(an/at),, 
Aigner as a function of 1/T when n can assum a value 

(oy - 6 oe T 

of either 1 or 2. The values of (a, ~ 94.) were obtained from Table VII 

and the corresponding values of (dn/dt) + and T were obtained from 

Fig. 26 and Fig. 20 respectively. An inspection of these first and 

second ordér plots that are shown in Fig. 27 indicates that the best 

straight line fits that of the first order reaction. 

5.5.4. Determination of the heat of activation energies, the change 

in entropy and the standard free energy for the desorption 

reaction 

The experimental activation energy te, was determined by solving 

(dn/dt),. 

equation 2.40. The value of d|in   / a(1/T) was obtained 

(o ei o,) c 

from the first order plot shown in Fig. 27. The calculated value of 

mt mk 
AE, was 82.2 kcal mol or 334 kJ mol . 

The time t,» for the standard state, was determined from Fig. 26 

_and was found to be «62 seconds. This time value corresponds to a 

standard state filament temperature T, of 2200 K. 

* a Ba a i 
The standard heat of activation AH was obtained by solving 

é + ; 2 
equation 2.29. The calculated value of 4H for this reaction was 

=i ae 
found to be 77.8 kcal mol or 326 kJ mol .
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In order to determine the change in entropy as’, equation 2.30 

is now expressed as 

+. ast = R [ In (dn/at),. gp - In (- +63 

82.2 year 
+ ——kcal mol deg . §.13 

2200 

By solving equation 5.13, the value of ast was determined to be 

mak fol =} 1 
41.9 cal. mol deg oril175J mol deg . 

The standard free energy act for the 82 reaction was obtained 

by solving equation 2.31. The act for this desorption reaction was 

is ey 
calculated to be ~26.7 kcal mol or-104 kJ mol . The results of 

these experiments are tabulated in Table VIII. 

5.6. The Effect of the Residual Gases on the Thermal Desorption 
  

Spectrum 

One of the main objectives of this thesis was to study the 

interaction of oxygen on a tantalum surface, but before any signnificance 

can be assigned to the results it must be clearly established that the 

observed desorption spectrum can only be attributed to adsorbed oxygen. 

The following will be a discussion on the various sources of gas 

contamination and the interpretation of the resulting desorption 

spectrum. 

5.6.1. The effects of the residual gases on the thermal desorption 

spectrum 

The thermal desorption spectrum shown in Fig. 28 was obtained by



  

  

  
  

  

                          

  

  

  

                    

Fig. 28. Thermal desorption spectrum of residual gases after an adsorption time of 
three minutes.
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Table VIIL 

The results of the analysis of the 

6, thermal desorption reaction 

  

Derived Parameter Calculated values 

  

my 
15.3 litres sec 

  

  

S, hy 3 ol 
E 1.54 10° meter sec 

413 tee, 
(an/at) 4.5 10 iz atoms sec ; cm ; 

z 4.5% 10° atoms sec” meter™ 

413 2 
1x 10 atoms cm 

0 n7 2 
2 1x io" atoms meter 

  

Order of the reaction First 

  

ay 
82.2 kcal mole 

  

  

  

    
AE zi 

P 334, kJ mole 

7 2200 K 

ad 
* 77.8 kcal mole 

4H ok 
326. kJ mole 

=i a 
Ks 41.9 cal mle deg 

AS sy ei 
175. J mole deg 

=e 
. -26.7 kJ mle 

AG   me 
-104 kJ mle 
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the following experiment: 

1. The first two steps of the experimental procedure, 

outlined in section 5.3., were completed. 

2. With the pressure of the system at about 5 x 10 torr, 

the residual gases of the system were allowed to inter- 

act with the tantalum collector for about 3 minutes. 

3. The adsorbed gases were then thermally desorbed and 

the desorption spectrum recorded, 

A second experiment was conducted, which was similar to the one 

described above. The time that the residual gases were exposed to 

the tantalum surface was about 3 hours. The resulting desorption 

spectrum is illustrated in Fig. 29. 

The effect of the residual gases on the desorption spectrum can 

be seen by a comparison of Fig. 28 and Fig. 29. In Fig. 29, the 

effect of the residual gases is to increase the overall pressure level 

of the desorption spectrum. The 8; peak is just about detectable, 

while the 8, peak is much more pronounced. The complete 62 peak is 

obscured by the desorption of gases from the walls of the experimental 

cell. 

5.6.2. The effects of the desorption of gases from the sublimation 

pump on the thermal desorption spectrum 

The only gas that is generally evolved fram the titanium filament 

during its heating cycle is hydrogen. After a time, this gas is removed 

from the system by adsorption on the cooled titanium film. The sub- 

limation pump does not represent a source of gas contamination, during 

its off period, provided the liquid nitrogen level is properly main- 

tained. If the level of the liquid nitrogen is allowed to subside



  
Fig. 29. Thermal desorption spectrum of residual gases after an adsorption time of 

three hours.
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significantly, then gases are desorbed from the walls of the pump 

chamber, These desorbed gases could then interact with the tantalum 

surface. 

A typical thermal desorption reaction of gases evolved from the 

titanium sublimation pump is illustrated in Fig. 18. Inspection of 

all the thermal desorption reactions, involving the desorption of 

sublimation pump gases, showed that the intensity of the 6; peak was 

considerably smaller than that of the 82 peak. The results of a 

number of experiments showed that the average maximun pressure o 

for the §, peak occurred at a temperature of about 1260 K, while the 

average pressure maximum Pe for the 62 peak was found to occur at 

a temperature of 2090 K. 

The values of Pp for the ®; peak were, in general, so small that 

it was difficult to get a significant number of experimental points 

for a complete analysis, A significant number of experiment data 

points were obtained from experiment No. 231-1 and the result> of the 

analysis of the desorption peak are tabulated in Table Ix. 

5.6.3. The effects of the thermal desorption of gases from the 

walls of the experimental cell on the thermal desorption 

spectrum 

The desorption spectrum thus far has shown that when the temper- 

ature of the collector exceeds about 2000 K, there is gas desorption 

from the walls of the experimental reaction cell. An experiment was 

undertaken to examine the effect that these gases will have on the 

desorption spectrum. 

The collector filament was first flashed clean by the procedure 

outlined in section 5.2. The emitter filament, as shown in Fig. 14, 

was heated to a temperature of about 1300 K for about 10 minutes.
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Table IX 

Results of the analysis of the 

8; peak of experiment No. 231-1 

  

Derived Parameter Calculated value 

  

=e 
18.0 litres sec 

  

  

cf 3 a) 
" 1.8 x 10° meter sec 

2.68 x 10° > ate 
(dn/dt) «68x Ll molecules sec. om 

16 eh _2 

a 2.68x 10°. molecules sec” meter 

$12 me 
19 «160: atoms cn 

° 
16 2 

- 1.9 x io" atoms meter 

  

Order of the reaction Second 

  

ah 
43.5 keal mole 

  

  

  

    
AE. 

rit 

u 182. kJ mole 

qt 1080 K 

ae 

+ 41.3 kcal mole 
AH i 

173. kJ mole 

ok 

* 56.6 cal mole 
AS Si 

237. J mle 

ee 

+ -7.5 keal mole 
AG   oe 

-31.3 kJ mle 

   



a) 

There was no significant increase in pressure during the heating of the 

emitter. After the emitter filament was turned off, the gases on the 

collector filament were desorbed and the desorption spectrum recorded. 

The desorption spectrum obtained is shown in Fig. 21. 

5.6.4, Sumnary 

This section of Chapter 5 has been concerned with the effects that 

various sources of gas contamination can have on the thermal desorption 

spectrum. It was shown that for adsorption times much less than three 

hours, the effects of the residual gases on the analysis of the desorp- 

tion spectrum can be neglected. The desorption spectrum can be 

serious effected, however, from gases desorbed from the chamber walls 

of the sublimation pump or from the walls of the reaction cell. 

5.7 The Thermal Desorption of Oxygen from a Tantalum Surface 

The desorption spectrum of oxygen on tantalum is shown in 

Fig. 30, This desorption spectrum was obtained by following the 

experimental procedure outlined in section 5.3. The adsorption time 
~8 

for this reaction was two hours at an oxygen pressure of 5x 10 torr. 

Inspection of the desorption spectrum shows that there are two 

peaks present. A comparison between the oxygen desorption and the 

residual gas spectrum.was accomplished by superimposing Fig. 29 on 

to Fig. 30, The results of this comparison showed that ; peak could 

qanly be attributed to the adsorption of oxygen. The results of the 

8, analysis are listed in Table xX, 

The rate expression of the desorption reaction was defined by 

equation 2.21. From the results of the analysis of the thermal 

desorption spectrum of oxygen from the 8; state, the rate equation for



  
Fig. 30. Thermal desorption spectrum of oxygen after two hours at a pressure of 

wee! 
$x i0 torr.
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Table X 

Results of the analysis of the thermal 

desorption spectrum of oxygen from a 

tantalum surface 

  

Derived Parameter Calculated value 

  

et 
13.8 litres sec 

& 

1.38 x 10° 
3 ml 

meter sec 

  

(dn/at),. 
m. 

ll 
2.7% 10° 

5 

2.710" 

1 ae 
molecules sec. cm 

al = 
molecules sec meter 

2 

  

10 

7.1x* 10° 
lq 

71x 10° 

4 
atoms om 

as 
atoms meter 

  

Order of the reaction Second 

  

at 
48.4 kcal mole 

  

  

  

    
AE. a5. 

P 202. kJ mole 

Te 1100 K 

al 
+ 46.6 kcal mole 

4H ml 
195. kJ mole 

=| 
* 60.6 cal mole 

as ay 
254, J mole 

ae 
ri -20.0 keal mole 
AG   1 

-83.6 kJ mle 
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low surface coverage becomes 

2 ue 
_ = 1.6 (a, - 9 ) exp (-23,500/T) molecules meter’ . 

tc 

5.13 

By using experimental values of Co, - 6. Fe) and T obtained from 

the analysis of experiment No. 224-3, the rate of desorption (dn/dt) , 

was callculated for various times during the reaction. The calculated 

values of (dn/dt) , and the experimental values of (dn/dt) 4 ue plotted 

in Fig. 31 as a function of time. Inspection of these two plots 

reveals that there is a discrepancy between the experimentally deter- 

mined and calculated values of the desorption rates. This discrepancy 

could arise from the estimation of the value of Ki 2 in equation 2.30 

or from the experimentally determined values of ast or Be 

The average ratio of (dn/at),, to (dn/dt), was found to be .36. 

By using this latter ratio as a correction factor, the rate expression 

for the 6, oxygen desorption peak now becomes 

cn at 2 a 
_ = 5.7% 10 (o, - o,) exp (-23,500/T) molecules meter’ . 
dt a 

5elt 

The results of the analysis of experiment No. 236-1 can be used 

to determine the 82 desorption rate expression. This latter expression 

is given as 

dn 2 ll = 
— 2. Tax 00" (o, - 9.) exp (-38,900/T) molecules meter . 
dt 

C 

§.15
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The calculated and experimental determined desorption ratio are 

plotted, in Fig. 32, as a function of time. The examination of 

Fig. 32 shows that the experimental values of the desorption rate 

exceeds that of the calculated value by a factor of 2. This is not 

a serious discrepancy when one considers that such an error could 

# 
arise from a variation of about 3% in the value of AS .



sm
 

co
n 

ca
 

a
t
o
m
s
 

s
e
c
 

me
 

x 
10
 

< 

eS
 at
, 

11.0 

10.0;—- 

9.0 

8.0 

7.0 

6.0 

bm 

4.0} 

3.0 

2.0 

1.0   
Fig. 32. 

  
| | | | 
4 5 6 7 8 

TIME (seconds) 

The rate of desorption as a function of 

time; calculated x , experimental e .



=i Ge 

CHAPTER 6 

RESULTS_AND DISCUSSION OF THE EFFECTS OF ADSORBED GASES 

. ON THE WORK FUNCTION OF A TANTALUM SURFACE 
  

6.1. Introduction 

The electron work function of a polycrystalline surface was 

determined by the electron beam method described in sections 3.3.42. 

and 5.3. This method determines the work function of a collector 

surface by the examination of the current-voltage characteristic 

plot. 

The temperature of the emitter surface must be accurately 

determined in order to determine the work functions of the emitter 

and the collector filaments. ‘Two methods for the determination of 

the emitter temperature will be examined and discussed. 

The effects of the applied grid voltage on the characteristic 

plot will be examined. It will be shown that the grid voltage can 

effect all regions of the characteristic plot. 

The electron work function of the polycrystalline tantalum 

surface will be examined in the presence and absence of adsorbed 

gases. The interaction of oxygen with the tantalum surface will 

be considered. 

6.2. Collector Current-Voltage Characteristic Plot 

A typical collector current-voltage characteristic plot is 

illustrated in Fig. 33 This characteristic plot was obtained from 

the experimental cell and its associated electric circuit that are 

illustrated in Fig. 14 and Fig. 15, respectively. Inspection of 

Fig. 33 reveals that this characteristic plot has the same three
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plot.
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distinct regions as that of the ideal characteristic plot that was 

illustrated in Fig. 6. The important features of the experimental. 

plot shown in Fig. 33 are as follows: 

1. The saturated region is quite flat. 

2. The inflection point or "knee" of the experimental 

plot is not as sharp as that show in Fig. ® or 

reported by H. Shelton” e The tantalum emitter 

and collector filaments used by H. Shelton'® were 

single crystal, while the filaments used in this 

study were polycrystalline. A polycrystalline surface 

can be considered as being a patchy surface. Hence, 

based on the discussion of the effect of patchy 

surfaces on the work function measurements in 

section 3.4., the "knee" in Fig. 33 is not expected 

to be as well defined as that shown in Fig. 6 or 

reported by H. Shelta'#S, 

3. From Fig. 33 it can be seen that the collector 

current density in the retarding portion of the 

characteristic plot varies exponentially as a 

function of the applied emitter voltage. 

6.3. Emitter Temperature 

In using the electron beam method as a means to determine the 

contact potential difference, the temperature of the electron 

emitter is an important parameter to consider. The emitter temper- 

ature is important because it will effect the collector current- 

voltage characteristic plot and its numerical values are essential 

in order to determine the work functions of the emitter and the 

collector surface.
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Consider first of all the saturated current region of the 

characteristic plot. The magnitude of the collector current density 

J2 in this region will be dependent upon the work function and the 

temperature of the emitter surface. By measuring the saturated 

current density Jz and the emitter temperature Tj, the "effective" 

Re r 4 * 
work function exe of the emitter can be determined by solving 

4 

ah 2 
ex, = kT GnA = In,/T, )) 6.1 

ae =e 
where A can be assumed to have a value of 120 amperes cn deg . 

The apparent work function of the emitter can be obtained from 

2 
* -kd (In(J2/T; )) 

ex = —_—_—_—_— 6.2 
: a(i/T;) 

where J, is the saturated collector current density for a given value 

of Tj. 

The electron work function of the collector surface can be 

determined from either equation 3.34 or 3.98. In order to solve 

either one of these equations, the collector current density must 

be determined as a fimction of the emitter temperature. 

6.3.1. Energy distribution method 

It has been established that electrons emitted from a conductor 

surface have a Maxwellian energy distribution which is dependent 

on the surface temperature. Thus, a measurement of the energy 

distribution of the electrons impinging on the collector surface can 

be related to the temperature of the emitter surface. This will be 

true provided the electron energy distribution is representative of 

that emitted fron the emitter filament.
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If the above conditions are satisfied, then the emitter temperature 

can be determined from equation 3.37. Equation 3.37 is rearranged into 

a logarithmic form and then the In(J2) is differentiated with respect 

to Vj. The emitter temperature can be determined by solving 

1 ay 
ft ae 

= kdind, 
  

603.2. Optical method 

The temperature of the tantalum emitter was also determined by 

an optical pyrometer that was supplied by the Leeds and Northrup 

Company. ‘The optical pyraneter was of the 8630 series and employed 

the disappearing filament method for measuring the brightness 

temperature S, The wave length to which this pyrometer responded 

to was 0.653 microns. 

Le. Matter and D. B. Lenomin studied the emissivity properties 

of polycrystalline tantalum supplied by the Fansteel Metallurgical 

Corporation. These authors used a Leeds and Northrup type K pyrometer 

that responded to a wave length of 0.652 microns. The relationship 

between the "true" temperature T, and the observed brightness 

temperature S was found to be 

eee 9 3 
T) = 0.9915)S “+ 937.44+= 10; 5 + S.74x 10° S$ . 

6.4 

The "true" temperature T;, that are listed in Table XI, were obtained 

by substituting the observed values for the brightness temperature 

into equation 6.4. 

An inspection of Fig. 14 reveals that during the operation of 

the planar triode, the position of the magnet prevents optical



The observed brightness temperature 

S and the calculated "true" temper- 

ature T; for a given filament 

- 97 -+ 

Table XL 

  

  

current ip 

s T) I, 

(Kk) (K) | (amperes) 

1073 | 1115 3.58 

A178 $1223 4.04 

1333 | 1402 4.85 

1370 | 1443 4.90 

1408 | 1485 5.20 

1438 | 1519 5.55 

1548 | 1650 6.00 

1573 | 1674 6.35 

1636 | 1747 6.95 

1703 | 1826 7.50         
temperature measurements of the tantalum emitter filament. 

62 
G. C. Goode has shown that the filament current is related to 

the filament temperature. A plot of the "true" temperatures, listed 

in Table XI, as a function of the square of the filament current Ip 

is illustrated by Fig. 34, The temperature of the filament T, can 

now be determined from the measured filament current. 

current was determined by measuring the voltage across a standard 

resistor. 

  
The filament
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6.4. The Effect of the Grid Voltage on the Current-Voltage 

Characteristic Plot 

This section will examine the effect of the grid voltage on the 

characteristic plot. The applied grid voltage was always positive 

with respect to the collector filament and the emitter filament. 

The saturated collector current and the temperature of the emitter, 

determined by the energy distribution method, will be shown to be 

dependent on the value of the applied grid voltage. 

6.4.1. The effect of the grid voltage on the saturated collector 

current 

The effect of the grid voltage on the current-voltage character~ 

istic plot was determined by measuring the collector current as a 

function of the applied grid voltage Vo while maintaining a constant 

applied emitter voltage V, and emitter current. The effect of the 

applied grid voltage ve on the saturated collector current and on the 

collector current in the retarding portion of the characteristic plot 

is illustrated in Fig. 35, 

Plot I, in Fig. 35, represents the effect of the applied grid 

voltage We on the saturated current portion of the characteristic 

plot. This plot was obtained by maintaining the applied emitter 

voltage at +0.2 volts, with respect to the collector filament and 

the emitter at an optical temperature of 1635 K. From Fig. 35, it 

can be seen that at an applied emitter voltage es of +0.2 volts, the 

collector current will be in the saturated current portion of the 

characteristic plot. 

' An inspection of plot I, in Fig. 35, reveals that the collector 

current becomes saturated at an applied grid voltage of 1.0 volt.
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The collector current remains unaltered for applied grid voltages ve 

in the range between +2.0 and +150 volts. 

6.4.2. The effect of the grid voltage on the collector current 

in the retarding portion of the characteristic plot 

The collector current as a function of applied voltage in the 

retarding region of the characteristic plot is illustrated by plot IT 

in Fig. 35, The applied emitter voltage was +0.9 volts, and from an 

examination of Fig. 35 it can be seen that the collector current will 

be in the retarding region of the characteristic plot. The emitter 

temperature, for plot II, was maintained at 1610 K. 

An examination of plot II shows that the collector current 

acquires a maximum value at a grid voltage of +4 volts and remains 

constant for grid voltages up to +150 volts. 

6.4.3. The effect of the grid voltage on the calculated emitter 

temperature 

The effect of the grid voltage on the energy distribution of the 

electrons was studied by calculating the emitter temperature from a 

number of current-voltage characteristic plots that were measured at 

various applied grid voltages. The emitter, during each of the above 

measurements, Was maintained between 1440 K and 1465 K. The calculated 

values of qe for various gvid voltages are campared with the optically 

measured emitter temperature T; in Table XII. 

. An inspection of Table XII reveals that the applied grid voltage 

seriously effects the erent velar characteristic plot. The effect 

of the grid voltage on the energy distribution of the electrons can be 

seen from a comparison of the measured optical temperature T, with the 

calculated emitter temperature Tye Such a comparison shows that there



Table XII 

Calculated emitter temperatures, measured coliector current and 

optically measured emitter temperatures at various applied grid voltages 

  

  

  

Saturated collector | Measured optical | Calculated emitter | Grid voltage 

Cumentee ao Temperature Ty Temperature T, 

(amperes) (K) (K) (volts) 

1.6 1440 i540 1.3 

1.5 1440 1435 §.0 

1.4 1440 1665 10.0 

1.5 i465 1570 20,0 

1.5 i465 1310 50,0 

2.0 1460 - 100.0         
  

= 
(
o
l
 

=
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is in general poor agreement between the values of T, and Ty. At 

grid voltages less than 20 volts, the calculated emitter temperature 

Te is generally higher than that of the measured optical temperature 

T,. For grid voltages equal or greater than 50 volts, the value of 

1 is less than that of T). 

The changes in the calculated emitter temperature T,, and hence 

the energy distribution of the elect-ons, are a result of changes in 

the current-voltage ‘characteristic plot due to the variation in the 

applied grid voltage. For grid voltages up to 20 volts, the character- 

istic plot is similar to that illustrated in Fig. 33, The effect of 

the applied grid voltages equal or greater than 50 volts is shown in 

Fig. 36, In this latter figure, the grid voltage was 100 volts. A 

comparison of the characteristic plots illustrated in Fig. 33 and 

Fig. 36 shows that an increase in the grid voltage has a marked 

influence on the sharpness of the inflection point end the collector 

current dependency on the applied emitter voltage Ve in the retarding 

region of the characteristic plot. The inflection point or the "knee" 

of the characteristic plot in Fig. 36 is so ili-defined that a deter- 

mination of the contact potential difference is extremely difficult. 

From an examination of the collector current as a function of applied 

emitter voltage V, in Fig. 36, the energy distribution of the electrons 

does not appear to be Maxwellian. 

In view of the results of the effect of the grid voltage on the 

current-voltage characteristic plot, the grid should not exceed 

20 volts, nor can the calculated emitter temperature T, be taken as 

representing the actual emitter temperature. 

In order to explain the effect of the grid voltage on the 

current-voltage characteristic, consider the effect that a beam of
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primary electron will have if they are permitted to strike the walls 

of the grid aperture. These electrons could either be captured by 

the grid or suffer elastic or inelastic scattering. For primary 

electrons that suffer elastic scattering, there will exist a prob- 

ability that electrons on the metal surface may acquire sufficient 

energy to be emitted with energies up to 3 eV a These latter electrons 

are known as secondary electrons and the process by which they are 

generated is generally referred to as secondary electron emission®®, 

The secondary electron emission coefficient 6° is defined as 

the ratio of the number of secondary electrons emitted to the number 

of primary electrons that incident the metal surface. The value of 

6 is not particularly affected by temperature, but is dependent on 

the energy of the primary electrons. The coefficient 6 will increase 

with an increase in the primary electron energy up to a maximum value, 

whereupon a further increase in the energy of the primary electrons 

will result in a decrease of 6, The onset of the secondary electron - 

emission can occur at primary electron energies as low as 10 volts. 

The secondary emission coefficient 6 is also dependent on the 

angle of incident of the primary electrons. The coefficient 6 will 

increase as the angle of incident decreases. 

From the above discussion, it can be seen that the secondary 

electron emission current could alter the current-voltage characteristic 

plot in the following manner. 

1. The secondary electron current will increase the 

magnitude of the saturated collector current. 

2. The secondary electrons can have energies up to about 

3 volts. A secondary emission current would not only 

alter the magnitude of the total current but also effect 

the energy distribution of the electrons striking the 

collector surface.
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Based on the above criterion for the effect of a secondary emission 

current on the characteristic plot, the results of the characteristic 

plots listed in Table XII and the characteristic plot illustrated in 

Fig. 36 indicate that the effect of the grid voltage is due to an 

increase in the secondary emission current. The secondary emission 

current is quite significant for a grid voltage of 100 volts. The 

saturated collector current, at the latter voltage, was increased fran 

LeShx 107° amperes to 2.0x ww” amperes. Even at low grid voltages, 

it appears that the secondary emission current is significant enough 

that electrons, because of the restriction in their motion by the 

presence of the magnetic field, will strike the surface of the grid 

aperture at a low angle. This low angle of incident for electrons 

having energies less than 10 eV could result in elastic scattering 

wihhout electron emission. Such a condition would not alter the total 

electron current but effect the energy distribution of the electrons, 

An important parameter to consider is the fraction of electrons 

fy that pass through the aperture that would be involved in collisions 

with the walis. The fraction of electrons £, involved in collision 

with the walls is proportional to the ratio of the surface area and 

the cross sectional area of the aperture. Thus fy can be expressed as 

arty 
£ ao re 6.5 

where +, is the thickness of the grid and r is the radius of the grid 

aperture. From equation 6.5 it becomes apparent that one can expect 

that fraction of electrons involved in wall collisions will increase 

as the grid thickness is increased and the radius of the aperture is 

cans 
decreased. The value of ——— for the experimental reaction cell 

2D 

illustrated in Fig. 14 was calculated to be .21.
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At first glance the results of this section appear to be in con- 

flict with the results plotted in Fig. 35. This is, however, not the 

case. The collector currents in plot I and II were on order of magni- 

tude greater than those of this section and hence the effect of the 

secondary emission current on the total collector current was not as 

apparent e 

6.5. Determination of the Electron Work Function of the Emitter and 

Collector Surfaces fron the Current-Voltage Characteristic Plot 

In this section the "effective" and the "apparent" work function 

of the emitter and collector surfaces will be determined from a family 

of characteristic plots. The measured optical temperature T, of the 

emitter will be used to represent the emitter temperature. The 

calculated emitter temperature ce will also be listed in the tables 

of results so that a comparism of the two methods of temperature 

measurement can be obtained, The "apparent" work function of the 

emitter and the "apparent" work function of the collector surface 

will be obtained by solving equation 6.2 and 3.46, respectively. 

6.501. Emitter "effective" work function 

The "effective" emitter work functions for a number of emitter 

temperatures were obtained from the family of characteristic plots 

illustrated in Fig. 37, These characteristic plots were all measured 

at a grid voltage of 5 volts. The calculated "effective" work 

functions for various emitter temperatures are listed in Table XIII. 

Fron Table XIII can be seen that once again there is poor agree- 

ment between the measured optical temperature T; and the calculated 

emitter temperature T,.
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Table XIII 

The effective emitter work function for various 

emitter temperatures obtained from the characteristic 

plots of experiment No. 207 

  

  

  

          
  

"Effective" emitter | Optical emitter Calculated 
ae 

work function ex, temperature T,; | emitter temperature 

a 
(eV) (kJ mole” ) (Kk) (K) 

4.96 4756 1545 1434 

4.92 471. 15390 1561 

4.97 479. 1640 1585 

5.06 484, 1715 1862 

ak 

ex = 4.98 + (P.E.) .02 eV 

: P.E. = Probable Error 

477 + (P.E.) 2 kJ mie oO bd ” 

6.5.2. The collector "effective" work function 

The collector work function for a patchy surface can be defined 

from equation 3.44 as 

ex Kn Vin 6.6 x x) 12 

If ex, is set equal to the "effective" work function of the emitter 

wit . s atk 
a » then the "effective" work function of the collector oF can 

be defined as 

he = ey = Vp, 6 6.7 

The term -V,, was defined, by equation 3.45, as being equal to V,.



V, represents the voltage at the inflection point in the characteristic 

plot and is determined, as shom in Fig. 37, as the point of intersection 

= 106 - 

of a pair lines drawn through the saturation current region and the 

retarding region of the current voltage characteristic plot. 

tact potential difference Vj) and the "effective" emitter work function 
=e 

eye » that were used to determine the "effective" collector work 

mak 
function ex, » Were obtained from the family of characteristic plots 

illustrated in Fig. 37 and Table XIII, respectively. The calculated 
~ht 

values of ae are tabulated in Table XIV. 

Table XIV 

The "effective" collector work function and contact 

potentials obtained from the characteristic plots of 

experiment No. 207 

  

  

  

            

Effective collector , Optical emitter 
eae Contact potential V)2 

work function es temperature T, 

ae 
(eV) | (kJ mole” ) (Voits) (K) 

5.76 551. -.795 1545 

5.62 548, -.700 1590 

$083 567. -.865 1640 

5674 550. -.680 1715 

att 

ex, = 5.74 + (PEs) .03 eV 
‘ P.E. = Probable Error 

ak pa 
ex = 550 + (P.E.) 3 kJ mole 

A comparison of the collector "effective" work functions of the 

emitter that are listed in Table XIII indicates that the collector 

The con-
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work function is greater than that of the emitter work function. 

This effect can be explained by the fact that the gases adsorbed on 

the collector surface were not thermally desorbed prior to the taking 

of the characteristic plots. It is then the presence of adsorbed 

gases species on the surface that are responsible for the high 

‘ "effective" work functions of the collector. 

6.5.3. The "apparent" work function of the emitter 

The “apparent” work function of the emitter was determined by 

solving equation 6.2. The value of J, was obtained from the satur- 

ation currents of the characteristic plots. The term d(inJ,/ (T))/ 

(1/T,) was obtained from the slope of the plot that is illustrated in 

Fig. 38, The "apparent" work function was calculated to be 4.85 eV 

or 465 kJ amie The pre-exponential term was determined as 

43 amperes ar ein or 4.3% aot ees mee ee A con 

parison of the average "effective" work function ex,” with the 

"apparent" work function ex, shows that the obtained values are in 

agreement. The scatter in the experimental data has a greater effect 

on the calculated value of the "apparent" work function than on the 

average "effective" work function. 

6.5.4. The "apparent" work function of the collector 

The "apparent" work function of the collector was determined by 

Solving equation 3.34. ‘This equation was solved by the analytical 

method that was outlined in ection 3.3.4.2. The plot of 

[ancoa/t})-Vy 27) ] as a function of (1/T,) is shown in Fig. 39, The 

"apparent" work function of the collector ex, was calculated to be 

4.96 eV and is not in agreement with the "effective" work function of 

5.74 eV.
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The discrepancy between the values of x, and ex,” stems from the 

fact that in equation 3.46 the temperature dependence of the contact 

potential V2 is negligible when compared to the temperature dependence 

of the saturated collector current Jz. Hence, by using an average 

value of the contact potential Wes the "apparent" work function of 

the collector is now expressed as 

  

2 
- dCin(J/T})) = 

ex = -k - Vie 6.8 
2 a(i/T}) 

or 

ok -k = 
2 - Vi, 6.9 ex, eX, 12 

The average value of the contact potential Ve was found to re 

-.760 volts and from equation 6.9 the "apparent" work function of the 

collector ex, was calculated to be 5.61 eV or 537 kJ megs The 

"apparent" work function of the collector x determined by solving 

. P 5 . zt ake 
equation 6.9 is now in agreement with the effective work function eX) ° 

6.5.5. The "effective" and "apparent" work function for a thermally 

cleaned collector surface 

In this experiment the collector surface was first heated to 

about 2000 K for five seconds. The collector filament was cooled and 

allowed to remain at the ambient cell temperature for a period of me 

hour prior to measurement of the characteristic plots. 

The values of the "effective" work function for the collector 

and emitter filaments are tabulated in Table XV. 

The "apparent" work function of the emitter was calculated to be 

mt = 
4,91 eV or 470 kJ mole . The value of Vio was found to be ~.475 eV, 

and by solving equation 6.9, the "effective" work function of the 

1 
collector was found to be 5.39 eV or 516 kJ mole .



Table XV 

Results of the "effective" work function determined with a thermally 

cleaned collector surface 

  

  

  

                  

Effective emitter | Effective collector Contact Optical Calculated 
te sh = work function ex, work function ex, : potential V)2 | Temperature | Temperature 

ik BY 
(eV) | (kJ mole™ ) | (ev) QJ mole ) (Volts) () (K) 

4,91 470 5.37 $15 =~ 462 1520 1426 

4,90 469 5.32 509 e415 1580 1487 

4,98 477 S44 520 ~.465 1620 1703 

4.93 472 5.49 525 ~-.560 1685 1956 

ae ee &, = 4.93 + (P.E.) .01 eV eX, = 5.0 + (PLE) .03 eV 

ake =e uhk ok ex = 472 + (P.E.) 1 kJ mol Ky = 517 + (P.E.) 3 kJ ml 

P.E. = Probable Error 

6
G
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A comparison of the effective work functions listed in Table XV 

and those in Table XII show that calculated emitter work functions are 

in excellent agreement. The effect of thermally desorbing gases from 

the collector surface can be seen by the apparent decrease in the 

"effective" and the "apparent" work function of the collector. 

The fact that the electron work function of the emitter is less 

than that of the collector indicates that adsorbed gas species wer2 

still present on the collector surface. 

6.5.6. ‘The interaction of oxygen with a tantalum surface 

In this experiment, No. 233, the collector was first cleaned at 

a pressure of about 6 x 10 torr by thermally desorbing the gases 

from the surface. This was accomplished by flashing the collector a 

number of times to a temperature greater than 2200 K, The flashing 

of the collector was continued until the pressure increase in the 

system during the flash was consistent. The collector was allowed to 

remain for ten minutes at ambient cell temperature and then the 

"effective" collector work function was determined. 

én analysis of the characteristic plot indicated that the contact 

potential difference was now +.120 volts. With the effective work 

function of the emitter at 4.95 eV, the collector work function was 

determined as 4.83 eV or 464 kJ saat This work function value for 

polycrystalline tantalum is in good agreement with that reported by 

E. Ya. Zandberg and A. Ya. 'Tongegode These latter investigators 

determine the electron work function by cbserving the surface ionization 

of indium and found ‘the work function for polycrystalline tantalum to 

65-66 > by employing 
a 

be 4.88 eV or 467 kJ mol” . Other investigators 

ether experimental techniques, have reported work function values that 

range from 4.10 eV to 4.33 eV.
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The collector was flashed again to a temperature greater than 

2200 K and the thermal desorption spectrum is illustrated by Fig. 40, 

This desorption spectrum shows that there was some contamination of 

the collector surface from the walls of the reaction cell as a result 

of making the work function determination. The contamination of the 

collector surface illustrated in Fig. 40 is not as acute as that 

shown in Fig. 21. 

28 
The pressure of the system was then increased to 6x 10 torr 

by admitting oxygen into the system by means of the variable leak valve 

V3. After one hour, the pressure of the system was reduced to original 

value by the closing of the valve V3. 

A current-voltage characteristic plot was taken and the contact 

potential difference was determined to be .295 volts. The electron 

wt 
work function was then calculated to be 4.65 eV or 455 kJ mol. 

The gases adsorbed on the collector surface were then thermally 

desorbed and the desorption spectrum is illustrated by Fig. 41. 

From the thermal desorption spectrum, the surface coverage was 

determined by the same method as that used in section 5.4.2. The 

total surface coverage, i.e., the sum of the atoms adsorbed in both 

the 8; and f2 states, was determined as 2.4 x wo atoms ae or 
417 ae 

2.4% 10 atoms meters . 

The dipole moment of the adsorbed gas species can be defined as 

tt 
Alex, ) 

OCG as serene 6.10 
d 

Yor on 

ie 
where Atex. ) is the change in work function as a result of the 

2 
ae 

adsorption of oxygen on the collector surface. The value of Mex ) 

sh : 
was found to be .18 eV or 17 kJ mol . The calculated dipole moment 

per atom was determined as 2.0 Debye. The sign of the dipole moment



  
Fig. 40. Thermal desorption spectrum showing the contamination of the collector surface 

due to desorption from the walis of the experimental cell.



  
a8 Fig. 41. Thermal desorption of oxygen after one hour at a pressure of 6x 10 tom.
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indicates that the charge located on the adsorbed oxygen atom was 

positive. Other investigators studying the effects of oxygen on the 

electron work function on tungsten®? have also reported a decrease in 

the electron work function at low coverage followed by an increase in 

the work function. 

In section 6.5.2¢, the effective work function of a tantalum 

surface in the presence of adsorbed gases was determined as 5.74 eV. 

If it is assumed that a monolayer of gas is present or 1« ro" atoms 

anes then by solving equation 6.10 the average dipole moment of these 

adsorbed gases would be ~.24 Debye. 

In this experiment, the partial pressure of oxygen was increased 
ae o : * 

to 6x 10 torr for one hour. From the kinetic theory of gases, the 

rate at which gas molecules impinging a surface is given as 

422 P (torr) ey 
v = 3.5x 10 ——— moleqmles cm sec 6.11 

cry? 

At a pressure of 6x 10° scone oxygen molecules will make 8 x aot? 

collisions mice sect: or 8x wo"? collisions meter oe The 

total number of molecules that were desorbed was calculated to be 

12x 10"? Soe Hence, the sticking coefficient®™ for oxygen on 

tantalum would be 2 x 107 ¢ This value is lower than one would 

normally expect and would indicate that a proportion of the adsorbed 

oxygen is desorbed in the form of tantalum oxides Ta, Oy
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CHAPTER 7 

SUMMARY AND CONCLUSION 

7.1. Experimental Apparatus 

A bakable oil free vacuum system was used. This system, after 

baking at a temperature of 250°C for at least four hours, was shown 

to be capable of obtaining pressures in the 107 torr range without 

the use of an ion pump. ‘The pressure was obtained after careful 

purging of the entire vacuum system and sorption pumps with boiled- 

off nitrogen. The purging was needed to remove gases that are not 

readily adsorbed by either the sorption pumps or the sublimation 

pump. A single sorption pump was shown to be capable of reducing 

the pressure of three litre pyrex vessel from one atmosphere to 

RS) 107° torr and thus represents a significant improvement over 

Su 
the sorption’ pumps described by J. 0. Cope . 

The reaction cell was a planar triode with a collector filament 

that could be used in the study of thermal desorption reactions. 

The planar triode was constructed in a manner similar to that 

reported by H. Shelton The collector and emitter filaments were 

constructed from the same sheet of polycrystalline tantalum. 

The thermal desorption spectrum was displayed on a Tektronic 

Oscilloscope, type 545, with a Ny four trace pre-amplifier. The 

oscilloscope traces were recorded on 35 mn Ilford film. 

The oxygen sample was prepared in an oil free vacuum system 

by the thermal decomposition of solid potassium permanganate.
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7.2. Thermal Desorption of Oxygen froma Polycrystalline 

Tantalum Surface 

The study of the thermal desorption reaction of oxygen from a 

tantalum surface has shown that it is possible to make a complete 

Kinetic study of a thermal desorption reaction in a flow system. 

This was made possible by the determination of the pumping speed 

from the oscilloscope display. 

The temperature of the collector filament at any instant during 

the desorption reaction was obtained by determining the resistivity 

of the tantalum collector. The resistances in the filament circuit 

because of the copper leads and stainless steel supports were shown 

to be constant during the thermal desorption reaction. The contact 

resistances were assumed to be constant during the reaction. A change 

in the resistance of the filament circuit was associated with a change 

in the resistivity of the tantalum collector, From a knowledge of the 

temperature dependence of the resistivity of tantalum?, the temperature 

of the filament could be determined as a function of time, 

The rate of evolution of gas from a surface at a time t was 

expressed as 

* Ea 
dn dn V dP PL 

_ a —j—-— ]+t — 2.38 
* 

dt dt S. at iP . \ oF Ee 1. t = 

dn * 
where {| — was the rate of desorption at the time oe when P 

dt 
th 

approach its maximum value.
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The initial surface coverage o, was obtained by solving equation 

2.39 by graphical means. The surface coverage at a time t was defined 

by equation 2.40. 

The experimental activation energy for a thermal desorption 

reaction of the nth order was defined as 

(dn/at), 

he SR eke é D d In x 

{o, = 9) a 

241 

a(l/T) 

The standard heat of activation aut was determined by correcting 

the experimental activation energy by means of equation 2.33. In 

order to obtain the standard heat of activation it was necessary to 

define a standard state for the desorption reaction, Such a state was 

defined as that surface coverage when the free energy was independent 

of surface coverage. The standard state was taken at a low surface 

coverage. 

The change in entropy for the activation reaction was determined 

from the experimental activation energy and the collector filament 

temperature, the rate of gas evolution, and the temperature of surface 

at the standard state. The change in entropy was given as 

dA 
+ : ‘ aS = R | in| — - ih Oy 

# ; aED 

dt = 
TsT a cs 

2.30 

1 
where nis the order of the reaction, The constant ky, had the 

ae 
units of sec and an assumed value of 1, whereas, the value of 

1 w15 = PY at 22 ah 
kj2 Was given as 1 x 10 and had the units of sec om molecule .
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The themnal desorption spectrum showed that gases on the 

tantalum surface were adsorbed in two states, i.e., 8; amd Bo. 

Analysis of the 8; desorption peak indicated that the desorption 

reaction rate equation could be expressed in terms of the free 

energy of the reaction as 

dn at 2 2 
_ = 5.7% 10 (a, - 94) exp(-23,500/T) molecules meter 
dt 

= 5613 

The analysis of the B2 desorption peak showed that this was a 

first order reaction and the reaction rate equation was 

dn 411 = 
_ = 1.1% 10 Co, - 9) exp(-38,900/T) molecules meter 
dt}, 

Zo 

5.15 

The 6, peak was shown to be the result of the desorption of 

oxygen. The 8) was associated with gases desorbed from the walls 

of the sublimation pump. It was also shown that contamination of 

the collector surface could result from the desorption of gases from 

the walls of the reaction cell. 

7.3. ‘The Effect of Adsorbed Gases on the Electron Work Function 

of a Polycrystalline Tantalum Surface 

The electron beam method was used for determining the electron 

work function of a collector surface. This method of determining the 

electron work function was selected because of its simplicity in design 

and because it did not require the temperature of the coliector surface 

to be altered. With this method, the work function of the collector 

and emitter surfaces could be obtained from the measured current-voltage 

characteristic plot.
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The form of the characteristic plot was shown to be dependent on 

the applied grid voltage. At a grid voltage greater than 10 volts, 

the magnitude of the saturated current, the definition of the 

inflection point, and the energy distribution of the electrons were 

effected. This affect of the grid voltage on the characteristic plot 

was explained in terms of the secondary electron emission from the 

grid surface. 

The calculated "effective" and "apparent" work functions of the 

emitter were found to be in agreement. The "effective" work function 

was determined from the saturated current of the characteristic plots 

and has a value of 4.93 eV or 472 kJ mae This high value of the 

work function of the emitter was attributed to the presence of adsorbed 

gas species. 

The "effective" and "apparent" work functions of the collector 

surface were measured in the presence and absence of adsorbed gases. 

With adsorbed gases present on the colllector surface, the "effective" 

work function was determined to be 5074 eV or 550 kJ more: It was 

shown that the "apparent" work function could not be determined by 

solving equation 3.38 because, when compared to the collector current, 

the temperature dependence of the contact potential difference was 

insignificant. The "apparent" work function of the collector was 

determined by solving equation 6.4 and its value was calculated to be 
ak 

5.61 eV or 537 kJ ml. 

For a clean surface, the "effective" work function of the 

collector was calculated to be 4.93 eV or 464 kJ ue When oxygen 

was adsorbed on the surface, the work function decreased to 4.65 eV 

or 44S kJ ee The dipole moment of adsorbed gases on the surface 

at this surface coverage was calculated to be +2.0 Debeyse The dipole 

moment of gases adsorbed at high coverage was estimated to be ~.24 

Debeys.
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From the low calculated value of the sticking coefficient, some 

of the oxygen adsorbed on the surface must have been desorbed in the 

form of tantalum oxides. 

7e4. Use of the Planar Triode by Other Investigators 

Others investigators #5 ay 6a have used the planar triode as a 

means to determine the work function of a collector surface and to 

study the effects of gas adsorption on the work function of a metal 

surface, The experimental techniques and the method of analysis of 

the experimental data used by the latter investigators differs fron 

that which has been presented in this thesis. Because of these 

differences, it is fitting that a comparison be made between these 

experimental techniques and methods of analysis. 

He Shelton ana A. E. Abey? determined the work function of 

metal surfaces by means of the planar triode. The current-voltage 

characteristic plots, that were obtained at grid voltages exceeding 

100 volts, were nearly ideal. The emitter temperatures were deter- 

mined by means of equation 6.3. ‘The range of emitter temperatures 

used by H. Sheiton'® to obtain the family of characteristic plots 

was 400 K, whereas the emitter temperature range used by A. E. Abey? 

was 200 K. Neither of these investigators showed that there was any 

correlation between the calculated temperatures and those obtained 

by other means such as an optical pyrometer. Such a correlation is 

necessary to justify the reporting the emitter temperature to .1 KY, 

The effect of the grid voltage on the characteristic plot for 

the planar triode used in these experiments showed that no confidence 

could be placed in the validity of the calculated emitter filament 

temperature. At a grid voltage of 100 volts, the effect of a
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secondary emission current was pronounced in all regions of the 

current-voltage characteristic plot. The emitter temperature range 

used in this work was about 200 K. 

The planar triode was used to study the effects of the adsorption 

of various gases on the work function of a tantalum surface 69. The 

change in the work function of the surface was determined from the 

change in the collector current for a given applied emitter voltage in 

the retarding region of the characteristic plot. The total change in 

the work function of the tungsten surface as a result of the adsorption 

of oxygen was +1.7 eV. 

In this study of the effect of adsorbed oxygen on the work function 

of a tantalum surface, was determined by measuring the change in the 

"effective! work function of the collector surface. By this technique, 

any changes in the work function of the emitter would not interfere with 

the measurement of the change in the work function of the collector. 

Care was taken to ensure that the change in the work function that was 

measured was due to the adsorption of oxygen and not as a result of the 

contamination of the collector surface due to desorbed gases from the 

walls of the reaction cell.
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