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ABSTRACT 

A study of the chemical vapor deposition (CVD) of 

boron from boron triiodide (BI 3 ) on molybdenum has been 

done with field emission microscopy (FEM) and low energy 

electron diffraction (LEED) . 

A correlation of the efficiency by which BI 3 is ef­

fectively dissociated to form adsorbed boron, and the 

temperature of the substrate has been shown through work 

function measurements on the boron covered molybdenum field 

emitter surfaces. The boron-induced work function change 

of molybdenum has been shown to be in agreement with a 

theoretical model which predicts positive, as well as 

negative work functions for adsorbate-substrate systems. 

It has previously been found that the theoretical model can 

be used to accurately determine the occurence of the 

adsorbate monolayer. By comparison of the experimental 

work function data with the theoretical model inferrence of 

the thermal accommodation coefficient, of the adsorbate 

source species (BI 3 ), on the substrate is made. 

The free energy of desorption of boron from molybdenum 

field emitter surfaces has been measured by isothermal 

desorption experiments and been found to be 46.9 kcal/mole 

at boron coverages of about 0.4 monolayer. 

ii 

The time-dependent adsorption, leading to nucleation of 

boron on molybdenum field emitter surfaces has been observed 

to occur at about 0.5 monolayer coverages of boron. 



LEED studies of a Mo(lOO) single crystal at substrate 

temperatures of 700°C to 900°C in BI 3 partial pressures of 

3 x 10- 8 torr result in no structure change relative to 

the clean surface, even at prolonged exposures to BI 3 . 

However, under the same experimental conditions, the Mo(llO) 

surface exhibits the formation of one-dimensional disordered 

structures with the original ordering maintained in an 

orthogonal direction to the disorder. 

iii 
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I. INTRODUCTION 

Recent developments in vacuum technology and the use 

of multiple research tools such as field emission micro­

scopy, Auger electron spectroscopy and low energy electron 

diffraction have permitted meaningful studies of atomically 

clean surfaces and the initial chemical reactions occurring 

at these surfaces with various reactants. These studies 

are necessary in that many technologically important 

processes are dependent upon physical and chemical phenomena 

occurring at surfaces whose detailed nature cannot be 

completely revealed by any single technique alone. 

processes are observed in thin-film technology and 

Such 

catalytic phenomena. Many of these processes involve the 

chemical vapor deposition of gaseous species on supported 

substrate materials. Such a process is of interest in this 

study; the surface reactions and nucleation kinetics of 

boron, from boron triiodide on atomically clean molybdenum 

substrates. 

Although a considerable amount of work has been done 

on the transition metal borides in the bulk state, very 

little work has been done on the surface reactions of boron 

on the transition metals. Ownby and Gretz 1 have studied 

the physical vapor deposition and chemical vapor deposition 

of boron triiodide and boron from boron triiodide, re­

spectively, on tungsten. Tucker 2 has done single crystal 

studies by LEED on the adsorption of boron on tungsten. 

1 



To date there appears to be no known published literature, 

with the exception of Tucker's work, concerning the surface 

reactions of adsorbed boron on molybdenum. 

Boron and molybdenum both have many physical and 

chemical properties which make them technologically 

important materials. The chemical vapor deposition of boron 

from the CO reduction of B2o3 has been found to ultimately 

cause failure of the Mo heating elements by forming moly­

bdenum boride3 . 

Since bulk chemical reactions must first occur on 

surfaces, the study of the initial reactions of boron from 

BI 3 on clean molybdenum surfaces is of interest from a 

practical, as well as an academic point of view. 

The two principal tools used for this study of the 

chemisorption of boron on molybdenum were field emission 

microscopy and LEED. FEM provided the capability of the 

observation of microscopic single crystal molybdenum 

substrates at large effective magnifications; magnifications 

of the order of 500,000 times. The crystallographic 

specificity of adsorption of boron on molybdenum could also 

be easily observed. Also obtainable with FEM was the 

quantitative measurement of the boron induced work function 

changes of molybdenum. With FEM, small boron coverages 

of less than 0.1 monolayer could be detected, making it 

possible to observe and measure the adsorption, desorption, 

and nucleation of boron. 

2 



From work function measurements obtained from FEM 

with the boron-molybdenum system in conjunction with a 

theoretical model for adsorbate-induced work function 

changes of substrate materials, it was shown that the 

effective yield of boron from the decomposition of BI 3 

could be measured. 

With LEED, the surfaces of molybdenum single crystals 

of orientation (100) and (110) were observed in the clean 

state and also in stages of various boron coverages. The 

boron coverages observed in the LEED single crystal study 

ranged from submonolayer to coverages in excess of one 

monolayer. 

3 



II. REVIEW OF THE LITERATURE 

A. Boron-Molybdenum System 

Studies of bulk reactions of boron and molybdenum 

have already been adequately reviewed 4 . 

A much smaller amount of work has been done on the 

surface reactions of boron on molybdenum surfaces; the 

majority of this work has been done in the Soviet Union. 

Karev, et a1. 5 has studied the thermal dissociation of 

boron triiodide at low pressures on molybdenum substrates 

In these experiments, boron was 

chemically vapor deposited in amorphous layers on molybdenum 

surfaces. It was found that boron does not bond very 

tenaciously to the molybdenum surfaces. At higher 

temperatures, he found that the boron reacted with 

molybdenum to form molybdenum boride at the surface. 

Work which has been done on the diffusivity of boron 

in molybdenum reveals that the solubility of boron is very 

low for system temperatures of 2000°C and less. From phase 

equilibrium studies on the Mo-B system, the solubility 

of boron in molybdenum has been found to be very much less 

than two atomic percent at 2000°c 6 • So insoluble is boron 

in molybdenum at temperatures below 2000°C, that Brown, 

7-9 . . et al. have used th1n f1lms, of the order of 1000 

angstroms, of molybdenum as masks on the surfaces of 

semiconductors to prevent the diffusion of boron into the 

semiconducting material. 

4 



B. Adsorbate Induced Work Function Changes on Substrate 

Materials 

Although the experimental observation of adsorbate-

induced changes of the work function of clean metal surfaces 

is a phenomenon which has been known for many years, only 

recently, have mathematical models been proposed which 

accurately predict the effect of adsorbates on the electron 

emission characteristics of substrate materials. 

A model which has been successful for predicting 

adsorbate-induced work function changes for adsorbate 

coverages of one monolayer and less on thermionic emission 

substrates has been developed by Levine and Gyftopoulos 10 , 

hereafter, L and G. The expression used by L and G is as 

follows: 

where ¢ is the work function after adsorption, of is the 

density of surface sites available for adsorption to occur, 

¢m is the work function of the substrate, ¢f is the work 

function of the adsorbate, 6 is the coverage of adsorbate 

in fractions of a monolayer, S is the angle the adsorbate 

atom makes with the underlying substrate atoms, G(6) is a 

polynomial equal to 1-36 2+26 3 , R is the radius of the 

5 

adsorbate atom, and a is the polarizability of the adsorbate-

substrate dipole. This model regards the monolayer as being 



formed when the adsorbate atoms completely mask the 

underlying substrate atoms relative to electron emission. 

That is, when the substrate is covered with a monolayer 

of adsorbate, the measured work function represents that 

of the adsorbate rather than that of the substrate. 

Flaim and Ownby11 , hereafter, F and 0, have recently 

made some modifications of the L and G model and have 

6 

shown that positive as well as negative work function changes 

can be induced by adsorbates. F and 0 have shown the 

model to be in agreement with electron emission data for 

various adsorbate-substrate systems obtained by, therm-

ionic and field emission, space charge-limited diode, and, 

contact potential methods. 

The F and 0 treatment defines the formation of the 

monolayer as the condition arising when all of the 

available surface sites are occupied by the adsorbate atoms, 

regardless of their size. 

Since the work function is dependent upon the dipole 

barrier formed by the adsorbate-substrate species, Topping12 

has shown that the dipole barrier varies only about 15% 

as the configurations of the dipole moments on the surface 

are changed from rectilinear to trigonal configurations. 

As work function changes by adsorbate-induction are dependent 

upon the adsorbate-substrate dipole moments, the geometrical 

dependence on work function can be inferred from this 

observation of Topping. 



The expression F and 0 use for adsorbate induced 

work function is: 

where M
0 

is the isolated dipolemoment of the substrate­

adsorbate combination, s is the permittivity of free 
0 

space; all other parameters are as defined above. The 

isolated dipole moment, M
0

, is related to the electre-

t . . d.ff 13 b nega 1v1ty 1 erence y: 

(2) 

( 3 ) 

where Xm is the electronegativity of the substrate atom, 

Xf is the electronegativity of the adsorbate atom and K 

is a constant equal to 3.83 x l0- 30 coulomb-meters/volt. 

F and 0 wrote a Fortran IV program to evaluate the 

function in Equation (2). For a given adsorbate-substrate 

system, the constant parameters for an arbitrary system 

were read in, namely, ¢m' ¢f' a, of, Xm, Xf and s
0

• For 

a given value of of, the program then computed eleven values 

of work function for coverages of 0 to 1.0 monolayers, at 

7 

0.1 monolayer intervals. This calculation is then iterated 

for 200 values of of, in the range of 1014 to 10 16 sites/cm2 . 

This iterated calculation resulted in 200 sets of adsorbate-

induced work function changes of eleven values per set. A 

curve was defined by each set. Experimentally obtained 

values of work function versus coverage were then compared 



to the computed values. The best fit of the experimental 

values to one of the 200 computed curves gives a of value 

which is taken as the substrate site density available for 

adsorption of a monolayer of the adsorbate species. 

By this technique, the extremum values, the monolayer 

coverage, of, and the general shape of the ¢ versus e 

curve have been shown to be in agreement with independent 

experiments. 

C. Vapor-Solid Heterogeneous Nucleation 

During the study of electrical discharges through 

metal vapors, Wood14 , noted that the metal vapors under 

study, condensed onto the walls in a cooler portion of his 

experimental apparatus. It was found by Cockroft15 , 

subsequent to Wood's observation, that for a given arbitrary 

substrate-vapor system, an apparent critical flux of 

impingment vapor was required to cause condensation of the 

vapor. 

The phenomenon of heterogeneous nucleation on surfaces 

has been found to be critically dependent upon the number 

of the adsorbed species on the surface. Below a certain 

8 

adsorbed monomer density, nucleation involving stable 

clusters does not obtain i.e., the non-equilibrium transient 

cluster size of the embryos does not become large enough to 

cause a decrease in the free energy of formation of the 

cluster, which would result in cluster growth. Growth of 

these small clusters takes place in a step-wise fashion as 



9 

monomeric atoms are added to the clusters. Once a critical 

cluster forms, that is, a cluster of size sufficiently 

large to favor a decrease in the free energy of formation, 

6Gi' upon the subsequent addition of the monomer, the 

cluster grows irreversibly. 

Two general approaches to nucleation phenomenon have 

been proposed and shown to agree substantially with some 

experiments. These are the classical, or capillarity 

theories, and the statistical mechanical theories which will 

be discussed. 

The classical approach to heterogeneous nucleation 

theory, which assumes macroscopic thermodynamic quantities, 

works best for relatively large critical nuclei. 

The classical theories of heterogeneous nucleation have 

already been adequately reviewed16 . 

For critical clusters of less than about 20 atoms, the 

concepts of volume and surface free energies, 6Gv and y 

respectively, become nebulous in the capillarity approximation 

when applied to such small clusters. For these very small 

critical clusters of 20 atoms or less, a statistical mechani-

cal approach appears to be more useful. 17 Walton has done 

a statistical treatment of nucleation for very small clusters 

which develop and grow from an adsorbed monomeric species. 

This theory has been made tractable by ignoring the internal 

partition functions of the clusters, and has been successful 

in describing the nucleation rate of silver on the (100) 



surfaces of sodium chloride18 , silver and bismuth on 

evaporated carbon, and bismuth on evaporated silicon 

"d 19 monox1. e . 

Two cases of adsorption in vapor-solid heterogeneous 

nucleation have been observed to occur; the steady-state, 

or time-independent case observed originally by Cockroft15 , 

and the time-dependent case which has been only recently 

reported and will be discussed. 

The usual starting point for both types of nucleation 

involves the quantifying of the time rate of change of the 

adatom population, n 1 , on a surface in terms of an incident 

flux, Ji, and a desorption flux, Jdes· This relation can 

be expressed as: 

= Ji - Jdes ( 4) 

The desorption flux, Jdes' is exponentially dependent 

upon the free energy of desorption, ~Gdes' from the surface 

and can be expressed as: 

~G 

Jdes = nl Vo exp (- kd;s) ( 5) 

where n 1 is the population of individual adsorbed species, 

on the surface, v
0 

is a frequency factor of the order of 

10 13 sec-1 , k is Boltzmann's constant and T is the absolute 

temperature of the surface. The solution to Equation (4) 

can be shown to be approximately equal to: 

n 1 = J. -r 
l. s ( 6) 

10 



where Ts is the mean stay time of the adatom on the surface 

prior to desorption, and t is the experimental time of 

observation. If Ts << t, then Equation (6) becomes: 

exp (7) 

This corresponds to a time-independent adatom population 

and is called a steady-state condition, which can be 

obtained also by equating dn/dt to zero in Equation (4). 

This implies that if the desorption energy of the adatom 

from the surface is sufficiently small that the mean stay 

time is consequently small compared to experimentally 

accessible times. To see the behavior of Equation (6) 

for T >> t, it is useful to expand Equation (6) in a Taylor s 

series. 

(-l)n+l (t n 
n ! T ) ] 

s 
( 8 ) 

As can be seen from Equation (8), if T >> t the sum s 

becomes essentially zero, or Equation (6) becomes: 

(9) 

For this case, the population is time-dependent. 

A quantity, S, the supersaturation, can be defined as 20 : 

nl 
s = -­n e 

where ne is the equilibrium adatom concentration and is 

(10) 

the product of the mean stay time, Ts and Je, the adsorbate 

flux rate which would be in equilibrium with the bulk con-

densed phase at the substrate temperature. Combining this 

11 



with Equation (9), the supersaturation can be written as: 

s = 
J.t 

1 

JeTs 

The critical volume free energy of nucleation, 

(11) 

* * ~Gv , can be related to the critical supersaturation, S , 

through the following relation16 : 

* kT * 6Gv = - ll ln S ( 12) 

where the critical supersaturation is computed from Equation 

* (11) for the critical time to nucleation, t , and n is the 

* atomic volume of the nucleating species. The radius, r , of 

the critical nucleus is given by the Gibbs-Thompson 

relation16 : 

* r = (13) 

where y is the interfacial free energy of the cluster on 

the substrate. 

All nucleation theories are based on the nucleation 

20 rate, I, expressed as 

* I = Zll N. 
l. 

where z is a constant factor, 1J is the rate at which 

(14) 

* monomers are added to the critical clusters, and Ni , is 

* the number of critical clusters of size i . 

In the case of heterogeneous nucleation of metal atoms 

on substrates treated classically, the Zeldovich nonequili-

brium constant factor has been shown to be of the order of 

12 



. 21 un1ty 22 Pound has shown that the primary growth 

mechanism of the clusters on substrates is by the capture 

of surface diffusing adatoms rather than by direct impinge-

ment from the vapor. 

From a classical approach to nucleation theory, a 

function describing the cluster size distribution, up to 

and including the critical nucleus can be given in terms 

of the Gibbs free energy of formation, 6G. 20 : 
1 

(15) 

where Ni is the number of clusters of i atoms each, and 

n 1 is the population of individual adatoms on the surface 

available for nucleation, and is known as the Van't Hoff 

reaction isotherm. The derivation of this equation assumes 

that the population of the individual adsorbed atoms is 

much larger than any other size class. 

Walton17 has approached the phenomenon of nucleation 

involving small clusters statistical mechanically and by 

ignoring the internal partition functions of the clusters, 

has derived the following function for the distribution of 

clusters of i atoms, N.: 
1 

N. = N 
1 0 

n 1 i 
(--) exp 
No 

where N
0 

is the substrate site density available for 

(16) 

13 

nucleation and Ei is the potential energy gained by the 

cluster on formation. The distribution function of Equation 

(16) includes all classes of cluster concentrations up to 



14 

and including the concentration of the critical clusters, 

* * Ni , containing i atoms each. 

Of the studies in which the time-dependent case has 

been recognized, many have been in field emission micro-

scopes with molecular beams which deposit the incident 

flux onto portions of the field emitter. In the work done 

on the nucleation of silver on tungsten field emitters 23 , 

the critical clusters observed were estimated to consist 

of only about four atoms based on the capillary model. A 

corrected estimate of the critical cluster size, based on 

field enhancement theory 24 , shows that the critical nucleus 

contains about seven atoms. 

It appears that the applicability of the classical 

nucleation theories is questionable in these vapor-substrate 

systems which give rise to small critical cluster formation. 

Inherent in the derivation of the classical and 

statistical cluster distribution Equations (15) and (16), 

is the assumption that nucleation occurs below substrate 

coverages of one monolayer of adsorbate as is evidenced in 

20 19 the nucleation of silver on tungsten . Work by Gretz 

on the nucleation of zinc, cadmium, nickel, and gold on 

tungsten field emitters has shown that multilayer adsorption 

appears to be a precursor toheterogeneousnucleation. He 

found that critical adatom concentration ranged from 1.1 

monolayers for cadmium, to 3.7 monolayers for nickel and 

were independent of substrate temperature of 75°K to above 

300°K. Jones 25 has observed the nucleation of copper in 



multilayer adsorbates on tungsten field emitters; the 

adsorbate layers varying from one to four monolayers. 

Melmed26 has observed similar results with copper on 

tungsten. 

A theory put forth by Sandejas and Hudson 27 to explain 

the nucleation phenomenon in multilayer adsorbates, has 

been shown to present ambiguities in establishing a 

mechanism from the temperature dependence of supersaturation 

data28 • 

Other studies of time-dependent nucleation by FEM 

29 30 . have been made by Moazed and Pound and Gretz 1n 

which the nucleation of silver on tungsten was observed. 

Collins and Blott 31 have observed the nucleation and growth 

of zirconium on clean tungsten substrates. 

Also multilayer, time-dependent adsorption leading to 

nucleation of BI 3 on tungsten substrates has been observed 

1 by Ownby and Gretz by means other than FEM. 

D. Desorption of Boron 

To date, the literature reveals very few studies done 

15 

on the desorption of boron from surfaces. Through nucleation 

experiments, Ownby and Gretz 1 have measured the free energy 

of desorption of BI 3 from tungsten substrate and found this 

energy to be 11.5 kcal/mole. 

Young 32 has made a study of boron adsorption onto 

and desorption from, tungsten field emitter surfaces. From 

isothermal desorption experiments he reported the free 



energy of desorption of boron from tungsten to be about 

126 kcal/mole. 

E. Boron on Molybdenum Single Crystals 

Although the technique of low energy electron 

diffraction (LEED) has been available for several years, 

and many gas-metal surface reactions have been studied, 

relatively little has been done with molybdenum. The only 

single crystal study by LEED with boron as an adsorbed 

2 species known to be published to date, is that of Tucker . 

In this study, Tucker adsorbed boron onto tungsten single 

crystals from a heated boron rod. He reported that at 

500°C, amorphous boron became strongly chemisorbed causing 

distortion of the tungsten (100) surface atoms. Between 

600oc and 700°C, he stated that boron diffused into the 

tungsten lattice resulting in an almost complete disordering 

of the tungsten lattice. He reported that about 800°C, the 

tungsten lattice began to reorder, and between 800°c and 

l000°C, the surface became almost completely reordered with 

the boron completely diffused into the bulk. 

16 



III. EXPERIMENTAL 

A. System Design And Use 

The system consisted of four parts: (a) the vacuum 

chamber, (b) the field emission microscope, (c) a system 

for handling BI 3 gas, and (d) a LEED optics for observing 

LEED patterns of boron covered molybdenum single crystals. 

See Figure 1. The LEED optics could be reconfigured with 

appropriate peripheral equipment to be used as an Auger 

electron spectrometer which was used to verify boron 

coverage on the molybdenum single crystals. The microscope 

was used to observe the initial surface reactions and 

nucleation of boron on molybdenum field emitter surfaces. 

It was also used to measure the desorption of boron from 

molybdenum. 

1. Field Emission Microscope 

The field emission microscope used for this study 
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was of an inverted-view-type in which the image is projected 

onto a flat metal screen. The flat screen eliminates the 

depth of field problems, with respect to photography, 

inherent with the curved screens found on conventional 

designs permitting the microscope to double as field ion 

microscope (FIM) when used with an appropriate imaging gas 

and high voltage polarity. When the FIM mode is used large 

camera aperture openings must be used as a result of the 

dim image which is produced. 

With this design it is possible to directly observe 
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Figure 1. Vacuum Chamber and Experimental Apparatus. 
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the support loop from the image view position. This 

facilitates the rapid measurement of high temperatures 

with an optical pyrometer during an experiment. Other 

flexibility is also possible. A small hole can be made in 

the screen, and with appropriate electron detection behind 

the screen, and an orientable field emitter tip, probe-hole 

analysis of electron emission from various single 

crystallographic planes can be done. With modifications, 

molecular beam equipment behind the hole permits the 

deposition of adsorbates directly onto the tip face parallel 

with the tip axis. If a mass spectrometer is placed behind 

the hole and the microscope is operated in the field 

ionization mode, atom probe studies become possible. 

The field emission chamber used was constructed of 

300 Series stainless steel. See Figure 2. The chamber is 
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14 inches in length, and six inches in diameter with a six­

inch diameter Pyrex viewport on one end. The screen was 

constructed from a five-inch diameter flat-bottomed stainless 

steel beaker which was cut off to a depth of two inches. 

A high-efficiency, medium-persistence, calcium 

tungstate phosphor, Sylvania Type 135, was then water 

settle-coated onto the inner bottom of the beaker. After 

drying, the screen assembly was then mounted in the stainless 

steel vacuum chamber and insulated from the walls of the 

chamber by alumnia standoff insulators. In this particular 

study, the screen was located six inches from the viewport. 
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An OFHC copper strap connects the beaker with the 

high-voltage feed-through. The emitter tip assembly was 

constructed of Pyrex and attached to the vacuum chamber 

through a 1 1/2 inch glass-to-metal seal. This facilitated 

the installation and removal of emitter tip assemblies 

without having to break into, and reseal, glassware. 

The entire chamber was connected to a Bendix sputter-

ion pumping station and was baked and pumped routinely to 

-10 pressures of 2 x 10 torr. 

2. Boron Triiodide Source 

Boron triiodide was chosen as a boron source material 
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because, {a) it could be thermally decomposed at a relatively 

low temperature, approximately 450°c 33 , {b) the high vapor 

pressure of BI 3 at relatively low temperature provides an 

effective vehicle for the transporting of boron to the 

substrate under study, and {c) the high purities obtainable 

in the BI 3 , {99.9999%). The high-purity BI 3 used in this 

study was obtained gratis from Eagle-Picher Industries, 

Miami, Oklahoma, which was supplied in frangible glass 

ampules. 

The glass ampule was placed into an OFHC copper jacket 

which in turn was welded to a precision variable-leak 

metering-valve. See Figure 3 for schematic of gas handling 

system. 

This assembly was then attached to the vacuum system 

through an OFHC copper gasketed stainless steel vacuum 

flange. The copper jacket was baked with the variable-
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leak metering-valve in an open position until the interior 

wall of the jacket had become outgassed. Subsequent to 

baking, the variable-leak-metering-valve was closed and 

the copper jacket crushed externally, thereby affecting 

breakage of the frangible glass ampule. This, then, con­

stituted the boron source which could be accurately 

controlled through the variable-leak-metering-valve over 

a wide range of pressures. 

3. Description of LEED-Auger Apparatus 

The LEED-Auger apparatus used in this study was a 

Physical Electronics Industries, Model 15-120, four-grid, 

post diffraction acceleration display type. A Varian 

controller, Model 981-0005, was modified to be compatible 

with the LEED optics. The vacuum chamber housing the LEED 

optics and the gas-handling system for the BI 3 are the 

same as used for the field emission microscope experiments. 

Figure 1 shows the arrangement of the LEED-Auger optics in 

experimental vacuum chamber. 

4. Field Emitter Tip Preparation 
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The field emitter tips used in this study were 

electrolytically etched from a 0.010 inch diameter molybdenum 

wire of 99.9% purity in an aqueous solution of one-normal 

potassium hydroxide with an A.C. voltage of 0 to 10 volts. 

Subsequent to etching, the tips were spot-welded to the 

apex of a 0.010 inch diameter tungsten wire support loop 

which was in turn welded to electrical feedthroughs on 



the Pyrex tip assembly. 

5. Temperature and Pressure Measurement 

Temperatures were measured by two means: a Leeds 

and Northrup optical pyrometer was used, and a tungsten-

5% rhenium/tungsten-26% rhenium thermocouple which was 

attached to the support loop in proximity to the emitter 

tip. These thermocouple wires were of five mil diameter. 

After spectral emissivity corrections on the optical 

pyrometer had been made, comparison with the thermocouple 

voltages showed consistent results within + 20°C. 

The BI 3 flux, Ji, incident on the tip was determined 

from the Hertz-Knudsen equation16 : 

J. = 
~ 

p 

I 2nmkT 

where P is the corrected pressure of the BI 3 from that 

indicated on a Bayard-Alpert gauge, m is the molecular 

weight of the BI 3 , k is Boltzmann's constant, and T is 

the absolute temperature at which solid-vapor BI 3 would 

be in equilibrium at the corrected gauge pressure. 

34 As has been pointed out by Flaim and Ownby , the 

(17) 

indicated gauge pressure must be corrected for ionization 

gauge sensitivity. In the case of BI 3 , the correction 

factor is 0.15 relative to nitrogen. 
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6. Determination of Boron-Induced Work Function Changes 

of Molybdenum 

The experiments were carried out by exposing the 



field emitter tips, at a fixed experimental temperature, 

to a given experimental BI 3 gas partial pressure. The 

temperature range of these experiments was 1081°K to 

1383°K. The BI 3 partial pressure which was used for these 

experiments was 9 x 10-9 torr to 3 x 10-a torr. These 

experimental pressures as referenced throughout this thesis 

are indicated gauge pressures and are not corrected gauge 

pressures. The indicated base pressure in the vacuum 

-10 system was 2 x 10 terr. The residual gas species were 
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identified by mass spectrometry and found to be predominantly 

hydrogen and carbon monoxide, with carbon dioxide, hydrogen 

iodide, iodine and argon detected in smaller amounts. 

Joule heating of the emitter support loop was done 

by passing current through the loop from a Hewlett-Packard 

Model 6286A, power supply. The high voltage for field 

emission was supplied by an NJE, Model HP-S, power supply. 

This power supply was capable of supplying 0 to 30 kilo-

volts. Control of the high voltage power supply was 

improved by placing a Variac between it and the line voltage 

source. The field emission voltages were measured with 

a Dynamek, Model 240K digital voltmeter across a precision 

100,000 ohm resistor on the ground side of a 10
9 

ohm 

resistor string which was in series with it, to a four 

significant figure precision. The field emission currents 

as measured from the voltage drop across a 100,000 ohm 

internal resistor in a second Dynamek, Model 240K digital 

voltmeter were precise to three significant figures. 

Outputs of both digital voltmeters were recorded by a 



Hewlett-Packard, Model R66-562A digital recorder, providing 

a permanent record of the experimental voltages and cur-

rents. Visual monitoring of voltage and current was 

possible from digital displays on each voltmeter. See 

Figure 4. 

Determination of the average work function, ¢, of the 

field emitter, as a function of boron coverage, was obtained 

by use of a variation of the Fowler-Nordheim equation 35 

See Appendix I for derivation of this equation. 

¢ = ¢ 
0 

where ¢
0 

is the work function of the clean surface, V
0 

is the voltage required to produce an arbitrary current 

from a clean field emitter. Vi is the voltage required 

(18) 

to produce the same arbitrary current from a tip at the 

ith value of adsorbate coverage. All voltages measured in 

this study were voltages required to produce a one micro-

ampere emission current for all values of boron coverage. 

Prior to an experimental run, the field emitter tip 

was thermally cleaned by flashing to about 2000°C. Once 

the tip was clean, the high voltage was turned on and the 

value recorded which was required to produce a microampere 

emission current for the clean tip. BI 3 was then effused 

into the chamber until the desired experimental corrected 

pressure was obtained. Once the BI 3 partial pressure 

became stable, this pressure was maintained over the entire 

26 
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time of the experiment. The substrate was then heated to an 

experimental temperature and held at that temperature for a 

period of time, usually of the order of ten minutes. At 

the end of the adsorption time, the tip was allowed to 

cool; the time required for cooling was about two seconds. 

Upon cooling, the high voltage was turned on and the voltage 

required to produce a microampere emission current recorded. 

The time required to do this was of the order of three to 

five seconds. 

After the voltage was recorded, the high voltage 

power supply was turned off and the substrate heated to 

the experimental temperature again for another exposure 

to the BI 3 • At the end of the exposure to the gas, the 

substrate was allowed to cool and the voltage required to 

produce a one microampere emission current again recorded 

at the new value of boron coverage. This process was 

continued several times and was terminated when nucleation 

of the boron occurred except for the data on Figure 6. 

The boron-induced work function was then computed 
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from the voltage data with the aid of equation (18). The 

total impingent BI 3 flux was obtained by taking the integral 

of the flux over the time of each observation. 

7. Measurement of the Free Energy of Desorption 

of Boron From Molybdenum 

A qualitative observation on the behavior of tungsten 

and molybdenum field emitters in boron triiodide vapors 

shows that the thermal cleaning of boron from the tip, 



subsequent to adsorption of boron, occurs at much lower 

temperatures for the molybdenum field emitter surfaces 

with a comparable coverage of boron. 

The experiments done in this study follows a method 

used by Sokolskaya 36 in which he desorbed cadmium from 

tungsten field emitter surfaces. The technique involves 
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the application of absolute reaction rate theory of Eyring37 , 

and could most accurately be termed an isoteric, isothermal 

desorption. That is, the desorption was done from a fixed 

initial coverage which assumes that the geometrical 

configuration of the adsorbate on the surface was nearly 

identical, initially, for each isotherm observed. 

The field emission microscope, voltage-current measuring 

equipment, the method of temperature measurement and con­

trol, and BI 3 metering system have been described previously 

in this thesis. The only additional equipment used for 

this experiment was a strip chart recorder to monitor 

desorption times and verify the thermal stability of the 

substrate during these desorption times. In making experi-

mental runs, a substrate temperature lower thantheexperimental 

desorption temperatures was used to thermally decompose the 

Br 3 • This temperature was 725°C. Prior to each adsorption, 

the tip was flashed until clean. Upon deposition of about 

0.4 monolayer of boron, the variable-leak-metering-valve 

was closed and the chamber allowed to pump down into the mid 

10-9 torr range where the desorption was done. 



With the boron coverage on the tip, the voltage 

required to produce a one microampere emission current was 

recorded. Once this was done, the support loop was 

heated to the experimental desorption temperature for a 

period of time and then allowed to cool. These times 

were recorded on a strip chart recorder. The voltage 

required to produce a one microampere emission current 

was then recorded again, and the cycle repeated. This 

sequence of heating the support loop and measuring voltages 

was repeated until no further changes were noted in the 

voltage required to produce a one microampere emission 

current. When this point was reached, the substrate was 

-8 then exposed to a 3 x 10 torr BI 3 partial pressure at a 

temperature of 725°C and another 0.4 monolayer boron 

coverage deposited onto the tip. The chamber was then 

pumped down and the substrate heated to a higher experi-

mental temperature and the desorption monitored as 

described above. This procedure was repeated for several 

experimental temperatures. Figure 5 shows a plot of the 

data obtained from these experiments. By taking an 

"isovoltage" line parallel to the time axis, the line 

intersects the desorption isotherms at some unique values 

of time for each isotherm. This is equivalent to 

measuring identical electron emission characteristics 

from the boron covered surface and reflects the times at 

which the boron coverages are equal. 

30 



31 

141 

140 

""' 138 
(/) 840 °C 
..... 
_J 

0 
> 
'-""' 

~ 
136 

0 910 °C • 

X 135 

> • 930 °C 

133 1000 °C 

132 1053 °C 

0 10 20 30 40 50 60 70 

TIME (SECONDS) 

Figure 5. Field Emission Voltage versus Desorption Time. 



8. Observation of Pre-Nucleation Adsorption of 

Boron on Molybdenum 

Observations of the initial adsorption of boron on 

molybdenum were made with the field emission microscope. 

The FEM, gas-handling system for BI 3 , and vacuum chamber 

have been previously described in this thesis. 

The experimental temperatures used for these 

experiments varied from 725°C to 850°C; the experimental 

BI 3 partial pressures ranged from 9 x 10-9 torr to 3 x 10-B 

torr. 

The molybdenum field emitter tips were initially 

cleaned by thermal flashing. Attainment of a clean surface 

was verified by examination of the field emission pattern. 

A photograph was then made with Polaroid 3000 ASA film. 

All photographs in this experiment were made at one micro­

ampere field emission current. 

The BI 3 variable-leak-metering-valve was opened and 
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the BI 3 partial pressure permitted to rise to an experimental 

pressure. Once the pressure had become stable, the field 

emitter tip support loop was heated to an experimental 

temperature. The tip was exposed to the BI 3 gas at this 

experimental temperature for a period of time; usually five 

minutes. At the end of this time, the support loop was 

permitted to cool. Upon cooling, the field emission high 

voltage was turned on, a microampere emission current 

obtained and another photograph obtained. The voltage was 



turned off and the tip support loop again heated to the 

experimental temperature and ex~osed to the Br 3 for 

another five minutes. This cycle was repeated until 

nucleation of the boron occurred at which time photographs 

were taken at 30 second intervals. Exposure to BI 3 

continued until minimal changes of the FEM pattern as a 

function of time occurred at which point the experiment 

was terminated. 

9. Measurement of the Critical Times to 

Nucleation 

The adsorption and nucleation of boron on molybdenum 

was observed with a field emission microscope. 

The experiment consisted of exposing the field 

emitter tip to a fixed pressure of BI 3 at an experimental 

substrate temperature. The time for the onset of nuclea-

tion as observed by the appearance of bright spots in the 

FEM pattern was measured. This procedure was carried out 

-9 -8 -8 at pressures of 9 x 10 torr, 1 x 10 torr, 2 x 10 torr, 

Four substrate temperatures were 

used: 

Since adsorption and nucleation takes place during 

a zero value electric field about the field emitter tip, 

and the field is only turned on momentarily in order for 

the progress of the adsorption and nucleation to be seen, 

the nucleation event must be viewed as closely after its 

occurrence as possible to ascertain the precise critical 

times required. 

33 



Throughout the previous experiments involving the 

measurement of boron induced work function changes of 

molybdenum, approximate times required for the nucleation 

of the boron were noted. This prior knowledge facilitated 

the more precise determination of the critical times. 

These experiments were duplicated several times to verify 

reproducibility. 

B. Surface Structure of Specific Flat Macroscopic Planes 

During Adsorption by LEED 

These experiments consisted of the cleaning of 

molybdenum single crystals, adsorption of boron, and post 

adsorption observation by low energy electron diffraction. 

1. Molybdenum Single Crystal Preparation 
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The single crystals of molybdenum were of (110) and (100) 

orientation and were obtained from Alfa Inorganics, Inc. 

The dimension of the crystals as obtained, were 1/4" x 

3/4" and of 0.010" thickness. The purity was reported 

by the manufacturer to be 99.999% pure. As received, the 

crystals had the appearance of being well polished, however, 

an additional electro-polish was done on the crystals. The 

electrolytic solution used was composed of 95% methanol and 

5% concentrated sulphuric acid by volume. The solution 

was placed in a small beaker which was then surrounded by 

an ice water bath. A D.C. potential of about two to five 

volts was then applied to the crystal; the crystal being 

used as the anode, and a carbon rod as the cathode. 



After the electro-polishing procedure, the narrow 

edges of the crystal were spot welded to a tantalum strip 

of about 3/8" width which had been laminated to 0.050" 

thickness from strips of 0.010" tantalum foil. Heavy 

connections such as this were necessary to provide a 

conductor which would pass 70 amperes as the crystal was 

resistively heated for cleaning and adsorption. Flexi­

bility of the crystal support was required to prevent damage 

to the crystal upon heating and cooling. Once the tantalum 

straps had been attached to each narrow side of the crystal, 

the straps were bent into semicircular arcs, of about 3/8" 

radius each. The free ends were then attached to two 1/4" 

diameter tantalum rods in the vacuum flange of the crystal 

manipulator. The manipulator was of the type having 

angular rotation about the axis of the electrical feed­

through and a vertical degree of freedom. A tungsten-5% 

rhenium/tungsten-26% rhenium thermocouple constructed from 

5 mil diameter thermocouple wire. The junction of the 

thermocouple was spot welded to the rear, central portion 

of the crystal. The other ends of the thermocouple were 

attached to electrical feedthroughs in the manipulator 

flange. 

Variable voltages for the resistive heating were 

supplied from a laboratory-built power supply which was 

capable of delivering currents of the order of 70 amperes 

through the crystal. At 70 amperes, temperatures of the 
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crystal of the order of 1300°C could be attained. Thermo-

couple voltages were measured with a Leeds and Northrup 

potentiometer. Temperatures were also measured with a 

Leeds and Northrup optical pyrometer which had been 

corrected for the spectral emissivity of the molybdenum. 

Cleaning of the molybdenum crystals was done by exposure 
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to partial pressure of oxygen of 10-6 torr for ten to fifteen 

minutes at a crystal temperature of 900°C and subsequent 

flashing to 13oooc. 

2. Survey of Residual Gases 

Before boron adsorption, it was necessary to determine 

to what extent and at what temperatures residual gases were 

adsorbed onto molybdenum. Mass spectrometry revealed that 

the predominant residual gases present in the vacuum 

chamber were hydrogen, carbon, monoxide, iodine, and 

hydrogen iodide. The mass spectrometer used was a General 

Electric, monopole type. See Figure 1 for orientation of 

the monopole mass spectrometer relative to the sample holder 

and LEED display screen. The crystal was rotated with the 

manipulator to a position which directed the crystal surface 

into the mass spectrometer. Only temperatures in excess 

of about 4S0°C were of interest for these observations 

as the thermal dissociation of the boron triiodide, which 

was used for the deposition of boron, occurs in excess of 

this temperature. The procedure was to tune the mass 

spectrometer to the mass peak which was to be observed. The 



crystal was then heated in the residual gas for a period 

of time and allowed to cool. The thermocouple output for 

these experiments was fed into a Keithly Electrometer, 

Model 610CR. The output of the electrometer was then con­

nected to the x-axis of an x-y recorder. The y-axis of the 

recorder was controlled by the output of the mass 

spectrometer. 

After the crystal had cooled to room temperature, it 

was then heated at a rate of about 50°C per second to a 

maximum temperature of 1300°C. As the temperature of the 

crystal was increased, the adsorbed residual gases were 

desorbed at various temperatures. It was found that 

hydrogen desorbed at temperatures of about 250°C at a 

heating rate of 50°C per second, and for carbon monoxide, 

desorption occurred at about 600-650°C at the same 

heating rates. Hydrogen and carbon monoxide were the only 

residual gases that were found to be adsorbed at tempera­

tures above room temperature. 650°C fixed the lowest 

temperature which could be used to adsorb boron by thermal 

decomposition of BI 3 without co-adsorption of the residual 

gas species. 

3. Adsorption of Boron 

Auger electron spectroscopy was used to detect the 

presence of boron on the surface subsequent to adsorption. 

See Appendix II for details of this procedure. 

Boron was adsorbed onto molybdenum single crystals 

of (100) and (110) orientations at substrate temperatures 
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of 7oooc and 900°C. Crystals were heated to 900°C initially 

in an oxygen atmosphere of about 10-6 torr for 10 to 15 

minutes. During exposures to gas, whether oxygen or BI 3 , 

the LEED electron gun was turned off to minimize the 

poisoning effect of the gases. The oxygen was then pumped 

out and the LEED optics cathode reactivated. Once the 

electron beam had been reestablished, the crystal was 

flashed to 1300°C and allowed to cool. Subsequent 

examination by LEED showed the surface to be clean. 

Upon obtaining a clean surface, the crystal was then 

heated to the experimental temperature and exposed to BI 3 

at a partial pressure of 3 x 10-8 torr for ten minutes. 

The crystal was allowed to cool and the BI3 pumped out. 

The electron gun in the LEED optics was again reactivated 

and a LEED pattern obtained on the LEED screen and 

photographed. The electron gun was then turned off and 

the crystal heated to the experimental temperature again. 

The BI 3 partial pressure was again permitted to rise to 

3 x 10- 8 torr and exposure continued for another ten 

minutes. This cycle of exposing the crystal to BI 3 and 

observing the LEED pattern was continued periodically at 

intervals of ten minutes until a total exposure time of 

60 minutes had been accomplished. 
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IV. DISCUSSION AND RESULTS 

A. Work Function Measurements and B 

1. Comparison of Measured Average Work Function Value 

of Boron on Molybdenum and Determination of the 

Monolayer Coverage. 

An accurate determination of adsorbate coverage is not 

always possible in surface studies. In electron emission 

work, the monolayer is sometimes defined when the measured 

work function becomes that of the adsorbate species. The 

definition of adsorbate coverage on field emitter surfaces 

is complicated by the fact that many crystallographic 

planes, of different surface site density, are exposed to 

the adsorbate. The high index planes which are exposed are 

characterized by their kink, ledge, and step repeat 

distances. These kinks, ledges and steps also constitute 

trapping sites where adsorption can occur. Without 

actually counting available sites on field emitter surfaces, 

Equation (2) provides a tool by which determination of 

coverages may be obtained, which has been shown to be in 

good agreement with other techniques. 11 

If, in field emission work, the average work function 

of the adsorbate-covered substrate becomes the average 

work function of the adsorbate material, this is used to 

define the monolayer. Experimentally the values of 

average work function are obtained for intermediate values 

of adsorbate coverage ranging from the clean surface to the 
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monolayer coverage. These values will be characteristic of 

a given substrate-adsorbate system. By using the appro-

priate parameters for the same substrate-adsorbate system 

in equation (2) and computing 200 sets of work function 

values for af = 1014- sites to a - 1016 sites a curve from 
cm2 f - cm2 ' 

the 200 curves generated can be found which will be 

coincidental with the experimentally obtained work function 

versus coverage curve. The value corresponding to this 

curve is then taken to represent the number of atoms/cm2 

in a monolayer of that particular adsorbate. The number 

of atoms or molecules incident on the surface is obtained 

by integrating the flux of the adsorbate over the time of 

each respective work function observation. If the thermal 

accommodationcoefficient of the adsorbate is unity, the 

integral of the impingent flux over the time which produces 

a monolayer of coverage as obtained from work function 

measurements will correspond to the af value determined 

from the computed curve. 

In the experiments done here, boron was chemically 

vapor deposited, CVD, on a molybdenum surface by the thermal 

decomposition of BI 3 • Hence, the work function measure­

ments which were made reflect the effect of boron coverages 

of molybdenum field emitters. It appeared that the iodine 

which resulted from the dissociation of BI 3 had no effect 

in influencing the work function of molybdenum and did not 

k d b Wh . 38 . h stick to the surface. Wor one y 1te w1t tungsten 

substrates in alkali halide vapors, indicated that above 
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about 1200°K, iodine does not remain on tungsten surfaces. 

Due11 39 has examined tungsten field emitters in the 

presence of iodine vapors and found that above about 

1000°K no iodine was left on his field emitter tips. 

Since Equation (2) is dependent upon the electro-

negativity difference between the adsorbate and the sub-

strate and in view of the fact that iodine is strongly 

electronegative, had iodine been present on these moly-

bdenum surfaces, much larger changes in the measured work 

function would have been observed. Hence, it is 

concluded, from the behavior of iodine of tungsten, and 

from the observation that larger changes in the measured 

work function did not occur, over the temperature range 

of these experiments, iodine was absent from the surface, 

or if present, in insignificant amounts. 

In evaluating Equation (2) by computer, the electro-

negativities of boron and molybdenum were taken as 2.0 

and 1.7, respectively. 40 The work function of molybdenum 

was taken as 4.27 electron volts 41 and that of boron as 

4.so 41 electron volts. A computer calculation of 

Eluation (2) was then used to generate 200 sets of work 

function versus coverage curves, consisting of eleven 

values of coverage each from 0 to 1 monolayer at 0.1 

monolayer increments. The variable parameter was of. 

The results of this computer calculation, provided a series 

of work function values versus coverage of boron against 
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which the experimentally obtained work function versus 

boron coverage values could be compared. 

Experimentally, the work function of the field 

emitter tip was measured in the clean condition and then 

for increasing boron coverage at periodic intervals. These 

experimentally obtained data are shown as points plotted in 

Figure 6 through Figure 9 and shows the work function of 

molybdenum as a function of the total number of incident 

BI 3 monomers. The total number was computed as the 

product of the BI 3 flux rate and the time at which each 

work function measurement was made. 

The procedure for fitting the experimentally obtained 

data with the computer results involved locating the 

coverage value where ~* = 0. As can be seen in the 

experimental curves, Figure 6 through Figure 9, ~: at 

about 4.8 e.v. is _nearly zero. 

By comparing the maximum work function value of each 

experimental curve, which occurred about 4.8 e.v., with 

the curve from the 200 computer-generated curves one of 

which had a maximum at 4.8 e.v., it can be seen that the 

prenucleation data points fit the theoretical curve very 

well. This curve is shown in Figure 10 and had a crf value 

of 6.3 x 10 14 sites/cm2 which gave a boron atom density of 

6.3 x 10 14 atoms/cm2/monolayer for boron on molybdenum. 

All data points shown in Figure 6 through Figure 9 

were obtained prior to the nucleation of the boron, 

with the exception of Figure 6 which shows data points 
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post-nucleation. Work function measurements post­

nucleation no longer represented the average boron-induced 

work function changes of molybdenum, but reflect changes 

in the surface geometry of the tip. Hence, for purposes 

of this experiment, only the pre-nucleation work function 

values were considered. 

2. S and the Decomposition of BI 3 on Molybdenum. 

During the course of this investigation of chemically­

vapor-deposited boron on molybdenum field emitters, the 

value of boron coverage, as reflected by work function 

measurements, was inconsistent with the apparent values 

of boron coverage obtained by integrating the BI 3 flux 

over the time of the experiments. The theoretical model 

plot chosen with reference to the experiments indicated that 

the actual site density, or monolayer coverage, was lower 

than the apparent extrapolated experimental coverage. 

An explanation for the disparate observations in 

these experiments was that the thermal acco~modation 

coefficient of the boron triiodide with respect to 

molybdenum was changing in the region of temperature over 

which the experiments were conducted. 

Since in these experiments, the thermal dissociation 

of the BI 3 at the molybdenum surface was necessary in 

order to produce adsorbed boron, some thermal accommodation 

of the BI 3 molecule was necessary before dissociation could 

occur. The dissociation of the BI 3 was assumed to be the 
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rate controlling process which limited the accumulation of 

boron on the molybdenum surface. 

This dissociation process is described in terms of a 

parameter, B, which is termed the coefficient of conversion 

of BI 3 into adsorbed boron. B is defined as 

B = 

~Gd. 
l.SS) nl vl exp [ -~k~T~-

2SG 
des 1 kT 

{19) 

where n 1 is the population of BI 3 monomers on the molybdenum 

substrate, v 1 is a frequency term associated with the boron 

atoms adsorbed onto the surface, and v
2 

is a frequency 

factor associated with the undecomposed BI 3 atom on the 

surface. ~Gd. is the free energy of dissociation of the 
l.SS 

BI 3 molecule, ~Gdes' is the free energy required to desorb 

a single BI 3 molecule from the surface, k is Boltzmann's 

constant, and T is the absolute temperature of the substrate. 

It was assumed that the net reaction resulting in the 

adsorption of boron is as follows 

Dividing the numerator and the denominator of the 

righthand side of the Equation {19) by 

~Gd· . l.SS 
nlvlexp[- kT ] 

{20) 
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yields 

s = 
1 

v lG . -lG 
1+~ [ d1ss des 1 vl exp kT 

(21) 

or, rewriting (21) 

(22) 

or 

(23) 

a. Determination of S 

As was seen in the previous section, the experimentally 

obtained work function versus coverage data could be 

compared to a theoretical model and the adsorbate monolayer 

coverage on a substrate could be determined. From the data 

presented here, further information can be obtained. 

The data depicted in Figures 6 through 9 shows that 

the apparent number of BI 3 monomers required to produce the 

monolayer of adsorbed boron increases with increasing 

15 2 substrate temperature; namely, 1.7 x 10 molecules/em , 

2.3 x 10 15 molecules/cm2 , 4.3 x 10 15 molecules/cm2 , and 

4.6 x 10 16 molecules/cm2 at substrate temperature of 

1081°K,lll3°K, 1163°K, and 1383°K respectively. Or 

equivalently, at increasingly higher substrate temperatures, 

more incident BI 3 monomers are required to affect similar 
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changes in the work function of the molybdenum. 

Equation (19) is essentially a conservation of mass 

equation for boron on the molybdenum substrate. The work 

function is a measure of the amount of boron on the surface. 

B may now be defined in terms of the site density available 

for boron atoms to adsorb on, or equivalently, the number 

of atoms/cm2 to form the monolayer, as determined from 

.the computer calculation, now defined as crcf; and the 

apparent number of atoms required to produce the monolayer 

as determined from the experimental work function curves, 

·now defined as crmf· 

B = (24) 

B then becomes a measure of the effectiveness by which the 

BI 3 is converted into boron effecting the work function 

changes of the molybdenum. A compilation of B and lSB 

for various experimental substrate temperatures is shown 

in Table I. 

B is plotted as a function of 1/T in Figure 11 and 

shows a linear dependence. 

As has been seen, the work function of a clean 

electron-emitting surface is changed by the presence of 

an adsorbate on it. The way in which the work function 

of the substrate changes with adsorbate coverage, is 

unique for a given adsorbate-substrate system. If the 

sticking coefficient of an adsorbate is defined as the 



Temperature 
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1081 
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1163 

1258 

1383 

TABLE I 

1-S S and -s- Versus Temperature 

0.925 

0. 89 8 

0.859 

0.795 

0.723 

BI 3 Molecules/ 
Monolayer of B 

1.7 X 1015 

2.3 X 1015 

4.3 X 1015 

1.3 X 1016 

4.6 X 10 16 

s 

0. 371 

0.274 

0.147 

0.048 

0.014 

1-S -s-

52 

1.695 

2.650 

5.800 

19.830 

71.900 
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Figure 11. 8 versus Reciprocal Absolute Temperature. 
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ratio of ~umber of atoms or molecules adsorbed on a 

surface . to the number of atoms or molecules incident on 

the surface, then in adsorbate-substrate systems where 

the adsorbate undergoes no dissociation on the surface (for 

example, in physical vapor deposition, (PVD) conditions), 

an approximation of the sticking coefficient may -be defined 

as the parameter 8. 

The next section shows how 8 is related to the free 

energy of desorption, of BI 3 from molybdenum, ~Gdes' and 

the free energy of dissociation of the BI 3 molecule, 

~Gdiss· 

b. Relation of 8 to the Free Energy of Dissociation 

and the Free Energy of Desorption of BI 3 . 

Equation (23) shows that the quantity 188 is expo­

nentially related to the temperature of the substrate. 

In Figure 12, 1S8 is plotted as a function of 1/T and 

exhibits linear dependence on 1/T. The data was fitted 

with a least squares program on a Hewlett-Packard, Model 

2114B minicomputer and the slope yielded an energy of 

-32.9 + kcal/mole. This energy is seen from Equation (23) 

to be the difference between the free energy of dis-

sociation, ~Gd. , of BI 3 , and the free energy of desorption, 
1SS 

~Gdes' of the BI 3 from molybdenum. 

As the free energy of desorption of BI 3 from moly­

bdenum is unknown, an estimate of the energy was made 

from the known free energy of desorption of BI 3 from 
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tungsten. Ownby, 1 through nucleation kinetics studies of 

BI 3 on tungsten, has found the free energy of desorption 

of BI 3 from tungsten to be 11.5 kcal/mole. 

Young 33 has shown that the free energy of desorption 

of boron from tungsten is of the order of 125 kcal/mole; 

this study has shown that the free energy of desorption 

of boron from molybdenum to be 46.9 kcal/mole. In view 

of this observation, the free energy of desorption of BI 3 

from molybdenum would be expected to be lower than the 

11.5 kcal/mole desorption energy for the tungsten-BI 3 

system. However, since the free energy of desorption of 

BI 3 from molybdenum is unavailable, to a first approximation, 

11.5 kcal/mole is taken as an upper limit for this energy. 

Since~32.9 kcal/mole represents the difference of the 

dissociation and desorption free energy of BI 3 , and with 

an estimated free energy of desorption of 11.5 kcal/mole, 

this implies that the free energy of dissociation of Br 3 

on the molybdenum surface lies between -21.4 kcal/mole 

and -32.9 kcal/mole. 

B. Adsorption and Nucleation 

The adsorption of boron onto molybdenum field emitter 

surfaces has been observed in various intermediate stages 

of adsorption precursory to the nucleation of the 

chemisorbed boron. 
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1. Initial Boron Reactions on Molybdenum Field 

Emission Surfaces. 

Adsorbate-substrate reactions on field emission 

surfaces were observed by the changes occurring in the 

field emission pattern, and direct measurements of the 

average boron-induced work function changes of the 

molybdenum surface. The changing FEM patterns reflect 

the changing of the work function of the various 

crystallographic planes of the field emitter surface as 

the adsorbate covers the surface. 

There are numerous mechanisms by which an adsorbate 

can induce a change in the work function of the substrate 

onto which it is adsorbed. Two mechanisms present in this 

system are the atomic smoothing of certain planes by 

boron, specifically, the 322 planes, and the work function 

changes resulting from the molybdenum-boron dipole layer 

at the surface. 

Y h Shown 32 by . b 11 d 1 th oung as macroscop1c a mo e s at 

boron atoms of atomic radius 0.98A can be fitted into the 

interstitial sites of the tungsten 322 surface. As the 

result of the identical structure of tungsten and moly-

bdenum, similar darkening upon adsorption of boron onto 

the molybdenum 322 planes would result in darkening of 

these planes as the adsorbed boron makes this plane more 

atomically smooth with decreased electron emission. 

Reference of Figures 13 and Figures 14 to the stereo­

graphic map, Figure 15 locates these planes. This is 
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thought to be a specific test for boron on tungsten and 

molybdenum. 

The sequence of Figures 13A through 13L was done 

at a temperature of 725°C at BI 3 partial pressure of 

9 x 10-9 torr. The sequence of Figures 14A through 14L 

0 were done at a substrate temperature of 725 C at a sr 3 

partial pressure of 3 x 10-8 torr. In both sequencesi 

nucleation of the boron is seen to occur at about 0.5 

monolayer coverage. The nuclei form in regions cor-

responding to high Miller index which have high kink 

and ledge densities and constitute sites or regions 

where boron can accumulate and nucleate. In this study 

of boron on molybdenum, nothing resembling the 

nucleation of boron on tungste~ in which a torroidal 

configured "collar" appears about the (110) pole; was 

observed. 

2. Submonolayer Nucleation of Boron on Molybdenum 

Field Emission Surfaces. 

The results of the determination of the critical 

times to the onset of nucleation t* is depicted in 

Figure 16 as 1/t* versus incident flux, J .• 
1 

The plots of the data for the three highest sub-

strate temperatures are linear with slopes decreasing 

with increasing temperatures; however, there is some 

scatter in the data points on the 725°C curve. For the 

time-dependent case of nucleation, i.e., where the mean 
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A B 

C D 

FEM Boron Adsorption and Nucleation Sequence 
at 72soc and BI 3 Partial Pressure of 3 x lo-9 
Torr. 
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E F 

G H 

(Figure 13 Continued) 
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I J 

K L 

(Figure 13 Continued) 



Figure 14. 
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A B 

C D 

FEM Boron Adsorption and Nucleation Sequenc~ 9 at 725°C and BI 3 Partial Pressure of 9 x 10 
Torr. 
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E F 

G H 

(Figure 14 Continued) 
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I J 

K L 

(Figure 14 Continued) 
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residence time of the nucleating species on a surface is 

large compared to the time of observation, Equation (9) 

can be approximated from the Taylor series expansion of 

Equation (6). The monomer concentration becomes critical, 

n 1 *, at the critical time, t*, when nucleation begins. 

Equation (9) can be written as 

(24) 

where Ji is the rate per unit area of gaseous BI
3 

arriving 

at the surface. Equation (9) then gives the total 

accumulated flux on the surface for any given time; this 

equation is valid only if all the impingent species 

sticks to the surface. In this case, subsequent to the 

sticking of the BI 3 , the BI
3 

must dissociate to form boron. 

As has been previously mentioned, the measure of the 

effectiveness of the conversion of BI 3 to boron is 8. 

Equation (9) would be correct if all of the impingent BI 3 

stuck to the surface and dissociated into boron which was 

permanently chemisorbed. 

However, since some of the BI 3 desorbs prior to 

dissociation, a correction must be made on Equation (9). 

If the correction of 8 is made for the total accumulated 

flux on a surface, Equation (24) becomes 

or 

n.* = 8J. t* 
1 1 

1 8 
t * = ~n J. 1 1 

(25) 

(26) 
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With knowledge ·of the parameter, S, as determined 

from previous experiment, the critical boron adatom 

population for nucleation can be determined from the 

slope of the curves shown in Figure 16. Reference to 

Equation (26) shows that the slopes as determined from 

the curves of Figure 16 are equal to S/n1*. The product 

of the inverse of S/n1 * and S, as obtained from Figure 11 

gives the critical boron adatom population, n 1 * at 

onset of nucleation. As can be seen, higher experimental 

substrate temperatures require longer periods of time to 

form the critical boron adatom population, n 1 *, than for 

lower experimental substrate temperatures. This occurs 

because as the substrate temperature is increased, the 

desorption flux for BI 3 becomes greater, hence, less 

BI 3 is available for conversion to boron. 

The respective slopes of Figure 16 were determined 

from a least squares fit of the data as was processed 

on a Hewlett-Packard, Model 2114B minicomputer. The 

curves obtained from the higher experimental temperatures 

passed through the origin, however, the curve drawn from 

the data at the experimental temperature of 725°C was 

forced to pass through the origin. This was justified on 

the basis that the error in the experimental data was 

larger at this temperature than at the other temperatures. 

The error at the low temperature arose from the relatively 

short observation times required to observe the onset of 

nucleation. 
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For a substrate temperature of 725°C, the reciprocal 

slope yielded a n 1 */B value of 2.4 x 1014 atoms; cm2/one­

half monolayer. These units are used because nucleation 

occurs at about one-half monolayer coverage of boron. 

A B value of 0.76 at 725°C, from Figure 11, multiplied 

by the reciprocal slope gives a n 1 * value of 1.8 x 10 14 

2 atoms/em /one-half monolayer. Since nucleation occurs at 

about one-half monolayer the monolayer coverage of boron 

on molybdenum was obtained by multiplying n 1 * by a factor 

of two and found to be 3.6 x 1014 sites/cm2/monolayer. 

Similar1y, at 760°c, 780°C, and 850°C, the monolayer 

coverage was found to be 2.4 x 10 14 atoms/crn2/monolayer, 

3.3 x 10 14 atoms/cm2/monolayer, and 2.3 x 10 14 atoms/cm2; 

monolayer, respectively. 
; 
~ 

The critical adatom population, n 1 *, required for the 

onset of nucleation is seen to be fairly constant and to 

agree reasonably well with the value obtained from the 

work function data. 

If an average value of the monolayer coverage is 

taken over the four values of the monolayer coverage as 

obtained from n 1 *, a value of 2.9 x 10
14 

atoms/cm2/mono­

layer is obtained. 

Previous work function experiments discussed in this 

thesis have shown the monolayer coverage of boron on 

14 2 molybdenum to be 6.3 x 10 atoms/em . The values of the 

monolayer coverage as determined by these two independent 
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experiments differ by a factor of about two, and considering 

the orders of magnitude involved, are in reasonably good 

agreement. 

Most likely, the greatest source of error in this 

comparison lies in the determination of the monolayer 

from the work function data, as the monolayer was esti-

mated on the basis of an extrapolation from about 0.5 

monolayer to one monolayer. 

A further source of error lies in the fact that the 

electronegativities of boron and molybdenum are so similar, 

that the resulting boron-induced work function changes on 

the molybdenum are small. Therefore small errors in the 

measurement of the work function reflect large variations 

in the value of coverage. The uncertainty in the estimated 

value of coverage results from the combined effect of these 

two sources of error. 

An attempt to estimate the size of the critical 

cluster, r*, was made on the basis of Eauations (9), (11), 

(12), and (13). For this case the critical supersaturation 

as defined by Equation (11) must be corrected by 8 and 

becomes 

S* = 
Bn . * 

1 = 
8J.t* 

1 

J T e s 
(27) 

The critical supersaturation is related to the temp-

erature through Equation (12). A plot of logS*, versus 

1/T is shown in Figure 17. From the slope, the volume free 
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energy, ~G .v*' of the critical nucleus was found to be 

8700 cal/cm3 • The surface free energy data for boron 

was unavailable. Since boron is an extremely hard and 

refractory material an estimate was made based on the 

72 

surface free energy of diamond which is reported at about 

8000 ergs/cm2 . 42 If y for boron is assumed to be 5000 

ergs/crn2 then a critical cluster radius of 1.15A0 obtains. 

Since the radius of a boron atom is about 0.98A0
, this 

implies a critical cluster of one atom. This is an 

unreasonable result for this case but is typical of th~s 

type of observation as determined for other systems 

reported in the literature. 43 

This observation points out one of the weaknesses 

of the capillary approach to microcosmic ensembles 

consisting of only a few atoms. The assignment of volume 

free energies and surface free energies is a nebulous 

concept, at best, and of very limited application for 

these small systems. 

Equation (15) is a distribution function for the 

number of clusters of i atoms as a function of the 

adsorbed atoms present on the surface, n 1 , and the free 

energy of formation of the nucleus, ~Gi*. In the 

derivation of this equation, the assumption is made that 

the individual adatoms are in equilibrium with the clusters. 

This is generally true. In the case of time-dependent 

nucleation, the concentration of adatoms is changing with 

time as is the concentration of the clusters. 
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A considerable length of time is required to 

accumulate an adatom population of sufficient magnitude 

to be favorable for nucleation to occur. 

In the present case, equation {15) can be written 

N. 
l 

1:1G. 
' l = BJ it exp { -j('iil) {28) 

Equation (28) evaluated at ~he critical time, t*, is 

1:1G.* 
N. 

l 

' 1 
= BJit* exp{-~) 

or can be recast into the form 

{29) 

{30) 

At a constant J., from Figure 16, values of 1/t* and 
l. 

the corresponding temperatures were obtained. A plot of 

log 1/t* versus 1/T, Figure 18,yielded a linear curve, the 

slope from which the critical free energy of formation, 

1:1G.*, was obtained and found from a least squares fit of 
l. 

the points to be 25.9 kcal/mole. 

If Walton's17 statistical mechanical treatment is 

considered and modified, it becomes possible to look at 

the free energy of formation of very small nuclei. 

Equation {16) statistically represents an agglomeration 

of N. clusters of i atoms each in equilibrium with some 
l. 

number of adatoms, n 1 • Although Equation {16) is true for 

all classes of clusters up to and including the critical 
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* . * cluster, Ni , which contains 1 atoms, only very small 

clusters, for example i less than 10 atoms, with very 

specific, exactly known configurations can be treated 

by this method. 

* For N. clusters, Equation (16) can be written 
.1 

* N. 
.1 

(31) 

If as in the classical approach, the assumption is 
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made that when the adatom concentration becomes sufficiently 

large, nucleation is favorable, and that the adatoms are 

in equilibrium with the clusters. The adatom concentration, 

n 1 , can be written as 

nl = Ji t 

Substituting (32) into (16) 

N.* 
.1 

E * exp ( i ) 
kT 

(32) 

( 3 3) 

The nucleation rate, I, Equation (14), neglecting the 

Zeldovich non-equilibrium factor is 

(34) 

where ~ is the rate at which surface adatoms are added to 

the cluster containing i*+l atoms. The i*+l in the 

term accounts for the fact that the critical nucleus 

containing i* atoms becomes supercritical with the addition 
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of one atom and will grow larger irreversibly. This is 

usually neglected in the capillarity approximation where 

i* is very much larger than unity but where i* can be 

near unity, this must be included. The parameter ~ can 

be approximated in Equation (34) as shown by Lewis. 44 

where n
1 

is the adatom population, as before, d is the 

average distance an adatom migrates, or hops along the 

surface prior to capture by the cluster, b. is the 
1 

effective capture cross-section of a cluster, v 1 is a 

vibration frequency term of the order of 1013 sec-l 

associated with the adatoms, and ~Gd is the activation 

free energy for surface diffusion of the adatoms. 

If the migration distances of the adatoms, and the 

(35) 

cluster sizes are of the order of a few angstroms, the 

dbi term of equation (35) is of the order of lo-15 • 44 

Since the site densities, N , on the surface are usually 
0 

assumed to be of the order of 10 15 sites/cm2 , the db. 
1 

term of Equation (35) may be approximated as 1/N • 
0 

Equation (35) now becomes 

or using equation (9) for n 1 with the 6 correction 

SJ.t ~Gd 
~ = N1 vl exp(-~) 

0 

(36) 

(37) 
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Substitution of (33) and (37) into (34) yields for 

a nucleation rate, I, 

, , B J . t . * + l E 1. * - ~ Gd 
I= N v C 1 

)
1 

( ) o 1 N exp kT 
0 

( 3 8) 

If Equation (38) is multiplied by some arbitrary 

area, A, it becomes 

IA ( 39) 

The units of IA are nuclei/time. 

Since the resolution of the FEM is limited to about 

20 angstroms, the visualization of clusters of dimensions 

of a few angstroms is not possible with this instrument. 

As has been seen, though, in the case of the nucleation 

of boron on molybdenum, nucleation is observed at essen-

tially the same time it occurs because of the rapid rate 

of the growth of the supercritical nucleus of size i*+l. 

The assumption is therefore made that once the super-

critical clusters of size i*+l have formed, they rapidly 

grow to visibility. This implies that the time between 

creation of the critical cluster to the time it becomes 

visible is very short compared to the time of the 

experiment. The assumption is made therefore that the time 

required for a nucleus to become visible is a very good 

estimate of the time required to form the critical cluster. 

If Equation (39) is integrated over the time of the 

experiment, to t*, Equation (40) is obtained. 
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t* 
f IAdt = 

0 

carrying out the integration on dt and equating it to 

unity 

t* 
f IAdt 

0 
= 1 

(40) 

(41) 

The units of this expression are in number of nuclei. 

Since t* is taken as the time at which the first nucleus 

becomes visible, Equation {41) can be equated to unity. 

Rewriting Equation {41) 

1 ( 4 2) 

1 By taking the TF.+2 root of both sides of Equation {42) 

1 i*+l 
1 ANovl)i*+2 {BJi)i*+2 Ei*-~Gd 
t* = (i*+2 N exp{ kT ) <43 ) 

0 

A plot of 1/t* versus 1/T, again from Figure 16, 

results in an energy which is 25.9 kcal/mole. However, 

in this case, the free energy of the formation of the 

nucleus is given in terms of the internal energy gained 

by the critical cluster, Ei*' and the activation free 

energy for surface diffusion, ~Gd, of atomic adsorbed 

boron. The energy then is represented as 

= 25.9 kcal/mole { 44) 
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The energy of formation is dependent upon the 

critical size of the nucleus, but the relative change in 

the ratio is small as the energy of the cluster, E.*, 
1 

increases an amount as each atom is added to the cluster. 

For the energy computed here, the exponential term 

of {43) is not very sensitive to temperature over the 

range of the experiment, 725°C to 850°C. Since the 

area, A, used in the integration of Equation {41) is 

arbitrary, it can be chosen such that all terms of 

Equation {43), with the exception of the B J. term, may 
1 

be taken as a constant, c. Equation {43) becomes 

i*+l 
1 = {CBJ.)1*+2 
F 1 

If C is taken as unity, then {45) becomes 

1 
tT 

i*+l i*+l 
1*+2 i*+2 

= B J. 
1 

As can be seen in {46), the exponent on B and J. 
1 

have two limits. Since a critical cluster must of 

necessity consist of at least one atom, the lower limit 

i*+l of the exponent i*+2 is 2/3. In the upper limit, as i* 

i*+l becomes large, the i*+ 2 term approaches unity. As is 

(45) 

{46) 

i*+l evident from the i*+ 2 term, the expression of (46) rapidly 

approximates a linear function for relatively small values 

of i*. 

As applied to the results of these experiments, 

Figure 16 shows reasonably linear curves for 1/t* versus 
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Ji for the three highest temperatures of these experiments. 

In terms of i* as related by (46), the implication that 

the critical cluster size, i*, is of sufficient magnitude 

to make the function of (46) approximately linear. The 

linearity of the curve at 725°C, however, is not as 

apparent as for the other three. If the assumption is 

made that the deviation from linearity is real and not 

the result of experimental noise or systematic error, 

then a curve can be constructed through these points which 

is non-linear and concave downward. See Figure 19. This 

behavior is reflected in analytic functions in which the 

independent variable is raised to a power between zero 

and unity, noninclusively. 

If the logarithm of both sides of Equation (46) is 

taken, the slope of log 1/t* versus log Ji results in a 

i*+l value which is equal to i*+ 2 ' and from this, an estimate 

of the critical cluster size i* can be made. B at this 

temperature is unity. If data from curve of Figure 19 is 

plotted as log 1/t* versus log J. as shown in Figure 20 
1 

at a constant temperature of 725°C, the resulting slope of 

this line gives a critical cluster number of one atom. 

Admittedly, this is not a very sensitive procedure for 

determining the size of the critical cluster as clusters 

containing a small number of atoms will reflect an 

approximately linear behavior of the plot of 1/t* versus J .• 
1 

It is conceivable that for the lowest temperature 

used in these experiments, that the critical cluster is 
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smaller than for the other three temperatures. A quali­

tative observation from the capillarity approach to 

nucleation is consistent with this. Equation (13) relates 

the size of the critical cluster in terms of the volume 

free energy which is in turn dependent upon the critical 

supersaturation. It is found that an increase in the 

supersaturation leads to smaller critical nuclei. Figure 

17 shows that as the temperature of the substrate is 

decreased, the value of the critical supersaturation is 

increased, hence, at lower temperatures, smaller critical 

nuclei would be expected. 

c. Desorption of Boron 

Post boron deposition heating resulted in the 

disappearance of boron from the field emitter surfaces 

used in this study. The disappearance of boron from 

these surfaces can result from three mechanisms: (a) 

Diffusion on the surface along the shank of the field 

emitter if a surface concentration gradient of the 

adsorbed species exists along the surface. This occurs in 

field emission experiments in which material is deposited 

onto the tip from a molecular beam deviceresulting in 

localized deposition. It was assumed that no surface 

concentration gradients existed in the region of the 

field emitter tip as the entire tip-support loop assembly 

was heated for deposition and desorption and was immersed 

equally in the BI 3 vapor. (b) Diffusion of the boron 
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into the bulk molybdenum could account for the disappearance 

of the boron at the surface. Previous work 6 on the boron­

molybdenum system shows that below 2000°C, the solubility of 

boron in molybdenum is very much less than 2 atomic percent; 

the Mo-B phase diagram shows that at temperatures below 

2000°C the boron solubility in molybdenum is negligible. 

(c) The third mechanism by which boron could disappear 

from the surfaces was by desorption. At the experimental 

temperatures and the periods of time of heating used for 

these experiments, it was assumed that desorption was the 

predominant mechanism resulting in the disappearance of 

boron from the field emitter surfaces. 

1. Chemical Theory of Experiment. 

Most chemical reaction rates are observed to increase 

exponentially with increasing temperature and can be 

described by the Arrhenius relationship. 

Rate = K
0 

exp(-Q/kT) (49) 

where Q is the energy required to activate the reaction 

process. 

The reaction rate to be determined here was the rate 

of boron desorption from the molybdenum substrate and is 

expressed by the following equation 

K' 
Jdes = t

0 = Ko exp( (50) 



where K
0 

is proportional to the rate of desorption, and 

~Gdes is the free energy of desorption of boron from 

molybdenum. 

2. Determination of the Free Energy of Desorption 

The data from the experiment as plotted in Figure 4 

shows the desorption of boron from molybdenum field 

emitters per unit time. Using Equation (50), and deter­

mining t from the isovoltage line as described in the 

experimental part, and Figure 5, log 1/t is plotted 

versus 1/T, and is found to be linear as shown in Figure 

21. A least squares fit of the data gives an energy 

of 46.9+2 kcal/mole, which is the free energy of 

desorption of boron from molybdenum field emitter 

surfaces. 

Since the shape assumed by field emitter surfaces 

expose a multitude of crystallographic planes, many 

different binding states of these planes with boron are 

possible. Different binding states imply different rates 

of desorption, hence, the 46.9+2 kcal/mole represents an 

average free energy of desorption over the surface of the 

field emitter. 

D. Boron Adsorption on Molybdenum Single Crystals by 

LEED 

1. Boron on Mo (100) 

A molybdenum single crystal, 100 oriented, subsequent 
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to cleaning was exposed to BI 3 vapors at a partial pressure 

of 3 x 10- 8 torr. The substrate temperatures for these 

adsorption experiments were 700°C and 900°C. Exposure of 

the crystal under these conditions for periods of time up 

to 2 hours showed no change from the initially clean LEED 

pattern. 

There are several mechanisms by which boron under 

these conditions would fail to produce changes in the clean 

Mo (100) pattern. The thermal accommodation coefficient 

of the massive BI 3 molecule under the experimental 

conditions described here may be small or negligible for 

this particular plane, or, the free energy of desorption 

of the BI 3 from the Mo(lOO) plane may be sufficiently 

small that desorption of the species may occur before 

appreciable dissociation could be obtained. 

Both of these mechanisms are related to the parameter, 

S. In view of the experiments done in this study with field 

emitters relative to the coefficient of conversion, S, it 

appears that this quanitity may vary significantly as a 

function of crystallographic orientation. The value of S 

as determined from FEM experiments gives ranges from about 

0.1 to unity for the experimental temperature range of 

7oooc to 900°c used in the LEED experiments. 

In view of the fact no change is observed in the 

LEED pattern of the (100) plane indicates that if the 

parameter is significant in describing the result, it 

must be very small over the temperature range of the 
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experiment. Although work done on the solubility of boron 

in polycrystalline molybdenum6 shows the solubility to be 

very much less than 2 atomic percent at 2000°c, certain 

crystallographic oriented single crystals may exhibit a 

large degree of bulk diffusion. If diffusion of the 

boron into the bulk occurred, restructuring of the surface 

would be expected to occur as reported in Tucker•s 2 LEED 

work on boron on tungsten. No evidence of restructuring 

of the surface of the crystal was found. 

2. Boron on Mo (110). 

On the Mo (110) crystal, however, changes in the LEED 

patterns do ·occur as the boron coverage increased. Figure 

22B corresponds to a total of 3.62 x 1014 atoms/cm2 

incident on the crystal. Little change has occurred here 

relative to the clean pattern in Figure 22A. Slight 

streaking can be seen between the primary LEED spots. 

Figures 22C and 22D correspond to incident BI 3 of 

7.25 x 1014 atoms/cm2 and 1.08 x 1015 atoms/cm2 , 

respectively. As can be seen, the streaking has become 

more pronounced. The diffraction spots from the Mo (110) 

substrate in Figure 22D have become less evident. Figures 

22E, 22F, and 22G correspond to total incident fluxes of 

1.45 x 10 15 atoms/cm2 , 1.82 x 10 15 atoms/cm2 and 2.18 x 

1015 atoms/cm2 , respectively. The primary spots from the 

Mo (110) lattice become less intense and the streaking 

between them more pronounced. Figures 22F and 22G show 
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Figure 22. LEED Boron Adsorption Sequence on Mo (110). 
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the absence of the primary spots and all that is seen are 

streaks. 

The adsorption of boron on the Mo (110) crystal at 

700°C and at 900°C result in identical observations. 

Once the pattern as shown on Figure 22B was obtained, 

it would remain in this condition as the temperature was 

raised to 9S0°c. As the temperature was increased above 

this value, the streaks would disappear in a manner 

reversible to the way they initially appeared. The primary 

spots become more prominent until at about 1200°C, the 

pattern was essentially that of the clean pattern as 

shown in Figure 22A. 

The occurence of streaks as shown in this adsorption 

sequence is indicative of one dimensional disorder. The 

disorder is near):y comp,lete in one crystallographic 

direction and completely ordered in the orthogonal 

direction_ 

Usually in LEED work, the adsorption of a species on 

a single crystal occurs in an orderly arrangement on the 

surface, however, there is much evidence which indicates 

that one and two dimensional disordered surface structures 

45-54 50 occur. Gerlach and Rhodin have given a mathematical 

analysis of the diffraction phenomenon for one dimensional 

disordered surface structures and conclude that at least 

one of three conditions must exist to produce one 

dimensional incoherent structures: (a) the substrate must 

have two dimensional rotational symmetry associated with 
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surface asymmetrysuch as troughs in the surface of atomic 

dimensions, (b) the adatoms and substrate atoms have 

different effective sizes, and (c) that the interactions 

between the adatoms be more important in determining 

their positions (along a trough, for example) than the 

interactions between the adatoms and the substrate. 

The one dimensional disorder on the Mo(llO) extends 

in (lOO)direction; the order in the(llO)direction. 

This system apparently exhibits all three of the 

criteria described by Gerlach and Rhodin 50 • The lattice 

exhibits two-fold rotational symmetry. Troughs are absent 

on this ·surface but an equivalent is present; there are 

evidently adsorption sites above the lattice atoms which 

are collinearwith the line of centers of the lattice atoms 

in the (100) direction. If the boron atom did not adsorb 

on sites such as these, the diffraction pattern would 

reveal fractional order spots and streaks, or at least 

additional spots, or the streaks would be displaced from 

the primary spots shown in the clean pattern, Figure 22A. 

The nature of these adsorption sites are unknown but 

would be expected to form directional bonds with boron, 

as boron is a highly covalent material. A reasonable 

model which would describe this type of bonding would 

involve molecular orbital theory. Although molecular 

orbital theory has had some limited success in describing 

catalytic phenomena52 for the most part, to date, very 

little is known about the availability or orientation 
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of the orbitals of the surface metal atoms. 53 

The second criterion set forth for the occurrence 

of one dimensional disordered surface structures is that 

the substrate and adsorbate atoms have differing sizes. 

The boron atom is smaller than the molybdenum atom. 

The third criterion requires that the adsorbate­

adsorbate interaction be stronger than the adsorbate­

substrate interaction. Based on the relatively low free 

energy of desorption as measured by experiment as 

46.9 kcal/mole, and the ease with which boron nucleates 

on molybdenum field emitter surfaces, it appears that the 

boron-boron interaction is greater than the boron­

molybdenum interaction. 

The mechanism by which the disordering of boron on 

the Mo (110} surface in the (100} direction is proposed 

to occur by the initial adsorption of boron atoms onto 

directed orbitals protruding from the substrate atoms 

along the line of centers of the molybdenum lattice atoms. 

As more boron accumulates on the surface, encounters 

between adsorbed atoms become more frequent ~nd boron 

bonds with boron forming one dimensional disordered 

domains of boron atoms in the (100} direction. As the 

boron coverage increases the domains become larger and 

begin to obscure the underlying molybdenum atoms such 

as seen in Figure 22D. Eventually, the molybdenum 

surface becomes obscured by boron atoms and the primary 

LEED spots can no longer be seen, Figure 22G, The one-
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dimensional domains become larger and link together to 

form long chains oriented in the(lOO) direction which are 

completely disordered. The chains maintain their order 

separation distance, however, in the (llO)direction. 

Another mechanism by which this phenomenon could 

occur arises from the observation that when single 

crystal surfaces are cut, perfection is very difficult 

to obtain. That is, the normal to the surface which is 

actually cut usually varies a few degrees from the 

theoretical normal to the surface. This results in a 

series of steps of equal intervals along the surface. 

These steps can constitute sites for adsorption on the 

surface. If each step is na , where n is an interger 
0 

and a
0 

is the distance between atoms along a step, then 

fractional order spots of order 1/n would be seen on the 

LEED pattern. 

If n was very large, the spots would be numerous and 

close together giving the appearance of a continuous 

streak on the LEED pattern. 
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V. CONCLUSIONS 

The boron-induced work function of molybdenum field 

emitter surfaces was measured and found to be in agreement 

11 with a theoretical model used by Flaim and Ownby. 

Comparison of the measured work function values with the 

theoretical model permitted the determination of the 

monolayer coverage of boron on molybdenum field emitter 

surfaces; the monolayer was determined to be 6.3 x 10 14 

sites/cm2 • 

By comparison of the monolayer as determined from 

the computer model and the measured work function values 

with the apparent monolayer coverages at a substrate 

temperature ranging from 1081°K to 1383°K, a quantity, 

S, was determined which was a measure of the conversion 

yield of BI 3 to adsorbed boron. S was shown to exhibit 

linear dependence as a function of 1/T over the temperature 

b 0 range of 1081 K to 1383 K. 

1-S From the linear dependence of -a- versus 1/T an 

energy was derived which represented the difference 

between the free energy of dissociation of the BI 3 molecule 

at the molybdenum surface and the free energy of desorption 

of the sr
3 

molecule from the molybdenum surface. This 

energy difference was found to be -32.9 + 2 kcal/mole. 

The adsorption and nucleation of boron on molybdenum 

has been observed by FEM. As a result of the relative 

ease of boron atom mobility as compared to the high energy 
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required for desorption, time-dependent nucleation of the 

boron was observed to occur at about 0.5 monolayer of boron. 

The free energy of formation of the critical nucleus 

was found to be 25.9 kcal/mole. 

The statistical mechanical nucleation theory has been 

modified and shows that under certain experimental conditions 

the functional relation between the critical times to the 

onset of nucleation and the incident flux can show 

nonlinear behavior. 

The average critical boron adatom concentration at 

nucleation was found to be 1.5 x 1014 atoms/cm2 • Since 

nucleation occurred at 0.5 monolayer coverage of boron, 

the value of the monolayer coverage as determined from 

14 this method was 2.9 x 10 atoms/monolayer. 

The free energy of desorption of boron from molybdenum 

field emission surfaces has been measured by isothermal 

desorptiqn experiments and been found to be 46.9 ~ 2 

kcal/mole. 

Low energy electron diffraction observations have been 

made on molybdenum single crystals of (100) and (110) 

orientations at various stages of boron coverage at 

temperatures of 700°C and 900°C; the sr 3 partial pressure 

was 3 x 10~ 8 torr. 

No changes were observed in the LEED pattern on the 

Mo (100) crystal for any exposure to the BI 3 • It was 

concluded that under the experimental conditions used 

for this study, ar 3 undergoes little or no reaction with 
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the Mo (100) surface which would result in a restructuring 

of the crystal surface. 

Adsorption of boron onto Mo (110) crystals under the 

experimental conditions cited, results in the gradual 

formation of one dimensional disordered domains which 

ultimately become chain-like in the (100) direction. 

This spacing is the same as the molybdenum lattice 

spacing in that direction. Increasing the temperature of 

the boron-covered crystal above 950°C results in the 

gradual disappearance of the disordering and restoration 

of the clean Mo (110) pattern at 1200°C. 



VI. ADDITIONAL WORK 

The results of this study indicate that additional 

work is necessary for a more complete understanding of the 

phenomena presented. The following areas are suggested 

for investigation: 

1. The thermal accommodation coefficient for the 

BI 3-molybdenum syste~ should be measured. 

2. The measurement of the free energy of desorption 

of BI 3 from molybdenum should be made for both field 

emission surfaces and single crystals. 

3. The diffusion of boron in molybdenum single 

crystals should be studied. 

4. S should be measured for single crystals to 

determine its dependence on crystal~ographic direction. 

5. Other adsorbate-substrate systems should be 

studied to test the S concept with the thermal accommodation 

coefficient, and in the case of dissociating adsorbates, 

the differences in the free energies of dissociation and 

desorption should be determined. 

6. Additional work on the time-dependent adsorption 

regime for nucleation over a wider range of experimental 

conditions needs to be done to test the modified statistical 

nucleation theory. 
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APPENDIX I 

Derivation of Modified Fowler-Nordheim Equation 

From the Fowler-Nordheim theory of field electron 

emission, the current density, j (in amperes per square 

centimeter) can be related by the following equation1 

·- 1.54 X 10- 2 F 2 7 ¢ 3/ 2 -4 Fl/2 
J- 2 _ 4 112 exp{-6.83xl0 F v(3.79xl0 ¢ ) } 

¢t (3.79xl0 F ) 
¢ 

(1) 

where F is the electric field in volts/em, ¢ is the work 

function in electron volts, and t and v are tabulated 

functions. Sommerfeld and Bethe2 have modified Equation 

(1) as follows: 

-6 7 3/2 
j 1.5 ~ 10 F2 exp(-6.85 ~ 10 ¢ )f(F,¢) ( 2) 

where F(f,¢) is an elliptical function and all other 

parameters are as defined above. 

Field emitter surfaces are comprised of regions of 

varying work functions. The varying work functions result 

from the various crystallographic planes which are exposed 

and have different emission characteristics. Consequently, 

in field emission work, and average work function over the 
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emitter surface must be considered. An average work function 

is obtained to represent the surface such that 3 : 

( 3) 

where ¢ is an average work function, S is the emitting area, 



and Js is the current density for the emitting region dS. 

Now, for the same tip giving the same emission current 

for varying values of V and from Equation (2): 

F 2 7 3/2 F 
2 

7 3/2 
1 exp(-6.85xl0 <Pi )f(F. ,cp.)=~o exp(-6.85xl0 ¢0 )f 
~ Fi 1 1 ~o Fa 

( 4) 

Dyke and Trolan4 have shown that: 

'V 

f(Fi,cpi) = f(Fo,cpo) (5) 

where F ~ 4 x 10 3v and as before, V is the applied voltage. 

Using these results, Equation (4) becomes: 

ln <Po 2 ln v. 3/2 3/2 1 cp. <Po -+ 
vo cp. (-2:. ) 1 

vo = v. 

10 4 
1 

1.7 X 

The left hand term of Equation (6) will be small, 

hence, to a good approximation: 

or 

= 

v. 2/3 
¢· = <P (.2..) 

1 0 vo 

( 6) 

( 7) 

( 8) 
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APPENDIX II 

Auger Electron Spectroscopy 

It has been recently shown by Harris 1 that Auger 

electrons excited by electron bombardment, by proper 

energy analysis, provides a powerful tool for the study 

2 of surfaces. Lander suggested that the detection and 

characterization of surface impurities should be possible 

by Auger electron spectoscopy. -

Until recently the value of the techniques seemed 

questionable as the result of limited sensitivity. Weber 

and Peria3 have subsequently shown that the standard three-

grid LEED systems may be effectively employed for the 

measurement of the derivative of the energy distribution 

function, dN(E)/dE. 4 Taylor has discussed the utilization 

of both three and four-grid LEED optics for Auger electron 

spectroscopy. 

The method used for this study to excite and detect 

Auger electrons is shown in Figure 23. Electrons from the 

LEED electron gun are allowed to impinge on the sample. 

Elastic, inelastic, and Auger electrons are then back-

scattered into the screen through the grids. The two grids 

which are at ground potential stop inelastic electrons. 

The two inner grids are connected to a circuit which sweeps 
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a D.C. retarding voltage E
0

, with a small sinusoidal voltage, 

E-E , superimposed on it. The current measured at the 
0 

collector of the LEED screen is a function of the retarding 

potential to the inner grids supplied by the 0-600 volt 
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Figure 23. LEED-Auger Equipment Schematic. 
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power supply. Since the current, I, is a function of E-E
0

, 

and if E-E
0 

is small, the current I, as a function of E-E o' 

may be expanded in a Taylor series about E
0

• 

I(E)=I{E )+[di(E)] 
o dE 

2 
(E-Eo) +); [d I~E)] (E-E )2 + 

~; dE E=E o 
0 

( 1) 

As can be seen, the di(E)/dE is the energy distribution 

of N(E), the number of electrons emitted from the sample. 

The voltage E-E
0 

is made to vary sinusoidally by super­

imposing a small signal, k sin w t, from an oscillator, onto 

the retarding grid voltage E
0 

trom the 0-600 volt power 

supply. 

Equation {1) becomes: 

1 2 dN(E) 
I(E)=I(E0 )+KN(E0 )sin w t + 4K [ dE ]E=Eo (l-CoS2wt) + 

K3 d 2N(E) 
24 [ 2 ]E=E (3 sin wt- sin 3 wt) + ... 

dE o 
( 2) 

If the perturbing potential is sufficiently small so 

that I(E) is accurately represented by a third-order 

expansion about E
0

, the second harmonic coefficient is 

proportional to dN(E)/dE. The small changes which result 

can be easily phase-sensitive detected with a lock-in 

amplifier. 

It was tound that early in these experiments it would 

be necessary to assay the surface of the crystal subsequent 
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to the adsorption of boron. The LEED optics were configured 

for Auger spectroscopy. Figure 23 shows a schematic diagram 

of the circuitry involved. 

The electron optics used in both LEED and Auger were 

a post acceleration type, four-grid optics built by Physical 

Electronics Industries, the optics controller was a 

modified Varian controller, Model 981-0005. For this 

arrangement, the maximum electron beam voltage obtainable 

from the optics controller was 500 volts. This voltage 

was sufficient for LEED as the maximum beam voltage used 

was below 100 volts. For Auger spectroscopy, however, a 

beam voltage of at least three times, and preferrably 

five times the Auger electron excitation energy is needed 5 . 

The largest Auger peaks below 1000 volts occur at 28, 120, 

161, and 186 electron volts 6 , LOr molybdenum, so it was 

necessary to have a beam voltage of about 1000 volts. This 

was accomplished by attaching an external battery in series 

with the LEED optics controller. The 1000 volts marked an 

upper limit that the optics controller could standoff. The 

optics controller utilized alternating current for heating 

the cathode in the optics. This was unacceptable in that 

the 60 cycle line voltage modulated the beam current at 

60 cycles per second and interferred with the 75 cycle 

voltage for modulation in the Auger system. This required 
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a modification in which an internal change was made by 

wiring a Hewlett-Packard, Model 6294A D.C. power supply into 

the cathode heater circuit. This supply was isolated from 



the line voltage through a 1500 volt isolation transformer. 

The high voltage D.C. ramp sweep was accomplished by 

programming a Hewlett-Packard, Model 6448B, 0-600 volts, 

through a 1000 ohm helipot which was in turn controlled 

by a G.H. Heller Corporation, Model T2 motor and solid 

state controller. 

To make an experimental run, the sample was first 

cleaned by Joule heating to 900°C in oxygen at 1 x 10-6 

torr partial pressure for ten to fifteen minutes. After 

the oxygen was pumped from the vacuum chamber, the crystal 

was flashed to about 1300°C. The crystal was then examined 

by LEED to determine the condition ot the surface. It 

was found that several treatments with oxygen as described 

above, were required to obtain a clean pattern as deter-

mined by LEED. 

Once the crystal had been thermally cleaned, a 

suitable temperature which was high enough to dissociate 

the BI 3 and not adsorb residual gases, 700° to 900°, was 

obtained by passing the appropriate current through the 

crystal. 

When the sample temperature was obtained, the BI 3 

variable leak was opened and the pressure in the chamber 

allowed to rise to 3 x 10-8 torr. After exposure to the 

Br
3 

for a period of time, the variable leak was closed 

and the residual BI 3 pumped out. During this pump down, 

the electron gun was activated. It was necessary to turn 
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the filament off at high BI 3 partial pressures as the gas 

had a poisoning effect on the cathode. Once the beam 

current had been reestablished, the retarding voltage 

was swept from zero to about 600 volts. No Auger peaks 

other than molybdenum and boron were seen in this range 

of voltages. Figure 24 shows a trace of an Auger scan for 

clean molybdenum. Figure 25 shows the same type of scan 

with an estimated one monolayer coverage of boron; the 

boron peak appears as a broadening of the molybdenum peak 

at 186 electron volts and as a shoulder at 179 elec-

tron volts on the molybdenum peak. 
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Figure 24. Auger Spectrum of Clean Mo (110). 
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Figure 25. Auger Spectrum of Mo (110) With One-Monolayer 
Coverage of Boron. 
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APPENDIX III 

Further Examples of Boron Nucleation on Molybdenum 

A. Further Examples of Boron Nucleation 

Although the nucleation of boron which was observed 

by FEM in this study appeared as nuclei as shown in 

Figures 23A through 23H, very rarely under identical 

experimental conditions nuclei would form as shown in 

the succeeding photographs. In these instances as depicted 

in Figures 23A through 23H, the initial nuclei would 

occur near the (211) planes and would grow as torroidal 

segments or "collars" around the (610) planes. Reference 

Figure 26G. The critical times to nucleation were 

approximately the same as for the other cases. A clover­

leak configuration became apparant about the (100) plane. 

The maximum coverage of boron in Figure 23H is approxi­

mately one monolayer. This behavior is similar to the 

"collar" formation of boron about the (110) plane on 

tungsten. 
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Figure 26. Nucleation of Boron About Mo (610) 
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(Figure 26 Continued) 
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