
FIELD EMISSION MICROSCOPE STUDIES OF THE
EFFECT OF CRYSTALLOGRAPHIC ORIENTATION

AND SURFACE DEFECTS ON THE CHEMISORPTION
AND OXIDATION OF COPPER WHISKERS

Item Type text; Dissertation-Reproduction (electronic)

Authors Rozgonyi, George A.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:11:18

Link to Item http://hdl.handle.net/10150/284516

http://hdl.handle.net/10150/284516


This dissertation has been 64—6779 
microfilmed exactly as received 

ROZGONYI, George Arthur, 1937— 
FIELD EMISSION MICROSCOPE STUDIES 
OF THE EFFECT OF CRYSTALIjOGRAPHIC 
ORIENTATION AND SURFACE DEFECTS ON 
THE CHEMISORPTION AND OXIDATION OF 
COPPER WHISKERS. 

University Microfilms, Inc., Ann Arbor, Michigan 

ROZGONYI, George Arthur, 1937-64-6779 

University of Arizona, Ph.D., 1964 
Chemistry, physical 

University Microfilms, Inc., Ann Arbor, Michigan 







FIELD BUSSION MICROSCOPE STUDIES OF THE EFFECT OP CRYSTALLOGRAPHIC 
ORIENTATION AND SURFACE DEFECTS OH THE CHEMISORPTION 

AND OXIDATION OF COPPER WHISKERS 

by 

George A. Rozgonyi 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF AEROSPACE AND MECHANICAL ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

Doctor of Philosophy 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 6 4 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by George A. Rozgonyi 

entitled "Field Emission Microscope Studies of the Effect of Crystallographic 
orientation and Surtace Detects on the Chemlsorption and 
Oxidation of Copper Whiskers." 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy in Aero-Space Engineering 

issertation Direc Date 
, fICS 

After inspection of the dissertation, the following members 

of the Final Examination Committee concur in its approval and 

recommend its acceptance:* 

1 Oj.iu.l 

nd.i tuti 

, • 7 

*This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of re
quirements for an advanced degree at The University of Arizona and is 
deposited in The University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgement of source is 
made. Requests for permission for.extended quotation from or reproduc
tion of this manuscript in whole or in part may be granted by the head 
of the major department or the Dean of the Graduate College when in 
their judgment the proposed use of the material is in the interests of 
scholarship. In all other instances, however, permission must be ob
tained from the author. 

SIGNED: 

i 



ABSTRACT 

Copper whiskers have been grown in situ by vapor deposition on 

tungsten and platinum substrates in a field emission microscope at back-

-9 
ground pressures of less than 1 x 10 torr. The crystal structure of 

the whiskers is found to depend on the purity of the copper source and 

on the underlying substrate material. The combination of a tungsten 

substrate and a copper source impurity level higher than 50 parts per 

million results in whiskers which are body centered cubic. Both face 

centered and body centered whiskers are observed when a copper source 

with less than three parts per million of detectable impurities is used 

with a tungsten substrate. In the case of face centered cubic whiskers 

the growth conditions are much more stringent and the concentration of 

whiskers much less than for body centered whiskers. Field emission 

patterns from whiskers grown on platinum substrates are always face 

centered cubic. At high temperatures a surface overgrowth due to the 

presence of impurity atoms can be observed in the body centered whiskers. 

Both types of whiskers, with substrates in the temperature range 

from 80°K to 600°K, were exposed to oxygen in the pressure range from 

10 ̂  torr to 10"6 torr. It has been found that the impure body center

ed whiskers have a sticking probability approaching unity and a work 

function change of 0.76 eV due to chemisorption of a monolayer of 

oxygen, whereas the pure copper whiskers with the face centered cubic 

ii 



structure show very little reactivity with the oxygen and a work 

function change estimated at less than 0.10 electron volts. Since 

both forms of the whiskers are assuiaed to be relatively free from 

dislocations and structural defects, it is concluded that the first 

step in the oxidation of copper, that is, the initial oxygen cherai-

sorption, is greatly dependent upon the level of impurities in the 

sample. 

iii 
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CHAPTER OHI 

INTRODUCTION 

l.l general 

The study of surface phenomena has been given a new impetus 

by the discovery of a means of observing clean surfaces under ultra 

high vacuum conditions. The field emission microscopê  is a power

ful experimental tool uniquely suited for determination of how the 

electronic work function of metals and semiconductors will vary with 

cryst.allographlc plane and with adsorption of contaminating materials. 

Since the magnification is about a millionfold, effects on an almost 

atomic scale can be observed. Individual atoms on a surface can be 

/o\ 
observed with a more refined technique known as field ion microscopy. 

However,, the fie Id;, electron emission microscope is better suited for 

direct observation of adsorption.phenomena and will be the principal 

experimental technique used in this study. 

Adapting the field emission microscope to the study of chemi-

sorption of gases on copper has not; been attempted previously due to 

two experimental difficulties. The first difficulty arises in clean

ing the copper surface to be studied. Because the bond between the 

copper and its surface oxide is stronger than that between the copper 

atoms themselves it is not possible to thermally drive off surface con

taminants. The second problem is finding a sample which will withstand 

the stress introduced by the high electrostatic field. Normal copper 

samples will fail because their yield strength has been exceeded. 
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These difficulties are not insurmountable and the discovery of field 

emission from vapor grown whiskerŝ ) prepared in situ under ultra high 

vacuum conditions has extended the range of application of the emission 

microscope. It is now possible to prepare samples of single crystals 

with strengths approaching theoretical values and with a purity limited 

only by the limits of existing vacuum technology. 

The need for a study of the interaction of oxygen with copper 

at the level of a single layer of adsorbate is generally accepted as 

the only way to finally settle the question of how an oxide forms on a 

copper surface. A recent review of the published data on the oxidation 

/A\ 
of copper by Ronnquist and Fischmeister ' points this out in a striking 

manner by plotting a collection of oxidation rate curves: The state of 
.1 

affairs is readily visualized by a variation of four orders of magnitude 

in She work of ten different investigators. 

During the last decade increasing attention has been given to 

studies of the mechanism of oxide growth on metals, or more generally, 

qf the products of metal-gas reactions. The early experimental work, 

and much of the recent work, on oxide growth was done on thick layers. 

These layers were usually found to be fairly compact and approximately, 

plane parallel. Hence, the theories of Matt and Cabreraand Hauffê  

only dealt with the simple geometric case of a plane parallel compact 

oxide layer. Recently, more refined microscopic investigationŝ  have 

revealed more and more instances of the growth of discrete oxide parti

cles. The possibility, that these deviations from the plane parallel 

film model, might influence the properties of the kinetics of- metal-gas 



reactions has been repeatedly suggested. With the advent of ultra 

high vacuum pumps it is now possible to investigate surface effects at 

the level of a monolayer of adsorbate. At this level of adsorption the 

inherent non-homogeneity of the atomic surface structure plays a domi

nating role ia many of the properties of the solid-gas interface. Much 

(9) 
work has been carried out on refractory materials in this regard 

using photo-electric, thermo-electric, flash filament and field electron 

and field ion microscopy. However, surprisingly little work has been 

reported on noble metal-gas reactions at the level of monolayer adsorp

tion. The present'study has examined the behavior of the copper-oxygen 

system at this level. It is believed that by using the relatively new 

technique of field emission microscopy combined with the preparation of 

samples under ultra high vacuum conditions, in the form of crystal 

whiskers, that a contribution to the knowledge of the first stages of 

copper oxidation has been made. 

Because of the fundamental nature of the problem under investi

gation and the specialized techniques being used the introductory chapter 

will be devoted to a brief account of these various topics. Each of the 

following sections in this introductory chapter will attempt.to present 

those aspects of the various topics which are of immediate concern in 

understanding and interpreting the problem at hand. Since the study is 

an interdisciplinary one it is hoped that the ideas which are derived 

from chemistry, physics, metallurgy, and vacuum engineering will then 

proceed in a unified fashion. 
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1.2 The Field Emission Microscope 

The field emission microscope, invented by E.'W. Muller̂  ̂

in 1937, is based on the phenomenon of tunneling of electrons from a 

solid metal phase through a surface potential barrier. The electron 

tunneling is a purely quantum mechanical effect and is achieved by 

applying high electric fields across the metal-vacuum interface. The 

quantum mechanical theory of tunneling was first applied to cold 

emission of electrons by Fowler and Nordheim̂  ̂who applied the then 

new wave mechanics and Sommerfield's electron theory of metals to the 

problem., 

Figure la shows a potential energy diagram illustrating the 

surface barrier with which electrons in the metal are confronted. In 

the absence of an electric field, electrons are faced with a semi-

infinite barrier and may escape only by acquiring, enough kinetic energy 

to pass over the barrier. This can be achieved by thermally exciting 

the electrons to give them kinetic energies greater than \i + $ . This 

process is known as thermionic emission and requires temperatures above 

120Q°C to achieve appreciable emission currents. Hence, the technique 

is not applicable in the case of copper. 

Modifying the barrier by the application of an electric field 

F across the metal vacuum interface as shown in Fig. lb improves the 

situation considerably. Now electrons approaching the surface see a 

distorted potential barrier of finite width and quantum mechanical 

tunneling is possible. Wave mechanics predicts that an electron imping

ing on a thin barrier has a finite probability of being transmitted 
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through the barrier without an energy loss. Since the action of the 

accelerating field is to distort and consequently thin the barrier, 

it is not necessary for the electrons to surmount it as in thermionic 

emission. The dependence of emission current on applied fie;Id and work 

function is given by the Fowler-Nordheim equation̂ .̂ A simplified 

derivation illustrating the essential features of the equation will be 

presented in Section 2.1 below. 

The above phenomenon of cold emission is used in the field 

emission microscope, hereafter referred to as FEM, as follows: The 

electrons that are emitted from the metal surface travel in essentially 

straight paths, following the lines of electrostatic force, to a conduct

ing fluorescent screen. (Fig. lc.) The electrons originate from within 

.A C 
a source of radius r * 10 to 10 cm and travel approximately 5 cm to 

the screen. A representation of the metal surface is then produced with 

a magnification of  ̂« 500,000 times. 

Since the work function varies over the different lattice planes 

of a monocrystalline tip, one observes on the fluorescent screen an 

emission pattern showing different intensities for different faces of 

the crystal. Crystallographic indices can be assigned from the symmetry 

of the patterns and from the angular separation of the various faces. 

Figure 2a is an FEM pattern obtained from an electrolytically etched 

o 
tungsten point. The radius of the tungsten point is about 1000 A and 

the pattern is displayed on a 5 cm diameter segment of the fluorescent 

screen. The symmetry of the lattice planes is readily identified by 

comparison with the model of a hemispherical crystal shown in Fig. 2b. 
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This photograph clearly illustrates the tremendous magnifications 

attained in the FEM and its ability to distinguish the different 

lattice planes of a monocrystalline point. 

1.3 Surface Structure and Identification of FEM Photographs 
I 

In examining FEM photos, it is important to be able to describe 
, I 

and identify the orientation of the different crystal planes on the 

metal surface. This description is accomplished by means of the 

Miller indices and the stereographic projection. A complete account 

of these concepts is given in Ret. 12. We shall give a short discus

sion of some of the concepts which are of direct concern for FEM 

studies. 

The crystallographic indexing of the FEM patterns follows 

directly from the unique symmetry of the principal planes. Hence, a 

four-fold axis occurs oqly in the 1̂00j direction in cubic crystals. 

Similarly, the three-fold and two-fold axes occur in the {lllj and 

<̂ 110j directions- Fig. 2b is a model of a hemispherical tungsten 

crystal with a three-fold symmetric plane in the center corres

ponding to the FEM photo in Fig. 2a. The actual crystal consists of 

flat, densely packed, low index planes which have a high work function; 

surrounded by more loosely packed higher index planes with a lower work 

function and higher rate of electron emission. .Table I lists the pack

ing densities of the different planes of face-centered and body-centered 

cubic crystals, hereafter referred to as fee and bee respectively. Hie 

work functions of tungsten, a bcc material, on the different planes is 

also listed and it is seen that it varies inversely as the packing 



density for a bco crystal. Field emission patterns front bcc, fee and 

hep metalŝ 'consistently lead to a correspondence between the 

low emitting regions and the densely packed planes. Therefore, it is 

reasonable to expect, a clean fee copper emitter to show increasing 

electron emission in the order < {lOO} < 1̂10]- . When sn 

FEM pattern is obtained from a clean copper whisker, see Fig. 6a, the 

order of increasing emission corresponds to that for a fee crystal. 

However, the FEM pattern from the electrolytically etched copper point 

shown in Fig. 3a, reveals a direct reversal of the expected emission 

intensities. This point had a sufficient amount of impurities present 

on the surface to change the relative work function of the different 

crystallographic planes. The effect of surface contaminants on the 

work function will be jgiscuased in Section 1.6 below. 

1.4 Vacuum Considerations 

Before any experiment is attempted on the copper surface-oxygen 

gas interface, the condition of the interface must be established. 

Otherwise, the results will not reflect properties of the interaction 

of copper and oxygen but will be influenced by an intermediate contami

nated surface. It is probable that much of the adsorption data in the 

literature is not characteristic of the metals, reported but was obtained 

for metals covered with unknown amounts of unknown contaminants. Many 

(14) 
observers, from Langmuir on, have pointed out that the adsorption 

characteristics of a surface can be drastically altered by less than 

one layer of contaminant. 
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A quantitative estimate of the rate at which a surface will be 

covered, even under seemingly good vacuum conditions, can readily be 

obtained using the kinetic theory of gases. The number of gas molecules 

impinging on a square centimeter per sec. in a gas at a pressure p and 

temperature T iŝ  ̂

N p 
n = — -T77 (1) 

(2jtMRT)i/z 

Setting N0 equal to 6.02 x 10̂ , R equal to 8.31 x 10̂  ergs per °K and 

recalling that one millimeter of Hg equals 1,333 dynes per cm̂  we have 

for oxygen at 300°K 

n =3.63 x 1020 p (2) 

where p is in mm Hg (torr). For a reasonably high vacuum of 10 ̂  torr 

the impingement rate will be about 10̂  molecules per cm̂  per sec. It 

is generally felt that there are approximately 10̂  adsorption sites 

per cm̂  on the surface of the crystal. Therefore, if one out of every 

ten impinging particles remains on the surface there will be complete 

•6  
contamination in 10 seconds even in a vacuum of 10 torr. Consequently, 

the present investigation has been carried out at pressures of less than 

_o 
10 torr. This ultra high vacuum insures that the surface will not 

become, contaminated during the course of the experiment. The techniques 

and procedures for attaining this vacuum will be discussed below in the 

section on experimental procedures. 

It is also imperative that the copper crystal under study be 

free of bulk impurities. Otherwise, these impurities might diffuse to 
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the surface and form a stable surface layer. This layer would then 

interfere with our principal objective of studying selective surface 

reactions. The next section deals with our method of obtaining pure 

crystals. 

1.5 Pure Crystals and Whiskers 

At the outset of this research program it was anticipated that 

applying FEM techniques to copper would present two major obstacles. 

The first problem was to prepare samples that would withstand the 

stresses induced by the high electrostatic fieldŝ  The second diffi

culty was preparing clean surfaces of a low melting.point metal without 

destroying its field emission properties. The first obstacle was part

ly overcome by properly etching the sample and carefully controlling 

the applied field. However, this was only moderately successful because 

of the high irate of failure of the tips. Figure 3a shows the FEM pat

tern from an etched copper sample of 99.95 per cent purity. This sur

face is still covered with contaminants which cause the densely packed, 

high work function planes, i.e., {m} > , 0®®} »' to 

highly emitting. Attempts at cleaning the surface by electrically 

heating the sample were unsuccessful since the resulting blunting of 

the tip destroyed its field emission properties. 

The answer to the problem of obtaining high strength, high 

purity copper crystals w«?s found by growing the samples from the vapor 

in the form of long thin crystals called whiskers.These samples 

were found to be about 1,000 times stronger than commercial annealed 
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copper. They were also of the highest purity since they were grown in 

* _ q  
a vacuum of less than 10 torr. By growing the whiskers in the FEM 

tube itself and never exposing them to the atmosphere the purity of the 

sample was maintained. Figure 6a is an FEM photo of a vapor grown 

whisker which shows the required low emission from the low index high 

work function planes. The difference between a clean and a contaminated 

sample is illustrated by comparing Fig. 6a with. Fig. 3a. 

fl7\ 
Although crystal whiskers had been known for centuriesv ', the 

extremely fine filamentary fibers were principally laboratory curiosities 

/1 g\ 
until about ten years ago. In 1952 Herring and Gait of the Bell 

Telephone Laboratories made an unexpected discovery. Working with tin 

whiskers from a faulty piece of telephone equipment they found the 

whiskers were as much as 1,000 times stronger than ordinary tin crystals. 

The discovery helped resolve the problem of explaining the discrepancy 

between the actual and theoretical strength of solids. The concepts of 

dislocations and defects in otherwise perfect structures, which will be 

discussed further in Section 1.7, had been used to explain the fact that 

most solids exhibit only a fraction of their ideal strength. The whis

kers, due to their small size, apparently allow little opportunity for 

these defects to form. Consequently, there has been considerable inter-

/"|Q\ 
est latelyv~ in studies which require materials of high strength, 

high surface perfection and small dimensions. Also, investigation of 

the mechanisms by which whiskers grow offers a unique opportunity to 

study the nucleation, growth and perfection of crystals. Regardless 
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of what end uses taay be found for them, fundamental studies of whiskers 
l 

are of extreme value in gaining a better understanding of the influence 

of a materials' basic structure on its properties. 

The classical theory of nucleation and crystal growth dates 

back to Lord Kelvin̂ ®̂ . A new layer, according to Kelvin, nucleates 

on a perfect crystal only if there exists a finite super-saturation 

above the surface. The new surface then sweeps across the old surface 

until a new layer is completed. The next layer then nucleates on the 

freshly completed surface. This classical crystal growth picture 

requires a highly supersaturated solution or vapor of the crystal 

material because new atoms condense with difficulty on a smooth crystal 

surface. 

In order to explain crystal growth at low supersaturations 

(21) 
Frank proposed that crystal growth takes place around dislocations 

in the crystal. The intersection of the dislocation with the crystal 
t 

surface provides a permanent growth step. Hence one-dimensional growth 
; * J 

of crystals can occur about a type of imperfection known as a screw 

dislocation. A screw dislocation is a line of atomic misfit, slightly 

shearing one section of the crystal with respect to another. The atoms 

precipitating' on the surface are thus able to deposit at a step where 

there are more neighbors. Therefore, ajt the steps arising from the 
* j. 

atomic misfit in the neighborhood of the dislocation, the layer will 
' 1 i 

proceed to grow by spiraling around the line of misfit. 

S e a r s t h e n  p r o c e e d e d  t o  e x p l a i n  t h e  m e c h a n i s m  o f  w h i s k e r  

growth by combining the Frank dislocation and the classical Kelvin 
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growth theories. Sears proposed that the whiskers nucleated at one or 

only a few dislocations parallel to one crystal axis. The whiskers then 

grew from the tip by the Frank mechanism at supersaturatioas too low 

for significant classical growth from the relatively smooth and disloca

tion free sides of the whisker. Evidence of the presence of- screw dis-

(3\ 
locations has also been observed in field emission studies by Gomerv ' 

with aercury and in the present study with copper whiskers. It is fre

quently noted that reversible elastic rotations result from slight 

increases in voltage. The angle of rotation varied.from a-few degrees 

to 360° for different whiskers. This is interpreted as being caused by 

the stresses applied to the whisker by the application of the high elec

trostatic fields. Unfortunately, the voltages at which the copper 

whiskers twist are quite close to the failure values so that studies- of 

this phenomenon are very difficult. 

1.6 Adsorption Phenomena 

The above discussion has shown that by using vapor grown copper 

whiskers in an FEK under ultra high vacuum conditions, we can produce 

and maintain clean surfaces which can be observed on the FKM screen with 

o 
a resolution of 20 A units. It is now relatively easy to cover these 

surfaces with a controlled amount of contaminating gas, such as oxygen, 

and observe the changes that take place on the metal surface. At this 

point we shall consider some general qualitative mechanisms of solid-

gas interactions. 

It is customary to distinguish between two general types of 

adsorption phenomena, that is physical adsorption and chemical adsorption. 



The principal criterion £or distinguishing the two types is the magni

tude of the heat of adsorption. Physical adsorption is considered to 

be due to van der Waals type forces. These forces, for pair inter

actions, are of short range, varying as the inverse seventh power of 

the separation. However,, for the interaction of a gas molecule with a 

large number of surface atoms, the total van der Haal*s force is of 

fairly long range with an inverse fourth power dependence. Consequent

ly, physical adsorption energies are quite low with typical values of 

the order of heats of vaporization. Chemisorption, on the other hand, 

is dependent on chemical forces and the magnitude of the resulting 

energies may be over 100 k cal/mole. Although this distinction is 

generally valid it is possible for heata of chemisorption to be con

siderably less than heats of vaporization. 

Another distinction is the specificity of the adsorption. 

Physical adsorption is very non specific and occurs on all solids with 

all gases under the correct conditions of temperature and pressure. 

Chemisorption is a very specific process in which a certain gas may be 

readily adsorbed by some adsorbents and adsorbed only slightly by 

others. Since the heats of adsorption of oxygen with most metals are 

(23) (13) 
quite high and also possesses a certain specificity , it is 

evident that oxygen will be chemisorbed on copper surfaces. When a 

gas is chemisorbed on a metal surface, the high heat of adsorption is 

an indication that there is an effective chemical bond between adsor-

bate and absorbent. 
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The participation of the solid in hooding with adsorbates la 

conveniently discussed in terms of the band theory of solids. Here the 

energy levels are grouped into allowed bands and the energy of electrons 

is regarded as being continuous within the bands. If a metal surface 

is planar, the electron cloud will not terminate abruptly at the surface 

but will decay asymptotically. This spill-over at the surface will give 

rise to a double layer with the negative end outermost. (Fig. 4a.) The* 

potential of this layer must be included in the determination of the 

local work function. If the surface is atomically rough there is an 

additional spill-over due to the stepped surface. Figure 4b schematical

ly illustrates the denuding of electrons from the exposed edges of the 

steps. These electrons settle in the concave portion of the steps. The 

plus sign refers to a deficiency of electrons and represents a less than 

average concentration. Hence, a layer with the positive end outward is 

produced. An outward positive layer will tend to assist electrons in 

escaping from the Fermi sea. Consequently, closely packed crystal faces 

will have high work functions and loosely packed faces lower work func

tions. This is precisely what occurs in an FEM pattern. (For example, 

Figs. 2a and 6a.) 

The presence of adsorbates will also lead to a surface dipole 

layer. The corresponding increase or decrease in work function will 

then depend on whether the negative or positive end of the dipole 

layer is facing: outwards. The detailed nature of the adsorption bond 

in chemisorption is very poorly understood. The type of bond which is 
I 

formed and its properties are strongly dependent on the electronic 



structute of the adsorbate and absorbent. Normally, in FEM studies, an 

electropositive substance such as cesium vill lower the work function 

while an electronegative adsorbate such as osygen will raise the work 

function. The effect of a chemisorbed species on the work function is 

not only a function of the electronegativity, but also depends on geo

metric factors and to a lesser extent on lateral interactions with 

other adsorbed particles. 

The consideration of the microstructure of the crystal surface 

in adsorption phenomena leads to the concept of adsorption sites. The 

first ideas on relating adsorbed particles to specific sites on a sur-

(24) 
face were put forth by Langmuir who distinguished between localized 

and non-localized adsorption. If a surface is represented schematically 

as a plane over which the potential energy of interaction with the gas 

varies from point to point and if the potential energy variations are 

appreciable, we may designate the low points or troughs in the potential 

curve as adsorption sites. The adsorption is then said to be localized. 

If the variations are so small, so that the troughs vanish, then there 

are no adsorption sites and the adsorption is said to be non-localized. 

Due to the inherent atomic non-homogeneity of surfaces, chemisorption 

is a lways localized. 

It is possible for most adsorbed species to migrate over the 

surface. The rate of migration is temperature and structure dependent. 
* 

It increases with temperature and decreases with the number and strength 

of bonds that a particular ad-atom must break when it moves from one 

adsorption site to a neighboring site. The energy required in these 
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migrations from site to site is measured by the depth of the potential 

trough in which a particular ad-atorn is confined and is known as the 

activation energy for surface migration. 

It is convenient to define a quantity $ as the fraction of 

available surface sites covered by adsorbate. Hence, when 9 equals 

one, the surface is covered with a monolayer and every available site 

is occupied. The number of available sites per square centimeter will 

vary from one crystallographic plane to another and will also depend 

on the relative size of adsorbate and adsorbent particles. There are 

usually on the order of 10 to 10 sites per square centimeter of 

adsorbent. The probability of an impinging gas particle finding an 

adsorption site is also of interest. The ratio of the number of parti

cles adsorbed to the number of incoming particles is defined as the 

sticking coefficient and is designated as a. Typical valueŝ ) are 

between 0.1 and 0.5 and decrease witk coverage. 

1.7 Surface Defects and Impurities 

If the surface of the toatal sample were a perfect periodic 

structure each adsorption site would have the same potential energy. 

Homogeneous surfaces of this type are normally assumed in theoretical 

adsorption studies. These surfaces are never actually achieved experi

mentally. Hence, an adsorbed particle will actually encounter a surface 

with a non-uniform variation in potential energy. From the discussion 

of the different packing densities on different crystallographic planes 

given in Section 1.3 it is clear that .variations will occur even if, the 

FEK sample is atomically perfect. The possible deviations from this 



17 

perfect structure which are related to the present experiments will be 

briefly discussed. 

Atomic or structural imperfections are most readily identified 

by their dimensionality, i.e., point, line, or plane (surface). Point 

defects may be due to impurity atoms, vacancies, interstitials or a 

combination of these defects. A dislocation intersecting a surface is 

an example of a line imperfection. Examples of plane or surface imper

fections are grain boundaries, twin boundaries and stacking faults. 

The observation of point defects is beyond the resolving power of the 

FBI. However, plane imperfections and large dislocations can sometimes 

be identified. It was hoped at the beginning of this project that the 

FBI could be used to correlate the effects of these imperfections on 

the adsorption process. However,'during the past two years only one 

large defect, a grain boundary, was resolved. (Fig. 17.) Work along 

these lines is being carried out by George and Steir̂  ̂and requires 

the Field Ion Microscope with a refractory emitter. The possibilities 

of using this technique on copper will be discussed in the concluding 

chapter. 

A characteristic and at first striking feature of surface 

phenomena is the fact that quite often minutely small quantities of 

additives can produce considerable changes in the physical and chemical 

properties of a substance. This behavior of surface phenomena has often 

been visualized in terras of painting a room. In order to change the 

characteristics of the room, it takes an incomparably smaller quantity 

of paint to cover the walls than is necessary to fill the same room 

completely or even partly. 
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Modern metallurgy makes wide use of the effect of minor 

additions on the properties of metals. Quite often modifier atoms 

are introduced to another metal in quantities ©£ one atom to 1,000 

or 10,000 and sometimes even greater numbers of the basic component 

atoms. It doe8 not seem very likely that such low concentrations of 

modifier atoms in a bylk phase will significantly change the type of 

crystal lattice or its basic physical properties. Especially, if 

foreign atoms are separated from one another by a hundred or even ten 

of the atoms of the original material. However, it is found that mea

surable changes actually do occur in the melting point, conductivity, 

magnetic properties, etc. even though the structure of the basic cry

stal lattice is relatively unaffected. The explanation for these 

changes often lies in the role of the free surface in altering the 

(27) 
bulk properties of a crystal. It has been shownx ' that the structure 

and condition of this surface can alter many properties of the crystal. 

-This is being put to great technological use in today's semiconductor 

device industry. 

Minor impurities would also have a strong influence on the pjro-

(28) 
cess of nucleation and growth of crystals. It is generally believed 

that Impurity particles or line and surface imperfections are often 

(29) 
strongly preferred as nucleation sites. Turnbull has determined 

that diffusive processes should, in general, be much more rapid along 

grain boundaries than within the crystal. Also the history of crystal

line bodies is such that there is often a concentration of impurities, 

which might catalyze nucleation, at grain boundaries. Similarly, 
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dislocations should also be favorable sites for nucleation of crystal 

growth. This is precisely the mechanism discussed in Section 1.5 on 

(30) 
the nucleation and growth of whiskers. A,study by Piper and Both 

on zinc sulfide whiskers seems to confirm the influence of defects on 

the nucleation of phase transformations. They distinguish between 

perfect whiskers, those with a strength approaching the theoretical 

value, and imperfect crystals with a normal strength. It is found 

that imperfect crystals will transform from the hexagonal to the cubic 

phase at temperatures as low as 673°K (Tt •= 1373°K). Whereas the 

whiskers; which are presumably free from defects, do not transform at 

perceptible rates at temperatures below 1023°K. Hence, it appears 

that in this case the overcoming of the thermodynamic barrier to nucle-

(29) 
ation of a new phase is due to a diffusion process along the defects 

present in the imperfect whiskers. Thus, there seems to be good quali

tative evidence relating the role of structural and impurity singulari

ties to the nucleation and growth of new phases and of crystals. Unfor

tunately, theories have not been developed which can quantitatively 

predict the nucleation probability of a specific type of singularity. 

Consequently in addition to the macroscopic thermodynamic 

criteria generally postulated in describing the above. effects., we must 

also .consider the role played by the micro structure of the surface 

layer. For example, the thickness, concentration of impurities and 

defect nature of the layer would be fundamental. 
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1.8 Phase Transitions 

Metals and alloys, like other crystalline bodies, exist 

quite often in more than one "crystalline modification" and have 

different types of structure. The occurrence and stability of any 

particular modification can, in principle, be predicted by thermo

dynamics . As discussed below in Section 2.4, the different crystalline 

forms are, (from the point of view of thermodynamics) different phases 

of the same substance having different thermodynamic constants. The 

crystalline phases can transform into one another and can be in equili

brium with one another under certain conditions. This is similar to 

what takes place, for example* in the change between the solid 

(crystalline) and liquid phases. 

In an ordinary phase change, which is called a transition 

of the first order, the Gibbs free energy remains a continuous 

function of the intensive parameters, while the first derivatives of 

the free energy, e.g., entropy, volume, etc. are discontinuous. In 

the case of a second order transition both the Gibbs free energy and 

its first derivatives with respect to the intensive variables are 

t 

continuous4 but the second derivatives, e.g., specific heat, suffer 

a discontinuity. The allotropic transformations of metals and alloys 

would, therefore, be first order transitions. Normally Gibbs' phase 

theory is used to provide a thermodynamic framework for attacking the 

problem which is supplemented by more specific experimental Informa

tion. For example, the magnitude of the energy barriers separating 

different phases can often be determined from measurements of the 
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temperature dependence of specific heats and other experimentally 

determined properties of the crystal. 

It is well known that at Q°K -the phase of lowest internal 

energy of all substances, except helium, will be crystalline. Un

fortunately, determining the relative internal energies of different 

crystalline phases of the same substance is not as self-evident since 

it quite difficult to isolate the governing physical parameters and 

determine their influence on the free energy. The problem of calcu

lating the relative stability of different crystalline phases from 

the properties of isolated molecules has not been solved. Wigner and 

(31) 
Seitzx 'state that in order to solve this problem it is necessary to 

calculate the binding energies of the different crystalline arrange

ments with an accuracy of better than one per cent. The properties of 

certain solid state transitions have been collected in Table II in 

order to compare the differences in internal energy of crystalline 

phases of a substance with the binding energy of the substance. It 

is seen that the changes in heat content are at most one per cent of 

the corresponding heats of sublimation or 25 per cent of the heats of 

fusion. Therefore, any attempt at formulating criteria which would 

predict the stable phase of a substance and its dependence on tempera

ture, pressure and crystal size would have to be amply confirmed by 

experiment. 

In the present experiments the situation is further compli

cated by the extremely small size of the crystals being studied. 

Quantitative data is difficult if not impossible to obtain. Also, in 
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bulky macroscopic bodies the surface energy is only a small addition to 

the total value of the Gibbs free energy, however, in cases where the 

surface to volume ratio is high, e.g., in whiskers or thin films, the 

role of the surface energy becomes increasingly important in influenc

ing volume effects. Hence, it is impossible to calculate the total 

value of the free energy without taking into account the contribution 

of the surface energy. This problem will be dealt with in considerable 

detail in Section 2.4. 



CHAPTER TWO 

THEORETICAL CONSIDERATIONS 

2.1 Electron Emission From Solids 

Electron emission phenomena can best be visualized by consider

ing the one dimensional potential barrier model illustrated in Fig. 1. 

As discussed qualitatively in Section 1.2 above electrons at the Fermi 

level can be extracted from the metal..thermionlcally or photoelectri-

cally merely by adding enough energy to enable the electrons to surmount 

the barrier. In these instances the barrier is essentially unchanged. 

When high fields are applied the classical barrier is distorted. Quan

tum mechanical techniques are then used to explain the resulting 

tunneling of electrons through the barrier. 

The problem of predicting the emission current density was first 

solved theoretically by Fowler and Nordheim̂  ̂in 1928 using the simp

lified barrier shown in Fig. lb. The effect of an image force on the 

(32) 
potential barrier was added by Nordheim in a later paper. The 

mathematical complexity of the problem was considerably reduced with 

(33) 
the advent of the WKB approximation for barrier penetration. An 

excellent modern derivation of the Fowler-Nordheim equation utilizing 

the WKB approximation is given by Good and Muller̂ . In the present 

paper, since we are principally concerned with evaluating experimental 

data, we shall follow a simplified plausibility argument, due to 

Gomer̂ 3̂ , rather than attempting a detailed derivation of the rather 

23 
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complex Fowler-Nordheim equation. The equation will then be discussed 

in the light of its dependence on work function, applied field and 

emitter geometry. 

The emission current density for a surface at 0°K is found by 

evaluating the following integral 

J - 5 DC®*) dEx (D 
00 

where N(Ex) is the supply function and D(Eg) is the penetration coeffi-

(35) 
cient. Since it has been found experimentally . that raost of the 

emitted electrons originate from the top of the Fermi level, we can set 

Ex • [i • constant in the expression for the supply function. Hence, the 

supply function may be removed from the integral. Then by taking the 

probability of barrier penetration to be that given by the WKB approxi-

(33) 
mation we must now evaluate 

J • N(n) A' exp f-2<T>2 j <v • >hc>7 (2) 

where m is the particle's mass, It Planck's constant divided by 2a, Eg 

the kinetic energy,. V the potential energy, £. the width of the barrier, 

and A' and G are constants. The integral may be approximated by calcu

lating the area under̂ he square root of the triangular barrier in Fig. 

lb. This area is  ̂ and Eq. (2) then assumes the simplified 

form 

3/2 

J = A exp I - ~r- } (3) { -v  
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where A and B are constants. Note that we are evaluating the square 

root of V - Ex as the integrand in Eq. (2) and the resulting barrier 

1 • 
will have a height • , base —- and will only approximate a triangle. 

6 F 

A more rigorous derivation leads to the sane general type of equation 

which is expressed as follows: 

1 

(E) 2 ' 3 

W -2 

H + • 
F* exp } - JLi7 \ (4) 

5 
where a and b are constants and J is in amps per cm. It is seen that 

the heuristic derivation presented above gives the same type of depend

ence. That is, the logarithm of field emission current is dominated by 

the exponential term and varies inversely as the applied field and as 

the 3/2 power of the work function. Hence, the work function is the 

only material property that affects field emission of electrons from 

cold surfaces. The pre-exponential terms, except for the field, vary 

only slightly and are usually replaced by a constant A when evaluating 

current-voltage data. The Fowler-Nordheim equation is then expressed in 

the following simplified form: 

J-A* 2exp<-^ > (5) K) 
2.2 Work Function 

The work function is a property of surfaces which has received 

considerable study in electron emission phenomena. When the metal under 

investigation is the emitting surface in an FEM the condition of its 
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surface, i.e., clean or contaminated, can be judged from the observed 

emission pattern. Also, when the emitter is a hemispherical single 

crystal, field emission occurs, in varying degrees, on all crystal 

faces. Hence, it is possible to obtain data on the variation of work 

function with different crystallographic directions simultaneously, 

under identical experimental conditions. In addition, observations 

may be made over a wide range of temperatures, whereas in thermionic 

emission experiments are limited to relatively high melting point 

metals. 

Much has been learned from field emission work function data. 

A brief discussion of how the Fowler-Nordheim equation is applied in 

this direction will follow. It has been established̂  ̂that plotting 

of Eq. 2.1.5 will lead to linear semi-log plots over a wide range of 

emission currents. The slope, a , of the log versus  ̂graph is 

derived by differentiation of the logarithmic form of Eq. 2.1.5 as 

follows: 

d<lo8l0 F2> 3/2 

a m - •- • a constant x $ (1) 

« < ? >  

The constant in Eq. (1) Is actually a function of the variation 

in field strength intensity along the emitting surface, but has been 

(37) 
tabulated by Burgess, Kroemer and Houston and is found to be close 

to unity for the ranges of field strengths normally encountered in field 

emission experiments. 



27 

It is convenient in practice to record, i, the emission current, 

and, v, the applied voltage. J and F are then derived from the relation-

ships 

J i » J JdA (2) 
A 

F - PV (3) 

where i is in amperes, A is the emitting,area in square centimeters, 

V is in volts and £ is a geometric field factor in cm"*" which is a 

measure of the departure of the emitting point from a perfect sphere. 

The exact determination of the field factor, {3 , and emitting area,, 

A, is an extremely difficult procedure (see the review article by 

(36V 
Dyke and Dolan ), which makes the use of Eq. (1) for absolute deter

mination of work functions questionable even under the best of experi

mental conditions. The situation can be considerably improved upon if 

(2) 
the surface can be viewed in field ion emission , but will not be 

discussed further because at present copper has not been used in the 

field ion microscope. We shall assume that A and B are constants un

less stated otherwise in the text. 

In the present report we shall use Eq. (1) in order to estimate 

the change in work function on a copper surface before and after expos

ure to an oxygen atmosphere. The change is found by assuming a value 

(38) 
of •q » 4.5 eV for the clean FEM pattern, finding the initial and 

final slopes, Oq and a , from the Fowler-Nordheim plot, and using the 

relation 
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2/3 

* - *o (4) 

A typical graph illustrating the use of this equation is shown 

in Fig. 18. This procedure assumes that an initial average value of 

the work function, , may be used to describe a surface that is not 

uniform but is actually a series of patches. 

The average work function change may also be conveniently 

estimated by recording the voltage required to yield the same emission 

current before and after exposure to oxygen. This method has been 

(3g\ 
used by Klein ' and yields the simplified relation 

2/3 

<5> 

by equating Eq. 2.13 before and after exposure and neglecting the possi

bility of change in the constants A and B. In addition to the assump

tions required for Eq. (4) this procedure is more sensitive to the mi

croscopic changes in emitting area which occur on adsorption. The 

applicability of these equations will be discussed more fully in the 

chapters following. 

2.3 Activation Energy 

As discussed in Section 1.6 it is possible for a surface atom 

to receive sufficient energy to break some of the bonds with its nearest 

neighbors. Evaporation is impossible unless all bonds are broken, but 

it may be possible for the atom to move across the surface to a new loca

tion by the mechanism known as surface migration. This migration may 
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be initiated and directed by forces originating in gradients of tempera-

described the two basic methods which have been applied to quantitative 

migration studies by means of the FEM. Muller measured the time rate 

of change in emitter geometry and he also measured the rate of flow of 

surface particles which have changed the emitter work function. 

The energy required in activated diffusion processes such as 

migration, evaporation, adsorption, etc. is generally calculated by 

means of the Arrhenius equation 

where K is the velocity constant for the reaction, Qg the activation 

energy, Kq a constant corresponding to the rate at infinite temperature, 

T the temperature, and R the gas constant. What is usually done in FEM 

experiments is to record the time necessary for a reproducible pattern 

change to form at a specific temperature. The process is repeated at 

various temperatures and Eq. (1) is applied to the data. The slope of 

a log time versus 1/T curve yields Qa, the activation energy for the 

particular process under observation. The technique does rely on the 

ability to reproduce a certain identifiable FEM pattern. This is read

ily established on tungsten, for instance, but on metals with lower 

melting points the effect may not be reproducible. Difficulties encoun

tered in the. present experiment will be discussed in Section 4.4 on 

quantitative results. 

ture, electric field and chemical potential. As early as 1938 Muller 
(40) 

(1) 
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2.4 Phase Equilibrium and Surface to Volume Effects 

A phase may be defined as any homogeneous part of a system that 

is physically distinct and is separated from other parts of the system 

by definite bounding surfaces. To be more explicit, consider the case 

of a material boundary between two phases. Let the area of the surface 

of separation be designated by A and consider the process of reversibly 

changing this area by the infinitesimal amount dA while keeping the inr 

tensive parameters constant. The work done in such a process is propor

tional to dA and is given by 

dW = Y dA (1) 

The quantity y defined in this way represents a fundamental character

istic of the surface of separation and is called the surface energy 

per unit area. Equation (1) corresponds exactly to the formula dW « 

PdV for the work done in a reversible change of volume of the body. Hence, 

y is related to the surface in somewhat the same manner as the pressure 

is to the volume. One can speak of the quantity y only when the two 

phases are in equilibrium with one another and a stable surface of 

separation exists between them. Therefore, the surface tension has a 

meaning only on a phase equilibrium curve. 

Whereas the surface tension is a vector quantity with the units 

of force per unit length, we can also speak of the energy required to 

produce a unit area of new surface. This quantity is called the surface 

free energy and is a scalar. For a liquid the surface tension is numer

ically equal to the surface free energy. Since a liquid will not support 

shear forces, surface stresses are relieved by a local rearrangement of 
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its atoms. However, in a solid with long range order this is not the 

ease. An attempt to shear the soli£ will result in an irreversible 

movement of the constituent atoms requiring a finite critical shear 

stress. Another factor affecting the surface energy of a solid is the 

presence of dislocations which introduce shear stresses. Hence, the 

change in energy brought about by surface forces consists of two terms, 

one due to a change In surface energy and the other to a change in 

energy of the dislocations. 

The experimental work on the surface energy of solids is scarce 

and much of It of very doubtful accuracy. One method is to determine 

the surface tension of the material in the molten state at different 

temperatures and then extrapolate these values to 0°K. This technique 

obviously neglects the structural difference between the solid and the 

liquid melt. However, since these experimental values are available an 

attempt! will be made to correlate the effect of crystal size, i.e., 

surface to volume effects, on the surface tension thermodynamicslly. 

Structural effects and the inherent inhomogeneity of the surface will 

of necessity be neglected. 

The Gibbs function for the system under consideration may be 

defined as: 

G - H - TS - yA (2) 

or 

G • ZjijUi (2a) 

t*h 
where nj. * number of moles of i chemical component of system 

Hi • chemical potential of 1̂  component 
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From the first and second laws of thermodynamics the change in potential 

(internal) energy arising from any reversible infinitesimal displacement 

of the system is given by 

dU « TdS - PdV H-Zmdni + y dA (3) 

where the surface energy has been incorporated by including Eq. (1). 

Differentiating (2) and combining with (3) yields 

dG • -SdT + VdP + 2 (i jdn£ - Ady (4) 

The chemical potential at constant temperature, pressure and surface 

tension is given by 

< i<>, =fi «>. 
"i T,P,Y 

Now consider the chemical potential as consisting of two 

o 
terms. First, we have fcbe bulk value or the value for zero surface. 

Secondly, there is a contribution m̂ (A) which is a function of the 

surface area A. , 

• Hi + Hi (A) (6) 

The quantity ̂ l̂ (A) is expressed in a manner analogous to Eq. (1) only 

here we have the.surface energy per mole. Hence, Eq. (6) may be 

expressed as 

Hi - H° + Y (7) 

An estimate of the order of magnitude of this surface energy 

contribution to the chemical potential will be made for a long 
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cylindrical crystal of length 1/ and radius a. That is, we are approxi

mating a whisker by a cylinder. The area and volume of the crystal are 

A • jtâ  + 2?ta X ~ 2«a X (8) 

V - «a2yt (9) X 
We proceed to find 

dA dA _ 2ita 2Vm /i m  

dn 5v7v̂  m S? « (l0) 

where V is the molecular volume and the radius a is constant. 
is 

(41) 
Taking the. experimentally determined value of Udin et al 

for the surface tension of copper to be 1370 ergs/cm and assuming the 

whisker to be 100 \ in radius we find from Eq. (10) 

Ht(A) - 19.6 x 109 gg 

or (î (A) equals 468 calories per mole. Comparison yith the heats of 

crystalline transition.tabulated in Table £1 shows that the contribution 

to the chemical potential is the same order of magnitude as the energy 

i 
required for known phase transitions. 

The stability is determined by the phase with a minimum Gibbs 

free energy; An accurate calculation of the free energy is, however, 

impossible for a'solid. Hence, the: above analysis is able only to . 

illustrate the importance of the surface to volume ratio in small 

crystals and to give an estimate of the energies involved. A similar 
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o o 
calculation for a sphere of radius 100 A and for a cube of side 100 A 

give results within a factor of two of the cylinder, indicating that 

the actual geometric shape is not critical as long as the crystal is 

small. 

(42) 
B. 7. Pines and co-workers have observed experimentally 

that a phase transition does occur in certain metal thin films with 

decreasing thickness. He has shown by electron diffraction that in 

o 
vanadium films at thicknesses less than 50 A a face centered cubic 

modification appeared. Vanadium has a body centered lattice in bulk 

(43) 
specimens. He also makes reference to other Russian . work which 

reports on the occurrence of hexagonal nickel and silver and also of 

a complex modification of chromium and iron in thin films which were 

attributed to the fact that the film thickness was reduced below a 

critical value. No mention is made of experimental conditions. 

Therefore, the effect of. impurities on the structure of the thin films 

cannot be ascertained. Fines also gives an approximate formulation of 

the stability of different crystalline systems which have a large sur

face contribution to the Gibbs free energy. He shows that for film 

o 
thicknesses of the order of 100 A the free energy may be lower in a 

phase not normally observed in bulk specimens. His calculations 

are confirmed by the above mentioned electron diffraction studies 

and are taken as additional evidence that when one is dealing with 

extremely small samples the surface, to volume ratio may have a domi

nating influence on the Gibbs free energy of the system. 

The condition that the Gibbs free energy will be a minimum 

for a system in equilibrium at constant temperature, pressure 



and surface tension follows directly fro® Eq. (4). Fpr one-component 

systems we see from Eq. (4) that the state of the system is determined 

by the pressure, temperature and mole number, as long as the surface 

area remains constant. That is 

G - 9<*,T,-n) (5) 

Geometrically, 6 is represented in a three-dimensional system 

of coordinates vith g, P and T as axes, where g is the solar free 

energy. For each possible phase there will be a separate g(P,T) surface. 

The lowest surface is the one corresponding to the stable equlllbriua 

phase. If the stability relationships for different phases change with 

varying P and T then the above thermodynamic potential surfaces will 

intersect. This line of intersection will determine the critical values 

of the thermodynamic parameters. 

If it were possible to carry out quantitative measurements of 

the properties of- the sub micron whiskers of Interest in the present 

study, much could be learned about the thermodynamic prpperties of dif

ferent phases. Unfortunately, as already mentioned in Section 1.5, this 

was not possible in the present study. 



CHAPTER THREE 

EXPERIMENTAL PROCEDURES 

3.1 Vacuum 

The FEM illustrated schematically in Fig. 5 has an all pyrex 

glass envelope and was subjected to the following treatment in order to 

achieve a vacuum in the low 10"̂  torr range. The FEM together with 

a Bayard-Alpert ionization gauge, oxygen leak, Vaclon pump and titanium 

getter was pumped down to 10"̂  torr by an auxiliary oil diffusion pump. 

Oil.vapor was prevented from entering the system by a liquid nitrogen 

cold trap. The FEM assembly was then baked out for 24 hours at 450°C. 

After bake out all metal parts were electrically heated and outgassed. 

The ionization gauge grid was also outgassed during bakg. out. After an 

additional 12 hours at 450°C the system was pinched off from the diffu

sion pump - cold trap assembly. A one liter per second Vaclon pump, 

manufactured by Varian Assoc.,. Palo Alto, Calif., thep brought the 

pressure' down to 2 x 10~' torr. The final vacuum of 2 x 10 ̂  torr 

was achieved by flashing a titanium getter. 

3.2 Crystal Growing 

The copper vapor source was made in either of two ways. If 

the copper was in wire form, it was wound around a 0.020 in. diameter 

tungsten loop. Copper in rod form was cut into small piepes and spot . 

welded to the same diameter tungsten. The tungsten loop was electri

36 
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cally heated to about 800-900°C to provide a flux of copper vapor in 

the vicinity of the substrate. Temperature measurements were made with 

an optical pyrometer or estimated visually. The substrate consisted 

of a loop of tungsten or platinum wire of 0.010 in. diameter with a 

0.005 in. diameter point of the same material spot welded to the loop. 

The point was etched to provide a small gradient in temperature and 

also to provide a variation in the surface geometry of the substrate 

material. The platinum and tungsten were electrolytically etched at 

1-5 volts AG in molten sodium chloride and potassium hydroxide respec-

o 
tively. Subktrate temperatures were usually kept between 600-800 C. 
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The pressure during whisker growth was kept below 5 x 10 torr unless 

stated otherwise in the text. Growth times varied from one to three 

minutes to several hours depending on the temperatures of the source 

and substrate and also on the condition of the substrate surface. A 

well annealed surface did not provide a good substrate for initiation 

df whisker growth. This was presumably due to the absenee of disloca

tions and surface defects at which the whiskers will generally nucleate. 

Flashing the substrate in a partial pressure of 1 x 10~® torr of oxygen 

would invariably provide a surface that was quite favorable for whisker 

growth. 

After a whisker growth cycle, the substrate was cooled down to 

room or ,liquid nitrogen temperature. If the pressure had risen during 

growth the system was allowed to pump down to below 10 torr again. 

However, after the first dozen growth cycles the pressure did not rise 

during evaporation. 
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3.3 Whisker Observation 

A positive electrostatic field in the range 4 - 20 kv was then 

applied to the screen through the anode lead as shown in Fig. 5. The 
i 

evaporator loop was also kept at screen potential. If only a few 

whiskers had grown, they usually had different radii of curvature and 

would therefore appear at different voltages. However, there were some

times up to a dozen whiskers appearing at a single time. If there were 

too many whiskers appearing at once, the one with the most structure 

was chosen and "nursed" through a moderate heating, field desorption and 

reverse field cycle such that the other whiskers disappeared or did not 

interact with the whisker chosen for study. 

Photographs were taken with a model 37 Tower 35 nan camera. Tri-X 

film and exposure times of 1/15 to 10 sec. were required depending on 

the emission current and applied voltage. Accurate exposure times 

(44) 
could be readily obtained using a calibrated field emission photometer 

3.4 Electrical Measurements 

Total emission currents were measured with an RCA model WV-84 

ultra-sensitive dc microammeter. The high electrostatic anode potential 

necessary for field emission was supplied by either of two dc power sup

plies. Below 15 kv a Spellman 0-15 kv model PN-15 power supply was used 

while a 0-30 kv model FN-.30 was used for higher potentials. High voltage 

measurements of the potential of the screen with respect to ground were 

made with a Sweeney model 1170 kilo voltmeter. 

The recording of data was very simple when a single whisker was 

emitting. The change in emission current with applied voltage was 
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recorded with the above mentioned microammeter and kilo voltmeter before 

and after the whisker was exposed to oxygen. The change in work func

tion was then determined ftom the Fovler-Nordheim equation as discussed 

in Section 2.2 above. Difficulties encountered with multiple whisker 

measurements will be discussed in Section 3.6 below. 

3.5 Oxygen Leak 

Pure oxygen was admitted to the ultra high vacuum system via a 

heatable silver tube. The silver tube oxygen leak, manufactured by K 

and B Glass Apparatus Company, Schenectady, New York, was heated to above 

500°C while air was passed through a surrounding jacket. The silver then 

selectively diffused pure oxygen into the FEM tube at these elevated 

temperatures. At room temperature the silver tube was leak tight. The 

rate of flow of oxygen into the system could be monitored by changing 

the input power to the silver tube. The purity of the oxygen was checked 

with a Consolidated Electrodynamics Ccrp. model 21-612 residual gas ana

lyzer. No trace of gas other than oxygen was detected. The sensitivity 

of the instrument was such that a partial pressure of 1 x 10 torr of 

a gas such. as nitrogen could be detected. 

3.6 Oxygen Chemisorptioh 

A typical oxygen on copper whisker sequence would be carried 

out as follows. Once the pattern from a clean, readily indexed, 

whisker was obtained as described in Section 3.3, Fovler-Nordheim data 

were recorded. However, these data were not always reliable since 

other whiskers very often suddenly appeared during the current-voltage 

measurments. Questionable data, indicated by gross deviations from a 
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linear loĝ g ( ) verse 1/V plot, were discarded. 

The voltage necessary for 2 micro amps emission current was 

usually chosen and maintained throughout the experiment. Another 

technique was to maintain the current at a convenient value of, say, 

2 micro amps and measure the change in voltage with increased exposure 

to oxygen. The latter method wais not generally used because of the 

occasional appearance of an undeslred whisker pattern brought on by the 

increased field. 

Once the Fowler-Nordheim data were recorded, the background 

pressure established and photographs taken of the clean pattern, the 

oxygen leak was put into operation. Initially the electric field and 

the ion gauge were turned off while oxygen was being admitted to the 

system. This was done in order to eliminate the possibility of their 

interacting with the experiment. However, it was later determined that • 

the results were independent of these effects. Photographs were then 

taken at specific intervals corresponding to a change in the partial 

pressure of oxygen in the tube. The change in emission current was 

also recorded. This procedure was continued until the emission current 

no longer changed with increasing oxygen pressures. At pressures 

above 1 x 10torr the system was not operated in field emission due 

to the danger of destroying the tip by positive ion bombardment. In 

such cases the oxygen was pumped out and the whiskers were observed 

under better vacuum conditions. Finally a new set of Fowler-Nordheim 

data were recorded for the oxygen covered whiskers. 



CHAPTER FOUR 

EXPERIMENTAL RESULTS 

4.1 Crystallograph of Whiskers 

Whisker crystals have been grown in an FEM tube at background 

-9 
pressures of 10 torr. The FEH patterns are illustrated in Figs. 6 

and 7. The patterns indicate the presence of both fee and bcc structures. 

The elongation of the patterns is stoat likely due to the proximity of 

the wire substrate and its effect on the symmetry of the electric field 

at the tip. A more symmetric bcc pattern is illustrated in Fig. 8a. 

The various crystal planes have been indexed by means of the syametry 

considerations discussed in Section 1.3. The crystal structure has been 

determined from the expected variation in emission current densities and 

also by comparison with FEM patterns from other bcc metals. 

The whiskers maintained the same crystalline form under various 

thermal and electric field treatments. Fig. 8b illustrates the build up 

on the 2̂1l} planes due to heating the whisker to about 500°C with the 

field applied during heating. At temperatures below 600°C the process 

is reversible and the build up can be removed, see Fig. 8c, by heating 

• in the absence of an external field. Photograph 8d of this sequence 

shows the change in work function due to oxygen adsorption. This will 

be discussed in detail in Section 4.3 below. Over 80 bcc whiskers were 

observed on three different tungsten substrates in separate FEM systems. 

41 
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If a platinum substrate is used the resulting PEM patterns can be 

identified as fee in all cases. Fig. 6 shows the FBI patterns from two 

fee whiskers. The fee whiskers are always (110) oriented while the bee 

whiskers are either (100) or (111) oriented. The numberof crystal 

planes visible is usually much greater for the bee patterns.. (Figs. 6a 

and 7a.) The larger number of surface planes is indicative of thicker 

whiskers in the case of bcc patterns. 

The occurrence of fee whiskers is also found to depend on the 

purity of the copper vapor souce. The spectrographic analyses of the 

copper wire and copper rod used as source materials are given in Tables 

111 and IV. The level of detectable Impurities is above 50 and below 3 

parts per million for the wire and rod respectively. All whiskers grown 

from the copper wire on tungsten substrates were bcc. However, it is 

found that both bee and fee whiskers could be grown on a tungsten sub

strate if the copper rod is used as a vapor source. The number of fee 

whiskers observed is far below that of the bcc form. Also the growth 

conditions appear to be extremely critical for the fee whiskers. 

4.2 Impurity Atoms and Surface Overgrowth Formation 

Since the field emission current is extremely sensitive to the 

presence of impurities the whiskers were subjected to various teapera-

ture and external field conditions in an attempt to "sweat" impurities 

out to the surface where they could be observed. The sequence of photo

graphs in Fig. 9 illustrates the striking changes which occur when what 

we believe to be impurity atoms emerge on the surface and form as over

growth or surface phase. Fig. 9a is the room temperature FEM pattern 



from a (111) oriented bee whisker. If the whisker is heated to 500°C 

in the presence of an applied field, the FEH pattern changes signifi-

cantly to that shown in Fig. 9b. There is a noticeable rearrangement 

of the surface with a field induced build up of the {21l} planes. 

The initial pattern shown in Fig. 9a is obtained when the heating is 
r 

carried out in the absence of a field. This is exactly what occurred 

on heating in the sequence illustrated in Fig. 8. 

Further heating to 800°C in a field of 18,000 volts not only 

greatly exaggerates and expands the build up but also gives evidence 

of the presence of a surface overgrowth on the {ill} and {l00} 

planes. If the whisker is observed at this high temperature, there is 

a very sharp boundary noticeable around the {211} and {110} planes. 

If a room temperature whisker is flashed to 900°C and then observed 

again at room temperature the surface overgrowth still persists, as 

shown in Fig. 9d, but the boundary is more diffuse exhibiting a certain 

amount of encroachment of the {2ll} and {lio} planes. 

The impurities which have been "sweated" out to the surface show 

a preference for the {ill} and -{lOO} planes. The greatly enhanced 

electron emission from these'planes is due to a local enhancement of the 

electric field at the surface overgrowth formed by the impurity atoms. 

Figure 10 shows that the formation is independent of the orientation of 

the emitting whisker and proceeds in uniform fashion on all six whiskers 

shown. A more magnified picture of (the surface phase formation is given 

in Fig. 11. The complexity of the build up phenomenon is also illus

trated in Fig. 11 by a close examination of the high index planes 
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surrounding the central (100) plane. In Figure 11a the 1̂14J planes 

are quite large and the 0̂13} planes are just barely discernible, 

whereas in Fig. lib the 0̂13} planes are distinct and are only slight

ly smaller than the 114J- planes. Comparison of the build up phenomena 

on the whiskers in Figs 8b and 9 b points out this inconsistent Migra

tion in a more striking manner. All body centered cubic whiskers which 

were able to withstand the high field and temperature treatment behaved 

in identical fashion (Fig. 10.) Surface overgrowth formation was never 

observed on face centered cubic whiskers. 

On one occasion while this surface overgrowth formation was being 

o -3 
observed at about 800 C, 12 kv and 10 torr, the emitting tip flashed, 

indicating the whisker had ruptured, and for an instant the normal 

untreated room temperature bcc pattern reappeared on the screen at the 

same voltage. The pattern immediately changed back to the equilibrium 

surface overgrowth form that was being observed before the tip flashed. 

Unfortunately, this all happened too quickly to be photographed. Possible 

interpretations of this event will be discussed in Chapter 5. 

The surface overgrowth formation is an irreversible one in that 

once it has formed the original PEM pattern can not be re-established by 

flashing to higher temperatures in the absence of an external field. 

4.3 Cheiaisorption of Oxygen (Qualitative) 

- The results of the effect of crystallographic orientation and 

structure on the qualitative mechanism of oxygen chemisorbing on copper 

whiskers will be presented in this section. Six sequences of FEM photo

graphs will be described corresponding to substrate temperatures of 78°K, 
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300°K and 600°K for each of the two types of whiskers observed. The 

photographs presented here represent a snail percentage of the total 

number taken and were selected because they illustrate the general 

mechanism over a wide range of temperatures. 

A. Oxygen on Body Centered Whiskers 

It was briefly mentioned while discussing Fig. 8 that the 
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presence of as little as 5 x 10 torr of oxygen will considerably in

crease the work function of the £llo} planes on a bcc whisker, see 

I 
Fig. 8d. Further exposure of this pattern to oxygen was not possible 

because the whisker ruptured shortly after the above photograph was 

taken. Figure 12 shows a complete sequence at a substrate temperature 

o -10 
of 300 C. The initial pattern was observed at 3 x 10 torr and cor

responds to an uneontaminated surface. The bright spot on the extreme 

left of the pattern is stray emission from another whisker which could 

be observed at higher voltages. This contribution to the total electron 

current measured invalidated the applicability of the Fowler-Nordheici 

equation. Consequently, work function change measurements were not 

possible on this and 75 per cent of the oxygen on bcc whisker runs made. 

That the work function did increase, however, is well'established by the 

decrease of three orders of magnitude in the measured current. Figure 

12b shows that once again the £llo} planes have selectively adsorbed 

the initial dose of oxygen. Figure 12c shows that further exposure leads 

to a spreading to the -̂ 100} and -̂ 211 j planes. The final'end form 

pattern is reached shortly thereafter with the emission coming entirely 

from the -£lll| planes. Exposing this whisker to 10torr of oxygen 
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does not appreciably change the emission current or the FEM pattern. 

The oxygen coverage in Fig. 12d is estimated at 80 per cent of a mono

layer based on a graphical evaluation of the percentage of the FEM 

pattern which is significantly changed due to the presence of oxygen. 

The variation in sticking coefficient with temperature is pre

sented in Table V. The variation is from 0.5 at 600°K to essentially 

unity at 80°K. The values are estimated from the time necessary to 

achieve the end form patterns shown in Figs. 12d, 13b and 13d. A typi

cal calculation will be presented in Section 5.3. 

The above sequence of oxygen chemisorption, first on the {lioj , 

thence on the an<* /̂ ll} planes, with an end form pattern show

ing emission only from the (ill} planes was followed in each of the 

23 runs made. Figure 13 shows that the orientation of the pattern, 

(111) oriented in 13a and (100) oriented in 13c, and the substrate 

temperature, room temperature in 13a and liquid nitrogen temperature 

in 13c, had no effect on the nature of the oxygen chemisorption cycle. 

It was also' found that leaving the whisker shown in Fig. 13b exposed 

to an ambient of 5 x 10 ̂  torr of oxygen for a period of 18 hours did 

not appreciably alter the FEM pattern or the current density. 

B. Oxygen on Face Centered Whiskers 

The behavior of the fee whiskers when exposed to oxygen is 

radically different from the effects discussed above on bcc whiskers. 

Two principal differences are in the dependence of electron emission 

current on adsorption and the corresponding change in relative emission 

from the different crystallographic planes. Figure 14a is the FEM pattern 

from a clean (110) oriented fee whisker at 78°K. The adsorption sequence 
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presented in Fig. 14 proceeds as follows: initially, Fig. 14b, the 

oxygen is taken up along the zone lines extending from the -£lll} 

-8 -8 
planes. There is an increase in emission from 3 x 10 amps to 5 x 10 

amps during this interval. Further exposure to oxygen in the 10 ̂  torr 

range for 28 minutes, Fig. 14c, again slightly increases the emission to 

8 x-10 ® amps. Now the whisker is emitting quite symmetrically over the 

respective crystallographic planes indicating that the tip has fairly 

clean, flat, low emitting "flllj and {lOoJ planes surrounded by 

oxygen, or possibly copper oxide, covered hillocks on the -̂ Hoj" regions. 

These geometric high points increase the local field and consequently 

enhance the electron emission. 

The whisker was then exposed to an oxygen pressure of 2 x 10 -

torr over a period of 60 minutes. The emission current remained constant 

and the size of the {m} anc* l̂ooj- planes remained unchanged. Hence, 

once the FEM pattern in Fig. 14c is obtained the initial chemisoption is 

completed. 

At higher temperatures the behavior is quite similar, Fig. 15, 

in that the emission increases slightly and the dark '{ill} and ĵ iooj 

planes are encroached upon by the surrounding oxygen layer. At 300°C 

the effect is more extreme in that the {ill} and {lOOjf planes are 

barely identified, see Fig. 15d, after an oxygen exposure of 1 x 10 ̂  

torr for 50 minutes. In this particular run the emission current only 

-8  -8  
increased from 5 x 10 amps to 7 x 10 amps indicating that once again 

it is a distortion of the surface effecting the emission. In Fig. 15d 



48 

there seems to be a smearing out of the non-homogeneity of the atomic 

-4 
surface. This whisker was later exposed to an oxygen pressure of 10 

torr for two hours and then observed at 10"̂  torr and the pattern was 

essentially unchanged. The results on a fee whisker at room temperature 

are consistent and showed the same dependence on surface rearrangement. 

Figure 16 shows a room temperature whisker before and after exposure to 

-6 
1 x 10 torr of oxygen for 30 minutes. 

Figure 14d presents evidence that the oxygen or copper oxide 

cover on the {110} regions is weakly bound. Here the pressurê . has 
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slowly recovered to 3 x 10 torr while the tip warmed up to room temper

ature during liquid nitrogen boil off. The emission current dropping off 

to 4 x 10"8 amps and the enlarging of the {ill} and £100} planes 

indicates that these planes have been partially cleaned, i.e., the oxygen 

cover has receded towards the {llO} planes. 

Estimates of sticking coefficients are not as straight forward 

as those for the bcc whiskers because of the extremely small and usually 

distorted FEM patterns. However, rough estimates have beensiade and it 

is found that the value varies between 0.03 at 80°K and 0.005 at 600°K 

These values are presented in Table VI. 

4.4 Chemisorption of Oxygen (Quantitative) 

It was only possible to quantitatively obtain the change in work 

function due to adsorption of oxygen for the bcc whiskers. The current-

voltage data is plotted in Fig. 18 according tor the methods described in 

Section 2.2. The results of this plot lead to a value of 0.76 electron 
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volts for the change in work function due to oxygen adsorption. Thr6e 

other Fowler-Hordheim curves give results between 0.72 eV and 0.78 eV 

over certain regions of the plot. 

The simplified form of the Fowler-Hordheim equation is found 

not to be applicable in the ease of the extremely fine fee whiskers. 

However, the change in work function is estimated to be of the order 

of 0.1 eV (see Section 5.3 below) for the fee whiskers. 

Attempts at determining activation energies for surface migra

tion of the impurity component in bcc whiskers were unsuccessful. 



CHAPTER FIVE 

DISCUSSION OF RESULTS 

5.1 Observation of Anomalous Crystal Formations 

A. Discussion of Present Results 

It has been found in the present study that FEM patterns 

obtained from whiskers grown from a copper vapor source onto a 

tungsten substrate can be identified as bcc crystals. The structure 

of the whiskers is determined by the symmetry and emission intensity 

considerations discussed in Section 1.3. For example, in Fig. 8a 

the } and {noj planes are identified by their 

three, four and two fold symmetry respectively. The £211 } -pi anes 

are located at 45° or half way between two 1̂10̂  planes. The 

order of increasing electron emission intensity corresponds to that 

for a bcc crystal (Section 1.3 and the tungsten FEM pattern in Fig. 2a). 

Similarly the patterns in Fig. 6 are identified as those corres

ponding to fee crystals. Additional evidence of the bcc structure 

is presented in Fig. 8b. This pattern is almost identical to those 

observed in studies by Bettler and Charbonnier(̂ ) when tungsten is 

heated to above 1400°C in the presence of an external field. It is 

reasonable to believe that the build up of the  ̂211J planes is 

characteristic of many body centered cubic materials. The stability 

of the structure during build up and surface phase formation is an 

indication that the bulk structure is also bcc. More convincing 

50 
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evidence of the bulk structure being bcc is provided by the event 

described in Section 4.2 where a heat treated* whisker ruptured and a 

clean bcc pattern reappeared in its place. 

Since fee whiskers were always observed on a platinum substrate 

it is tempting to conclude that the whiskers assume the structure of 

the substrate material when they are nucleated and are able to maintain 

the same structure throughout the entire length of the crystal. However, 

the level of detectable impurities in the copper vapor source is also 

found to influence the occurrence of fee whiskers on tungsten. The 

possible influence of impurities on the nucleation of whiskers will be 

discussed in the following section. 

B. The Influence of Impurities and the Possibility of Alloy 
Formation 

Since copper is not known to occur in any structural phase 

other than face centered cubiĉ )̂, a systematic investigation of the 

possible influence of the component parts of the experimental growth 

tube on the formation of the bcc whiskers was undertaken. Factors 

considered were: 

i) purity of copper source material 

ii) contamination from residual gases 

iii) underlying substrate material 

iv) tungsten heater for copper vapor source 

Initially, copper wire wound on a tungsten loop was used as 

the source of copper vapor. However, a spectrographs analysis of 

this wire, Table III, revealed a detectable impurity level of 50 parts 

per million of iron. The copper-iron alloy system has been investigated^**) 

down to 0.25 per cent of iron, and the fee phase is the only one observed. 
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iiierefore, as a check the whisker growth experiments were rerun with a 

99.999 + per cent pure source, (see Table IV for the spectrographs 

analysis of this material) with less than five parts per million of 

detectable impurities. It was found, as stated in Section 4.1 above, 

that both fee and bcc whisker patterns could be observed on the FEM 

screen. Since there were less than five parts per million of detectable 

impurities in the 99.999 + copper source, it was suspected that the 

formation of the fee whiskers on a tungsten substrate would be greatly 

effected by the presence of impurities. The continued occurrence of bee 

whiskers was unexplained at this point. 

Since there were at most five parts per million of impurities 

originating from the source the effect due to residual gases in the 

FEM tube was re-examined. This effect was promptly rejected for the 

following reasons: at a background pressure of 3 x 10"̂ ® torr and 

growth times which were often less than one minute,the growth rate of 

the whisker crystals was immeasurably faster than the impingement rate 

of the ambient gas. Also, the FEM pattern obtained from a bcc whisker 

would not show any change in emission characteristics if left for 

several days at 10"*0 torr, indicating that adsorption due to resi

dual gases was not taking place. Evidently, the vacuum was limited 

by diffusion of helium through the pyrex walls of the system and the 

pressure of reactive gases was most likely appreciably less than 10-10 

torr. 

The influence of contamination present on the tungsten substrate 

was found not to be important due to the following experimental test of 

the substrate growth conditions. The substrate was flashed to 2200°C 
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and then lowered to a value of 700°C which was maintained during several 

whisker growth cycles. . Body centered whiskers were observed in each 

instance. Since it is known that a high temperature flash will desorb 

all evidence of surface contaminants (!) the whiskers grown subsequent 

to flashing were therefore not influenced by any gases on the surface. 

The influence of the tungsten heating loop was the final 

characteristic to be checked. Although the heating loop froa which the 

copper was being vaporized was on occasion as much as 500°C hotter than 

the copper itself, the vapor pressure of tungsten(38), even at 15Q0°C, 

is many orders of magnitude lower than that for copper at 1000°C. 

Despite this fact we discovered that other workers studying thin films 

of copper evaporated from tungsten heaters have had difficulties in 

defining the structure of the surface. Pryor(̂ ) has reported back

ground lines in x-ray diffraction patterns of thin films of copper which 

correspond to those expected for tungsten.* Also Vook, Schoening and 

Witt, as reported by Heavens(48)3 have examined the defect structure of 

copper films grown on glass substrates at 2 x 10"9 torr and observe a 

difference depending on whether tungsten or tantalum is used as a source 

heating material. Although it has been indicated that tungsten is 

insoluble in liquid copper(49) and the vapor pressures are grossly 

i — -

different in the experiments considered above we are faced with the 

disturbing fact that the crystal formation can be influence by the 

tungsten heater. Unfortunately, facilities for analyzing the whiskers 

are not available. Arrangements are being made to have the whiskers 

*The author is indebted to Dr. Pryor, of the Metals Research 
Laboratories of Olin Mathesin Company, for informing us of his unpublished 
results. 
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analyzed by means of an electron raicroprobe at the Dupont Laboratories 

and also at the Bell Telephone Labs. However, the presence of a small 

amount of impurity or alloy component may still be beyond the capability 

of the electron microprobe analyzer. 

G. Studies of Vapor Grown Whiskers by Other Authors 

Vapor grown whiskers have been observed in field emission by 

several authors(3,16,50) and by optical techniques most notably by 

Morelock(51). it has been established that whiskers are very strong 

single crystals with radii between 50 and 1000 Angstrom units. The great 

strength of whiskers indicates that they are almost perfect single crystals 

with a low concentration of defects. Helmed and GomerC*®) have reported 

the appearance of FEM patterns from both bcc and fee iron at room tempera

ture. Since iron exhibits a phase change from bcc to fee at 910°C the 

occurrence of a stable bcc structure at room temperature represents a 

super cooling of over 600°C. Field emmision from bcc and hep titanium 

was also observed at room temperature. Horelock̂ l) has investigated the 

transformation of vapor grown iron whiskers nucleated on halide grown ' 

iron whiskers at temperAtures up to 1060°C. No kinking or deformation 

was observed in the vapor grown whiskers, whereas the halide grown whiskers 

exhibited a severe departure from their initial straight form. Morelock 

concluded in the case of the vapor grown whiskers that the bcc iron had 

been superheated several hundred degrees. Sears and Brenner(52) had 

previously studied the kinking and deformation accompanying the iron phase 

transition on large halide grown whiskers and the superheating they ob

served only amounted to 10 or 20°G. 

The occurrence of an entirely new crystal form has been observed 
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by Helmed and Hayward(̂ 3) y\xen fcc whiskers are grown in an FEM tube in 

ambient pressures of 10~6 to 10"̂  torr of oxygen or water vapor. The 

anomalous form has five fold rotational symmetry consisting of five 

(111) twin boundaries with a common (110) axis along the whisker 

direction. Evidently the combination of residual gas contamination 

and large surface to volume ratios has effected the surfaces of the 

whisker such that the penta crystal structure observed is the one 

corresponding to the minimum free energy. 

It has been shown in Section 2.4 that the contribution of the 

surface energy to the total free energy is of the same order of 

magnitude as the energies required for known phase transitions. 

Therefore, it is reasonable to expect that the various structural 

anomalies described above are due to the effects of surface energy. 

The occurrence of anomalous structural forms in thin films as 

observed by Pineŝ )̂ and co-workers has already been discussed in 

Section 2.4 above. Again it appears that a combination of an extremely 

thin surface plus the possibility of ambient impurities will precipitate 

structures not normally seen in bulk metals. 

Hence, it is concluded that although whisker filaments and 

metal thin films offer distinct advantages for research into the properties 

of materials, it must be borne in mind that the stringent experimental 

conditions imposed on the crystal formation and their sub-micron dimensions 

may yield a structure that is somewhat different from that observed in 

bulk phase studies. 
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5.2 The Effects Due to Impurity Atoms and Surface Structure 

A. Discussion of Present Results 

The occurrence of a surface phase or overgrowth formation in 

the case of bcc whiskers was described in Section 4.2. Ibis surface 

effect is interpreted as evidence of the presence of impurities in the 

bcc whiskers. The "sweating" or diffusion of impurities to the surface 

only occurs when the whisker is heated above 700°C. Since the whisker 

is maintained in an ultra high vacuum system the impurities must 

originate from within the whisker crystal. Recalling the description 

of the whisker that ruptured, reappeared as a clean pattern and then 

immediately formed the surface overgrowth present prior to failure, we 

can infer the same conclusion. That is, the surface phase formation is 

so rapid that it must be almost completely dependent on the whisker 

crystal itself and not on the ambient gas present. 

B. Observations of Surface Phase Formation by Other Workers 

The behavior of alloy materials(54) and of metals containing 

minute amounts of silicones) j carbon(5&) and oxygen(̂ ) has been 

extensively studied by many workers. Their results are in excellent 

agreement with regard to the occurrence of a surface phase when tips 

containing as little as 0.3 per cent of impurities are heated in 

vacuum. The temperature required for formation of the surface phase, 

its mobility and preference for specific crystallographic planes vary 

with each emitter and impurity material. However, it has definitely 

been established that the surface phase is formed by a diffusion of 

impurities from the bulk composition to the surface. The work of 
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Bradley and D'AsaroC^) on a 99% molybdenum IX zirconium alloy is 

particularly enlightening in this regard since their observations are 

quite similar to the FEM patterns we have obtained in Figs. 9 and 10. 

Where we have observed characteristic pattern changes on the. and 

£l00j planes, Bradley and O'Asaro have observed almost indentical 

formations of zirconium on the £ loo'j planes of the alloy emitter. 

Studies were also made with a 95% Mo - 5% Zr alloy and in a system 

where zirconium was evaporated onto a clean molybdenum point. The 

purpose of the latter experiment was to study the system zirconium 

adsorbed on a molybdenum surface in the absence of any bulk diffusion 

effects. The results were remarkably similar to the patterns obtained 

from the 99% Mb - 1% Zr alloy. Muller(l) had previously obtained the 

same results for zirconium on tungsten. Patterns corresponding to the 

formations observed on the 95% Mo - 5% Zr alloy could not be obtained 

no matter how much zirconium was deposited on the surface and regardless 

of the subsequent heat treatment. Bradley and D'Asaro conclude from 

these experiments that the surface phase truly resulted from a 

difference in bulk composition and not from effects pertaining to the 

surface alone. 

Since the formations observed on the body centered cubic 

whiskers in the present study were so similar to the 99% Mo - 1% Zr 

alloy and did not assume the surface phase exhibited by the 95% Mo - 5% 

Zr in Bradley and D'Asaro's work it is reasonable to speculate that we 

are dealing with whiskers with an impurity content in the neighborhood 

of one per cent or less. 
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Gomer̂ )̂ has studied nickel field emission points containing 

0.3 per csnt silicon and has likewise seen evidence of surface phase 

formation at elevated temperatures. Comer's work is unusual in that 

his patterns represent an equilibrium configuration, since it is possi

ble to approach a given pattern from above or below in a completely 

reversible manner. The time it takes for a given pattern to appear 

without further change is dictated by the temperature and the initial 

pattern. In addition, a pattern will approach its final form via the 

intermediate patterns between the initial and final ones. 

Huller i.n his review articlê  describes the many metals, e.g. 

cobalt, uranium and zirconium, and also metal oxides which form surface 

overgrowths and in some cases epitaxial layers on tungsten emitters. 

The system carbon on tungsten has been studied by Klein̂  ̂and Huller' 

/ eg\ 

and comparisons have been made recently by Klein for carbon and car 

(59) 
bon monoxide on tantalum. The above studies are all in qualitative 

agreement as to the changes in emission pattern due to the formation of 

crystallites or overgrowths superimposed on the main pattern. 

C. Related Studies on the Dependence of the Oxidation of . 
Copper on Crystallographic Orientation 

The anisotropic oxidation of copper crystals was first noted by 

(60) 
Tammann who observed that different grains of a sample of polycry

stalline copper showed different interference colors after oxidation. 

Girathmey and Benton̂ *'̂  later studied the oxidation of large single 

crystals of copper by using interference colors as a means of determin

ing the oxide thickness. They concluded that the rate of oxidation 

varied greatly with each crystallographic plane. Young, Cathcart and 
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Gwathraeŷ "̂  used elliptically polarized light to determine the rate of 

increase in thickness of an oxide film with time. The relative order 

of the rates of oxidation on different crystal planes was found to be 

(100), (111), (110), (311) in decreasing order. The temperature range 

studied varied from 70°C to 178°C and the ratio of oxide thickness on 

the (100) face to that on the (311) face was found to be 12.5 for oxi

dation at 178°C. This is to be compared with the values obtained by 

Rhodin̂  ̂who found the relative order to be (100), (110) and (111). 

Thus, in the study by Young et al the (111) was found to be faster than 

the (110) while Rhodin reports the reverse to be true. The (100). face 

was found to have the greatest rate in both cases. Rhodin used a vacuum 

micro-balance to determine the film thicknesses in the temperature range -

195°C to 50°C. Young et al note that the (110) face is particularly 

susceptible to the presence of surface contamination. Thus very small 

amounts of impurities will reverse the rates of the (110) and (111) faces. 

Young et al present a lengthly discussion <̂ f the effect of surface con

taminants on their results and emphasize that their results only apply 

for the very specific experimental conditions reported. Although they 

checked the qualitative nature of their results in a vacuum in the io~̂  

-2 torr range, quantitative results were obtained in a system at 10 torr. 

In neither case was the substrate outgassed above the temperature at 

which oxidation was to take place. 

Another factor to be considered is that all samples were annealed 

in hydrogen at 500°C for one hour. Since hydrogen has a permeabilitŷ  ̂

of 10"6 cm̂ /cm̂ -sec. in copper at 500°C it is possible that a significant 
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amount of hydrogen will be trapped in the first few layers of the surface. 

A rough calculation of the amount of hydrogen which would diffuse to a 

depth of 10 angstroms and the strength of the hydrogen copper bond indi

cates that this is quite probable. The amount of hydrogen present would 

most likely depend on the crystal̂  face and the presence of dislocations. 

Hence, subsequent oxidation experiments would be influenced by the pre

sence of residual hydrogen. Although most workers fail to account for 

this possibility the results of Younĝ ,̂ which will be described in 

the next part of this report, indicate a definite effect due.to the so-, 

called hydrogen anneal. 

Gwathmey and Lawlesŝ  ̂have reviewed the general fiLeld of liter

ature on the influence of orientation on oxidation. They note that cry

stal orientation is a controlling factor and emphasize the need for a 

better understanding of the role played by impurities in the oxidation 

process. We.find it difficult to compare our results on the chemisorption 

of oxygen at the level of a monolayer, or at most, a few layers of adsor-

bate, to the above work. However, we do concludê  in qualitative agree

ment with the above studies, that the chemisorption process is dependent 

on crystallographic orientation and is grossly affected by the presence 

of impurity particles. 

D. Work of Young on the Relation of Oxide Nuclei to 
Impurity Content and Dislocations.' 

F. W. Y ounghas carried out a  detailed. investigation of this 

correspondence between dislocations and oxide nuclei. Young's experi

ments are of particular interest in the light of the present study 

because he used copper samples of 99.999 per cent purity and also 
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samples, of 0F9C copper and copper doped with various impurities. 

However,-his samples were annealed in hydrogen prior to oxidation 

and there is evidence that the annealing has an influence on the 

subsequent oxidation, Young concludes that there is a correlation 

between oxide nuclei and dislocations only if certain impurities are 

present. Samples of "five-nine" copper showed a- random'distribution 

of oxide nuclei independent of the dislocations. 

Dislocations were created by bending and annealing in a vacuum. 

Oxidation was achieved by three different techniques, one of which was 

in an .ultra high vacuum system. In this particular approach thjs speci

men was heated to 1000°C by induction in a vacuum in the 10 ® torr 

range. The pressure was then raised to atmospheric pressure by admit

ting purified oxygen to the system. The crystal was then electro-

polished and electro-etched to reveal the dislocations. Observations 

were made in an optical and in an electron microscope. Young distingu

ishes between oxide nuclei of type A which were only observed at disloca-

tionk and oxide nuclei of type B which were smaller, more numerous and 

independent of the dislocation network. 'Chere was a one to one correla

tion of type A oxide nuclei to dislocations in copper doped with tellur

ium. I&! OFHC copper and in copper doped with tin there was clearly a 

correlation betwen oxide nuclei and dislocations. For "five-nine" 

copper and for copper doped with silicon there was no evidence of type 

A oxide nucleation. Yoking concludes that it is necessary to have car-

tain impurities in the vicinity of the dislocations in order for oxide 

nuclei to form at these defects. This collection of impurities in 
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crystals about dislocations Is a well-known phenomenon is solid state 
1 

physics and is generally denoted as a "Cottrell atomosphere". No 

theoretical analysis of the effect of dislocations with a "Cottrell 

atmosphere" on the oxidation of metals has been published. Young 
! \ 

speculates that certain impurities increase the rate of oxidation 

with the dislocation acting as a line source of impurities. In gene

ral thermodynamic terms it is possible that the chemical potential at 

dislocations with "Cottrell atmospheres" is sufficiently different 
I 

from the remainder of the 'surface to initiate enhanced oxidation at 

these points. This would, of course, imply that the difference in 

surface potential at clean dislocations is not sufficient to promote 
i 

the formation of oxide nuclei. 

A recent paper by Hondros and Oudar̂  ̂points out that under 

very special conditions dislocations do influence the nucleation of 

oxide on copper surfaces. These special conditions are a temperature 

•"3 
between 830 and 870°C and an oxygen pressure of 10 torr. Hondros 

and Oudar specifically note that their work does not appear to conflict 

with Young who oxidized his samples at temperatures between 200 and 

325°C at an oxygen pressure of .one atmosphere. However, both workers, 

following standard practices, annealed their samples in hydrogen at 

elevated temperatures for several hours. Young was able to find a 

correlation between oxide nuclei and dislocations only if the tellur

ium doped copper sample had been annealed in hydrogen prior to oxi

dation. It was also found that the size of the nuclei observed increas

ed with the duration of hydrogen anneal. Young states that there is no 
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explanation of the effect of the hydrogen which is dissolved in the 

crystal during the pre70xidati0n>anneal. Therefore, we are faced 

with accepting the results of a detailed and carefully conducted 

experiment with a stipulation on the possible effect of impurity 
i 

particles on the results. 

Neglecting the possibility of a dominant influence by the 
l 

hydrogen it is very interesting to note that the impurity content 
• '» 

of the crystal doped with tellurium was only about one hundredth of 

an atomic per cent. This corresponds to less than 100 parts per 
h» 

million of impurity atom to copper atom and is of the same order of 

magnitude.as the impurity level in the copper source which yielded 

the impure body centered cubic whiskers in the author's experiments. 

It is difficult to correlate Young*s results on type A and 

type B oxide nuclei, which were many atomic layers thick, with the 

field emission results of monolayer adsorption. However, the conclu

sions regarding the effect of small amounts of impurities on the oxi

dation process are consistent with the present work. Young did not 

attempt any quantitative measurements of change in surface potential 

before and after oxidation of his samples. Hence, a comparison of our 

results on relative work function changes is not possible. 

5.3 Chemisorption of Oxygen 

A. Pi's buss ion of Qualitative Results 

Ip the following discussion we shall distinguish between high 

purity fee whiskers and impure or alloy bcc whiskers.. This classifi

cation is based on the results of Section 4.2 and the discussion in 
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the preceding sections of this chapter. It is found that pure fee 

whiskers exhibit only slight reactivity when exposed to oxygen, 

whereas impure bee whiskers react almost immediately to the oxygen 

-9 
even in the 10 torr range. FEM pattern changes indicate that the 

J 

fee whiskers are considerably more active on the relatively loosely 

packed {llCj and higher index pla(nes thâ i they are on the close 

packed {ill} and (i0$ . The chemisorption of oxygen on the bee 

whiskers occurs quite rapidly on the close packed (llO) planes, 

spreads to the {211} and {LOOj} planes and eventually darkens all 

but the {ill) planes. In the case of fee whiskers, Fig. 14a, the 

high emission and enlarged size of the (110) region is most likely due 

to the geometry of the extremely small emitting surface area. It is 

believed that the fee whiskers are considerably smaller in diameter 

than the bcc ones. The fee FEM patterns rarely show more than the 
( 

central (Oil) plane extending to the four surrounding dark low index 

planes, while the bcc patterns often display four {llO} planes 

and almost all of the surrounding low index areas. See, for example, 

Figs. 12a and 8a. This difference in emitting area would explain the 

greater dependence of the fee whisker emission current on a variation 

in geometry due to adsorbed particles or surface irregularities. Hence, 

-8 
it is found, Fig. 14b, that exposing the whisker to 5 x 10 torr of 

oxygen will actually enhance the emission from the 0-10} and the 

surrounding high index planes even though the total electron emission 

current has remained unchanged. This increase of emission current on 

adsorption of an electronegative substance such as oxygen appears to 



violate the Fowler-Nordheim equation. However, if the change in work 

function is very small, say of the order of 2 per cent (about 0.1 eV 

for copper), then it is conceivable that the dependence of the constant 

A and the local field in Eq. 2.1.4 on the geometry of the whisker tip 

would actually account for the enhanced emission. Normally a 2 per 

cent increase in work function reduces the emission current by a factor 

of two. Gomer̂  ̂and Muller̂  have repeatedly stated that extreme 

caution must be exercised in interpreting the change in emission current 

solely in terms of a work function dependence. We believe that on the 

fee whiskers, with their extremely small emitting areas, that these 

changes in the microscopic emitting area are significant enough to com

pete with the effect due to change in work function. 

A considerable amount of work has been carried out on the changes 

in emission caused by local enhancement of the electric field at small 

protuberances on portions of the tip. This work was stimulated by the 

observations by Muller̂ ®̂  of a locally enhanced emission pattern due 

(AQ\ 
to molecules adsorbed on an FEM emitter. Rosev has calculated the 

additional magnification to be expected from a hemispherical bump-on 

the surface. It is shown that the field at the surface of the bump 

can be as much as three times that of the substrate in its vicinity. 

Hence, the enlarged size and enhanced emission from the central (Oil) 

plane and surrounding region on the fee whisker in Fig. 14a is interpre

ted as a departure from the hemisphereical cap shape assumed by larger 

emitting tips. 
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The values obtained for the sticking coefficient for oxygen on 

the fee and bcc whiskers are presented in Tables V'and VI. These values 

are necessarily of an approximate nature and have been calculated' only 

as a means of making qualitative comparisons. The sticking coefficient 
« ' J 

is estimated in the following manner. The time necessary to achieve an 

end form pattern with a corresponding leveling off of the total emission 

current is recorded. Figures 12d, 13b and 13d correspond to end form 

patterns. The average oxygen pressure during the run is then calculated 

The percentage of the surface which has been noticeably changed by the 

oxygen is found by graphically comparing the initial and end form of FEM 

patterns. The sticking coefficient is then estimated using the kinetic 

_g 

theory considerations discussed in Section 1.4. For example, at 10 

torr it would take approximately 1,000 seconds (17 niin.) to .cover a surr 

face which has a sticking coefficient of 0.1. In Fig. 14 the end form 

pattern was achieved in 27 minutes at an average oxygen pressure of 4 x 

_o 
1 0 .  F o r  a  6 0  p e r  c e n t  c h a n g e  i n  t h e  F E M  p a t t e r n  t h e  s t i c k i n g  c o e f f i c i  

ent is estimated at 0.03. 

Because of the indefinite nature of the end form pattern in the 

fee crystals and the limited number of runs made, no attempt will be 

made to correlate the effect of temperature on the sticking coefficient. 

However, we may speculate that the lower coefficient at the higher temp

eratures in the bcc whiskers is due to thermal migration and subsequent 

desorption of the impinging oxygen or resulting copper oxide. Evidence 

of this phenomenon could be seen by the presence of flickering on the 

FEM pattern at higher temperatures and to a lesser degree at room 
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temperatures. 

It is possible to make a comparison between the bee and fee 

values. Since the whiskers are believed to be relatively free from 

dislocations, the gross difference in sticking coefficient is most 

likely due to the presence of impurities in the bcc whiskers. 

B, Discussion of Quantitative Results 

With the refractory materials usually studied in the FEM it 

is possible to obtain a significant amount of quantitative information 

about the metal-gas or metal-metal interactions taking place on an 

emitting surface. Activation energies for migration and for desorption 

of adsorbed particles or of alloy components and also changes in work 

function due to adsorbed species have been studied extensively by many 

workers. 

In the present study, which is the first attempt at using copper 

in field emission adsorption studies, it was only possible to quantita

tively obtain the change in work function on bcc whiskers- due to adsorp

tion of oxygen. The results were obtained by plotting the Fowler-Nord-

heim equation as discussed in Section 2.2 above. Figure 18 shows the 

results of this plot lead to a value of 0.76 electron-volts for the 

change in work function due to oxygen adsorption assuming a clean whis

ker value of 4.5 electron-volts. As discussed above in Section 3.6 on 

experimental procedures the erratic appearance of unwanted whiskers 

consistently invalidated the data. The simplified form of the Fowler-

Hordheim equation was found not to be applicable in the case of the 

extremely fine fee whiskers and the work function change could only 
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be estimated to be of the order of 0.1 eV. 

Attempts at determining the activation energy for surface 

migration of the impurity component in the bcc whiskers proved un

successful because the surface phase formation was an irreversible 

one. Eence, a given state of formation could not be reproduced on 

a given .whisker. Similar studies on the fee whiskers were not repro

ducible and a consistent end pattern could not be obtained on a given 

whisker. The small size and apparent departure from a hemispherical 

tip are probable causes of these difficulties. 

An extensive search of the recent literature and careful study 

of the review by Culver and Tompkinŝ  and the text by Trapnell̂  ̂

reveal that the best quantitative data for oxygen on copper surfaces 

has been obtained in a system with a background pressure of 10"̂  torr. 

This particular work was carried out by Bloyaert, D̂ Orand Mignolet̂  ̂

(72) 
using Mignolet's vibrating capacitor method of measuring the contact 

potential difference. For the system oxygen on copper Bloyaert et al 
' 

obtain a value of -0.68 eV for the contact potential difference. This 

is to be compared with a value of 0.76 eV for the change in work func

tion obtained on impure copper whiskers. Considering the possible 

structural effects and the undefined nature of the surfaces the values 

are; reasonably close. The value of about 0.1 eV obtained for the pure 

fee copper whiskers must be compared with experiments carried out on 

-9 -io 
surfaces prepared in the 10 to 10 torr range. Siegel and Peter-

(73) 
sonN have used an electron diffraction, camera, incorporated into 

t • i -
a system at 10'*® torr, to study the reaction of oxygen with thin films 
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of copper prepared in situ. The deposits had .thicknesses in the range 

from 5 to 30 angstrom units and electron micrographs indicated that the 

deposits were not continuous films but discrete crystallites. This fact 

makes it difficult to compare our results on single crystals, but it 

is of interest to note.that an oxygen exposure time of 10 hours at 5 x 

10"7 torr was required to initiate a change in the electron diffraction 

pattern. Siegel and Peterson conclude that the process of oxidation 

following the initial chemisorption is indeed very slow. Again we obtain 

qualitative agreement with our results on pure whiskers' in the sense that 

they react only slightly to small doses of oxygen. 



CHAPTER VI 

GENERAL CONCLUSIONS AMD SUGGESTIONS FOR FUTURE RESEARCH 

6.1 General Conclosions 

In view of the discussion in the preceding chapter, it seems 

reasonable to conclude that the technique of FEM combined with the 

preparation of foetal crystals under ultra high vacuum conditions is a 

satisfactory one for studying surface phenomena on low melting point 

metals. The results obtained in the present experiment fall into two 

classifications; namely, crystal structure and oxygen chemisorption. A 

susmary of results and conclusions follows. 

A. Crystal Structure 

Both bcc and fee whiskers can be grown from a copper vapor source 

in an ultra high vacuum system. The whisker crystal structure is found 

to depend on the purity of the copper source material and on the structure 

of the underlying substrate. It has been observed that whiskers grown on 

a platinum substrate occur with a fee structure. Whiskers grown on a 

tungsten substrate from a copper vapor source with a detectable impurity 

level higher than 50 parts per million are always observed in the bcc 

form. Both bcc .and fee whiskers are observed when a copper source with 

less than three parts per million of detectable impurities is used with 

a tungsten substrate. 

At temperatures above 700°C a surface overgrowth appears on the 

and £l00} planes of the bcc whiskers. Ho overgrowth is ob

served when fee whiskers are subjected to the same treatment. The 

surface overgrowth is interpreted as being formed by a diffusion of 

70 
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impurities from the bull: of the bee crystal to its surface, lease, it 

is concluded that the fee whisker FBI patterns represent pure copper 

crystals, whereas, the bee whiskers contain impurity atoms and/or an 

alloy formation. It is believed that the tungsten heating loop has a 

definite effect on the formation of bcc whiskers. 

A possible mechanism of whisker growth may be described as 

follows: when the whisker nucleates, it assumes the structure of the 

underlying substrate. The combination of an impurity atom or atoms and 

the surface energy of the submicron whisker maintains the bee form as 

the stable one until the growth of the whisker is completed. The bcc 

form accepts impurity or tungsten atoms as it grows, thereby providing 

the source of material for surface overgrowth formation. It appears 

that on a platinum substrate or certain tungsten sites completely:free 

from impurity atoms, the copper nucleates in the close packed fee 

structure. In this case a pure copper crystal is formed which gives a 

whisker that is always fee and generally thinner than the bcc whiskers. 

(74) 
It has been established by Melmed that layers of copper can be grpwn 

erpitaxially with a fee structure on a clean tungsten FEH point. The 

fact that Helmed and Gomer .did not observe bcc whiskers grown from a 

copper vapor source in their initial FEM studiescan not be explained 

at present. It may be that under the specific growth conditions they 

used and the limited number of whiskers observed that the bcc form did 

not occur or was not identifiable as such. 

Hence, it is concluded that the nucleation of bcc whiskers is a 

complex function of the underlying substrate, the presence of impurity 
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atoms, the influence of the tungsten heater used for vaporizing copper, 

and finally on the nature of the-surface energy of the submicron whisker 

crystals. 

B. Oxygen Chealsorption 

The chemisorption of oxygen is found to vary greatly depending 

on whether the whisker is bcc or fee. At a given temperature, the 

sticking coefficient may be as much as two orders of magnitude higher, 

on the impure bcc whiskers than on the pure fee whiskers. The change 

in work function dire to adsorption of oxygen is also significantly 

different. The values are 0.76 eV for the bcc whiskers and less th&n 

0.1 eV for the fee whiskers. 

Since both the bcc and fee whiskers are assumed to be relative

ly free from dislocations and structural defects, it is concluded that 

the first step in the oxidation of copper, that is, the initial oxygen 

chealsorption, is greatly dependent on the level of impurities in the 

sample under study. 

The dependence of oxygen chemisorption on crystal orientation is 

also greatly different for the two types of whiskers observed. On a fes 

whisker surface FEM pattern changes occur on the {lio} and surrounding 

high index planes. The densely packed înj- and £l00} planes are 

only affected by the build up of oxygen or copper oxide on the surround

ing high index regions. For increasing exposures to oxygen there is a 

definite encroachment of the {ill} and {loo} planes. At higher 

temperatures there are Indications of a smearing out of work function 

differences .due to the oxygen layer. 
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On the bcc whiskers the initial chemisorption occurs on the 

[lio] planes. The oxygen cover then spreads to the {looj and 

{21lJ planes. The end form FEM pattern shows emission only from the 

{ill} planes. The initial preference for the densely packed planes 

in the bcc crystal is probably due to a larger number of impurities on 

these planes. The lack of change in emission current from the {ill} 

planes is not understood at present. It has been suggested̂  ̂that this 

enhanced emission is due to a build up of copper oxide on the {ill} 

planes. 

It is concluded that the chemisorption of oxygen on copper 

whiskers is a structure sensitive property. On the pure fee whiskers, 

the chemisorption takes place on the relative'ly loosely packed crystal 

planes, whereas, the initial chemisorption on the impure bcc whiskers 

occurs selectively on the densely packed planes. 

6.2 Other Possibilities for Studying Copper Surfaces 

A. The Field Ion Microscope 

Field ion microscopy has not been successfully applied to* copper 

emitters. This lack of success is primarily due to the low voltage re

quired to fieId-evaporate the copper surface. If helium is used as the 

imaging gas, 450 million volts per centimeter are required to ionize the 

helium. Since the copper surface will field-evaporate at 312 million 

volts per centimeter, it is not possible to obtain a stable image. 

That is, copper atoms will be pulled off the surface faster than the 

surface can be photographed. Hydrogen requires 330 million volts for 
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ionization, but has been reported to initiate a field-induced etching 

(2) 
of the copper surface . The use of neon or argon as the image gas 

permits ionization at low fields, but the intensity of the image is 

very weak and there is a possibility of contamination of the emitting 

point due to.the presence of gases with an ionization potential higher 

than the imaging gas. Hence, it is seen that the problem of observing 

copper in the ion microscope is a formidable one. However, recent ad-

OS) 
vances in image intensifiers and the possibility of applying an 

(2) 
external field using micro-second pulses could possibly extend the 

range of applicability to include copper surfaces. If an ion mission 

photograph of a copper surface were obtained, the defect nature of the 

surface could be ascertained and the effect of the defects on a subse

quent adsorption process correlated. 

B. Epitajty Techniques 

Copper surfaces have recently been studied in the FEM by evapor

ating copper onto a tungsten field emission point. Muller̂ ŝuggested 

(74) 
this approach and Helmed has obtained field electron emission from 

copper deposited epitaxially on a tungsten point. Several papers were 

(75) 
presented at the recent Field Emission Symposium on the systems 

magnesium, zinc, silver, nickel, cadmium and copper evaporated onto 

tungsten emitters. Copper was the only metal observed which formed a 

complete epitaxial layer. This technique offers a large-uncontaminated 

surface of copper for study, but the question of interaction and effects 

due to the underlying tungsten substrate still remain unanswered. 
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C. Electron Diffraction 

Electron diffraction techniques have been used by many workers 

investigating the properties of thin films. Although copper has not 

been investigated extensively, there is a great deal of work being 

carried out on nickel thin films prepared under ultra high vacuum con-

(77) 
ditions. This work will, in due time, undoubtedly be extended to the 

study of copper. 

(76% 
A recent paper by Luborsky, Koch and Morelock reports on an 

electron diffraction study of iron and cobalt whiskers. They discuss 

the presence and absence of oxide spots in the electron diffraction 

patterns in relation to the diameters of the whiskers. This technique 

could also be used to investigate the different types of whiskers ob

served in the present study. 

6.3 Suggestions for Future Research 

Several alternate methods for studying reactions on copper 

surfaces heve been discussed in the preceding section. Using these 

techniques with copper whisker samples would be a possible approach to 

correlating the results of the present experiments. Using the present 

technique with other low melting point metals might also be attempted. 

Iron would be a particularly interesting material to study because it 

exhibits a phase change at 1183°K. 

The experimental technique could be improved upon to yield more 

quantitative information by adding slight modifications to the FEM tube, 

e.g. , Melmed̂ ĥas obtained linear Fowler-Nordheim data by including a 

(82) 
Faraday cage and a magnetic deflection device. It is also possible 
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to grow whiskers in an auxiliary vacuum system, remove them ia an inert 

atmosphere and remount the larger ones in an FEM system. This subjects 

the crystal to a certain amount of contamination, but gives a single 

emitting point which can be dealt with using conventional FEM techniques. 

It would then be possible to blunt these whiskers by heating in an FEH 

tube. A copper vhisker would then be obtained with a relatively large 

emitting surface. 

Studies of large copper whiskers and copper samples cleaned by 

field-evaporation Would also be of interest. In this case a correlation 

between defect free whiskers and a point with a normal compliment of 

defects might, be ascertained. 

Other approaches to the copper-oxygen surface problem will 

undoubtedly be attempted. These approaches will most likely emphasise 

preparing and maintaining surfaces free from contamination. It is felt 

that the combined results of these studies will eventually lead to a 

unified picture of the kinetics and energetics of surface phenomena. 
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TABLE X 

ATOM PACKING DENSITIES ON DIFFERENT LATTICE PLANES 
FOR FCC AND BdC METALS 

Crystal Nearest Neighbors Work Function of 
Plane bee fee Tungsten In eV 

110 6 6 5.70 - 5.99 

(79) 
211 5 4 4.65 - 4,88v ' 

100 4 7 4.44 *8°* 

111 4 9 4.39 *79* 
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TABLE II' 

HEATS OF TRANSITION FOR SUBSTANCES WITH KNOWN PHASE TRANSITIONŜ 78) 

ELEMENT TRANSITION 
Tt °K AHt 

K-Cal/mole AHf AHg 

Co hep 
• 

fee 723 0.06 4.1 91.4 

Fe bcc fee 1183 0.215 3.67 83.9 

Ti hep bcc 1155 0.95 HA 108 

Sn dc tetr 291 0.535 1.68 65.5 

Subscripts t, £ and s refer to transition, fusion and sublimation. 

Abbreviations are as follows: 

Not available HA 

Change in Enthalpy AH 

Diaisond cubic dc 

Tetragonal tetr 

Hexagonal closed packed hep 

Body centered cubic bcc 

Face centered cubic fee 



TABLE III 

SPECTROGRAPHIC ANALYSIS1©? 99.95 o/o PUIS COPPER WIRE 

PACTS PER 
ELEMEKT MILLION DETECTED ELEMEHTS HOT DETECTED 

Mg 3 Sb Ca 

Pb 5 T1 In 

Si 3 Mn Cd 

Hi 3 Sn Zn 

Ag 1 Cr As 

Fe 50 Bi Te 

Co 3 A1 Ba 

*The author is indebted to Mr. S. G. Carapella, Jr. of the 
Aoerican Smelting and Refining Research Laboratories 
for carrying out this analysis. 



TABLE IV 

SPECTROGRAPHS ANALYSIS1OF 99.999 o/o PURE COPPER BOO 

- PARTS PER 
ELEMENT MILLION DETECTED ELEMENTS NOT. DETECTED 

3 0.3 Fe Bo 

0 1.0 Sb Si 

C 1.0 Pb Te 

Sn Mg 

Ni A1 

Bi Au 

Ag Se 

As S 

Cr N 

Zn Cd 

The author is indebted to Mr. S. C. Carapella,Jr. of the 
American Smelting and Refining Research Laboratories 
for carrying out this analysis. 
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TABLE V 

VARIATION IH STICKING COEFFICIENT WITH TEMPERATURE 
FOR EGG WHISKERS 

AVERAGE AVERAGE ESTIMATED 
TEMPERATURE DUMBER ADSORPTION OX7GEH STICKIHG 

(°K) OF RUNS INTERVAL PRESSURE COEFFICIENT 
• (rain) (torr) 

80 7 7 1 x 10"9 1.0 

300 12 20 3 x I0"9 0.70 

600 4 29 3 x 10"9 0.50 
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TABLE VI 

VARIATION IN STICKING COEFFICIENT WITH TEMPERATURE 
FOR FCC WHISKERS 

AVERAGE AVERAGE ESTIMATED 
TEMPERATURE NUMBER ADSORPTION 0XY5EN STICKING 

(°K) OF RUNS INTERVAL PRESSURE COEFFICIENT 
(aln) • (torr) 

80 3 27 4 x 10"8 0.03 

300 4 35 7 x 10~8 0.01 

600 2 40 4 x 10~7 0.005 
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F = 0 

(a). 

Fermi 
Level 

SCREEN 
FEM point 

Figure 1. (a) Metal-Vacnum interface potential Barrier for Zero 
Applied Field. 

(5) Tbinhing Of Barrier Bde To Apiplied Field F. 
(c) Schematic Biagram Illustrating Magnification 6f FEM. 



a 

b 

Fig. 2 (a) Field Emission From (111) Oriented Tungsten Point 

(b) Model Illustrating Projection of Crystal Planes Onto 
Spherical Surface 

a 

b 

Fig. 3 (a) Field Emtssion From Electrolytically Etched Copper Crystal 

(b) Model Illustrating Projection of Crystal Planes Onto 
Spherical Surface 00 

00 
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electron deficiency 

electron cloud 
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(a) 

electron cloud 

electron deficiency 

(b) 

Fig. 4 Schematic Diagram of Charge Distribution at a 
Metal Surface. 

(a) Atomically smooth surface. 

(b) Atomically stepped surface. 
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PS 

FIG. 5 

Schematic Diagram of Field Emission Microscope Modified for 
Whisker Growth 

A-Anode lead in;  E  — Copper  evaporator ;  D-  Dewar  type inser t ;  
PS— Conducting phosphor screen; RT—Resistance thermometer 

potential leads; V — Lead to Vacuum apparatus; 
W—Tungsten substrate 
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Fig . 6 Field Electron Emission Patterns From Vapor Grown Copper 
Whiskers Illustrating Face Centered Cubic Symmetry 

a 

b 

Fig. 7. Field Electron Emission From Vapor Grown Whiskers 
IllustEating Body Centered Cubic Symmetry 
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c D 

Figure 8 

A. Clean Copper Whisker at lXl0-9 Torr and Room Temperature. 
B. Build Up Due to Temperature - Field Emission at About 500 o C. 
C. After Heating to 500° C with no Applied Field. 
D. Tip Exposed to 5Xl0-9 Torr of Oxygen at Room Temperature. 
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c d 

Figure 9 

(a) Field Emission from (111) Oriented Whisker, V = 5000 Volts 

(b) Build up due to Slight Heating to less than 600°C in an 
Electric Field of 8000 Volts, Photo at Room Temperature 

(c) Build up due to Heating to about 800°C in a Field of 
18,000 Volts 

{d) Surface Phase Formation after Flashing to about 900°C. 
Photo at Room Temperature 
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Figure 10 Enhanced Emission from Surface Phase 
on (111) and (100) Planes. 

Fig. 11 

a 

b 

Close up of Surface Phase on (100) and 
( 111) Planes • 
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b d 

Fig. 12 Adsorption of Oxygen on a Copper Whisker at 300° C 

pressure in torr lOOXl0-8 -10 
!::J:.= 0 \() p- (a) i "' p = 3Xl0 

!::J:.a adsorption interval in min. (b) i = lOXlo-8 p = lXlo- 9 !::J:.= 12 V1 

i = current in amperes for 12,200 volts (c) i = sx10-8 p = 2Xl0-9 !::J:.= 16 
(d) i = .sxl0-8 p = 6xlo-9 &= 30 
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Figure 13 

(a) (111) Oriented Whisker at 300°K and 1x10-9 Torr. 
(b) After Exposure to 1x1o-6 Torr. of Oxygen for 20 Minutes 
(c) (100) Oriented Whisker at 80°K and 1x1o-9 Torr. 
(d) After Exposure to 6x1o-9 Torr. of Oxygen for Six Minutes 

b 

d 



a b 

c d 
Figure 14 

Adsorption of Oxygen on a (110) oriented Copper Whisker at 78°K. 
Voltage constant at 14KV,p =Pressure in Torr, ~t =Adsorption 
Interval in Minutes. i = Emission Current in Amperes 

(a) p. 5 x lo-9. i = 3 x lo-8, 6t = o (b) p- 5 x lo-8, i ~ 5 x 1o-8, 6t ~ 15 \.0 
(c) p = 5 x lo-7, i = 8 x lo-8, 6t = 28 (d) p = 3 X 10-8 , i = 4 X 10-8, 6 t = 180 -...J 
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c d 

Figure 15 

Adsorption of Oxygen on a Copper Whisker at 300° C p=pressure in Torr. 
~t = Adsorption Interval in Minute. 

(a) p lxlo-9 .ta. t 0 
(c) p = 2xlo-7 .ta.t = 30 

(b) 
(d) 

p Sxl0-9 
p = lxlo-6 

.ta.t 
~t 

8 
50 
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Figure 16 

Adsorption of Oxygen on Copper Whisker at Room Temperature. 
(a) clean pattern at p = l x lo-9 torr, 

i ~ 1 x lo-7 amps, V = 10 500 volts. 
(b) after exposure to 1 x lo-6 torr of oxygen, 

i • 3 x lo-7 amps, v • 10,500 volts. 

a 

b 

Fig. 17 (a) Grain Boundary on Whisker at Room Temperature 

(b) Same Whisker After Heating To About 900°K With 
Field On 
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Figure 18. Vork Function Change of beeWhisker doe to O2 Cbaaieorptioa at 
JStSlftt. Adaorptlon Interval 28 Mln. Eniaaion Current 1 In 
Aaperet, Applied Field V in VOlti. Work Function Change 
A# • 0.76 eV. Straight Lines Faired Through Experimental Data. 


