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INTRODUCTION 

The International Field Emission Symposium (IFES) is an annual 
scientific meeting which deals with the study of the production 
and uses of electrons and ions generated in high electric fields. 
Each year, participants from a dozen or more countries throughout 
the world meet informally for about one week to discuss current 
research efforts of mutual interest. These may range from basic 
studies of the interaction of adsorbates on metal surfaces probed 
by high electric fields to practical applications relating to the 
structural strength of materials or the determination of first- 
wall impurity profiles in operating Tokamak reactors. Typically, 
one hundred or more papers are presented at each meeting, equally 
divided between basic research and applications to problems of 
practical interest. In order to promote the international charac- 
ter of the symposium, it is held, alternately, in the United States 
and Europe. In 1978 the 25th International Field Emission Sympos- 
ium was held on the campus of the University of New Mexico in 
Albuquerque, and was hosted by Sandia Laboratories. The local 
organizing committee attempted to provide a broad and varied tech- 
nical program as well as the opportunity to become acquainted with 
New Mexico, "The Land of Enchantment". 

A special feature of this year's meeting was the presentation of 
the first annual Erwin W. M~ller Memorial Medal to an outstanding 
young scientist: A. R. Waugh of Cambridge University, England. 

The technical program was highlighted by a n~mber of "distinguished 
guest lectures" and invited papers. Emphasis was placed on fore- 
front areas of research to which field-emission, field-ion, and 
field-desorption techniques might be profitably applied. In addi- 
tion, a special session was organized to review past and present 
attempts to image biological molecules with high-field techniques, 
and another to review the "state-of-the-art" in liquid metal field- 
ion sources. 

The symposium was particularly fortunate in acquiring partial tra- 
vel support from the National Science Foundation for several foreign 
and United States participants (under Grant No. DMR 78-09078), and 
from the New Mexico Chapter of the American Vacuum Society, which 
provided partial travel support for a Distinguished Guest Lecturer. 

J. A. Panitz 
Local Organizing Chairman 

G. L. Kellogg 
Local Co-chairman 
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sCANNING TRANSMISSION ELECTRON MICROSCOPY 

SCANNING TRANSMISSION ELECTRON 
MICROSCOPY AT NEAR-ATOMIC 
RESOLUTION: THE PRESENT STATE 
OF THE ART (Distinguished Guest Lecture) 

M. Isaacson 

Department of Physics, University of 
Chicago, Chicago, Illinois 

Over the past decade there has been 
an increased coupling of microscopy 
(which gives us spatial resolution in- 
formation) at spatial resolution levels 
smaller than the wavelength of light. 
The coupling is best exemplified with 
the transmission electron microscope. 
It has been pushed to the extreme such 
that very fine beams of electrons can 
be produced which are as small as 2.5 
in diameter. We are therefore in a sit- 
uation where we may expect to be able to 
perform chemical localization at near 
atomic spatial resolution from a wide 
Variety of objects. One can presently 
perform spectroscopy of fast electrons 
transmitted through thin samples from 
areas approaching 20 R in size. In ad- 
dition, individual heavy atoms can be 
visualized on light element substrates 
using such atomic dimension electron 
beams. We will try to review the state- 
of-the-art of the coupling of microscopy 
and spectroscopy using fine electron 
beams and speculate on some of the po- 
tential applications in the biological 
and materials sciences. 

BIOLOGICAL IMAGING 

PROTEIN ON METAL SURFACES 
(Distinguished Guest Lecture) 

Ivar Giaever 

General Electric Company, 
Schenectady, New York 

All the enzymes and many of the hor- 
mones in the human body are globular 
protein molecules. The structure of a 
protein molecule is closely related to 
its function. Some of these features 
will be discussed in an elementary way. 
Illustrations will be given of how some 
of the properties of protein molecules 
can be studied by adsorbing the molecule 
on metal surfaces. Finally, some prob- 
lems and difficulties associated with 
the adsorption of protein onto field 
emitter tips will be mentioned. 

IMAGING OF MOLECULES, PAST AND PRESENT 
(Invited Paper) 

A. J. Melmed 

Surface Science Division, National 
Bureau of Standards, Washington, 
D.C. 20234, 

Several types of microscopy have been 
and are being applied to the quest for 
detailed information about the morphol- 
ogy and atomic structure of molecules, 
with special interest in important 
biological molecules. These will be 
reviewed with emphasis on the results 
thus far obtained and the apparent ob- 
stacles to improved imaging capability. 
Particular attention will be given to 
the field emission (FEEM and FIM) 
efforts. 

FIELD ION IMAGING OF DNA AND OTHER 
ORGANIC MOLECULES (Invited Paper) 

Franklin Hutchinson 

Department of Molecular Biophysics 
and Biochemistry, Yale University, 
New Haven, Connecticut 06520 

Large biological molecules have been 
imaged on the surface of a field ion tip 
by surrounding them with layers of metal 
atoms from an evaporation source. The 
evaporated atoms striking the molecules 
to be imaged either do not stick, or 
are field-desorbed as the electric field 
is raised to visualize the surface by 
field ion microscopy. The image of the 
molecule is formed by the edges of the 
cavity in the adsorbed metal layer, 
and resolution is improved as the ad- 
sorbed layers b~come more ordered. 
Unmistakable images have been obtained 
of DNA and of transfer RNA molecules to 
a resolution of about i0 ~. Images of 
phthalocyanine Could not be unequivo- 
cally distinguished from defects in 
evaporated metal layers deposited in 
the absence of organic molecules. The 
method is similar in principle to that 
used by Mueller and Rendulic, who 
embedded organic molecules in a metal 
layer electroplated on a field ion tip. 
The method has similarities to that 
in which an image is formed by field 
desorption of easily ionized molecules 
condensed on a tip bearing the object 
to be imaged. Field ion microscopy 
can scan a much smaller area for 
suitable images than is possible 
with transmission microscopy, and 
this imposes a relatively serious 
limitation. 
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LOW-FIELD DESORPTiON IMAGING OF 
~ROTEINS ~ 

J. A. Panitz ¢, Ivar Giaever~ 

tSandia Laboratories "~%, Albuquerque, 
New Mexico; ~General Electric Re- 
search and Development Center, 
Schenectady, New York 12301 

A novel low-field (< 1 V/R) desorption 
technique is described for imaging the 
contour of protein molecules placed on 
the apex of field-emitter tips. Image 
contrast relies on a distinct and meas- 
urable difference in the desorption 
field of a species of low ionization 
potential physisorbed on the molecule, 
and on the adjacent tip surface below 
80 K. Preliminary results are des- 
cribed, using benzene to image Bovine 
Serum Albumin (BSA) and Im~uno-Gam~a- 
Globulin (igG). Although the imaging 
procedure appears to be feasible, ex- 
treme difficulty in reproduceably plac- 
ing the proteins on the tip apex, in 
the desired concentration, has been en- 
countered. These difficulties together 
with future implications of the technique 
will also be discussed. 

~This article sponsored by the U. S. 
Department of Energy, Office of Basic 
Energy Sciences, under Contract 
AT(29-1) 789. 

J'IA U. S. Department of Energy Facility. 

SURFACE ADSORPTION 

SINGLE ATOM SELF DIFFUSION ON NICKEL ~ 

Raymond T. Tung¢, William R. Graham%% 

tDepartment of Physics, %%Department 
of Metallurgy and Materials Science, 
Laboratory for Research on the 
Structure of Matter, University of 
Pennsylvania, Philadelphia, Pennsyl- 
vania 19104 

Past FIM studies of surface diffusion 
have been limited to 5d and 4d transi- 
tion metal substrates. The importance 
of extending this powerful technique for 
the study of the atomic mechanisms of 
surface interactions to the 3d transi- 
tion series metals is clearly evident. 
In this paper we present the results 
from self diffusion studies on several 
of the low index planes of nickel. We 
also include some discussion of the 
specimen preparation techniques which 
are required to produce nickel surfaces 

of sufficient perfection for surface 
diffusion studies. 

eWork supported by NSF Grant DMR-75- 
23254 and by NSF-MRL Grant 76-00678. 

BINDING SITES AND BINDING STATES OF Sn 
ON W 

O. Nishikawa 

Department of Materials Science and 
Engineering, Graduate School of 
Science and Engineering, Tokyo Insti- 
tute of Technology, O-okayama, 
Meguro-ku, Tokyo 152 Japan 

The binding sites of tin atoms on a 
tungsten surface are studied by super- 
posing the image of a pseudomorphic 
tin layer upon the image of a substrate 
tungsten surface. Superposed micro- 
graphs indicate that the lateral loca- 
tions of the tin atoms correspond to 
the locations of unoccupied tungsten 
lattice sites above the surface. 

Variations in field emission current 
with increasing evaporation field are 
also studied for the (011), (IIi), 
(112) and (114) planes. Evaporation of 
adatoms can be noticed by a sharp in- 
crease or decrease in the emission cur- 
rent at the field strength corresponding 
to the binding state of the adatoms. 
The binding states of the tin atoms on 
these planes are discussed. 

FIELD ION MICROSCOPY OF GALLIUM ON 
TUNGSTEN e 

Robert J. Culbertson, T. Sakurai, 
T. T. Tsong 

Physics Department, Pennsylvania 
State University, University Park, 
Pennsylvania 16802 

The field evaporation of Ga from a 
W emitter was investigated using a mag- 
netic sector atom probe field ion micro- 
scope. A continuous supply of Ga was 
provided by adjusting both tip tempera- 
ture and electric field. The Ga coating 
of a W tip was achieved by dipping the 
tip in liquid Ga at 325 K in air. A 
clean W and cap was obtained by field- 
evaporating the tip at 78 K. By raising 
the temperature co 300 K Ga atoms dif- 
fused from the shank of the tip and 
field-evaporated from the tip apex at 
fields (2V/~) well below the evapora- 
tion field of W (5.7 V/R). The rate of 
Ga evaporation could be controlled over 
a wide range by varying either the 
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temperature, the electric field or both. 
The tip temperature was extremely criti- 
cal for obtaining a steady Ga ion flux. 
In some cases the Ga flux was suffi- 
ciently high to yield a desorption image 
of the surface, implying that more than 
1000 Ga ions/sec are formed at each 
imaged site. The desorption image has 
a resolution comparable to that of a 
field ion image. Unlike ordinary de- 
sorption imaging where the surface atoms 
are removed, only the continuously re- 
plenished Ga atoms are evaporated and 
the W tip surface remains intact. 

After annealing the surface at ele- 
vated temperatures we found that the 
field ion image showed patchy regions 
of a Ga and W ordered alloy structure 
similar to that found in Pt electropla- 
ted W. I The evaporation field of this 
surface was higher than thai of Ga atoms 
migrating from the shank before anneal- 
ing. 

Below room temperature Ga atoms evap- 
orate as doubly charged ions with a sharp 
energy distribution comparable to that 
of He field ionization within the for- 
bidden zone. 2 The binding energy of Ga 
atoms on W can be derived from the 
measurement of the energy deficit of the 
field evaporated Ga ions. 3 Since the 
substrate W surface remains intact, the 
evaporation field can be maintained at 
a constant value. A retarding potential 
analyzer with 100 meV resolution of the 
2000 eV primary ion energy was incorpor- 
ated in the atom probe for this purpose. 
The measured binding energy will be pre- 
sented as a function of crystallographic 
orientation of the W substrate and will 
be discussed based on the adsorption 
geometry determined from a field ion 
image. 

i. K. D. Rendulic, E. W. Mueller, 
J. Appl. Phys. 38, 550 (1967) . 

2. T. Sakurai, E. W. Mueller, R. J. 
Culbertson, T. T. Tsong, Proc. 7th 
Intern. Vac. Congr. & 3rd Intern. 
Conf. Solid Surfaces (Vienna 1977), 
2467. 

3. T. T. Tsong, W. A. Schmldt, O. Frank, 
Surface sci. 65, 109 (1977). 

*Supported by NSF--Grant DMR-76-11418. 

FIELD-INDUCED DESORPTION OF BENZENE 
FROM TUNGSTEN* 

J. A. Panitz 

Sandia Laboratories%, Albuquerqu e, 
New Mexico 87185 

A study of the field-desorption pro- 
perties of benzene from clean, field- 
evaporated tungsten surfaces is des- 

cribed. Ramped-DC desorption was used 
to measure the desorption field of ben- 
zene at temperatures below 200 K, while 
Imaging Atom-Probe spectroscopy was used 
to determine the identity of the de- 
sorbing species in physisorbed, and 
chemisorbed layers. Time-gated imaging 
was used to follow the crystallographic 
behavior of the predominant physisorbed 

H + between 55 K and 200 K. species, C 6 6' 

*This article sponsored by the U. S. De- 
partment Of Energy, Office of Basic 
Energy Sciences, under Contract AT(29-1) 
789. 

%A U. S. Department of Energy Facility. 

PROBABILITY DENSITY OF DISPLACEMENT OF 
ADATOM ON TUNGSTEN SURFACE 

Yuji Sadakane, Ken-ichi Hirano 

Department of Materials Science, 
Faculty of Engineering, Tohoku Uni- 
versity, Sendai, Japan 

By the FIM study of surface diffus- 
ion, it has been shown that the migra- 
tion of the adatom at low temperature 
is restricted in the edge of the ter- 
race. The edge of the terrace has two 
kinds of role in the migration of the 
adatom; reflecting or adsorbing bound- 
ary. The role of the edge depends on 
temperature and time of diffusion 
treatment. ~nen the distance between 
the edges of the terrace is a, we de- 
fine W~(d,a), the probability that the 
adatom makes a displacement d after 
it makes N jumps by the following 
equation. 

R A 
W~(d,a) = (l-k) W~(d,a) + k W~(d,a) 

where the symbol R denotes the case 
that the adatom is reflected at the 
edge of the terrace and A the case that 
the adatom is adsorbed by the edge of 
the terrace, and k is the adsorbing 
factor (0 < k < i), which depends on 
temperatur~ and time of diffusion treat- 
ment. The value of k can be estimated 
by comparing the experimental values of 

W (d,a) and W~(d,a) with the theoreti- 

cal values of them. In the present 
work, the surface self-diffusion on the 
W (431) plane has been investigated 
theoretically and by FIM observation. 
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E. W. MOLLER MEMORIAL 
MEDAL COMPETITION 

AIMING ERROR IN METALLURGICAL 
SPECIMENS 

J~rg Piller 

Institute for Metal Physics and SFB 
126, University of Gottingen, 
Hospitalstrasse 12, D-3400 Gottingen, 
W. Germany 

The combined FIM-Atomprobe and Field 
Desorption Microscope i has been applied 
for the determination of the aiming er- 
ror in pure metals and in metallurgical 
alloys. 

Previously it has been shown by sev- 
eral authors that there could be consid- 
erable differences between the flight 
paths of the desorbed ions and their re- 
lated field ions. This is evident, for 
instance, by the fine detailed struc- 
tures found in multi-layer field desorp- 
tion micrographs. On the contrary, it 
has been demonstrated that under dis- 
tinct conditions it is possible to aim 
with the atom probe on single solute or 
adsorbed atoms which are brightly 
imaged with a yield near the detection 
efficiency of the ion detector. 

Now it is of interest how the de- 
sorbed ions of precipitates are distri- 
buted with respect to their field ion 
image, especially if the precipitates 
protrude from or are recessed into the 
specimen surface. 

From the desorPtion images which are 
gated for the different components of 
the precipitates and from the field ion 
images, the extension of the precipi- 
tates is measured. The influence of the 
distorted field above protruding pre- 
cipitates on the targets of the desorbed 
ions is compared with those of ions of 
high indexed planes in pure metals. 

These results are related with atom 
probe measurements where the probe hole 
is aimed on or nearby the field ion 
image of the precipitate. 

I. J. Piller, R. Wagner, 24th Inter- 
national Field Emission Symposium, 
Oxford, i977. 

QUANTITATIVE DETERMINATION OF ALLOY 
ELEMENT PARTITIONING IN PEARLITIC 
STEELS BY ATOM PROBE ANALYSIS 

M. K. Miller, P. R. Williams, P. A. 
Beaven, G. D. W. Smith 

Department of Metallurgy and Science 

of Materials, university of Oxford, 
Parks Road, Oxford OXI 3PH, England 

Previous observations of alloy ele- 
ment redistribution processes in paten- 
ted and cold drawn pearlitic steel 
wiresl, 2 have been extended. Quantita- 
tive measurements have been made of 
solute concentration profiles across 
the ferrite-cementite interface in 
as-transformed pearlitic steels contain- 
ing the alloy elements Mn, Cr and Si. 
It has been demonstrated that exten- 
sive substitutional solute partitioning 
occurs over the range of transformation 
temperatures studied (down to 550 C). 
This result is at variance with previous 
(lower spatial resolution) electron 
microprobe analyses, and provides a new 
insight into the nature of the physical 
processes occurring during the pearlite 
transformation. In particular, the 
existence of a highly effective short- 
circuit diffusion pathway for substitu- 
tional elements in the austenite- 
pearlite interface would now appear to 
be clearly established. 

i. M. K. Miller, G. D. W. Smith, 23rd 
International Field Emission Sym- 
posium, Pennsylvania State Univer- 
sity, 1976. 

2. M. K. Miller, G. D. W. Smith, Metal 
Science 11, 249 (1977) . 

A STUDY OF ORDERED Ni4Mo SURFACE ON AN 
ATOMIC SCALE 

G. H. Robertson, T. Sakurai, T. T. Tsong 

Physics Department, Pennsylvania 
State University, University Park, 
Pennsylvania 16802 

Field ion microscope (FIM) studies 
of ordered alloys have great importance 
because the hemispherical shape of FIM 
emitters provides a variety of super- 
structures. The geometrical structure 
and possible reconstructions can be 
observed directly on an atomic level. 
Previous FIM studies of ordered alloys 
have found that one of the species is 
usually not imaged. 

We have attempted a new study of an 
ordered alloy, Ni4Mo. Its bulk struc- 
ture is well established [body-centered 
tetragonal (BCT) c4/a = 0.6231]. This 
BCT structure contains eight Ni and two 
Mo atoms in the unit cell, i.e., four 
Ni and one Mo atoms per Bravais lattice 
point. The structure may be described 
as five interpenetrating BCT sublattices 
--one having a single Mo atom per lat- 
tice point and the other four with a 
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single Ni atom per lattice point. Each 
sublattice is translated by 1/5 <ii0 > 
with respect to a neighboring sublattice. 
Because of this complexity, some net 
planes described by the same Miller index 
number [for example, (Ii0) and (011) or 
(211) and (121)] have different symme- 
try and structural properties enhancing 
our interest in this system. 

In our FIM study, using a channel 
plate image intensifier and liquid H 2 
cooling, we have succeeded for the first 
time in the observation of Ni and 2Mo 
layers with atomic resolution. While 
slowly evaporating the (011) surface lay- 
er by layer, we observed only two pure Ni 
layers below each pure MO layer rather 
than the four expected from the alloy 
structure. I It also appeared that the 
number density of a Ni layer is approxi- 
mately twice that of a MO layer. This 
anomaly was not observed on the (ii0) 
plane where we observed four pure Ni lay- 
ers below each pure Mo layer. The basic 
structural differences between these two 
planes is the number density and the spac- 
ing, d, of adjacenz layers [d = 0.8099 A 
for (ii0) and d = 0.6057 A for (011)]. 
The ready interpretation of this anomaly 
for the (011) plane is that two adjacent 
Ni layers reconstruct to form a single 
layer when the top Mo layer is field- 
evaporated. Using the atomic resolution 
of Ni layers we will try to determine the 
position of Ni atoms with respect to the 
Mo atoms for a number of net planes, such 
as (lll), (121), (213) and (123). The 
field emission images from fundamental 
planes and superlattice planes will be 
presented to show a unique potential of 
using this system to study the electronic 
structure of a superlattice. It may be 
possible to obtain the density of states 
of the superlattice by field electron 
spectroscopy. 

i. B. G. LeFevre, H. Grenga, B. Ralph, 
Phil. Mag. 18, i193 (1968) . 

ANALYSIS OF THE ELECTRIC FIELD DISTRI- 
BUTION INSIDE A FIELD ION MICROSCOPE 
BY THE FINITE ELEMENT METHOD 

Gary S. Gipson, D. W. Yannitell, H. C. 
Eaton 

Department of Mechanical Engineering, 
Louisiana State University, Baton 
Rouge, Louisiana 70803 

The electric field distribution inside 
a field ion microscope is determined by 
means of the numerical method of finite 
elements. Using this technique, realis- 
tic geometries are considered. Analysis 
of such models has not been possible by 

conventional analytical methods because 
of the intractable nature of the solu- 
tions. Features included in the numeri- 
cal model are microscope walls, a flat 
screen, and for the first time a cold 
finger, a dielectric, a specimen holder 
with shape, and an accelerating shield. 
it is found that neglecting the tedious 
geometry can yield inaccurate results. 
The accelerating shield, located about 
105 tip diameters from the specimen tip, 
is shown to provide a substantial en- 
hancement of the electric field at the 
specimen apex. This can result in sig- 
nificant changes in the specimen stress 
distribution and may alter the ion tra- 
jectories as well. Also studied is the 
effect of the specimen shank angle on 
the electric field. It is found that a 
variation from 0 ° to 9 ° in emitter shank 
angle results in approximately a 40% 
reduction in the field strength near the 
apex. 

APPEARANCE POTENTIAL MEASUREMENTS ON 
SINGLY AND DOUBLY CHARGED FIELD- 
EVAPORATED AND FIELD-IONIZED 
METAL IONS 

Norbert Ernst 

Fritz-Haber-Institut der Max-Planck- 
Gesellschaft, Faradayweg 4-6, 
1000 Berlin 33 

Experimental appearance potential 
values APn(=e~o+#R; n=l.2) as derived 
from the onset voltage 8 O of integral 
energy distribution of n-fold charged 
metal ions are compared with theoretical 
values iAPn calculated from the image 
hump model (e elemental charge, @R work- 
function retarder electrode)l, 2. iAPn 
is approximately given by: 

iAPn : ! AE n+ (F) + ~E (I) 
n c 

where 

n3e3 

is the critical energy deficit of a 
n-fold charged ion at the emitter sur- 
face (work function @E) according to the 
Schottkv hump condition (¢o diel. Const. 
8.85 - IC -]2 ~s~ ). ~Then the electric field 
strength F is high enough field evapora- 
tion occurs with nearly zero thermal ac- 
tivation energy, lAP n then becomes: 

AP = ! ( Z I + A). (2) 
± n n n n 

I n is the n-th ionization potential and 
A thebinding energy of the atom to the 
emitter surface. In table 1 calculated 
and literature data are compared with 
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experimental results. With copper, the 
image hump model of field evaporation is 
verified. AP n values of other species 
mainly reflect field evaporation with 
nearly zero activation energy (emitter 
temperatures below 300 K). 

Calculated and Literature Data 

1 
n species ~(~In+A) [eV] lAP n [eV] F [V/A] 

+ 
1 Cu i].0 10.9 2.9 

+ 
1 Cu 9.3 1.6 

+ 
1 Be 12.6 12.5 5.1 

++ 
2 Be 15.5 15.3 4.5 

2 Ni ++ 15.0 14.8 3.4 
++ 

2 Fe 14.1 14.0 3.4 

Experimental Results 

n species AP [eV] F Iv/k] 
n 

+ 
1 Cu 10.9 ± 0.2 2.9 ± 0.3 

+ 
1 Cu 9.3 -± 0.2 1.6 ± 0.2 

+ 
1 Be 12.5 + 0.1-0.3 unknown 

++ 
2 Be 15.5 + 0.i-0.2 unknown 

(~ 14.5) 

2 Ni ++ 15.0 + 0.i-0.2 unknown 

({ 14.5) 
++ 

2 Fe 13.9 ± 0.i unknown 

(~ 12.9) 

Table i. AP n values in brackets are estimated 
onsets of second high energy distributions ob- 
served in the spectra of doubly charged ions. 

Raising the emitter temperature above 
900 K leads to thermal evaporation of 
metal atoms with subsequent field ioni- 
zation, FI, in %he gas phase. The first 
ionization potentials are measured 
(AP 1 = I I) corresponding to the main on- 
set of energy distributions. A second 
high energy distribution with onset down 
to 5 eV below I 1 (Be + ) is obviously gen- 
erated by FI of electron impact excited 
atoms. 

i. E. W. Mdller, Phys. Rev. 102, 618 
(1956) . 

2. T. T. Tsong, W. A. Schmidt, O. Frank, 
Surface Sci. 65, 109 (1977) . 

A COMBINED CONVENTIONAL AND IMAGING 
ATOM-PROBE AND ITS APPLICATION TO 
SEGREGATION STUDIES 

A. R. Waugh, P. F. Mills, M. J. Southon 

Department of Metallurgy and Mater- 
ials Science, University of Cambridge. 
Pembroke Street, Cambridge CB2 3QZ, 
united Kingdom 

The imaging atom-probe which was con- 
structed in 1975 for metallurgical ap- 
plications 1 has been modified and up- 
dated to combine the elemental mapping 
capability of the IAP with the quanti- 
tative point-analysis capability of the 
conventional atom-probe. As before, a 
single 50 ~m flat channel-plate is used 
to detect the gated desorption image 
with a flight-distance of 125 nun. A 
second 50 mm channel-plate has now been 
fitted close to the specimen, which can 
be tilted through 140 ° on a specially 
built stage. The second plate is used 
to display the entire field-ion image 
of the specimen and also incorporates 
a 2 rnm diameter probe-hole which de- 
fines the entrance aperture of a conven- 
tional atom-probe, with provision for 
energy compensation. A 25 ~m chevron 
channel-plate is used as the detector. 

As a result of these modifications 
it is possible to obtain both quantita- 
tive mass spectra from small areas of 
the specimen and also time-gated de- 
sorption images from a large area. Data 
are collected rapidly as an evaporation- 
pulse generator has been built which 
uses a mercury-wetted reed relay opera- 
ted at 250 Hz. Jitter-free operation 
at this high rate is made possible by 
using a solid-state high-voltage switch 
in place of the conventional charging 
resistor: output-pulse amplitude is 
adjustable from 300 to 4000 volts. This 
type of pulser has been added success- 
fully to all three atom-probes currently 
in use in Canabridge. 

Our prime area of research at present 
is in segregation: the unique ability 
of the IAP to detect segregation at 
grain boundaries with high spatial res- 
olution and single-atom sensitivity has 
been applied further along the lines 
described previously 2. Further obser- 
vations have been made of oxygen at 
grain boundaries in molybdenum, includ- 
ing a grain-boundary node, of carbon in 
iron, and of tin at and near grain- 
boundaries in iron. The latter system 
is of particular interest in that sig- 
nificant quantities of a metallic 
dimer, Sn93+ , are observed, as well 
as Sn + an~ Sn 2+. 
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1. A. R. Waugh, 22nd IFES, Atlanta, 
1975; A. R. Waugh, J. Phys. E: 
Sci. Inst. ii, 49 (1978) . 

2. A. R. Waugh, 24th IFES, Oxford, 
1977; A. R. Waugh, M. J. Southon, 
Surface Sci. 68, 79 (1977) . 

DETERMINATION OF ATOMIC JUMP LENGTH 
DISTRIBUTIONS FOR SURFACE MIGraTION 
OF SINGLE ADATOMS 

P. L. Cowan*, T.T. Tsong **% 

~Bell Laboratories, Murray Hill, New 
Jersey 07974; ~*Department of Physics 
Pennsylvania State University, Uni- 
versity Park, Pennsylvania 16802 

Surface migration of single adatoms 
on a perfect crystallographic plane oc- 
curs by a random sequence of atomic 
jumps. However, atomic jumps are not 
necessarily restricted to nearest neigh- 
bor sites, as is co~only assumed. 
Analysis of FIM observations of migrat- 
ing adatoms is uniquely capable of yield- 
ing the distribution of jump lengths 
and directions. Existing data indicates 
that W adatoms on W(ll0) jump predomin- 
antly along <lll> directions in the 
plane, but can jump various distances in 
these directions. 

-~This research done at the Pennsylvania 
State University was supported by NSF 
Grant No. DMR 76-i1418. 

A STUDY OF CHEMISORBED NITROGEN AND 
OXYGEN ON GROWTH OF THIN GOLD FILMS 
ON TUNGSTEN 

C. Patel 

University College of North Wales, 
Department of Electronic Engineering 
Science, Dean Street, Bangor, 
Gwynedd, N. Wales, United Kingdom 

When condensed on tungsten in ultra- 
high vacuum, metals are known to form 
monolayer and multilayer films. The 
presence of sub-monolayer amounts of 
preadsorbed gas can, however, prevent 
such films from forming. 

In an attempt to establish the roles 
of chemisorbed gases, detailed studies 
have been made of the effects of small 
quantities of nitrogen and oxygen as 
contaminant gases on the structure of 
thin gold film on tungsten by observing 
the change in the work-function with 
coverage and temperature using probe- 
hole and simple field emission micros- 
copy. 

Adsorption of nitrogen on tungsten 

followed by gold shows notable changes 
in the work-function when compared with 
the 'clean' gold behavior and consequen- 
tly results in crystaliite growth at a 
gold coverage greater than 28. Heating 
the composite layers at a temperature 
T > 800 K causes crystallites to dis- 
soTve and gold reverts to 'clean' behav- 
ior. 

Oxygen adsorption on a gold-bearing 
tungsten surface produces a decrease in 

of : -0.45 eV for spreading tempera- 
tures of 600-750 K. This decrease in 
seems unusual since the oxygen sticking 
probability on gold is very low for the 
temperature used. Because the oxygen 
attacks the tungsten substrate more 
severely than nitrogen, the gold atoms 
aggregate much more readily into cryst- 
allites than in the case of nitrogen. 

The stepwise heating of the following 
systems W-Au, W-N 2, W-N2-Au, W-O2, 
W-Au-O2-Au , W-O2-Au , have been examined 
for the desorption characteristics of 
the chemisorbed gases on morphology of 
gold overlayers. In both nitrogen and 
oxygen cases the order of their adsorp- 
tion plays an important part, and this 
is found to be noticeable when the step- 
wise heating of the following systems 
was performed: W-O2-Au Case 1 and 
W-Au-O2-Au Case 2. In case i, ¢ in- 
creases very sharply between T = 500- 
750 K and becomes steady in the tempera- 
ture region T = 900-1400 K. Case 2 
shows the opposite effect in the T = 
500-750 K temperature region. This 
behavior is thought to be due to the 
inversion of dipoles, and will be des- 
cribed in detail. 

Co-adsorption of (N2-Au) has been 
studied on the W(100), (iii) and (211) 
planes. Results will be described and 
compared with known data of the (N2-W) 
and (W-Au) system on these planes. 

DIFFUSION STUDIES OF ADSORBATES 
ON TUNGSTEN (ii0) 

Jiann-Ruey Chert, Robert Gomer 

Departments of Physics and Chemistry 
and the James Franck Institute, The 
University of Chicago, Chicago, 
Illinois 60637 

The correlation of functions of 
field emission current fluctuations 
from the (i!0) plane of tungsten field 
emitters covered with submonoiayer 
amounts of oxygen, carbon monoxide and 
xenon, have been measured. At tempera- 
tures above the onset of surface dif- 
fusion, the experimental correlation 
functions agree with a theoretical 
model based on single particle diffu- 
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sion, I and yield diffusion coefficients 
and activation energies of diffusion on 
this plane. For oxygen, activation 
energy of diffusion rises from 14 k cal/ 
mole for O-W < 0.2 to 22 k cal/mole for 
O/W = 0.56. For virgin CO, no diffusion 
could be unequivocally established at 
any coveraaes, although a weak signal 
set in at 250°K. For beta CO, diffusion 
with an activation energy 23 k ca!/mole 
is found, suggesting O is the observed 
species diffusing. For xenon, an acti- 
vation energy of ~ 3 k cal/mole was 
found at % = 0.5 and ~ = 0.9. At high 
temperatures the decay of the correla- 
tion function is slower than predicted 
Dy theory. It is suggested that this 
results from dynamical correlations, or 
multi-particle density fluctuations, 
which can occur when several adsorbate 
particles are simultaneously in motion. 
At low temperatures, exponential decay 
of the correlation function is observed 
and explained as a prediffusive flip- 
flop of adsorbate particles between 
binding locations. The temperature- 
dependence of the mean square fluctua- 
tions in the diffusive regime is dis- 
cussed in terms of adsorbate-adsorbate 
interactions. 

i. R. Gomer, Surface Sci. 30, 373 
(1973> . 

FIELD EMISSION AND ION SOURCES 

A BASIC WAVE-MECHANICAL THEORY OF 
FIELD-ION ENERGY DISTRIBUTIONS 

Richard G. Forbes 

Department of Physics, University of 
Aston, Gosta Green, Birmingham, 
United Kingdom 

This paper presents the outline of a 
new wave-mechanical theory of field ion- 
ization and field-ion energy distribu- 
tions. The theory is a generalization 
of the approach used by Gomer and 
Swanson I, and avoids the use of the 
Landau-Zener approximation. The theory 
may be regarded as a direct fermion 
analog to the theory of radiative emis- 
sion as developed by Dirac. 

The essential feature of the new 
theory is that it avoids the "double 
infinity of final states" problem by 
enclosing the departing ion in a hypo- 
thetical one-dimensional sloping-sided 
box for which the wave-functions can be 
determined. The rest of the analysis 
then proceeds by analogy with the well 
established theory of Molecular Spec- 
troscopy. 

Currently, the theory is in the 
formal stage of development, but the 
following results are already clear: 

i. A proof can be given that the 
usual quasi-classical treatment of 
field-ion imaging should be a valid 
first approximation, if the electron 
transition rate-constant is given by 
an expression involving an electronic 
overlap integral. 

2. The usual quasi-classical treat- 
ments of energy distributions should 
be valid approximations, with the fol- 
lowing exceptions: 

(a) The shape of the high-energy 
edge of the main peak; 

(b) Discussion of surface-plasmon- 
assisted field ionization. 

In the exceptional cases the influence 
of overlap factors between vibrational 
wave-functions needs to be taken into 
account. For surface-plasmon creation 
the presence of an additional term in 
the expression for the energy distribu- 
tion could prove decisive in rejecting 
this mechanism of the Jason effect on 
purely theoretical grounds. 

These results are not exactly unex- 
pected. However, the author believes 
that the present treatment of field ion- 
ization, which has long been recognized 
as a "difficult" subject, has been able 
to avoid logical errors that appear in 
previous treatments. Very few, if any~ 
previous treatments are strictly com- 
patible with the basic axioms of quan- 
tum mechanics. 

1. R. Gomer, I~. W. Swanson, J. Chem. 
Phys. 38, 1613 (1963). 

FIELD EMISSION SOURCES FOR LARGE 
AREA DISPLAYS 

Jules D. Levine 

RCA Laboratories, Princeton, New 
Jersey 08540 

Component and systems aspects of 
field emitters as electron sources have 
been studied for large area displays: 
106 display elements, 104 cm 2 display 
area, and a design cost for under $i00. 
We first investigated UO2/W eutectics 
provided by Professor A. T. Chapman. 
Later, a new field emitter technology 
was developed using copper and glass 
fused sheets. I This was more suited to 
mass production. By mechanical or pho- 
tolithographic means, Cu tips were 
formed i0 mils apart on a square array. 
A tip, when appropriately treated and 
fused with a glass insulator and a cop- 
per extractor, yielded 10-100 ~A at 
400-1000 V. The design value was 
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1-10 uA at 200 V, for 200-ft !amberts 
brightness. Proximity focusing was used. 
On occasion, beam extraction efficiencies 
of 100% were obtained. 

Systems studies showed the need for 
an inexpensive feedback sensor and cir- 
cuit for each of the 106 elements, which 
would sample the beam current and also 
correct for display brightness inhomo- 
geneities due to the erratic nature of 
the field emission source. Such a sam- 
pling circuit was built and tested 
successfully. I 

1. J. D. Levine, U.S. Patent 3,921,022, 
November 18, 1975. 

CHARACTERIZATION OF THE ION EMISSION 
FROM A TAYLOR CONE OF LIQUID GOLD* 

P. Sudraud, J. Van de Walle, C. Colliex, 
P. Trebbia 

LaboratOire de Physique des Solides, 
Associ~ au C.N.R.S. , Bat. 510, 
Universit~ Paris-Sud, 91405 Orsay, 
France 

Various ion emission modes issued 
from a metallic gold surface under the 
combined effect of a strong electric 
field and a high temperature have been 
investigated. 

At a temperature higher than the 
melting point, and under an electric 
field greater than a critical value, the 
free surface of a liquid metal is de- 
formed into a Taylor cone shape, the ex- 
tremity of which has been visualized in- 
situ in an electron microscope. From 
the area a few microns large located at 
the apex of this cone, rather strong pos- 
itive ion currents can be delivered. Of 
the order of 1 mA, they are quite stable 
and can last for hours if an appropriate 
design allows a permanent flow of matter 
towards this emitting area. 

The characteristics of the beam have 
been analyzed with the help of a double- 
focusing mass spectrometer. The mass 
distribution contains a large variety of 
ionic species ranging from doubly ionized 
Au ++ to molecular Au~ (fragments with 
n < 7 have been detected). The main con- 
tr[bution due to Au + represents about 70% 
of the total emission. Superposed on 
the general decrease with n of the mole- 
cular ions intensity, slight alternances 
can be detected; species with odd n are 
relatively more abundant than those with 
even n. This is in good agreement with 
the theoretical predictions of Joyes con- 
cerning the stability of noble metal 
clusters. 1 

The energy distribution has been 

measured for all these emission prod- 
ucts. The two main ionic species Au ++ 
and Au + exhibit a single large peak. 
Of the order of 45 eV for Au ++, the 
width of this peak is increased to 
about 70 eV for Au + and is followed in 
this case by a long energy deficit tail. 
The molecular ions also display a clear 
secondary maximum: its position grad- 
ually shifts towards larger energy 
losses and its relative importance in- 
creases regularly with n. These experi- 
mental data provide some interesting 
basis for the understanding of the emis- 
sion mechanisms in an EHD liquid metal 
ion source. The contribution of the 
space charge effects and of the collis- 
ion processes in a dense plasma exten- 
ding over a few hundred ~ngstroms above 
the liquid surface will be discussed. 

Finally, the transition between the 
low temperature ion emission modes 
from the solid and the high temperature 
ones from the liquid has been carefully 
studied when one raises the temperature 
across the melting point. Intermediate 
regimes including the geometrical fac- 
eting of the metal surface or the growth 
of microneedles have been recognized. 
The relation between the topographical 
properties of the surface and the ion 
emission patterns has been established. 
All these results provide a general 
frame to classify the different behav- 
iors of a metal surface under these ex- 
treme temperature and field environment 
conditions. 

i. P. Joyes, J. Phys. Chem. 32, 1369 
(1971). 

Research performed with the help of a 
grant DRME 76/1184. 

FIELD EMISSION FROM A LIQUID METAL 

L. W. Swanson, G. A. Schwind 

Oregon Graduate Center, Beaverton, 
Oregon 97005 

The characteristics of a novel 
repetitive pulsed electron source em- 
ploying a liquid Ga/12% In cathode have 
been examined. Repetitive current pul- 
ses as large as 250 A with an applied 
voltage of only i0 to 12 kV have been 
observed. The mechanism involves the 
formation of a field-stabilized cone of 
the liquid cathode which forms a suf- 
ficiently small apex radius that a 
regenerative field electron current 
initiates an explosive emission process 
of the type described in detail for 
solid state emitters. I-3 If the applied 
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voltage is held just below ~hreshold, 
a 100 V by 35 nsec pulse voltage is suf- 
ficient to initiate the high current 
pulse. 

Several important differences between 
the liquid and solid phase explosive 
emission electron sources have been re- 
vealed. First, after the vaporization 
of a small amount of material from the 
cone apex during the pulse, the liquid 
phase source self-heals thereby yield- 
ing a repetitive pulse mode operation 
with a constant applied voltage. Sec- 
ondly, there is no limit to the life; 
i.e., the number of pulses, attainable 
from the liquid emitter. Third, the 
current pulse rise time and duration 
are shorter for the liquid metal source. 
A remarkable feature of the liquid met- 
al electron source when operated in the 
free running repetitive mode is the 
lack of measurable time jitter, < 0.i 
nsec, between the onset of successive 
pulses and their uniform amplitude over 
the rep rate range 40 to 8,000 pps. 

With the reverse polarity, this 
source becomes an intense ion emitter9 '4 
Used in a FIM, embodiment patterns with 
a certain degree of structure can be ob- 
served. Mechanisms by which field 
evaporation from liquid metals occur 
will be discussed. 

I. w. w. Doian, W. P. Dyke, J. K. Tro- 
fan, Phys. Rev. 91, 1054 (1953). 

2. V. M. Zhukov, G. R. Fursei, Soy. 
Phys. Tach. Phys. 21, 1112 (1976) . 

3. R. Clampitt, K. L. Artken, D. K. 
jeffries, J. Vac. Sci. and Technol. 
12, 120@ (1975). 

4. V. E. Krohn, G. R. Ringo, Appl. Phys. 
Letters 27, 479 (1975). 

GALLIUM FIELD ION EMISSION FROM 
LIQUID POINT ANODES 

G. L. R. Mair, A. von Engel 

Department of Engineering Science, 
Oxford University, Parks Road, 
Oxford, OXI 3PJ, Great Britain 

A brief summary of the principal 
processes controlling emission is given 
followed by an investigation of the two 
components of the collector current and 
its superimposed pulses when zero, re- 
tarding and accelerating potentials are 
applied to the collector. The effect 
of secondary electrons emitted by ion 
impact on the collector is analyzed as 
well as the results of suppressing the 
secondaries by deflection in a moderate 
electric or magnetic field. Finally 
observations of the l~inosity at the 
collector surface and near the apex of 

the wetted point anode, of the formation 
and life of protrusions and of the flow 
of neutral atomic particles and droplets 
are discussed. 

SUBMICRON IMAGING OF A LIQUID METAL 
GALLIUM SOURCE* 

R. L. Seliger 

Hughes Research Laboratories, Malibu, 
California 90265 

*Abstract not available at time of 
publication. 

SURFACE CHEMISTRY 

CATALYTIC CHEMISTRY: A SURFACE SCIENCE 
VIEWPOINT (Distinguished Guest Lecture) 

G. A. Somorjai 

Department of Chemistry, University 
of California, Berkeley, California 
94720 

The past ten years have seen the 
development of techniques, the combina- 
tion of which can be utilized to tackle 
major problems of heterogeneous cataly- 
sis on the molecular scale. Most of 
these new techniques need only small 
surface areas (~/cm2), but often require 
high vacuum sample environments. New 
methods of catalytic research have been 
developed that use (I) small area sam- 
ples for structure, composition, and 
kinetic studies, and (2) mate ultra-high 
vacuum and high-pressure reaction condi- 
tions. 

Four examples of studies involving 
single crystal surfaces of small area 
will be presented using three types of 
surfaces: flat (Iii) orientation, 
stepped, and kinked surfaces. 

A. Determination of the surface 
structure of adsorbed C2H 2 and C2H 4 on 
the Pt (iii) surface for a combination 
of low-energy electron diffraction 
(LEED) and high resolution electron 
energy loss techniques. 

B. The mechanisms of H2-D 2 exchange 
on stepped platinum crystal surfaces by 
reactive molecular beam-surface scatter- 
ing. 

C. Effect of oxygen on rates of hy- 
drogenation and dehydrogenation of cyclo- 
hexene on kinked platinum crystal surface. 

D. Effects of additives C2H 4, C3H 6 
and potassium on rates and product des- 
criptions during hydrogenation of carbon 
monoxide over the iron (ill) crystal 
face. 



Abstracts of 25th International Field Emission Symposium 375 

FIELD IONIZATION, FIELD EVAPO~%TION 
AND FIELD DESORPTION OF SILVER IONS: 
A COMPARISON OF APPEARANCE ENERGIES 

J. H. Block, R.-G. Abitz, M. Domke, 
E. Hummel 

Fritz-Haber-Institut der Max-Planck- 
Gese!ischaft, Faradayweg 4-6, 
1 Berlin 33 

Mass spectrometric experiments are 
performed and integral energy distribu- 
tions measured for Ag + ions of various 
origin. (i) Silver vapor from a Knudsen 
cell is field-ionized and yields appear- 
ance energies (AP) in accordance with gas 
phase ionization: AP is independent of 
field strength; AP values represent ion- 
ization potentials diminished by kinetic 
energy contributions of neutrals with 
nearly Maxwellian distribution. (2> The 
energy of ions field-evaporated from 
silver layers at a tungsten emitter 
(Ag-Ag- or Ag-W-surface bonds> is effect- 
ed by bond energies. The energy deficits 
are field- and temperature-dependent. The 
field dependence is explained in terms 
of the "charge exchange" or "image hump" 
model. The temperature dependence re- 
sults from competing thermal activation, 
which can be independently determined 
from rate measurements. With increasing 
temperature Ag + ions can pass successive- 
ly barriers with increasing height at re- 
duced field strength, resulting in re- 
duced energy losses. (3) Field desorp- 
tion of Ag + ions performed in a layer of 
Ag2S at a silver field emitter differs 
remarkably from usual field evaporation 
of silver: Although field evaporation 
occurs at drastically reduced field 
strength, energy losses rise by 2 eV. 
This behavior is caused by the shape of 
the potential wall in front of the emit- 
ter. The Madelung potential at the ion- 
crystal surface shows much steeper varia- 
tions with distance than the image poten- 
tial in front of a metal surface does. 

FIELD ION APPEARANCE ENERGIES OF CO + IONS 
FORMED AT NOBLE METAL SURFACES 

W. A. Schmidt, O. Frank 

Fritz-Haber-Institut der Max-Planck- 
Gesellschaft, Faradayweg 4-6, 
1 Berlin 33 

From measured integral energy distri- 
butions of CO + ions at 80 K tip tempera- 
ture on surfaces of Cu, Ag and Au, 
respectively, field ion appearance ener- 
gies were evaluated and found up to .5 eV 
higher than the value expected from usual 
field ionization. Under certain field 

conditions with gold tips two superim- 
posed energy distributions have been 
observed. Mathematical evaluation re- 
sulted in two appearance energies, 
(i) the already mentioned high value, 
and (ii) the value usually expected for 
CO + . Pronounced differences of the 
high appearance energles within the 
group of noble metals were not observed. 
There were also no differences in the 
appearance energies if the surfaces 
were cleaned before ionization or used 
after prolonged influence of residual 
gases. Furthermore, no such shifts of 
the appearance energies were observed 
for other reactive gases, for example, 
oxygen. 

Although as preliminary interpreta- 
tion, it is thought that the CO molecule 
is being ionized in the presence of 
chemisorbed CO. The ionization takes 
place then in a certain spatial distance 
from the surface, and the tunneling 
electron sees a second inner potential 
barrier which is easier to overcome 
than to tunnel through. Other interpre- 
tations fail because of the independence 
of the high appearance energy value 
from the metal. 

FIELD DESORPTION MASS SPECTROMETRY 

PRocEssEs OF ION FORMATION IN FIELD 
DESORPTION MASS SPECTROMETRY 

F. W. R~llgen, U. Giessmann, 
H. J. Heinen, H. D. Beckey 

Institute of Physical Chemistry, 
University of Bonn, 5300 Bonn, 
West Germany 

From conventional activated emitters 
alone no reliable information on the 
ionization conditions, i.e., the effect 
of field strength and temperature, on the 
ion formation can be obtained since the 
adsorption of substances on surfaces of 
largely different field strengths (on 
top, on the shank or in between the 
field-enhancing microneedles) cannot be 
sufficiently controlled. However, by 
using smooth wires and wires with 
microneedles of different length as 
field anodes it was possible to differ- 
entiate between ion formation either by 
field ionization or by electrochemical 
processes in condensed sample layers 
which are almost field-independent. How- 
ever, even in the latter case a high 
external field > i0 ? V m -] is needed to 
induce a charge separation and dissolu- 
tion of ions. A thermionic emission of 
metal ions is observed above 800 K. The 
carbon needles are particularly active 
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emission centers suggesting the storage 
of metal atoms from adsorbed metal 
salts in the needles. 

APPEARANCE ENERGIES OF FIELD-IONIZED 
AND FIELD-DESORBED POLYATOMIC 
SULFUR MOLECULES 

J. H. Block, R.-G. Abitz 

Fritz-Haber-Institut der Max-Planck- 
Gesellschaft, Faradayweg 4-6, 
1 Berlin 33 

Sulfur molecules S x (2 < x < 8) are 
either produced in an electrochemical 
cell and evaporated onto a tungsten 
field emitter or are formed by a sur- 
face reaction of impinging S 2 molecules 
in a physisorbed layer of the emitter 
at about 300 K. Field ionization of 
the S x vapor and field desorption of S x 
surface reaction products are investi- 
gated in a quadrupole mass spectrometer 
and analyzed with regard to mass-to- 
charge ratio, ion intensity, and inte- 
gral energy distribution. 

For vapor molecules appearance ener- 
gies (AP) have been expected to reflect 
ionization energies (I). Experimental 
values are: 

AP 

S 2 9.33 ± 0.1 
S 5 8.11 ± 0.15 
S 6 8.94 ± 0.i 
S 7 8.5O ± 0.I 
S 8 8.97 ± 0.i 

I 

9.36 ± 0.05 
8.60 ± 0.05 
9.00 ± 0.03 
8.67 _+ 0.03 
9.04 ± 0.03 

In particular for S 5 and S 7, deviations 
are higher than experimental errors. 

In comparison with vapor molecules, 
S x molecules formed by surface reactions 
display energy losses which are more 
than 1 eV too small (even at postulated 
negligible adsorption energy). This 
deviation is nearly identical for all 
measured S x and independent of individ- 
ual ionization energies. This result 
indicates that field desorption from 
the condensed layer involves either 
adiabatic reaction steps or ionization 
out of intermediate excited reaction 
states. 

QUANTITATIVE APPLICATIONS OF FIELD 
DESORPTION MASS SPECTROMETRY 

Douglas F. Barofsky, Elisabeth 
Barofsky, Lorne M. Isabelle 

Oregon Graduate Center, 19600 N.W. 
Walker Road, Beaverton, Oregon 97005 

Field desorption mass spectrometry 

(FDMS) has experienced relatively rapid 
growth during the last decade in its ap- 
plications to organic chemistry. How- 
ever, the use of FDMS has been generally 
restricted to qualitative analyses of 
specific compounds or mixtures of com- 
pounds. The earliest considerations 
given to quantitative applications of 
FDMS were directed towards the problem 
of defining a suitable means for measur- 
ing sensitivity. More recent efforts 
have been directed toward applying FDMS 
to quantitative problems in mixture anal- 
ysis and isotope ratio determinations. 
FDMS shares with other forms of mass 
spectrometry the very desirable features 
of high sensitivity coupled with high 
specificity. These characteristics are 
often enhanced by the relatively high 
molecular ion intensities generally ob- 
served in FD mass spectra. 

This laboratory has developed an in- 
terest in applying FDMS to the quantita- 
tive analysis of polynuclear aromatic 
hydrocarbons contained in high pressure 
liquid chromatographic fractions. 

The present paper presents the re- 
suits of our efforts, both past and pres- 
ent, in investigating sample handling, 
desorption rate, focusing, and detection 
made in conjunction with the precision, 
accuracy and minimum detectable limit of 
quantitative FDMS analyses. 

IONIZATION BY ALKALI IONATTACHMENT 
ON THE SURFACE OF ELECTROLYTIC 
SOLUTIONS 

K. H. Ott, F. W. R~llgen 

Institute of Physical Chemistry, 
University of Bonn, 5300 Bonn, 
West Germany 

Electrolytic solutions prepared by 
mixing concentrated aqueous salt solu- 
tions with low vapor pressure organic 
compounds were found to be particularly 
suited for surface ionization of unpolar 
or weakly polar molecules by alkali ion 
attachment. ]. To this end the mixtures 
are deposited on field anodes, i.e., 
i0 um W wires. The attachment reaction 
results from a field-induced and thermal- 
ly activated charging of the layer with 
loosely bound alkali ions which are cap- 
tured by molecules striking the surface. 

Optimum results were obtained with 
emulsifying agents such as polyoxyethyi- 
enes giving (M + alkali) + ions already 
at room temperature. This is assigned 
to a membrane effect, i.e., the organic 
molecules surrounding small H20-salt 
droplets are permeable for ions in a 
high external field. 
i. F.W.RSllgen, K.H.Ott, Z. Naturf. 33___aa, 736 (197S)- 
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FIELD EMISSION 

THERMALLY ENHANCED FIELD EMISSION 
FROM A LASER-ILLUMINATED 
TUNGSTEN TIP ~ 

R. Reifenberger %, M. J. G. Lee 

Department of Physics, University of 
Toronto, Toronto, Ontario M5S IA7, 
Canada 

In order to interpret quantitatively 
the total energy distribution observed 
in laser-induced field emission it is 
necessary to know the temperature of the 
illuminated field emission tip. We have 
investigated the emission of electrons 
from a tungsten field emitter illumina- 
ted by the focused beam of a laser oper- 
ating in the visible region of the spec- 
trum. Data obtained for emission from 
W(III) are found to be in reasonable 
agreement with a simple free electron 
model, and from the data we can estimate 
zhe temperature rise of the tip. These 
estimates are also consistent with a 
first principles calculation of the tem- 
perature rise, based on an experimental 
investigation of the intensity distri- 
bution in the focused laser beam and of 
the shape of the field emission tip. 
Data obtained for emission from W(510) 
do not yield a consistent estimate of 
the temperature rise of the field emis- 
sion tip. Some possible explanations 
for the anomalous emission from W(510) 
are discussed. 

~Supported by the National Research 
Council of Canada 

%Present address: Purdue University, 
Department of Physics, Wes% Lafayette, 
Indiana 47907 

FIELD EMISSION SPECTROSCOPY OF 
BISMUTH ON W(100) 

J. P. Jones 

University of College of North Wales, 
School of Electronic Engineering Sci- 
ence, Dean St., Bangor, Gwynedd, 
LL57 IUT, United Kingdom 

An examination of the FEED spectra 
from lead and iron on W(100) led to the 
proposal ] that features in the enhance- 
ment curves could be identified with 
energy levels in the isolated atom. To 
further test this proposal bismuth was 
chosen as an adsorbate because the atom 
has a relatively simple energy level 
structure in the small energy range which 
is accessible to our retarding field 

spectrometer. 
The initial reduction in #(i00) by 

adsorbed bismuth is accompanied by a 
reduction in the surface state resonance 
and a weak feature emerges centered at 
0.4 eV below the Fermi level. As the 
coverage approaches one monolayer a 
stronger resonance emerges at 0.4 eV and 
is substantially independent of coverage 
over a range of at least one monolayer. 
At coverages exceeding two or three mono- 
layers a resonance appears at % .6 eV. 

1. J. P. Jones, E. W. Roberts, submitted 
to Surface Science. 

A NOVEL METHOD OF PROBE HOLE 
CURRENT MEASUREMENT 

ROCCO DiFoggio, Robert Gomer 

Departments of Physics and Chemistry 
and the James Franck Institute, The 
University of Chicago, Chicago, 
Illinois 60637 

Upon passing through the probe hole, 
field-emitted electrons are post-acceler- 
ated to strike a phosphor-coated glass 
surface thus producing light which passes 
through the glass and is detected by a 
photomultiplier tube. The phosphor is 
backed by a 500 ~ thick evaporated alum- 
inum fiIm to prevent stray light from 
reaching the PM tube. The advantages of 
this external detection system over a 
Channeltron include simpler field emis- 
sion tube construction, easy replacement 
of the detection system and a higher per- 
missible bakeout temperature of the vac- 
uum chamber. The overall gain and sig- 
nal-to-noise are comparable or better 
than with a Channeltron. Work function 
measurements done in this way are in 
good agreement with those done with a 
Channeltron. As for the choice of a 
phosphor, an inorganic fast-decay 
(~ 400 nanosecond) phosphor such as P47 
(Cerium-activated Yttrium Silicate) is 
bakeable to 450°C, suitable for UH~, and 
can respond to high frequency fluctua- 
tions in field emission currents. Its 
light output peaks around 3900 ~, which 
makes it well suited for use with a 
standard S-II photocathode. 

FIELD EMISSION FROM THE SUPERLATTICE 
PLANES OF ORDERED Ni4W 

Joaquin Lira-Olivares 

INMETAL and Department of Materials 
Sciences, Universidad Sim6n Bol~var, 
Caracas, Venezuela 
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We utilized the layered structure 
presented by the (011), (101) and (112) 
planes of Ni4W phase. Such a structure 
provided similar conditions to those en- 
countered in adsorption experiments (a 
substrate with adsorbed layers). 

Changes in electron current emission 
were measured after evaporating atomic 
monolayers from the (011) plane of 
ordered Ni4W specimens. Some of the 
changes were found to be of the same or- 
der of magnitude as those expected by 
work functions changes due to adsorbed 
atoms (applying the dipolar model). 
However, there were some large current 
emission changes noticed when a W mono- 
layer was evaporated from the (011) 
plane. These changes could be compared 
to those predicted by Alferieff in this 
tunneling resonance model. 

It was also observed that the inten- 
sity of the electron emission current 
depended on the number of nickel mono- 
layers above the underlying tungsten 
layer. 

MASS TRANSPORT AND ELECTRICAL BREAKDOWN 

THE STUDY OF MATTER TRANSPORT ON 
METAL SURFACES BY FIELD EMITTERS ~ 
(Invited Paper) 

M. Drechsler 

Centre de Recherche des M4chanismes 
de la Croissance Cristalline CNRS, 
Universite d'Aix-Marseilles, Saint- 
Jerome, France 

*Abstract not available at time of 
publication. 

BUILD-UP PROCESS OF FIELD EMISSION 
TIP OF TUNGSTEN AND MOLYBDENUM 
WITH SILICON ADSORPTION 

K. Chang, T. Iwata 

Department of Electronics, Faculty of 
Engineering, Tokai University, 
Hiratsuka, Kanagawa, Japan 

The field emission tips of Tungsten 
(W) and of Molybdenum (Mo) covered by Si 
show some characteristic buildup (BU) 
respectively according to the coverage 
of Si(%), the temperature of tip (T), 
and the field strength applied, in F~%~. 
Though the crystallographies of W and of 
Mo resemble each other, the BU process 
or the BU pattern is different between 
that on W and that on Mo. 

On W tip a symmetrical protrusion 
grows on the (il0) plane, in the range 

T = 1200-1400 K and at the coverage 
8 k 4. 1,2 On Mo tip, under almost the 
same conditions as for the W, it shows a 
BU of (211) plane, and no BU of (ii0) 
plane similar to that of Si/W. 

At the same Si coverage and tip tem- 
perature as above mentioned, a more sharp 
protrusion occurs on the (329) plane of 
W tip when a higher field is applied. On 
the contrary, a protrusion grows on the 
(311) plane of Mo tip. In the tempera- 
ture range beyond 1400 K, both the BU of 
W and of Mo tip covered by Si reveal 
similar features. 

The BU of (ii0) plane of W tip has 
been interpreted as due to the growth of 
Si or Si-W complex on the plane rear- 
ranged. In the BU of Si/Mo, there was 
no evidence of the rearrangement on the 
(ii0). 

Besides the BU phenomena, the adsorp- 
tion and crystal growth of Si on W or on 
Mo shows some differences, respectively, 
especially for the shape of the nucleus 
of crystal and for the zone where the 
nucleation occurs. 3 On Mo, when the Si 
is deposited at room temperature on one 
side of the tip and diffused over the 
tip surface by heating at the tempera- 
ture below 1000 K, some stable Si layers 
cover the last layer which has been dif- 
fused previously, regardless of the 
plane index. No such multi-layers are 
observed on the W tip. The interaction 
between Si and Si on the substrate, 
therefore, seems to be different on the 
W opposed to the Mo. 

i. The coverage 8 of Si was defined from 
the characteristics of work function 
vs. Si deposition. 

2. K. Chang, T. iwata: Proc. 7th Inter. 
Vac. Congr., 3rd intern. Cong. Solid 
Surfaces, Vienna, 1977, p. 2487. 

3. M. K. Sinha, G. Venkatachalam, 
Charanjit S. Bhatia, J. Appl. Phys. 
46, 4685 (1975) 

CRYSTAL SHAPE CHANGES BY ADSORPTION 

M. Drechsler, A. M~ller* 

centre de Recherche des M6canismes 
de la Croissance Cristalline, CNRS, 
Universit~ d'Aix-Marseilles, Saint- 
J6r6me, France; eFritz-Haber-Insti- 
rut der Max-Planck-Geseilschaft, 
Faradayweg 4-6, 1 Berlin 33 

The heating of a metal (without elec- 
tric field) changes the crystal shape by 
adsorption-influenced diffusion (facet- 
ing) as known from many microscopic ob- 
servations including FEM and FIM. A bet- 
ter study of this phenomenon requires 
better information on (i) the crystallo- 
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graphy of the appearing faces, (2) the 
adsorbed substances, (3) the coverage 
degrees, (4) the adsorption structures, 
and (5) the surface energy changes. We 
have studied this phenomenon in particul- 
ar for carbon on tungsten. Equilibrium 
states were produced on tungsten crys- 
tals depending on temperature (1200 < T 
< 2600 K) and coverage (0 < 8 < 1015 
atoms/cm2). Absolute coverages were 
determined by the method of Piquet et 
al. I Changes of the geometry of the tip 
crystal were measured using FEM and FIM, 
to determine the surface-free energies 
of dlfferent faces by Wulff's construc- 
tion respectively by an analogous equa- 
tion. The results allow an energy clas- 
sification of different C on W adsorption 
sites or states. 

A first attempt is described for a new 
method to determine adsorption structures 
by a FEM-FIM technique, i.e., using data 
on the coverages and the crystallography 
of the reconstructed faces. A few struc- 
ture models are presented. The carbon 
atoms adsorb preferentially along sur- 
face steps respectively on surface sites 
where the adatoms can enter as deep as 
possible into the surface. The old idea 
that carbon forms a two-dimensional 
graphite structure on {334} has probably 
to be revised. According to a new hypo- 
thesis, the {334} faces are formed by a 
less dense carbon adsorption structure. 
Sometimes terrace structures appear whose 
step height exceeds the normal atomic 
height. Such structures can be explained 
as part of special equilibrium shapes of 
minimum potential energy. One of the 
conclusions is: The study of chemisorp- 
tion at temperatures where surface self- 
diffusion occurs is incomplete if this 
does not include investigations of the 
reconstructed adsorption structures with 
its changes of the size and energy of 
different faces. 

i. A. Piquet, G. Praiong, H. Roux, 

R. Uzan, M. Drechsler, Le Vide 185 
Suppl. 1977, p. 376. 

EFFECTS OF GLASS ELECTROLYSIS ON ELEC- 
TRICAL BREAKDOWN IN HIGH VACUUM* 

Karl G. Hernqvist 

RCA Laboratories, Princeton, New 
Jersey 08540 

*Abstract not available at time of 
publlcation. 

REGENERATIVE PROCESSES LEADING TO 
SURFACE FLASHOVER IN VACUUM ~ 

R. A. Anderson, J. P. Brainard 

Sand ia Laboratories, Albuquerque, 
New Mexico 87185 

Charging of the surface of an elec- 
trically stressed insulator in vacuum 
by an avalanche of secondary emission 
electrons is well established, I and 
there is experimental evidence that the 
avalanche is involved in the formation 
of the flashover path. 2,3 However, the 
transition from the low-current prebreak- 
down secondary emission avalanche to a 
highly conductive plasma channel has not 
been satisfactorily explained. A model 
based on electron-stimulated desorption 
of gas from the insulator surface is 
presented which accounts for the transi- 
tion to breakdown in fast-pulsed surface 
flashover. The time delay preceding 
breakdown in this model is largely de- 
termined by the rate of accumulation of 
a layer of positive charge, composed of 
desorbed ions and desorbed neutrals 
ionized while drifting through the layer 
of electrons in the avalanche. Even- 
tually the positive charge enhances the 
electric field near the cathode end of the 
insulator and a regenerative growth of 
desorption and ionization occurs. As 
the electric field rises other regener- 
ative processes become possible, which 
rapidly lead to breakdown. Time delays 
according to this model are in good 
agreement with our experimental results 
for polymethyl methacrylate and alumina 
ceramic insulators which were of the 
order of i0 mm long and broke down in 
4 ns at 107 V/m. In addition, this 
model accounts for the approximate pro- 
portionality we observe between the time 
delay and the inverse square of applied 
voltage for time delays between 1 and 
20 ns, as well as the more rapid increase 
in time delay with decreasing voltage 
beyond 20 ns. 

i. J. P. Brainard, D. Jensen, J. Appl. 

Phys. 45, 3260 (1974). 

2. R. A. Anderson, Appl. Phys. Lett. 
24, 54 (1974). 

3. R. A. Anderson, J. Appl. Phys. 48, 
4210 (1977). 

Work supported by u.s. Dept. of Energy. 

METALLURGY 

FIELD ION MICROSCOPY OF SILICON e 

~. Sakurai %, A. J. Melmed %t 
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"[Department of Physics, Pennsylvania 
State University, University Park, 
Pennsylvania 16802; %%Surface Science 
Division, National Bureau of Stand- 
ards, Washington, D.C. 20234 

We have been investigating <iii> 
oriented silicon whiskers using field ion 
microscopy (FIM), atom-probe FIM, and 
field desorption microscopy (FDM), and 
have found that silicon behaves quite 
differently from a metal in the presence 
of a high field. For instance, Si field 
evaporates as random clusters of Si ions, 
when evaporated at or below room tempera- 
ture in vacuum, instead of evaporating 
in an orderly manner from the surface 
kink sites. This anomaly in field evap- 
oration is believed to be due to a com- 
bination of field penetration in the 
near-surface bulk and the unique bonding 
geometry of the tetrahedral diamond 
structure. We also have observed a 
szrong effect of light illumination on 
the field ion image intensity and qual- 
ity, unique to semiconductor emitters. 
This mysterious effect, known for some 
years, can be summarized as follows: 

(i) The intensity of a FI image using 
H2, He, Ar and Kr imaging gases increases 
markedly (a factor of up to i0) by infra- 
red illumination when a Si emitter sur- 
face is not fully developed. 

(2) As field evaporation continues, 
the illumination effect decays out 
gradually. 

(3) When the Si surface is completely 
developed to show a fully ordered pattern 
there is practically no illumination 
effect. 

We show that this effect results from 
an increase in surface potential, which 
causes an increased surface field due to 
the sharp resistance drop across the sur- 
face oxide (Si02) layer, all due to the 
well known photoconductivity effect. 

*Work partially supported by NSF. 

HANDLING DAMAGE OF FIM SPECIMENS 
CAUSED BY FIELD CORROSION 

H.-O. Andr@n, A. Henjered, H. Nord~n 

Department of Physics, Chalmers Uni- 
versity of Technology, S-402 20 
Goteborg, Sweden 

Many polymers acquire substantial 
surface charges when making sliding con- 
tact with metals. 1 The time for the sub- 
sequent discharge may be very long, but 
if the material is not kept under vacuum 
the surface charge gets neutralized after 
some time by a layer of ions from the 
surrounding atmosphere. This layer is 

loosely bound and it can easily be re- 
moved by friction. 2 

Consequently, if an unshielded field- 
ion specimen is passed through a polymer- 
ic gasket (e.g. a Viton O-ring or a PTFE 
sliding seal), the tip may be exposed to 
a considerable field strength, and speci- 
men damage from field corrosion is very 
likely to occur. The shape of a damaged 
specimen is approximately that of a trun- 
cated cone. The edge of the cone is 
usually sufficiently sharp to give a 
ring-shaped image in the field-ion micro- 
scope, and if the damage is severe, it is 
not possible to obtain a fully developed 
image. 

These findings have important conse- 
quences for the design of specimen chan- 
gers for field-ion and atom-probe instru- 
ments. Examples of dangerous and safe 
designs will be shown. 

i. A. W~hlin, G. B~ckstr6m, J. Appl. 
Phys. 45, 2058 (1974). 

2. M. I. Kornfeld, Sov. Phys. Solid 
State 17 (3), 596 (1975). 

A STUDY OF SPINODAL DECOMPOSITION IN 
Cu-Ti ALLOYS BY MEANS OF THE FIM- 
ATOM-PROBE AND FDM 

R. Wagner 

Institute for Metal Physics and 
SFB 126, University of G~ttingen, 
G~ttingen, West Germany 

In literature there exists a contro- 
versy about the precipitation mechanism 
in Cu-Ti above 330°C. Some authors pro- 
pose a classical nucleation and select- 
ive growth mechanism, I others propose a 
spinodal mechanism. 2 From a preliminary 
study of variously heat-treated C_~u-Ti 
alloys with the FIM-atomprobe, we con- 
cluded that the decomposition reaction 
is the spinodal one. The mechanical 
hardening of these alloys supports this 
conclusion, and one should be able to 
quantify the hardening mechanism in 
modulated structures by measuring the 
modulation amplitude and wavelength with 
the FIM atom-probe. 

i. Tsujimoto, Trans. JIM i, 445 (1975) . 
2. D. Laughlin, Acta Met., 23, 329 (1975). 

FIM STUDY OF Mo-Re ALLOYS 

K. Teramoto, H. Morikawa, Y. Hashiro, 
N. igata~, A. Kohyama% 

Department of Coordinated Science, 
Nagoya Institute of Technology, 
Gokiso-cho, Showa-ku, Nagoya 466 
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Japan; "[Department of Materials Sci- 
ence, Faculty of Engineering, Uni- 
versity of Tokyo, 7-3-1 Hongo, 
Gunkyo-ku, Tokyo 113 Japan 

FIM observations were made of molyb- 
denum alloys (Mo-0.03 at %Re-0.1 at %C, 
Mo-0.3 at %Re-0.2 at %C, Mo-3 at 
%Re-0.1 at %C). Many additional bright 
spots scattered on the usual molybdenum 
image were characteristic of the alloy 
images. The concentration of bright 
spots obtained on (ll0) and {121} 
planes was about 10 times larger in the 
Mo-3%Re alloy than in the Mo-0.3%Re 
alloy, and also in Mo-0.3%Re alloy than 
in Mo-0.03%Re alloy, suggesting that 
these characteristic bright spots came 
from the rhenium atoms. However, the 
concentration of bright spots in the 
Mo-0.3%Re alloy images was about 0.5%, 
somewhat higher than that of the rhenium 
atoms themselves. This difference may 
imply the partial contribution of carbon 
atoms to the bright spots. 

The distribution of bright spots was 
also studied in a circular area on a 
(Ii0) plane. A series of images obtained 
by sequential field evaporation gave a 
spatial distribution. 

Similar observations were carried out 
on specimens annealed at 1800°C for 1 hr. 
There was no noticeable difference in 
concentration and distribution of the 
bright spots between these as-rolled and 
annealed specimens. 

FIELD-ION MICROSCOPIC STUDY ON 
PRECIPITATION PROCESSES IN 
Fe-Cr AND AI-Cu ALLOYS 

Tetsuo Abe, Ken-ichi Hirano 

Department of Me£allurgy, Materials 
Science and Metal Processing, Fac- 
ulty of Engineering, Tohoku Univer- 
sity, Aoba, Aramaki, Sendai, 980 
Japan 

The field-ion microscope can provide 
us wlth more direct information than can 
the transmission electron microscope on 
the atomic processes of phase transfor- 
mation, such as the spinodal decomposi- 
tion and formation of the G.P. zones. 

In Fe-Cr alloy systems, the spinodal 
decomposition cannot be fully studied 
by the transmission electron microscope 
because it cannot distinguish the Fe- 
rich zones from the Cr-rich zones because 
of the similarity of Fe and Cr atoms in 
the atomic radii and the scattering am- 
plitudes for electrons. However, the 
field-ion microscope will be a powerful 
tool because it can provide us with 
images of individual atoms in which Fe 

atoms can be distinguished from Cr atoms. 
In some A1 alloys, the formation pro- 

cess and the structure of the G.P. zones 
have been proposed based on the X-ray 
analysis, but the atomic structure of 
the G.P. zones cannot be displayed 
clearly by the transmission electron 
microscope because of the effect of the 
strain field around the G.P. zones. Here 
again the field-ion microscope may be 
useful. 

We have succeeded in observing the 
modulated atomic arrangement in Fe-45 
at .% Cr alloy formed by the spinodal 
decomposition and the G.P. zones (mono- 
layer discs of Cu atoms) in AI-I.5 at .% 
Cu alloy. 

COMPOSITION OF CARBIDE PARTICLES 
IN STAINLESS STEELS 

H.-O. Andr6n, A. Henjered, H. Nord6n 

Department of Physics, Chalmers Uni- 
versity of Technology, S-402 20 
G~teborg, Sweden 

The creep strength of stainless 
steels contalnlng Mc-type particles is 
at present being investigated. In par- 
ticular, the effect of adding two 
carbide-forming elements to the steel 
is studied. As a part of this study, 
atom-probe analyses of the carbide par- 
ticles are belng made. 

Mc-type particles are non-stoichio- 
metric in that some carbon is missing 
(the stability range of TiC is 32 to 49% 
C, to mention one example). Some car- 
bides form ordered structures at certain 
compositions (e.g. VC0.84), and it is 
believed that ordering contributes to 
stability against particle coarsening 
during high temperature service. 

Analyzing these particles in the 
atom-probe, we have found Ti, V and Nb 
to evaporate from particles doubly and 
triply charged (Nb also as Nb4+), but 
no metal-carbon complex ions of any 
kind have been detected. 

The analyses made so far show that 
small particles contain considerable 
amounts of chromium (but little iron). 
The particles were analyzed using a 
large acceptance angle which gives a 
greater yield and thus a more accurate 
measure of the composition. In this way 
estimates could also be made of the 
variation in composition within the 
particle and at the particle-matrix 
interface. 

ATOM-PROBE STUDIES ON SURFACE 
SEGREGATION IN THE BINARY 
ALLOY, TUNGSTEN-MOLYBDENUM 
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M. Leisch 

Institut fur Angewandte Physik, 
Technical University Graz, Austria 

In the past, evidence has been obtain- 
ed indicating that the surface composi- 
tion of a binary alloy can differ from 
the bulk composition. Experimental work 
mainly with Auger spectroscopy • and 
recently atom-probe studies 2 have been 
done on this subject. In addition, 
there is an abundance of theoretical 
work. 3 

In this case an imaging atom-probe 
has been used to analyze the top surface 
layers. A probe diameter of about 50 
and evaporation rates ranging from 1-5 
events per pulse have been used. 

A quantitative analysis of the TOF- 
spectra of unannealed specimens give a 
surface composition close to the bulk 
composition. After heat treatment in 
situ, remarkable changes in the abundance 
of tungsten and molybdenum ions occur. 
The obtained surface composition depends 
on annealing temperature and the dura- 
tion of the heat treatment. The prelim- 
inary results will be discussed with 
respect to the cited works. 

1. W. M. H. Sachtler, Le Vide 163-65, 19 
(1973). 

2. T. T. Tsong, Yee S. Ng, S. V. Krish- 
naswami, Appl. Phys. Lett. 32, 778 
(1978). 

3. F. L. Williams, D. Nason, Surface Sci. 
45, 377 (1974). 

ZONES IN ALUMINUM ALLOYS 

E. D. Boyes 

University of Cambridge and Univer- 
sity of Oxford, United Kingdom 

The techniques 1,2 for imaging and 
analyzing aluminum-based materials in 
the FIM/Atom-probe will be reviewed 
briefly and their applications to the 
study of specific materials described. 

The initial low temperature homogen- 
eous precipitation produces zones which 
may continue to contain some aluminum, 
in, for example, AI-Cu, Al-Zn-Mg and 
AI-Mg-Si but not AI-Si alloys, and it 
has been suggested that both the struc- 
ture and morphology of the zones may be 
a sensitive function of the alloy compo- 
sition. 

The advantages of the FIM are: 
(a) the sensitivity and relatively sim- 
ple interpretation of image contrast 
features a few nm in size, (b) the res- 
olution of size measurements, (c) sim- 
plified microanalysis, particularly for 

matrix elements in those precipitates 
which are more refractory than the 
matrix. 

The fine-scale distribution (10 i7 - 
1019 per cc) is convenient for FIM/Atom- 
probe. 

~. E. D. Boyes, A. R. Waugh, P. J. 
Turner, P. F. Mills, M. J. Southon, 
24th Int. FES, Oxford, 1977. 

2. Ibid., Proc. EMAG 77, Institute of 
Physics, London (1977), p. 343. 

ATOM-PROBE 

AN "IMAGING ATOM-PROBE" FOR THE 
ANALYSIS OF ELECTROPLATINGS 

Michael Martinka, S. Brooks Mclane 

Physics Department, Pennsylvania 
State University, University Park, 
Pennsylvania 16802 

This paper describes the design of an 
"Imaging Atom-Probe: ''I-3 which will dis- 
play the spatial distribution of a sel- 
ected mass constituent of an electro- 
deposit. Within the mass spectrometer's 
flight path, field-evaporated ions are 
retarded and then post-accelerated to 
increase flight time and reduce angular 
timing errors (flat 75 mm chevron 
detector), respectively. 

Particular attention is given to the 
waveshapes of the evaporation pulse and 
the detector gating pulse. The gate 
pulse is applied to a stainless steel 
support ring at the perimeter of the 
channel plate, and propagates through 
a conductive coating toward the center 
of the detector surface. B. Nahrath, 
M. Shakhatre and G. Decker 4,5 have sim- 
ulated these transmission properties by 
a 40-element distributed RC system, and 
they obtained a delay time of 8 nano- 
seconds between the perimeter and a one- 
inch-diameter circle about the center. 
This delay, together with the attenua- 
tion and broadening (Fig. 2, ref. 4), 
would limit the extent to which the 
distribution of a selected mass species 
can be imaged simultaneously. We have 
directly measured (i Meg ohm, 1.5 pf 
Probe) the transmission properties of 
a 75 mm-diameter Inconel-coated, with 
a resistance of i0 ohms from perimeter 
to center, channel plate. Both 7 and 
14 ns wide pulses with rise times of 
.5 ns, terminated into 50 ohms, were 
applied to the channel plate, and wave- 
forms were observed at the terminator 
with the plate not connected, the chan- 
nel plate perimeter, and at the center 
of the detector. The pulse at the 
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perimeter is attenuated and somewhat 
broadened. This pulse shape is main- 
tained as the pulse propagates to the 
center of the detector. Expanded time 
sweeps, 5 ns/cm, show less than a ins 
delay time between the perimeter and 
the center. This was simulated by a 
capacitor, 130-150 pf, in series with 
a small resistor, 15-20 ohms, with an 
RC constant of 2-3 ns. Note, to obtain 
a rise and fall time of 3 ns at this 
channel plate the length of transmis- 
sion line (cap. to ground - 30 pf/ft) 
from the pulser to the terminator- 
channel plate system must be kept short, 
less than one foot. 

1. J. A. Panitz, Rev. Sci. Inst. 44, 
1034 (1973) ; J. Vacuum Sci. Technol. 
ii, 206 (1974) ; "imaging Atom-Probe 
Mass Spectroscopy" to be published. 

2. B. Nahrath, M. Shakhatre, G. Decker, 
Rev. Sci. inst. 47, 88 (1976) ; Rev. 
Sci. Inst. 47, 95 (1977) . 

PERFORMANCE AND APPLICATIONS OF AN 
IMAGING ATOM-PROBE 

M.K. Miller, T. J. Godfrey, P. A. 
Beaven, P. R. Williams, K. M. Delargy, 
G. D. W. Smith 

University of Oxford, Department of 
Metallurgy and Science of Materials, 
Parks Road, Oxford OXi 3PH, England 

An Imaging Atom-Probe has been devel- 
oped for metallurgical research. The 
design features (I) a 76.2 mm double- 
curved channel plate assembly with a 
flight path of 118 mm, (2) a contin- 
uously variable nanosecond gate and 
delay circuit of particularly simple 
design, and (3) facilities for the 
direct display and recording of mass 
spectra. 

Experimental work has mainly been 
directed towards gaining a better un- 
derstanding of factors controlling the 
quantitative accuracy of Atom-Probe 
results. Systematic studies have been 
carried out of the effects of a number 
of variables on the mass spectra pro- 
duced from alloys. The main variables 
studied were evaporation pulse fraction 
and pulse repetition rate. Both of 
these factors require careful control 
if reproducible results are to be ob- 
tained. The effects of residual gases 
and image gases on the mass spectra 
have also been investigated. The nec- 
essity of carrying ouz analyses under 
the best possible vacuum conditions is 
emphasized. 

Initial metallurgical applications 
of the instrument will also be des- 

cribed. The distribution of alloy ele- 
ments in steels and nickel superalloys 
is currently being investigated. 

QUANTIFICATION OF ATOM-PROBE FIM DATA ~ 

T. T. Tsong, Yee S. Ng 

Physics Department, Pennsylvania 
State University, University Park, 
Pennsylvania 16802 

It is shown that the atom-probe sig- 
nals of a sample do not give directly the 
true composition of the sample. A sta- 
tistical method has been devised to con- 
vert the apparent composition to the true 
composition, i The analysis is valid 
when (a) the field evaporation rate is 
low enough that each H.V. pulse removes 
only a small fraction of a surface layer, 
and (b) the pulse-dc voltage ratio is 
high enough that field evaporation occurs 
only during the pulses. Under such con- 
ditions, the average number of signals of 
the i th species detected per each H.V. 
pulse is given by 

- ~ ~ [i-(l-eted )nil Pn (n)Ps(n) or n i -- 
n=0 n.=0 i 

1 

= i i e 1 

n. =0 i L - ( ted) 
l 

= 1 - exp(-etedfin). 

In the equation e~ represents the trans- 
mission coefficient, e d the detector 
efficiency, fi the true fraction of the 
th i species, and n the average number of 

atoms field-evaporated per H.V. pulse 
covered by the probe hole, and 

n .  ( n - n . )  

Pn. (n) = [nV'/ni!(n-ni)!] fi l(l-fi) l 
1 

P (n) = [(n)n/n!] exp(-n). 
n 

The apparent fractional abundances F's 
are thus related to the true fractional 
abundances f's by 

1 - e x p ( - e L e d [ 3 ~ )  
F .  = 

] N 
N - ~ e x p ( - e t e d f i n )  

i=1 

with j = i, 2, . . N for an N - 
components system. 

The details of how to use this sta- 
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tistical analysis in practical problems 
will be discussed. Using the analysis, 
the true composition depth profiles of 
dilute alloys are obtained with a sin- 
gle atomic layer resolution in a surface 
segregation study. I We will demonstrate 
how misinterpretation of data can re- 
sult without a proper statistical 
analysis. 

eThis work has been supported by NSF 
Grant No. DMR-76-11418. 

i . T. T. Tsong, Yee S. Ng, S. V. 
Krishnaswamy, Appl. Phys. Lett. 32, 
"178 (1978). 

ToF ATOM-PROBE INVESTIGATION OF 
SURFACE SEGREGATION IN DILUTE 
ALLOYS * 

Yee S. Ng, T. T. Tsong, S. B. McLane Jr. 

Physics Department, Pennsylvania 
State University, University Park, 
Pennsylvania 16802 

The surface segregation in dilute al- 
loys can be investigated with the ToF 
atom-probe FIM with a single atomic lay- 
er resolution. I The technique has now 
been successfully applied to study the 
segregation of Cr atoms to the surface 
of stainless steel 410. After a surface 
was developed by field evaporation, it 
was annealed at 500 + 50°C for three 
to five minutes in the absence of an 
applied field to equilibrate the surface 
composition. The tip was then quenched 
down to 80°K. A thermal end form 
developed after each annealing. Atom- 
probe signals were subsequently col- 
lected by slow field evaporation of the 
top surface layer and the underlying 
layers. By using the statistical anal- 
ysis reported, the apparent composition 
obtained directly from the atom-probe 
data was then converted into the true 
composition. 

Cr atoms were found to segregate to 
the surface of stainless steel 410 at 
that temperature. The first layer con- 
centration of Cr in the {Ii0} plane was 
found to be 38.5 ± 12.5% and 63.4 ± 
10.2% respectively for samples with 
average near surface layers Cr concen- 
trations of 6.3 ± 2.1% and 11.9 ± 2.5%. 
The heat of segregation of Cr to the 
{ii0} plane of stainless steel 410 was 
derived to be 3.43 kcal-mole and 3.92 
kcal/mole respectively from the'two 
sets of data when an ideal solution 
model of surface segregation 2 is adap- 
ted. However, our data fit better with 
a regular solution model. 2 

We have also detected segregation of 
Cr atoms to the {012} plane of stainless 
steel 410. Since this plane was not Well 
developed after each annealing, we could 
not discriminate those signals coming 
from the top surface layer and those 
coming from the near surface layers. 

In addition, preliminary results fro~ 
Ni-Cu and other dilute alloys will be 
presented. Cu atoms were found to segre- 
gate to the surface of Ni-Cu alloy at 
550 ± 50°C. Multilayer copper composi- 
tion was obtained with a single atomic 
layer resolution on the {Iii} plane of 
this alloy. 

This work also supported by NSF Grant 
DMR-76-11418. 

i. T. T. Tsong, Yee S. Ng, S. V. 
Krishnaswamy, Appl. Phys. Lett. 32, 
778 (1978) . 

2. F. L. Williams, D. Nason, Surface 
Sci. 45, 377 (1974). 

ATOM-PROBE AND FIELD ION MICROSCOPY 
OF SEMICONDUCTORS* 

T. T. Tsong, Mike Herman, Yee S. Ng 

Department of Physics, Pennsylvania 
State University, University Park, 
Pennsylvania 16802 

In close cooperation with Dr. A. J. 
Melmed of NBS, we have made some pro- 
gress in studying semiconductors and 
insulators. We focus on the following 
three subjects: 

(I) Atom-probe mass spectroscopy: To 
achieve nano-second pulse field evapora- 
tion of semiconductors, we used GaAs 
emitters heavily doped with Zn (% 2 x 
10 -18 cm-3). I Although the pulse field 
evaporation could only be marginally 
seen by eye, we obtained ToF atom-probe 
mass spectra with relatively good yield. 
Molecular ions such as As~, As+,4 and Ga 
have been observed. In hydrogen and 
oxygen, the nur~ber of arsenic hydrides 
and oxides ions detected greatly ex- 
ceeded that of gallium hydrides and 
oxides, inconsistent with the assumption 
that on GaAs surfaces chemisorption of 
hydrogen and oxygen occurs only on As 
sites at low coverages. Other interest- 
ing features of this study will be 
presented. 

(2) Photoillumination effect: It has 
been found earlier that field ionization 
above and field evaporation of semi- 
conductors and insulators are enhanced 
by photoillumination. We found that 
this effect is very pronounced for sili- 
con oxide surfaces at low temperatures 
even at a relatively low light level. 
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We now believe that photoconductivity is 
mainly responsible for this effect. The 
potential drop across an oxide layer 
depends on the layer thickness, the tip 
temperature, and the light intensity. 
It may amount to a few kV. This quan- 
tity can be derived quite accurately 
from I-V curves. In addition the elec- 
tron-hole recombination rate, which 
again depends on both the tip tempera- 
ture and the oxide layer thickness, and 
which may amount to several seconds, can 
be measured from the relaxation time of 
the FI enhancement. By changing the 
oxide layer thickness the effect of 
band bending on the electron-hole re- 
combination rate can be investigated. 
It is important to note that the effect 
of band bending is exactly the same as 
that of field penetration, and can 
therefore be controlled by applied 
field. Our study should yield signifi- 
cant information on physics of semi- 
conductors and insulator surfaces. 

(3) We also found that field emission 
from a Si tip deviates significantly 
from the Fowler-Nordheim plot by light 
illumination. Such effect persists even 
when a monochromatic light of 12,000 
(% 1 eV < Egap) is used. The effect is 
explained in terms of field penetration 
into the near surface layers. 

This work was supported by NSF Grant 
DMR-76-11418. 

i. T. T. Tsong, Yee S. Ng, A. J. Melmed, 
to be published in Surface Sci. 

PROGRESS WITH FIM AND ATOM-PROBE 
INVESTIGATIONS OF NICKEL-BASED 
SUPERALLOYS 

K. M. Delargy, P. A. Beaven, M. K. 
Miller, G. D. W. Smith 

university of Oxford, Department of 
Metallurgy and Science of Materials, 
Parks Road, Oxford OX! 3PH, England 

Further investigations of the micro- 
structure and fine-scale composition of 
nickel-based superalloys have been car- 
ried out using TEM, FIM, T.O.F. Atom- 
Probe and Imaging Atom-Probe techniques. 
These studies follow the initial work 
on the determination of y and y' phase 
composition in alloy IN939, reported 
last year. 

New results to be presented concern- 
ing alloy IN939 include the following: 

(i) Determination of the composition 
of the ultra-fine secondary precipitates 
formed during the low temperature (700 ° 
C) final aging treatment. The phase 
present has been identified as ¥', but 

with a substantially lower cobalt content 
than in the primary y' precipitates. 

(2) Investigation of the initial 
stages of decomposition of the solution- 
treated alloy. Computer methods have 
been devised to follow the localized com- 
position fluctuations occurring during 
the early stages of y' formation. Fluc- 
tuations in the concentrations of any 
nulaber of elements can be followed simul- 
taneously. 

(3) Determination of the composition 
of the primary MC carbide phase. All the 
major carbide-forming elements (Ti, Zr, 
Ta, Nb, Cr and W) were found to be pres- 
ent in carbide particles of overall com- 
position MC0. S- Nitrogen and boron were 
also present,8£he latter being enriched 
at the carbide/matrix interface. 

Work is also in progress to investi- 
gate the effects of prolonged exposure, 
under skress, at elevated temperatures on 
the microstructure and properties of 
superalloys. Highly anisotropic ¥' par- 
ticle shapes nave been observed by FIM 
in a crept specimen of NIMONIC 90. 
Similar work is being undertaken on 
IN939. 

i. P. A. Beaven, M. K. Miller, G. D. W. 
Smith, 24th International Field Emis- 
sion Symposium, Oxford, England, 1977. 

FIM AND ATOM-PROBE STUDIES OF DEFECTS 
IN DOPED TUNGSTEN LAMP WIRES 

P. A. Beaven, K. M. Delargy, M. K. 
Miller, P. R. Williams, G. D. W. Smith 

university of Oxford, Department of 
Metallurgy and Science of Materials, 
Parks Road, Oxford OXI 3PH, England 

Previous FIM observations of defects 
in aluminum-potassium-silicon ('AKS') 
doped tungsten lamp wire I'2 have been 
substantially extended. The accumulated 
evidence shows that a large number of 
observations in the earlier FiM litera- 
ture of tungsten concerning the "cross- 
over effect", "dissociated dislocation 
loops", "horseshoe dislocations" etc. 
can be ascribed to the imaging of small 
defects introduced into the tungsten wire 
during the doping process. These defects 
fall into two main classes: small voids 
(believed stabilized by the presence of 
potassium) and small solid particles, of 
hitherto unknown composition. 

Each of these classes of defect has 
been investigated using the T.O.F. Atom- 
Probe. In the case of the small voids, 
attempts at chemical analysis have been 
unsuccessful, owing to ion-optical aber- 
ration effects. In some cases, no sub- 
strate ions at all were collected from 
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the region of the void, despite the pres- 
ence of a large image gas ion current at 
the detector, thus demonstrating a sub- 
stantial trajectory difference between 
the image gas ions and the substrate ions 
in the region of the void. 

Microanalysis of solid particles was 
more successful. Particles located both 
in grain boundary and matrix regions have 
been analyzed. The overall compositions 
obtained were in the range W50 to W30, 
which corresponds approximately to that 
expected for the 8-tungsten phase. Traces 
of dopant elements were found in solid 
solution in these particles, supporting 
earlier suggestions that the 8-tungsten 
phase may be of importance in retaining 
the trace elements within the micro- 
structure during the wire manufacturing 
processes. 3 

1. T. J. Godfrey, R. J. Lewis, D. A. 
Smith, G. D. W. Smith, 21st Inter- 
national Field Emission Symposium, 
Marseille, 1974. 

2. T. J. Godfrey, R. J. Lewis, D. A. 
Smith, G. D. W. Smith, J. Less Com- 
mon Metals 44, 319 (1976). 

3. H. L. Spier, Phillips Res. Reports 
Suppl. 1962, No. 3. 

ROUND-ROBIN ATOM-PROBE EXPERIMENT: 
PRELIMINARY RESULTS 

A. J. Melmed, J. J. Carroll, S. S. 
Brenner ~ 

surface science Division, National 
Bureau of Standards, Washington, 
D.C. 20234; ~U. S. Steel Research 
Laboratory, Monroeville, Pennsyl- 
vania 15146 

Following discussions at the 24th 
IFES in Oxford, we initiated a round- 
robin experiment intended to provide 
information about the relative and 
"absolute" accuracies of atom-probe 
instruments. A ternary Mo-based alloy 
was chosen as the specimen material, 
and specimens were sent to all of the 
participating laboratories for analysis. 
Details of the specimen selection and 
preparation techniques will be described, 
experimental problems will be discussed, 
and a preliminary analysis of results 
will be presented. 

EMISSION SPECTROSCOPIES 

ANGLE-RESOLVED PHOTO-EMISSION 
STUDIES OF SURFACES USING 
SYNCHROTRON RADIATION 
(Distinguished Guest Lecture) 

E. W. Plummer 

Physics Department, University of 
Pennsylvania, Philadelphia, 
Pennsylvania 

Recent developments in angle-resolved 
photoelectron spectroscopy using synchro- 
tron radiation will be discussed. Exper- 
iments which shed light on the nature of 
surfaces and surface reactions will be 
emphasized. The combination of prolonged 
light and angle-resolved collections al- 
lows the experimentalist to apply simple 
symmetry rules to determine the symmetry 
of each electronic state at the surface. 
This will be illustrated with examples 
of clean intrinsic surface states and ad- 
sorbate energy levels. In contrast, 
these same symmetry rules can be used 
with molecular s~ates of known symmetry 
to determine the bonding configuration. 
The continuous range of photon energies 
available using synchrotron radiation al- 
lows one to look at resonances in the 
continuum, for defraction effects and to 
determine the photo-ionization cross- 
section. How this information can be 
used to determine the spatial nature of 
the electronic states at the surface as 
well as the bonding configuration of ad- 
sorbates will be illustrated. 

TOTAL ENERGY DISTRIBUTIONS OF 
FIELD-EMITTED ELECTRONS AT 
HIGH CURRENT DENSITY 

A. E. Bell, L. W. Swanson 

Oregon Graduate Center, Beaverton, 
Oreton 97005 

Measurements of the total energy dis- 
tributions (TED) have been carried out 
at high-current density J = 106 to 108 
A/cm 2 for a high-work function (built-up 
(100)W, ~ = 4.5 eV) and low-work function 
(Zr/(100)W, ~ = 2.5 eV) field emitter. 
At high values of J, both emitters give 
values of the full width at half maximum 
(FWHM) of the TED which exceed the values 
based on Fowler-Nordheim theory by a few 
eV. This deviation of the FWHM values 
increases with J, is independent of tem- 
perature and decreases with emitter rad- 
ius for a specified beam acceptance ang- 
le. Studies of these anomalous values 
of FWHM values extend from 84 to 1975 ~. 

The broadening of the energy distri- 
bution occurs on both sides of the Fermi 
peak and results in a FWHM of up to 3.5 
eV for the 2.5 eV work function field 
emitter compared to an approximately 0.S 
eV calculated value. Similar FW~M val- 
ues were observed for the 4.5 eV work 
function emitter. The angular intensity 
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of the field emission beam at the high- 
est FWHM values observed was 0.9 mu~/ 
steradian in the case of the 4.5 eV 
work function emitter and more than 1.4 
~%/steradian in the case of the 2.5 eV 
work function emitter. When the built- 
up emitter was blunted back so that the 
emitter field factor decreased from 
2.4 x 104cm -l, the FW}~ decreased from 
approximately 3.1 eV to 2.0 eV when the 
emitter was operated at an angular in- 
tensity of ~ 0.9 mA/steradian. 

In is believed that Coulomb inter- 
action in the vacuum space a few emitter 
radii in front of the emitter can account 
for these results, although internal 
electron energy broadening mechanisms 
cannot be ruled out. 

BEHAVIOR OF THIN-FILM, FIELD-EMISSION 
CATHODES IN THE PRESENCE OF 
SELECTED GASES 

C. A. Spindt 

Physical Electronics Group, SRI 
International, Menlo Park, Cali- 
fornia 94025 

The thin-film, field-emission cath- 
ode I is a relatively low-voltage field 
emitter, and therefore can be expected 
to operate over long periods without 
significant damage due to sputtering. 
Tests in ultravacuum have now been con- 
tinuing for over 29,000 hours with no 
measurable change in voltage-current 
characteristics, and the cathodes have 
operated successfully at pressures up 
to 10 -5 Tort. 

We have recently tested the cathode's 
tolerance to high pressures of specific 
gases. The voltage-current relationship 
of a 5000-tip cathode array was estab- 
lished in a 10 -9 Torr vacuum, and the 
cathode was then exposed to pressures of 
!0 -6 to 10 -5 Torr of argon, neon, helium, 
hydrogen, ammonia, methane, hydrogen 
sulfide, air, water, and oxygen. Exposure 
time varied from minutes to days for the 
various gases. In all cases, the emis- 
sion returned to the initial value when 
the sample gas was pumped away. We will 
report the voltage-current characterist- 
ics under the influence of the sample 
gases, as well as the recovery character- 
istics when the chamber was re-evacuated 
to ~ l0 -9 Torr. 

A single, 5000-tip cathode was tested 
in all ten sample gases and in 10 -9 Torr 
for a total operating time of 1200 hours. 
At the end of that time, we found that 9% 
of the tips had failed. A proportionate 
change in emission current was not noted 
because the accuracy of the measurement 
was about ± 5%. 

1 . c. A. Spindt, I. Brodie, L. Humphery, 
E. Westerberg, J. Appl. Phys. 47, 
no. 12, December 1976. 

FIELD-ELECTRON AND ION EMISSION 

MAGNETISM AT SURFACE AND INTERFACES BY 
SPIN-POLARIZED FIELD EMISSION (Invited) 

E. Kisker, E. Kuhlmann, M. Campagna, 
M. Landolt* 

Institut f~r Festk6rperforschung der 
Kernforschungsanlage J~lich GmbH, 
D-5170 J~lich; *Bell Telephone Labs, 
Murray Hill, New Jersey 07974 

Magnetic properties of surfaces and 
interfaces can be studied by complement- 
ing a field emission microscope with a 
probe hole and an electron spin polari- 
zation detector. In this talk we dis- 
cuss experimental results obtained with 
single crystal Ni and Fe tips and with 
epitaxially grown Fe and EuS on W(II2). 
In the case of the evaporated films two 
components of the polarization vector 
could be determined. With nickel tips, 
a negative polarization (-3% ± 1%) is 
observed from (!00) planes, and with 
iron tips 25% ± 5% for the (i00) planes. 
By admission of H 2 to full coverage 
the nickel spin polarization was found 
to vanish within experimental accuracy. 
A tentative explanation of these results 
will be presented. 

For EuS deposited on tungsten emit- 
ters, magnetic interface effects can be 
studied, and the "spin-filter" action 
will be discussed. 

MANY-BODY AND SPiN-DEPENDENT SURFACE 
POTENTIAL EFFECTS IN SPIN-POLARIZED 
FIELD EMISSION* 

D. Nagy, P. H. Cutler, E. T. Feuchtwang 

Department of Physics, Pennsylvania 
State University, University Park, 
Pennsylvania 16802 

A spin-dependent generalization of 
the Appelbaum-Brinkman transfer Hamil- 
tonian method I is developed and used to 
derive an expression for the spin- 
polarized current density in the field 
emission from ferromagnets. 2'3 For a 
given spin orientation, the current den- 
sity depends on the spectral amplitudes 
for that spin orientation. The self- 
energy operators which determine the 
spectral amplitudes are approximated by 
local, energy-independent, spin-diagonal 
potentials. Although spin-flip processes 
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are thereby neglected, the detailed var- 
iation of the surface potential and an 
approximate account of many-body effects 
are included by means of an effective 
surface potential v~(z), which is the 
self-consistent surface potential of 
field-free, spin-polarized jellium in 
the local density approximation. The 
calculation of v~(z) by means of the 
spin-dependent generalization ~ of the 
Kohn-Sham version 5 of the Hohenberg-Kohn 
density functional formalism 6 is des- 
cribed and numerical values are obtained 
for a bulk uniform background density p~ 
and bulk spin polarization P appropriat~ 
for ferromagnetic Ni. 3 With po=4.05x10 -2 
electrons/(Bohr unit) 3 and P=0.20, a 
work function ~=4.7 eV is obtained, 
which is in good agreement with experi- 
mental values for Ni. It is also found 
that the surface potentials for the two 
spin orientations differ sufficiently to 
have a small but significant effect on 
the spin polarization of the emitted 
current. 

epartial support for this research was 
provided by NSF Grant DMR 77-00934. 
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THE EFFECTS OF GEOMETRICAL ASYMMETRY 
AND MULTIPLE IMAGE INTERACTIONS 
OF THE TUNNELING PROPERTIES OF 
POINT CONTACT DIODES 

S. J. Shepherd, N. M. Miskovsky, T. E. 
Sullivan, P. H. Cutler, A. A. Lueas *% 

Pennsylvania state University, 
university Park, Pennsylvania 16802; 
*Facult6s Universitaires N.D. de la 
Paix, B-5000 Namur, Belgium 

Point contact diodes have been utilized 
as detectors, rectification, and fre- 
quency-mixing devices in the infrared. I'2 
A fundamental application of these devic- 
es has been the most precise and accurate 
determination of the velocity of light, l 
Nevertheless the intrinsic mechanism and 
the properties of point-contact diodes, 
although of basic interest, are not un- 
ambiguously understood. At present there 
are two models which attempt to explain 

the nonlinearity and rectification 
mechanism of the diodes: (i) Tunnelirtg 
of electron through an intermediate 
oxide film from whisker to the metal 
base, i.e., the configuration is con- 
sidered to be a metal-oxide-metal (MOM) 
tunneling junction. (2) The nonlinear- 
ity and rectification processes are the 
result of a thermally enhanced field 
emission (TFE). 2-6 

Recently a new explanation of the 
rectification mechanism was proposed 
which takes into account explicitly the 
geometrical shape of the two elec- 
trodes. 2,6,7 In a model calculation 
of the tunneling asymmetry, the geomeh- 
rical asymmetry was introduced by con- 
sidering a configuration where the metal 
point electrode is assumed to be a 
hyperboloid of revolution positioned 
from a flat base of the same metal. 7 It 
was found that for a tip radius equal 
to i00 A and a tip-base distance of 20 A 
the current ratio (JF/JB) may be as high 
as 5, suggesting that rectification 
properties of metal point-contact diodes 
can be explained without requiring 
material asymmetry. 

In the work to be reported the analy- 
sis of the geometrical rectification 
mechanism has been extended to include 
(i) effects of the electron image inter- 
action; (ii) different geometrical con-- 
figurations of the junction; (iii) the 
important multiple image interactions 
due to the close spacing of the metallic 
electrodes. 

To include the effect of the image 
and multiple image interactions we have 
obtained, using a Green's function 
formalism, an exact solution of the po- 
tential field for hyperboloidal tip with 
a planar anode. This is used to con- 
struct the potential barrier in the cal- 
culation of the tunneling current as a 
function of bias voltage. Following 
Schmeit's et al., these calculations use 
a free electron model and WKB transmis- 
sion coefficient. Direct comparison 
with the triangular barrier model of 
Schmeit's yields the corrections due to 
all image-force interactions. 

We have also considered a diode con- 
figuration of two identical metallic 
spheres closely spaced (i.e., ~ l0 A). 
A complete solution has been obtained 
for the potential distribution, includ- 
ing the multiple-image interactions 
using Green's function formalism. The 
diode model with spherical electrodes 
has especial importance because experi- 
ments using this arrangement (i.e., 
spherical electrodes) have been conduc- 
ted at NBS and I-V characteristics for 
spacings of the order of 10-20 A have 
been obtained. ~ Although some features 
of the measured curves exhibit qualita- 
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tive agreement with planar MOM theory, 
there is an obvious need for I-V char- 
acteristics based on more realistic 
diode geometries, which the present 
analysis gives promise of providing. 

%This research was supported in part by 
IRIS (Institute for Research in Inter- 
face Science) of the Belgian Ministry 
for Science Policy. 
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FIELD PENETRATION AND BAND BENDING 
IN THE SPACE CHARGE REGION OF 
SEMICONDUCTORS* 

T. T. Tsong 

Physics Department, Pennsylvania 
State University, Unlversity Park, 
Pennsylvania 16802 

The present theory of band bending in 
the surface space charge region of 
semiconductors, developed by Shokley, 
Brattain and Bardeen, Kingston and 
Neustadter and others, contains an ap- 
proximation. The theory fails complete- 
ly when the amount of band bending be- 
comes comparable to (Ec-E F) in a posi- 
tive field and to (EF-E v) in a negative 
field. The amount of band bending and 
the internal field existing in many 
interface phenomena, field emission and 
field ionization are far beyond the 
validity of this approximation. 

The approximation is removed and the 
resulting Poisson's equation is solved 

numerically. The field penetration as 
well as the details of the band bending, 
valid in all field ranges of interest, 
are calculated. The approximate theory 
is shown to be a particular case of 
our new calculation under extremely low 
fields. The amount of band bending 
and the depth of field penetration from 
the new calculation are presented. 

The effect of field penetration on 
the field ionization of gases above 
semiconductor surfaces, and the field 
evaporation of semiconductor surfaces, 
are also discussed. 

*Supported by NSF Grant DMR 76-i1418. 

CONTROLLED THERMONUCLEAR FUSION 
AND ION IMPLANTATION 

SURFACE PHYSICS AND MATERIALS 
PROBLEMS IN TFTR* (Distinguished Guest 
Lecture) 

H. F. Dylla 

Plasma Physics Laboratory, Princeton 
University, Princeton, New Jersey 
08540 

The Tokamak Fusion Test Reactor 
(TFTR) is presently under construction 
at thePrinceton Plasma Physics Labora- 
tory. The device is projected to reach 
conditions of energy breakeven by in- 
jection of greater than 20 MW of 120 keY 
neutral deuterium beams into a tritium 
target plasma. Before TFTR becomes 
operational in 1981, a number of crucial 
materials problems involving plasma- 
surface interactions require resolution. 
Of primary concern among these problems 
is an understanding of impurity genera- 
tion mechanisms and the development of 
conditioning techniques and/or wall 
materials which might minimize impurity 
effects. A related problem concerns 
hydrogen isotope trapping and re-emission 
from surfaces exposed to plasma. The 
re-emission of hydrogen isotopes during 
a discharge strongly affects the evolu- 
tion of the plasma density. An under- 
standing of the trapping mechanism is 
particularly important to minimize the 
tritium wall loading. A variety of sur- 
face analytical techniques have been 
employed to diagnose these problems on 
existing tokamaks and recent measure- 
ments from the Princeton Large Torus 
(PLT) will be reviewed. 

~This work was supported by the U. S. 
Department of Energy Contract No. 
EY-76-C-02-3073. 
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SURFACE ANALYSIS OF FIELD-EMITTER 
S;uMPLES EXPOSED TO THE PLASMAS 
OF PLT AND ISX* 

G. L. Kellogg, J. A. Panitz 

Sandia Laboratories, Albuquerque, 
New Mexico 87185 

In an attempt to help characterize 
the plasma-wall interactions in operat- 
ing tokamak reactors, the Imaging Atom- 
Probe mass spectrometer (IAP), the 
Field-Ion Microscope (FIM), and the 
Transmission Electron Microscope (TEM) 
have been used to analyze the surface 
and near-surface region of field-emitter 
samples which were placed at the wall 
position and exposed to the plasmas of 
the Princeton Large Torus (PLT) and the 
Impurities Study Experiment (ISX) 
tokamak fusion reactors. Measurements 
of the extent of damage to the specimen 
surfaces, the composition and thickness 
of deposited surface films, and the 
depth distribution of low energy plasma 
species implanted into the near-surface 
region of the samples have been carried 
out. 

Three sets of samples (two in PLT 
and one in ISX) have been investigated 
%hus far. Although each set was sub- 
jected to different exposure conditions 
(e.g., type and number of plasma dis- 
charges, limiter material used, position 
of samples with respect to limiters), 
some consistent results from the analys- 
is of the samples have been found. For 
example, all of the tips which had dir- 
ect plasma exposure showed evidence for 
a change in surface morphology (i.e., 
lattice damage or deposited surface 
films), whereas those tips which were 
placed in the reactor at the same time 
but shielded from line-of-sight exposure 
to the plasma were apparently unchanged. 
Mass spectra obtained with the IAP 
showed that plasma and impurity species 
become trapped within the damaged reg- 
ions and deposited films, but are not 
implanted into the substrate bulk. 

The implications of these results 
(and others to be presented) as they 
relate to the plasma-wall interactions 
in operating tokamaks will be discussed. 

eThis work was supported by the 
United States Department of Energy 
(DOE) under Contract AT(29-I)789 
and carried out in cooperation with 
S. A. Cohen and H. F. Dylla at 
PPPL and R. E. Clausing at ORNL. 

FIELD ION MICROSCOPY OF TUNGSTEN 
IRRADIATED WITH He + , 0 + AND 
Ar + ION PARTICLES 

N. Igata, S. Sato, K. Shibata, 
A. Kohyama 

Department of Materials Science, 
University of Tokyo, 7-3-1 Hongo 
Bunkyo-ku, Tokyo i13 Japan 

Hitherto we have investigated FIM ob- 
servation of tungsten irradiated with 
C + ions. In this study the purity of 
the specimen was 99.95%, annealed at 
1800°C for 2 hrs. For comparison of 
radiation damage with other charged par- 
ticles, tungsten wires were irradiated 
with 80 keV He + , 300 keV O + and 300 keV 
Ar + ions. The irradiation temperature 
was 30°C for He ~ and 30-200 C for O + 
and Ar +. The size distribution of 
vacancy clusters was investigated after 
each irradiation. In the case of He + 
irradiation the larger vacancy clusters 
between 10-15 ~ was not observed. This 
would be due to less primary knock-on 
energy in He + irradiation compared with 
the case of O + and Ar + irradiation. The 
swelling ~V/V was plotted against the 
radiation damage. AV/V showed satura- 
tion tendency in the earlier stages 
above 0.5 dpa in the case of O + and Ar + 
irradiation, and the value was higher 
than in the case of He + irradiation. 
This would be also due to higher primary 
knock-on energy, and the interstitials 
almost escaped from the surface in the 
earlier stage in the case of Ar + and 
O + irradiation. 

A DISCRETE-CHARGE MODEL OF A 
FIELD-ION EMITTER SURFACE 

Richard G. Forbes 

Department of Physics, University 
of Aston, Gosta Green, Birmingham, 
United Kingdom 

This paper explores some of the 
properties of a basic version of a new 
type of charged-surface model in which 
the surface atoms in a charged surface 
are represented in terms of an array of 
superimposed monopoles and dipoles, 
together with a distant array of mono- 
poles of the opposite sign. (The dis- 
tant array is necessary for electro- 
static self-consistency.) 

The model is a development of earlier 
work by the present author and by Tsong 
and M~ller, and can be regarded as a 
significant step forward from the nor- 
mal description of charged surfaces pro- 
vided by classical electrostatics. The 
need for such a model seems an unreal- 
ized consequence of the Hellman-Feynman 
theorem. 

Exploration of ~he model brings out 
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a fundamental inadequacy in the concept 
of "applied field" as used in field-ion 
theory. The usual treatment is compat- 
ible neither with classical continuous- 
charge-distribution models nor with dis- 
crete-charge models. This fact has 
significant consequences for theories 
of field adsorption and field evapora- 
tion. 

The following tentative conclusions 
have been drawn from the analysis of an 
infinite square array: 

!. The monopole contribution to 
field adsorption is less important than 
the dipole contribution, though it 
should not be neglected in detailed 
treatments. 

2. Existing calculations of local- 
ized field-adsorption binding energies 
are not electrostatically self-consis- 
tent. 

3. For a surface atom with a given 
external field above it, there may 
exist a theoretical maximum for its 
polarization energy that is independent 
of the proper SI polarizability of the 
surface atom. 

4. Non-linearity in the local field 
near the surface should in principle be 
taken into account in field-ion theory. 

5. Significant negative field- 
induced work-function corrections may 
exist. 

6. Estimates of "surface-atom 
polarizability" drawn from surface 
diffusion experiments in high fields 
may be unreliable. 

7. Calculations of critical distan- 
ces may need revision, and the whole 
question of "where is the emitter's 
electrical surface" needs re-examina- 
tion. 

The analysis also raises in the 
author's mind much more general doubts 
about the usefulness of flat-surface 
models of a charged surface. It seems 
much more likely that a good quantum- 
mechanical theory of charged surfaces 
would emerge from localized-orbital- 
type models. 





july 17-22,1978 

~[J[@ ~@~[h) o~~om~~ 
field emission symposium 

Sandia Laboratories 
Albuquerque, New Mexico 





The 25th 

International Field Emission Symposium 

July 17-22, 1978 

The University of New Mexico 
105 Education Building 

Albuquerque, New Mexico 

Hosted by 

Sandia Laboratories, Albuquerque, New Mexico 

Cover: The logo of the 25th International Field-Emission 
Symposium includes a 21 K field-ion image of 
iridium (8.55 kV, SIV) in a Zia Sun motif. The 
Zia Sun Symbol is often associated with New Mexico, 
and appears on the State flag. It has its origins 
in the ancient glyphs of the Pueblo Indians. 



i 

The Local Organizing 
Committee would like to 
welcome all participants 
and friends of the 25th 
International Field Emission 
Symposium to Albuquerque, 
New Mexico. We have attempted 
to provide you with ~ broad 
and varied technical program, 
as well as the opportunity to 
become acquainted with 
New Mexico - "The Land of 
Enchantment." Consequently, 
an· evening session has been 
planned to allow a free after
noon in an otherwise hectic 
schedule. A special feature of this year's meeting will be 
the presentation of the first annual Erwin W. Muller Memorial 
Medal to an outstanding young scientist. 

The technical program will be highlighted by a number of 
"distinguished guest lectures" and invited papers. Our attempt 
is to bring to your attention forefront areas of research to 
which field-emission, field-ion, and field-desorption techniques 
might be profitably applied. In addition, a special session has 
been organized to review past and present attempts to image 
biological molecules with high-field techniques. 

We would especially like to thank the National Science 
Foundation for providing travel support for several foreign 
and united States participants under Grant #DMR78-09078, the 
University of New Mexico (and Mr. Edmund B. Kasner, in particular) 
for administration of this NSF grant, the Office of Basic 
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SCANNING TRANSMISSION ELECTRON MICROSCOPY AT NEAR-ATOMIC RESOLUTION: 

THE PRESENT STATE-OF-THE-ART 

M. Isaacson 
Department of Physics 
University of Chicago 

Chicago, Illinois 

Over the past decade there has been an increased coupling of 

microscopy (which gives us spatial resolution information) with 

microprobing (which gives us compositional information) at spatial 

resolution levels smaller than the wavelength of light. The 

coupling is best exemplified with the transmission electron 

microscope. It has been pushed to the extreme such that very 

fine beams of electrons can be produced Which are as small as 
o 

2.5 A in diameter. We are therefore in a situation where we may 

expect to be able to perform chemical localization at near atomic 

spatial resolution from a wide variety of objects. One can 

presently perform spectroscopy of fast electrons transmitted 
o 

through thin samples from areas approaching 20 A in size. In 

addition, individual heavy atoms can be visualized on light 

element substrates using such atomic dimension electron beams. 

We will try to review the state-of-the-art of the coupling of 

microscopy and spectroscopy using fine electron beams and 

speculate on some of the potential applications in the biological 

and materials sciences. 
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Protein on Metal Surfaces 

Ivar Giaever 

All the enzymes and many of the hormones in the human body 

are globular protein molecules. The structure of a protein 

molecule is closely related to its function. Some of these 

features will be discussed in an elementary way. Illustrations 

will be given of how some of the properties of protein molecules 

can be studied by adsorbing the molecules on metal surfaces. 

Finally, some problems and difficulties associated with the 

adsorption of protein onto field emitter tips will be 

mentioned. 
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Imaging of Molecules, Past and Present 

A. J. Melmed 
Svrface Science Division 
National Bureau of Standards 
Washington, D.C. 20234 USA 

Several types of microscopy have been and are being applied to the 

Quest for detailed information about the morphology and atomic structure 

of molecules, with special interest in important biological molecules. 

These will be reviewed with emphasis on the results thus far obtained 

and the apparent obstacles to improved imaging capability. Particular 

attention will be given to the field emission (FEEM and FIM) efforts. 
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YIELD ION IMAGING OF DNA AND OTHER ORGANIC MOLECULES 

Franklin Hutchinson 

Department of Molecular Biophysics and Biochemistry 

Yale University 

New Haven, Connecticut On520 

Large biological molecules have been imaged on the surface 

of a field ion tip by surrounding them with layers of metal 

atoms from an evaporation source. The evaporated atoms striking 

the molecules to be imaged either do not stick, or are field 

desorbed as the electric field is raised to visualize the 

surface by field ion microscopy. The image of the molecule is 

formed by the edges of the cavity in the absorbed metal layer, 

and resolution is im?roved as the adsorbed layers become more 

ordered. Unmistakable images have been obtained of DNA and of 

transfer RNA molecules to a resolution of about 10~. Images 

of phthalocyanine could not be unequivocally distinguished 

from defects in evaporated metal layers de?osited in the 

absence of organic molecules. The method is similar in 

princi?le to that used by Mueller and Rendulic, who imbedded 

organic molecules in a metal layer electroplated on a field 

ion tip. The method has similarities to that in which an 

image is formed by field desorption of easily ionized 

molecules condensed on a ti? bearing the object to be image~. 

Field ion microscopy can scan a much smaller area for suitable 

images than can transmission microscopy, which is a serious 

limitation. 
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LOW-FIELD DESORPTION IMAGING OF PROTEINS* 

.J, A. Panitz 
Sandia Laboratories,t Albuquerque, NM 87185 

and 

Ivar Giaever 
General Electric Research and Development Center 

Schenectady, NY 12301 

ABSTRACT 

A novel low-field « lV/A) desorption technique ;s 

described for imaging the contour of protein molecules placed 

on the apex of field-emitter tips. Image contrast relies on 

a distinct and measurable difference in the desorption field 

of a species of low ionization potential physisorbed on the 

molecule, and on the qdjacent tip surface. Preliminary re-

sults are described, using benzene to image Bovine Serum Albumin 

(BSA) and Immuno-Gamma-Globulin (IgG). Although the imaging 

procedure appears to be feasible, extreme difficulty in re

produceably placing the proteins on the tip apex, in the 

desired concentration, has been encountered. These difficulties, 

together with future implications of the technique will also 

be discussed. 

*This article sponsored by the U. S. Department of Energy, 
Office of Basic Energy Sciences, under Contract AT(29-1 )789. 

tA U. S. Department of Energy Facility. 
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Single Atom Self Diffusion on Nickel* 

Raymond T. Tung t and William R. Graham~ 
Laboratory for Research on the Structure of Matter 

University of Pennsylvania 
Philadelphia, Pennsylvania 19104 

Abstract 

Past FIM studies of surface diffusion have been limited 

to 5d and 4d transition metal substrates. The importance of 

extending this powerful technique for the study of the atomic 

mechanisms of surface interactions to the 3d transition series 

metals is clearly evident. In this paper we present the results 

from self diffusion studies on several of the low index planes 

of nickel. We also include some discussion of the specimen 

preparation techniques which are required to produce nickel 

surfaces of sufficient perfection for surface diffusion studies. 

* 

t 

~ 

Work supported by NSF Grant DMR-75-23254 and by NSF-MRL 
Grant-76-00678. 

Department of Physics. 

Department of Metallurgy and Materials Science. 
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Binding Sites and Binding States of Sn on W 

O. Nishikawa 

Dept. of Materials Science and Engineering 
Graduate School of Science and Engineering 

Tokyo Institute of Technology 
O-okayama, Meguro-ku, Tokyo 152 Japan 

The binding sites of tin atoms on a tungsten sur

face are studied by superposing the image of a psudo

morphic tin layer upon the image of a substrate tungsten 

surface. Superposed micrographs indicate that the 

lateral locations of the tin atoms correspond to the 

locations of unoccupied tungsten lattice sites above 

the surface. 

Variations in field emission current with increas

ing evaporation field are also studied for the (011), 

(111), (112) and (114) planes. Evaporation of adatoms 

can be noticed by a sharp increase or decrease in the 

emission current at the field strength corresponding to 

the binding state of the adatoms. The binding states 

of the tin atoms on these planes are discussed. 
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Field Ion Microscopy of Gallium on Tungsten* 

Robert J. Culbertson, T. Sakurai and T. T. Tsang, Physics Department, 
The Pennsylvania State University, University Park, PA 16802 

The field evaporation of Ga from a W emitter was investigated using a 
magnetic sector atom probe field ion microscope. A continuous supply of 
Ga was provided by adjusting both tip temperature and electric field. 
The Ga coating of a W tip was achieved by dipping the tip in liquid Ga at 
325K in air. A clean Wend cap was obtained by field evaporating the tip 
at 78K. By raising the temperature to 300K Ga atoms diffused from the 

o 
shank of the tip and field evaporated from the tip apex at fields (2V/A), 
well below the evaporation field of W (5.7V/A). The rate of Ga evaporation 
could be controlled over a wide range by varying either the temperature, 
the electric field or both. The tip temperature was extremely critical for 
obtaining a steady Ga ion flux. In some cases the Ga flux was sufficiently 
high to yield a desorption image of the surface, implying that more than 
1000 Ga ions/sec are formed at each imaged site. The desorption image has 
a resolution comparable to that of a field ion image. Unlike ordinary 
desorption imaging where the surface atoms are removed, only the continuously 
replenished Ga atoms are evaporated and the W tip surface remains intact. 

After annealing the surface at elevated temperatures we found that the field 
ion image showed patchy regions of a Ga and W ordered alloy structure 
similar to that found in Pt electroplated W.l The evaporation field of this 
surface was higher than that of Ga atoms migrating from the shank before 
annealing. 

Below room temperature Ga atoms evaporate as doubly charged ions with a 
sharp energy distribution comparable to that of He field ionization within 
the forbidden zone. 2 The binding energy of Ga atoms on W can be derived 
from the measurement of the energy deficit of the field evaporated Ga ions. 3 

Since the substrate W surface remains intact, the evaporation field can be 
maintained at a constant value. A retarding potential analyzer with 100 meV 
resolution of the 2000 eV primary ion energy was incorporated in the atom
probe for this prupose. The measured binding energy will be presented as a 
function of crystallographic orientation of the W substrate and will be dis
cussed based on the adsorption geometry determined from a field ion image. 

1. K.O. Rendulic and E.W. Mueller, J. Appl. Phys. ~, 550 (1967). 

2. T. Sakurai, E. W. Mueller, R.J. Culbertson and T.T. Tsang, Proc. 7th 
Intern. Vac. Congr. & 3rd Intern. Conf. Solid Surfaces (Vienna 1977) , 
2467. 

3. T.T. Tsang, W.A. Schmidt and O. Frank, Surface Science 65, 109 (1977). 

*Supported by NSF Grant DMR-76-11418. 



8 



9 

FIELD INDUCED DESORPTION OF BENZENE FROM TUNGSTEN* 

J. A. Panitz 

Sandia Laboratories,t Albuquerque, NM 87185 

ABSTRACT 

A study of the field-desorption properties of benzene from 

clean, field-evaporated tungsten surfaces is described. Ramped-

DC desorption was used to measure the desorption field of 

benzene at temperatures below 200 o K, while Imaging Atom-Probe 

spectroscopy was used to determine the identity of the desorb-

ing species in physisorbed, and chemisorbed layers. Time-

gated imaging was used to follow the crystallographic behavior 

+ of the predominant physisorbed species, C6H6 , between 55 K and 

200oK. 

*This article sponsored by the U. S. Department of Energy, 
Office of Basic ~nergy Sciences, under Contract AT(29-1)789. 

tA U. S. Department of Energy Facility. 
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Aiming Error in Metallurgical Specimens 

* Jorg Piller 

Institute for Metalphysics and SFB 126 
University of Goettingen,Hospitalstr.12 

D 3400 Goettingen, W-Germany 

The combined FIM - Atomprobe and Field Desorption Micros
cope /1/ has been applied for the determination of the 
aiming error in pure metals and in metallurgical alloys. 

Previously it has been shown by several authors that there 
could be considerable differences between the flight paths 
of the desorbed ions and their related field ions. This is 
evid~nt for instance by the fine detailed structures found 
in multi-layer field desorption micrographs. In contrary 
it has been demonstrated that under distinct conditions it 
is possible to aim with the atom probe on single solute or 
adsorbed atoms which are brightly imaged with a yield near 
the detection efficiency of the ion detector. 

Now it is of interest how the desorbed ions of precipitates 
are distributed in respect to their field ion image, spe
cially if the precipitates protrude from or are recessed 
into the specimen surface. 

From the desorption images which are gated for the different 
components of the precipitates and from the field ion 
images the extension of the precipitates is measured. The 
influence of the distorte~ field above protruding precipi
tates on the targets of the desorbed ions is compared with 
these of ions of high indexed planes in pure metals. 

These results are related with atomprobe measurements where 
the probe hole is aimed on or nearby the field iOD image. 

/1/ J.Piller and R.Wagner, 24th International Field Emission 
Symposium (Oxford,1977) 

* Co=peting for the E.W.Muller Medal 
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QUANTITATIVE DETERMINATION OF ALLOY ELEMENT PARTITIONING IN 
PEARLITIC STEELS BY ATOM PROBE ANALYSIS 

M.K. Miller*, P.R. Williams, P.A. Beaven and G.D.W. Smith 

University of Oxford, Department of Metallurgy and Science of Materials, 
Parks Road, Oxford OXl 3PH, England. 

Previous observations of: alloy element redistribution processes 
in patented and cold drawn pearlitic steel wires (1,2) have been 
extended. Quantitative measurements have been made of solute 
concentration profiles across the ferrite-cementite interface in 
as-transformed pearlitic steels containing the alloy elements Mn, Cr 
and Si. It has been demonstrated that extensive substitutional solute 
partitioning occurs over the range of transformation temperatures 
studied (down to 550 0 C). This result is at variance with previous 
(lower spatial resolution) electron microprobe analyses, and provides 
a new insight into the nature of the physical processes occurring 
during the pearlite transformation. In particular, the existence of 
a highly effective short-circuit diffusion pathway for substitutional 
elements in the aUstenite-pearlite interface would now appear to be 
clearly established. 

References 

1) M.K. Miller and G.D.W. Smith, 23rd International Field Emission 
Symposium, Pennsylvania State University, U.S.A. (1976). 

2) M.K. Miller and G.D.W. Smith, Metal Science, ll, 249 (1977). 

* Competing for the E.W. MUller Medal 



11 



12 

A Study of Ordered Ni
4

HO Surface on an Atomic Scale. 

G.H. Robertsonr T.Sakurai, and T.T.Tsong, Physics Department, 
The Pennsylvania State University, University Park, PA ]6802 

Field ion microscope (FIM) studies of ordered alloys have great importance 
because the hemispherical' shape of FIM emitters provides a variety of super
structures. The geometrical structure and possible reconstructions can be 
observed directly on an atomic level. Previous FIM studies of ordered alloys 
have found that one of the species is usually not imaged. 

We have attempted a new study of an ordered alloy, Ni Mo. Its bulk structure 
is well established [body centered tetragonal (BCT) c~a = 0.6231]. This BCT 
structure contains eight Ni and two Mo atoms in the unit cell, .! .•. ~., four 
Ni and one Mo atoms per Bravais lattice point. The structure may be describ
ed as five interpenetrating BCT sublattices, one having a single Mo atom pe~ 
lattice point and the other four with a single Ni atom per lattice point. 
Each sublattice is translated by ]/5 <110> with respect to a neighboring 
sublattice. Because of this complexity, some net planes described by the 
same Miller index number [for example, (110) and (011) or (211) and (121)] 
have different symmetry and structural properties enhancing our interest in 
this system. 

In our FIM study, using a channel plate image intensifier and liquid H cool
ing, Ive have succeeded for the first time in the observation of Ni and

2
Mo layers 

with atomic resolution. While slowly evaporating the (011) surface layer by 
layer, we observed only two pure Ni layers below]each pure Mo layer rather 
than the four expected from the alloy structure. It also appeared that the 
number density of a Ni layer is approximately twice that of a Mo layer. This 
anomaly was not oberved on the (110) plane where we observed four pure Ni 
layers below each pure Mo layer. The basic structural differences between 
these two planes is the number density and the spacing, d, of adjacent layers 
[d = 0.8099 A for (110) and d = 0.6057 A for (011)]. The ready interpretation 
of this anomaly for the (011) plane is that two adjacent Ni layers reconstruct 
to form a single layer when the top Mo layer is field evaporated. Using the 
atomic resolution of Ni layers we will try to determine the position of Ni 
atoms with respect to the Moatoms for a number of net planes, such ;j.S (111), 
(121), (213) and (123). The field emission images from fundamental planes and 
superlattice planes will be presented to show a unique potential of using this 
system to study the electronic structure of a superlattice. It may be possible 
to obtain the density of states of the superlattice by field electron spec
troscopy. 

1) B.G. LeFevre, H. Grenga, and B. Ralph. Phil. Hag. 18, 1193 (1968). 

*Competing for the E.W. Muller Medal. 
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ANALYSIS OF THE ELECTRIC FIELD 
DISTRIBUTION INSIDE A FIELD 

ION MICROSCOPE BY THE 
FINITE ELEMENT METHOD 

Gary S. Gipson**, D. W. 
Yannitell, and H. C. Eaton 

Department of Mechanical Engineering 
Louisiana State University 

Baton Rquge, Louisiana 70803 

ABSTRACT 

The electric field distribution inside a field ion microscope is 

determined by means of the numerical method of finite elements. Using 

this technique, realistic geometries are considered. Analysis of such 

models has not been possible by conventional analytical methods because 

of the intractable nature of the solutions. Features included in the 

numerical model are microscope walls, a flat screen, and for the first 

time a cold finger, a dielectric, a specimen holder with shape, and an 

accelerating shield. It is found that neglecting the tedious geometry 

can yield inaccurate results. The accelerating shield, located about 

10
5 

tip diameters from the specimen tip, is shown to provide a sub

stantial enhancement of the electric field at the specimen apex. This 

can result in significant changes in the specimen stress distribution 

and may alter the ion trajectories as well. Also studied is the effect 

of the specimen shank angle on the electric field. It is found that a 

variation from 0° to 9° in emitter shank angle results in approximately 

a 40% reduction in the field strength near the apex. 
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Appearance potential measurements on singly and doubly charged 
field evaporated and field ionized metal ions 

by Norbert Ernst~ 

Fritz-Haber~Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, I Berlin 33 

Experimental appearance potential values AP (=eo +~R; n=I,2) as derived from 
the onset voltage 0 of integral energy di~trib8tion of n-fold charged metal 
ions are compared wigh theoretical values .AP calculated from the image hump 

1- tI. 
model / 1,2/ (e elemental charge, ~R workfunct 1-on retarder electrode). . AP 1-S 

. . 1- n approx1-mately g1-ven by: 

( I ) 

;'-3-3-' 

where L'lE
n

+ (F) ( = Ir IF) is the critical energy deficit of an-fold 
charged iBn at the emIfter surface (work function ~E) according to the Schott
ky hump condition(so dielectric constant). When the electric field strength 
F is high enough field evaporation occurs with nearly zero thermal activa-
tion energy .. AP then becomes: 

1- n 
I 

.AP ~ -n (Z I + A) 
1- n n n 

(2) 

I is the n-th ionization potential and A the binding energy of the atom to 
tHe emitter surface. In table I calculated and literature data are compared 
with experimental results. With copper, the image hump model of field eva
poration is verified. AP -values of other species mainly reflect field evapora
tion with nearly zero ac~ivation energy (emitter temperatures below 300 K). 

TElble I 

n species 

+ 
Cu 

+ 

2 
Be++ 
Be 

.++ 
N1-

++ 
Fe 

calculated and literature data 

l(Z I + A) reV] .AP [eV] F [V /~] n n n 1- n 

11,0 10,9 2,9 
9,3 1,6 

12,6 12,5 5, I 
15,5 15,3 4,5 

15,0 14,8 3,4 

14, I 14,0 3,4 

experimental results 

2,9±0,3 
1,6 ± 0,2 
unknown 

" 

" 

" 

AP [eV] 
n 

10,9 ± 0,2 
9,3±0,2 

I 2 , 5 + 0, I -0 , 3 
I 5 , 5 + 0, I -0, 2 
({; 14,5) 
15,0 + 0, 1-0,2 
(-,; 14,5) 
13,9 ± 0, I 
(-G 12,9) 

AP -values in brackets are estimated onsets of second high energy distribu
ti8ns observed in the spectra of doubly charged ions. 

Raising the emitter temperature above 900 K leads to thermal evaporation of 
metal atoms with subsequent field ionization, FI, in the gas phase. The first 
ionization potentials are measured (API=II) corresponding to the main onset 
of energy distrib~tions. A second high energy distribution with onset down to 
5 eV below II (Be) is obviously generated by FI of electron impact excited 
atoms. 
/1/ E.W. Muller, Phys. Rev. 102,618 (1956) 
/2/ T.T. Tsong, W.A. Schmidt and O. Frank, Surface Sci. 65 109 (1977) 
"~Competing for the E.W. Muller Medal." 
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A COMBINED CONVENTIONAL AND IMAGING ATOM-PROBE AND 

ITS APPLICATION TO SEGREGATION STUDIES 

A.R. Waugh*, P.F. Mi~ls & M.J. Southon 
Dept. of Metallurgy and Materials Science, University of Cambridge, 
Pembroke Street, Cambridge, CB2 3QZ, U.K. 

The imaging atom-probe which was constructed in 1975 for metallurg
ical applications (1) has been modified and updated to combine the elem
ental mapping capability of the lAP with the quantitative point-analysis 
capabi1 ity of the conventional atom-probe. As before, a single 50mm 
flat channel-plate is used to detect the gated desorption image with a 
f1 ight-distance of 125mm. A second 50Mm channel-plate has now been 
fitted close to the specimen, which can be tilted through 1400 on a 
specially-built stage. The second plate is used to display the entire 
field-ion image of the specimen and also incorporates a 2mm diameter 
probe-hole which defines the entrance aperture of a conventional atom
probe, with provision for energy compensation. A 25mm chevron channe1-
plate is used as the detector. 

As a result of these modifications it is possible to obtain both 
quantitative mass spectra from small areas of the specimen and also time
gated desorption images from a large area. Data are collected rapidly as 
an evaporation-pulse generator has been built which uses a mercury-wetted 
reed relay operated at 250 Hz. Jitter-free operation at this high rate is 
made possible by using a solid-state high-voltage switch in place of the 
conventional charging resistor: output-pulse amp1 itude is adjustable from 
300 to 4000 volts. This type of pu1ser has been added successfully to all 
three atom-probes currently in use in Cambridge. 

Our prime area of research at present is in segregation: the unique 
abi1 ity of the lAP to detect segreC)ation at grain boundaries with high 
spatial resolution and single-atom sensitivity has been applied further 
along the 1 ines described previously (2). Further observations have been 
made of oxygen at grain boundaries in molybdenum, including a grain-
boundary node, of carbon in iron, and of tin at and near grain-boundaries 
in iron. The latter system is of P3rticu1ar interest in that significant 2 
quantities of a meta11 ic dimer, Sn 2 +, are observed, as well as Sn and Sn +. 

(1) A.R. Waugh, 1975, 22nd IFES, Atlanta; A.R. vJaugh, 1978, J. Phys E: 
Sci. Instr. 11 (1978) 49 

(2) A.R. \'/augh, 1977, 24th IFES, Oxford; A.R. \-/augh & M.J. Southon, 
Surface Science 68 (1977) 79 

* Competing for the E.W. Muller Medal 
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DETERMINATION OF ATOMIC JUMP LENGTH DISTRIBUTIONS 

FOR SURFACE MIGRATION OF SINGLE ADA TOMS 

by 

P. L. Cowan* 
Bell Laboratories 

Murray Hill, New Jersey 07974 

and 

T. T. Tsong** 
Department of Physics 

The Pennsylvania State University 
University Park, Pensylvania 16802 

Surface migration of single adatoms on a perfect 

crystallographic plane occurs by a random sequence of atomic 

jumps. However, atomic jumps are not necessarily restricted 

to nearest neighbor sites as is commonly assumed. Analysis 

of FIN observations of migrating adatoms is uniquely capable 

of yielding the distribution of jump lengths and directions. 

Existing data indicates that W adatoms on W(llO) jump pre-

dominantly along <111> directions in the plane, but can jump 

various distances in these directions. 

*Competing for the E. W. Mliller Medal. 

** This research done at The Pennsylvania State University was 
supported by NSF Grant No. DOOR 76-11418. 





A STUDY OF CHEMISORBED NITROGEN AND OXYGEN ON GROWTH OF 

THIN GOLD FILMS ON TUNGSTEN 

C. PATEL++ 

University College of North Wales, Department of Electronic 
Engineering Science, Dean Street, Bangor, Gwynedd N.Wales, 
United Kingdom. 

When condensed on tungsten in ultra-high vacuum, metals are 
known to form monolayer and multilayer films. The presence of 
sub-monolayer amounts of preadsorbed gas can how.:'.ver prevent such films 
from forming. 

In an attempt to establish the roles of chemisorbed gases, 
detailed studies have been made of the effects of small quantities of 
nitrogen and oxygen as contaminant gases on the structure of thin gold 
film on tungsten by observing the change in the work-function with 
coverage and temperature using probe-hole and simple field emission 
microscopy. 

Adsorption of nitrogen on tungsten followed by gold shows 
notable changes in the work-function when compared with the 'clean' 
gold behaviour and consequently results in cyrstallite growth at a gold 
coverage greater than Z8. Heating the composite layers at a temperature 
T ~ SO OK causes crystallites to dissolve and gold reverts to 'clean' behaviour. 

Oxygen adsorption on a gold-bearing tungsten surface produce a 
decrease in r/J of ~ -0.4SeV for spreading temperatures of 600-7S0K. This 
decrease in r/J seems unusual since the oxygen sticking probability on 
gold is very low for the temperature used. Because the oxygen attacks the 
tungsten substrate more severely than nitrogen thus the gold atoms 
aggregate much more readily into crystallites than in the case of nitrogen. 

The stepwise heating of the following systems W-Au, ~]-NZ' 
W-NZ-Au, W-0

2
, W-Au-OZ-Au, W-OZ-Au have been examined for the desorption 

characterist~cs of the chemisorbed gases on morphology of gold overlayers. 
In both nitrogen and oxygen cases the order of their adsorption plays an 
important part, this is found to be noticeable when the stepwise heating 
of the following sy~tems were performed: W-D 2-Au Case 1 and W-Au-OZ-Au 
Case Z. In Case 1 r/J increases very sharply oetween T = SOO-7S0K and 
becc-mes steady in the temperature region T = 900-l400K, Case Z shows the 
opposite effect in the T = SOO-7S0K temperature region. This behaviour 
is thought to be due to inversionof dipoles - and will be described in 
detail. 

Co-adsorption of (N -Au) has been studied on the W(lOO), (111) 
and (Zll) planes. Results wilt be described and compared with known 
data of the (NZ-W) and (W-Au) system on these planes. 

,,++ Competing for the E.W. Muller Medal." 
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DIFFUSION STUDIES OF ADSORBATES ON TUNGSTEN (110) 

J iann -Ruey Chen* and Robert Gomer 
The Departments of Physics and Chemistry 

_ and the James Franck Institute 
The University of Chicago 

Chicago, Illinois 60637 

The correlation of functions of field emission current fluctuations from the (110) plane of 
tungsten field emitters covered with submonolayer amounts of oxygen, carbon monoxide, 
and xenon, have been measured. -At temperatures above the onset of surface diffusion, the 
experimental correlation functions agree with a theoretical model based on single particle 
diffusion, 1 and yield diffusion coefficients and activation energies of diffusion on this 
plane. For oxygen, activation energy of diffusion rises from 14 k cal/mole for O/W < 
0.2 to 22 k cal/mole for O/W == 0.56. For virgin CO, no diffusion could be unequivo
cally established at any coverages, although a weak signal set in 250 oK. For beta CO, 
diffusion with an activation energy 23 k cal/mole is found, suggesting 0 is the observed 
species diffusing. For Xenon, an activation energy of ......, 3 k cal/mole was found at 
e == 0.5 and 9 == 0.9. At high temperatures the decay of the correlation function is slow
er than predicted by theory. I t is suggested that this results from dynamical correlations, 
or multi-particle density fluctuations, which can occur when several adsorbate particles 
are simultaneously in motion. At low temperatures, exponential decay of the correlation 
function is observed, and explained as a prediffusive flip-flop of adsorbate particles between 
binding locations. The temperature dependence of the mean square fluctuations in the dif
fusive regime is discussed in terms of adsorbate-adsorbate interactions. 

*Competing for the E. W. M~ller Medal. 

'R. Gomer, Surface Sci. 38, 373 (1973) 
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A basic Vlave-mech~~cal theory of Field-ion energy distributions 

Richard G. Forbes 

University of Aston, Department of Physics, Gosta Green, Birmingham, U1~ 

This paper presents the outline of a new wave-mechanical theory of field 
ionization and field-ion enerGY distributions. The theory is a general
isation of the approach used by Gomer and Swanson (1), and avoids the use 
of the Landau-Zener approximat~on. 'rhe theory may be regarded as a 
direct fermion analogue to the theory of radiative emission as developed 
by Dirac. 

The essential feature of the new theory is that it avoids the "double 
infinity of final states" problem by enclosinf2; the departing ion in a 
hypothetical one-dimensional sloping-sided box for which the wave-functions 
can be determined. The rest of the analysis then proceeds by analogy 
Hith the well-established theory of l-iolecular Spectroscopy. 

Currently, the theory is in the formal stage of development, but the 
fol::'o\·!ing results. are alrp-ady clear: 

1. A proof can be given that the usual quasi-classical treatment 
of field-ion imacing should be a valid first approximation, if 
the electron trensition rate-constant is given by an expression 
involving an electronic overlap integral. 

2. The usual quasi-classical treatments of energy distributions 
should be valid approximations, with the following exceptions: 

(a) The shape of the hiGh-energy edge of the main peak; 

(b) Discussion of surface-plasmon-assisted field ionization. 

In the exceptional cases the influence of overlap factors between 
vibrational '",ave-functions needs to be taken into account. For 
surface-plasmon creation the presence of an additional term in 
the expression for the energy distribution could prove decisive in 
rejecting this mechanism of the Jason effect on purely theoretical 
Grounds. 

TheDe results are not exactly unexpected. Eov/ever, the author beliovos 
that the present treatment of ~ield ionization, which has long been 
recoGnised as a "difficult" subject, has been able to avoid logical 
e:.~ror.s that appear in previous treatments. Very few, if any, previous 
treat!'1ents are strictly conrpLctible with the basic axioms of quantum 
mechanics .. 

(1) R Gomer and L \if Swanson, J Chem Phys 38 (1963) 1613. 
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FIELD EMISSION SOURCES FOR LARGE AREA DISPLAYS 

Jules D. Levine 
RCA Laboratories 

Princeton, NJ 08540 

Component and systems aspects of field emitters as electron sources have 

been studied for large area displays: 106 display elements, 104 cm2 display 

area, and a design cost for under $100. We first investigated U02/W eutectics 

provided by Professor A. T. Chapman. Later, a new field emitter technology was 

developed using copper and glass fused sheets. 1 This was more suited to mass 

production. By mechanical or photolithographic means, Cu tips were formed 

10 mils apart on a square array. A tip, when appropriately treated and fused 

with a glass insulator and a copper extractor, yielded 10-100 ~A at 400-1000 V. 

The design value was 1-10 ~A at 200 V, for 200-ft lamberts brightness. 

ProxiPlity focusinq \'/aS used. On occasion, beam extraction efficiencies 

of 100% were obtained. 

Systems studies showed the need for an inexpensive feedback sensor and 

circuit for each of the 106 elements, which would sample the beam current and 

also correct for display brightness inhomogeneities due to the erratic naturp 

of the field emission source. Such a sampling circuit was built and tested 

successfully. 1 

I J . D. Levine, U. S. Patent 3,921,022, November 18, 1975. 
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CHARACTERIZATION OF THE ION EMISSION 
FRm! A TAYLOR CONE OF LIQUID GOLV'"'. 

P. SLLct'talLd, J. Van de WaLte., 
C. Coftiex, P. T~ebbia 

Labo~cdo,t~e de PhWliqlte de,~ SoUdu 
Af.,,~oc.ie au C.N.R.S., BM:. 510 
Un.ive!t-~,de PCVL-L~ -Sud 
91405 ORSAY - F~ance. 

Various ion emission modes issued from a metallic gold surface under the 
combined effect of a strong electric field and a high temperature have been 
investigated. 

At a temperature higher than the melting point, and under an electric field 
greater than a critical value, the free surface of a liquid metal is deformed 
into a Taylor cone shape, the extremity of which has been visualized in-situ 
In an electron microscope. From the area a few microns large located at the apex 
of this cone, rather strong positive ion currents can be delivered. Of the order 
of lru\, they are ~uite stable and can last for hours if an appropriate design 
allows a permanent flow of matter towards this emitting area. 

The characteristics of the beam have been analysed with the help of a double
focusing mass spectrometer. The mass distribution contains a large variety of 
ionic species ranging from doubly ionized Au++ to molecular Auri (fragments with 
n~7 have been detected), The main contribution due tD Au+ represents about 70% 
of the total emission. Superposed on the general decrease with n of the molecu
lar ions intensity, slight alternances can be detected; species with odd n are 
relatively more abundant t:.an those ,.,lith even n. This is in good agreement ,<lith 
the theoretical predictions of Joyes concerning the stability of noble metal clus
ters. 

The energy distribution has been measured for all these emission products. The 
two main ionic species Au++ and Au+ exhibit a single large peak. Of the order 
of 45 eV for Au++, the width of this peak is increased to about 70 eV for Au+ 
and is followed in this case by a long energy deficit tail. The molecular ions 
also display a clear secondary maximum: its position gradually shifts tm"ards 
larger energy losses and its relative importance increases regularly with n. 
These experimental data provide some interesting basis for the understanding of 
the emission mechanisms in an ERD liquid metal ion source. The contribution of 
the space charge effects and of the collision processes in a dense plasma exten
ding over a fe," hundred angstroms above the liquid surface will be discussed. 

Endly, the transition between the low temperature ion emission modes from the 
solid and the high temperature ones from the liquid has been carefully studied 
when one raises the temperature across the melting point. Intermediate regimes 
including the geometrical faceting of the metal surface or the growth of micro
needles have been recognized. The relation between the topographical properties 
of the surface and the ion emission patterns has been established, All these results 
provide a general frame to classify the different behaviours of a metal surface 
under these extreme temperature and field environment conditions. 

P. Joyes (1971) : J. Phys. Chern. Solids 32, 1369. 

j( Research performed with the help of a grant DrulE 76/1184. 
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FIELD EMISSION FROM A LIQUID METAL 

by 

L. W. Swanson 

and 

G. A. Schwind 

Oregon Graduate Center 

Beaverton, Oregon 97005 

ABSTRACT 

The characteristics o~ ~ novel repetitive pulsed electron source 

employing a liquid Ga/12% In cathode have been examined. Repetitive current 

pulses as large as 250 A with an applied voltage of only 10 to 12 kV have 

been observed. The mechanism involves the formation of a field-stabilized 

cone of the liquid cathode which forms a sufficiently-small apex radius that 

a regenerative field electron current initiates an explosive emission process 
1-3 

of the type described in detail for solid state emitters If the applied 

voltage is held just below threshold, a 100 V by 35 nsec pulse voltage is 

sufficient to initiate the high current pulse. 

Several important differences between the liquid and solid phase 

explosive emission electron sources have been revealed. First, after the 

vaporization of a small amount of material from the cone apex during the 

pulse, the liquid phase source self heals thereby yielding a repetitive 

pulse mode operation with a constant applied voltage. Secondly, there is no 

limit to the life; 1. e., the number of pulses, at tair,ab1e from the liquid 

emitter. Third, the current pulse rise time and duration are shorter for the 

liquid metal source. A remarkable feature of the liquid metal electron source 

when operated in the free running repetitive mode is the lack of measurable 

time jitter, < 0.1 nsec, between the onset of successive pulses and their 

uniform amplitude over the rep rate range 40 to 8,000 pps. 
3,4 

With the reverse polarity, this source becomes an intense ion emitter 

Used in a FlM, embodiment patterns with a certain degree of structure can be 

observed. Mechanisms by which field evaporation from liquid metals occur 

will be discussed. 

1. W.W. Dolan, W.P. Dyke and J.K. Tro1an, Phys. Rev. 11, 1054 (1953). 
2. V.M. Zhukov and G.R. Fursei, Sov. Phys. Tech. Phys. 11, 1112 (1976). 
3. R. Clampitt, K.L. Artken, D.K. Jefferies, J. Vac. Sci. and Techno1. 11, 

1208 (1975). 
4. V.E. Krohn and G.R. Ringo, Appl. Phys. Letters 12, 479 (1975). 
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GALLIUM FIELD ION EMISSION FROM LIQUID POINT ANODES 

Abstract 

G.L.R. Mair and A. von Engel 

Department of Engineering Science, 
Oxford University, 

Parks Road, 
Oxford, OX! 3PJ. 

A brief summary of the principal processes controlling emission LS 

given followed by an investigation of the two components of the collector 

current and its superimposed pulses when zero, retarding and accelerating 

potentials are applied to the collector. The effect of secondary electrons 

emitted by Lon impact on the collector is analysed as well as the results 

of suppressing the secondaries by deflection in a moderate electric or 

magnetic field. Finally observations of the luminosity at the collector 

surface and near the apex of the wetted point anode, of the formation and 

life of protrusions and of the flow of neutral atomic particles and droplets 

are discussed. 
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SUBMICRON IMAGING OF A LIQUID METAL 

GALLIUM SOURCE*+ 

R. L. Seliger 
Hughes Research Laboratories 

Malibu, California 90265 

ABSTRACT 

A liquid-metal gallium ion source is imaged by a unity 

magnification, single gap, accelerating lens with a post-lens 

deflector to form a focused scanning probe. Experiments with 

this system are being performed to evaluate the suitability of 

liquid-metal ion sources for high resolution ion probe formation. 

We report the dependence of the probe diameter dp and probe current 

I on the lens acceptance half-angle a and the total source 
p 0 

emission current I. The results range between (d , I ) = 
s p P 

(500 nm, 1 nA) at (a , I ) = (6 mrad, 10 ~A) and (d , I ) = o s p . P 
(60 nm, 68 pA) at ( a , I ) = (1.2 mrad, 5 ~A). Spot diameters 

o s 
were measured by sputtering thin gold films with the focused beam. 

The current density and brightness at the target for the 60 nm 

diameter, 55 keV probe are 2.4 A/cm2 and 4.8 x 10 6 A/cm2-sr 

respectively. Since the experimental system does not yet include 

a stigmator, magnetic shielding nor sUbstantial vibration isolation, 

the resolution performance limit of the liquid-metal gallium source 

has probably not yet been reached. 

* This work was supported by the Defense Advanced Research 
Projects Agency 

+TO be presented at the 25th International Field Emission Symposium, 
University of New Mexico, Albuquerque, New Mexico, July 17-21, 1978. 
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. Distinguished Guest Lecturer 

CATALYTIC CHEMISTRY: A SURFACE SCIENCE VIEWPOINT 

G. A. Somorjai 
Department of Chemistry 
University of California 

Berkeley, California 94720 

The past ten years have seen the development of techniques the 

combination of which can be utilized to tackle major probl s of hetero

geneous catalysis on the molecular scale. Most of these new techniques 

need only small surface areas (~/cm2), but often require high vacuum 

sample environments. New methods of catalytic research have been 

developed that use (1) small area samples for structure, composition, 

and kinetic studies, and (2) mate ultra-high-vacuum and high-pressure 

reaction conditions. 

Four examples of studies involving single crystal surfaces of 

small area will be presented using three types of surfaces: flat 

(111) orientation, stepped, and kinked surfaces. 

A. Determination of the surface structure of adsorbed C2H2 and 

C2H4 on the pt (111) surface for a combination of low-energy electron 

diffraction (LEED) and high-resolution electron energy loss techniques. 

B. The mecQanisms of H2-D2 exchange on stepped platinum crystal 

surfaces by reactive molecular beam-surface scattering. 

C. The effect of oxygen on the rates of hydrogenation and 

dehydrogenation of cyclohexene on kinked platinum crystRl surfaces. 

D. The effects of additives, C2H4 , C3H6 and potassium on the 

rates and product descriptions during the hydrogenation of carbon 

monoxide over the iron (111) crystal face. 
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Field ionization, field evaporation and field desorption 
of silver ions, a comparison of appearance energies 

by 

J.H. Block, .R.-G. Abitz, M. Domke and E. Hummel 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 1 Berlin 33 

Mass spectrometric experiments are performed and integral energy distributions 

are me.asured for Ag + -ions of various origin. 1) Silver vapor from a Knudsen 

cell is field ionized and yields appearance energies (AP) in accordance with 

gas phase ionization: AP is independent on field strength; AP-values repre

sent ionization potentials diminished by kinetic energy contributions of neu

trals with nearly Maxwellian distribution. 2) The energy of ions field eva

porated from silver layers at a tungsten emitter (Ag-Ag- or Ag-H-surface bonds) 

is effected by bond energies. The energy deficits are field and temperature de

pendent. The field dependence is explained in terms of the "charge exchange" 

or "image hump" model. The temperature dependence results from competing ther

mal activation, which can be independently determined from rate measurements. 

Hith increasing temperature Ag+-ions can pass successively barriers with in

creasing height at reduced field strength. resulting in reduced energy losses. 

3) Field desorption of Ag + -ions performed in a layer of Ag
2

S at a silver field 

emitter differs remarkably from usual field evaporation of silver: Although 

field evaporation occurs at drastically reduced field strength, energy losses 

are rising by 2 eV. This behavior is caused by the shape of the potential wall 

in front of the emitter. The Madelung potential at the ion-crystal surface 

shows much steeper variations with distance than the image potential in front 

of a metal surface does. 
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+ 
Field Ion Appearance Energies of CO Ions 

formed at Noble Metal Surfaces 

by 

W.A. Schmidt and O. Frank 

Fritz-Haber-Institut der Max-Planck-Gesellschaft 
Faradayweg 4-6, 1000 Berlin 33, West-Germany 

From measured integral energy distributions of CO+ ions at 80 K tip tempe

rature on surfaces of Cu, Ag, and Au, respectively, field lon appearance 

energies were evaluated and found up to .5 eV higher than the value ex

pected from usual field ionization. There is a slight increase of the 

appearance energy with field strength. Under certain field conditions 

with gold tips two superimposed energy distributions have been observed. 

Mathematical evaluation resulted in two appearances energies, (i) the al-
+ 

ready mentioned high value and (ii) the value usually expected for CO . 

Pronounced differences of the high appearance energies within the group 

of noble metals were not observed. There were also no differences ln 

the appearance energies if the surfaces were cleaned before ionization 

or used after prolonged influence of residual gases. Furthermore, no 

such shifts of the appearance energies were observed for other reactive 

gases, for example oxygen. 

Although as preliminary interpretation, it is thoug~that the CO molecule 

interacts with surfaces of Cu, Ag or Au, cleaned or not completely cleaned, 

resulting in a binding energy. This binding energy affects the appearance 

energy. Theoretical treatment might be applied in analogy to field evapo

ration theory. Another interpretation, assuming co ionization being non

adiabatic can be excluded because of the results with gold. 
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PROCESSES OF ION FORMATION IN FIELD DESORPTION 

MASS SPECTROMETRY 

F.W. Rollgen, U. Giessmann, H.J. Heinen, 

and H.D. Beckey 

Institute of Physical Chemistry, University of Bonn, 

D 5300 Bonn, W. Germany 

From conventional activated emitters alone no reliable 

information on the ionization conditions i.e. the effect 

of field strength and temperature on the ion formation 

can be obtained, since the adsorption of substances on 

surfaces of largely different field strengths i.e. on 

top, on the shank or in between the field enhancing mi

croneedles cannot be sufficiently controlled. However, 

by using smooth wires, wires with microneedles of 

different length and single tips as field anodes it 

was possible to differentiate between various supply, 

ionization and desorption mechanisms. These different 

processes and their dependence on the field strength, 

anode temperature, surface morphology, and the nature 

of adsorbate will be discussed. 
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AppBarancB EnBrgiBs of FiBld IonizBd and 
FiBld DBsorbBd Polyatomic Sulfur MolBculBs 

by 

J.H. Block and R.-G. Abitz 

Fritz-HabBr-Institut dBr Max-Planck-GBsBllschaft, FaradaywBg 4-6, 1 BBrlin 33 

Sulfur molBculBs S (2 ~ x < 8) arB BithBr producBd in an B1BctrochBmical cBll 
x and BvaporatBd onto a tUngstBn fiBld BmittBr or arB formBd by a surfacB rB-

action of impinging S2 molBculBs in a physisorbBd laYBr of thB BmittBr at 
about 300 K. FiBld ionization of thB S vapor and fiBld dBsorption of S sUr
facB rBaction products arB invBstigatB~ in a quadrupolB mass spBctromBt~r and 
analyzBd with rBgard to mass to chargB ratio, ion intBnsity, and intBgral 
BnBrgy distribution. 

For vapor molBculBs appBarancB BnBrgiBs (AP) havB bBBn BXPBCtBd to rBflBct 
ionization BnBrgi8s (I). 

ExpBrimBntal valuBs arB: 

AP I 

S2 9.33 ± 0.1 9.36 ± 0.05 
S5 8.11 ± 0.15 8.60 ± 0.05 

S6 8.94 ± 0.1 9.00 ± 0.03 

S7 8.50 ± 0.1 8.67 ± 0.03 
S8 8.97 ± 0.1 9.04 ± 0.03 

In particular for S5 and S7' dBviations arB highBr than BxpBrimBntal Brrors. 

In comparison with vapor molBculBs, S molBculBs formBd by surfacB rBactions 
display BnBrgy 10ssBs which ar8 morB ~han 1 BV too small (BvBn at postulatBd 
nBgligiblB adsorption 8nBrgy). This dBviation is nBarly idBntical for all 
mBasurBd Sand indBpBndBnt on individual ionization BnBrgiBs. This rBsult 
indicatBs ~hat fiBld dBsorption from thB condBnsBd laYBr involvBs BithBr 
diabatic rBaction StBpS or ionization out of intBrmBdiatB BxcitBd rBaction 
statBS. 
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QUANTITATIVE APPLICATIONS OF FIELD DESORPTION MASS SPECTROMETRY 

Douglas F. Barofsky, Elisabeth Barofsky and Lorne M. Isabelle 

Oregon Graduate Center 
19600 N.W. Walker Road 

Beaverton, Oregon 97005 

Field desorption mass spectrometry (FDMS) has experienced relatively 

rapid growth during the last de~ade in its applications to organic chemistry. 

However, the use of FDMS has been generally restricted to qualitative analyses 

of specific compounds or mixtures of compounds. The earliest considerations 

given to quantitative applications of FDMS were directed towards the problem 

of defining a suitable means for measuring sensitivity. More recent efforts 

have been directed toward applying FDMS to quantitative problems in mixture 

analysis and isotope ratio determinations. FDMS shares with other forms of 

mass spectrometry the very desirable features of high sensitivity coupled with 

hig~ specificity. These characteristics are often enhanced by the relatively 

high molecular ion intensities generally observed in FD mass spectra. 

This laboratory has developed an interest in applying FDMS to the 

quantitative analysis of polynuclear aromatic hydrocarbons contained in high 

pressure liquid chromatographic fractions. 

The present paper will present the results of our efforts, both past 

and present, in investigating sample handling, desorption rate, focusing, 

and detection made in conjunction with the precision, accuracy and minimum 

detectable limit of quantitative FDMS analyses. 
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IONIZATION BY ALKALI ION ATTACHMENT ON THE SURFACE OF 

ELECTROLYTIC SOLUTIONS 

K.H. Ott and F.W. Rollgen 

Institute of Physical Chemistry, University of Bonn, 

D 5300 Bonn, W. Germany 

Electrolytic solutions prepared by mixing concentrated 

aqueous salt solutions with low vapour pressure organic 

compounds were found to be particularly suited for sur

face ionization of unpolar or weakly polar molecules by 

alkali ion attachment. To this end the mixtures are 

deposited on field anodes i.e. 10 ~m W wires. The attach

ment reaction results from a field induced and thermally 

activated charging of the layer with loosely bound alkali 

ions which are captured by molecules striking the surface. 

Optimum results were obtained with emulsifying 

agents giving (M + alkali)+ ions already at room tempera

ture. This is assigned to a membrane effect i.e. the or

ganic molecules surrounding small H20-salt droplets are 

permeable for ions in a high external field. 
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Thermally-Enhanced Field Emission from a 
Laser Illuminated Tungsten Tip 

R .. Reifenberger and M.J.G. Lee 
Department of Physics 
University of Toronto 

Toronto, Ontario M5S lA7 Canada 

The in terpreta ti on of the total energy di s tri buti on observed in 
photo-induced field emission depends on knowing the temperature rise 
of the illuminated tip. We are investigating the temperature rise of 
a tungsten field emitter by studying the current observed in direct 
field emission when the tip is illuminated by a focussed laser beam of 
wavelength A = 647.1 nm. Our data, when analyzed on the basis of a 
simple theoretical model similar to that discussed by Kormendi 1 , deter
mine accurately the Fermi energy of the field emitter. Above the Fermi 
energy, our data are found to be in good agreement with the theoretical 
model, and from the data we can estimate the temperature rise of the 
tip. Below the Fermi energy, the uncertainty in our data is considerably 
greater because of increased shot noise. An analysis of our preliminary 
data in this energy range shows a sizeable discrepancy from the predictions 
of the model mentioned above. Recently Sullivan, Cutler, and Lucas L have 
suggested that thermally-enhanced field emission may explain the remarkable 
rectification characteristics of metal whisker diodes at infrared fre
quencies. In order to establish an experimental basis for an important 
aspect of their theory, work is underway to relate the observed tempera
ture rise of the field emission tip for a given incident laser power to 
the predi cti ons deri ved in thei r paper. 

1. F. F. Kormendi, J. Phys. E 7, 1004 (1974). 
2. T.E. Sullivan, P.H. Cutler-and A.A. Lucas, Surf. Sci.~, 561 (1976). 
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Abstract 

Field Emission Spectroscopy of Bismuth on W(lOO) 

J. P. Jones. 
University College of North Wales. 

School of Electronic Engineering Science, 
Dean St., Bangor. Gwynedd. LL57 lUTe 

An examination of the FEED spectra from lead and iron on W(lOO) 

led to the proposal 1 that features in the enhancement curves could he 

identified with energy levels in the isolated atom. To further test 

this proposal bismuth was chosen as an adsorbate because the atom has 

a relatively simple energy level structure in the small energy range 

which is accessible to our retarding field spectrometer. 

The initial reduction in ~(lOO) by adsorbed bismuth is accompanied 

by a reduction in the surface state resonance and a weak feature emerges 

centred at O.4eV below the Fermi level. As the coverage approaches one 

monolayer a stronger resonance emerges at O.4eV and is substantially 

independent of coverage over a range of at least one monolayer. At 

coverages exceeding two or three mono layers a resonance appears at 

'VU.6eV. 

These effects will be illustrated and their possible origin 

discussed. 

IJ. P. Jones and E. W. Roberts. submitted to Surface Science. 
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A NOVEL METHOD OF PROBE HOLE CURRENT MEASUREMENT 

Rocco Di Foggio and Robert Gomer 
The Departments of Physics and Chemistry 

and The James Franck Institute 
The University of Chicago 

Chicago, Illinois 60637 

Upon passing through the probe hole, field emitted electrons are post-accelerated to strike 
a phosphor coated glass surface thus producing light which passes through the glass and is 
detected by a photomultiplier tube. 'The phosphor is backed by a 500 A thick evaporated 
aluminum film to prevent stray light from reaching the PM tube. The advantages of this 
external detection system over a Channeltron include simpler field emission tube construc
tion, easy replacement of the detection system and a higher permissible bakeout temperature 
of the vacuum chanber. The overall gain and signal-to-noise are comparable or better than 
with a Channeltron. Work function measurements done in this way are in good agreement 
with those done with a Channeltron. As for the choice of a phosphor, an inorganic fast
decay (~400 nanosecond) phosphor such as P47 (Cerium activated Yttrium Si licate) is bake
able to 450°C, suitable for UHV, and can respond to high frequency fluctuations in field 
emission currents, Its light output peaks around 3900 A which makes it well suited for use 
with a standard S-ll photocathode. 
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FIELD EMISSION FROM THE SUPERLATTICE PLANES OF 

ORDERED Ni4~ 

JOAQUIN LIRA-OLIVARES 

INMETAL and Department of Materials Sciences -

Universidad Sim6n Bollvar, Caracas - Venezuela 

We utilized the layered structure presented by the (all), 

(101) and (112) planes of Ni 4W phase. Such a structure 

provided similar conditions to those encountered in adsor£ 

tion experiments (a substrate with adsorbed layers) . 

Changes in electron current emission were measured after 

evaporating atomic monolayers from the (011) plane of or

dered Ni
4

W specimens. Some of the changes were found to 

be of the same order of magnitude as those expected by 

work functions changes due to adsorbed atoms (applying the 

dipolar model). However, there were some large current e

mission changes notice when a W monolayer was evaporated 

from the (011) plane. These changes could be compared to 

those predicted by Alferieff in this tunneling resonance 

model. 

It was also observed that the intensity of the electron e

mission current depended on the number of nickel monolayers 

above the underlying tungoten layer. 
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THE STUDY OF MATTER TRANSPORT ON METAL SURFACES 

BY FIELD EMITTERS 

(A REVIEW) 

M. Drechsler 
Centre de Recherche des Mechanismes de la Croissance Cristalline 

CNRS, universite d'Aex-Marseille, Saint-Jerome, France 





37 

Build-up Process of Field Emission Tip of Tungsten 

and Molybdenum with Silicon Adsorption 

K.Chang and T. Iwata 

Department of Electronics, Faculty of Engineering, 

Tokai University, Hiratsuka, Kanagawa, JAPAN 

The field emission tips of Tungsten(W) and of Molybdenum 
(Mo) covered by Si show some characteristic build-up(BU) res-
pe ct i ve ly according to the coverage 0 f S i (e), the tempe ra ture of 
tip(T), and the field strength applied, in FEM. Though the 
crystallographies of Wand of Mo resemble each other, the Bo 
process or the BU pattern is different between on Wand on Mo. 

On W tip a symmetrical protrusion grows on the (110) plane, 
in the range T = 1200 - l400K and at the coverage e ~ 4 /1,2/. 
On Mo tip, under the almost same conditions as for the W, it 
shows a BU of (211) plane, and no BU of (110) plane similar to 
that of Si/W appears. 

At the same Si coverage and tip temperature as above men
tioned, a more sharp protrusion occurs on the (320) plane of W 
tip when a higher field is applied. On the contrary a protru
sion grows on the (311) plane of Mo tip. In the temperature 
range beyond l400K, both the BU of Wand of Mo tip covered by Si 
reveal similar features. 

The BU of (110) plane of W tip has been interpreted as due 
to the growth of Si or Si-W complex on the plane rearranged. In 
the BU of Si/Mo, there was no evidence of the rearrangement on 
the (110). 

Besides the BU phenomena, the adsorption and crystal growth 
of Si on W or on Mo shows some differences respectively, espe
cially for the shape of the nucleus of crystal and for the zone 
where the nucleation occurs /3/. On Mo, when the Si is deposit
ed at room temperature on one side of the tip and diffused over 
the tip surface by heating at the temperature below 1000K, some 
stable Si layers cover the last layer which has been diffused 
previously, regardless of the plane index. No such multi-layers 
are observed on the W tip. The interaction between Si and Si on 
the substrate, therefore, seems to be different on the Wopposed 
to the Mo. 

/1/ 

/2/ 

/3/ 

The coverage e of Si was defined from the characteristics 
of work function versus Si deposition. 
K.Chang and T.Iwata: Proc. 7th Intern. Vac. Congr. & 3rd 
Intern. Congo Solid Surfaces(Vienna 1977) 2487 
M.K.Sinha, G.Venkatachalam, and Charanjit S.Bhatia: 
J.App1.Phys. 46(1975) 4685 
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Crystal Shape Changes by Adsorption 

by 

M. Drechsler and A. Mliller+ 

Centre de Recherche des Mecanismes de la Croissance Cristalline, 
CNRS, universite d'Aix-Marseille, Saint-Jerome, France 

+ . . 
Fr~tz-Haber-Inst~tut der Max-Planck-Gesellschaft 

Faradayweg 4-6, 1000 Berlin 33, West Germany 

The heating of a metal (without electric field) changes the crystal shape by 
adsorption influenced diffusion (faceting) as known from many microscopic ob
servations including FEM and FIM. A better study of this phenomenon requires 
better informations on (1) the crystallography of the appearing faces (2) the 
adsorbed substances, (3) the coverage degrees (4) the adsorption structures 
and (5) the surface energy changes. We have studied this phenomenon in part
icular for carbon on tungsten. Equilibrium states were produced on tungsten 
crystals de~5nding on Zemperature (1200 < T < 2600 K) and coverage 
(0 < e < 10 atoms/cm). Absolute coverages were determined by the method of 
piquet et al /1/. Changes of the geometry of the tip crystal were measured 
using FEM and FIM, to determine the surface free energies of different faces 
by Wulff's construction respectively by an analogous equation. The results 
allow an energy classification of different C on W adsorption sites or states. 

A first attempt is described for a new method to determine adsorption struc
tures by a FEM-FIM technique, i.e. using data on the coverages and the cry
stallography of the reconstructed faces. A few structure models are presented. 
The carbon atoms adsorb preferentially along surface steps respectively on sur
face sites where the adatoms can enter as deep as possible into the surface. 
The old idea that carbon forms a two dimensional graphite structure on {334} 
has probably to be revised. According to a new hypothesis, the {334} faces 
are formed by a less dense carbon adsorption structure. Sometimes terrace 
structures appear whose step heigth exceeds the normal atomic height. Such 
structures can be explained as part of special equilibrium shapes of mini
mum potential energy. One of the conclusions is: The study of chemisorption 
at temperatures where surface self-diffusion occurs is incomplete if this 
does not include investigations of the reconstructed adsorption structures 
with its changes of the size and energy of different faces. 

/1/ A. Piquet, G. Pralong, H. Roux, R. Uzan, M. Drechsler 
Le Vide 185 Suppl., 1977, p. 376 
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EFFECTS OF GLASS ELECTROLYSIS ON 

ELECTRICAL BREAKDOWN IN HIGH VACUUM 

Karl G. Hernqvist 

RCA Laboratories 
Princeton, New Jersey 08540 

Glass is a commonly used high voltage insulator in vacuum, Under the 

influence of high electric fields significant ionic conduction (electrolysis) 

in the glass takes place at moderately high temperatures (~ 100
oc), particu-

lady in high-lead and alkali glasses. The ions may drift to the surface, 

where they affect high voltage insulation. 

Measurement of the ionic conductivity in 0137 glass will be described. 

It is shown that the conductivity is appreciable at 1000 C and increases rapidly 

with temperature. Extended electrolysis tests show that. alkali metals and 

lead accumulate on the glass surface at the negative electrode at the rate of 

about 1/3 monolayer per hour at 100
0
C and a field of 10 kV/cm. Both solid 

contacts and free electron flow to the glass were used to provide "negative 

contact" to the glass. 

The pre-breakdown phenomenon of field emitted electrons from the insu1ator-

cathode junction providing contact to the glass surface for ionic conduction in 

the glass is discussed: Alkali metals on the surface of the glass quickly 

diffuse over the surface yielding a high surface conductivity; which may lead 

3 
to desorption flashover. Experimental verification for these processes will 

be presented. 

1R• Hawley) "Solid Insulators in Vacuum", Vacuum, l§., 383 (1968). 

2J •D• Levine, "Adsorption of Cesium on Insulators", NASA Report CR-349, 
Washington, D.C., Dec, 1965. 

3 A.A. Avdienko,and M.D. Ma1ev, "Flashover in a Vaccum", Vacuum, ll, 643 (1977). 
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Regenerative Processes Leading to Surface 
Flashover in Vacuum* 

R. A. Anderson and J. P. Brainard 
Sandia Laboratories, Albuquerque, New Mexico 87185 

Charging of the sU,rface of an electrically stressed insulator 
in vacuum by an avalanche of secondary emission electrons is well 
established,l and there is experimental evidence that the ava
lanche is involved in establishing the flashover path. 2 ,3 How
ever, the transition from the low-current prebreakdown secondary 
emission avalanche to a highly conductive plasma channel has not 
been satisfactorily explained. A model based on electron-stimu
lated desorption of gas from the insulator surface is presented 
which accounts for the transition to breakdown in fast-pulsed 
surface flashover. The time delay preceding breakdown in this 
model is largely determined by the rate of accumulation of a 
layer of positive charge, composed of ,desorbed ions and desorbed 
neutrals ionized while drifting through the layer of electrons in 
the avalanche. EventuallY the positive charge enhances the 

electric field near the cathode end of the insulator and a regen
erative growth of desorption and ionization occurs. As the 
electric field rises other regenerative processes become possible 
wnich rapidly lead to breakdown. Time delays according to this 
model are in good agreement with our experimental results for 
polymethyl methacrylate and alumina ceramic insulators which were 
of the order of 10 mm long and broke down in 4 ns at 10 7 Vim. In 
addition, this model accounts for the approximate proportion
ality between the time delay and the inverse square of applied 
voltage for time delays between 1 and 20 ns, as well as the more 
rapid increase in time delay with decreasing voltage beyond 20 ns. 

1. J. P. Brainard & D. Jensen, J. App1. Phys . .1i., 3260 (1974). 

2. R. A. Anderson, App1. Phys. Lett. £1., 54 (1974). 
3. R. A. Anderson, J. App1. Phys. ~, 4210 (1977). 

*Work supported by U. S. Department of Energy. 



40 



* Field Ion Microscopy of Silicon 

T. Sakurai 
Department of Physics 

The Pennsylvania State University 
University Park, PA 16802 

and 

A. J. Melmed 
Surface Science Division 

National Bureau of Standards 
Washington, DC 20234 

ABSTRACT 

We have been investigating <111> oriented silicon whiskers using field ion 

microscopy (FIM) , atom-probe FIM, and field desorption microscopy (FDM) , and have 

found that silicon behaves quite differently from a metal in the presence of a high 

field. For instance, Si field evaporates as random clusters of Si ions, when eva-

porated at or below room temperature in vacuum, instead of evaporating orderly from 

the surface kink sites. This anomaly in field evaporation is believed to be due to 

a combination of field penetration in the near-surface bulk and the unique bonding 

geometry of the tetrahedral diamond structure. We also have observed a strong effect 

of light illumination on the field ion image intensity and quality, unique to semi-

conductor emitters. This mysterious effect, known for some years, can be summarized 

as follows: 

(1) The intensity of a FI image using H2, He, Ar and Kr imaging gases increases 

markedly (a factor of up to 10) by infrared illumination when a Si emitter surface 

is not fully developed. 

(2) As field evaporation continues, the illumination effect decays out gradually. 

(3) When the Si surface is completely developed to show a fully ordered pattern, 

there is practically no illumination effect. 

We show that this effect results from an increase in surface potential, which causes 

an increased surface field dUe to the sharp resistance drop across the surface oxide 

(Si0
2

) layer, all due to the well-known photoconductivity effect. 

* Partially supported by NSF. 
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Handling damage of FIM specimens caused by field corrosion. 

H-O Andr€n~ A Henjered and H Nord€n 

Department of Physics, Chalmers University of Technology 

S-402 20 Goteborg, Sweden 

Many polymers acquire substantial surface charges when making 

sliding contact with metals (1). The time for the subsequent 

discharge may be very long, but if the material is not kept 

under vaCUUln, the surface charge gets neutralized after some 

time by a layer of ions from the surrounding atmosphere. This 

layer is loosely bound and it can easily be removed by frict

ion (2). 

Consequently, if an unshielded field-ion specimen is passed 

through a polymeric gasket ( e.g. a Vi ton O-ring or a PTFE 

sliding seal), the tip may be exposed to a considerable field 

strength, and specimen damage from field corrosion is very 

likely to occur. The shape of a damaged specimen is approxi.ma

tely that of a truncated cone. The edge of the cone is usually 

sufficiently sharp to give a ring-shaped image in the field

ion microscope, and if the damage is severe, it is not possible 

to obtain a fully developed image. 

These findings have important consequences for the design of 

specimen changers for field-ion and atom-probe instruments. 

Examples of dangerous and safe designs will be shown. 

1. A.WAhlin and G.Backstrom, J.Appl~Phys.,~, 2058 (1974). 

2. M.I.Kornfel'd, Sov.Phys.Solid State, 17 (3), 596 (1975). 
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A STUDY OF SPINODAL DECOMPOSITION IN Cu-Ti ALLOYS BY MEANS 

QF THE FIM-ATOM-PROBE AND FDM 

R. Wagner 
Institute for Metal Physics 

University of Gottingen 
Gottingen, West Germany 

In literature there exists a controversy about the precipitation 

mechanism in Cu-Ti above 330°C. Some authors propose a classical 

nucleation and selective growth mechanism,l others propose a spinodal 

h 
. 2 mec anlsm. From a preliminary study of the FIM-atom-probe in 

variously heat-treated Cu-Ti alloys, we concluded that the decom

position reaction is the spinodal one, The mechanical hardening of 

these alloys supports this conclusion, and one should be able to 

quantify the hardening mechanism in modulated structures by measuring 

the modulation amplitude and wavelength with the FIM atom~probe. 

1. Tsujimoto, Trans. JIM~, 445 (1975) 

2. D. Laughlin, Acta Met., 23, 329 (1975) 
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FIM Study of Mo-Re Alloys 

K.Teramoto, H.Morikawa, Y.Yashiro, N,Igata* and A,Kohyama* 

Department of Ooordinated Science 
Nagoya Institute of Technology 
Gokiso-cho, Showa-ku, Nagoya 466, Japan 

*Department of Materials Science 
Faculty of Engineering 
University of Tokyo 
7-3-1 Hongo, .Bunkyo-ku, Tokyo 113, Japan 

FIM observations were made of molybdenum alloys (Mo-

0,03 at1.Re-O.l at1.C, Mo-0.3 at;'Re-0.2 at;'C, Mo-3 at;'Re-O,l at;'C). 

Many additional bright spots scattered on the usual molybdenum 

image were characteristic of the alloy images, The concentration 

of bright spots obtained on (110) and {121} planes was about 10 

times larger in the Mo-3;'Re alloy than in the Mo-O,31.Re alloy, and 

also in Mo-O,31~e alloy than in Mo-0.031Re alloy, suggesting that 

these characteristic bright spots came from the rhenium atoms, 

However, the concentration of bright spots in the Mo-O,3%Re alloy 

images was about 0.5;', somewhat higher than that of the rhenium 

atoms themselves. This difference may imply the partial contri

bution of carbon atoms to the bright spots, 

The distribution of bright spots was also studied in a cir

cular area on a (110) plane. A series of images obtained by se

quential field evaporation gave a spacial distribution. 

Similar observations were carried out on specimens annealed 

at 1800 0 C for 1 hr. There was no noticeable difference in concen

tration and distribution of the bright spots between these as

rolled and annealed specimens. 
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Field-Ion Microscopic Study on Precipitation Processes in Fe-Cr and 

A~J2.u Alloys 

Tetsuo Abe ~nd Ken-ichi~ntnano 

Department of Metallurgy, Materials Science and Metal Processing, 

Faculty of Engineerting, Tohoku University, Aoba, Aramaki, Sendai, 

980 JAPAN 

The fied-ion microscopy can provide us with more direct informations on 

atomic processes of phase transformations, such as the spinodal decompositions 

and formation of the G.P. zones, than the transmission electron microscopy. 

In Fe-Cr alloy systems, the spinodal decomposion can not be fully studied 

by th,: transmission electron microscopy, because it can not distinguish the 

Fe-rich zones from the Cr-rich zones, because of the similarity of Fe and Cr 

atoms in the atomic radii and the scattering amplitud.:·s for electron. However, 

the field-ion microscopy will be a powerful tool, because it can provide 

us with images of indiv.idual atoms in which Fe atoms caE be distinguished from 

Cr atums. 

In some Al alloys, the formation processes and the structure of the G.P. 

zones have been proposed based on the X-ray analysis, but the atomic structure 

of the G.P. zones cannot be displayed clesrly by the transmission electron 

microscopy, because of the effect of the strain field around the G.P. zones. 

Here again, the field-ion microscopy may be useful. 

We have succeeded in observation of the modulated atomic arrangement in 

Fe-45 at.% Cr alloy formed by the spinodal decomposition and the G.P. zones 

(mono-layer discs of eu atoms) in Al-I.5 at.% Cu alloy. 
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Composition of carbide particles in stainless steels 

H-O Andren, A Henjered and H Norden 

Department of Physics, Chalmers University of Technology 

S-402- 20 Goteborg, Sweden 

The creep strength of stainless steels containing MC-type 

particles is at present being investigated. In particular, 

the effect of adding two carbide forming elements to the 

steel is studied. As a part of this study,atom-probe analyses 

of the carbide particles are being made. 

MC-type particles are non-stoichiometric in that some car

bon is missing ( the stability range of TiC is 32 to 49% C to 

mention one example). Some carbides form ordered structures 

at certain compositions ( e.g. VCO•84 )' and it is believed 

that ordering contributes to stability against particle 

coarsening during high temperature service. 

Analysing these particles in the atom-probe, we have found 

Ti,V and Nb to evaporate from particles doubly and triply 

charged ( Nb also as Nb 4+), but no metal-carbon complex ions 

of any kind have been detected. 

The analyses made so far show,that small particles contain 

considerable amounts of chromium ( but little iron). The 

particles were analysed using a large acceptance angle which 

gives a greater yield and thus a more accurate measure of 

the composition. In this way, estimates could also be made 

of the variation in composition within the particle and at 

the particle - matrix interface. 
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ATOM PROBE STUDIES ON SURFACE SEGREGATION IN THE BINARY 

ALLOY TUNGSTEN - MOLYBDENUM 

M. Leisch 

Institut fUr Angewandte Physik, Technical University Graz, 

Austria 

In the past evidence has been obtained indicating that 

the surface composition of a binary alloy can differ from 

the bulk composition. Experimental work mainly with Auger 

spectroscopy1) and recently atom probe studies 2) have been 

done on this subject. In addition there is an abundance of 

theoretical work 3 ) • 

In this case an imaging atom probe has been used to analize 

the top surface layers. A probe diameter of about 50 Rand 

evaporation rates ranging from 1-5 events per pulse have 

been used. 

A quantitative analysis of the TOF-spectra of unannealed 

specimen give a surface composition close to the bulk 

composition. After heat treatment in situ remarka~ changes 

in the abundance of tungsten and molybdenum ions occurs. 

The obtained surface composition depends on annealing 

temperature and the duration of the heat treatment. The 

preliminary results will be discussed with respect to 

the cited works. 

1) W.M.H.Sachtler, Le Vide 163-165 (1973) 19 

2) T.T.Tsong, Yee S.Ng, S.V.Krishnaswami ApploPhysoLet. 

~ (1978) 778 

3) FoL.Williams, D.Nason, Surface Science 45 (1974) 377 
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Zones in Aluminium Alloys 

E.D. Boyes 

University of Cambridge and University of Oxford 

The techniquesl ,2 for imaging and analysing aluminium-based materials 

in the FIM/Atom-probe will be reviewed briefly and their applications 

to the study of specific materials described. 

The initial low temperature homogeneous precipitation produces zones 

which may continue to contain some aluminium, in, for example, Al-Cu, 

Al-Zn-Mg and Al-Mg-Si but not Al-Si alloys, and it has been suggested 

that both the structure and morphology of the zones may be a sensitive 

function of the alloy composition. 

The advantages of the FIM are:~ 

(a) the sensitivity and relatively simple interpretation of image 

contrast features a few nm in size 

(b) the resolution of size measurements 

(c) simplified micro-analysis, particularly for matrix elements in 

those precipitates which are more refractory than the matrix. 

h f · di" (1017 19 ) . . T e 1ne-scale str1but10n - 10 per cc 1S conven1ent for 

FIM/A tom-probe. 

References 

1. E.D. Boyes, A.R. Waugh, P.J. Turner, P.F. Mills and M.J. Southon, 
24the Int. FES, Oxford, 1977. 

2. Ibid Proc. EMAG 77, Institute of Physics, London (1977) 343. 
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An "Imaging Atom-Probe" 
For The Analysis of Electroplatings 

Michael Martinka and S. Brooks Mclane 
The Pennsylvania State University, Physics Department 

University Park, Pennsylvania 16802 

T his pap e r des c rib est h e des i g n 0 fan "I mag i n gAt 0 m~' 

Probe" [1,2,3] which will display the spatial distribution 
of a selected mass constituent of an electrodeposit. Within 
the mass spectrometer's flight path, field evaporated 
ions are retarded and then post accelerated to increase 
flight time and reduce angular timing errors (flat 7Smm 
chevron detector), respectively. 

Particular attention is given to the waVe shapes 
of the evaporation pulse and the detector gating pulse. 
The gate pulse is applied to a stainless steel support 
ring at the perimeter of the channel plate, and propagates 
through a conductive coating toward the center of the 
det~ctor surface. B. Nahrath, M. Shakhatre and G. Decker[4,S] 
have simulated these transmission properties by a 40 element 
distributed RC system, and they obtained a delay time of 
8 nanoseconds(ns), between the perimeter and a 1 inch 
diameter circle about the center. This delay together 
with the attenuation and broadening (Fig. 2, Ref. 4) 
would limit the extent to which the distribution of a selected 
mass species can be imaged simultaneously\ We have directly 
measured( 1 Meg. ohm, 1.Spf Probe) the transmission 
properties of a 7Smm diameter Inconel coated, with a 
resistance of 10 ohms from perimeter to center, channel 
plate. Both 7 and l4ns wide pulses with rise times of 
.Sns, terminated into SO ohms, were applied to the channel 
plate, and waveforms were observed at the terminator with 
the plate not connected, the channel plate perimeter and 
at the center of the detector. The pulse at the perimeter 
is attenuated and somewhat broadened. This pulse shape 
is maintained as the pulse propagates to the center of the 
detector. Expanded time sweeps, Sns/cm, show less than 
a lns delay time between the perimeter and the center. This 
was simulated by a capacitor,130-1S0pf, in series with a small 
resistor,lS-20 ohms, with an RC constant of 2-3ns.Note, 
to obtain a rise and fall time of 3ns at this channel plate 
the length of transmission line ( cap. to ground-30pf/ft) 
from the pulser to the terminator-channel plate system 
must be kept short, less than one foot. 

1-3 J. A. Panitz, Rev. Sci. Instr. 44 (1973) 1034, J. Vacuum 
Sci, Technol. 11 (1974) 206, " Imaging Atom-Probe Mass 
Specttroscopy" to be published. 

4, S. B. Nahrath, M. Shakhatre, and G. Decker, Rev. Sci. Instr. 
47 ( 1976) 88, Rev. Sci. Instr. 47 (1977) 9 S. 
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PERFORMANCE AND APPLICATIONS OF AN IMAGING ATOM PROBE 

M.K. Miller*, T.J. Godfrey, P.A. Beaven, P.R. Williams, K.M. Delargy 
and G.D.W. smith 

University of Oxford, Department of Metallurgy and Science of Materials, 
Parks Road, Oxford OXl 3PH, England. 

An Imaging Atom Probe has been developed for metallurgical 
research. The design features (1) a 76.2mm double curved channel plate 
assembly with a flight path of llBmm, (2) a continuously variable 
nanosecond gate and delay circuit of particularly simple design, and 
(3) facilities for the direct display and recording of mass spectra. 

Experimental work has mainly been directed towards gaining a 
better understanding of factors controlling the quantitative accuracy 
of Atom Probe results. Systematic studies have been carried out of 
the effects of a number of variables on the mass spectra produced from 
alloys. The main variables studied were evaporation pulse fr~ction 
and pulse repetition rate. Both of these factors require careful 
control if reproducible results are to be obtained. The effects of 
residual gases and image gases on the mass spectra have also been 
investigated. The necessity of carrying out analyses under the best 
possible vacuum conditions is emphasised. 

Initial metallurgical applications of the instrument will also be 
described. The distribution of alloy elements in steels and nickel 
superalloys is currently being investigated. 
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* Quantification of Atom-Probe FIM Data 

T. T. Tsong and Yee S. Ng 

Physics Department 
The Pennsylvania State University 

University Park, Pennsylvania 16802 

It is shown that the atom-probe signals of a sample do not give directly 
the true composition of the sample. A statistical method has been devised 
to convert the apparent composition to the true composition. l The analysis 
is valid when (a) the field evaporation rate is low enough that each H.V. 
pulse removes only a small fraction of a surface layer, and (b) the pulse 
-dc voltage ratio is high enough that field evaporation occurs only during 
the pulses. Under such conditions, the average number of signals of the ith 
species detected per each H.V. pulse is given by 

00 n ~ n~ n. - r r l-(l-eted) 1 p (n)P (~) or 1 n.=O ni n n=O 1 

00 t-(l-eted]ni
" 1 n. - E P (f.~) exp(-etedfin ) 1 n.==O ni 1 

1 

In the equation et represents the transmission coefficient, ed the detecter 
efficiency, fi the true fraction of the ith species, and n the average number 
of atoms field evaporated per H.V. pulse covered by the probe hole, and 

n. (n-ni) 
[n!/n.!(n-ni)!] f. 1(1-fi) 

1 1 
p (n) 

n. 
1 

The apparent fractional abundances F's are thus related to the true fractional 
abundances f's by 

F. 
J 

l-exp (-e edf.~) 
t ] 

N 

N - Ei=lexp(-etedfi~) 

with j 1, 2, . . N for an N - components system. 

The details of how to use this statistical analysis to practical problems 
will be discussed. Using the analysis, the true composition depth profiles of 
dilute alloys are obtained with a single atomic layer resolution in a surface 
segregation study. 1 We will demonstrate how miss interpretation of data can 
result without a proper statistical analysis. 

* This work has been supported by NSF Grant No. DMR-76-11418. 

(1) T. T. Tsong, Yee S. Ng and S. V. Krishnaswamy, Appl. Phys. Letters ~, 
778 (1978). 
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ToF Atom-Probe Investigation of Surface Segregation 
in Dilute Alloys* 

Yee S. Ng, T. T. Tsong and S. B. McLane, Jr. 

Physics Department 
The Pennsylvania State University 

University Park, Pennsylvania 16802 

The surface segregation in dilute alloys can be invertigated with the 
ToF atom-probe FIM with a single atomic layer resolution. The technique 
has now been successfully applied to study the segregation of Cr atoms to 
the surface of stainless steel 410. After a surface was developed by field 
evaporation, it was annealed at SOO ± SO°C for three to five minutes in 
the absence of an applied field "to equilibrate the surface composition. 
The tip was then quenched down to 80 o K. A thermal end form developed after 
each annealing. Atom-probe signals were subsequently collected by slow 
field evaporation of the top surface layer and the underlying layers. 
By using the statistical analysis reported, the apparent composition obtained 
directly from the atom-probe data was then converted into the true composi
tion. 

Cr atoms were found to segregate to the surface of stainless steel 410 
at that temperature. The first layer concentration of Cr in the {110} 
plane was found to be 38.S ± 12.S% and 63.4 ± 10.2% respectively for samples 
with average near surface layers Cr concentrations of 6.3 ± 2.1% and 11.9 ± 
2.S%. The heat of segregation of Cr to the {110} plane of stainless steel 
410 was derived to be 3.43 kcal/mole and 3.92 kcal/mole respectively from 
the two sets of data when an ideal solution model of surface segregation2 

is adapted. However, our data fit better. with a regular. solution model. 2 

We have also detected segregation of Cr atoms to the {O 12} plane of 
stainless steel 410. Since this plane was not well developed after each 
annealing, we could not discriminate those signals coming from the top 
surface layer and those coming from the near surface laYers. 

In addition, preliminary results from Ni Cu and other dilute alloys 
will be presented. Application of various theoretical models to the 
analysis of our data will also be discussed. 

* This work also supported by NSF Grant DMR-76-11418. 

(l)T. T. Tsong, Yee S. Ng and S. V. Krishnaswatny, Appl. Phys. Letters ~, 
778 (1978). 

(2)F. L. Williams and D. Nason, Surface Sci. 4S, 377 (1974). 
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Atom-probe and Field Ion Microscopy of Semiconductors* 

T. T. Tsong, Mike Herman and Yee S. Ng 
Department of Physics 

The Pennsylvania State University 
University Park, Pennsylvania 16802 

In close cooperation with Dr. A. J. Melmed of NBS, we have made some 
progress in studying semiconductors and insulators. We focus on the 
following three subjects: 

1) Atom-probe mass epectroscopy: To achieve nano-second pulse field 
evaporatio~ of s~mic~nductors, we used GaAs emitters heavily doped with 
Zn(~2 x 10 18 cm 3). Altho?gh the pulse field evaporation could only 
be marginally seen by eyes, we obtained ToF atom-probe mass ~pectra 
with relatively good yield. Molecular ions such as AS~ , AS 4 and Ga~ 
have been observed. In hydrogen and oxygen, the number of arsenic 
hydrides and oxides ions detected greatly exceeded that of gallium 
hydrides and oxides, in consistent with the assumption that on GaAs 
surfaces, chemisorption of hydrogen and oxygen occurs only on As sites 
at low coverages. Other interesting features of this study will be 
presented. 

2) photoillumination effect: It has been found earlier that field 
ionization above and field evaporation of semiconductors and insulators 
are enhanced by photoillumination. We found that this effect is very 
pronounced for silicon oxide surfaces at low temperatures even at a 
relatively low light level. We now believe that photoconductivity is 
mainly responsible for this effect. The potential drop across a oxide 
layer depends on the layer thickness, the tip temperature, and the light 
intensity. It may amount to a few kV. This quantity can be derived 
quite accurately from I-V curves. In addition the electron-hole 
recombination rate, which again depends on both the tip temperature 
and the oxide layer thickness, and which may amount to several seconds, 
can be measured from the relaxation time of the FI enhancement. By 
changing the oxide layer thickness the effect of band bending on the 
electron-hole recombination rate can be investigated. It is important 
to note that the effect of band bending is exactly the same as that of 
field penetration, and can therefore be controlled by applied field. 
Our study should yield significant information on physics of semiconductors 
and insulator surfaces. 

3) The effect of field penetration on semiconductor and insulator surfaces 
has been investigated in the past by many theorists. The theory will be 
extended and adapted to the case where the surface field amounts to a few 
V/~. The effect of field penetration to both field evaporation and field 
ionization will be discussed. 

* This work was supported by NSF Grant-DMR-76-11418. 
1 

T. T. Tsong, Yee S. Ng and A. J. Melmed, to be published in Surface Sci. 
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PROGRESS WITH FIM AND ATOM PROBE INVESTIGATIONS OF NICKEL BASED 
SUPERALLOYS 

K.M. Delargy, P.A. Beaven, M.K. Miller and G.D.W. Smith 

university of Oxford, Department of Metallurgy and Science of Materials, 
Parks Road, Oxford OX1 3PH, England. 

Further investigations of the microstructure and fine-scale 
composition of nickel based supera110ys have been carried out using 
TEM, FIM, T.O.F. Atom Probe and Imaging Atom Probe techniques. These 
studies follow the initial work on the determination of y and y' phase 
composition in alloy IN939, reported last year (1). 

New results to be presented concerning alloy IN939 include the 
following: 

1) Determination of the composition of the ultra-fine secondary 
precipitates formed during the low temperature (700 QC) final ageing 
treatment. The phase present has been identified as y', but with a 
substantially lower cobalt content than in the primary y' precipitates. 

2) Investigation of the initial stages of decomposition of the 
solution-treated alloy. Computer methods have been devised to follow 
the localised composition fluctuations occurring during the early stages 
of y' formation. Fluctuations in the concentrations of any number 
of elements can be followed simultaneously. 

3) Determination of the composition of the primary MC carbide phase. 
All the major carbide forming elements (Ti, Zr, Ta, Nb, Cr and W) were 
found to be present in carbide particles of overall composition 
~C~.88. Nitrogen and boron were also present the latter being enriched 
at the carbide/matrix interface. 

Work is also in progress to investigate the effects of 
prolonged exposure, under stress, at elevated temperatures on the 
microstructure and properties of supera11oys. Highly anisotropic y' 
particle shapes have been observed by FIM in crept specimens of 
NIMONIC 90. Similar work is being undertaken on IN939. 

References 

1) P.A. Beaven, M.K. Miller and G.P.W. Smith, 24th International 
Field Emission Symposium, Oxford, England, 1977. 
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FIM AND ATOM PROBE STUDIES OF DEFECTS IN DOPED TUNGSTEN LAMP WIRES 

P.A. Beaven, K.M. Delargy, M.K. Miller, P.R. William and G.D.W. Smith 

University of Oxford, Department of Metallurgy and Science of Materials, 
Parks Road, Oxford OXl 3PH, England. 

Previous FIM observations of defects in aluminium-potassium
silicon (' AKS') doped tungsten lamp wire (1,2) have been substantially 
extended. The accumulated evidence shows that a large number of 
observations in the earlier FIM literature of tungsten concerning the 
"crossover effect", "dissociated dislocation loops", "horseshoe 
dislocations" etc., can be ascribed to the imaging of small defects 
introduced into the tungsten wire during the doping process. These 
defects fall into two main classes: small voids (believed stabilised 
by the presence of potassium) and small solid particles, of hitherto 
unknown composition. 

Each of these classes of defect has been investigated using the 
T.O.F. Atom Probe. In the case of the small voids, attempts at 
chemical analysis have been unsuccessful, owing to ion-optical aberration 
effects. In some cases, no substrate ions at all were collected from 
the region of the void, despite the presence of a large image gas ion 
current at the detector, thus demonstrating a substantial trajectory 
difference between the image gas ions and the substrate ions in the 
region of the void. 

Microanalysis of solid particles was more successful. Particles 
located both in grain boundary and matrix regions have been analysed. 
The overall compositions obtained were in the range WSO to W30 which 
correspond approximately to that expected for the a-tungsten phase. 
Traces of dopant elements were found in solid solution in these particles, 
supporting earlier suggestions that the a-tungsten phase may be of 
importance in retaining the trace elements within the microstructure 
during the wire manufacturing processes (3). 

References 

1) T.J. Godfrey, R.J. Lewis, D.A. Smith and G.D.W. Smith, 21st 
International Field Emission Symposium, Marseille, 1974. 

2) T.J. Godfrey, R.J. Lewis, D.A. Smith and G.D.W. Smith, J.Less 
Common Metals, 44, 319 (1976) 

3) H.L. Spier, Philips Res.Repts.Suppl. 1962, No.3. 
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Round-Robin Atom-Probe Experiment: Preliminary Results 

A. J. Melmed and J. J. Carroll 
Surface Science Division 
National Bureau of Standards 
Washington, D.C. 20234 

and 

S. S. Brenner 
U.S. pteel Research Laboratory 
Monroeville, Pennsylvania 15146 

Following discussions at the 24th IFES in Oxford, we initiated a 

round-robin experiment intended to provide information about the relative 

and "absolute" accuracies of atom-probe instruments. A ternary Mo based 

alloy was chosen as the specimen material, and specimens Were sent to all 

of the participating laboratories for analysis. Details of the specimen 

selection and preparation procedures will be described, experimental 

problems will be discussed, and a preliminary analysis of results will be 

presented. 
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Angle-Resolved Photo-Emission Studies of 

Surfaces using Synchrotron Radiation 

E. W. plummer 

Physics Department 

Univeristy of Pennsylvania 

Philadelphia, Pennsylvania 

Recent developments in angle-resolved photoelectron 

spectroscopy using synchrotron radiation will be discussed. 

Experiments which shed light on the nature of surfaces and 

surface reactions will be emphasized. The combination of 

prolonged light and angle-resolved collections allows the 

experimentalist to apply simple symmetry rules to determine 

the symmetry of each electronic state at the surface. This 

will be illustrated with examples of clean intrinsic surface 

states and adsorbate energy levels. In contrast,.these 

same symmetry rules can be used with molecular states of 

known symmetry to determine the bonding configuration. The 

continuous range of photon energies available using 

synchrotron radiation allows one to look at resonances in 

the continuum, for defraction effects and to determine the 

photo-ionization cross section. How this information can 

be used to determine the spatial nature of the electronic 

states at the surface as well as the bonding configuration 

of adsorbates will be illustrated. 
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TOTAL ENERGY DISTRIBUTIONS OF FIELD EMITTED ELECTRONS 

AT HIGH CURRENT DENSITY 

by 

A. E. Bell 
and 

L. W. Swanson 

Oregon Graduate Center 
Beaverton, Oregon 97005 

ABSTRACT 

Measurements of the total energy distributions (TED) have been carried 
682 

out at high-current density J = 10 to 10 A/cm for a high-work function 

(built-up (100)W, ~ = 4.5eV) and low-work function (Zr/100)W, ~ ~ 2.5eV) 

field emitter. At high values of J, both emitters give values of the full 

width at half maximum (FWHM) of the TED which exceed the values based on 

Fowler-Nordheim theory by a few eV. This deviation of the FWHM values in

creases with J, is independent of temperature and decreases with emitter 

radius for a specified beam acceptance angle. The study of these anomalous 

values of FWHM values extend from 84 to 1975 K. 

The broadening of the energy distribution occurs on both sides of the 

Fermi peak and results in a FWHM of up to 3.5eV for the 2.5eV work function 

field emitter compared to an approximately 0.8eV calculated value. Similar 

FWHM values were observed for the 4.5eV work function emitter. The angular 

intensity of the field emission beam at the highest FWHM values observed 

was 0.9mA/Steradian in the case of the 4.5eV work function emitter and more 

than 1.4 rnA/steradian in the case of the 2.5eV work function emitter. When 

the built-up emitter was blunted back so that the emitter field factor de-
4 -1 

creased from 2.4x10 cm ,the FWHM decreased from approximately 3.1eV to 

2.0eV when the emitter was operated at an angular intensity of ~ 0.9rnA/stadian. 

It is believed that coulomb interaction in the vacuum space a few 

emitter radii in front of the emitter can account for these results, although 

internal electron energy broadening mechanisms cannot be ruled out. 
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BEHAVIOR OF THIN-FILM, FIELD-EMISSION CATHODES 

IN THE PRESENCE OF SELECTED GASES 

C.A. Spindt 
Physical Electronics Group 

SRI International 
Menlo p~rk, California 94025 

The thin-film, field-emission cathode [1] is a relatively low

voltage field emitter, and therefore can be expected to operate over long 

periods without significant damage due to sputtering. Tests in ultravacuum 

have now been continuing for over 29,000 hours with no measurable change 

in voltage-current characteristics, and the cathodes have operated success
-5 fully at pressures up to 10 torr. 

We have recently tested the cathode's tolerance to high pressures 

of specific gases. The voltage-current relationship of a 5000-tip cathode 

array was established in a 10-9 torr vacuum, and the cathode was then exposed 
-6 -5 to pressures of 10 to 10 torr of argon, neon, helium, hydrogen, ammonia, 

methane, hydrogen sulfide, air, water, and oxygen. Exposure time varied 

from minutes to days for the various gases. In all cases, the emission 

returned to the initial value when the sample gas was pumped away. We 

will report the voltage-current characteristics under the influence of the 

sample gases, as well as the recovery characteristics when the the chamber 

was reevacuated to ~ 10-9 torr. 

A single, 5000-tip cathode was tested in all ten sample gases 

and in 10-
9 

torr for a total operating time of 1200 hours. At the end of 

that time, we found that 9% of the tips had failed. A proportionate change 

in emission current was not noted because the accuracy of the measurement 

was about + 5%. 

1. C.A. Spindt, I. Brodie, L. Humphery, and E. Westerberg, J. Appl. Phys. 
47, No. 12, Dec. 1976. 
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Magnetism at Surfaces and Interfaces by Spin Polarized Field Emission 

E. Kisker, E. Kuhlmann, M. Campagna 

Institut fUr Festkorperforschung der Kernforschungsanlage JUlich GmbH, 

D-5170 JUlich 

and 

M. Lando It 

Bell Telephone Labs, Murray Hill, New Jersey 07974, USA 

Magnetic properties of surfaces and interfaces can be studied by 

complementing a field emission microscope with a probe hole and an elec-

tron spin polarization detector. In this talk we discuss experimental re-

sults obtained with single crystal Ni and Fe tips and with epitaxially 

grown Fe and EuS on ~J( 112). In the case of the evaporated fi lms two com-

ponents of the polarization vector could be determined. We found Px = 

9,7% + 1,5%, P = 36% + 1,5% for emission from Fe along (100). With nickel - y --

tips, a negative polarization (-3%.±. 1%) is observed from (100) planes, 

and with iron tips 25% + 5% for the 100 planes. 

By admission of H2 to full coverage the nickel spin polarization was found 

to vanish within experimental accuracy. Freliminary results for the epi-

taxially grown iron indicate on the contrary an increase of polarization. 

A tentative explanation of these results based on band theory will be pre-

sented. 

For EuS deposited on tungsten emitters, magnetic interface 2ffects can be 

studied, and the "spin-filter"-action will be discussed. 
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Many-Body and Spin Dependent Surface Potential Effects 
in Spin-Polarized Field Emissiont 

D. Nagy, P. H. Cutler and E. T. Feuchtwang 

Department of Physics 
The Pennsylvania State University 

University Park, Pennsylvania 16802 

A spin dependent generalization of the Appelbaum-Brinkman transfer 
Hamiltonian methodl is developed and used to derive an expression for 
the spin-polarized current density in field emission from ferromagnets. 2 ,3 
For a given spin orientation, the current density depends on the spectral 
amplitudes for that spin orientation. The self-energy operators which 
determine the spectral amplitudes are approximated by local, energy 
independent, spin-diagonal potentials. Although spin-flip processes are 
thereby neglected, the detailed variation of the surface potential and 
an approximate account of many-body effects are included by means of an 
effective surface potential vg(z). vg(z) is the self-consistent surface 
potential of field-free, spin-polarized jellium in the local density 
approximation. The calculation of vg(z) by means of the spin dependent 
generalization4 of

6
the Kohn-Sham versionS of the Hohenberg-Kohn density func

tional formalism is described and numerical values are obtained for a 
bulk uniform background density Po and bulk spin polarization P appro
priate for ferromagnetic Ni. 3 With Po = - 4.05 X 10- 2 electrons/(Bohr 
unit)3 and P = 0.20, a work function ¢ = 4.7 eV is obtained, which is in 
good agreement with experimental value for Ni. It is also found that 
the surface potentials for the two spin orientations differ sufficiently 
to have a small but significant effect on the spin polarization of the 
emitted current. 

+ 
'Partial support for this research was provided by NSF Grant DMR 77-00934. 

lJoel A. Appelbaum and W. F. Brinkman, Phys. Rev. 186, 464 (1969). 
2 --T. E. Feuchtwang, P. H. Cutler, and D. Nagy, Surf. Sci. 22, (1978) to be 
published. 

3D. Nagy, Ph.D. Thesis, The Pennsylvania State University (1978), 
unpublished. 

4N. Von Barth and L. Hedin, J. Phys. c: Solid State Phys. 2, 1629 (1972). 
5w. Kohn and L. J. Sham, Phys. Rev. 140, Al133 (1965). 
6p . Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964). 
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The Effects of Geometrical Asymmetry and Multiple Image Interactions 
of the Tunneling properties of point Contact Diodes 

S. J. Shepherd, N. M. Miskovsky, T. E. Sullivan and P. H. Cutler 
The Pennsylvania State University 

University Park, Pennsylvania 16802 

A. A. Lucas" 
Facultes Universitaires N.D. de la Paix 

B-5000 Namur, BELGIUM 

Point contact diodes have been utilized as detectors, rectification, and 
frequency-mixing devices in the infrared (1,2). A fundamental application 
of these devices has been the most precise and accurate determination of the 
velocity of light (1). Nevertheless the intrinsic mechanism and the prop
erties of point-contact diodes, although of basic interest, are not unambigu
ously understood. At present there are two models which attempt to explain 
the nonlinearity and rectification mechanism of the diodes: (1) Tunneling 
of electron through an intermediate oxide film from whisker to the metal 
base, i.e., the configuration is qonsidered to be a metal-oxide-metal (MOM) 
tunneling junction. (2) The nonlinearity and rectification processes are 
the result of a thermally enhanced field emission (TFE) (2-6). 

Recently a new explanation of the rectification mechanism was proposed which 
takes into account explicitly the geometrical shape of the two electrodes 
(2;6,7). In a model calculation of the tunneling asymmetry, the geometrical 
asymmetry was introduced by considering a configuration where the metal point 
electrode is assumed to be a hyperboloid of revolution positioned from a flat 
base of the same metal (7). It was found that for a tip radius equal to 100 A 
and a tip-base distance of 20 A the current ratio (jF/jB) may be as high as 5 
suggesting that rectification properties of metal point-contact diodes can be 
explained without requiring material asymmetry. 

In the work to be reported the analyses of the geometrical rectification 
mechanism has been extended to include, (i) effects of the electron image 
interaction; (ii) different geometrical configurations of the junction; 
(iii) the important multiple image interactions due to the close spacing of 
the metallic electrodes. 

To include the effect of the image and multiple image interactions we have 
obtained, using a Green's function formalism, an exact solution of the 
potential field for hyperboloidal tip with a planar anode. This is used to 
construct the potential barrier in the calculation of the tunneling current 
as a function of bias voltage. Following Schrneit's et al., these calculations 
use a free electron model and WKB transmission coefficient. Direct compar
ison with the triangular barrier model of SChrneit's yields the corrections 
due to all image-force interactions. 

We have also considererl a diode configuration of two identical metallic 
spheres closely spaced (i.e., > 10 A). A complete solution has been obtained 
for the potential distribution, including the multiple-image interactions 
using Green's function formalism. The diode model with spherical electrodes 
has especial importance because experiments using this arrangement (i.e., 
spherical electrodes) have bee~ conducted at NBS and I-V characteristics for 
spacings on the order of 10-20 A have been obtained (8). Although some 
features of the measured curves exhibit qualitative agreement with planar MOM 
theory, there is an obvious need for I-V characteristics based on more realistic 
diode geometries, which the present analyses gives promise of providing. 

REFERENCES 
1. (a) K. M. Evenson and F. R. Peterson, "Laser Frequency Measurements, the 

Speed of Light and the Meter" in Laser Spectroscopy of Atoms and Molecules, 
ed., by H. Walther (Springer-Verlag, Berlin, 1976); (b) T. C. Blaney, 
C. C. Bradley, B. W. Jollitte, D. Knight, W. R. Rolley, K. S. Schottier, 
and P. T. Woods, Proc. Roy, Soc. London A355, 88 (1977). 

2. T. E. sullivan, M. E. Schrneits, A. A. LU~ and P. H. Cutler, 24th 
International Field Emission Symposium, Oxford University, England, 
September, 1977, (unpublished) . 

3. A. A. Lucas and P. H. Cutler, Solid State Commun. ~, 261 (1963). 
4. T. E. Sullivan, P. H. Cutler, and A. A. Lucas, Surf. Sci. 54, 561 (1976). 
5. T. E. Sullivan, P. H. Cutler, and ~. A. Lucas, Surf. Sci. 62, 455 (1977). 
6. T. E. Sullivan, A. A. Lucas, and P. H. Cutler, Appl. Phys. 14, 289 (1977). 
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SURFACE PHYSICS AND MATERIALS PROBLEMS IN TFTR 

H. F. Dy11a 
Plasma Physics Laboratory, Princeton University 

Princeton, New Jersey 08540 

ABSTRACT 

The Tokamak Fusion Test Reactor (TFTR) is presently under 
construction at the Princeton Plasma Physics Laboratory.' The 
device is projected to reach conditions of energy breakeven 
by injection of greater than 20 M~V' of 120 keV neutral deuterium 
beams into a tritium target plasma. Before TFTR becomes opera
tional in 1981, a number of crucial materials problems involving 
plasma-surface interactions require resolution. Of primary 
concern among these problems is an understanding of impurity 
generation mechanisms and the development of conditioning tech
niques and/or wall materials which might minimize impurity 
effects. A related problem concerns hydrogen isotope trapping 
and re-emission from surfaces exposed to plasma. The re-emission 
of hydrogen isotopes during a discharge strongly affects the 
evolution of the plasma density. An understanding of the 
trapping mechanism is particularly important to minimize the 
tritium wall loading. A variety of surface analytical tech
niques have been employed to diagnose these problems on exist
ing tokamaks and recent measurements from the Princeton Large 
Torus (PLT) will be reviewed. 
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SURFACE ANALYSIS OF FIELD-EMITTER SAMPLES EXPOSED 
TO THE PLASMAS OF PLT AND ISX* 

G. L. Kellogg and J. A. Panitz 
Sandia Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

In an attempt to help characterize the plasma-wall inter
actions in operating tokamak reactors, the Imaging Atom-Probe 
mass spectrometer (lAP), the Field-Ion Microscope (FIM), and 
the Transmission Electron Microscope (TEM) have been used to 
analyze the surface and near-surface region of field-emitter 
samples which were placed at the wall position and exposed 
to the plasmas of the Princeton Large Torus (PLT) and the 
Impurities Study Experiment (ISX) tokamak fusion reactors. 
Measurements of the extent of damage to the specimen surfaces, 
the composition and thickness of deposited surface films, and 
the depth distribution of low energy plasma species implanted 
into the near-surface region of the samples have been carried 
out. 

Three sets of samples (two in PLT and one in ISX) have 
been investigated thus far. Although each set was subjected 
to different exposure conditions (e.g., type and number of 
plasma discharges, limiter material used, position of samples 
with respect to limiters), some consistent results from the 
analysis of the samples have been found. For example, all of 
the tips which had direct plasma exposure showed evidence for 
a change in surface morphology (i.e., lattice damage or de
posited surface films), whereas those tips which were placed in 
the reactor at the same time but shielded from 1ine-of-sight 
exposure to the plasma were apparently unchanged. Mass spectra 
obtained with the lAP showed that plasma and impurity species 
become trapped within the damaged regions and deposited films, 
but are not implanted into the substrate bulk. 

The implications of these results (and others to be 
presented) as they relate to the plasma-wall interactions in 
operating tokamaks will be discussed. 

*This work was supported by the United States Department of 
Energy (DOE) under Contract AT(29-1)789 and carried out in 
90operation with S. A. Cohen and H. F. Dy11a at PPPL and 
R. E. Clausing at ORNL. 
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Field Ion Microscopy of Tungsten Irradiated 
. h + + d + . 1 Wlt He , 0 an Ar Ion Partlc es 

N.lgatai S.Sato,K.Shibata and A.Kohyama 

Department of Materials Science University of Tokyo 

7-3-1 Hongo Bunkyo-ku Tokyo 113, Japan 

Hitherto we have investigated FIM observation of tungsten 

irradiated with C+ ions. In this study the purity of the used 
° specimen was 99.95% and annealed at 1800 C for 2 hrs. For 

comparison of radiation damage with other charged particles, 
+ + tungsten wires were irradiated with 80KeV He , 300KeV 0 and 

300KeV Ar+ ions. The irradiation temperature was 30°C for He+ 

and 30 - 200°C for 0+ and Ar+. The size distribution of 

vacancy clusters were investigated after each irradiation. 

In the case of He+ irradiation the larger vacancy clusters 
° between 10 - 15A was not observed. This would be due to less 

primary knock on energy in He+ Irradiation compared with the 

case of 0+ and Ar+ irradiation. The swelling ~V/V was 

plotted against the radiation damage. 6V/V showed saturation 

tendency in the earlier stages above 0.5dpa in the case of 0+ 

and Ar+ irradiation, and the value was higher than the case of 

He+ irradiation. This would be also due to higher primary 

knock on energy and the interstitials almost escaped from 

surface in the earlier stage in the case of Ar+ and 0+ 

irradiation. 
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A Discrete-charge model of a Field-ion Emitter Surface 

Richard G. Forbes 

University of Aston, Department of Physics, Gosta Green, Birmingham, m~ 

This paper explores some of the properties of a basic version of a new 
type of c!12,rced-surface model in which the surface atoms in a charGed 
surfnce nre represented in terms of an array of superimposed monopoles 
<,nd dipoles, together with a distant array of monopoles of the opposite 
siGll. (The distant arroW is necessary for electrostntic self-consistoncy.) 

The mOdel is a development of earlier work by the present Buthor and by 
TsanG cmd }~uller, and can be regnrded as a significant step forwards from 
the normal description of chnrged surfaces provided by classical electro
ot[:tics.. The need for such A. model seems an unrealised consequence of 
the Iiellman-Feynman theorem. 

:::;x~,loration of the model brinGS out a fundamental inc,dequ8.cy in the concept 
of "e,})plied field" as used in field-ion theory.. The usual trentr;orit is 
cocprtible noi thor Vii th clrwsical continuous-charGe-distribution modols 
nor \'lith discrete-char[;e models. This fe,ct has sic;ni ficant conseciuonces 
for theories of field adsorption and field evaporation. 

~le following tentative conclusions have been drawn from the anBlysisof 
an infinite square array: 

1. The monopole contribution to :ield adsorption is less importnnt than 
the dipole contribution, though it should not be nec;lected in detdled 
trc.?tments. 

2. Existinc; calculations of lOCalised field-,ldsorption binding el1err~ies 
are not electrostaticBlly self-consistent. 

30 ::Cor 0, s-tlrface c.torn '",i tIl (:. Ci ven extern"ll :;'ield above it, there l~D.y 

e:dl3t a theOl"etic,~,l nwxi:':um for i ts pol[~risation energy that is 
independent of the proper 51 polarisability of the surface atom. 

4 .. Non-linearity in the local field near the surface should in princi}le 
be taken into account in field-ion theory. 

5. Significant negative field-induced work-function corrections may e:dst .. 

6 .. Estimates of "surface-atom polBrisability" drawn from surface diffusion 
experiments in high fields may be unreliable. 

7. Calculations of critical distances may need revision, and the whole 
question of "where is the emitter's electrical surface" needs 
re-examination. 

The analysis also raises in the author's mind much more general doubts 
about the usefulness of flat-surface models of a charged surface. It 
seems much more likely that a good quantum-mechanical theory of chcU'Ged 
surfaces would emerge from localised-orbital type models .. 
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Probability density of displacement of adatom 

on tungsten surface 

Yuji Sadakane and Ken-ichi Hirano 

Department of Materials Science, Faculty of 

Engineering, ~ohoku University, Sendai, Japan. 

By the FIM study of surface diffusion, it has been shown 

that the migration of the adatom at low temperature is 

restricted in the edge 'of the terrace. The edge of the 

terrace has two kind of role in the migration of the adatom; 

reflecting or adsorbing boundary. The role of the edge 

depends on temperature and time of diffusion treatment. 

When the distance between the edges of the terrace is a we 

define WN(d,a), the probability that the adatom makes a 

displacement d after it makes N jumps by the following 

equation. 

where the symbol R denotes the case that the adatom is 

reflected at the edge of the terrace and A the case that 

the adatom is adsorped by the edge of the terrace, and 

k is the adsorbing factor (O~k~l), which depends on 

temperature and time of diffusion treatment. The value of 

k can be estimated by comparing the experimental values of 

W~(d,a) and W~(d,a) with the theoretical values of them. 

In the present work, the surface self-diffusion on the W 

(431) plane has been investigated theoretically and by FIM 

observation. 
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