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ABSTRACT

A mass spectrometric technique has been developed to measure the
guantity of neutral molecules released by electron impact from metallic
surfaces covered with adsorhed gases and was used to investigate the
electron bombardment induced desorption of carbon monoxide from tungsten.
The method is sensitive enough to deteclt the desorption of about
102 molecules during an eight-second bombardment pulse. This sensitivity
permits frequent sampling of a surface without significantly perturbing
the gas-metal surface; therefore, rezctions can be followed as they
occur. This technique for studying gas-metal interactions is compatible
with other methods including low-energy electron diffraction, flash
filament measurements, and the desorption of ilons and secondary electrons
due to electron bombardment.

It was possible to separate the effects of thermal desorption due
to the very small amount of target heating that accompsnied the electron
bombardment from the effects of electron impact per se. The therumal
ef fects were shown to be negligible for the conditions of this study.
They were also gshown to be pressure dependent so that they would make an
important contribution for the desorption of carbon monoxide from the
tungsten target at 300°K for 500 electron volt electrons at ambient

carbon monoxide pressures greater than 1078 torr.
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The desorption of neutral carbon monoxide molecules from a
tungsten ribbon with predominantly [100] poles normal to the surface was
measured for electron energies in the range from 30 to §,000 slectron
volts. Between 3 x 107° and 6 x 107° molecules were desorbed per
incident electron, depending upon the electron energy. The desorption
appears to be from the alpha form of chemisorbed carbon monoxide, whose
messured population was about 10 12 molecules per square centimeter. The
desorption cross section for neutral carbon monoxide from this alpha
state is then calculated to be sbout 4 x 10718 square centimeters for
electrons having energies of 100 electron volts. The threshold of
electron energy necessary to cause desorption is approximately
20 electron volts.

The relationship of the desorption cross section to the electron
energy is discussed, and a tentative explsnation involving several

processes is offered.
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CHAFTER T

INTRODUCTION

Definition of the Study

The degorption of ions and gases from metal surfaces by bombardment
with electrons per se has been observed in many circumstances, 0% The
guantities of desorbed gases and lons are sometimes very large. Such
desorbed gases and ions shorten the life of high-power electron tubes
and can be an important factor in the operation of vacuum systems and
the use of ion gauges, Though these and other technically dmportant
processes are being explored empirically, a better understanding of the
processes contributing to the phenomenon would expedite the solution to
problems caused by unwanted desorptions and help optimize the desirable
applications. As more is learned about electron bombardment induced
desorption (EBID), it is becoming an important tool for studying gas-
metal surface interactions.

The motivation for this study initially came from = desire to
understand EBID and exploit it for vacuum system processing and as 2 tool
for studying the gas-metal surface interactions that are so important to
vacuum technology. Because of the complex nature of both the EBID

process and the gas-~-metal interactions, it is desirable during the

¥Denotes references. BSee pages 113 through 120.



development of apparatus and techniques to use simple gas-metal
combinations that are convenlent to manipulate experimentally. Tungsten
was chosen because it can be cleaned of surface contaminants, except
carbon, by heating in a vacuum to 2200 to 2400°K, and even the carbon
may be removed by heating in oxygen at 107¢ torr. Initially, both
carbon monoxide and hydrogen were investigated because they are common
gases iun ultrahigh vacuum systems; however, there i1s much more informa-
tion in the literature on the carbon monoxide-tungsten system, and the
adsorbed hydrogen is more difficult to maintain free of contamination
than is the carbon monoxide. Therefore, the study was concentrated on
carbon monoxide,

The experimental equipment developed for this study has been
designed to study the EBID of neutral gas during slectron bombardment;
the desorption of ilons may also be measured; however, since others were
studying the desorption of ions, it was decided to concentrate on neutral

particle measurements.

Purpose, Need, and Scope of the Study

Purpose. The two main goals of this study were (1) to develop
sensitive techniques for studying the desorption of gases from metallic
surfaces by electron bombardment, and (2) to provide informetion that
will be useful in practical applications of EBID and in understanding

of the desorption processes.



Need. The three main justifications for studying the desorption
of gases by electron bombardment are (1) its potential value as a tool
for investigating gas-metal interactions, (2) its immediste value to
modern technology, and (3) a scientific interest in the desorption
mechanisms.

It should not be necessary to show the great importance of the
interactions of so0lid surfaces with gaseous environments. One need only
to be reminded that corrosion and catalysis are surface phenomena.
Though knowledge of gas~-metal reactions 1s increasing rapidly, we still
lack much of the basic information needed for understanding the processes
we use so widely.

In 1964, L. H. Germer said:®?

One should reflect upon the enormous importance of catalytic
processes, and upon the absence of basic understanding of these
processes. It seems to me that getting to understand catalysis will
have a greater impact upon the world than will all the golid state
devices that can ever be developed.ll

Surface phenomena are, of course, the heart of the matter.

The surfaces of sollds zre difficult to study experimentally and
are poorly understood because of the number and variety of phenomena
involved and the difficulty of measuring and controlling them. o one
technique 1s best for studying surface phenomena; rather, each technique‘
provides a certain kind of information, and it is the combination of a
variety of techniques that gives the most complete understanding of
surface phenomena. The EBID of gases and ions may be used with thermal

desorptilon methods and mass spectrometry to provide a very useful



~

combination. Thermal desorption measures activation energies for
desorption, the abundance of the adsorbed species, and helps identify
phases; mass spectrometry identifies the kind and amount of the desorbing
species; and EBID provides both a sensitive measure of the abundance of
certain adsorbed species and information about the bonding to the surface.
Since electron bombardment can be accomplished with low-intensity, narrow
electron beams, it can be used as a probe to follow surface changes as
they occur without interfering significantly with the phenomena as

would be necessary with the thermal desorption technigue.

The second justification for studying EBID is the importance of
this phenomenon to modern technology. Perhaps the most obvious applica-
tion is "cleaning up" vacuum systems. The use of EBID with thermal
desorption has been reported to lower the base pressure of vacuum systems
by as much as a factor of 100 (references 12 and 13). The EBID can also
be used to monitor the "cleanup” of gases by thermal or other techniques
or to monitor the contamination of vacuum with hydrocarbons. It may
also be useful in inducing chemical changes and in certain cases for
producing clean surfaces without heat or radiation damage.

The third justification is scientific curiosity. None of the
published explanations for EBID fit all of the observations. It seems
likely that several mechanisms are important and that some or all of
them are directly related to the nature of the bond between the substrate
and the adsorbate. If this is so, it should be possible to get new

information about bonding from EBID data.



Scope. This work was limited to developing a technique for
studying EBID of gases and ions from metal surfaces and a study of the
desorption of carbon monoxide from tungsten for the reasons mentioned
earlier. However, Appendix A, page 123, contains some data for the
EBID of hydrogen from tungsten. A few ion measurements were made in
this study and were in good qualitative agreement with published data.
They are not reported here, however, since the experimental effort

concentrated on obtaining neutral particle data.

Organization of the Dissertation

The following chapters (1) develop the historical and theoretical
background for the study of EBID to provide a basls for the discussion
of the experimental results; (2) sumarize the state-of-the-art knowledge
about the adsorption of carbon monoxide on tungsten; (3) describe the
experimental method, apparatus, and techniques used in this study;
(4) present the experimental daté; and (5) discuss the experimental
results in relation to the information in the literature and the relevant

desorption mechanisms.



CHAPTER IT

REVIEW OF THE LITERATURE

This chapter provides an nistorical introduction to EBID,
summarizes subsequent developments up to the present, and reviews the
desorption and adsorption mechanisms described in the literature. The
literature review is not intended to be complete but rather to recount
some of the most important developments and provide background for the

present study.

Flectron Bombardment Induced Desorption

Ixperimental results. The first account of desorption from

surfaces due to electron bombardment is apparently reported by

A. J. Dempster? in 1918. He was searching for sources of "positive
rays" to be used with his "New Method of Positive Ray Analysis, " which
was an early version of the magnetic mass spectrometer.

It was thought that the bombardment of salts by electrons might

break up the chemical compounds and give rise to many positive ions.
Although the aluminum phosphate was chemically pure, the rays

obtained under ihe bombardment of 128 volt electrons were very
complex; tThe following ions were observed besides a couple of
unresolved groups: Hj, Hp, Li (weak), 0, (strong), Na (strong),
03 (2) (weak), M = 62 (wezk, possibly Ne,0), M = 67 (strong,
possibly H3PO, = 66), M = 76 (strong), M = 86 (weak, possibly
Rb = 85.5), M = 112 (strong, possibly P,03 = 110). . . . From the
bombardment of aluminum phosphate to which a little lithium
chloride and sodium chloride had been added strong bundles of

(8



hydrogen atoms and hydrogen molecules were obtained. . . . The
experiments indicated the convenience of the method of obtaining
positive rays and opened up an interesting fileld for :'L'nves'i:igation.l/+

In spite of this promising start and the subseguent rapid
development of the mass spectrometer there is nothing more in the open
literature untll about 1950 regarding the use of electron bombardment
of surfaces to produce ions or neutral particles.

In the period 1950 to 1959 several investigators examined the
use of electron bombardment to decompose compounds and to spubtter
oxides and metals (Dart,?® Plumlee and Smith,l6 Moore and Hughes,17
Moore, *® and Wargo and Shepardl®). These investigations established
that (1) electron bombardment could decompose compounds, but that the
threshold energy for decomposition is not directly related to the heat
of formation of the compound and that the decompositions are not all
proportional to the electron current; (2) electron bombardment was not
effective in causing sputtering of oxides or metals; (3) electron
bombardment removed adsorbed gases as both ions and molecules; and
(4) electron bombardment produced some O+ ions with kinetie energies of
several electron volts.

In 1960 Youngzo reported desorption efficiences of about 10-° O+
ions per incident 90 electron volt electron from oxidized metal surfaces;
Todd, Lineweaver, and Kerr? reported efficiences of up to 7 x 10772
oxygen molecules per electron from glass, and Moorel reported the
regults from the first experiment specifically designed to study EBID
of gases from & well-characterized metal surface. He used a molybdenum

ribbon target mounted in front of a mass spectrometer lon source so



that desorbed ions could be measured directly by the mass spectrometer.
In 1961 Moore gave a comprehensive report of his findings on the
interaction of electrons having energies up to 325 electron volts with
carbon monoxide adsorbed on polycrystalline molybdenum and tungsten.al
Figure 1 shows schematiczlly his experimental arrangement. Figure 2
shows that the desorption efficiency for O+ ions does not change even
though the bombarding current was varied five orders of magnitude.
This is good evidence that the desorption process is a Tirst order
process, that is, it requires only one electron. No C+ or CO+ ions
were detected. The yield of O+ ions per electron is plotted as a
function of electron energy in Figure 3. Curves A and D are supposedly
for only carbon monoxide on the target, and the maxima are 2 and 6 x 107°
ions per electron when corrected for the probability that a liberated
ion will pass through the spectrometer. Moore used oxygen in his
system, so his target may have been contaminated with oxygen thus
gilving O“L desorptions higher than for a pure carbon monoxide adsorption.
He attributed the observed desorption to the beta state of carbon mon-
oxide since his measurements were at 950°K or higher. The threshold
electron energy was between 17.0 and 18.3 electron volts which is
6 volts lower than the energy reguired to produce O+ from carbon
nonoxide in the gas phase.

In 1962 Degras, Pétermann, and Schram®? gave the first of a
series of papers built around the measurement of EBID of neutral gas

nolecules from nickel surfaces using an omegatron mass spectrometer.

This paper proposed using EBID with 10 to 150 electron volt electrons
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as carbon monoxide. Curve B: oxygen was 0.14 as abundent as carbon mon-
oxide. Curve C: oxygen was about 0.90 as abundant as carbon monoxide.
Curve D: oxygen valve closed. Oxygen was 1.6 X 1072 as abundant as
carbon monoxide in ambient.) (Reprinted from G. E. Moore, "Dissociation
of Adiorbed CO by Slow Electrons,” Journal of Applied Physics, 32:1240,
1961. '
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to remove gas strictly from surfaces, thus making possible a differen~
tiation between surface and bulk gas sources. They also proposed to
determine sticking probabilities but gave no results on either proposal.
later papers®r23 report a2 yield of 1.9 X 10-2 gas molecules per incident
electron from a nickel surface that was covered with carbon monoxide.
This yield was independent of current (2-20 microsmperes per square
centimeter) and electron energy (100~-300 electron volts). The yield
of carbon monoxide from a nickel oxide surface was 8 x 1078 molecules
rer electron and was proportional to the beam power., Another paper
gives some data that indicates that on an unbaked nickel specimen the
surface is covered with carbon monoxide and hydrogen quite rapidly by
diffusion from the bulk, and that bulk diffusion is still an Important
contributor to the adsorbed surface gases after the sample has been
baked at 400°C for 35 hours.?*

In 1962 and 1963 a large number of papers appeared that
recognized that both ion gauges and mass spectrometers may produce
large spurious signals due to the EBID of ions and/or nuetral mole-

4y25-31

cules from grids or other surfaces, In an effort to under-

stand the relatively large effect of adsorbed oxygen on measurements

with ion gauges, Redhead studied the EBID of ions from oxygen absorbed

4y32

on a polycrystalline molybdenum ribbon. He used the retarding

field arrangement shown schematically in Figure 4., The tungsten
filament is the source of electrons, and the ancde i1s the electron
target. This arrangement and a later improvement, that uses &

33

hemispherical geometry for the grids and collector, permits accurate
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Figure 4. Schematic diagram of the retarding field apparatus used
by Redhead to study the EBID of ions from oxygen chemisorbed on molyb-
denum. (Reprinted from P. A. Redhead, "Interaction of Slow Electrons
with Chemisorbed Oxygen," Canadian Journal of Physics, 42:887, 19¢4.)
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measurements of the total ion production duve to EBID. By using suitable
electrical potentials on the various elements of the apparatus an

energy analysis of the ions also may be obtained. This method does not,
however, identify the ion species. The anode can be heated so that
thermal cleaning and thermal desorption measurements are practical. A
series of experiments has been reported by Redhead in which he used
this technique to determine the threshold energy for desorption, the
ion energy distributions, and the EBID yields of ions (and indirectly
neutral molecules) from both molybdenum and tungsten polycrystalline
targets covered with adsorbed oxygen or carbon monoxide. The threshold
for desorption of oxygen from molybdenum was reported to be

17.6 * 0.2 electron volts; %32 the threshold for desorption of ions
from carbon monoxide on molybdenum was found to be 15.5 electron volts.?
Using this value, he estimated the heat of desorption of carbon from
tungsten to be 9 electron velts. The threshold Tor ion desorption from
carbon monoxide on tungsten was found to have two branches with values
of 15.1 electron volts and 18.7 electron volts which he associated with

33 Figure 5 shows

two adsorbed states of carbon monoxide on tungsten.
the yield of ions from oxygen adsorbed on molybdenum ag a Tunction of

electron energy and compares this result with the ionization probabil-
ity for atomic 5xygen. Redhead uses this obvious similarity as support
for his model of the desorption process, which is discussed in the next
section. Figure 6 shows the encrgy distribution of the ions produced

from carbon monoxide and oxygen adsorbed on tungsten. It is suggested

that the peak thatl occurs at a reltarding voltage, Vo, = 1.5 volts is

RJ
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Figure 5. Normalized ionization probability as a function of
electron energy for oxygen adsorbed on molybdenum at 300°K (solid curve)
and atomic oxygen in the gas phase (dashed curve). (Reprinted from
P. A. Redhead, "Interaction of Slow Electrons with Chemisorbed Oxygen,"

Canadian Journal of Physics, 42:891, 1964.)
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Figure 6. Ion energy distributions for carbon monoxide on tungsten
at 300°K and above. The ion energy distribution for adsorbed oxygen at
300°K is also shown for comparison. [Electron energy equals 100 volts,
pressure equals 8 x 1078 torr. Reprinted from P. A. Redhead, "®lectron-
Impact Desorption of Carbon Monoxide from Tungsten," Supplemento al
Nuovo Cimento, 5(2):589, 1967. ]
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due to desorption of CO+ from the "virgin" state of carbon monoxide on
tungsten and that the peak at VR = 7 volts is due to O+ ions from the
alpha state of carbon monoxide on tungsten. Figure 7 shows the variation
of ion current with energy for the two states of carbon monoxide on tung-
sten. Note that the ion current does not fall at higher energies in
contrast to the behavior of the curve for oxygen on molybdenum shown in
Figure 5, page 15. This represents a departure from the behavior pre-
dicted by both his desorption mechanism and the one proposed by Menzel
and Gomer. 2%

Tn 1963 Lichtman®:35 began a series of experiments using equipment
basically similar to that of Moore except that he used an electron beam
to bombard the target surface instead of an unfocused electron emitter
and an electron multiplier to increase the sensitiviiy of his mass
spectrometer. (The increased sensitivity permits the use of very small
electron currents and therefore negligible perturbation of the surface
by the electron bombardment.) Figure 8 shows the correlation of EBID
of ions from carbon monoxide and hydrogen adsorbed on molybdenum with
the thermal desorption of hydrogen and carbon monoxide as the temperature
of the target was increased. Note that he is able to relate the decrease
in the H+ signal to the desorptibn of hydrogen at about 800°C and that
the decrease in the O+ signal occurs at about the same temperature as
the carbon monoxide desorption at 1150°C. The desorption tempsratures
for both hydrogen and carbon monoxide are higher than those usually
observed, but this may ve due to measuring the tempersture in the

center of the target where it was hottest. Figures 8 and 9 illustrate
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Figure 7. Normalized ion current as a Ffunction of electron
energy, V (electron volts), for carbon monoxide adsorbed on tungsten
at 300°K.° [The solid curve is for state (1) and the dashed curve is for
state (2) tentatively identified as virgin and alpha states, respectively,
by Redhead.] [Reprinted from P. A. Redhead, "Electron-Impact Desorption
of Carbon Monoxide from Tungsten," Supplemento al Nuovo Cimento, 5(2):
592, 1967.]
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the very useful ability of EBID technigues to follow without affecting
adsorption-desorption reactions as they occur., Figure 9 shows the
desorption and readsorption of hydrogen on a2 molybdenum target in an
ultrahigh vacuum system. Figure 10 shows the energy dependence of the
H+ desorption from type 303 stainless steel near the threshold energy.
The shape of this curve is like that predicted by the theory to be
discussed in the next section; however, Figure 11 shows data obtained
at higher electron energies, which does not behave as the basic theory
would predict. Data for EBID of~Na+ and Cl+ do exhibit behavior that
ig consistent with the theory in that they have well-defined thresgholds
in the 10 to 20 electron-volt range, and the ion current rises steeply
to a maximum and then decreases as the ion energy increases.>® ILichtman
has used his apparatus to explore a variety of problem areas and has

6,36-41 pis results for the

shown the technique to be very useful.
EBID of O+ from carbon monoxide on molybdenumAl differ substantially
from those of Redhead. His threshold values are 20 electron volts
for both the alpha and beta phases of carbon monoxide, and his ion
yields are approximately 30 times those of Redhead. It is not evident
why a discrepancy of this magnitude in the results should exist. It
would seem to be outside the range of experimental error.

In 1964 Menzel and Gomer published the results of a study of
FBID using the field emission microscope (FEM).9:34:42 They obtained

results for hydrogen, oxygen, carbon monoxide, and barium on a tungsten

emitter tip. The results for carbon monoxide are in falr quantitative
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Figure 10. Hydrogen ion current from type 303 stainless steel as
a function of electron energy near the threshold energy. [The ratios on
the ordinate are relative, not absolute. Reprinted from David Lichtman
and R. B. McQuistan, "Slow Electron Interaction with Adsorbed Gases,"
Progress in Nuclear Bnergy Series IX. Analytical Chemistry (vol. 4,
New York: Pergamon, 1965), p. 117.]
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Figure 11. Hydrogen ion current as a function of electron energy
from 400 to 6,000 electron volts. [The ratios on the ordinate are rela-
tive, not absclute. Reprinted from David Lichtman and R. B. MecQuistan,
"Slow Electron Interaction with Adsorbed Gases,” Progress in Nuclear
Energy Series IX. Analytical Chemistry (vol. 4, New York: Pergamon,
1965), p. 1i3.71
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agreement with those of Redhead. They independently developed a theory
of EBID that is almost the same as that proposed by Redhead; both are
discussed in the next section.

Recently other investigatcrs have adopted and modified the
techniques of Redhead, Lichtman, Gomer, and Menzel. Table T is a
compilation of the results of some of these studies.

Yates, Madey, and Payn43

have equipment very similar to Redhead's
and report results for the EBID of ions from carbon monoxide, nitric
oxide, and oxygen on polycrystalline tungsten that are consisbent with
Redhead's results., Sandstrom, Leck, and Donaldson*’ have an apparatus
which is similar to Redhead's except that a quadrapole mass analyzer is
used in place of the collector. They have reported only qualitative
results which seem to be in reasonable agreement with Redhead's results.
Coburn®* has reported data from a2 similar modification of Redhead's
technique except that he uses an electron beam to bombard the target so
that his technigque also has a resemblance to Lichtman's. Coburn's
results are qualitatively similar to Redhead's but differ appreciably
in absolute values.

Several other methods of obtaining EBID data have bee
used,2’48'51 and this study and the qualitative results are reported
in Table T.

A number of EBID investigations have been of an applied or
engineering nature,”’,10,13,15,52-39  These studies utilize a wide
variety of techniques on a variety of materials, but in general

they share the following features:
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TABLE T

SUMMARY OF ELECTRON BOMBARDMENT INDUCED DESORPTION. DATA

Yield of Neutrals Yield of Ions

Per Tlectron® Per Tlectron Technique Author Reference Date
CO on Tungsten
10~ 3 b Menzel 3,
B and Gomer : 1964
-4 Menzel 5y HOL
a 3x 10 b and Comer 34 1964
o 1074 2 x 1077 c Yates et al. 43 1967
a 3 x 1074 1.5 x 1076 ¢ Redhead , 33 1967
8 ~3 x 1073 2 x 1077 a Coburn 44 1968
-5 o This P
a 3 x 10 e Clausing Study 1968
CO on Molybdenum
4 X 1078 a Moore 21 1961
2 x 1073 3 x 1077 c Redhead 5 1964
-3 -5 Degras 45 1965
1.6 x 10 6 x 10 ¢ and Lecante 45 1966
1.2 x 1074 da Lichtman et al. 41 1966
9 x 1076 b Singata et al. 51 1966
x 1075 1x 107> £ Singleton 48 1967
5% 1073 3.2 x 1076 c Degras 49 1967
and Lecante
Oxygen on Molybdenum
7 x 1077 a Moore 21 1961
-4 -5 ., 32 1963
7 x 10 1.3 x 10 ¢ Rednead J 1064
- Tichtman .
4 % 10 d and Kirst 39 1966
Oxygen on Tungsten
4 Menzel y y
3x 10 b and Gomer 34 1964
3 x 1074 c Yates et al. 43 1967
Hydrogen on Tungsten
Menzel
-5 ya QL
10 b and Gomer . 1964
1.3 % 107% a Clausing This 1968

Study




TABLE I (Continued)

Yield of Neutrals Yield of Ions

Per Hlectron® Per Flectron Technique Author Reference Date
€0 on Nickel
2 x 1072 e Petermann 8 1963
2 x 1072 g Theodorou 50 1967
and Love
H,0 on Nickel
3 x 10-3 e Klopfer 52 1967

a . .
Calculated from data in the listed reference.
b_. . s .

Field emmission microscope.

c .

Measurement of ion current from the surface.
dMass spectrometer measurements of surface ions.
“Mass spectrometer measurements of neutral molecules.
f . .

Current from ion gauge grid.

gChemical reaction of released CO with an alkali metal covered
photo cathode.
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1. The partial or total system pressures were used to measure
the effects of EBID.

2. The yields are usually higher than those of Table I. They
typically range from 10 or more neutral gas molecules
released per incident electron down to 10°% molecules er
electren, but some results after extensive bombardment
were as low as a few times 10°° molecules per electron.

3. The yilelds decreased as bombardment time accumulated.

4. The results do not fit neatly into the theory discussed in
the next section because large yields are found at high
energies and thresholds are as low as a few electron volts.
The desorbed gases were usually hydrdgen and carbon monoxide

with hydrocarbon fragments in scme systems.

Theoretical treatments of EBID., Although there are several

possible mechanisms for electrons to interact with adsorbed gases,

only two mechanisms have been discussed in any detail. These mechanisms
provide qualitative explanations for most of the experimental data from
simple systems although neither can make guantitative predictions of
gas release rates.

In 1964 both P. A. Redhead®? and Menzel and Gomer®:2% offered
theoretical treatments of thelr data on the desorption of gases from
molybdenum and tungéten surfaces, The treatments are very similar;
Menzel and Gomer consider a slightly broader range of interactions.

Both theories are based on the assumption that the desorption 1s the
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result of an electronic excitation of the adbond* by the incaming
electron and that this primary excitation is similar to the electronic
excitation of atoms or molecules in the gas phase. Both theories assume
that the cross sections for the excitation of the adbond are approximately
the same as for gas phase phenomena. The experimental desorption cross
saections are much smaller than the primary excitation cross sections.
This, they hypothesize, 1s because of the high probability of a transi-
tion back to the ground state through an interaction with electrons

from the metal. Thus, the essential features of this mechanism zre:

(1) an electronic excitation of the adbond and (2) either the desorption
of the adsorbate or, more likely, the de-excitation and recapture of the
adsorbate by electron tunneling into the broken bond. The recapture
process is in most cases quite efficient so that typically only

1 in 10% excited adsorbate atoms or molecules escapes. The escape
probability varies widely, however, from nearly unity to less than 10-6
depending upon the particular gas-metal combination and the particular
surface state of the adsorbate. According to Menzel and Gomer,34 if
bonding occurs via 'nonlocalized electrons,”" for example as in metallic
bonding, it is almost impossible for electronic excitation processes to
cause desorption, because electrons from the metal reestablish the bonds
so rapidly. They predict virtually no desorption for electropositive
adsorbates from metals and maximum desorption for electronegative

adsorbates from insulators.

*The term adbond is used to designate the bond between the
adsorbate and the metal.
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Figure 12 is a schematic diagram showing the potential energy
for the interaction of an adsorbate with a metal surface as a function
of the distance between the adsorbate and the surface. The diagram is
similar to that for the various states of the hydrogen molecule. ®9 The
zero of potential energy is arbltrarily chosen to represent the energy
when the electrically neutral adsorbate is removed to infinity and is
free of any interaction with the gurface. The curve for the first
ionized state shows a potential energy of Eb for the lon at infinity.
Redhead uses an Eb equal to the energy required to produce icnization of
the adscorbate if it were in the gas phase. The interaction of the ion
with the surface can be considered as the sum of the following forces:
(1) the electrical image force, (2) the repulsive force due to the over-
lazp or interpenetration of the electron clouds, (3) the van der Waal's
attractive force, and (4) an exchange force like those which make possible
covalent bonds. As the ion is positioned closer to the metal surface,
the long-range attractive coulomb image forces together with the inter-
mediste range exchange force and the small van der Waal's force form a
potential well and the ion can reduce its potentizl energy by moving
closer to the surface until the short-range repulsive force arises.
This force increases raplidly as the electron clouds of the adsorbate and
metal overlap and electrons are forced into higher energy levels due to
the Pauli exclusion principle. A minimum exists therefore in the poten-
tial energy curve and determines the equilibrium distance of the ion from
the surface. The ionized state shown here is metastable and will decay

into the ground state if sufficient time is allowed.
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In the case of the ground state curve for the neutral adsorbate
the image force does not exist unless the adsorbate is polarized and
then only at close separations. The basic attractive forces in the
case of chemisorption are due to the tendency for the adsorbate to form
an ionic, covalent, or metallic bond at the metal surface. These forces
have a much shorter range than the attractive coulomb image force acting
on an ion. The repulsive forces are similar to those acting in the case
of the ion and again a minimum exists in the potential energy curve
which determines the equilibrium separation, Xy of the chemisorbed
adsorbate and the surface. The depth of the potential well at the
lowest energy level is Eg, the heat of adsorption; this is the same asg
the activation energy for desorpbion in this case.

The threshold energy E%h for the desorption of an ion with no
kinetic energy 1s given by

Bep = By T By - 1)
Thus, if the heat of adsorption and the ionization energy are known, one
can calculate what the threshold energy for desorption of an ion with
zero kinetic energy should be.

A significant quantitative difference between the treatment of
Menzel and Gomer and that of Redhead concerns the fate of the electron
released from the adbond by the electron impact. Redhead uses Eb as
the normal gas-phase ilonization potential which implies that the electron
is a free electron. Menzel and Gomer require the electron to be raised
only to the Fermi level of the metal; thus, their E% is given by

subtracting the energy required to overcome the work function of the
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metal from the gas-phase ionization energy. The result of this difference

is that Menzel and Gomer's E is lower than Redhead's by the energy

th
required to remove an electron from the Fermi level to infinity.

The antibonding state may be considered as a state with an anti-
symmetrical wave function for the binding electrons or as a state in
which the binding electrons have parallel spins. 1t is any guantum
state that creates net repulsive forces between the adsorbate and the
substrate. If the adsorbate is placed into this state it will either
be repelled from the surface or an eletronic transition will occur
which will drop the adsorbate to the ground state.

Because of the Frank-Condon principle, only vertical transitions
occur with appreciable probability. Hence, transitions from the lowest
vibrational state will occur to excited levels only within the shaded
area above the ground state. The electronic states will change, but
neither the positicon nor the kinetic energy of the adsorbate will change
during the ftransition. Only adiabatic transitions from the ionic curve
or a repulsive state Lo the ground state are allowed. A suitable energy
level must also exist in the ground state. (Adiabatic here means no
interchange of nuclear and electronic energy and no change of total
system energy.) The energy given up in a downward transition is
electronic in origin and is radiated or given to the electrons in the
metal. Tt is now possible to trace the course of events that may occur

when an electron interacts with the adsorbate via an electronic excitation.
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If the electron impact causes an upward trangition from the ground state
to the ionized curve one of several things may occur as shown in Figure 13
by the numbered curves:

1. An immediate transition back to the ground state may occur
with the electronic energy being disgipated by interactions
with the electrons of the metal or the emission of radiation.

2. The ionized adsorbate may escape as an lon if (a) it has

received energy equal to or greater than Et and {b) it

h
is not neutralized as it moves away from the surface by
exchanging its potential energy for kinetic energy.

3. A transition back to the ground state may occur after the
ion has started to move away from the surface, in which
case the ion will have converted some of its potential
energy into kinetic energy. This kinetic energzy may be
enough to allow the adsorbate particle to escape as a
neutral particle, shown by Curve 3a in Figure 13, but if it
is not the adsorbate will remain bound to the surface and
its kinetic energy will merely put it into a higher
vibrational state, shown by Curve 3b in Figure 13. The
adsorbate will subsequently give up this additional energy
by radiation or by interaction with the metal lattice.

4. The jonized adgorbate might undergo an electronic transition

to the repulsive state and be desorbed as a neutral particle.
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5. If the ionized adsorbate has received less ernergy than Eth
it cannot be desorbed as an ion but may still follow any of
the other alternatives, Curve 1, 3a, 3b, or 4.

The numbered curves in Figure 14 show what may happen if the

electron impact causes a transition to the antibonding curve:

1. As in the case of ionization, the particle could immediately
fall back to the ground state. The electronic ensrgy would
be radiated or given to the electrons in the metal.

2. The adsorbate may be desorbed by moving away from the surface
along the antibonding curve, exchanging its potential energy
for kinetic energy in the process. This process would
result in energetic neutral particles being desorbed.

3. The adsorbate could move away fromkthe surface, acquiring
kinetic energy as in Curve 2 but fall back to the ground
state before being completely desorbed. If the adsorbate
has acquired enough kinetic energy while moving away from
the surface in the antibonding state the particles will be
desorbed as shown by Curve 3a in Figure 14, but if it does
not have sufficient kinetic energy to overcome the potential
energy requirements to escape from the ground state 1t will
be recaptured into the chemisorbed ground state as in
Curve 3b. The particle’s increased kinetic energy will put
it into a higher vibrational energy level but this will soon
decay back to a lower level with the emission of infrared

radiation or by interaction with the metal lattice.
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Both Menzel and Gomer® and Redhesd’® have shown that the
predictions of this kind of model fit the results observed in their
experiments. In particular, Menzel and Gomer's data show that the
probavility for EBID is relatively high for carbon monoxide, considerably
lower Tor hydrogen, and completely undetectable for barium adsorbed on
tungsten in qualitative agreement with their predictions. They also
show in some detail®? how the desorption probabilities for carbon
monoxide wvary for various adsorbed states.

Redhead uses the model to explain the desorption of both ions and

32

neutrals from oxygen on tungsten, carbon monoxide on molybdenum,5 and

23 He measures the ion desorption and inferg

carbon monoxide on tungsten.
neutral desorption rates from this. He interpreted his data in terms of
excitation to the ionized state to produce the observed ions and Auger
neutralization of the ions to either recapture the adsorbate or produce
a neutral with enough kinetic energy to desorb. He is also able, by
making some assumptions, to fit his measurements of desorbed ion energies
to the model and to estimate bond strengths, neutral particle energies,
and even the bonding energy of carbon monoxide, carbon, and oxygen to
the substrate.

kThe electronic excitation mechanism seems to account well for most
of the features of the data reported for EBID of CO, NO, and Oz (refer-
ences 5, 9, 32, 33, 42, 43) chemisorbed on tungsten and molybdenum. No
direct measurement of the total desorption of neutral gas from thesge

systems has been reported although neutral desorption rates may be
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obtained indirectly from both Redhead's ion measurements and Menzel and
Gomer's field emission studies.

The success of the above model does not imply that other important
EBID mechanisms do not exist. In fact, there is considerable data on
electron bombardment induced desorption which is not readily explained
by the above model,7,8,10,12,13,22,50,55-39 71t i3 also possible that
other mechanisms producing neutral particle desorption are operating
on the systems investigated by Redhead and by Menzel and Gomer without
being obvious from the data recorded. Menzel and Gomer mention that a
momentum transfer mechanism might account for the rapid removal of
physisorbed hydrogen implied from the initial data points in one series

9

of experiments. Mechanisms such as momentum transfer might become

the dominant mechanism in favorable circumstances.

Adsorption of Carbon Monoxide on Tungsten

From the work of marny investigators it seems that there are at
least seven identifiable adsorption states* for carbon monoxide on
tungsten and perhaps more. In all cases the adsorption is nondissociative,
and thermal desorptions take place by first-order reactions. FEhrlich

identified four states that form at 300°K (&, B1 , P2, B3) by the thermal

desorption technique.6l Swanson and Gomer®? used field emission tech-

niques and reported the existence of a virgin state that formed on

*The term adsorption state as used in this dissertation means any
adsorbed state that is identifiable as distinct from other bound states
by any experimental method.
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initial adsorption at 20°K and a weak adsorption on top of the saturated
virgin layer at 20°K, Pure physisorption was reported by CGomer to occur
on surfaces at 4.2°K (reference 63). These states, their heats of
adsorption, and proposed geometries are summarized in Table II. The
geometries are speculative but have reasonable bases. %262, 6467

Some confusion has arisen in the identification of the states since the
introduction of EBID studies of ions. Information from the thermal
desorption, field emission, and EBID studies is not completely consistent.
The EBID techniques indicate that the virgin state formed at 95°K has a
small cross section for ion desorption; but as it is warmed up to approx-
imately 200°K, it converts to a new state or states that exhibit larger

ion desorption cross sections. %3

No significant thermal descorption is
observed at the conversion temperature.68 The state that formed on
heating from 95°K to above 200°K is referred to by Yates, Madey, and
Payn43 ag alpha. This state also forms on adscrpbion onto a clean sur-
face at 300°K (references 33, 43), but Redhead?? calls this same state the
virgin state. This state, which is listed in Table II as a', apparently
desorbg thermally between 300 and 370°K. A separate statekthat desorbs
thermally or converts to another state at 500°K (reference 33),

680°K (reference 43), or 750°K (reference 44) and has a large ion desorp-

tion yield, is identified as alpha by Redhead,33 and as By by Yates,

3 44

Madey, and Payn. % Coburn, also using EBID of ions, agrees with

Yates et al. and identifies these states as alpha and B;, respectively,
but hig thermal desorption spectra show no desorption at 750°K when the

t

ion signal from '8;" diminishes. His thermal desorption data show '"B;'



TABLE II

SUMMARY OF THE ADSORPTION STATES FOR CARBON MONOXIDE ON TUNGSTEN

3 +
Temperature of  Heat of TeﬁP§§Z§l$:v§f Divole
State Adsorption  Adsorption Configuration P ur ~PoL Reference
o Desorption Moment
(°K) (ev) o
(°K)

Physisorbed 4.2 0.2-0.3 90 Positive 63
62
Second layer 20 0.25-0.5 "resemble & but more weakly 180 62

over virgin layer bound"
Virgin 20 0.7 "probably lying down" converts to @ and 5 Negative 62
or larger or desorbs 200-400 42
68
33
o (virgin?) 200-300 0.7-0.8 ? 320 ? 33
(300-370) 43
44,
a 300 1,26 0 o] 476 Positive o7
1.0 I Il (350-479) 79
CorcC 42
l 1 69
W W 64
65
33
81 300 2.5 0 1000 Negative 67
2.6 I (950~1050) 79
2.7 c (760-1000) 33

N /SN 7
W W
Second Valence Bond

B2 300 3.0 C=0 or 0 1175 Negative 67
w/ N i {1160-1180) 66
. C 42
6, 300 3.2 Lying Down 0 Ny 1260 Negative 69
3.3 {1230~1300; 81

Tirst Valence

33

0%
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being desorbed from 800 to 1000°K. The thermal desorption spectra of
Bell and Gomer®® do show a B4 desorption beginning at about 700°K and
extending up to about 1000°K. It is not entirely clear how these three
or four states are related at this time.

The thermal desorption gpectra of Bell and Gomer are shown in
Figure 36 in Appendix B, page 132. An examination of these data,
especlally Figure 3¢, indicate that the number of adsorbed states is
probably much larger than the eight given in Table II, page 40, and that
the adsorption energies, indicated by the desorption temperatures,
change with coverage. It is pointed out in Chapter V, page 89, that the
atomlc structure of the surface, the carbon monoxide pressure, and the
temperature during and after adsorption are all very important in deter-
mining the population of the various adsorption states. It is also well
known®? that the adsorption energy for a given state usually changes with
the population because of interaction with previously adsorbed mole-
cules. One must therefore consider the names listed in Table II as
identifying a group of adsorbed states having adsorption energies within
a certain range and perhaps having similar adsorption geometries. One
must also recognize the differences in the nomenclature uged by various
authors.

Data on the amount of gas adsorbed according to various authors
are given in Chapter IV, page 74. The scatter in this data is also

discussed briefly in Chapter V.



CHAPTER TI1T
EXPERTMENTAT, METHOD, APPARATUS, AND TECHNIQUES

Method
The method chosen for these experiments is based on measuring the
change in pressure in the specimen chamber caused by the release of gas
associated with the bombardment of the gas covered surface by electrons
of selected energy. The steady-state pressure in a vacuum chamber is
determined by the relation
Q="PS, (2)
where
Q = infiux of gas into the vacuum (torr liters per second),
P = pressure in the system (torr),
S = volumetric removal rate from the system (liters per second),
Assuming the value of S remains constant, a2 small change in Q, AQ,
would produce a small change in P, AP, related by
LY = APS . (3)
Thus, AP can be related to AQ if 5 is known. This type of measurement
is the same as that used in thermal desorption (flash filament) exper-
iments for many years, except that in the case of thermal desorption
measurements the quantities of gas are usually quite large, 10+ to
1015 molecules, compared to the amounts to be measured in these

experiments (10° to 101* molecules per pulse). There are several
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serious problems in measuring these small amounts of gas. Perhaps the
most difficult arises as the result of the background signal due to Q,
which 1s frequently large compared with that due to AQ.

The background signal due to the regidual gases or intentionally
added gases in the experimental system was always larger and most of the
time was 10 to 100 fimes larger than the expected signal due to EBID.
The source of the background signal (steady-state gas pressure) is
usually quite constant, however,‘and in the worst cases varied only
slowly with time. It was possible, therefore, to observe a small
perturbation on the large signal by subtracting s large constant
signal from the steady background and observing only the difference
between the two signals. If the small perturbation is produced by a
controlled pulsing of the electrbn bombardment, a series of corresponding
pressure pulses will be observed whose amplitude can be accurately
measured in spite of the fact that they represent a very small part of
the total signal. From this AP one can calculate the AQ if 5 is known
and thus determine the rate of release of gas due to the electron

bombardment.

Aggaratus

Pressure measurement. The pressure measurements can be made

with an ionization gauge or a partial pressure analyzer. The UHV-12
ion gauge sold by Varian Assoclates was used with the Varian 971-0003
gauge control. The ion gauge, of course, records only total pressure

and has a minimum detectable pressure of about 2 X 10~1! torr in
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normal operation. The partial pressure analyzer used was the 22PC110
model magnetic sector instrument manufactured by General Flectric.

Either ion energy or magnetic field strength could be varied to select

1 laz
the mo_cou ar mass (M/e) ratio of interest. Although the minimum
electron charge

detectable pressure is well below 1071? torr, measurements of pressures
below 10-%? torr were not usually made.

The ion gauge outputs were gquite stable over long time periods
and reacted quickly to small chlanges in pressure. The oubput of the
mass spectrometer, on the other hand, was very noisy and unstable, The
output shifted *5 per cent or more in a very erratic way and could not
be held on a pegk reading. This is not inherent in the mass spectrom-
eter but was due to poorly regulated power supplies and an inadequate
electrometer for this application. One by one regulated power supplies
were substituted for the original supplies and a better electrometer
was obtained. It is now possible to reproducibly detect signals of
about 10~2 times the background. This is accomplished by bucking out
(suppressing) the steady background. signal and using a more sensitive
electrometer scale to read the small variations in the total signal
which are the result of an EBID pulse., It is possible, for example, to
suppress signals of 10-8 ampere and by using the 107 1° ampere scale to
read reproducibly 10~ 1* ampere signals. TIon gauge signals from the
standard supply can be read almost this well if appropriate suppression
circuitry is used. However, primary reliance was placed on the mass

spectrometer for AP measurements since 1t provided partial pressure

readouts and could read smaller pressures than the ion gauges.
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The mass spectrometer sensitivity was determined by comparison
with the ion gauge over a wide range of pressures of carbon monoxide
(from the system base pressure of about 2 x 10710 to 1077 torr). The
smallest reproducible AP for carbon monoxide was about 2 X 10~*2 torr
in normal operation with a carbon monoxide background of about
5 x 107 torr.

The original alternating current mass spectrometer filament
supply was not used; it was replaced by a well-regulated, constant-
current, direct-current supply. An emission current of 1 milliampere
was normally used. The thoriated tungsten filament was used, with an
ionizing potential of 75 volts. Figure 15 is a schematic diagram of
the mass spectrometer electronics which identifies each piece of
equipment and its function.

The ion gauges were operated at 4 milliamperes emission. The
gauges and mass spectrometer ion source were operated continuously and
always allowed to come into equilibrium with the system., They were
rarely outgassed becazuse of the long time required to come back into

equilibrium with the system at pressures below 1 X 1079 torr.

Vacuum system. In a study such as this one where it is important

to have a good knowledge and control of the amount and kind of gas
adsorbed on a metal surface, it is necessary to use ultrahigh vacuum
techniques. From the kinetic theory of gases as discussed by Dushman,7o

one can compute that at 107% torr an initially clean surface is struck

by about 10%° molecules of gas per square centimeter every 2 seconds.



P~
o)

ORNL-DWG 69-2063

-HV Mult. HV
Electron L
Multiplier —‘
Power Supply =
ha T T
Emission ® :
115V Regulator ] . |
AC i E A j Filament |
S Tlation T B Elecfg Volts —""@9\ € Cage |
Transformer Electron |
Current L] r, Drawout |
Foeus |
1 !
Focus §
Defining
_______ N lon +HV y Slit |
Accelerating 1 L 850V b I
Voltage Regulator
| Supply - HV J Electron
®@ W M%lfiplier
== 13 Meg. |
| — |
) o
~ Divider Network
viaer erwor
~——1 Picoammeter Input Recfrd Multiplier J
— D) Zero:\“ @ UC\ Coltector
‘L_"" l Scope
Scope
J P M t —
Recorder l— chnle
] ® -~ Ué’_g Y -
(M Power Designs Pacific Mode! 1569 Regulated 500V -5000V DC
(® NJE Model TR 18-3 Regulated 0-3A DC
® Kepco Model ABC-425M Regulated 0-425V DC
@ Keithly Model 242 Regulated 300V-3500V DC
® Keithly Model 417 Picoammeter with Current Suppression
® Sanborn 150 High Speed Recorder Dual Channel with
Mode! 150-1800 Stabilized DC Preamplifier
@ General Electric Electromagnet Control 22 PM 203 Regulated

Figure 15. Schematic diagram of the electrical systems
associated with the mass spectrometer.



47

This is enough gas to form a complete layer 1 molecule deep on & plane
surface. At a pressure of 107° torr, the same coverage would require
40 minutes.*

Thus, to maintain a surface in a known condition for a length of
time in which it 1s reasonable to make a series of measurements,
pressures below 1 X 10-% torr are required.

In order to attain and maintain these pressures routinely it is
necegsary to keep the influx of gas, @, as small as possible and to use
gas removal rates, S, which are the highest practical but still consis-
tent with the other requirements of the experiment. In this experiment,
increasing S decreases both P of Equation (2), page 42, and AP of
Equation (3), page 42, in the same ratio. As long as the ratioc of AP/P
controls the minimum detectable EBID, one is well advised to increase 8,
but when the detection of AP is no longer controlled by the ratio of
AP/P but rather by the absolute amplitude of AP (which occurs for this
equipment at about 107*? torr) a further increase in S is undesirable,

because 1t requires a corresponding increase in AR to provide the minimum

*¥This illustration assumes the molecular welght of the gas is 28,
the temperature is 300°K, and all of the molecules striking the surface
stick to it and are distributed by surface diffusion fo form a uniform
layer. The number of gas molecules, N, striking a unit area per unit
time is given by

N = 3.513 x 1022 ptorr) em~? X sec-1
 MT

where

i

pressure in torr,
= molecular welght of gas,
temperature in °K,

il

H =
|
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usable signal. An increase in AQ is undesirable, because this gas is
supplied by EBID from the tungsten surface and thus results in changing
the surface concentration of gas. Increasing AQ also requires an
inerease in electron current, which means increasing the power dissipated
at the target thereby making any thermal desorption effects accompanying
the EBID larger. TFor low electron energies the thermal effects may not
be a problem, but space charge effects may limit the current available
at the target and thereby limit the AQ.

A gas removal rate of 10 liters per second for carbon monoxide
was chosen for this experiment. This speed was provided by a commercial
titanium sublimation pump equipped with an orifice to provide the selected
speed. The pressure attained in the working volume was normally about
4 x 107* torr total, or about 5 X 10-*1 torr carbon monoxide. The
other gases were methane, neon, argon, water vapor, carbon dioxide, and
hydrogen as shown by the mass spectrometer trace of Figure 16.

Figure 17 is a flow diagram of the experimental chamber showing
the gas handling. Note that QL’ the gas coming into the system from a
controlled leak, and Qb’ the gas coming into the system via outgassing,
are steady-state gas sources, while AQ, the gas desorbed by electron
bombardment, is the only pulsed source; QS, which is usually a function
of pressure and temperature, is associated with the presence of a "surface
phase” of weakly adsorbed gas on the vacuum system walls. This gquantity
may be positive, negative, or zero depending on whether or not the "sur-
face phase" is in equilibrium with the gas phase. The importance of

this gas source or sink is discusged in Chapter V, page 89;
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Schematic diagram of the experimental chamber showing
the gas handling for the FEBID system.



it may be a very important term or completely negligible depending upon
the gas being studlied, the materials, the system configuration, and the
experimental technigue. The relation

PH+AP= (Q +Q *oQ+Q)/s %)

T

that determines the total pressure in the chamber combines Fguations (2)
and (3), page 42, but has the added term, QS, which 1s difficult to
treat and msy influence both the steady~state’pressure, P, and the pulse
pressure, AP. The discussion in Chapter V argues that QS does not have
an important effect on AP for the conditions of this experiment.

Figure 18 shows schematically the complete vacuum system, Figure 19
is a photograph of the entire apparatus, and Figure 20 is a close-up view
of the vacuum system. Any one of five gases may be admitted to the
system from high-pressure sources through individual leak valves. The
gases are good grades but not spectroscopic gquality. They are supplied
in lecture bobtles. A typical analysis 1s given in Table III. The
gases are supplied to the leak valve at 100 to 150 pounds per square
inch to minimize contamination by the unbazked portions of the gas handling
system. Spectroscoplc gases could have been used. However, as a prac-
tical consideration, one is not usually able to utilize the initial high
purity to good advantage because of the background of residual gases in
the vacuum system and the interactions of the gas with the vacuum system
components, which result in the release of considerable quantities of

impurities. It is & rare occasion when the impurities in the vacuum
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Figure 18. Block diagram of the complete vacuum system.



Figure 1°2. Photograph of the EBID apparatus.



PHOTO 092561

v

Figure 20. Photograph of the vacuum system. The test chamber is on the lower right

side, and the gas leak valves are on the left and left center.



TABLE IIT
TYPICAL ANALYSIS OF GASES

!
Gas Grade Pulgf}zgy
Oxygen ‘ ED 99.6 Mole
Carbon Monoxide Cp 99.5 Mole
Nitrogen Prepurified 99,997 Mole
Hydrogen Prepurified 99.95 Mole
Deuterium 99.5 Atom

aAccording to The Matheson Company, Inc., 932 Paterson Plank
Road, East Rutherford, New Jersey 07073.
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environment at pressures below 5 X 1078 torr are measured to be less
than 1 per cent of the total even when the ion gauges are off and the
sputter ion pumps are valved closed,

The leak valves were Varian Model 951-500. All of the components
of the vacuum manifold are built using standard bakable ultrahigh vacuum
(UHV) components of the type marketed by Varian and Granville-Philips
and are sealed with conflat-style copper gaskets. The vacuum is brought
to about 1073 torr with a Vacsorb pump, and then the system is switched
to the 15-liters-per-second, water-cooled VacIon pump number one. This
pump is used for all vacuum processing of the system but is frequently
throttled or valved off during an experiment because of its effect on
the impurity content of the gas. Vaclon pump number two was intended to
be operated only at the end of bakeouls and to provide lower base
pressures when the gas inlet manifold could be closed off. In fact,
however, 1t was not used at all during the ccllection of the data
reported 1n this dissertation, because its use did not appreciably
improve the conditions in the working chamber. The presence of the pump
magnet also influenced the ion gauge readings on the Ion Gauge M shown
in Figure 18, page 52. The pump magnet was removed, but the valve to
Tthe pump was left open.

The chamber, which can be seen in Figure 20, page 54, 1s 3% inches
in inside diameter and 4 inches long. It has four l%—inch connections
around its diameter for connection to the gas manifold, the titanium
sublimation pump, a view port, and a tubulated lon geuge. The nude

source of the mass spectrometer intrudes asbout 2 inches into the chamber



from one end, and the tungsten sample and electron bombardment source
are mounted on a 6~inch outside-diameter conflat flange, which closes
the other end of the chamber. The whole vacuum system rests on a
transite table top and can be enclosed by a bakeout oven. The oven can
be separated into two sections so that different temperatures may be used
to bake the gas handling manifold and the main experimental area. The
usual bakeout treatment ig about 16 hours at 250°C for the experimental
area and 16 hours at 150°C for the gas handling manifold and Vaclon
pump number one, All filaments, the tungsten target, and the titanium
sublimators are outgassed at the end of the bakeout period while the
system is at about iOO°C. The pfessure before cool down is usually in
the low 107 torr range and drops imto the low 1072 torr range after
several hours at room temperature with all filaments operating and down
to mid 10710 range after titanium is evaporated in the sublimation pump.
At this time, the Vaclon pump number one becomes more of a liability
than an asset and is useful only to pump inert gases and methane., When
gas ig leaked into the system, it is best to close off this pump entirely,
because impurities released from the pump under the increased pressure
contaminate the gas being introduced. The pressure in the titanium
sublimation pump chamber is normally clogse to 1 X 10719 torr when the
pregsure in the working chamber is 107? or less. This pressure remains
10 to iOO times lower Than the pressure in the experimental chamber when
any of the gases from the gas manifold are admitted. Only a small error
is introduced by neglecting the pressure on the downstream side of the

orifice when calculating the gas removal rates. A volumetric speed of
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10 liters per second for carbon monoxide has been used in all of the

celculations. The speed Tor hydrogen is used as 40 liters per second.

Tungsten specimens. Because of the rapid contamination of the

specimen surface even in the relatively clean ultrahigh vacuum system
and because FEBID does produce small changes in the surface concentration
of adsorbed gases, it is desirable tc be able to clean the surface and
cover 1t with the desired gas rapidly and reproducibly. The easiest way
to produce a clean surface on tungsten is to heat it to 2200 to 2400°K.
Assuming that the tungsten is of reasonable initial purity, the only
contaminant not rapidly removed by this Treatment is carbon. Carbon can
be removed by reaction with 107% torr pressure of oxygen at

2200°K (reference 71).

Perhaps the easiest way to heat the tungsten surface is to use a
specimen in the form of a ribbon that can be heated by passing a large
current through it. This 2lso allows one to use thermal desorption to
determine the amount and kind of gas present on the surface at the end of

£.72573 Mnigs is also discussed in Appendix B, page 128. The

an experimen
initial tungsten specimens were ribbons 0.3 by 0.0025 by 3 centimeters
with [211] poles normal to the surface. For reasons discussed in Chap-
ters IV and V, pages 74 and 89, the final target was 0.5 by 0.025 by

4 centimeters with [100] poles normal to the surface. The targets were
decarburized by heating in 1077 torr of oxygen for l% hours and 107° torr

of oxygen Ffor about 20 hours at temperatures bebtween 2200 and 2400°K. The

0.025-centimeter~-thick ribbon recrystallized to the microstructure as



shown in Figure 21. Although the surface appeared uneven in the optical
microscope, no thermal facets or other features except grain boundaries

were observed in the electron microscope.

Bombardment cell and modekof operation. The arrangement of the
tungsten target and the electron source is shown in Figures 22, 23, and
24, The tungsten target is clamped into the 0.25-inch-diameter copper
conductors from the high voltage feedthroughs. It may be heated by pass-
ing up to 200 amperes through the ribbon. The target may be raised to
voltages up to 10,000 volts positive with respect to ground. Air cooling
is provided for the copper rods énd the external ends can be maintained
near room temperature even when the target is pulsed to 2200°K during a
30 seconds on-30 seconds off continuous cycle for cleaning purposes.

The tungsten target is mounted so that the surface to be
bombarded (0.5 centimeter wide and 2 centimeters long) is facing the
ion source and is about 2 inches directly in front of the ion cage of
the mass spectrometer. This makes it possible to detect and analyze
ions as well as neutrals produced by EBID.

'The electron source is a 0.0075-centimeter-diameter tungsten wire
located 9 millimeters in front of the surface to be bombarded. A tung-
sten wire mesh shields the electron source from the electrical fields
of the’mass spectrometer and is about 2 millimeters in front of the
electron emitter.

Figure 25 is a schematic diagram of the power supplies for the

target heating and bombardment cell. The screen 1s normally at ground
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Figure 22. Schematic drawing of the bombardment cell.



Figure 23. Photograph of the bombardment cell. The target can be
seen through the screen and the emitter filament is visible below the
target ribbon,
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Flgure 24. Photograph of the tungsten target in its shielded
mounting.
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potential, and the negative end of the emitter usually bilased about

2 volts positive with respect to ground. Up to 500 volts may be

applied to either element. The voltage drop across the emitter including
the leads is about 0.6 volt. Thus the center of the emitter is about
0.3 volt positive with respect to the negative terminal. The small
positive bias potential prevents electrons with thermal energy from
striking gas covered surfaces or getting through the screen and being
drawn to the mass spectrometer ion source to produce spurious signals.
The target is normally at ground potential, but when it is pulsed to a
preselected positive voltage (up to 10,000 volts) electrons are drawn
from the emitter to bombard the target. The current is regulated by the
temperature of the emitter filament. The normal range is from 5 to

100 microamperes and 1s decreased as the voltage is increased to limit
the heating effect of the bombardment. The filament temperature is not
changed during the pulse.

An alternate method of pulsing the electron bombardment is to
increase the positive bias of the emitter until the emission falls to
zero. This has been done in cases where it was desirable to check for
field emission currents to the target or to check the changes in target
femperature during bombardment. It was usually more convenient to

pulse the accelerating voltage on the target, however.

Target temperature measurement and control. As we shall show in

Chapter IV, page 74, small changes in the target temperature can produce
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relatively large thermal desorption of some gases. Therefore, it is
desirable to be able to measure the temperature change during electron
bombardment and to simulate it by other means.

A sensitive indication of the target temperature may be obtained
by measuring its electrical resistance, The resistance of the copper
leads are less than 1 per cent of that of the filament. If the contact
resistance can be assumed negligible, the resistance of the target can
be determined from the potential drop between the copper feedthroughs
when a known current flows in the circuit. Since the resistivity
coefficient changes very little with temperature near room temperature,
the resistance measurement will indicate the average temperature of the
filament even though the temperature is not uniform over the filament
length. These measurements may be somewhat crude and cannot yield
accurate absolute temperatures, but they can easily detect changes in
the average temperature of the target of 0.2°K and measure changes of
2°K to within 10 per cent by using a measuring current of 3 amperes.
This current produces about a 0.2°K rise in the average target temper-
ature. The resistance of the target is about 2.1 x 1072 ohms at room
temperature.

The average temperature increase of the target can be duplicated
by ohmic heating; however, the temperature distribution will be different,
and the peak temperature will be higher with electron bombardment heating

than with chmic heating.

The problem of comparing the effects of thermal desorption from

the two heating methods is discussed in Appendix C, page 134,



Regulated direct current up to 6 smperes is available, and
resistance measurements can be méde up to this level. If larger currents
are required an alternating-current supply is used, and the temperature
changes are calculated.

The voltage drop across the feedthroughs is measured with a
Keithly Model 660A guerded differential voltmeter, which can be used to
read voltage changes as small as 2 X 107% volts. The constant current
suppliés are Kepco CK 18-3M units, which are regulated to better than
0.01 per cent. Fach supply will produce 3 amperes, and they can be
operated in parallel to give © amperes with slightly reduced regulations
(that is, 0.02 per cent). A precision l-ohm resistance in series with
the filament allows current measurement to four significant figures.

No provisions have been made for direct temperature measurements
during high-temperature heating of the thicker target. The nonuniformity
of temperature makes such measurements of limited usefulness. In the
temperature range above 2000°K where most of the heat is lost by radia-
tion and the temperatures are reasonably uniform in the center half of
the target ribbon, electron emission can be used to estimate the temper-
ature to within about 50°K. Uo optical temperature readings could be
made on the 0.025-centimeter-thick targets, because the target is not
visible through the observation port.

On the thinner (0.0025-~centimeter-thick) targets, which were
mounted somewhat differently, good agreement was obtained between temper-

atures measured with an optical pyrometer and those calculated from



electron emission at temperatures above 2000°K (provided there was no
adsorbed gas on the surface to change its work function). Optical
temperature measurements, resistance measurements, and temperatures
determined from known gas desorption phenomena allowed a good correlation
of the temperature and heating current for this ribbon.

If accurate temperatures are required in future work, tungsten
leads could be welded to the back of the target about 1 centimeter from
each end of the ribbon to provide accurate resistance measurements.
Direct-current heating currents could be used with a superimposed small
regulated high-frequency alternating current. The alternating-current
voltage across these potential taps would then provide a measurement of

the temperature.

Technique

Measurement of neutral gas produced by EBID. The steps in a

typical experiment where the yield of carbon monoxide is to be measured
as a function of electron energy are described below. It is assumed that
the vacuum system is in good operation, has been recently baked at 250°C,
and base pressures in the 10719 torr range are indicated.
1. The ion gauges and mass spectrometer azre checked for normal
operation.
2. The residual gases in the system are monitored with the mass
spectrometer. Ton energies of 515 electron volts are
usually used, and the spectrum is scanned by varying the

magnetice field.
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3. The titanium film in the titanium sublimation pump is
replenished by operating the sublimator for a few minutes.

4. The residual gases are agsain monitored as in step two.

5. The mass spectrometer is adjusted to monitor the M/e = 28 peak
(which is normally due only to carbon monoxide in these
experiments). The instrument is checked until the drift in
the magnetic field has stabilized, and no drift of the peak
is detectable.

6. The target is cleaned by raising its temperature to 2200 to
2400°K and holding for perhaps 10 seconds, cooling, and
flashing again at intervals of 1 or 2 minutes until the
pressure rise on flashing is small and does not decrease
appreciably from pulse to pulse. This usually reguires
only three or four pulses.

7. The VacIon pump is valved closed.

8. The target is cooled to room temperature, and carbon monoxide
is admitted to a predetermined pressure between
5% 1072 and 5 x 1078 torr to permit adsorption to occur.
The pressure is recorded as a function of time and from
this data and the volumetric pumping speed the amount of
gas adsorbed on the target can be calculated. When adsorp-
tion is Jjudged to be complete, that is, the pressure in
the working chamber no longer is increasing detectably,
the gas supply is turned off, and the pressure falls

rapidly to the 10719 geale. Both the total pressure and
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the carbon monoxide partial pressure decrease slowly
below this pressure. The EBID can begin immediately;
however, 5 to 10 minutes are required before the pressure
decreage 1s slow enough for the EBID to begin to produce
results that are easy to read and will be reproducible
during the next hour or so.

9. Suitable pressure ranges and suppresslion signals are selected
to allow good resolution of the EBID pressure pulses.

10. The EBID is begun by pulsing the target to a high voltage
and thereby causing 1t to be bouwbarded with electrons
having a preselected amount of energy, usually 500 electron
volts. A preselected electron current is obtained by
adjusting the electron source temperature. The current
usually is 10 to 50 microamperes. The pulse is & seconds
long and is automatically repeated once a minute. From
one to three pulses will be used before going to the next
voltage, depending upon the magnitude and reproducibility
of the pressure pulse. The pressure pulses from both the
mass spectrometer and one ionization gauge are recorded on
a Sanborn Model 150, dual-channel, high-speed recorder
with a Model 150-1800 stabilized direct-current preampli-
fier. The datum point at 500 electron volts is used as &
control and is periodically repeated as a means of assuring
that the condition of the target has not changed appreciably

during the data acquisition at other electron energies.
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11i. The EBID is conbtinued using different target voltages and
therefore different electron energies until enough data
are obtained to procduce a camplete curve. The electron
current may be kept constant or varied to produce the best
balance between thermal effects and the height of the
pressure pulse.

12. During the EBID run, the target may be pulse heated
resistively to produce thermal desorption signals for
comparison with the EBID signals. The heating pulse is
usually selected to give an increase in the average temper-
ature of the target approximating that produced by the
electron bombardment used for the EBID control point and
lasts for the same duration as the electron bombardment.
Larger heating pulses are also used to compare with the
higher power EBID pulses necessary to get data for high-
energy electrons.

13. At the conclusion of the EBID run, a complete tﬁermal
desorption to 2400°K is made to check on the degree of
contamination of the target by oﬁher gaseous impurities.
This also provides a check on the amount of cérbon monoxide
adsorbed on the target. The carbon monoxide partial
pressure increase integrated over the desorpbtion time and
multiplied by the leumetric gas removal rate'gives the

amount of gas desorbed. This should agree with the amount
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adsorbed in step eight unless substantial gas has been
removed by the EBID measurements or by some other

experimental irregularity.

Measurement of ions produced by EBID. Although the equipment is

designed to make measurements of the desorption of gases from the target,
it is also possible to make same limited measurements of ions produced
on the target surface and desorbed in the direction of the mass spec-
trometer. The mass spectrometer ion source is turned off, and ious
directly from the target are sent through the mass analyzer. The ion
accelerating voltage 1s given by the target voltage since the mass-
analyzer slits are at ground potential. The specieg of ion desorbed
can be identified, and changes in the numbers desorbed as functions of
temperature and pressure can be determined. It is not possible, however,
to determine the numbers desorbed as functions of electron energy because
of changes in collection efficiency as the target voltage is changed.
It is possible to get an estimate of the ion energy distribution by
measuring the peak shape and displacement. The ion energy distributions
have been measured much more accurately by Redhead. ?3 Some correlations
of the lon desorpticn with the neutral particle desorption have been
made but are not reported.

The steps in making measurements of ion desorption are similar
to those for meaguring neutral gas desorption up through step elght,
After the adsorption in step eight when EBID is begun, the mass spec-

trometer ion source is turned off and its elements brought to ground
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potential. The target voltage is then changed to 515 voltes so that
CO+ ions released from the target with no initial energy will pass
through the mass spectrometer and generate a signal by strikirg the iom
collector of the electron multiplier in the same manner &s an ion from
the mass spectrometer ion source. Since there is no ion background
signal, there is no need for signal suppression or using pulsed EBID.
Variations in the ion yield as a function of target temperature or
carbon monoxide pressure may be observed continuocusly and rapidly.
Changing the ion species monitored to O+ involves tuning the magnetic
field of the mass spectrometer to pass that ion or changing the target
voltage, either of which will result in changes in the ion collection
efficiency. Changing the target volbage also changes the energy of the
bombarding electrons so that comparisons between ionic species and
between ion yields at different electron bombardment energies are not
straightforward. A rough estimate of the ion energy distribution can
be obtained by varying the target energy in small steps and plotting
the amplitude of the output of the mass spectrometer as a function of
target voltage.

At the conclusion of an lon measurement, a complete thermal
desorption should be made in the same manner as in step twelve describing

the measurement of neutral gas produced by EBID, page 71.



CHAPTER IV

EXPERIMENTAL RESULTS

An important result of this investigation is the development of
a technique for the measurement of the desorption of neutral particles
by EBID that is sensitive enough to permit frequent sampling of sur-
faces without causing significant changes in the surface. The technique
is able to definitely separate and minimize the effects due to thermal
desorption from those due to EBID per se. A slight modification of this
technique would make it compatible with the apparatus required for low
energy electron diffraction (LEED) studies and also the measurement of

the ions and secondary electrons produced by electron bombardment.

The EBID of Carbon Monoxide as a Function of Electron Energy

Figure 26 shows the neutral desorption of carbon monoxide from
tungsten caused by EBID as a function of electron energy. The sample
was covered with carbon monoxide at 1 X 1078 torr. The carbon monoxide
partial pressure was reduced to less than 1070 torr, and EBID measure-
ments were made with 30 microamperes of bombardment current. Ohmic
heating was used to simulate the thermal desorption effects, and this
correction is indicated. Under these conditions thermal desorption is
not important until the electron energy exceeds 1,000 electron volts.

The sharp increase in the yields at about 5,000 volts is probably due

74
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to experimental problems with the high voltage insulation, but could

be due to an EBID process. The effect was not investigated sufficiently
to determine its cause since it occurred at voltages high enough to
cause a new set of experimental problems.

The scale on the abscissa of Figure 26 gives both the number of
molecules desorbed per electron and the desorption cross section (vased
on a surface coverage of 1013 molecules per square centimeter in the
alpha state). Both Menzel and Gomer3* and Redhead’® estimated the
cross section for the desorption of neutrals to be about 3 X 10718 square
centimeters for 100 electron volt electrons. The excellent agreement
with the present results may be fortuitous in view of the large uncer-
tainties in the actual population of the adsorbed alpha-phase layer.

The general shape of the curve below 300 electron volts agrees with
Redhead's results for ion desorption although Redhead's data fall some-
what faster below 100 electron volts.

The neutral gas desorption is definitely associated with the
presence of the low-temperature adsorbed forms of carbon monoxide on
the target, since heating the target to an estimated 900°K reduced the
EBID signal to below the detection limit. According to Redhead,>?
there are two low~temperature forms of carbon monoxide present at 300°K,
one of which desorbs rapidly between 300 and 350°K and another which
desorbs rapidly at about 470°K. Heating to an estimated 400°K did
reduce the signal slightly but did not eliminate it. Apparently the

phase that desorbs at 470°K contributes most of the neutral EBID signal.
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Thermal and Pressure Effects on the Desorption Signal

Figure 27 shows the effect of pressure on the amplitude of pres-
sure pulses produced by EBID and by thermal pulses. The thermal and
EBID desorptions were produced by pulses of equal power. Appendix C,
page 134, shows that the average temperature increases produced by elec-
tron bombardment pulses may be as much as 1.5 times larger than by olmie
heating. If we assume the amount of gas desorbed 1s proportional to the
change in the average temperature (which shouid be true for small temper-
ature changes), thermal effects will be more important than EBID per se‘
at pressures above 2 X 1077 torr and EBID measurements at pressures
below 2 X 1078 torr would require relatively small corrections. The
friangles represent the EBID data corrected for thermal effects. Note
that the corrected values are nearly constant and are not pressure sensi-
tive between 10719 and 10™% amperes (5 x 1070 and 5 x 10-% torr).

Based on the above results one can explain the discfepancy
between the measurements made atklO'lo torr on a 0.025-centimeter~thick
target and those made earlier at 5 X 1078 torr on a target ten times
thinner and thus ten times more sensitive to thermal effects. The early
data shown in Figure 28 are almost a straight line showing the carbon
monoxide yield to be proportional to the electron bombardment power
(and therefore changes in specimén temperature) over a wide range of
power. The ylelds were many times higher than those observed in the
measurements using the heavier target at lower pressures. Thus, virtu-
ally the entire desorption from the thinner specimen at higher pressures

was due to thermal effects. The thermal contribution to the pressure
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pulses on the heavier target are down by a factor of 300, which is
about what one would expect from the pressure effect shown in Figure 27,
page 78, and an increase in the heat removal from the specimen by a

factor of 10.

Mass Spectrometer Sensitivity

Figure 29 compares the mass spectrometer reading for the carbon-
moncxide partizl pressure with the lon gauge reading of the total pres~
sure. The pressure was raised from the base pressure of 3.2 x 1070 torr
by leaking in carbon monoxide. The data indicate that the gas present
at pressures above 10~? torr was indeed mostly carbon monoxide and
provides a pressure calibration for the carbon monoxide peak of the
mass spectrometer. The sensitivity of the mass spectrometer for carbon
monoxide was 0.18 ampere per torr for the conditions of this experiment,
if the ion gauge sensitivity for carbon monoxide is assumed to be unity.
The mass spectrometer sensitivity varied, depending upon the particular
condition of the electron multiplier, and it was necessary to determine
its sensitivity before each series of measurements. Usually this was
accomplished after the adsorption of carbon monoxide on the target at a

pressure of 10~8 torr or higher,

Measurement of the Amount of Carbon Monoxide Adsorbed on the Target

The amount of gas adsorbed on the target can be measured as
indicated in Chapter ITI, "Measurement of Neutral Gas Produced by EBID, "
page 68, steps eight and thirteen and are discussed in Appendix B,

page 128. Measurements made in the present apparatus are consistently
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lower than the values reported in Table II, page 40, from the literature.
Values between 1.5 and 1.8 X 10'* carbon monoxide molecules per sguare
centimeter for full coverage were obtained on adsorption at pressures

of about 1 X 107¢ torr and on desorption after exposure at the system
base pressure for about 1 hour. The literature values range from these
values to 9.5 X 10** molecules per square centimeter for full coverage.
Most values were obtained at pressures considerably higher than the
present measurements. The possible reasons for this discrepancy are
discussed in Chapter V, page 89. Values were also measured for nitrogen
and hydrogen and are compiled along with the values for carbon monoxide
and the range of literature values for all three gases in Tables IV and
V. The values obtained in this investigation are lower for all three
gases, but not by the same ratio. The values for hydrogen and nitrogen
are in better agreement with the literature than the carbon monoxide
values, as might be expected from the discussion in Chapter V,

regarding the possible errors in adsorption measurements for carbon
monoxide.

Figure 30 shows qualitatively the way in which the thermal desorp-
tion spectra can be used as a means of measuring the kind and amount of
gas present on target after an EBID run. The figure shows three sets of
desorption spectra. The mass spectrometer partial pressure indication
is plotted increasing upward, and the total pressure is plotted increasing
downward so that they are easily compared by their symmetry. The first

case shows desorption from a specimen with mostly hydrogen on it. The
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TABLE IV

FULL COVERAGE VALUES FOR CARBON MONOXIDE ON TUNGSTEN AT 300°K

%;ﬁi:gglgzyiigfe Author Specimen P?iiigfe Reference
X 1014
10 Madey et al. 5:11%’ erystal 4 x 1076 66
10 Nasini et al.  gorlorotet na® 74
g 8:?) Redhead g‘i’gcrysml 5 x 107° 67
7.5 ﬁgeézgup (100) Crystal 4 x 1079 75
g i Ehrlich f}‘i’zcrysml NA 61
6.5 Becker ;i%%énPlane NA 76
5.3 Eisinger gﬁgf tane NA 77
5 Schlier Cowyerysta A -
o~y Degras 79
3.5 Enrlich rolyerystal NA 80
a ~1 Yates et al. g;%%g;ystal NA 43
R
10l e mgewsa
€01 imeans Do o e

aInformation Not Available

bAfter initial exposure at 5 X 1078 torr, the surface was exposed
to a lower pressure < 1 X 10730 torr for 15 hours.

“Initial exposure at 1 X 10-8 followed by approximately one hour
at CO pressures < 10-10 torr.
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TABLE V

FULL COVERAGE VALUES FOR NITROGEN AND

HYDROGEN ON TUNGSTEN AT 300°K

Maximum Coverage

Pressure

(atoms/cmz) Author Specimen (torr) Reference
X 1014
Nitrogen
6 or 7 Eisinger Sheet (113) NAT 77
very small Delchar (110) g2
4.3 and FEhrlich (100)
Estrup "

4 and Anderson (100) Crystal NA a3
~3° Redhead Polycrystal 5 ¢ 1079 8
Wire

2.5 Madey (100)
1.5 and Yates (110) NA 85
a 0.06-0.12 Ehrlich P?lycrystal 6 x 10-& 26
B 2.5 Wire
. Polycrystal
B8 1.5 Rigby Wire NA 81
. Polycrystal c Present
g1 Clauslog Sheet study
Hydrogen
EStI’llp -9 _1n~"7
23 and Anderson (100) Crystal 107°-10 87
. Polycrystal o
12 Rigby Wire > 10 88
10 Redhead Polyerystal 5y 1072 84
Wire
9 Hickmont Tl;‘?ly erystal 1 x 1077 89
1rre
. Polycrystal -6
8.3 Ricca et al. Sheet 5 %X 10 90
7 Eisinger (113) Crystal NA 91
7 Eisinger Polyerystal NA 91

Sheet




TABLE V (Continued)

Max?zgzmg7zzg?ge Author Specimen Pf:ziife Reference:
. Polycrystal d 88
6 Rigby Wire
. Polycrystal e Present
6 Clausing Sheet Study

aInformation Not Available.

bThese data were obtained: at 360°K.

A saturated monolayer was adsorbed at ~2 x 1078 torr and
desorbed after approximately ten minutes exposure at a nitrogen pressure

of < 5 x 10~19 torr,

44 wire with the saturation coverage was pumped at 2 x 10710 torr
for ten minutes and lost 50 per cent of its hydrogen.

eGas was adsorbed at about 2 X 10~8 torr and then the pressure
was reduced to ~5 x 10710 torr of hydrogen.
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hydrogen comes off at 400 to 600°K as the target ribbon is heated. The
second case shows mostly carbon monoxide on the target. It begins to

come off rapidly at about 1000°K and is largely desorbed before the

target reaches 1800C°K (desorption of carbon monoxide at about 400 to 500°K
is also observed). The final spectra show a case of both carbon monoxide
and hydrogen in more nearly equal amounts. The amplitude and duration of
the pressure pulses can be related to the amount of gas on the surface.
The act of flashing the filament to determine its surface gases, of
course, removes the gases from the surface.

Figure 31 shows a pair of adsorption-desorption measurements for
carbon monoxide on tungsten. Figure 31(a) shows: (1) the admission of
gas starting at the point (0), (2) the relatively constant pressure
during the major part of the adsorption, and (3) the increase in pressure
and gradual approach to a new constant pressure as the surface is com~
pletely covered. The final system pressure iz determined according to
Equation (2), page 42, by the gas influx from the carbon monoxide leak
valve and the volumetric speed of the pumping system. Figure 31(b) shows
the desorption. The temperature increase was controlled so that the pres-
sure did not exceed 2 X 1077 torr and was not linear with time as shown
by the approximate temperatures indicated on the chart. The guantity of
gas adsorbed by the specimen in Figure 31(a) is shown by the cross~-
hatehed region. The quantity desorbed in Figure 31(b) is similarly shown.
The equality of these quantities of gas (areas on the figurés) is a neces-
sary but not sufficient condition to ensure that the measurement is

accurate.
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CHAPTER V

DISCUSSION OF THE RESULTS

The Effect of Electron Energy on the Desorption Cross Section

The thermal desorpbtion data of Figure 26, page 75, and the data
of Pigure 27, page 78, clearly indicate that thermal effects accompanying
the electron bombardment are not important below about 5,000 electron
volts for the condifions under which the data of Figure 26 were obtained.
The shape of the curve for energies up to 100 electron volts suggests
that the mechanism for desorption here may be the one proposed by Menzel
and Gomer® or Redhead32 and discussed briefly in Chapter II, page 27.
Additional explanations are required for the desorptions above 100 elec-
tron volts. The mechanisms of Redhead, Menzel, and Gomer reguire the
initial excitation of the adbond in the form of an electronic transitioh.
The interactions are thus basically electron-electron interactions. They
should have cross sections that behave gqualitatively in the same manner
as gimilar transitions in free molecules. This should certainly be true
for adbonds that have localized electrons, as for example those having a
predominantly covalent nature. The common gas-phase transiticns have
cross sections that have thresholds between 10 and 20 electron volts,
peak at 100 electron volts, or less, and decrease slowly as the electron
energy further increases. Figure 5, page 15, includes a curve for the

ionization cross section of atomic oxygen in the gas phase that shows the

g9
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typical energy dependence. Redhead's data for ion desorption from oxygen
adsorbed on molybdenum (see Figure 5) follows this pattern closely with

a threshold at 17.6 electron volts and a maximum at 100 electron volts.
His data for carbon monoxide on tungsten have the proper shape below

100 electron volts but continue to increase from 100 electron volts to
300 electron volts. (See Figure 7, page 18.) ILichtman and McQuistan's
data for the desorption of protons from stainless steel show the same
form at low energies (see Figure 10, page 22) — no data at intermediate
energies, but increasing desorption cross sections from about 400 electron
volts to above 6,000 electron volts (see Figure 11, page 23). TLichtman
and McQuistan also show data for the desorption of Na+ and Cl+ with
thresholds in the desorption cross sections at 12 and 20 electron volts,

® These cross

respectively, and peaks at 20 and 40 electron volts.?
sections fall quickly with increasing voltage. From the above evidence
it would appear that this desorption mechanism with its predicted charac-
teristics has indeed been experimentally observed, but that only part of
the experimental data show decreasing cross sections with increasing
energy above 100 electron volts., It should also be noted that the Na+
desorption should have a very low cross section according to Menzel and
Gomer's discussion, but experimental data indicate a rather large cross
section.

The present data indicate a threshold for EBID of neutral molecules
of carbon monoxide from tungsten in the neighborhood of 20 electron volts.

The presence of this threshold for neutral desorption at the same energy

as that found for the formation of ions is evidence that the theoretical
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treatment is applicable and that the neutrals and ions come from the
same initial electronic processes. If better meagurements could be
made to accurately determine the threshold for neutral desorption, it
would be possible to determine if all neutral desorption depended upon
an ionized state or if an antibonding state may also be involved. The
desorption efficiency rises rapidly to sbout 100 electron volts, rises
only slowly to 200 electron volts, and then more rapidly toyéoc or
500 electron volts as though a second desorption process wés becoming
important. Finally, it rises again at about 5,000 electron volts due to
other effects. Figure 32 shows how the data of Figure 26, page 75,
could be obtained by adding the effects of geveral separaste desorption
phenomena.

Curve I is due to the desorption of neutrals probably by the
-electron excitation process described and measured by Redhead.?? This
curve is really the sum of desorption from two states according to
Redhead, and they are shown by the dotted curves I(l) and I<2).
Curve I<2>contributes 90 per cent of the total represented by Curve I
and is probably due to desorption from the state called the alpha phase
by Redhead,33 which was described in Chapter II, page 339. This desorption
is characterized by its threshold at 18 electron volts and the associated
desorption of O+ ions with an average kinetic energy of 6 electron volts,
Curve 1(1) is probably due to deéorption from the so-called virgin state
and has a threshold at about 15 electron volts, and Curve II results
from an hypothesized second mechanism as yet undefined. The character-

istics of this intermediate process would require a threshold of
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approximately 100 electron volts with a maximum or plateau reached at
500 to 1,000 electron volts,

There are several candidates for this intermediate desorption
process, and 1t i1s not possible to make a definitive choice at this timé.
One logical process to consider would be another electron excitation
process involving elther the activation of higher excited states Trom
the adsorbed states that produce’the desorption of Curve I or the
electronic excitation of molecules from one or more of the beta states.
It is tempting to associate this intermediate process with the desorpbion
of the more strongly held beta state, however, if the beta‘state is
characterized by either the bridge bond or the lying-down mode shown in
Table IT, page 40, and 1f an initial electronic excitation process such
as Menzel and Gomer's or Redhead's is involved, two bonds would have to
be broken by one excitation process to liberate the molecule. This may
be possible since the bonding electrons in the bridge bond and perhaps
even in the lying-down mode may interact strongly enough with each other
and the electrons in the molecule that the whole assembly can be treated
as a single entity.: There is more than enough energy available to break
the beta state bonds from the same excited state that produces the
desorption shown in Curve I. According to the paper of Menzel and Gamer,9
the more tightly bound or the cléoser the adsorbate is held to the surface
the less likely it is to be desorbed. This argument applies to desorp-
tion Ffollowing initial excitation to any energy level. The essence of
the argument is that the desorption probability is proportional to the

time required for the transition back to the ground state. This time
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1s in general shorter to more tightly bound states and for closer
adsorbate spacings (all of the beta states are more tightly bound and
held closer to the surface than the alpha state). The preceding
argument would suggest that Curve II is more likely to be due to
increased desorption from the alpha phase as the resgult of the electron
impact excitation of an additional lonization or antibonding electronic
state than to desorption from the chemisorbed beta state. It is doubtful,
however, that the threshold for such an additional electronic excitation
would be as high as indicated by Curve II or that its excitation cross
section would be large encugh to allow it to account for the desorption
indicated by Curve II (based on a comparison with ionization and excita-

tion phencmena in the gas phase).??

This kind of desorption process
cannot, however, be ruled out by presently available information.

A second possible explanation concerns the desorption caused by
secondary and reflected primary electrons. These electrons leave the
surface after the primary impact, but return to the target because of the
electric fields near the target. Thus they have two chances to cause
desorption. The secondary electron production is energy dependent in a
way that matches the requirements of Curve II. The yield of secondaries
and reflected primaries is slightly more than unity for electrons of
500 to 1,000 electron volts incident on tungsten. 23,24  Although most
of the secondaries have energies below the threshold for causing
desorption, a significant fraction (30 to 50 per cent) of the sum of

reflected primaries and secondary electrons have energies above 50 elec-

tron volts, Since these electrons have two chances to cause desorption
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they would nearly double the desorption and could account for &1l of the
increased desorption for primary electrons incident on the surface with
more than 200 electron volts of energy. Although there is insufficient
deta to make an accurate calculation, it is reasonable to assume that
the increase in high energy secondaries and the reflected primaries are
responsible for the factor of 2 increase in yield observed in the 300 to.
1,000 electron volt range.

A third possibility, which should be discussed, is that a momentum
transfer process is becoming importsnt in this energy range. This secems
unlikely, however, since the maximum energy transferred to the adsorbed
molecule is given by

4 x Mass of the electron ' _ EE (5)

Bp = £, Tass of the GO molecule 12,830 °

where

it

energy transferred to an essentially free molecule,

I

EI‘ :
Eo the energy of the incident electron.

ir EO is 1,000 electron volts, Eﬁ is one-thirteenth electron volt, which
is about three times the average thermal energy of the molecule at 300°K.
On the average a molecule receivés this amount of energy perhaps

101t times a second due to thermal fluctuations, assuming a frequency

factor of 1013 in the Arrhenius relation

K = v exp(-g/RT) , (6)
where
K = the rate of reaction,
v = the frequency factor,
E = the energy for activation of the reaction.
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Even if v were to be reduced to 10? for carbon monoxide adsorbed on
tungsten as has been suggested by Pétermann,95 the carbon monoxide
molecule would receive one-thirteenth electron volt of energy about
thirty times a second. The cross section (GS) for the electron inter-~

96

action is given approximately by Evans as

og = 3 x 10717 x em? (7)

where
7 = atomic number of the atom

72 = (Zi + Zi) for a diatomic molecule.

This leads to a cross section of about 3 x 10718 square centimeters for
a 1,000 electron volt electron using Z% = 162 + 122 = 400. Thus the
average carbon monoxide molecule might be given one-thirteenth electron
volt of energy every 10,000 seconds due to electron bombardment if the
current is 1074 ampere per square centimeter. Any momentum transfer
effect should, therefore, be negligible at this electron energy.

Of the explanations offered to explain Curve IIL, the one involving
secondary and reflected electrons appesrs to be most likely, but a new
electronic excitation process followed by desorption cannot be completely
ruled out. A measurement of the secondary and reflected primary elec-
tron yields and energies should be made to resolve this situation. It
would also be helpful if ion desorption measurements of the kind made
by Redhead were available to compare with the neutral particle data in

this energy range.
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It is possible that Curve III represents another new desorption
process, but it seems more likely that it is an artifact produced by
field emission in the apparatus at the high voltages. High voltage

breakdown occurred occasionally at voltages above 8,000 volts.

Electron Bombardment Induced Desorption as a Function of Pressure

Figure 27, page 78, indicates that the total desorption of
neutral carbon monoxide molecules is not a vefy strong function of
pressure for 500 eléctron volt electrons. If the EBID desorption is
corrected for thermal effects, the yield is independent of pressure in
the range 10-10 45 10-8 torr. If we assume that Redhead is right in his
analysis and that 90 per cent of'the carbon monoxide comes from the
alpha phase, we can conclude that the concentration of the alpha phase
is not very pressure sensitive in the 10-7 to 10-%9 torr range and/or
that desorption proceeds very, very slowly from an already formed alpha
phase at 300°K. Both these conclusions are consistent with the
desorption energy of 25 kilocalories per mole (or 1.1 electron volts per

molecule) reported by Redhead.

Thermal Desorption as a Function of Pressure

Figure 27, page 78, shows the thermal desorption of carbon
monoxide produced by a small change in the tafget temperature. The
average AT caused by the ohmic heating is about 0.7°K at about 300 °K.

Yet the thermal desorption from the target was detectable down fto ambient
pressures of 107 torr. The change in carbon monoxide pressure was,

however, less than 2 per cent of the total carbon monoxide pressure at
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these pressures. The data have guite a bit of uncertainty; however, it
seems that the height of the desorption pulse varies approximately as the
square root of the pressure, which jmplies that the concentration of the
adsorbing species also varies in the same manner. No special significance
is placed on the square root relationship; there 1s no reason to predict
such a dependence, and the data at low pressures are at the limit of
sensitivity of the apparatus and are thus not too accurate. It is signif-
lcant that the corrected EBID desorption did not change appreciably as

the pressure was increased above 107 torr. This implies that the state
responsible for the electron impact desorption is not a function of pres-
sure in this range and therefore that it is not the same state responsible
for the thermal signal unless the phase has a relatively large population
and a considerable range of desorption energies. It is possible, for
example, that there are a few alpha adsorption sites with low activation
energies of descrption while the most of the sites have somewhat higher
activation energies for desorption. The low energy sites could respond

to pressure changes while the higher energy sites remained filled. At
this time it is a moot point whether or not to call the low energy sites

a separate state. The question could be resolved by knowing if there is

a continuocus distribution of activation energies of desorption. This
could be determined by making a series of measurements such as those in
Figure 27, page 78, as the target temperature was slowly increased. In
this same manner differential heats of adsorption could also be obtained.
Small but measurable quantities of gas were adsorbed during the increase

of the carbon monoxide pressure from 6 X 1077 to 5 X 1078 torr. One may
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not be sure, however; that this was all or even largely adsorbed on the
target. Hobson and Earnshaw®’ have observed that carbon monoxide
adsorption on vacuum system surfaces may be appreciable when the pressure

is changed. This is discussed under the next heading.

Quantity of Gas Adsorbed on the Target at 300°K

Table IV, page 83, shows ﬁhat the amount of carbon monoxide
adsorbed on the target in these experiments was considerably smaller
than that measured by other investigaters, but that there is also quite
a bit of scatter in the literature values. There are several Tactors
that may contribute to both the low values reported here and to the
scatter in the literature.

Rigbygl has Shown that the population of both the alpha state and
the beta states change with the ambient pressﬁre. A monoclayer adsorbed
at 5 X 107% torr of carbon monoxide has its alpha phase reduced by
90 per cent in Jjust a few minutes and the beta phases reduced by about
20 per cent in 1 hour (and 50 per cent in 15 hours) when the ambient
pressure was reduced to his system base pressure of 5 X 10-%° torr
(probably <5 X 10~t! torr CO) with his sample at 300 °K.

Small differénces in the temperature of the sample immediately
before the thermal desorption could certainly cause significant differ-
ences in the population of the alpha state and perhaps the beta states.

Low energy electron diffraction studies’ ;%8 have shown that there

is a considerable difference between carbon monoxide adsorption on the

tungsten (110) surface and the (100) surface. It appears that alpha
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and P, phases are adsorbed on a macroscopic (110) surface and only PBs
and P4 states are adsorbed on a macroscopic (100) surface. Redhead®”
and others have also pointed out the obvious importance of the structure
of the crystal surfaces to adsorption.

Hobson and Earnshaw®’ have recently pointed out that the use of
transient pressure measurements to obtain quantitative adsorption-
desorption data may cause substantial errors due to adsorption and
desorption from the vacuum system itself, This problem has been recog-
nized by others, but has usually been assumed to be small and no attempts
were made to include these effects in thelr gqualitative results. Hobson
and Farnshaw have shown that in their system the errors were large for
carbon monoxide, considerably smaller but still easily detectable for
hydrogen, and negligible for helium, argon, nitrogen, and methane at
room temperature. In their apparatus there were, however, large surface
areas, small conductances, small pumping speeds (due only to ion gauges),
and relatively large pressure changes — that is, two orders of magnitude
or more, all of which increase the effect of adscorption on the vacuum
system walls,

The importance of this "surface phase” adsorption on system walls
is not easy to assess even qualitatively for most of the measurcment
techniques used to obtain the data in Tables IV and V, pages 83 and 84,
because there are two opposing effects. For example, all flash filament

techniques involve heating the specimen and measuring the pressure rise
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as the sample temperature increases. The act of flashing the filament
produces not only thermal desorption from the specimen but also two
secondary effects:

1. The system walls are heated slightly by radiant heat.

2. The gas pressure rises, resulting in adsorption onto the

system walls,
The first effect would tend to cause the measurement of the desorbed gas
to be too large while the second effect would make it too small. It is
not possible to determine the magnitude of either of these effects in
any simple manner. However, most investigators were aware of these
effects and attempted to minimize errors due to them by design and the
choice of experimental procedures.

It 1s tempting to say that the disagreement in the literature is
due to real differences in the samples and measurement conditions and
that the errors due to the adsorption and desorption of gases from the
system walls were not large. This seems likely to be the case, but it
cannot be adequately defended since in all cases the tungsten specimen
area was 1 per cent or less of the exposed surface area in the working
volume; consequently, small changes in the coverage of the system walls
would produce large measurement errors.

It is possible to generalize to say that if thermal effacts on
the gases adsorbed on the vacuum walls are most important the values

reported in the literature will be too large, but that if the other effect
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dominates — that is, the vacuum system walls act as a source or sink for
carbon monoxide as the pressure decreases or increases, the literature
values will be too low.

In the present experiment the thermal effects were avoided during
the adsorption measurements, because the sample was cleaned by Tlashing
at low pressures, and carbon monoxide was suddenly introduced after the
system had returned to ambient temperatures. The amount of adsorption of
the system walls due to the pressure change could be measured by causing
the sudden pressure change with the tungsten specimen already covered
with gas at the lower pressure. The gas adsorbed by the specimen and
system under these conditions was less than 5 per cent of the adsorption
observed with the specimen flashed clean before the gas admission Tor the
conditions investigated, which approximated those used in the coverage
determinations. The desorptions in the reported series of measurements
were carried out starting at the system base pressure and raising the
specimen temperature at a rafte that was adjusted to keep the gas pres-
sure at either 5 x 1078 or 5 x 10~°® torr. Hence, the pressure rise was
limited, but the time the specimen was hot was increased. The amounts
adsorbed usually agreed within 20 per cent of the amount desorbed.

An examination of the experimental procedure outlined above
indicates that the errors in the adsorption measurement due to this
cause would give numbers larger than the true values by as much as
5 per cent and that the errors on desorption could be in either direction.

Other errors affecting the coverage measurements are discussed

briefly in the next section. The author estimates that the data for
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coverage should be accurate to within much better than a factor of 2 and
concludes that the discrepancy with the literature is due either to an
actual difference in the specimens and measurement conditicns, or to

errors in the literature values.

Measurement Errors

The previous section has discussed the errors due to "surface
phases" in detail and concluded that they were not large in the present
study. These errors should be less important for the EBID neutral
particle measurements than for coverage measurements. Two points should
e emphasized for this case:

1. There are no significant thermal effects accompanying the

ERID measurements at low pressures, and the effects at high
pressureg are limited to the specimen itself (the specimen
holders and other parts of the system experience a completely
insignificant temperature change).

2. The pressure changes are short and are quite small ranging

from 0.1 to 20 per cent of the ambient pressure [except for
a few points teken at low pressures (10‘10 torr) and high
voltages where pressure increases were 100 per cent above
ambient].

Other measurement errors are discussed briefly below and, except
as noted, apply equally to the measurements of coverage and those of

neutral molecule desorption during EBID.
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1. The ion gauges were nolt calibrated. They are ususlly accurate
to 20 per cent of the true pressure when corrected for the
gauge sensitivity for the gas being measured. The three
gauges on the system agreed with each other to within
+10 per cent.

2. The pumping speed for gas removal was 10 liters per second
through an orifice. The pressure drop across the orifice
was usually more than a factor of 10 so that this number
should be accurate to within 10 per cent even with no
correction for the partial pressure on the downstream side
of the orifice.

3., It is possible that the ion gauges in the system have & small
pumping speed for carbon monoxide, but this should bve
congiderably less than 1 liter per second (10 per cent of
the total gas removal rate) in any case.

4. The sample area could be measured accurately, but it is
possible that end effects could decrease the effective area
of the sample for the thermal desorption-adsorption measure-
ments by 10 to 20 per cent. This would not produce an
error in the EBID measurements.

5. Carbon monoxide molecules desorbed in excited states or with
significant kinelic energy or iong desorbed by EBID could
interact with gases adsorbed on the vacuum walls and produce

erroneous measurements either higher or lower than the true
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value depending upon the type of wall interaction. No
assessment of the magnitude of this error has been attempted,
but it is assumed to be small.
No claim is made for the absolute accuracy of the data, but the
results are reproducible within #25 per cent or better. It seems
unreasonable to expect that the summation of all of the errors mentioned

above should produce a factor of 2 change from the true value for the

EBID results.



CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

As the result of this experimental study, the following

cenclusions may be made:

1. The technique developed measures reproducibly the neutral
molecules desorbed by electron impact per se from a metal
surface and 1s sensitive encugh to permit frequent sampling
of a surface without perturbing the surface gas-metal
reactions to any significant extent.

2. The technigue is compatible with other methods of studying
gas-metal interactions. A combination of techniques
including thermal desorption, low energy electron diffrac-
tion, secondary electron measurements, and electron-
induced ion desorption with the electron-induced neutral
desorption seems both feagible and desirable.

3. The desorption of neutral carbon monoxide molecules from
tungsten as the result of electron bombardment has been
measured. at room temperature for electrons with energies
between 25 and 8,000 electron volts. Between 3 x 107% and
6 x 1072 molecules were desorbed per incident electron

depending upon the electron energy.
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The results in (3) agree with the predictions made by the
indirect measurements of Redhead, Menzel and Gomer, snd
others and support the theoretical treatments of low energy
electron desorption proposed by Redhead and by Menzel and
Gomer for electron energies up to 100 electron volts.

A new contribution to the desorption process is indicated in
the range from 100 teo 3,000 electron volts. Several possible
mechanisms are discussed, and it is suggested that the
results are due to the increased production of raflected
primary and energetic secondary electrouns.

Thermal desorption is not an important desorption influence
(for the particular conditions of this experiment).

It is possible to separate the desorption caused by thermal
effects from the desorption due to direct electron inter-
actions with the adsorbed layer. This is done by simulating
the thermal effects by ohmic heating of the sample.

The desorption of neutral molecules by impact of 500 electron
volt electrons is not very sensitive to the ambient carbon
moncxide pressure between 10710 and 1077 torr as long as
thermal effects are accounted for separately.

Very small increases in the sample temperature cause relatively
large desorptions of carbon monoxide when the carbon monoxide
pressures are above 10-8 torr. This points out a serious
problem in the interpretation of flash -filament experiments

with carbon monoxide at pressures above 10-8 torr. Since
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it is virtually impossible to eliminate the small changes in
the temperature of the vacuum system that accompany the
heating and cooling of the filament, it is difficult to
separate desorption and adsorption on the filament from
accompanying desorptions and adsorptions on the vacuum
systemn walls,

10. Thermal desorption increases approximately as the square root
of the pressure over the pressure range from 10710 to
10-7 torr, indicating that significant quantities of loosely
bound molecules are adsorbed and desorbed as the result of

carbon monoxide pressure changes.

Recommendations

1. The mechanism contributing to the intermediate energy process
should be investigated further. Toward this ernd several
experiments are suggested. Measurements of the energy
distribution and number of secondary and reflected primary
electrons should be made as a function of the energy of the
incident electron. Calculations could then be made to
determine if the intermediate process is due entirely to
this effect. A correlation of the neutral desorption data
with ion desorption data from the same target during the
same experimental run should be made to determine if new

electronic excitation processes play any vart in the

desorption in this energy range. Measurements should be
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made with the target temperature selected so as to eliminate
the various adsorbed states one at a time until the mechanism
is assoclated with one particulsr adsorption state. The use
of single-crystal surfaces might also be valuable in reducing
the number of adsorbed states present.

2. Other gases should be studied using combined ion and neutral
desorption techniques. The preliminary results for neubral
desorption of hydrogen from tungsten at 300°K reported in
Appendix A, page 123, are a good case in point. The data do
not display the same form as the carbon monoxide data. This
indicates that the dominant desorption mechanisms may be
quite different. The momentum transfer process should be
observable in this system if it i1s not overshadowed by
ancther mechanism. Ixperiments with the specimen near liquid
helium temperatures using physisorbed hydrogen might Dbe
required.

3. Because electron beams can be directed to small presslected
areas or scanned over the surface, it should be possible
to measure the diffusion of adsorbates across a surface or
the manner in which surface features or structures influence
the behavior of adsorbates. Observations of the diffusion
of gas from the bulk of the sample to the surface might be
made. Perhaps grain boundary diffusion could be studied
by the scanning techniques. By measuring the rate at which

changes in surface concentrations occur as a function of
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temperature the diffusion of some gases such as flourine
might be explored in detail — that is, the activation
energles could be determined for bulk, grain boundary, and
surface diffusion. Depending upon the species to be
observed, neutral particles, lons, or Auger elecltrons might
be monitored. If Auger electrons were monitored it would
be possible to study not only gaseous speciles bubt many
other elements as well. In applications usirng a scanning
beam, however, the intensity of the scanning beam required
may be so high as to seriously alter the adsorbed state
during the observation. This would lead to the necessity
to reprocess the sample before the next observation and
might in some cases complicate the interpretation of the

results by converting one adsorbed state to another.
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APPENDIX A
EBID OF HYDROGEN FROM TUNGSTEN AT 300°K

Figure 33 shows data for the EBID of hydrogen from tungsten at
300°K as a function of electron energy. The target was covered at
2.3 x 1078 torr with 6 x 1014 hydrogen atoms per square centimeter and
still had more than 5 x 10+ hydrogen atoms per square centimeter on the
surface at the end of the run. The data are normalized to a bombardment
current of 100 microamperes. The actual conditions for the measurements
are given on Figure 33. Although there was consilderable scatter in both
the EBID and thermal descrption data, it is apparent that any reasonable
correction for thermal desorption will still leave an important desorption
due to electron interactions with the adsorbate. The figure shows a
curve through the data, a curve with a correction based on l% times the
observed thermal desorption (as discussed in Appendix G, bage 134) and
an overcorrected curve. The overcorrected curve was drawn to show what
would happen qualitatively if thé thermal desorption was much larger
than estimated. Note thét neither the corrected curve nor the overcor-
rected curve is like that observed for carbon monoxide. Data from
Menzel and Gomer? can be used to estimate that their neutral desorption
was about 1 X 1077 molecules per electron for 100 electron volt electrons,

which is In good agreement with the present data.
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Figure 34 shows the EBID and thermal desorption of hydrogen from
tungsten Initially at 300°K as a function of hydrogen pressure. The
procedure used was similar to that used for carbon monoxide and reported
in Chapter III, page 68. The bombardment and thermal desorption param-
eters are given on Figure 34. The data points are numbered to indicate
the sequence in which they were obtained. The thermal points show the
desorption to be approximately proportional to the square root of the
hydrogen pressure. It was found from the thermal desorption spectra
at the end of the run that the specimen was contaminated with
1.5 x 101* carbon monoxide molecules per square centimeter during the
experiment. There is reason to believe that nearly all of the contam-
ination occurred at the highest hydrogen pressure and that the carbon
monoxide displaced some of the hydrogen.

The EBID data exhibit less pressure dependence if only the
uncontaminated points 2, 3, and 4 are considered. If a correction for
thermal effects is made, the desorption due to direct electronic inter-
action with the adsorbate is virtually independent of pressure as it
was in the case of carbon monoxide (see Figure 27, page 78). The contam-
ination of the specimen with carbon monoxide causes the EBID of hydrogen
to increase whereas the thermal yields decreaéed, If the thermal
desorption yields are subtracted from the EBID yields for the contam-
inated specimen the electronic interactions again seem to be nearly
independent of pressure, but they are roughly three times higher than

for the uncontaminated hydrogen. This scems to indicate that the
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remaining hydrogen (approximately 3 X 101% atoms per square centimeter)
is now in a state which is much more vulnerable to desorption by electron
impact.

Electron bombardment induced desorption of hydrogen ions (H+) has
been observed from this target. It was noted that the H% signal decayed
as the hydrogen was desorbed by raising the target to 500 or 600°K, but
no other significant data were obtained. Figures 8, 9, 10, and 11,
pages 19, 20, 22, and 23, show some data from the literature for EBID of

+
H from molybdenum and type 303 stainless steel.



APPENDIX B
THERMAL DESCRPTION

When a gas is adsorbed on a surface, its rate of evaporation is

given by an Arrhenius equation

y X E
- = 0V exp <§£> , (B-1)

i
oe
B

where

n = the surface concentration per square cenlimeter,

-
|

= time in seconds,

x = order of the desorption reaction (1 or 2),
v_ = frequency factor usually approximated as 1012 per second,
E = activation energy for desorption, heat of adsorption, plus

the activation energy of adsorption,

R = gas constant = 8.7 x 1077 electron volt per atom per °K,

il

T = absolute temperature, °K.

If v is approximately lOlB, it is easy to verify that gases with E less
than 5 electron volts (approximately 120 kilocalories per mole) will be
desorbed at 2400°K with half-lives of much less than a second. This
means that all of the common gases are quickly desorbed from a tungsten
surface at that temperature. We can also see that as the temperature of

the tungsten is ralsed slowly, gases with a small activation energy of

desorption will come off first and that gases with particular activation
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energy for desorption will come off rapldly in a fairly narrow temperature
range. Thess facte can be used in the study of the interactions of gases
with surfaces to great advantage{

By simply heating a ribbon of tungsten to 2400°K in a closed
system and monitoring the pressure, we can debtermine the quantity of
gas that was on the surface. By observing the temperature 2t which the
desorption ocecurred, we can estimate the asctivallon energy for desorption.
This provides a very powerful experimental bechnique. Ehrlich’? and
Redhead”’? have analyzed the thermal desorphtion process in detail, snd
many investigators have used it to study gas-metal interactions. Several
important variations of these ftechniques will be outlined below,

e} .
Apker?? and otherst00

used thermal desorption to measure the
guantity of gas adsorbed on surfaces as a means of determining the
adsorption rates and equllibrium concentration of gases on surfaces under
known conditions. They simply allowed adsorption to occur for a gilven
Time in a specified enviromment and then flashed the gas off to measure
the quantity adsorbed by the pressure rise in the system.

Ehrlich monitored the pressure as & function of the ribbon
temperature during heating and calculated E values. A typical curve for
the desorption of carbon monoxide from bungsten 1s shown in Figure 35(a).

This curve may be differentiated to obtain the desorption rates as a

3

function of tLemperaturs

{

Redhead used an experimental system that had a large known pumping
speed from the desorption chember. He obtained the desorption rate

directly since the pressgure in the chamber under these conditicns is
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Figure 35. Typical thermal desorption data for carbon monoxide
from tungsten. (a) Using Ehrlich's technique. [Adsorption at 336°K.
Time scale of desorption: N is proportional to the total number of
desorbed molecules; t is the time (1 division equals 0.1 second). Sur-
face concentrations: B, eguals 206 x 10*? molecules per square centi-
neter, B3 equals 202 X 101 , and By equals 62 X 1012, Reprinted from
G. Ehrlich, "Kinetic and Experimental Basis of Flash Desorption,”
Journal of Applied Physics, 32(1):4, 1961.] (b) Using Redhead's tech-
nicue. [Desorption spectra for various adsorption times, t , at a
temperature of 300°K, heating rate equals 35°K per second. “The zero
levels of the curves have been shifted to prevent overlap. Reprinted
from P. A. Redhead, "Chemisorption on Polycrystalline Tungsten,"
Transactions of the Faraday Society, 57:646, 1961. ]
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proportional to the rate of gas desorption rather than to the total
amount desorbed as it is in Ehrlich's experiment. Figure 35(b) shows
some of Redhead's data. The temperature at which the desorption rates
peak are easy to observe, but the total amount of gas desorbed must be
obtained by integrating the rate of desorption as a function of time.
Redhead has worked out several relationships for his system that avoid
tedious calculations and directly relate the peak pressure to the acti-
vation energy for desorption provided certain prescribed heating rates
are followed.

If the temperature, the desorption rate, the frequency factor,
and the concentration are known, one can determine E by a simple calcu-
lation ueing Eguation (B4). If 4n o %% is plotted against %T the correct
value of x will give a straight line from which one can determine E
without knowing the frequency factor. He may then go back and find it,
assuming that it is not a function of temperature in the range of the
plot.

With the idea that we need to know T, and n to determine E and

dn
dt’
subsequently v, still snother technigque is suggested — that 1s, increasing
the temperature in steps rather than conmtinuously. Bell and Gomer®8 did
this, and some of their data for carbon monoxide on tungsten 1s shown

in Figure 36. Thelr system was pumped continuously so that the plot

shows %% as a function of temperature, and the sum of the lengths of all
of the columns at temperatures below the one being considered 1s propor-

tional to the amount of gas desorbed up to that temperature. The sun

of the lengths of all of the columns indicates the total gquantity of
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Figure 36. Thermal desorption of carbon monoxide from tungsten
using the technique of Bell and Gomer. (a) Alpha (and beta) step-
desorption spectrum, obtained by heating a full 20°K layer to 600°K for
60 seconds, and then redosing with an excess of carbon monoxide. (The
desorption below 100°K corresponds to physisorbate. Heating time per
step was 10 seconds.) (b) Step-desorption spectra of full and partial
20°K layers [n refers to the number of doses deposited at 20°K on the
ribbon before a desorption sequence (n equals 15 constitutes a full
layer). Note the absence of B; (700 to 900°K desorption) for n < 4.
Only the spectrum envelopes are shown, for ease of presentation.
Reprinted from A, A. Bell and R. Gomer, "Adsorption of Carbon Monoxide
on Tungsten Abundances, Dipole Moments, and Sticking Coefficients,”
The Journal of Chemical Physics, 44(3):1075-76, 1966.]
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gas adsorbed on the specimen at the beginning of the series of desorption
steps. Wote on Figure 36(b) that the desorption spectra can be very
complex; not only are there many adsorption states, but it would appear
that the activation energy for descrption changes with the amount
adsorbed in at leagt some of the states. If the various adsorbed states
overlap in thelr desorption temperatures and if E is not constant, the
analysis becomes much more difficult.

In summary, thermal desorption techniques make it possible To
determine the smount of gas on the surface, the activation energy for
desoryption, and the frequency factor. Using this information we can
study reaction rates at metal surfaces and the populations of various
states as functions of other veriables such as the pressure and the

structure of the surface.



APPENDIX C

TEMPERATURE DISTRIBUTION IN THE TARGET

DURING EBID AND OHMIC HEATTING

Tn order to obtain a meazsure of the thermal contribution tc the
EBID pulses so that purely electronic interactions could be examined, it
was found useful to simulate the heating effect of electron bombardment
by okmic heating. Since the temperature distribution is not the same
in the two cases, an exact simulation is not possible. It was decided
that if the change in target temperature was small it would be acceptable
to assume that the amount of desorption is proportional to the average
temperature of the ribbon and that it would therefore be suitable to
reproduce the average temperature change by ohmic heating. This assump-
tion is given experimental support by data such as that shown in Figure 28,
page 78, where the major part of the desorption is due to thermal effects,
and the desorption is proportional to the energy of the bombarding elec-
trons and hence, the power input and finally the average AT of the target
during the pulse. In the case of Figure 28, page 78, the average Al was
much greater than in any of the other data reported in this dissertation.

Although the temperature changes could be measured to 0.2°K, the
increase in average temperature was less than 1°K for most of the carbon
monoxide work so an analytical approach was needed to decide how much

ohmic heating was required to simulate the electron bombardment heating.
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Since the temperature changes are small and the heat deposition
from electron bombardment is probably fairly uniform over the portion
(the center half) of the surface bombarded, a one-dimensional heat-
transfer model was used, and several cases were exemined. For all cases
it was assumed that the only heat loss from the ribbon was from its ends
by conduction to a heat sink at constant temperature. Only one end of
the ribbon is studied since it is symmetrical.

The basic heat transfer relaticnship we will use is given by

ar g
dx ~ KA’
where
4aT .
i the temperature gradient,

T = temperature,

x = distance from the heat sink,

q = the heat flux,

K = the thermal conductivity of the sample,
A = the cross-sectional area of the sample.

For the sake of simplicity we will choose to compare the various
cases on the basis of equal power dissipation in the target, which means
that the g at the heat sink is the same in all cases. For convenience
we will choose our units such that the right-hand side of the equation
is unity at the heat sink, and KA is unity so that g is unity at x = 0.
The distance x is chosen zero at the heat sink and unity at the center

of the ribbon.
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Case I Uniform Heat Generation in the Ribbon — Ohmic Heating

The heat flux, q(x), is unity at x = O and decreases linearly
to zero at x = 1. Therefore q(x) = 1 — x and dT/dx = 1 — x., Solving
T =T +x - 3x°

Then

The average temperature change (Am)av = 0.333 and the maximum temperature

change (Am)max = 0, 500.

Case IT Source Only at Center of Strip — An Extreme Case for Electron

Bombardment Heating

The heat flux is unity along the whole specimen. Therefore

g(x) = 1 and dT/dax = 1. Solving

T=T +x ,
0
Then
1
T =T +b/\ X
av 0 0
=T + 0.500
0

Thus the average temperature change (AE)aV = 0.500 and the maximum

temperature change (Am)max = 1.00.
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Case IIT Center Half of Ribbon Uniformly Heated — An Idealization of

the FElectron Bombardment Situation

The heat flux, q(x), is given by q(x) = 1 for 0 < x < #; and
g(x) = 1 — 2x for %-< x < 1. By calculations siwmilar to those of
Cases T and IT we find the average temperature change (AT)aV = 0.415

and the meximum temperature change (AT)maX = 0.750.

Case IV Center Third of Ribbon Heated Uniformly — An Approximation to

the Expected Electron Bombardment Situation

The heat flux, gq(x), ie given by g = 1 for 0 < x < £ and
g =1— 3x for % < x < 1. By calculations similar to those above we
find the average temperature change (AT)aV = 0.480 and the maximum
temperature change (Am)max = 0.833.

Figure 37 shows the calculated temperature distributions for the
cases above. Curve V shows the temperature distribution for ohmic
heating which would be produced'by increasing the heating power by a
factor of 1.5 to obtain the same average temperature as given by Curve II.
This gives the same (Am)max as Curve IITI, the idealized electron bombard-
ment heating case, and gives a slightly lower (AT)maX but slightly higher
(Am)av than the slightly more reslistic approximation given by Curve IV,

Following this analysis,it was decided to make the power used in
the ohmic heating either l% times the power in the electron bombardment
pulses or to multiply the ohmic desorption values by l% 1f pulses of

the same power were used.
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Figure 37. Temperature distributions in a one dimensional model
of the tungsten target (I), ohmic heating (II), electron bombardment
only at the midpoint of the target (III), electron bombardment of the
center half of the target (IV), electron bombardment of the center third
of the target (V), and ohmic heating with 150 per cent of the power
input of Curves I, II, III, and 1IV.
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