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ABSTRACT

This report summarizes progress made under the
subjeét grant during the period September 1, 1966 t§
August 31, 1972. The principal aims of the research
cafried out were to determine the nature apd magnitude

of surface-related effects that can cause errors in pressure

measuring instruments, with special reference to instruments

intended~fo; use as.planetary probes, and to suggest ways
and_means of mitigating or avoiding these effects in practical
instruments.

Tﬁe bulk of the research carried out involved oy
studies of the interactioﬁ of gasés with CIean surfaces of
the metals likely tolbevused as qauge consﬁruction materials,

with special emphasis being placed on the adsorption, chemical

reaction and electron-induced desorption processes of these

tgasé;. The results indicated that all metals tested were

subject to surface processeS‘which wéuld degrade gauge
fidelity. It was aiso found, however, that the formation
of inert adsorbed layers oh these metal surfaces, such as
carbon én platinum, greatly reduced or eliminated these
effects. This process, comﬁined Qith a system design which
avoids cohtacf between reactive gases and hot filaments,
appears to offer the most promising ;olution to the gauge

fidelity problem.




| INTRODUCTION

The following report summarizes research carried out
ﬁnder~NASA Grant No. NGR& 33-018-066 during the period between
September 19é6'and August 1972. The original aim of the project
was to investigate those'processes which can occur in gauges .
for the measurement of pressure in ultrahigh vacuum  systems
which will cause efroneous pressure readings. Later on in
the project, the aims were focused more specificélly on the
prqblems peculiar to pressure measuring instrumenﬁs to be uséd
in planetary probes. |

itvwas realized early in the project that the observed
pressure measurement errors could be divided into two general.
‘classes. There are first those associated with the;gormal
operating process of the gauge, such as the so-called “X—ray

effect" in ionization gauges, errors due to pressure differences

B

fﬁéfaéen the.active volume of the gauge and the main chamber
of the vacuum'syétem, and errors due tq a non-uniform flux
of molecules within the system, such as one finds particularly
in cryopumped systéms. Errors of this sort, and the design
) principlesirequired.touminimize-énd avoid them have been-
stuaied extensively in the past (see, for example, the review
in the book by Redhead, Hobson and Kérnelsén (l)).  It was‘
thus decided not .to iﬁclude considerations of thié sort in
the.present study.

The second type of measurément error is associéted .

with processes occurring in the gauge which are not connected




with the basic operating principle of the gauge, and which,.
for the most part, involve interactions between surfaces in
the gauge and gases in the system. These include the "pumping"
of gases by ionization and bur?ing within the walls of the
~gauge, formation of ions by the interactién of electrons
with gases»adsorbed on gauge elements (primarily grids),
decomposition of reactive gases on heated surfaces within
the gauge (especialiy filaments) and the formation of new
gas-phase species by surface chemical réactions. It is this
aspect of the‘gauge fidelity problem which has been the éubje¢£
of the presentvsfudy. Those éspects of this problem that we

have studied,; and the conclusions that we have drawn are

summarized below.

. RESEARCH CARRIED OUT

During the course of this study, several experimental
‘inVestigatiohs relevant to the problems béing studiea were
carried out. .We will summarize fhe methods and results of
all bf theéevstudies before drawing general conclusions in

a later section.

Gauge Calibration System

As a preliminary to definitive. studies of .surface
‘effects in gauges, a vacuum system was constructed to permit -
calibration of ionization gauges against a primary standaxd

over a wide range of pressures. The system constructed was -

based on the "reference transfer" system of wide-range



calibration'(Z). It consisted of two pyrex chambers, connected
to one another by a small orifice having a calibrated conductance.
One of these chambers was connected throqgh a larger calibrated
conductance to a pumping system which éongisted of a liquid-
nitrogen-trapped mercury diffusion pump. The other was connected
fo a sensitive, liquid-nitrogen-trapped McLeod gauge (CVC modei
GM~-110), which served és the reference for all calibrations, and
to a.gas inlet valve. Both chambers were provided with several
ports for the mounting of test gauges and in addition a "refereﬁce
transfer" gaugé, a GE model.22GTlO2 ionization gauge, was mounted
between the two chambers with ultrahigh vacuum valves which-
permitted it to be connected to one or the other chamber at any
time. Gauges could be calibrated directly against the McLeod
gauée in the upstream chamﬁer in the pressure range down to

10—5torr, and indirectly, using the "reference transfer" gauge

10torr in the downstream chamber.

“down “to 10
lThis system was used to caliﬁrate a humber of»ion gauges

for use in subsequeﬁt studies, and to assess the gross effects

of ambient gas'composition on gauge performance. Significant.‘

e}eétron—induced desbrption (EID) effects were founarfor-the - -

operation of gauges with molybdenum grid structures operating

in oxygen atmospheres, as has also been observed'by others»(3);_

Attempts to modify this effect by operatihg the grid at ele;afed |

teméératures were unsuccessful, as ﬁo improvement in‘the EID |

problem was observed ét-temperatures belowlwhich fhe heaﬁ.input

to the grid caused excessive outgassing from other surfaces

in the gauge.




Adsorption and Electron-Induced Desorption of Gases

These studies constitute one of thé two major experimental
lines of attack carried out under the grant. A number of
gas-surféce combinations were studied, in varying detail,
to determine both the kinetics of their adsorption'and desorption
processes, and also their behavior when subjected to low |
energy electron bombardment. The aim of this study was to
assess the magnitude of the EID effects to be expected from
the surfaces of a number of materials which mighﬁ be used as
vgrids in ion gauges and, hopeﬁully, to find materials for which
.this problem was minimal. |

.These_studies were carried out in an all-metal, ion
-pumped~ultrahigh vacuum system, provided with the necessary
instrumentation for ﬁeasuring thermal flash adsorption and
desorption kinetics and the kinetics of EID précésses on the
sample surfacé.'.This system-is described in detail iﬁ the
thesis "The Interaction of Hydrogen and Cargqn Monoxide on
Platinum (111)", by V. H. Baldwin, Jr;, which is included
as Appendix A to this report. |
_,Initial_Studies;maderinfthis“systemuwe;e~for the~——~"1- R

H, 0, CO and O

~adsorption and EID of H2, 2

) on polycrystal

tungéten. These measurements were made primarily as a-

test of system operating parameters, and yielded results
sﬁnilar td‘those observed by ofhers for the samé and 

. similar gaéesurface combinations (4,5,6). For examplé; 

H; surface peaks were observed for both H, and H,0 adsorption



on polycrystal tuhésten, and 0; surface peaks for the adsorption
of CO and O2 on the same surface. In the case of oxygen ad-
sorption, the O: signal was ebserved to be proportional to
the bombardipg eleetron cufreet, and to increase in the expected'
manner with increasing electron energy. For the case of CO
adsorption, results indicated initial adsorption into a state
of low EID cross section, followed by later adsorption into
a state of high EID cross section, similar to the resulte
obtained by Lichtman, McQuistan and Kirst (4) for the case
of 02 on molybdenum. It was also observed that the exposure
to the eiectron beam had a eignificant cleaning effect on
the surface, resulting in the-removei of surface carbon. The
 observed appearance potential for CO on tungsten was 23 velts,e
similar to that observed by Menzel aﬁd Gomer(S).

After completion of these preliminary.studies, a
vefy detailed study was carried out of the adsorptien.and
interaction of H2 and CO on platinum. This study is discussed
in detail in the aforementioned Appendix A, and has been

reported in the open literature (7,8).

.Adsorption ard Surface Reaction Studies by LEED, AES, and EID
The other major experimental program carried out under

with

this grant was a study of the initial interaction of O2

both clean and contaminated single crystal nickel surfaces. .
These studies were begun when it became apparent that the
techniques used in the study of adsorption on platinum discussed

above were inadequate to provide a complete understanding of




the surface processes involved. ‘It was not possible, for
example, téAdetermine unequivoéally the state of cleanliness.
of the saméle surface, or the extent to which the adsorbed.
species formed an ordered structure on the surface. To
circumvent these problems, another experimentai system was
constructed which included the capability of making low
energy electron diffraction (LEED) and Auger electron spectroscopy
(AES) measurements, in addition to the flash desorption and |
EID capabilities present in the previous system. This system
is described in the theses, fKinetics of ‘the Reaction of Oxygen
with Clean and with Sulfur Pre-Contaminated Nickel Single
_Crystal Surfaces", by Paul H. Holloway, which is included as
Appendix B to this report.

| This appended thesis covers in detéil the measurements
made in this study; including a discussion of the various
;éaction mechanisms operating and the range of temperature
and O2 préssure over which each is.importanfr_

-The AES technique was also used in a second study of

CO adsorption on Pt(lil), whose aim was to clear up the
aforementioned ambiguities in thelinitial study. The results
of this study are summarized in the paper, "Adsorption and
Decomposition of CO on Pt(111l)", by J. M. Martinez and J. B.
Hudson, which is included. in this report as Appendix C. .
This sfudy yielded two major results. First, thaﬁ tﬁe resultsi
_previously obtained fér CO adsorption on clean Pt(1lll) were

valid, and that the surface cleaning technique had indeed




produced a clean surface. " Second, and perhaps more important
-as far as the gauge fidelity pfbblem is concerned, formation
of a layer of carbon contamination on the platinum surface
by electron bombardment produced a surface which was inert
to CO adsorption and showed no surface ion peaks in EID

studies, suggesting a possible solution to the EID problem.

PUBLICATIONS AND OTHER COMMUNICATION

The experimental studies discussed above have lead
to 8 papers which have either been pubii;hed or are in the
process of publication:

"Coadsorption of Hydrogen and Carbon Monoxide on
(111) Platinunm", V. H. Baldwin, Jr. and J. B. Hudson, J. Vac.
Sci. Tech., 8, 49 (1971).

"An Inexpensive Electron Gun witﬁ an Inert, Replaceable
Filament", P. H. Holloway and J. B. Hudson, Rev. Sci. Inst.,
43, 828 (1972).

"A Versatile Substrate Design for LEED and AES Studies
in UHV", P. H. Holloway and J. B. Hudson, Rev. Sci. Inst.,

-

3, 1045 (1972).

"The Kinetics of the Reaction Between Oyxgen and Sulfur
on an Ni(111l) Surface", P. H.AHQlloway and J. B. Hudsbn,
Surf. Sci., 73, 56 (1972). |
| "The Adsorption and Interaction of H,, CO and CHéO

on Pt(1l1ll)", V. H._Baldwin, Jr. and J. B. Hudson, submitted

to Surface Science.




"Kinetics of the Reaction of Oxygen with Clean Single
Crystal Surfaces I: Ni(100) Sufface", P. H. Holloway and
J. B. Hudson, submittedlto Surface Science.

"Kinetics bf the Reaction of Oyxgen with Clean Single
Crystal Surfaces II: Ni(11ll) Surface", f. H. Holldway and
J. B. Hudson, submitted fo Surface Science.

"The Adsorption and Decomposition of CO on Pt(11l)",

J. M. Martinez and J. B. Hudéon, J. Vac. Sci. Tech. (in press).

Results of the experimental studies have aléo served
as the basis for the fdllowing oral preéentations:

'"Environmental Effects on Pressure Gauges"; Langley

_ Researéh Center of NASA, August 1969.

"Sﬁrfaée Physics and Catalysis",'ESSO Research and
Engineering Company, Linden, NJ, March, 1970.

"Coadsqrption of Hydrogen énd Carbon Monoxide on
(ili) Platinum“,.l7th Natibnai SympoSium of the American
Vacuum‘Soéiety, Washington,ADC, October 1970.

"Surface Reaction Studies by Electron - Surface
Interaction Techniques", Research Laboratories; éeneral
Motors,Co., September 1971.

"The Study 6f Surface Molecules py Electron-Adsorbate

. Interaction Techniques", Clarkson College of Technology,
November 1971. |

"Kinetics of fhe Reaction of Oxyéen with a Clean (111)

Nickel Single Crystal Surface", 19th National.SympOSium of

the American Vacuum Society, Chicago, Ill., October 1972.




RELATION OF RESULTS TO OBJECTIVES OF THE GRANT
The most important conclusions that can be drawn from

the EID studies of adsorption on metals are first that EID
signals can be observed for a large nuﬁber of gas metal-
combinations and second that significant ambiguities can
be introduced-into a mass spectrometric analysis by reactions
ar surfaces even when surfaces are maintained at fairly low
remperatures. This latter point is illustrated by the studies
of hydrogen) carboh monoxide, and formaldehyde adsorption
on platinum. Similar EID behavior is observed from chis
surface, with large H: and moderate O: peaks, irrespective
~of the proportions of these gases introduced into the system,
and the thermal desorption measdrements show rhat formaldehyde
is decomposed with a high efficiency on heated platinum. These
results are.significant insofar as attempts to reduce EID
’ieffects are concerned. One possible way of decreasing the EID
signal from a surface is to operate the surface at a temperature
high enough that the equilibrium adlayer‘population, and
consequently the EID ion signal, are low. .For the case of
- platinum, this result can be obtained at a temperature of about
v400§c;"However, the decoﬁpositioniof formaldehyde at the
platinumvsurface is efficient at this temperature. Thus the
attempt to avoid problems due to EID introduces possibly more
seriods problems of sample decomposition. |

| On the other hand, the results ofrthe studieS'oﬁ‘

oxidation of nickel, and of the‘édSorptioh and decomposition




‘ O2 adsorption on hickel, the resulting adlayer showed a very

10

of CO on platinum do offer some suggestions for the control

of surface problems in gauges. In both cases it was observed
that after the initial,‘and in both cases rapid,\adéorption
précesses had taken place, the metal surfaces were felatively
inert to further adsorption. This was especially pronounced

in the case of CO on platinum, after the CO had been decomposed
to carbon by the electron beam. The resulting surface was

completely inert to further CO adsorption. In the case of

. + . . .
low cross-section for EID, OS ions being detected only with

‘very great difficulty. For the - case of co adsorption on

: + +
platinum, copious gquantities of O and COs:were observed

S

when a fresh CO deposit was electron bombarded; but as the
deposit was converted to carbon by continuous bombardment,

these EID signals dropped to zero.

POSSIBLE PRACTICAL SOLUTIONS TO GAUGE FIDELITY PROBLEMS
The results detailed above indicate that several types

of surface reactions can occur rapidly and extensively on

even such relatively noble surfaces as single crystal platinum.

Thus it is obvious that other approaches will be required if -

surféce related loss of fidelity is to be avoided. These
approaches can be divided into two classes: a sgarch for.
surfaces that are truly inert to both chemisorption of gases
and to fhe felease;of atoms or ions by processes such as

EID, and the design of sampling systems in which the gas

B WY, TS s S
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sample does not collide with surfaces in the system in the
course of the measuring process.

The study of surface inertness can be further subdivided
into studies of clean surfaces, and studies of surfaces which,
although‘not clean, have been treated 'in such a wéy that they are
inert. The first category involves determination of the
adsorptioﬁ and EID behavior of such possible surface coatings
as gold or pyrolytic graphite. The results of the study of
co édsorption'and decomposition on platinum indicate that
" graphite may be a rewarding choice. The second category
involves ﬁhe controlled formation of'contaminant layérs, such
'as oxides, carbides or nitrides, on a number of metal surfaces,
followed by adsorption and EID measurements on the resulting
suffaces. Again, the reéults %of CO decomposition on carbonf
and in addition oxide formation on nickel proVide encouragement
for such studies; The importan£ point hefe is to produce
a surface'which, while inert, is still a good enough electrical
conductor that surface chargihg'of ion and electron focussing
elements does nbt become a problem.

The othgr approach, that of designing sampling systems
in which contact between the sample and surféces in the system
is‘avoided, can be accomplished by the applicatibn of aerodynamic
molecular beam techniques. These techniques involve intrdduéing
é gas sample, ihitially near atmospheric pressure, through a
. small nozzle into a region of high vacuum. This forms é

supersonic free jet expansion. It is possible to sample the
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core of this expansion without disturbing the flow pattern.

The material thus sampled can then pass by liné—of—sight;
through the ionization fegion of a mass spectroﬁeter, andbr
then on to a beam-stop chamber where the remaining gas is'
pumped away. It is also possible to modulate the molecular
beaﬁ formed by the sampling‘probe before it reaches the mass
spectrometer ion source and tﬁus, by using lock-in and phase—‘
sensitive detection techniques at the mass spectrometer output,
-to separate the signal arising‘from the sampled material from
the signal-arising from background gases in the ionization
region and from electrical noise generated by the instrument}
Instruments of.this sort have been deveioped in the author's
_laﬁoratory to carry out these measurement functions in a

large labbratory system.h Application of these principles

to a flight instruménf would ianlve redesign and miniaturization
of all cbmponenté, and exténsive simplification of the entire
instrument. However, the principles involved would be the

same.

{
iy

SUMMARY ' SN
The results cited above indicaté‘thatVconsiderable
progfess has been made both toward aﬁ understanding of the
éurface—related effects which can cause infidelipieélin
pressure méasuring inStfuments, and toward application of
thi$'q56erstanding to the d;velopment of instruments having

a high fidelity. While no such instrument has been developed
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and tésted in the course of the present study, we do have -
in hand a number of criteria for the design of such a device.
On the basis of our results to date, it appears that surface
reaction and EID effects, at least for.a number of the common
residuai gases, can be reduced to very low yalues by controlled
carbon contamination of surfaces within the ion source.

If chemical reaction at heated filaments femains a problem,
tﬁis can be mitiéated or eliminated by use of a gas inlet
éonfigﬁrationAwhich avoids contact of gases with'the filament,
or by the alternative of using as an electron source séme form
of cold céthode, such as a fiéld emitter or Penning

discharge. Again in this case, carbon coating could be used

to produce inert surfaces.
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ABSTRACT

The interaction of hydrogen and carbon monoxide with the platinum
{111) surface at 300°K was studied by adsorption, thermodesorption and
electron induced desorption techniques in.an ultra-high vacuum system.
A new technique, "EID observed isothermal desorption” was developed
and used. The adsorption of carbon monoxide was found to obey first
order kinetics with an initial sticking probability of 0.76 and result-
ed in one CO per two Pt sites. Hydrogen was adsorbed with an initial
sticking probability of 7.5 X 1073 and obeyed half order kinetics, in-
terpreted aS'resu1ting from physisorption with rapid surface diffusion

followed by slow dissociative chemisorption. The coverage of hydrogen -

was l1imited to 0.20, assuming cne atom per site. The coadsorption of
ﬁ‘H2 and-C01resu1ted in attenuated adsorption and coverage of each gas,
but not mutually. Carbon monoxide, or a reactﬁon product (HCO)*, re--

duced the rate of hydrogen adsorption, while é second reaction product

5ﬁ(CO)h appearéd responsible for the attenuation of CO adsorption.- Com-
plimentary data from several teﬁhniques enabled the selection of pro-
Bab]e surface reactions occUring auring thermodesorption. The EID

H: jon originated from a surféce complex (HCO)*, formed by H+ CO —»
(HCO)% and subsequehtiy consumed By (HCO)* + nCO —— H(CO),,. The EID

PO I e + . =
O¢ ion had the same origin as the H; jon. Isothermal decomposition of

(HCO)* followed first order kinetics with an activation energy of 30

R kcal/mole.

xi



PART I
INTRODUCTION

In the past decade many advances in the experimental sfudy'of
chemisorption have been made. The production of ultra high vacuum
“was a prerequisite to fundamental chemisorption studies because chem-
isorption occured almost as rapidly as ihpingement on the sﬁrface.
With the-advent of ultra high vacuum techniques, it was possible to
produce atomically clean surfaces and to reduce to édsorption_rate -
to a value that could be observed with avai}ab1e'equ1pment."This
accomplishment enabled the development of new techniques for'Study-

ing chemisorption.

This work was concerned primarily with electron induced dééofp- S

_tion (EID) using EID to clarify results from other téchniques and
developing a new technique utilizing the EIDvphénomenon. The gaéeé
~ chosen were hydrogen and carbon monoXide, the predominqnt.reé{dua1v.
'fgaées in stainless steel ion.pumped vacuum systemé.' The substrate )
chosen was platinum, an ionization gauge material whose EID charac- f
teristics had not been determined. A single plane of a p]atiﬁum
crystal was used, preventing complication of results by:po1ycrystal-
linity. | -
The problems requiring investigation included:
a) What are the kinetics of adsorption and desorption of hy-.
drogen on platinum (111)? | o |
b) Do hydrbgen and,carboh monoxide mufua]]y enhahce the ad- :
\ sorption of one another on p1atinum'(111) as they do on

some other catalysts?



c) What, if any, is the surface reaction.product formed when
| hydrogen and carbon monoxide coadsorb on platinum (111)?
d) -ban EID be used to determine the surface coverage of hydro-
gen and of carbon monoxide during adsorption?
The problem was approached by detesmining the chemisofption
characteristics of hydrogen and carbon monoxide on platinum (111)
by the older techniques of adsorption and thermodesorption, f61f
]owéd by utilizing the EID technique 1in conjunction:wifh the afore-
méntioned techniques to study the interaction of the mixed gases.
In additipn; a new teéhnique was developed, EID observed isother-

mal désorption, vhich contributed to the analysis of other data.




PART 11
HISTORICAL REVIEW

A. Methods for the Study of Adsorption

1. Adsorption Technique of Measuring Surface Coverage

The "flash filament technique" and the modification of it referred |

to as the "adsorption technique" in this paper, were first made pub-
1ic by J. P. Molnar and C. D. Hartman at the M.I.T. Physical Electron-
ics Conference on the 1st of April, 1950, ~In 1953 the techniques were

explained in a paper published by J. A. Becker and C. D. Hartman. 1

Redhead has expanded the theory since then. 2

When a constant leak of gas is allowed to enter a vacuum system
that is being pumped at a constant rate, an equilibrium pressure, Peq
is attained. The situation is de§cribed'by |

LR, =Keq (S+5) (1)

input leak rate {molecules sec.”1)

where L

R

K= 3.22 X 1019 molecules liter'l'et P.=1Torr and T = 300°K

re-emission rate from system walls

S = pump speed (liters sec;l)

equivalent pumping speed of the system'wa1ls

Sw

If a clean substrate surface is introduced into the system at:

~equilibrium, it will adsorb gas, acting~as:an additional pump and

lowering the pressure. The pressure will rise again as the substrate

~ becomes covered with adsorbed gas. Figure 1 shows a typical adsorp-

tion determination. The amount of pressure drop is determined by

" the pumbing speed, area of the substrate and the sticking probabi]ity.

If the substrate area is equal to the area of the pumping orifice and




FIGURE 1
Typica] Pressure versus Time Curve

during Adsorption of Carbon Monoxide.
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the sticking probability is unity, then theApressure will drop to
half the equilibrium value. This was approximate]yrthe case in
this determination. Introducing a second term into equation (1)

to account for molecules adsorbed by the substrate and a third term

for the PV change:

L+ R, =K (S+5,)+ vAsP+KvVdP/dt - (2)
where v = specific arrival rate of molecules at the substrate
(v =3.70 X 1020 molecules cm™2 sec~! for CO at
300°K and 1 Torr)
A = area of substrate'(cmz) _
s = sticking probability on the substrate

From équations (1) and (2), _
s (KR LUl - P/ - /T (@)

or
| 5 % (KV/vh) [(Peg/P) - 1] (3a).
“““ hen dp/dt <<f(Peq - P)/t, which is the case except at the beginning
of the process. The pumping constant t = V/S, where V is the volume
of the'system.‘ | |

If_the.1eak rate is doubled, the pressures P and Peq will bé
doubled, and the time for the adsorption process will be halved.
‘The sticking probabi]ity‘is a quantity which characterizes the fn- |
teraction between individual molecules and the surface and is inde- |
pendent of pressufe. It is definedvas thelrate of chemisorptfon
- divided by the arrival rate on the‘sﬁrface; -
| ‘ | s = (do/dt)/wP

where t.is the surface coverage in mo]ecu]es/cmz.



strate.

If the rate of-evaporation of molecules from the surface b, is
considered, the rate of chemisorption is found as
do/dt = vsP - D

Assuming D is negligible,

do = vsP dt
tf
t) = v P dt
o(t) ,,/;S P
tf -
= (KV/At) [.{¥ (Poq = P) dt + Py - P)]
) tf ’_ o
ot) = (KV/At) [Jt"s (Peq - P) qt] | ,(_4)

where integration is from the stafting time‘ts to the finish time tf.
in seconds. |
The sticking coefficient and the total coverage may therefore be -

determined from pressure measurements during adsorption by the sub-
L y R

2. Thermodesorption Technicue of Measuring Surface Coverage.

Thermodesorption refers to the desorption of gas from a solid sur-
face by a constantly increasing temperature. This technique was in-

1 d.3’4’5 The same ek—.

troduced by Hartman® and has since been expande
perimental system is used as with the adsorption technique, the dif-
ferénce'being in the temperéture programming of the substraté.‘

The substrate is heated until all gas has been desorbed, then

‘cooled for the time required to obtain the desired dose. Next the

substrate is heated at a rate that is a known function of time. The

pressure will at first rise due to desbrption of adsorbed gas, then



fall owing to the coniinuous pumping. A typica1'thermodesorption de-
termination has been traced to scale and is shown in Figure 13. 1In
the present work, the systém constants were such that the pressure
rose about 5 X 1077 Torr, irrespective of the dosing pressure. The
area under this curve will yield the original surface coverage, {mol-
ecules cm'z) prior to heating fn the same manner as with adsorption:
tf

o, = (SK/A) f;s

(P - Peq) dt (5)

An examinétion of desorption: kinetics provides additibnal.infor-
mation, although ideal experimental conditions for their appiication
are seldom obtained. Consider a systém which is being pumped at a
constant speed, and into which gas is being leaked at a constani
rate. At gquj]ibrium, when the. substrate. is not adsorbing, P*=“Péq
énd |

L = KSPeq o (6)

"~ If now the substrate is heated and it is assumed that gas is desorbed

“from the substrate but not adsorked by any part of the system, then

| AD (t) + L = XS + KV (dP/dt). (7)
Combining equations (6) and (7)

[d (P - Pog)/dt] + [(P - Pp)/e] =ad (8)  (8)

where a = A/KV. ' '
The rate of desorption from unit surface area is 4 )
D (t) = (-do/dt) = v,o" exp (-Eg/RT) (9
where n is the order of the descrction reaction, N
o is the instantaneous surface coverage (mo}ecu]es_cm'z),

2 is the rate constant,




and ‘
E4 is the activation energy of desorption (cal mole'l).
Solving equation (9) to find the temperature (Tp) at which the
desorption rate is a maximum under conditions of linear heating,
i.e., T= T0 + t, | |
| }Ed/RTg = (vl/e) exp (Ed/RTp) s forn=1 (10a)
and ' \
L | Ed/RTg = {20,9,/8) exp (Ey/RT,) : forn =2  (10b)
where op_is the coverage at T = Tp and vy is usually assumed to_?e
1013 sec™1, ' | |

This shows that Tp, the temperature at the peak of the desorption
curve, is independent of coverage for a first order reaction with

»constantAEd'and-depéhdehf'oh coverage. for a. second: order reaction,-if

the temperature rise is slow compared to the ratio of pumping speed

to system volume.

For the case where the adsorbate exists in only one adsorbed -

state, Redhead3 has shown that

n

"
—

o

p °o/e for n

(11a)

and

%p Fo,/2  forn

Using these approximations and combining ecuation (9) with equation

2 ' (11b)

 (10), one obtains
2

E= (e bp/oos) RTp : forn=1 (12a)
- (a0 2 e,
(4 Dp/ooe) RTp : forn =2 (12b)
‘and , |
vy = (e Dp/ao) exp (e Dp Tp/aoe) (13a)’~

vy = (4Dy/0,) exp (4D, T/oge)  (13b)




where Dp is the rate of desorption at the peak of the desorptibn curve.

bp may be found from equation (8). Since at the peak of the curve

d(P - Pgg)/dt = 0, then

o
i

= (P - Peq)/'ra .
(SK/A) (P - Pgy) ()

There are several facets of ‘thermodesorption that require caution.

The derivations given above apply to a single desorption peak and to
the gas éoming off the surface. It is tempting to assume,that,ihe
species desorbing from the surface is the same species that was on
the surface béfore flashing. This is not unfversa11y true.

Further, multiple thermodesorption peaks are commonly observed.
This is attributed to multiple binding states on the surface.3 It
is" common practice to label these 1, 2, 3, ... and” proceed’ with'
discussion about each state. A quantitative separation of the curves

and determination of coverage of each state is not always valid -and

“must be accepted as a crude estimate because thermally activated

transition from one state to another during the flash is not unknown.z

Thus, upon thermodesorption one might observe:

a) Desorption of the adsorbed species from the binding state_it»
existed in prior to desorption.

b) Desorption of the adsorbed species from a.binding state it |
transferred to at an earlier stage of thermodesorption.

¢) A combination of a) and b).

d) Desorption of decomposition products of the adsorbed species.

e) In the case of mixtures of'gases, desorption of species frbm

binding states that were the result of thermally activated interactions

at an earlier stdge of the thermodesorption flash.
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.3. Electron Induced Desorption Historxrand.Techniqye

When a beam of electrons impinges on a metal surface covered with
an adsorbate, neutral and positively charged particles of adsorbate
may be desorbed from the surface. This phenomenon has been variously
called electron stimulated desorption, electron impact desorbtion and
electron induced desorption. its history is interesting partly be-

cause it has been known for so Tong yet only recently investigated

in d¢tai1. As an analytical tool it predates this work only a few

years.
Electron induced desorption of ions from the surface of an ion

source in a mass spectrometer was first noted by Demps‘ter'inv1918.6

-In 1942 Ishikawa7 noted and discussed the electron induced desorption

of neutral particles, but his: obsérvations were. Timited. to. pressure.

changes. Plumlee and Smitﬁs, in 1950, determined the efficiency of

v 0+ evolution from a molybdenum surface to be about 10'8‘ion/e1ectron

at 300°K and found the desorbed ions had -an energy of 10eV. (Licht-

9

man's term1no1ogy of subscript s to denote EID part1c1es will be used

~in this paper. ) Ten years later Young10 stud1ed the release of O

from oxidized Cu, Ni, Mo, Ta, and Ti surfaces. A very carefu]-study

was performed by Moovell’in 1961. He determined the effect of 20 to

-300. volt electrons on carbon monoxide adsorbed on molybdenum and

tungsten surfaces. The carbon monoxide was dissociated, leaving car-
bon on the surface and producing O; ions which were detected with a

mass spectrometer. Further work concerned with the effect on vacuum

-systemsﬁof»gas're1ease from surfaces under electron bombardment, and

the effects on mass spectrometer jon sources was carried out by

12 13 14 15 . oo e

Degras Petermann Marmet and Morrison in 1962-

, and Davis
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1963 without a detailed examination of the~process._
Redhead found serious errors in pressure measurement due to the
formation of positive ions by electron bombardment of chemisorbed

16

oxygen in Bayard-Alpert ionization gauges in 1963 and made a care-

ful study of the phenomenon in 196417. Working at room temperature
and above, he found two stateé of adsorption of oxygen on mo1ybdénum.
The energy distribution of the desorbed Q:iigns peaked at 6eV and
- the efficiency of prodﬁétion}Was 1070 jon/electron. He was also able
to determine that 50 neutrals were produced for every ioﬁ produced.
The electron energy required to produce desorption_agreed wfth'cal-
culated va]ues,and'hé~proposed a theory for the mechanism of electron
“induced desorption.

- Menzel and Gomékls?aﬂso~médé3a'caYefﬁ?’éfﬁd&fdf e]étt?dn‘ihduced _
desorption {n 1964 using the field emission microscope. They presént-
ed a comprehensive theoretical interpretation of the phenomenon,
which was essentially fhe same as -Redhead's proposal. Their theory
wi11=bevpresented in section III of this paper:under "Electron-Adsorbate
Interaction Theory." |

The technique>of observing EID ions is'simp1e in concept. The
substrate is bombarded with electrons, commonly -of 100eV energy. Thelf g
e]éctrons may come from-an electron gun or simply a.fi1ament mounted N
close to the substrate. A grid near the substrate ié biased ﬁegativeF' _“
ly to attract and draw out EID ions. The ions may tHen bé totally
collected, providing -quantitative yield daia, or focused into a mass

._spectrometer“for ion identification and relative yield data. If ad-

sorbed particles can be desorbed by electron bombardment, then the -

surface coverage can be followed by observing the EID current during =




- of 0.45eV when carbon monoxide was adsorbed on (100) pt, indicating

an electron donating adsorbate:

12

adsorption or desorption.

B. Previous Results for Hydrogen and Carbon Monoxide

Adsorbed on Transition Metals

Electron induced desroption studies or the use of the electron |
probe surface mass spectrometer, as Lichtman calls it? on platinum
have been pursued only by Huber and Rettinghaus. Indeed since the

introduction of modern ultra high vacuum techniques, very little

~ fundamental research has been performed on platinum. This wouid at

first seem surprising until certain experimental factors are con-
sidered. Tungsten has been a favorite material to study when new
instruments and techniqUes are developed because it is generally
éeceptedhthat~an'dtomieaﬂqyfc$één-tungsten»sunfaceacénibe produced
by heating to 2200°K. Low melting metals can be difficult to im-
possible to c]eahvin such manner.

Low-energy electron diffraction study. of CO adsdrption on (100)
Pt by C. W. Tucker® indicated that the CO molecule is adsorbed with
its 1inear.axis normal to the surface. (The temperature of adsorp-
tion was not given.) Two surface structures of CO were found, ac-
cording'to density of coverage,. the low -coverage structure exhib-
iting strong attractive interactfon between some molecules. The
high coverage structure could be converted to the low coverage struc-
ture by heating to 80°C and all structure disappeared at 200°C, in=
dicating either mobility or desorption. |

Morgan and'Somorjaizo found in addition, a work function-decrease
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Lewis and Gomer2l have studied carbon monoxide adsorption on plat-

inum by field emission microscopy. They found a physisorbed adsor-
bate below 55°K. Between 50°K and 250°K various rearrangements oc-
- cured and around-375°K - 400°K either rearrangement without affect-
ing dipole moment or desorption without affecting work function oc-
cured. Above 400°K desorption from electronegative states occured.
The surface diffusion of chemisorbed CO at 300°K was of two types,
boundary free diffusion at low coverages and boundary diffusion at
high coverage. This was exp]ainéd'by proposing an energy spectrum
of adsorption sites. Diffusion was most rapid on the (111) plane
indicating the Teast number of tight binding sites. Lewis and Gomer
conclude that the behavior of carbon monoxide on platinum is complex
'ahd;puzzﬂinga TItiappeakS°to»them~thatfthefen%iréwspectrumﬂoﬁ‘GO»
adsorption involves only virgin or alpha like states.
Sugita, Ebisawa.and Kawasaki22 also found evidence of only one
“+binding state on p]atinum,when they exposed an evaporated film to
~carbon monoxide and followed the electrical resistance with gas ub-
take. They found 1.0 - 1.2 conduction electrons involved with each
~ surface bond, suggesting alpha type bonding. The structures of the

various types are:

0 0 o '
n v m C =0
c - ' - C / \
/7 N\ 1 M M
M M M :
Virgin Alpha Beta

‘Eischens, Pliskin and Franc1523’found«tworabsowption peaks in the

~I-R when silica supported Pt was dosed with CO. One peak was very

weak and was attributed to virgin CO by ana]bgy with mété]véérBdnyis B
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and the frequency shift involved. The strongest absorption was attri-
buted to alpha type adsorption.
Whether the virgin or a1pha structure predominates varies accord-

ing to the physical form the platinum is examined in, i.e., silica

'supported, alumina supported, evaporated film, e1:c:.24 Some work on .

films has shown both types of adsorption.Z°

Hydrogen adsorption on platinum has been studied by MignoletZ®

27

and Lewis and Gomer usfng FEM techniques. They found two forms of
adsbkbed hydrogen, an electronegative layer that was chemisorbed
atomic hydrogen and and electropositive jayef of molecular hydrogen
bound by charge transfer forces or Van der Waals forces. The é]ectro— 
positive layer desorbed from 200° to 250°K leaving tﬁe e]ectronegé—
tive Tayer which was steFVéd’fb?déﬁﬁfﬁ’ardUﬁﬂ”Z?Sp’- 300°K. The'
hydrogen adsorbed on the (110) p]éne required somewhat higher tem-
Iperatureé to desorb, 300° - 325%K. At high coverages the lowest
energy of desorption of the covalently bound hydrsgen was about the
same as the highest energy of desorption of the molecular electro-
positive layer, thus the diétinction between adsorbed atomic and
molecular hydrogen is blurred. Diffusion of the molecular layer

set in above 20°K while diffusion of the ¢§va]eht1y bound atomic
hydrogen commenced at 100K with an Sctivation energy of 4.5 kcal.

At 300°K to QOOOK incoming hydrogen was not rapidly accommodated

but diffused a considerab]e distance prior to dissociative chemisorp-

tion.

Flash filament sfudies of hydrogen on poTyc¥ystalline platinum

wire using an ionization gauge détector were carried out by Wiesen-

28

“danger®: These revealed a single desorption peak around 190°¢C,




reaching a maximum coverage of 0.28 in 30 minutes in 6 X 10'8 Torr

hydrogen. Llonger doses exhibited a decline in the hydrogen peak and

a rise of a 350°C peak attributed to carbon monoxide. A shoulder

on the desorption curve at high dose times indicated that the desobp-

tion energy of hydrogen increased in the presence of carbon monoxide.

The sticking probability for hydrogen was determined to be‘10'3.,
Morgan and Somorjai?o did not_f1nd aqyiadsorptjonfof hyd:qggn%

on {100) biatinum until the pressure wés raféed above 2 X 107° Tofrf

and the temperature raised to 500°C - 100066;.-They then found a

change in LEED pattern indicating a transformation from a (5 X i)

surface structure to a (2 X 2) structure. The high temperature re-

quired was attributed to the necessity of preventing Carbon_monOXide

from the ambient.from*adsorbing; Thér(z-X%2)»structure'formed;by"

‘hydrogen-adsorption-was -stable-and required-a few minutes at 1200°C

in vacuo to remove. They also found that if trace amounts of car-

wggn were present on the surface, it was impossible to generate the

(2 X 2) diffraction pattern; Mention was made that the co-adsorption

of H2 and CO produced a surface structure different from those formed

by the chemisorption 6f Co or HZ alone.

29

Huber and Rettinghaus®” are the only other workers to investigate
hydrogen and tarbonvmonoxide adsorption on platinum by means of elec-

tron induced desorption. Their work was mostly at 2 X 10710 Torr

"residual hydrogen pressure, and a rather high electron current densi-

ty of 1074 Amp/cm2 on polycrystalline platinum. Residual gas ana1y¥
sis was not given, and surface coverage determinations were not at-
tempféd but father they assumed a sticking probability of unity for

3 - 1072 found in this.and other works) .

hydrogen {as opposéd to 10°
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and assumed that carbon monoxide had no influence on hydrogen adsorp-
tion which is also confrary to this and othér work. Examination of
the H; jon current showed it to be independent of hydrogen pressure.
This was interpreted as the result of hydrogen adsorbing into "State
I" followed by transition to "State II" on special sites that occupy

about 10'3 of the surface. Since their electron beam curreﬁt was

“high, extensive desorption due to electron bombardment occured. This

resulted in.a "lower equilibrium” value of H; and an "Upper equilibri-
um" value, obtained by pulsed e]ec;ron beam technique. fhé changes
of these values were studied as a function of bombardment times and
gas exposures. The results were explaiﬁed on the assumption that
Surfate diffusion of hydrogen is slow but increases after extended
electron:-bombardment. OGf particular interest is’ the fact that they.

found EID CO;. Other transition metals reported in the literature

“exhibited only O; from CO coverage. This is attributed to the high

~ binding energy of CO on transition metalé, making dissociation of

the mb]ecu]e easier than desorption, as an ion. Predictably, the
co; current disappeared. upon heating to a rather low.temperature of
2509C. The 0; jon was not observed in their work. The nature of
the experiments performed by Huber and Rettinghaus, diétated by the
Timitations of their system, do not lend themselves to direct com-
périson with the experiments performed in this work. |

The interaction of hydrogen with molybdenum hés been studied by
Pasternak and Wiesendanger30 using thermodesorption and ion gauge

techniques. They found that the saturation coverage of hydrogen was

independent of pressure but strongly dependent on substrate tempera-

ture. The maximum coverage at 225°K was 1.4 X 1015 atoms/cm2 and




about half this value at room temperature (300°K). The thermodesorp-

tion spectrum showed a single desorption peak for 300°K dosing. When
the substrate was dosed at 225%K a very well defined second desorp-
tion peak appeared, equal to the original higher_energy desorption
peak. ‘This was interpreted as the formation of two layers of gas,
each of which contained close to two hydrogen atoms per molybdenum
atom. The sticking progabiifty for the first layer was 0.35. The
-adsorbed'hydrogenAwas réadi]y replaced by nitrogen at room tempera-
ture. | |

Lichtman9

was able to follow the surface coverage of hydrogen
on mo1ydenUm by observation of the H;'ion current, and the coverage. -
of carbon monoxide by the O; fon current.’ |

‘ThebEID"H: jon cur?éhtlresuTting;from‘hydrdgen~dosihg of nickel
(100) was studied by Liéhtman, Simon and;Kfrst?l The H: ion current
described a rise, peak and deéline‘as hydrogén coverage increased.
....=This was interpreted as adsbrptibn into a weakly bound molecular
state followed by transfer to a strongly bound atomic state. Williams

32 found a monotonic increase in H; ion current when poly-

and Gasser
crystalline nickel was exposed to hydrogen. The H; ion current re-
mained constant when saturation coverage was attained. if, however,
small. amounts of carbon monoxide were introduced, the H: ion current
increased. This was interpreted as an increase in the desorptioh

cross section of hydrogen caused by coadsorption of carbon monoxide.

No mechanism for this effect was proposed.‘ (Their work was. reported

. after the-experimental work-for this paper-was completed.)
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C.- Original Plan of Investigation

The EID literature indicated that the EID ion current was propor-
tional to surface coverage and that H; jons came from adsorbed hydro-
gen and O; ions came from adsorbed oxygen or carbon monoxide. From
that information it was assumed that it would only be necessary to
calibrate the H; jon current by running a thermodesorption coverage
determination after equilibrium H;~ion current was obtained with hy-
drégen'dosing, then uti]iie tﬁe ﬁ;'ion‘current to determine coVerage
versus time. Repeating this at several pressures would provide all
the informatjon needed to determine the kinetics of adsorption of
hydrogen. Since this technique would pfoduce a continuous p]bt of
.coverage'versus time it would be moré desirable that making point_by'
- poihtfdeterminations, asfrequired~by~the'thermode$orption technique. -

After determining the_adéorption characxeristiCS“of'hydfogen and
carbon monoxide, the adsorption propérties'Of gas mixtures could be
determined in like manner. It was hopéd that any reaction products
could be observed either by their EID sfgha] or by thermodesorption.

'Since a mass spectrometer was being used as a detector, the composi-

‘?j-tion of any réaction produtts cou]dvbe determined. -
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PART. I1I
THECRY

A. Electron - Adsorbate Interaction Theory

If a metal, M, covered with adsorbed gas atoms, A, is bombarded
with electrons, the adsorbate may be desorbed from the surface in. the
form of positive ions, ground - state neutra] atoms br excited neu-
tral species. Conversion of the adsorbate from one binding~state to
another has also been observed. In the case of adsorbed molecules,
fragments of the molecules may appear. \if'low energy electrons (<
500eV) are(emp]oyed, this phenomenon‘cannot.be explained by momentum
tranéfer, with the possible exception of physically adsorbed gases.18

A mechanism for the-produétion of neutral and ionic desorbed
spedies has been proﬁdsed?iﬁdQQEndéﬁtfyiBy,RédheadlﬂiandfMéngéT“and

Gomerlg. They propose electronic excitatibn from a ground state to

‘an jonic repulsive state. This is shown in Figure 2 where the Tower

o A

“curve is the potentiaT energy of interaction between a metal adsor-

bent M-and ‘an adsorbate atom A and the upper curve is that of the

“metal and the ionic form of A.SS The binding energy of the atom A

is,répresénted by the distance Ed(A) while I(A) represents the joni-

zation poténtia1 of the free. atom. The-rahge of internuclear sepafé-

~ tion in the ground state is shown by the widths of the shaded band.

Since the internuclear separation and velocity will not significantly
change during an electronic transition, according to the Frank—Condon

principle, electronic transitions from the ground state to the ionic

“state will be within the shaded area. Initially the bombakding elec-

~tron causes a transition from the neutral to the ionic potential
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FIGURE 2
Schematic Potential Curves for Inter-

action between a Surface M and an Atom

A, and between M and the Ion AT The

PDD'is the Square of the Wave Function

" for the Ground State M-A Oscillator.
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energy curve. Thé adsorbed ion may then undergo (1) de-excitation to
the original neutral adsorbed state through Auger neutralization, or
tunneling of an electron from the substrate to the adsorbed ion, (2)
desorption as an ion with kinetic energy greater than zero, (3) de-
sorption as a neutral when sufficient kinetic energy for desorption

~is acquired by the ijon prior to Auger neutralization, or (4) de-exci-

tation to a neutral adsorbed state different from the original. Sev-
33

eral other possibilities have been suggested by Madey and Yates
as shown in Figure 3. Here the potential energy curve for fhe anti-
bonding (M + A)a state is included. Transifion to the antibonding
state would produce é desorbed neutral. It is also possible for the

(M +pt ¥ e ) ionic state to be positioned so that the Frank-Condon
region” intercepts only the attractive portion of the curve. In this
'qase excitation from the ground state to the (M + A* + ¢7) ionic

state would not result in thé desorption of jons. If excitation from
‘the ground state to the repulsive part of the metastable state (M + A¥)
‘occurs, however, either a metastable species may desorb or-an adia-
batic crossing to the ipnic curve (M + At + e~ ) may occur, resulting

in desorbed ions.

“These are only the simpliest of many possibilities, as suggested
by the fact that the curves in Figure 3 are only the lowest membets |
and the ground state.

| Several fheories for predicting the minimum energy an electron
must have to produce an EID species have been offered and found to
 fit experimental results quite well. Redhead!’ has proposed that in
case of a diatomic molecule, Azlthat is dissociatively adsorbed, the

threshold energy of bombarding electrons to produce an A* jon of zero




FIGURE. 3
Potential Curves for Interaction be—'
tween a Surface M and an Adsorbed
Atom A. Possible Excited State in-
cluding an Ionic State (M + At 4 e ),
~a Metastable-Atomic State (M + A*), .
~‘and the-Antibonding- State (M + A)°

_-are ‘Also Shown.
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kfnetic energy at distance d = = is

VT(o) = I(A) + Ed(A). .
Experimental results for c0/w34 and 02/Mo17 verified this prediction.
In practice, only those ions are detected that have a kinétic'enefgy,
Ek gréater than zefo. If the effective mass‘of the surface is much
greater than that of the ion liberated, then conservation of ﬁbmentum

requires that the liberated ion possess virtually all the kinetic en-

‘erby. Thus the threshold energy becomes V; = VT(o)’+ E, = energy of

bombarding electron. This has been experimentally verified.1?
The majority of excited adsorbed ions undergo de-excitation re-

sulting in 10 to 100 times as many neutrals as ions ejected from the

~ surface. HMenzel and Gomerl® have presented a quantum—mechani¢a1 model

“proposing that: the Auger neutral ization- or tunneling of an electron -

from the substrate to the adsorbed ion is responsible for this phe- .

nomenon. This neutralization is exponentially dependent on substrate-

“adsorbate distance causing the yield of EID ions to be dependent on

this factor.

The jon current produced by EID is directly proportional to thé
electron bombardment current.ll This linear relation is valid, of
course, only when bombarding current is so low'thaf thé rate of re-
moval of adsorbate is less than the rate of replacement, or ihsigni-
ficant in the time interval of measurement. Thus, for ianic desorp-
tion

-+ _ +
i —IeQa

"~ where if is the ion current, Ié the electron bombardment currenty

o the population of adsorbed species (atoms or mo1ecules/cm2)'af-

fected and Q+ is the cross section for jonic desorption (cmz).
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Typical total cross section values for ionic desorption are 10'18 to

10-23 cm2, where typical total cross sections for ionic and neutral ‘

species taken together are commonly 2 to 3 orders of magnitude larger.
The cross section has been observed in some caseé to increase

with temperature.4

This is attributed to the fact that at higher
temperatures the increase in thermal vibration increases the average
substrate-adsorbate distance, thus decreasing the Auger neutralization

probability and increasing the ion yield.
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PART IV
EXPERIMENTAL

A. Apparatus
The electron probe surface mass spectrometer, as Lichtman calls
it,31_is not an instrument that can be purchased. At present, there
is no.agreeded "best design" and most instruments reported in the
literature are "one of a kind" models. The two desiderata in the
design of the instrument used in this laboratory were'l).that a
monopole mass spectrometer be used for a detector and 2) that a well

defined beam of electrons be uséd. Since the system used was "one

of a kind," the essential details will be described.

1. The Vacuum System

. The vacuum. chamber was. constructed. from 304 stainless steel

pipes, welded together by the Tungsten Inert Gas method. Sexless

.ultra high vacuum flanges, made of 303 stainless steel and sealed

BT

with copper gaskets were used throughout. A f}ange mounted pyrex
window enabled observation of the internal componehts, The volume
of_the experimental chamber was 1.9 liters.

~ :Pumping Qf the system was accomplished with a combjnation 25 1/s
triode ion pump and 550 1/s titanium sub]imation-pumb (GE 22TP217).
Determination of surface coverage by the thermodesorption method
required accurate knowledge of pumping speed. Consténcy of pumping

speed was assured by an orifice 1.03 cm in diameter between the ex-

~perimental chamber .and.the pumps. The calculated conductance: of the

orifice was 9.96 1/s for CO and 37.2 1/s for Hz. This was a value

small compared to the measured speed of the pumps. The system base
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pressure was 4 X 10-10 Torf.

.The only gauge on the main chamber was a Bayard Alpert type idni-
zation gauge (GE Model 22GT102) which communicated with the chamber
through a'short'tube of greater diameter than the gauge grid, thus

minimizing the pumping effect on the indicated pressure.

2. Gas Dosing System

The dosing gases were obtained from high pressure cylinders.
Pressure régulators were attached directly to the cy]inders and the
Tow pressure output Ted to a gas manifold consisting of a length of
stainless steel tubing. Al1l connections were hard or soft silver
soldered. The gas manifold had a thermistor type pressure gauge

brazed to it and.commuriicated to a Hoke valve and a Varian leak’

| valve. The Hoke valve was used. to. evacuate. the 1ine.and:pressune

regulator with a mechanical pump. The leak valve was mounted on

a small chamber consisting of a 90° cross (X) connector with fQur‘
flanges. One‘f1ange was blanked off, another terminated with a
Bayard A]pert gauge‘identica1 to the-type on the main experimental
chamber, and the fourth flange connected this "forechamber" to the
main experimental chamber through ah orifice. The orifice was made
by replacing the copper gasket betweeﬁ the flanges with a copperi
disk in which a tapered edge orifice of 1.61 mm diameter had been
machined. This had a calculated conductance of 0.91 1/s for Hy and

0.24 1/s for CO. The schematic of the dosing system and forechamber

is shown in Figure 4.

3. Component Cecnfiguration

' Figure 5 is a top view schematic of the experimental chamber with-




FIGURE 4
“ Schematic of Gas Dosing System and

Forechamber.
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FIGURE 5
Schematic of Electron Induced De-

sorption ‘Apparatus.
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its major components. The mass spectremeter was supported from its
flange. The electron gen, substrate support assembly and EID ion

lens were made from 2.54 cm squares of 304 stainiess steel with holes
punched in the corners. These were assembled on 1.25 mm alumina rods
with alumina spacer tubes and secured with spring loading against tung-
sten spring nuts that made a tfght sliding fft on the rods. These com-
ponents were part of an E.A.1. (Ejecfron, Atom,.Idn) Kit which was de-
veloped by C. K. Crawford and C. E. Woodward at the Massachuéetts In-
stitute of Technology.3> - -
The central assembly was a 2.54 cm cﬁbe referred to as the "cage.”
The substrate was a platinum ribbon 3 mh wide, 0.05 mm thick and 1.8
cm long, welded to 1.5 mm tantalum wire supports and mounted in the

- center of the'cage.wifh"its plane lying in the (110). plane of the
cube, ag-shown in Figure 5.

The electron gun assembly was mounted on one side of the cube
and the ion lens assembly was mounted on an adjacent side. The sides
opposite these were covered with nickel screens. _The.ions‘released
from thelsubstrate were drawn toward a 1.25 cm diameter hole in the
side of the cage by the "EID Draw Out" screen, spaced 1 mm from the
cage.' After passing through this screen they encountered a eylin-.
“drical "EID.Focus" lens mouhted.oh the mess spectrometer ion source

assembly, just above the ion source cage.

4, Instruments and Accessories

a) The Maés Spectrometer. The detector of EID ions was a pro-

“totype monopole mass spectrometer (General Electric) which could de-

-13

tect about 10 Torr of static partial pressure. The mass'spectro-
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meter consisted of three basic sections:

1) _An ion source which jonized gas phase molecules by electron
impact within a screen cage, accelerated the ions, and focused them
on the analyzer entrance. (The ijon source was not used when detec-
ting EID ions.)

2) An analyzer which allowed only ions of a given e/m ratio to
pass through. _

~ 3) A detector consisting of ‘a 10-stage electron multiplier with
the associated voltaée dropping resistors attached so that only three
vacuum feed thropghs'Were necessary. The gain of the detector was
estimated at 10° with 300 volts/stage bfas.

The multiplier output was converted from current to vd]tage by a
KeithTey Type 610R Electrometer. This provided a 0 - 10 volt signa]
"wh1ch was recorded by a Moseley X - Y recorder.

The mass spectrometer was aTso used to measure partwal pressures.
rn:For this purpose the ion source vas operated with 3 X 10 -3 amp emis-
| s1on current at 50 volts electron energy and 9eV ion energy

Detection of EID jons required that the mass spectrometer jon
source be'biesed dffferent]y with no e]ectfon emission. This was
accomplished with two sets of bias controls and a switch to select
between them.

In the "EID mode" of operation the substrate and cage were +25.6
volts with respect to ground and the EID Extract and Focus e]ectrpdesv
at -225 volts. The mass spectrometer draw out lens was at -300 volts,
.ion source anode at ground and focus 1ens at +67 volts. The electron
gun operated from a floating supply of 102 volts from eathode to

anode and cage. Figure 6 is a schematic of the electrode system.
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FIGURE 6
Schematic of the Electron Gun,
Substrate-Cage, and Ion Lens

Assembly.
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b) The Electron Gun. Several electron guns were constructed

and tested for beam homogeneity with a fluorescent screen. The most
suitable design proved to be a relatively short gun consisting of a .
Pierce type electron gun36 followed by an einzel 1ens.37 The cathode
was a directly heated 1 mm wide rhenium ribbon. The gun gave an
electron beam 1 mm X 10 mm in cross section. An einzel lens was

used for focusing without affecting'the beam energy. The beam cur-
rent was regulated by a feed back circuit controlling the cathode
power supply.

The electron gun emission control wé; made by modifying a tran-
sistor controlled power supply originally manufactured by‘I.B.M.
Figure 7 is a schematic of the circuit used. A zener controlled con-
stant’vbltage‘was appréd;to~R1 which provided-a variable reference-
supply. The total emission current of the electron gun passed through
variab]e.resistof R s developing a voltage drop proportional to the |
~ emission current. This Qo1tage drop was matcheﬁ against the reference
voltage from Ry and the difference applied to the base and emitter of
transistor Tl'through resistor Ry in series with the filament. Tran-

Ta

sistors T T2’ and T, constituted an extended Darlington circuit

1’ 3
and operated to increase the current in the filament if the base of
Ty was positive to the emitter. "It is seen thét there wefe two con-
trol parameters involved in this circuit. Neglecting Rj, Rl and R2
constituted an emission control. The referehce voltage from R1 would
cause the filament current to incfease'unti] the emissionlcurrent |
caused the voltage drop in kz to increase to & value about 0.4 volts

less ;han the reference voltage. This design did not protect the

filament from destructively high currents and some filaments were
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FIGURE 7

Electron Gun Emission Controller

Circuit.




gug‘?:!:zsy -

ELECTRON v ,
ENERGY TO CAGE

BIAS




34

subjected to such. The addition of R3 provided current limiting con-

trol. If there was no voltage drop across R, then R1 and R3 caused

the supply to operate as a constant current source. Filament cur-
rent developed a voltage across Ry which opposed the reference volt-

age from R., thus limiting the maximum current the filament experienced.

1°
c) The Substrate Temperature Programmer. The substrate tempera-

tqre controller was also.made from a modified IBM power supply. This
is shown'in Figure 8. The substrate was in a bridge circuit that was
ba]anceq with Rl' Two modeS of operation were possib]e.. First, with
the non-inverting input of control amplifier Al grounded, current
would be supplied to the substrate until the bridge came to balance,
thusARl was a temperature setting control. The mode of operation
most desifgd'was to provide a linear rise in temperature with time.
“This could have been most perfectly accompTiéhedfby a mechanical
drive of-Rl. Providing for an initiation of rise upon command, a
variable rise rate, holding at a given temperature for a variable time
period, and instantaneous return to room temperature setting would
kequire extensive mechanical design that was judged to be infeasible.
Alternatively, an all electronic bridge balancing cirguit might have
been used but no designs of such could be found and the level of
| electronic engineering required to design such a circuit was beyond
the competence of the experimeter. ' '

- The design used was based on the observation that providing a
programmed current to the bridge, balanced ét room temperature,
such as to cause a 1inear rise in substrate resistance with time,
resulted in avbridge'output that increased as the square of time;

Amplifiers A, and A3 were connected as two integrators in series.




‘FIGURE 8.
Substrate Temperature Controller

and Programmer Circuit.
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. Thg rate of temperature. rise was determined by the input ypltage,ffom,‘“ )
R3 which was integrated by Az. The linearly rising voltage output of
A, was integrated by A; providing an output voltage that increased as
the square of time. The fraction of this voltage used for control
purposes determined the maximum temperature and was obtained from R2.
This voltage was fed to the non-inverting input of Al, causing the
substrate current to incneaselunti1 Ehe bridge.output, connected to
the invefting input of Al, was equal to it. This dgéign was not
without defects, the chief one being that the substrate temperature |
at a given time after starting the program was a function of the_v
inifia] substrate temperature and the temperature of the substrate
support leads. The system also proved to be badly non-linear. At

" the time of construction,.alternative methods of avoiding the use of
a thermocouple on the substréte, such as infra-red detectors or ana-

log computer elements were excessively expensive.

A

B. Materials Used

1. Substrate Preparatidn and Characterization

The substrate was made of platinum guarantéed to be 99.99% pufe '
by Engelhard Inaustries and roITed.into ribbon form by the H. Cross
.Company. The analysis of impurities was notlévai]ab]e.’ The sub-
strate was 1.8.cm X 3 mm X 0.05 mm thick and was welded to 1.5 mm
-diameter tantalum supports wifh.twd 0.05 mm potential leads welded
on either side of the center han of’the ribbon. The ribbon was.
'heated to about 1200°C in vacuum for several days, then examined by
X-ray; The entire flange and substrate support assembly was mounted

on the X-ray machine so that the substrate could remain undisturbed.
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Three back reflection photographs were taken‘aTong the length of the
substrate. A1l three were identical hexagonal star patterns, indi-
cating that the (111) plane was parallel to the surface and that the
substrate was wither a single crystal or several crystals with very
slight differences in orientation. This phenomenon has been observed
by others.38 _

The.substrate was cleaned of carbon by heating to 1200°C in 1075
to 1074 Torr of oxygen for aBout four hours. This procedure was re-
peated until only a single flash desorption peak was obtained with
carbon monoxide-or hydrogen. Since analysfs of very high purity
platinum used by other workers?1539 showed 60 p.p.m. copper as the
Vdn]y deteétab]e impurity, it was Tikely that some copper may have |
been present in this Subgtrate. H. B. Lyon and G. A. Somorjai- de=
fine a clean surface in LEED studies as one in which the concentra-

tion of impurities is below the detection limit of the technique.
“They further stipulate that: = |
"There should also be no change in the
méss‘Spectrometer trace which is due
% to the sample surface when it is heatéd
to elevated temperatures at which layers
of substrate atoms may bé removed by
vaporization." |
. This criterfon was met. Heating the substrate resulted in Na, K, C1,
and F emission when it was new. With ageing and pro]onged heating
" the concentration of thése elements approached the limit of detecta-
bi]ity._.Further proof of purity or ‘cleanliness was not possible

with the system available.
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2. Préparation of Gases

As stated in section IV A2, the gases were obtained from high
pressure cylinders. Reagent grade gases were purchased in-lecture
bottle cylinders from the Matheson Company. These were USed direct-
1y without further purification. The justification for this was the
fact that the system incorporated a mass spectrometer and no impuri-
ties were detected with this instrumenf; This’is.not to say that
there were ﬁo 5mpurities, but rather that they weré not measurab]ef
The ion pump had a characteristic of re-emitting previously pumped
gases when a new gas was admitted to-fhe system. Thus, admission of
'bxygen to a pressure of 1 X 10'5 Torr caused the argon pressure td
‘rise to 1 X 1074 Torr. Admission of carbon monoxide to thé system
which. had been at nesidual‘pnéssure for a day or so caused -the hy-

: drogén pressure to rise in 1ike amount. This burst of hydrogen
__wou]d dec]ine-withinva'day to a value approximately the ultimate
' pressuke. in'analytical masé spectrometry these difficulties are
obviated by not using ion pumps and by sampling at a'high pressure
in the 107 Torr range so that the fesidué] gases are of no conse-
. qﬁencé. The sy;tém was seldom taken above 1 X 10’6 Torr because of
the bump down time required-after such treatment; also, at high pré#—
sures chemisorption occured too quickly to follow with the recording
equipment. When the system was taken to high pressures 60 impurities
were observed in the gases used. |

'Gés mfxtures were custom prepared by the'Matheson Company énd

used as. received.
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C. Techniques of Measurements and - - -

Experimental Manipulations

1. Purging of Gas Lines

The first step in all experiments was to insure that the desired
gas was admitted_to the system. The gas cylinder was connécted to
the pressure regu]ator.and determined to have a leak tight connection.
A rotary vane vacuum pump was connected .to the gas manifold via the
Hoke valve. The gas cylinder valve was kept closed and the pressure
regulator set at an arbitrary high setting. The Hoke valve was

opened and the gas lines evacuated. Then the Hoke valve was closed

- while the gas cylinder valve was opened. This was done to insure

that the lines were not under vacuum without active pumping, as this
would allow air to»Teék:ih-through~the«sea]s of the pressure regula-
tor. After the gas line was pressurized the gas cylinder valve was

closed and evacuation begun again. This procedure was repeated five

‘times. Thereafter the gas lines were kept at a pressure of about

5 p.s.i.g.

2. Pump Speed Determinations

The conductance of the pumping orifice was detgrmined for hydro-
gen and carbon monoxide only. The gas flow fo110wéd the sequential
path of leak valve, forechamber, orifice, experimental chamber, and
orifice to pump. The first .orifice was 1.61 mm in diameter and héd
a éa1¢u1ated conductance, C, of 0.91 1/s for H2 and 0.24 1/s for CO.

Ionization gauges on both the forechamber and the experimental cham-

- ber gave the pressures on either side of the orifice. From these

readings the pump speed S could be determined from
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S = [(Py/Pp) ~ 11 G e

3. Thermodesorption Determination

The first step in running a thermodesorption determination of
surface coverage was to obtain the desiréd pressure of the desired
gas and a constant pumping speed. Starting with the system evacuated
to jits ultimate pressure (4 X 10-10 Torr), the 1eak valve was ogened
until ihe desired pressure was obtained.‘ Since tﬁiélre$u1ts}in’out—
gassing of other gases_from the walls and a change in environment
for the jon pump, the pressure would change soon after the leak was
set. The leak valve was readjusted frequently fof the first half
hour and at longer intervals thereafter until the pressure, pump
speed, and the mass spectrum were constant. This was usually accom- |
pijshéd fn six hours to-a .day. The substrate was thén heated. to
12509C for ten seconds every five minutes for an hour. Then the -
flash spectra were determined by recording the pressure versus time
:auring a_fiVelsecond rise to 1250°C. Various damping constants were
tried until maximum damping'wiihout édverse effect on the recorded
signal was obtained. The flash spectra were then recorded repeatedly
every five minutes until equi]ibrfum was achieved and the traces
coincided. The gystem was then ready to run thermodesorption éxperi-
ments. The substrate was flashed by raisiﬁg the temperature to 1250°
C in five seéonds,.holding it at that temperature an additiona] five
seconds, theh cooling. Upon cooling, the time was recorded aﬁd the
substratevwas allowed to "rest" for the desired dosing fime..'Atwthe
end of the dosing time the temperature programmer was activated along

with the time scan on the X - Y recorcer and the pressure was recorded
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“as a function of timeé during the period of temperature rise. This
gave one datum point. If the dose time was less than five minutes,
then the substrate was allowed to rest (so that the substrate sup-
port leads could cool) until 4 minutes‘50 seconds after the termina-
tion ofAthe preceding flash. The procedure was then repeated for |
the next determination. -If the dose time had been five minutes or
more then the termination of the flash signaled the beginning of the
nextvdose period. | |

During the dose periods the leak valve was trimmed to maintain
the desired pressure, the recorder zero set:was adjusted as necessary

and the mass- spectrometer mass setting was peaked up.

.4._ Adsonpfion Measurements |

| Setting ub fok adsorption measurements Wasﬁsimilar to thermode-
sorption procedure. Once the system was at equilibrium at the de-
sired bressure, the detection and recording systeh was adjusted to
give about 3/4 full scale recording at the prevailing pressu}e.‘ The
recorder was set operating in the pressure versus time mode, with
:the_tﬁme scan much slower than was used for thermodesorption work.
The temperature of t;e substrate was then raised to about 1250°C

and held. The pressure would rise during the thermal cleaning of the'
substrate, then decline to near the equilibrium value. At this point
the substrate heating power was terminated. In this sysiem the area
of the substrate was about equal to the.area of the pumping port;
thus when the substrate cooled, if the sticking prdbabi]ity of the
gas were unity, thelpressure'would decline to about half the equili-

brium value, since the effective pumping speed would be_doub]ed. " The
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sticking probability dec1ined‘asxthe'substrate was covered with~ad-
sorbate, allowing the pressure to rise. When the substrate was com-
vpiétely coveréd it no longer adsorbed and the pressure returned to
the equilibrium va}ue. In general, adsorption determinations were
avoided at pressures below 5 X_10’9 Torr CO as more than 1500 seconds
would be required for the pressure'tb return to equilibrium. Llong
runs tried_the stability of the leak vaiue and jon pump, often re-
sulting in undeterminable equiiibrium pressures. Several determina-
tions were made in sequence until successive identical results were

obtained.

5. Electron Induced Desorbtion Determinations

a) Adsorption. An "EID Adsorption" is the process of following
surface coverage, upon adsorption of a gas,. by QbsérVﬁngatheAEID'iQn
yield from the surface. The system was brought to equilibrium as
- ggécribed previously. DUring that time the e]ectfon gun power sup-
piies and control units were brought to thermal equilibrium. The |
-electron energy was set at the desired value, usually the full supply .
voltage of 102'vo1t§. The substrate was disconnected from the sub-
strate power supp]y\snd a 0-5 microammeter inserted in series be-
tween it and the positive side pf the electron energy supply. After
':sétting a desired beam current, usually 10.'6 ampere, the focus control
was adjusted for maximum substrate current. The beam current was
then readjusted. The only additional attention required by the elec-
tron gun system was to readjust the.beam current pefiodica]]y, as it

| drifted.




43

The mass spectrometer was -tuned to the appropriate mass vélhe and
the electrometer and recoding systems set operational. The substrate
was thermally cleaned in the manner used for thermodesorption deter-
.minations, then cooled. The recording system was started simultane-
ously with cutting the power to the substrate and the EID ion cur-
rent was measured versus time. As with other determinations this
was repeated until consistent resuTts were.obtained.

b) Thermodesorption. An "EID flash" or thermodesorption deter-

Lmination was eséentia11y idéntica] to that described in section IV c3
except that EID ion current was measured instead of pressure. This.
resulted in a graph of EID ijon current versus temperature. The cur-

“rent declined to the background Tevel when the species that was the -

. sourcq‘of the EID currenﬁ desorbed from the surfage-or'decomposéd.>

. ¢) Isothermal Desorption. An "EID Isothermal Desdrption" ié a

- determination of the relative surfacé coverage of EID active species
versus time while said species is desorbing from the surface at a
fixed temperature. The substrate temperature programmer was deacti-

vated and the temperature of the substrate was chtrolTed by maintaining

W]
¢

bridge balance. The bridge balance potentiometer was set at given
dial readings and fpr each the substrate current and voltage waé de-
terminéd. This enabled a calculation of substrate temperature and
calibration of,the bridge balance potentiometer.

Thé,system wasvbrought,to equilibrium, as described under section
© IV 3, but with the electronics set to determine H ion current. The
substrate was dosed until maximum H; current was obtained, then the |
substrate power supply was activated. This brought the substrate.

temperature up to the~presét value in 0.7 second and desorption
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commenced. The H;_ion current was plotted as a function of time after |

-~ activating the substrate power supply.

S
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“PART V -
RESULTS

This research involved several experimental techniques and chemi-
cal environments. The data from any ohe experimental technique were
inadequate to arrive at the final analysis; therfore compilation of
data. from several e;perimenta] techniques was required. In this
paper the reéu]ts from each experimental technique are presented in-
dividually, then in section V I graphical compilations of some data
is presented. The discussion section is.arranged according to the
various chemical systems and calls upon data from the results section

as required.

A. Adsorptiqn_EXperiments
The adsorption technique did not WOrk with hydrogen, owing td its
lowlsticking probébi]ity. Carbon monoxide, on the other hand, adsdfb-
‘ed fast enough to produce'a large pressure change yielding good "large
signal" data. The adsorptioh‘kinetics, sticking probability and satu-
ration coverage of carbon monoxide weré determined by the adsorption

technique.

1. Carbon Monoxide Adsorption from Pure Carbon Monoxide

‘Figure 1 shows the form of pressure versus time data obtained
during adsorption on a freshly cleaned substrate. The area abdve
these curves Qas subjected to step-wise integration with respect to
_time fo obtain coverage as aAfunction of time. This was plotted as
fractional coverage 8, versus carbon monoxide exposure tP_ , as shown

in Figure 9.
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The coverage as a function of time -determinatidns-yielded the
rate of adsorption do/dt, as a function of the molecular flux to the
surface VP, at various fractional coverages. The average results of

six determinations at equilibrium pressures of 4 X 10’9, 8 X 10-9,

" and 2 X 1078 Torr of carbon monoxide are presehted in Figure 10.

The slope of the lines in Figure 10 is, by definition, the stick-
ing probability. From these the stiﬁking probability as a function
of coverage was determined, as shown in Figure 11. The average ini-
tial sticking probability was 0.76.

Determinations at cerrages less than 0.28 were unreliable owing
to experimental difficulties such as cooling time of the substrate?

and outgassing of the substrate supports if the substrate was heated

for a sufficient time to.obtain steady equilibrium pressure. The

- maximum surface coverage indicated in Figure 11 is 7-X- 1014 molecules

em™ 2. This is an average value. Redhead, and othérs, define 8 = 1

“as the maximum coverage obtained. _Noting'thaf the population of pla- -

tinum (111) sites is 1.5 X 1015 atoms cm™2 and that carbon monoxide

.commonly makes two bonds to a metal.surface,24 the value of 7.5 X

1014 molecules cm'zﬁwas chosen to define 8 = 1. This is not signifi-

~cantly different from the experimental value. The ionization gauge

with which the system was calibrated had a stated accuracy of +10%

and the effective area of the substrate could not -be ascertained to

- better than +10% bgcause of the cold end effect.

The average saturation coverage found was 0.938 and the maximum

- coverage foundiin a single determination was 0.9786.

t




FIGURE 9
Carbon Monoxide Coverage on Platinum
(111) as a Function of Torr-Second

Exposure.
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FIGURE 10
The Rate of Adsorption of Carbon

Monoxide Versus the Molecular Flux:

- to the Surface at Various Fractional

Coverages.

¢




¢ 0y x

23S _WO $3IND3T0W 0l .
9- vl 0
T _ T T T 0]
o | nlu.._u
axs= n
x .
a
<
Q
¢ m
O
- C
=
m
"
—v O
=y
! 1 1 ] A
M
.




FIGURE 11
The Sticking Probability of Carbon
Monoxide on Platinum (111) as a

Function of Coverage.
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2. Carbon Monoxide Adsorption from Mixtures of Hydrogen and-Carbon

Monoxide

The adsorption of carbon monoxide from mixtures of hydrogen and
éarbon monoxide at various pressures was determined. The compositions
of four such mixtures is given in Table I, page 67. Figure 12 pre-
sents the coverage versus dose data for carbon monoxide in these
mixtures. The average maximum coverage was 0.43 with an average
maximum sticking probability of 0.68.

A single flash determination at 2 X 10f8 Torr-Mixtdre'C aftef 12
hours dose yielded a coverage of 0.528. This was the maximum coverage

observed in mixtures.

B. Thermodesorption Experiments

1. Adsorption of Hydrogen from Pure Hydrogen

Thermodesorption of hydrogén resulted - in a single desorption peak.
Since the thermodesorption speﬁtrum in hydrogeﬁ-carbon monoxidg mix-'
tures was different from that in pure hydrogen, the_désorption peak
in pure hydrogen was labeled a - hydrogen. Figure 13 is a copy of
a typica? result in pure hydrogen. In general the Tp value for a -
hydrogeh declined with coverage and was fn.the range of 210°C to 2709C,
The desorption curve was mofe near1yvsymmet¥ic tHan that of fﬁe first
order desorption of CO. | “

~ Observed asymmetry is attributed to heating of substrate cold ends
and support wires as we]i as to wall effeéts, which-are usually en-
countered in systems that experience pressure éhanges.

The possibility that tai]ing could be attributed to solubility -

of hydrogen in the substrate was considered. Ebisuzaki, et a141
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FIGURE 12
Fractional Coverage of Carbon Monoxide
as a Function of CO Exposure in Pure

CO and tiixtures of CO + H,.
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have determined the so]ubi]ity and‘diffusivity of hydrbgén'ﬁn éing]e

| crystal platinum with the (100) plane parallel to the surface. They

found that the diffusivity D = (6.0 & 3.5) X 10°5 exp (-5.9 % 1.0
kcal/RT) in the range of 600°K to 900°K. Although they used an ultra
high vacuum system and mass spectfometic detection techniques, the
detection sensitivity was inadequate to make determinations at lower
temperatures. Assuming the value determined is app1icabie at 300°K,
DBOOOK = 3.24 X 1077, For the substrate thickness used in the présent
work, 0.002 in., this gives a relaxation time t =vx2/n2D =7.8 seconds.
Ebisuzaki, et al determined the so]ubi]ity.from permeability and dif-
fusivity measurements to be S = H/Py = 1.2 X 1073 exp (-11.0 kcal/RT).
At 300°K this yields S = 1.29 X 10731 at 1 atmosphere. Since the
solubility of hydrogen in platinum ig proportional to the square root 

of the pressure %2, the value at 1 X 1078 Torr is'§ = 4.68 X 1071
3

. H/Pt. For the substrate under consideration, the mass was 9.1 X 107 “g.

""" Thus the number of hydrogen atoms dissolved at 300°K is 1.31 X 103,h

an insignificant amount.

No hydrogen atoms could be detected with the mass spectrometer.

at substrate temperatures below 1230°K. This suggests that desorption

is associative,
H(ad) * H(ad) = Hz(ad) = Hz(q)-
following second order kinetics. Second order desorption of diatomic
gases that are dissociated upon adsorbtion is common.43 | |
The results. of the.thermodesorption determinations were plotted
as fractional coverage, 8, versus time, as shown in Figure 14. In
this césg. 10 -is defined as 1.5 X 1015 H/cmz, that is, onejhydrogen

atom per platinum site.




FIGURE 14

Fractional Coverage of Hydrogen as a

Function of Time in Various Pressures

of Hydrogen.
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hydrogen exposure, which are proportional to vPt, the Knudsen flow to
the surface. As in the case of Wiesendanger's work, the maximum
coverage found was 0.2028. This was attributed to displacement of
adsorbed hydrogen by carbon monoxide impurity, and/or competition for
sites. The fraction of carbon monoxide present increased as the pres-
sure approached the ultimate pressure (4 X 10-10 Torr) of the system.
The extreme case was observea in the 2.2 X 10™2 Torr determination
where 3% COlwas presenﬁ. The observation of carbon monoxide desorp-
tion after hydrogen dosing confirmed this éffect.

The rate of adsorption of hydrogen was directly proportional-to
the square root.gf impingemeht rate, as shown in Figure 16, indicat-
ing.half brder reaction kinetics. This was determinéd for 8 = 0.025

‘and 8 = 0.0375 at fivé pressures. Fof:each covérage’Qa]ué the data
-were inadequate at the lowest and.highést pressure to determine the.
'.s]opes accurately, therefore only four points are 'shown. It is in-
teresting to note that the lines pass through the origin, indicating
that the‘desorptjon rate of adsorbed hydrogen 1s'insignificant1 at
room temperature. | |
_  The data from Figure 16 were used to determine the'sticking pro-
bability of hydrOQeﬁ. vFor the 10Westlcoverage determinable, 0;0259,
the sticking probability was 7.5 X 107°.

After the kinetics of adsorption of hydrogen had been determined
to be one half order, the hydrogen coverage data was plotted versus
' t(PHZ)%as shown in Figure 17. This resulted in a single smooth

curve with the exception of the data obtained at very low pressures

and relatively high CO impurity concentration.
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FIGURE 15
Fractional Coverage of Hydrogen Versus

Hydrogen Exposure at Various Pressures.
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FIGURE 16
. Rate of Adsorption of Hydrogen as a
Function of the Square Root of Im-

pingement Rate.
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FIGURE 17
Fractional Coverage of Hydrogen Ver-

sus Hydrogen Dose, t(PHz)%.
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2. Effect of Carbon Monoxide and Methane on the Initial Rate of

Adsorption of Hydrogen

Thermodesorption measurements of hydrogen coverage for the first

100 seconds in 2.2 X 10'8 Torr hydrogen with varying quantities of
impurities added were made to ascertain the effects of impurity
gases on hydrqgen coverage in the Tow coverage region. Figure 18 is
a plot of coverage versus time with 0.88%, 1.0%, 1.4%, 2.9%, and 6.5%
carbon monoxide present. Within experimental error the curves are
coincident with the exéeption of 6.5% carbon monoxide. The desorp-
tion spectrum of hydrogen with 6.5% carbon honoxide had a different
shape than was obtained with the other mixtures, indicating that the
carbon monoxide present was interacting}with the hydrogen.

| Figure 19 shows that methané had an insignificant effect on ini-
fial hydrbgen'adsorption. Comparing thé 33% methane result with the
6.5% carbon monoxide result suggests that methane is not significant-

-"]y adsorbed.

3. Adsorption of Hydrogen from Mixtures of‘Hydrogen and Carbon
~ Monoxide |

The coverage of hydrogen on platinum in m{xtures.of hydrogeh and
carbon monoxide was measured by the thermodesorption.téchnique. The
thermodesorption spectrum was different frdm that fn pure hydrogen,
exhibiiing two desorption peaks. For purposes of identification the
single peak obtained in pure hydrogen was named "aHz" and the two
. peaks obtained fkom mixtures were named "gHy" and "yHZ", in thermal
order of appearance. This is hot to be taken as é statement'that

aH2 is hecessarily different from BHé;



'FIGURE 18
Effect of Carbon Monoxide on the Ini-
tial Stage of Hydrogen Adsorption in
2.2 X 1078 Torr Hydrogen. -
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FIGURE 19
Effect 'ovf Methane on the Initial
Stage of Hydrogen Adsorption from
2 X 1078 Torr Hydrogen. '
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| The indicated Tp usually declined for o hydrogen within the raﬁgeAA_
of 210°C to 270°C. The 8 hydrogen peaked around 240°C to 290°C and
the-y hydrogen peaked around 582°C to 670°C, well above the Tp for
carbon monoxide.

Figure 20 is a set of thermodesorbtion curves from a mixturé of
7.8 X 1072 Torr CO and 3 X 1078 Torr H,, drawn with base lines off
set for clarity. The flash rate used was somewhat fast, rising to
fu]] temperature df 1075°C in about 5 seconds. This was the maximum
flash rate employable consistent with the time constants of the de-
tector system, and was used to enhance the rather low pressure rise
resulting from low coverages, 0.01 to 0.058. The substrate was .held
at full temperature for an additional 5 seconds after the programmed
rise, during.which time the temperature increased to 1270°C.. |
" The curve labeled "3 sec." is essentially a base line, as three
$e;onds is not sufffcient cooling and dosing time for a me?surab]e
-amount of hydrogen to be adsorbed. The decréaSe in H2 pressure around
920°C is attributed to the reaction
| H, — 2H '
-which occurs on hot'metals.30 This base-line would not consistently -
fit the curves at higher dosage so the initial pressure was taken as
the base 1ine and the area bounﬁed'by it and the curve was uséd to de-
termine coverage. The coverage of each sfate, B and y was desired
and determined, however these determinations are approximate due to
the difficulty of ascertaining the component parts of‘the curve. At
high coverage the y curve can be extrapolated to the start of the 8

curve with reasonable certainty, however,-at low coverage this is less

certain. Changing the starting point of the y curve according to dose



FIGURE 20
Thermodesorption of Hydrégen from a
Mixture of 2.8 X 1072 Torr CO and 3

X 10'8 Torr H Base Lines have

o
been Offset for Clarity.
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" wouTd involve subjective opinion. Furthermore, this would accentuate
a phenomenon of rise and fall of g hydrcgen coverage. Since, it was
thought that the g hydrogen rise and fall was directly related to a
rise and fall in the EID HZ ion current, this technique'épproached too
closely to "finding what I wanted to find," so it was not used. The y
curve was extrapolated to the starting point of the g curve in all cases.

The resulting determinations of g and v hydrogen coverage versus
‘time of exposure‘fok three cases are presented in Figures 39, 40, and
41 in the compi]ed data section. It is obSebved that the g state cov-
erage rises to a poorly defined maximum, thén dec11nes'wh11e the v
state shows a monotonic increase after an initial period of rapid rise.
The fnitia] rate of adsorption of B hydrogen could not be determined
because the B hydrogen covérage maximized 1essrthan an order 6f magni -
tudé above the limit of'detectab11ity; also the number of data points
obtainab]e_in the.1ow coverage region was inadequate; Combarison with
 pure (o) hydrogen results at the Towest g hydrogen coverage shows that
the rate of adsorption of q hydrogen is greater than that of 8 hydro-
gen. | |

The total hydrogen coverage has been plotted versus hydrogen dbse;
t(PHé)%, in Figure 21. The curves labeled a, b, ¢, and d are for four
"systems" (labeled likewise) of pressure and composition. The curves
are in two fami]ﬁes: a-b from expériménta] mixture D which was 6 to
7% CO and c-d from experimental mixture C which was about 20% CO. 'in
this case the divergence of coverage with dose is less amongst curves '
of a family than between families. =

The beréentage composition is not an adequate basis for compari-

son of the fesu]ts. This is a consequence of different adsorption



FIGURE 21
Hydrogen Coverage versus Hydrogen
Dose in Pure Hydrogen and Hydrogen-
Carbon lonoxide Mixtures. -
Curve a, 7.7 X 1078 Torr H, and 4.9 X 107 Torr €O
Curve b, 9.5 X 1078 Torr H, and 7.5 X 107
8

Torr CO

Curve ¢, 3.0 X 107" Torr H2 and 7.8 X 10'9 Torr CO

9 Torr CO

L

Curve d, 3.3 X 1078 Torr H, and 7.8 X 10°
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kinetics for'hydrogen and carbon monoxide. Table I therefofe, lists
the value of tPCO at t(PHZ);é = 0.1, or the carbon monoxide dosage at
constant hydrogen dosage. It is observed that the adsorption of hy-
drogen is reduced at higher carbon monoxide doses, for a given-hydro—
gen dose. It will be noted that the percentage of carbon monoxide
varies, even though the gas was obtained from a tank of mixed gases
at high pressure. This is attributed to variations of pump speed

for each gas as a function of pressﬁre and history. These variations
occured even over time periods of less than an hour and therefore no
' deferminations could be performed at truly constant composition. As
the quantity of gas being leaked into the system is reduced to zéro.
the comppsition changes to tHat of the residual gas at the ultimate
pressure, about 25% to 50% carbon monoxide, a few percent of argon,
methane, and carbon dioxide, and the remainder of ﬁydrogen. Therefore,
mixture determinations were avoided at pressures less than 50 times
the residual pressure of;4 X 10’10 Torr in an attempt to obtain’con-'
stant compositioﬁ.

‘The limitations of the thermodesorption technique have béen re-
lated in the 1iterature.3' This work discovered a new phenohenon
which exemplified, more than any other known case, the Timitations
of the thermodesorption technique. Figure 22 presents some thermode-
sorption spectra of hydrogen from platinum (111) dosed in a mixture'

of 1X 1077 Torr H, and 3.2 X 108 Torr 0. These speétra exhibit a

2
decline in pressure during thermodesorption, indicating that the sub-
strate is adsorbing hydrogen. This decline was termed a "pumping |
peak." The dashed 1ine is the three second dose spectrum, and is

-used as a base line. [Initially, at low dose times, the B hydrogen
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desorbs, then there is pumping by the surface, followed by v hydrogen
degorption. With greatér exposure the g hydrogen peak declines and
the pumping peak increases. Further exposure results in no g hydro-
gen desorption and a maximum of pumping,vat a temperature that coin-
cides with the carbon monoxide desorption. Finally a second pumping
peak appears at a temperature éorresponding to the original g hydrogen
desorption. At its maximum the inifial'pymping peak (which was the
only pumping'peak to appear at some pfessures) pumps at about 0.3

1/sec cm?.

This means about 1% of the impinging mo]ecu]eﬁ are ad-
sorbed or a sticking probability of 1072,  This is nearly the same
as that found for pure hydrogen on (111) p]at1num

This phenomenon occured whenever mixutes of hydrogen and carbon
moﬁox1de were utilized at high pressures. Explanation on the.bas1s
- of data availab]e.with thé present eqqipment'requires much- specula-
tion. Two basic possibilities dre gas-adsorbate reaction auring
flash, and diffusion and.rearrangement of the adsorbate exposing
"ideal sites" for adsorption from the gas phase. The "ideal site"
concept is frequently ﬁsed in the 1iterature but not universally
respected. Possibly, with an ideal experimental system,.this phenome-
non will shed some light on the topic of "ideal sites" in the future.
For the present work, it made coverage determinations at these pres-
sures too suspect to attempt an analysis. It is interestingvfb note
that at these high pressures, the characteristics of the e]ectroh
induced desorption data showed no irregularities.  This is becausé

‘the EID data was obtained during adsorption whereas the desorpt1on

phenomenon 1nv01ves reactions dur1ng desorption.

T
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FIGURE 22
Hydrogen Thermodesorption Speétra as

a Function of Dose Time in a Mixture

of 1 X 10~7 Torr H, and 3.2 X 1078

2
Torr CO.
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4. Thermodesorption of Carbon Monoxide in Pure Carbon Monoxide and in |

Hydrogen-Carbon Monoxide Mixtures

The thérmodesorption spectrum of carbon monoxidé in pufé carbon
monoxide is presented in Figure 23, part A. There is a single de-
sorbtion peak at about 400°C. This was referred to és a—CO;‘}The ap- |
parent temperature of the peak increased with time of dose, but the
~ true temperature did not. This was an artifact of tﬁe temperature
programmer. If the substrate support leads were hot then thé indi-
cated temperature was below the actual substrate temperaturef It
was noted that the initial rise is essentia]]} indépendent of cov-
erage and the temperature of maximum desorption rate iS‘esééntially
constant. These are characteristic of first order desorption.

Part B of Figure 23 shows the thermodesorptidn spectrum of carbon
monoxide When the substrate is in a mixture of hydrogen anq-tarbon
monoxide. The mixture in this case was "system d" in Tab1exI. In

"“this case the curves are more symmetrical and the temperature of the -

jnitial rise decreases as the coverage increases, both characteristics

of a second order desorption, although-the kinetics.may be mixed or- , 
der. Closer examinatioﬁ of the desorptfon spectrum shows thét there
are actually two peaks present. This was revealed quite well when
examining the co thermodesorption spectrum while dosing with hydrogen.
These peaks were named g-CO, whose Tp is around 365°C and y-CO

whose Tp is about 455°C. The resolution of this doublet wa§ depen-
dent on the pressure of a given mixture, the peaks merging into a
single peak at higher pressures. Thermodesorption spectra of carbon

monoxide are compared with those of hydrogen for mixture "system C"

(Table I) in Figure 42.




FIGURE 23

Thermodesorption Spectra of Carbon Mon-

oxide in a) Pure CO and b) CO + H2.Mix-'

ture.
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C. The Electron Induced Desorption Spectrum

The bombardment of a metal surface with electrons causes some of
the adsorbed gas to desorb as (EID) ions. These ions can be captured
and analyzed with a mass spectrometer. When the (111) surface of
platinum is exposed to residual gas, the mass spectrum of desorbed
jons is typically as shown in Figure 24. The gas phase méss spectrum
is shown for calibration purposes. A characteristic of the mass
~ spectrometer and the ion energies obtained resulted in the EID jons
appearing 0.5 amu above the corresponding mass in the gas phase. EID
ions have been observed to have average energies of 4 to 6eV21’33
with a spread from 0 to 10eV. This could account for the width of
the 0; peak. The EID ion energy to the mass spectrometer was 25 A
volts. Peak width as a function of ion energy has not been determined
for the monopole spectrometer. | |

Detection of EID ions other than H; and Og‘was diligently pursued.
If the substrate wés allowed to "rest" for several weeks énd,was not
<'héated prior to-determining the EID spectrum, then»Flg; 135, and 137
~ ions were sometimes observed.

co; andAcg were of particd]ar interest. C; was never detected.
COZ was seemingly detected when high'(s X 107° Amp) electron bomb-
ardment current was used together with high amplification of the
electron multiplier output. | -

Unfortunately, the signal was not only within the noise level
but also had a large component of gas phase C0+_mixed with it. Evi-
dence that the signal was aétua]]y from the gés phase vas avdirect
4 feiation betWeen theréignal and the carbon monoxide pressure, and a

thermodesorption rise coinciding with the thermodesorption of carbon

s e et e et g e eme e -



FIGURE 24
Residual Gas and EID Spectra.
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monoxide, rather than the decay to zero experienced by EID_signals‘upon
thermodesorption. Huber and Rettinghau529 have obtained co; ions on
polycrystalline platinum. Their COZ ion yield was 1.5 X 1074 that 6f
their H; ion yield. The system used in the present work gave an 0;‘
jon yield of 1 X 1072 of the H; ion yield. As the 0; ion current was
less than an order of magnitude above the dark current of the multi- =
plier, one therefore could not expect re]iab]e determinations of cog
current with this system. |

The appearance of 0; when the substrate is being exposed to hy-
drogen would logically be attributed to CO impurities in the'hydrogen
atmosbhere, However it will be shown Tater to be associated with ad-
‘sorbed hydrogen and not simply the result of dissociation of adsorbed

carbon monoxide.

D.  Electron Induced Desorbed Ion Study of Surface Coverage

1. Results with Pure Hydrogen Dosing

b If the H; ion'originates With adsorbed hydrogen, it should be direct-
ly proportional to hydrogeﬁ'coverage and one would expect the H; ion
current to follow the adsorption of hydrogen. Determinations of H;
ion current versus time in "pure" (99%) hydrogen were obtained direct-
ly from the X-Y recofder. The H; ion current was plotted versus
t(PHZ)%; which has previously been shown to be a function of hydrogen
coverage. The result is shown in Figure 25. It is obvious from the
figure that the data do not fall on the same curve. Thus no direct
relation between H; ion current and hydrogen coverage was found with
'pure hydrogen dosing. Careful studies did not reveal any thermode-

sorption of hydrogen containing species other than hydrogen. This in-




FIGURE 25
EID H; Ion Current versus Hydrogen Dose in
Various Mixtures of -H, + CO. Curve A:

5.7 X 10720 Torr Hy, 8.7 X 10711 Torr

© €O; Curve B: 1.0 X 1078 Torr H,, 8.5 X

10712 Torr CO; Curve C: 1.1 X 1077

Torr H,, 2.9 XA10'10 Torr CO; Curve
D: 2.0 X 1078 Torr H,, 9.6 X 1071

Torr CO.
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dicated that whatever species is fesponsib]e for the H: jon current

is dissociated upon thermodesorption.

2. Effect of Carbon Monoxide on the Hg Ion Current

An initial check on the effect of carbon monoxide was made by
using the ionfzation gauge as a source of carbon monoxide. When an
jonization gauge is outgassed (cleaned by heating to 1000°C) it re-
leases large quantities of gas, mostly carbon monoxide. A pressure
burst to 1 X 107% Torr (gaﬁge) is commonly observed.

A hydrogen leak was set to bring the pressure to 2.5 X 10'8 Torr.

The ionization gauge was outgassed and the substrate flashed clean.

- Upon cooling, the H; ion current increased with time as shown by

curve "A" in Figure 26. After 2000 seconds the substrate was f]aéhed
clean and the "EID adsorption" repeated. By this time much of the

carbon monoxide introduced into the system had been pumped out. Curve

"B" in Figuré 26 is the second determination. The rate of rise is

n‘"significantly:1éss than with the added carbon monoxide impurity, sug-

gesting that carbon monoxide is a part of the species producing H; jons..
If-carbon mdnoxide is.involved in the surface reactions, an obvi-

ous experiment would be to see if a dose of carbon monoxide could be

“titrated" with hydrogen. These rzsults are shown in Figure 27. Car-

bon monoxide was admitted viz a Hcke valve to 1 X 1078 Torr (gauge)

up to a point "a" when it was valved off. The H; ion current incréaéed

sharply until the CO was valved off, then exhibited a much reduced

rate of rise. At point "b" the pressure had declined to 3 X 1079 Torr

(gauge). Hydrogen was then admitted via a lTeak valve to 1 X 10'8 Torr

(gauge) at point "c," 5 X 1078 Torr {gauge) at point ﬁd," 1 X107 Torr



FIGURE 26
EID HZ Adsorptions.
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" FIGURE 27
EID H; Ion Current During Various Gas

Exposure Experiments.
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(gauge) at point "e," and valved off at point "f." It was observea
that hydrogen dosing of the surface that had been previously dosed
with carbon monoxide plus residual hydrogen, had no discernable ef-
fect. Thé substrate was flashed clean at point "g" and'cooled at
point "h." 1In the residual pressure of 1 X 1073 Torr (gauge) the
H; ion current exhibited a slow rise until carbon monoxide was ad;
mitted to 1 X 1078 Torr {gauge), shown at point "i," whereupon a
sharp rise in Hz ibn current occured, followed by peaking and expo-
nential decay.

At first inspection of the data above it seems unreasonable that
admitting carbon monoxide alone should have such a large effect on
the'H; ion current. It must be noted that the pressures were obtain-
. ed from an ionization gauge and theigases were named for their apparent
source. It was demonstrated, after the experiment above, that admft-
ting carbon mondxide caused ihe ion pump to emit hydrogen to about
- "half the pressure of the carbon monoxide;~,This emission of previously
pumped gases from the ion pump was frequently observed, consequently
quantitative experiments involving sequential dosing with different
gases were not practicable.

Furfher insight into the role of carbon monoxide in producing the
H; jon current is obtained by closer examination of the pure hydrogen
data presented in Figure 25. Table II lists the app]icable'dataiand
some derived results. The carbon monoxide dose, tPco, at a constant\

1
2

hydrogen dose of t(PH )
A 2 :
the H; jon -current at this point. The ratio of H; jon current to tPco

= 0.1 has been determined and compared with

is reasonably constant. This is good indication that carbon monoxide

is an essential part of the species providing the H; jon.
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Further evidence that carbon monoxide is involved is seen in Figure
28 where the H; ion current is plotted versus dose of éarbon monoxide
at a constant hydrogen dose of t(PH-Z)I/2 =6 X 10’2 Torrl/2 seconds. The
H; ion current at a given hydrogen dose is directly proportional to the
dose of carbon monoxide. ' |

When the H; ion_ﬁurrent is plotted versus hydrogen dose, t(PHé)%,
at a constant carbon monoxide dose of tP, = 3.5 X 10'7 Torr-seconds
the result is random with no correlation.

Finally it was found that the rate of rise of the EID adsorptions
in pure hydrogen Was.proportional to carboh monoxide pressure. Deier-
mining (dHZ/dt)/Pco from the determinations presented in Table II, an
average value of (5.7 + 1.1) X 1073 amps per second per Torr was found.

Thus the EID H; jon current is related to carbon monoxide adsorption.

3. Effect of Dosing with a Mixture of Hydrogen and Carbon Monoxide

- - When a mixture of hydrogen and carbon monoxide was admitted to the
system and the HZ ion ;urrent plotted as a function of time after |
cleaning, the result shown in Figure 29 was obtained. The substrate
was cleaned by heating to 1300°C in a 5 second time interval, holding
that temperature for an additional 5.seconds then switching off the
heating power. Seven seconds later the substrate was cool long enough
for a detectable Hy ion current to result. This time was called t..
As adsorption of hydrogén and carbon monoxide proceeded, the H: ion
current increased, linearly at first, then at a decreasing rate until

the'rate of change was zero at a time labeled t After tp, the cur-

| P
rent decreased then exhibited an approximately exponential decay.
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FIGURE 28
EID H; Ion Current versus Carbon Mon-
oxide Dose at a Constant Hydrogen Dose
of t(PHZ)I/2 = 5 X 1072 Torr* Seconds in

Pure Hydrogen and Residual Gas.
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FIGURE 29
EID HZ Ion Cur_r‘ent versus Time 1'_n a
Mixture of 7.6 X 1078 Torr H, and 4.8

X 10~9 Torr CO.
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The value of tS varied with pressure, mixture and thermal history
over the range of 6 to 12 seconds, but usually was within 6 to 8 sec=
onds. Measurements therefore were made from ts;

Examination of tp as a function of carbon monoxide partial pressure,
shown in Figure 30, reveals that tp occured at a constant dose of car-
bon monoxide for any mixture and pressure. Since carbon monoxide was
adsorbed by first order kinetics, this measn that tp occured at a.

7

specific coverage. The line in Figure 30 represents 8.9 X 10"’ Torr-

seconds of carbon monoxide dosing. This is equivalent to 0~149c0'(from -

Figure 9). This is an approximation since 8 CO is a function of H2-Co
mixture for a given expoéure, but comparison with Figure 9 shows that .
at this coverage the difference is negligible.

Noting that tp occured at constant carbon monoxide dose, the EID
adéorptioh curves were normalized with respect.to time by plotting H:
jon current versus (t - ts) Pco' This is shown in Figure 31. The ap-
~ parent delay in the rise of‘curve D and E resulted from a non;]inear
rise from tS at the start of the adsorption. This was attributed to
tﬁe cool down time of the.substrate. As'these‘data are at a re]afive]y
high pressure, a significant dose, ﬁP, occured during this time. It is
observed that the rate of decay is proportional to the carbon monoxide
dose. The rafe of decay is therefore a function of carbon monoxide pres¥
sure,‘being higher at higher pressures. '

The coverage of carbon monoxide exceeded that of hydrogen during
most of the EID adsorptions run in mixed gases, as is seen in ngures
39, 40, and 41. Under the conditions of an excess of cafbon monoxide,

the H: ion current is proportional to the hydrogen dose. This is seen



FIGURE 30
Time to Maximum EID HZ Ion Current in
‘Hy + CO Mixtures as a Function of Car-

bon Monoxide Pressure.
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FIGURE 31
EID H; Adsorptions Normalized with

Respect to Carbon FMonoxide Dose.
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in Figure 32 in vwhich the HZ ion currént is plotted against hydrogen
dose t(PHZ)%. The time used to determine hydrogen dose was the time
required to achieve a carbon monoxide dose of 8 X 10_7 Torr-seconds
at the prevailing CO pressure, thus data was obtained at approximately
constant coverage of carbon monoxide.

A similar plot to Figure 32, relating H: ion current to tP_, at a
constant dose of hydrogen resulted in random points.

Since the HZ ion current is proportional to t(PHz)li at.constant
coverage of carbon monoxide, the effect of CO coverage on the H; ion

yielding species could be shown by plotting the "normalized EID species

concentration," H;/t(PH )%, versus dose of CO. This i§ shown in Figure -

2
33. The entire curve is in the region of linear carbon monoxide ad-

sorption at its highest sticking probability and the CO coverage is -
greater than the hydrogen coverage throughout. It is seen that car-

bon monoxide coverage does not affect the normalized EID species con-

;,”ggptration initially but with increasing CO coverage the normalized

e o TR R

'concentration is reduced. This will be discussed in section VI C.

FinaT]y, it was found that the rates of rise of the EID adsorptions

were a function of hydrogen pressure. Considering the kinetics of

~ hydrogen adsorption, as dgve]oped in section VI C

| we see that at given coverage of hydrogen the rate of hydrogen adsorp-

tion is proportional to‘PH s, Determining (dH;/dt)/PHZ%, an average

2
value of (9.15 + .30) X 1072 Amps per second per Torr? was found, using
the initial rate of rise. Thus the rate of rise of the H; ion current

was proportional to the rate of hydrogen adsorption.



FIGURE 32
EID H: Ion Current as a Function of
Hydrogen Dose, t(PHZ)I/2 at a Constant
Carbon Monoxide Dose of'tPC0'= 8 X

10'7 Torr Seconds.
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FIGURE 33
Normalized EID Species Concentration

as a Function of Carbon Monoxide Dose.
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In summary, it has been found that:
a) In "pure" hydrogen where the hydrogen coverage exceeds the
carbon monoxide coverage:

1) H' current is not related to t(P )1/2 at constant tP__.
: S H2 co

1
2

2) H; current increases linearly with tP,, at constant t(PH ¥z,

2
Therefore, HZ current is directly proportional to carbon monoxide cov-

erage.

b) In mixtures of hydrogen and carbon monoxide where carbon mon-

oxide coverage exceeds hydrogen coverage:

1) HZ current is not related to tPCO at con;tént t(PHZ)%..

2) H: current increases linearly with 1;(PH2)1/2 at constant tP,
Therefofe, H; current is a function of hydrogen coverage.

This leads to the hypothesis that the H; ion current comes from a
species containing both hydrogen and carbonjmonoXide. This could form
by y

H

: *
+ COa (HCO)ad

ad d
where (HCO)™ will be referred to as the surface complex. This will be

explored further in the discussion section.

4._ Effect of Electron Beam Curkent

The electron beam current was variable up to 50uA and was measured
with a 0-5,A D'Arsonval meter between the substrate and its bias sup-
ply. This imposed the limitation that lpA was the lowest current that
cbu]d be measured with +10% accuracy. The beam current exhibited éh
occasional drift from 0.8 to 1.2uA when the current was set at 1pA.

This drift was corrected between determinations.

0



91-

The H: jon current was observed as a function of electron beam
current in residual gas after a near equilibrium signal was obtained.
An electron current of 1uA produced a decay in the H; ion current of
1% per minute, whi]g larger currents produced proportionately greaterv
effects. Decreasing the current after a period of high current bomb-
ardment caused a return of the_H; signal to the equilibrium value
associated with the Tower current. EID adsorptions were run with the
beam on continuously and then repeated wfth intermittent beam current.
If the beam current was 1ﬁA or lower, the two determinations coincided.
Hydrogen and carbon monoxide adsorptions and thermodesorptions were
performed with and without electron bombardment during the adsorptions.
The results -were identical.

Considering the 1imitatiohs of beam current measurements, the ef-

. fect of the beam observed, and the heed for H: ion signals of suffi-
cient amplitude to conveniently measure, the expedient value of beam

O13 electrons

current was 1,A. This amounts to 107° amp/cm? or 6 X 1
sec'1 cm'z, or 4 X 1072 monolayer per second if each electron caused
an event. Huber and Rettinghaus report a H: yield of 2 X 10"5 ion

7 monolayer per

per electron, or a maximum removal rate.of 8 X 10~
second for the experimental system used in this work. This value is
one or two orders of magnitude low as it neglects EID neutrals, which
were not determined by Huber and Rettinghaus. | |

. In the case of adsorption in a mixture of hydrogen and carbon mon-
oxide the H: ion current exhibited rise, peaking and decay to an
-equilibrium value. To determine the effect of the electron beamlon

this phenomenon, identical runs were made using 10uA and 1pA beam cur-

' . + oL ,
rents. These were plotted as normalized H¢ ion current versus tPeoe
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Figure 34 shows that up to 13 X 10™7 Torr-sec carbon monoxide exposure
the curves virtually coincided, being well withiﬁ the iimits of experi-
mental variation, as comparison with Figure 31 reveals. In Figure 31
it is seen that the time constant of decay, at lpA beam current, was a
function of carbon monoxide pressure and tP., = constant where t is .the
decay constant. Figure 34 shows that the decay constant was identical
at either 1uA or 10pA up to 13 X 1077 Torr-sec CO. At high coverage
the curves do diverge since the beam did cause some desorption. The
near equilibrium levels at 2 X 10'6 Torr-sec CO exposure were not pro-
portional to the beam currenfs involved. The decay of the H: jon cur-
rent was therefore the result of CO exposure and not electron bombard- |

ment.

E. Electron Induced Desorbed Ion Behavior During Thermodésorption

Raising the temperature of aAsufface may cause an adsorbate to de-
sorb. If the adsorbate was yie]ding EIDvions, then the surface ion
current will decline a§ the substrate is heated. This is shown for
H; ion current in Figure 43 and 44. . |

The rise in H; jon current prior to the decline is attributed to
“"thermal enhancement of electron induced desorption cross seétibn" by
Menze].44 This results from the increase in average bond length between
substrate and adsorbate as the magnitude of thermal vibration increases.
This lengthening of the bond reduces the‘amount of Auger neutralization,
thus increasing the yié]d of EID jons. This thermal enhancement was
regularly observed with the bias settings used. Alternative bias set-

tings were found that caused the opposite of thermal enhancement - a

slight continuous decline in signal until the rapid decline to zero at

4 (——— oy
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FIGURE 34

Effect of Electron Bombardment Cur-

rent on the H; Ion Current Behavior.

Curve A = 107° amp
Curve B = 107° amp
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the temperature of desorption. Thus, although discovered prior to
Menzel's paper, this was considered to be a characteristic of the
system and not a genuine physical phenomenon.

Comparing the EID flash results with the thermodesdrption spectra
of hydrogen in hydrogen-carbon monoxide mixtures, as.shown in Figure
44 reveals that the H: jon current decays at a temperature correspond-
ing to the g hydrogen peak. The significance of this will be seen in
the Discussion part. | |

Pure hydrogen dosing resulted ih an EID H; ion current (due to CO
impurity) but the current did not correlate with hydrogen coverage and

the EID flash temperature was notably different from the T_ of pure

_ : p
(¢) hydrogen thermodesorption. '

F. Electron Induced Desorbed Ion Observation

of Isothermal Desorption -

If a substrate, covered with adsorbed gas, is quickly brought to |
?;giffxed temperature of appropriate value, the gas will desorb and thé
surface coverage will decline according to the applicable rate law.
The EID technique’enaﬁ]es a direct measurement of the coverage versus
time during such an isothermal desorptidn. This type of determfnation
was performed on‘the H: ion current.in residual gas dosing. The sub-
strate was dosed until the maximum‘H; jon current was attained. The
substrate power supply was then switched on with the bridge balance
~ pre-set to the desired temperature. This resulted in a power surge'
through the substrate until the pre-set temperature.was reached, which

required less than 0.7 second. The Hi ion current exhibited an expo-

nential decay.
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The decay of the H; jon cufrent was subjected to kinetic order
rtests. These are presented in Figure 35 which shows that the decay
js first order.

The isothermal desorptions were performed at a series of tempera-
tures. For a first order decay from an original concentration CO,

1nco/c = kt
where C is the instantaneous concentration, t is time and k the reac-
tion rate constant. The stay time is the time }equired for the con-
centration to decay to 1/e of its original value. Thus 1, = 1/k.
Plotting log 1, versus 1/T should produce a line yielding Ak but a
curve resulted instead; This was corrected by subtracting from Ty
the response time of the recording system. A current source was fed
to the recording system, then switched off. The resulting decay in

response has an average time constant of 0.599 second. Subtracting

0.6 from the r, values resulted in a linear plot of log (v, - 0.6)

= -R 42.303 Tog (t, - 0.6) /a(1/T)

B
gave an Ey for decomposition value of 31 kcal/mole. Now stay time

Ta,= ToéAEd/RT

where T T 1/v and v = frequency factor which is commonly 1010 to 1013
sec'l. Thus

Tog Ty = log Ty " A§1/2.3RT

0713 which is an acceptable value.

and t, was found to equal 1.4 X 1

0
Since as discussed later, (HCO)* is probably the EID active species,

the E, calculated may'be that of dissociation of the species by

(HCO)* = Had + Coad

rathef than desorption of the species.

——




FIGURE 35

Test for Order of Isothermal H; Decay. .
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FIGURE 36
Plot of Log Stay Time versus Recipro-

cal Temperature.
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G. The Electron Induced Desorbed 0; Ion

Studies of the Os'ion were complicated by low signal to noise ratio.
The dark current or zero signal output of the system was about 20% of
the maximum OZ ion current. Figure 37 illustrates the adsorption and
thermodesorption characteristics of the species under study while exa-
mining the H: and O: ion currents produced by electron bombardment.

The O: jon current was consistently two orders of magnitude lower than
the H: ion current.

The O: ion signal could not be obtained with pure CO dosing of the
substrate. Tungsten and other transition méta]s adsorb carbon monoxide
and yield EID OZ ions by the dissociation of strongly bound CO. The
energy of desorption of CO from nTatinum is less than that of most
other transition metais, a fact used to explain the observation of

29

CO: by Huber and Rettinghaus. It is estimated that the system used

in this work had about 10'3 the ion collection efficiency of Huber and

: “Rettinghaus's éystem. They found the COE ion yield to be about ]0'4

“of the H: jon yield. Since this work found the O: ion yield to be 10'2
of the H; ion yield, then certain]y if the 0: jon came from adsorbed
CO, Huber and Rettinghaus would have observed it. Dosing with pure
carbon monoxide, Huber and Rettinghaus were not able to detect 0: jons.
The present work indicated that when EID adsorptions were studied,
the kinetics of the curves for H; and O; coincided within experimeﬁta]
error. In mixtures there was the same péaking and decay phenomenon
as was found for H:. Thermodesorption determinations exhibited identi-

‘cal desorption temperatures for H; and 0:, as best as could be measured

_under the limitations of the system.



These observations suggest that the source of the 0; jon is the
same as that 6f the H; ion. The low magnitude of the 0: jon current

made it impractical to study it in the same detail as the H; ion.
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FIGURE 37
Adsorption and Desorption Kinetics of

the H; and 0: Ion Currents.
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H. Experiments with Formaldehyde

- No EID experiments with complex molecules had been published at
the time of this work. Since hydrogen and carbon monoxide can form
formaldehyde, an experiment with formaldehyde was indicated for ob-

taining evidence to confirm or compliment the data from hydrogen-

" carbon monoxide mixtures.

Figure 38 abstracts the Sa]ient features of many runs. The for-
maldehyde decomposed on the hot substrate when it was thermally clean-
ed. The esseﬁtia] mechanics were that the formaldehyde molecules ad-
sorbed on the hot platinum, then either desorbed or decomposed to hy;
drogen>and carbon monoxide. When the substrate was cooled, the stay
time of the adsorbed formaldehyde increased, thus increasing the pro-
bability of decomposition. As can be seen in Figure 38, the formal-
dehyde pressure dropped, owing to adsorption. Simu]tanebusiy the hy-

drogen and carbon monoxide pressures increased during the first six

,: seconds of cool down time of the substrate. The rise in hydrogen pres-

sure, which was measured at mass 2, could be attributed to the cessa-

tion of the atomization of hydrogen by the hot substrate. The mass
28 peak, labeled CO on the graph, can be attributed to both CO and-

CHZO. Since the mass 30 peak, labeled CHZO, shows an immediate de-~

cline upon cooling, the CO component of mass 28 is responsible for

- the initial rise. Thus, while the substrate was cobling the efficiency

of formaldehyde decomposition increased while the substrate was still

too hot to adsorb hydrogen or carbon monoxide. After the substrate

was cool both hydrogen and carbon monoxide were adsorbed and the H;

ion currént increased to a peak value then exhibited a decay, similar

to the behavior in mixtures of hydrogen and carbon monoxide. After the
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decay of the H; ion current carbon monoxide was evolved approximately
in proportion to the adsorption of formaldehyde while the hydrogen
pressure continued to decline. Through the entire run formaldehyde
was adsorbed. Thermodesorption failed to positively indicate the de-
sorption of formaldehyde. This does not appear to be the case if one
observes the rise of the CH,0 curve upon flashing in Figure 38. It
is necessary to observe the mass spectrum with rapid scanning during
thermodesorption to observe that the mass 29 and 30 peaks are super
imposed on the tail of the mass 28}peak. fass 28 is both carbon mon-
oxide and formaldehyde and with the particuiar mass spectrometer used
it "tailed off" badly toward the high mass side.

The ion currents of mass 28, 30, and 2 were 11 X 1079, 5.5 X 10" 9
and 2.1 X 10'9 amp respective]y before the substrate was c]eaned. If
‘the electron gun filament was turned off, the mass 28 peak was about
1/3 its magnitude when the electron gun was on. This indicated that
 ”” a,considerab]e_amount of formaldehyde was decomposed by the filaments
| of the electron gun, ionization gauge, and mass spectrometer as well
as by the substrate when it was thérma]]y c1eaned.' This high back-
ground of hydrogen and carbon monoxide made experiments with pure
forma1dehyde impossible.

The éffect of electron bombardment was determined by running a .
plot of H; jon current versus time with continuous and with intérmit—
tent bombardment'periods.' The two results were identical, indicating
that the source of H; ion is not significantly affected by the elec-.
tron beam. |

The adsorption of formaldehyde throughout the runs, even after

the HZ jon current decayed, seemed to indicate that CH20 is not the
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FIGURE 38
Hydrogen, Carbon Monoxide, Formalde-

hyde and H; Adsorption versus Time.
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source of Hi. Partial decomposition of the formaldehyde

CHy0(ad) = HCO(aq) * Had)

is probable considering the observations. This lends strength to the

view that (HCO)* is the source of HZ.

I. Graphical Comparison of Data

The nature of this investigation'is such that one needs to view
many different data simultaneously in order to analyze and uﬁderstand
the total system. To facilitate this, data from thermodesorption, ad-
sorption and EID studies have been compiled on single graphs rather
than presenting them individually in the preceding parts. These com-

piled data follow.

Fy. |
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FIGURE 39
Composite Graphs of Carbon Monoxide, B,
v, and Total Hydrogen Fractional Coverages
and the EID H;,Ion Current versus Time in
a Mixture of 3.3 X 10°8 Torr Hydrogen and
8.4 X 1079 Torr Carbon Monoxide (System
"d", Table I). |
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FIGURE 40
Composite Graphs of Carbon Monoxide, é,
v, and Total Hydrogen Fracticnal Coverages
and the EID HZ Ton Current versus Time in
a Mixture of 7.7 X 1078 Torr Hydrogen and
4.9 X 1072 Torr Carbon Monoxide (System
"a", Table I).
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FIGURE 41
Composite Graphs of Carbon Monoxide, B8,
v, and Total Hydrogen Fractional Coveragés
and the.EID H; Ion Current Versus Time in
a Mixture of 9.5 X 108 Torr Hydrogen and
7.5 X 1072 Torr Carbon Monoxide (System
"b", Table I).
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FIGURE 42
Thermodesbrption Spectra of Hydrogen
and Carbon Monoxide from a Mixture of
3 X 1078 Torr H, and 7.8 X 1072 Torr
€O (System “"c", Table I).
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FIGURE 43
Hydrogen, Carbon Monoxide, and H;

Thermodesorption Spectra in a Mix-

7

ture of 1 X 107" Torr H, and 3.2 X

10'8 Torr CO. The 42 Second Dose

Time Resulted in Maximum H; Current.
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| FIGURE 44
Thermodesorption Spectra for Hydrogen,
Carbon Monoxide, and the H: Ion Current
in a Mixture of 3 X 1078 Torr H, and 7.8

X 1072 Torr O (System “"c", Table I).
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PART VI
DISCUSSION

A. Chemisorption of Pure Carbon Monoxide

The adsorption and desorption'kinetics of carbon monoxide have al-
ways been found to be first order;' It was not surprising therefore to
find that the carbon monoxide coverage data described a smooth curve
whén plotted ygr§g§;tPco as in Figure 9. Verification that the adsorp-
tion process was of the first order with respect to the cohcentration
of molecules in the gas phase was shown by Figure 10. " The rate of ad-
sorption was 1ineér in the impingement rate and passed through the ori-
gin, indicating insignificant evaporation rate during the adsorption
process. If the adsorption had been other than first qrder, then P
in the term vP would have té had been taken to a power other than the
'first to obtain a straight 1ine.45-

- The sticking probability was nearly constant af 0.76 in the'rénge
of 0.28 to 0.39-in all determinations. It could not be deterﬁined for
coverages below 0.28. This constancy, observed on most metals, is in-
terpreted to indicate that physisorption occurs firét, followed by
46

. either desorption or chémisorption.

- Gavrilyuk?” has derived a theoretical expression for the sticking

probabi]ity:
s = [c/1 + exp (E;/RT)] - [o./1y exp - (E4/RT)]
where ¢ = physisorption condensation coefficient
Ea = activation ehergy of adsorption to the chemisorbed sfatev'
Eq = activation energy of desorption from chehisorbed‘state

oc = coverage in chemisorbed state -
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Tg = nominal vibration time of an adsorbed molecule

This expression is in good agreement with experimental results of CO
on W(113). Assume that E, is constant at low coverage; then since

0o = 0att=0, thi$ would predict a constant sticking probability
from zero coverage up to the point where the coverage dependent term
becomes significant. If we assume that the same principle applies to
CO on Pt (111), then it is reasonable to extrapolate the highest s
va]ue.determined to zero coverage, as shown in Figure 11.

148 2nd

‘Isdtopic exchange measurements by Madey, et a and field emission

43 suggest that the high energy bound state,

studies by Menzel and Bomer
"Beta CO," of carbon monoxide on tungsten lies flat with both the C

and 0 bonded to tungsten sites. The low energy bound state, "Alpha co;“
involves a single bond from carbon to a single metal site. The "Beta
CO" state induces the formation of new sites which adsorb CO in the
more weakly held "Alpha CO" state.50 | |

In this work, only one adsorption state of CO was observed on the

Pt (111) surface exposed to pure.CO, as shown in Figure 23a. '(The

term a-CO, used in this paper, refers only to CO adso%bed from pure

CO'gas and is not related to the "Alpha CO" state referred to in the

literature.) The alternative possibility to "Alpha C0" and "Beta CO"
states is "Virgin CO0" in which the carbon makes two bonds, one to each
of two metal sites. Since the maximum coverage determined was one CO
per two sites, the adsorption state is either of the "Beta CQ" or "Vir-

gin CO" type. The "Virgin CO" state is obtained by dosing at low tem--

_peratures, 100°K. At 270°-350°K "Yirgin CO" on tungsten either desorbs

or converts to "Beta C0." Room temperature dosing of tungsten always

produces "Alpha" and "Beta" stafes.49
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The presence of only a single adsorption state of @0’on Pt (111)
at room temperatures together with the occupation of two sites per
CO molecule, suggests that carbon monoxide adsorbs'on platinum (111)
with the "Beta CO0" structure in which the CO molecule is lying flat on

the surface.

B. Chemisorption of Pure Hydrogen

The chemisorption of hydrogen is usually accompanied by dissocia-

51

~ tion into the atomic state. Laidler”" and others have assumed first

order hydrogen adsorption on dual sites with simultaneous dissociation

k1 H H
v L
| | H2+—s—s—v—-s—s—
proposing that
| ©de/dt = kpPy, (1 - 0)° - (15)

~ where (1 - 8) is squared to account for dual sites. Integrating equa-
tion (15) yields ,
do/(1 - 8)% = k; P dt
- 2
T1/(1 - 8)] -1 = kq PH2 t
8=1-T[1/(k, tP, ) + 1] (16)
oL 1 H2
Defining exposure ¢, as € = tP, which is proportional to Knudsen flow
to the surface, this becomes
8 =1-[1/(ke) + 1] (17)
so that at constant exposure the coverage is constant. While this may
be the case for some metals, it was not found to be true on platinum
(111).
If it is assumed that hydrogen is adsorbed molecularly and then

undergoes slow dissociation, a diferent result is obtained. Consider
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the consecutive reactions

k k
¢ 2.
H = H = 2H
Ag) Ky Plad) Ky )
r r

and assume that:

a) Reaction k, is faster than k, , therefore reaction k_ is
rate controlling

b) Pair sites are required for H_, adsorption and therefore sites

2

available to H2 are (1 - QH)Z

c¢) Equilibrium conditions are maintained during adsorption.
It is known that in general, at equilibrium

o= sIta = stHzta

number of édsorbed molecules,

where Y
I = impingement rate,
v = specific arrival rate,
| 'Ta = stay time,
and s = sticking probability.

Assuming rapid equilibrium between the gas phase and dual sites avail-

able: for hydrogen moliccule adsorption,

] P
%h, TSPyt (1 8y)
© “(ad)
or
_ ‘ _ 2
9H2 '—S(v/oS)PHZ T, (1-8y) (17)

(ad) (9)

where GH is the fractional coverage of the substrate by the physisorbed

_ 2 : :
species and the term (1 - GH) removes from this area the portion covered

by chemisorbed hydrogen atoms. This term must be squared to account for
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the requirement of pair sites for hydrogen molecule adsorption. The

dissociation of hydrogen is given by

or

SO

H2 = 2H
(ad)

%HZ = H
(ad)

1
%

dGH/dt = k2 (9H2)

Substituting 6, from equation (17)
2 .

Integrating:

. L o1
- exp [-kzs(e){(v/cs)ra}zPHzt]

) kzs(e)[("/"s)PHgTa(1 ) QH)ZJ%

" kg3 g) (970,07 7,17 (1 - &) . (18)
de,/ (1 -‘eH) = kzs(ejt(v/os)Psza}zdt
-jn(l - QH) = kzs(e){(v/ds)PHzra}zt

2

It will be noted that the sticking probability is an unknown function

of coverage; therefore the equation cannot be properly integrated.

.This precludes an anaTytica] fit with the data, however the trend of

dependence on various parameters can be predicted. Treating the stick-

ing probability as a constant, and gathering constants:

"~ or in terms of exposure,

1 - exp - (k2 (PHZ)%t), : (19)

-1 .
0, =1- exp - (k, (sz) ). (20)

Figures 14, 15, and 17 fit the predictions of these equations when

o
P, t, e, and (P?t) are held constant.

The differential form,.equation (4), may be written



coverage. The low initial sticking probability of 7.5 X 10~
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do/dt = k, (\)PHZ)’5 (1-0,) -~ . (21)

.
predicting the linear relation between do/dt and (vPH )% at constant
coverage as shown in Figure 16.
Hydrogen was thus found to adsorb by half order kinetics to a max-
imum coverage of 0.208, assuming one hydrogen atom per platinum site.
This value may well not be the maximum possible, since carbon monoxide

52

impurity interferred, as other workers have found.”" The proposed two

step adsorption reaction is also in agreement with recent FEM studies
27

by Lewis and Gomer. They found that at 300°K to 500°K H2 was not ra-
pidly accommodated but diffused great distances Séfore being dissocia-
tively chemisorbed.

A few percent of carbon monoxide or methane hadrlittle effect on
the initiallyate of adsorptfon at short dose times but a very great
effect was noted at the longer times required for significaht hydrogen
3 and the
éven lower probability at higher coverages aggrevated the problem of
obtaining a high coverage of hydrogen before competition for sites by
carbon monoxide set in.

A prob]ém peculiar to hydrogen may be observed in Figure 13. At
high temperatures, the pressure declined below the equilibrium value.
Wiesendanger attributed this to dissociation of hydrogen molecules on .
hot substrates. Since the mass spectrometer was set to mass 2 the re-
duction of H2 pressure is easily notéd. This phenomenon fs also ob-
servable with an ionization gauge because the system walls adsorbvthe‘

atomic hydrogen readi]y.28
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.metal and is a well known dehydrogenating catalyst.

117

C. The Interaction of Adsorbed Hydrogen

and Carbon Monoxide

Hydrogen has 1ittle effect 6n the initial coverage of carbon mon-
oxide, as was seen in Figure 12. This is also evident from the fni—
tial sticking probabilities of 0.76 in pure CO and 0.68 in hydrogen-
carbon mohoxide miktures. These values are not accurate to better
than 10%, thus they could be identical. |

The relative effect of hydrogen and carbon monoxide upon one an-
other can be noted by comparing the data at t(PHz)!/2 =2 X 1072 in
Figure 21 with the equivalent range of tP., = 0.92 X 107 t0 0.35 X
1076 in Figure 12. (This is the range of tP., values for which t(PHZ)%=
2 X 10'2.) The adsorption of carbon monoxide deviates from the pure

carbon monoxide values only slightly while the adsorption of hydrogen

in mixtures deviates significantly from that in the pure gas. Higher

hydrogen coverages, about > 0.058, have sufficient influence to 1imit
carbqn monoxide adsorption to aboht one half the covérage in the puré
State. This effect is greater than can be explained by competition
for sites. This reduction of carbon monoxide coverage in the presence
of hydrogen is 1in contrast to the behavior onvzinc alloy at 200 Torr

where hydrogen and carbon monoxide mutually enhance the adsorption of

- one another, forming a species of stoichiometric formula CH30.53 It

should be noted that this mutual enhancement occurs on methanol syn-

thesis cata1ysts which are sp metals or alloys of sp metals or basic

metal oxide mixtures. Platinum, being a transition metal, is a'd
| 54,55

of CH,0 would therefore not be expected.

The'formatjon
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The effect of hydrqgen on the carbon monoxide thermodesorption
spectra was shown in Figure 23. An analytical determination of de-
sorption kinetics was not possible due to inadequate accuracy and re-
producibility of the temperature programmer. In theory the desorption
kinetics could have been estimated from thermodesorption peak shapes,

jbut this is considered tenuous in practice. An adequate comparison

i ;ould be made, howevér, to surmise that the desorption kinetics of
carbon monoxide in mixtures was other than first order. .Considering
cérbon monoxide alone, this would be difficult to expléin, however,
postulating that hydrogen and carbon monoxide combined to form a sur-
face complex, the CO thermodesorption spectra would be. the
result of the decomposition of that complex, and not the desorption

of isolated CO molecules. The reaction may'be proposed:

-

J

k

K1 ’
HCO + HCO H + 2C0 : (22)
(ad) (ad) —== "2 (ad) |
. (ad) l 200, _
k k | g
3 2
H
' 2(9)

If kl is the rate limiting step, then second order desorption of both
hydrogen and carbon monoxide would be apparent. Another possibility

is the unimolecular decomposition of HCO:

- kq. -
H0tag) —=Hfiag) * V@aa) e
ks | Kk
"2 (a¢ “l9

2 (ad)
.,ka\»H

M CY
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This could appear as first, second, or mixed order, according to the
‘'values of the rate constants.

The carbon monoxide desorption speétra in mixtures exhibited two
desorption peaks, Tabeled g-CO and y-CO, whose Tp values weré below
and above that of ¢-CO from pure CO exposure. At higher pressures
it was difficult to resolve these peaks, probably because all three
occured. It is probable that g-CO and y-CO are not the result df de-
sorption of-fso]ated CO molecules but rather the result of surface
reactions during thermodesorption, such as equations (22) and (23).

One of the difficulties of thermodesorption studies is the specu-
lative nature of the interpretations; particularly if the desorbed
gas is not the species that was on the cold surface, but a decomposi-
tion product of a surface species. Here we have a case where EID
studies can clarify the results of thermodesorption studies, or af
least eliminate some of the speculative possibilities. As was seen
in secf#on V F, the isothermal decay of the H: ion signal is first
order. If it is assumed that.thé'H: jon signal comes from a surface
complex of hydrogen and carbon monoxide (HCO)* (this will be discussed
later), then reaction (22) must be eliminated as a possibility. Reac-
tion (23) could be first order in the decomposition of (HCO)* while |
being of higher order with respect to the desorption of carbon mon-
oxide.

As will be discussed later, there is support for the formation of
a higher order complex of hydrogen and carbon monoxide,

HCO(ad) + "Co(ad) —> [H (Co)n](ad)'
The decompositioh of [H (Co)nj(ad) would require more energy than the

decomposition of (HCO), so the reaction
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H (Co)n(ad) —_— H(ad) + nCO(ad) - - (24)

l—’Co(g)

is attributed to the higher energy y-CO peak, and reaction (23) is
assigned to the lower energy B-CO peak.

E]ectrbn induced desorption of surface species resulted mostly in
H; ions with a Tow yield of 0: ions. The OZ ion current exhibited the
same behavior as the H; jon current indicating that the two originated
from the same source. The rate of increase of H; ion current was pro-
portional to the carbon monokide pressure whgn hydrogen was present in
excess, as described in section V D2. The H; ion current was also pro-
portional to the hydroggn dose, t(PHz)%’ when carbon monoxide was pre-
sent in excess on the surface, related in section V D3.

| This led to the hypothesis that the HS ion came from a surface

complex, (ﬁéo)*, where the asterisk indicates an EID active species.
These observations suggest the possib1e equilibrium reaction

| O Hpgy * Qg —> (O (25)
If hydrogen is present in excess, then the quantity of (HCO)* will be

dependent on the quantity of carbon monoxide. If carbon monoxide is

present in excess, then the quantity of (HCO)* will be dependent on the

quantity of hydrogen.

When a clean substrate was introduced to a mixture of hydhogen and
carbon monoxide, the HZ ion- current increased, peaked, and exponentia]]y
decayed. (See Figures 39, 40, and 41) ‘The initial rate of rise was

proportional to the square root of hydrogen pressure,,indicating that

hydrogen adsorption was involved in producing the EID active species.

The decline in the H: ion current had a time constant inversely pro-

e g5 ope e e L L
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portional to the carbon monoxide pressure, as can be seen in Figure
31,
"This is interpreted to mean that carbon monoxide is involved in
the elimination of the H; ion current as well as in its production.
There are two basic posSib]e reasons for a decrease of an EID sig-
nal: a) a reduction .in the population of the species and b) a change
in the nature of the bonding of the species to the surface. An ad-
sorbate is attached to the surface by London dispersion forces, cova-
lent bonding, é1ectrostatic bonding, or a combination of these. In the
case of chemisorption, measurements of surface potential difference
or work function changes, suggest that an adsorbate, by donating or
accepting electrons, changes the electronic density around its site.

This influence extends out several sites away.52

Thus, the nearest
nefghbor site to an adsorbed species will have altered electronic struc-
ture and may bond to an adsorbate differently. If this alteration is
such as to %ncrease its binding enefgy, thus decreasing the adsorbate-
adsorbent disfance, then Auger neutralization of any EID ion formed
will increase, consequently decreasing the EID yield, or cross section.33
If the surface complex contains more than one hydrogen, (ano)*(ad)’
then the population of the species can be reducéd by the reaction
(H,COY* (aq) *+ COraqy —> (HCO) gy * (Hy_1C0) (4q) ~ (26)
This would indicate that (HCO) is not the species producing H: jons.
Since p1atinum is a dehydrogenating catalyst, formation of (HnCO) is
less 1ikely than formation of (HCO). This is also indicated by in-

creased rate of decomposition of formaldehyde when the substrate was

cooled. One could also propose a disproportionation reaction

2(HnC0)*(ad)-—;ﬁ> (Hp-1€0) (ad) * (Hh+1C0)(ad)_ (27)
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however, the rate of reaction would not be a function of carbon mon-
oxide pressure.

: Assuming‘the EID active species to be (HCO)*, its concentration
could be reduced by interaction with carbon monoxide:

(HCO)*(ad) + co(ad) == (0=C**H--C= O)(ad) (28)

This fits the kinetic requirements of a reaction involving carbon mon-
- oxide that removes (HCO)*. The product contains hydrogen that would be
bound to the surface more strpng1y than hydrogen in (HCO)*(ad). This
"tying down of the hydrogen" action can be cérried further. It is ~

known that adsorbed CO molecules can interact with the carbon of one

molecule bonding to the oxygen of another.50 The surface structure
C—0
0 —¢C

is believed by Yates and Madéy-to be responsible for the exchange of
oxygen isotopes wﬁen CO is adsorbed on tungsten. It is also wé]] re-
~ cognized that a six member ring is unusually stable and is frequently
an intermediate structure in reactions. This leads to the extreme

possibility of the structure

c? ¢
: It
0 .0

S

O x© O

where the bonding of hydrogen is not specified. Such a structure is
certainly hypothetical. The reaction of equation (28) however, should

be modified to

(HCO)*(oq) + nCO[5q) —> [H (€0}, ] (a0 (29)

- to account for the possible subsequent steps.

SRR
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Figure 33 presented a plot of H;/t(pHg)%v!9£§9§-tPco'_ The quotient
H;/t(PHZ)% should be constant if- adsorbed hydrogen is the H; producing
species. This could be interpreted as a reduction in cross section
resu1fing from the influence of carbon monoxide. If adsorbed carbon
monoxide was reducing the cross section by associating with the hy-
drogen,«one wou]d expect the decline to begin immediately, especially
since this entire curve is in the region of linear carbon monoxide
adsorption at its highest sticking probability and the CO coverage is

considerably greater than the hydrogen coverage. Alternafive]y if the

+ . .. .
, Hs producing species is formed from hydrogen and carbon monoxide, then

the concentration of (HCO)* would increase, as seen in the plots of

+ e s . . . . .
HS versus time. Since this is now being normalized with respect to hy-

~ drogen, the term should remain constant, as it does for a considerable

3
- time. The decrease in H:/t(PH )? now must be regarded as the result
2

of a decrease in (HCO)* population, which could have been effected by

;he associatipn or combjnatioh of (HCO)* with CO, as described in

‘equation (29) producing an EID inactive species.

The thermodesorption spectra of hydrogen ffom mixtures of hydrogen
and carbon monoxide (Figure 20) indicated that hydrogen filled a low

energy bound state first, then filled and transferred to a high energy

bound state. If it were assumed that the hydrogen gas desorbed came

from isolated adsorbed hydrogen atoms, then interpretation would be
difficult indeed. It is generally accepted that in the case of multi-
ple binding states, the high energy state fills first, followed by the
Tower energy states.

It is more reasonable to assume that the desorption spectra origi- .

nated with surface reactions involving hydrogen'containing species,

oo v
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especially since these "multiple state" spectra were only obtained
when carbon monoxide was present on the surface. Thus it will be
assumed that an adsorbed hydrogen atom adjacent to an adsorbed carbon
monoxide molecule, interacts with it. For simp]icity,.and as a start-
ing point, the first stage of interaction was symbolized as (HCO)*, wme
and was considered to be the EID active species.

Making a comparison.of the EID flash results with the hydrogen
(in mixture) thermodesorption spectra, as shown in Figure 44, we see
that the HZ ion current decays at a temperature corresponding to the
BHZ peak. It was stated previously that the &Hz thermodesorption _
peak was not necessarily different from the BH2 peak. This possibi]ity
had to be acknow]edged because the temperature ranges overlap and a
specific -assignment of a Tp cannot be made in the case of second order.

thermodesorption. The  hydrogen is adsorbed atomic hydrogen, not

associated with anything. - If is proposed that g hydrogen is adsorbed

atomic hydrogen associated with carbon monoxide. As seen in Figure
44, at low dosages, there is a component of the g peak that begins
desorption at low temperatures. As the dosage increased the peak
shifts to higher temperatures and the starting temperature shifts
upward to the‘startfng temperature of the H; desorption, which was es-
sentially constant. This upwérd shift of starting temperature with
incfeasing coverage is not characteristic of first or higher order
desorption; Now if the initial stage of désorption of the g peak con-
sisted of an a hydrogen component, this anomoly would be elucidated. 1In
the early stageé of a&sorption a significant amount of.unassociated
atomic (o) hydrogen'was present.and upon deﬁorption revealed itsé]f

as the initial rise in the B peak. At longer dose times, more carbon
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monoxide was on the surface and more hydrogen was assoc1ated into (HCO)*
leaving 1ess in the a state. This resulted in less a component and more

B component in the first desorption peak. As the B component increased,

the temperatures of BH2 desorption and H: desorption approached a common'

value. _

The identffication of the B hydrogen peak with the proposed EID
H: jon producing species (HCO)* posed the problem that QBHZ does not
fo]]ow the H: ion current ‘upon adsorption. It must be recognized that
the H: ion current was measured upon adsorption, while QBHZ was deduced
from desorption measurements. It is established that species in a low
energy binding.state cén undergoAtransition to a higher energy state

2 In other words, the thérmodesorp-

during the thermodesorption process.
tion technique faiied to provide accurate coverage data for each sur-
face species. The'HS jon current therefore, is presumed to indicate
the relative surface covernge of the B hydrogen producing species.
~ The high temperature desorption peak of hydrogen, (y), probably re-
'ﬁsults from a h1gher degree of hydrogen- carbon monoxide association,
[H (CO)n] as proposed in enuat1ons (24) and (29). Although the Tp for v
" -hydrogen is greater than that of y carbon monoxide, Figure 42, which
has been drawn so that equal areas under any curve represent equal
coverages, revealed that the covenage of carbon monoxide is greater than
that of hydrogen thrdughnut desorption.

~In addition to a heterogeneous surface we must consider that vari-
ous reactions of unknown nature are occuring upon thermodesorption, as
_revea]ed by the "pumping peaks." This phenomena could bg exp]ained by _

the "ideal site" theory or by surface rearrangements, a more comprehen-

sible concept that seems to have more credibility. Taking these con-

e~
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siderations into account, it is quite possible for reaction (24) to
occur over a wide range of temperatures with the major fraction giving

the peak of the carbon monoxide desorption by

H{C0) Jpgy = (O faa) * Ppagy = 30

o, \
(g)
and the remainder decomposing to give the hydrogen peak and the car-

bon monoxide tailing
[H (CO)n_1d {aq) — H(ad) * "1 CO(aq) | (31)

L, Lo

2(q] g)
In summary, when the EID studies are combined with the thermodesorp-
tion studies, the assignments made to tﬁe thermodesorption spectra are:
aC0: pure CO desorption

BCO:  (HCO)* ——Hiq) * COaq)

L"‘”" co
” " (g)
2 _— 2
(ad) (9) |
¥C0: [H (C0)] —> co(ad? RO 3y~ gy * Ci’(aa)
Hztg)‘ CO(g)

aH,:  pure H, desorption

Hpi  (HOO)* —s Higqy + COpyg)

Co.(g)

(g)
gt [H (C0),] — CO(yqy + H (CO)y_y

H, H
2(ad) —> 2

:YH ——-9” ad) + n-1 CO(ad)

ad
(a ) LH2 L9(:0(9)
L————» H2
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The formation of the EID HS jon producing species is probably
Hiad) ¥ Co(ad) ———e’(HCO)*(ad)

and the destruction of the EID species upon further adsorption reactions
is prdbab]y
| (HOOY* 1) * CO5qy — [H (€0) 110
in addition to the influence on cross section of induced heterogeneity.

When the adsorption of hydrogen and carbon monoxide are compared with
the EID H: adsorption spectra an overall pattern of interaction can be
seen. The adsorption of carbon monoxide causes immediate deviation of
hydrogen adsorption from thai in the pure state (Figure 21) while caus-
ing an increase in H: flux owing to association with the hydrogen
(Figure 3] and equation 25); At a time ca]]ed'tp the rate of forma-
tion of (HCO)* is equalled by a second reaction, removing (HCO)*{equa-
tion 29). Also at this time the adsorption rate of carbon monoxide
starts deviating from that of pure CO (Figure 12) as H(CO)n is formed.
This suggests~that the electronic interaction of CO with the substrate
is such as to inhibjt the adsorption of hydrogen. Since CO combihes
with adsorbed atomic hydrogen the inhibition reaction would have to be
an interaction of either CO or (HCO)* with‘physisorbed hydrogen moie-
cules dfffusing along the surface. The ﬁroduct of the second stage of
interaction causes an inhibition of the adsorption of carbon monbxide.
This could be either by electronic effect or by éompetition for sites,
since the H(CO)n structure would have a different steric effect than

the CO molecule alone.
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PART VII
CONCLUSIONS

A. Summary of Results

The adsorption of carbon monoxide on platinum (111) has been found
to obey first order kinetics with a sticking probability of 0.76. The
maximum coverage of CO was one half the number of sites, suggesting
that each CO mo]ecu]e is bound to two surface sites. |

The adsorption of hydrogen on platinum (111) has been found to obey
half order kinetics.  The behavior obeyed a two step adsorption pro-
cess, confirming Lewis and Gomer's FEM studies of physisorption as hy-

~drogen molecules followed by slow dissociative chemisorption. The
maximum sticking probability found was 7.5 X 10-3 and the maximum ob-
served coverage was 0.20,. |

The coadsorption of hydrogen and carbon monoxide wés found to re-

sult in attenuated adsorption of each gas. This did not appear to be

C Mutual, but_rafher carbon monoxide or a reaction product of hydrogen
and carbon monoxide (HCO)*, reduced tﬁé rate of hydrogen adsorption
while a second reaction product H(CO)n, appeared responsib]e for the
attenuation of carbon monoxide adsorption.

The electron induced desorbed H; ion was foﬁnd to originate from a
hydrogen-carbon monoxide surface complex. It was accompanied by EID
O; ion emission that duplicated the H; ion characteristics. The‘be;
havior of the EID H: ion cdrrent elucidated some surface reactions
that occured during thermodesorption. During coadsorption.the reaction

| Hiad) * CO(ag) — (HCO)*

produced the source of the Hf and 0F ions and the reaction
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~(HCO)* + nCO0 — H(CO)n
resulted in the destruction of the EID active species. The H; ion
current was, therefore, a proportional measure of the surface concen-

tration of a reaction intermediate.

B. Significance of Work

The EID phenomenon has been used before to elucidate thermodesorption
results when wall effects were interfering. In this work however, it
has been shown to be invaluable in the interpretation of surface reac-.
tions occuring during thermodesorption. It was also discovered that
the H; ion signal is a measure of the conceotration of a surface com-
plex, (HCO)*, indicating that the EID phenomenon can be used to stody

reaction intermediates. Techniques for observing reaction intermediates

are sorely needed in the field of catalysis and it is indicated that

this technique should be explored further in systems invo]Ving complex

chemical species.

' ~#f3’§%- The discovery of the "EID observation of isothermal desorption"

technique opens a new avenue of approach to determining the activation
energy of desorption or decomposition of surface species. In this
work, the H: ion current resulted from a molecular surface species
(HCO)f, thus the energy of decomposition was obtéined. This'cou1d
“not have been done by gas phase measurements as the decomposition pro;
ducts might not have desorbed. Other systems in which the EID signal
is the result of a singfe'species such as H, 0, CO, etc. cou1d well
utilize the isothermal desorption technique for stay time and energy

of desorption determinations. Not only is the problem of non-ideal

| temperature programming obviated but problems caused by walls adsorb- .
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ing the desorbed gas are also eliminated since only surface concentra-

tion is being measured. The credit for this idea should be given to

Dr. J. B. Hudson.

In summary, this research has established a new experimental tech-
nique, extended the utility of an old technique, implicating its un-

used potential, and obtained some useful scientific and engineering

data.
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ABSTRACT

. The reaction of oxygen with clean (111) and
(lbO)-nickel surfaces and a (111) surface pre-contaminated
with.sulfur has been studied ﬁsing LEED, AES, and EiD.

The variation of work function was investigated-by'a |
segondafy electron teqhnique ana by the fetardiqé_
potentialAmgthod. A calibration was establisheﬁ.'
between the oxygen AES peék and.the oxygen coverégé,
Aand'igelastic $¢a££ering of oxyéen Aﬁéér electrons was
laééounted forf |

g Thé reéction of oxygen wifﬁ clean nickel

' préceéds{by‘théwformation-of-disséciatively éhemisorbéé
:'ﬁurfacevstructpres;ffolloﬁed-by'nﬁéleatioﬁ énd growth
D_6f NiO islands whicﬁ cover thé surface.. Chemiébrptioh
'kineéics are Langmuirién‘uhtil_coverages of 0.34ML'6n. 
.ftﬁé (lll)Aand'O;25ML on the (100) surfaces. 'Beyéna-  -"
' 0.34ML on ﬁhe (111) sﬁrféée, Nié nﬁcléates and'grq&s
:until a saturation coverage‘of 1.8 layers of Nioi
Adsorption beyond-Q;stL-on thé (100)’Surface oécﬁrs 
into thé cﬁémisorbed layer untii NiO nucleates a£ a‘
temperéturé.dependent céverage between 0.3 and 0.4 ML

'and‘grows to form a saturated surface at 2.0 layefs of

xii




xiii
Y

NiO. For both orientations, the work function is
increased by the chemisorbed structure but decreased
by oxide formation. ‘The p(2 x 2) .chemisorbed structures
on botﬁ faces were associated with 0.25ML coveragde,
but due to NiO formation, the c(2 x 2) sfructure on the
(100) surface neverﬁfully developed.A' |

A model to déscribe NiO grthh whicﬂ aséﬁmés
that the pe#imetér sites of oxidé islands are actiyé
growth éités was shown to describe the experiﬁentai':
data. The rate of NiO formation was limited either by

surface'diffusion or by both surface diffusion and oxygen '

':“cabture of physisorbed oxygen. .The>reaction:rat¢ increased

with decreésing:temperéture and the_negative activationf
 enérgy aﬁd oxide islana denéitY-Qerévdetermined to be"

-1.4 keal/mole and 1 x lOllcm.-z_', and 1.5 kcal/molle>a¥1d .
6 xllogcm_-2 for the (lll).and (100) surfaces, respectivély;

Cohérence broadeﬁing of the NiO diffraction patterhsv

" provided direct experimentai e&idehce fbr oxide isiands:. 1.
'npn‘the surface._ | | -

Broadening and'energy shifté of'thé GOeV-Augef

peak anala new peak at léev; both associated with NiO |
tformatioh; wére:intérpretedlin terms bf band sfruétﬁfe .

changes upon oxidation.




| Xiv
‘vInqreases'of NiO coverage af;er satp;ation
were associated witﬁ a reversibly adsorbéd ionic or
polér oxygen species with an.adsorptiqn'energy between
12 aﬁd 25 kéal/molé, | -‘

Thé study of sulfur pre—contaﬁinéted-(lll?
hickel surfacés inaicatéd'that sulfur surface %tructures
with (5.3 x 2) and {ég@ k 2) symmétries could be produced
by heatingvin yaéuum ét'1023'to 1073,°K;_ Oxygeﬁ_causedv
 removal of the sulfur at temperatures near'360°K and.:

. theonly'reéction produc£.was soé. Thé’reaéﬁién'iaté
between oxygen and the (8VBFX'2)-Su1fur sﬁrﬁétufé wa; |
:éﬁalyzed in térmé Qf the growth of(oxidé isléﬁds uéing_'
£hé,m§del.deséribed'above;” The (5Q§ x:2).dété'wefé not

. amenable to analysis.




PART I -

INTRODUCTION

The interactions betweeﬁ gas molecules-andAsolid‘-

Surfaces are important to.many common proéesses. For
example, the adsorption and desorption of molecﬁiés are
_impprtant to component?designhqnd_pgpfgrﬁance fdrivacuum
aﬁd space applicatioﬁg, and to the success_of cétalyzed
'reactiohs. Thé solid phasés whicﬂ result ffom oxidétion
processes are important to éompohent pérformances in
appliéafions‘such'és gﬁ;face.lubficatioﬁ, ﬁétal'bonding,
‘;eleétrical cpntacﬁs, solid-state devices, aﬁd_strﬁctufal
'-ébmponents. Yet, a good undefstanaipg ofvthé Basid
-'éhenomeﬁé underlying-the-gas/;urféééuihteraction has‘
' hot»been‘achie§ed, primarily due.té exﬁeiiﬁénﬁal difﬁi—
culiiés in éharactéfizing the solid surface and tﬁe gasi
adsoibed'on; or incorporaﬁediih theée suﬁfacés;

| Recently‘é number of soéhisticated expefimentai'
'techniéues, such‘as Auger electron spectroscoby_(AEé)},
low ehergy électron diffraction (LEED)2, qnd1e1e¢tron |
iﬁdﬁced desorption (EID)3, have been developed fdf'suffaCé
réséarch. These.techniqués are based on iﬁtéra¢tioﬁs'

between electrons and solids, and in combination with
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mass spectroﬁetry and ultra-high vacﬁum_(UHV) techniques, -
have now made it possible to better charécteiize the |
éolid surface and study the gas/surface interactions.
.Parametefsnsuéh as surface cleanliness ana structure,
adlayer concentfations and binding, and gas phase'
reactants and‘products'can begin to be characterized
iﬁ oxrder to describe ﬁhé:surface reactions. The pfesent
study has ﬁsed these techniques_to déécribe the reactioh
, betweenvoxyéen and ciean‘(loo) and (ill)‘niékel_Singié
__c;Ystal surfaces and a (lil) nickei surface”pre—contaminéted !
with sulfur. | | o

Iﬂ thé caéé.of ongen.on clean_nickelléﬁrfaées;‘
thé clean surface and thesinitiatioh of bxiaé formafion
has been studied in deﬁail..'The'oxygen hasvbeen'shown
to form a chémisorbed oxygén structure fbliowed by_nucléatioh.
and grow£H of nickel oxide iéland§ which cover the surface.
.Aftérnachieving.a’séturation éoverage 6f 6#ide,.further
'adsofptiOn of oxygen 6n1y occurs if an'ionic ééecies'
;which assisted iénic-transport is presenf.' Kinetic ex-
~pressiops to describé these processes.are,presented,.and_'
the relevénCe to the theorieé of_léw témperature 6xidationv

is discussed. -



For the surface reaction between oxygen and
‘sulfur, the initial structure and quantity of sulfur
on the surface has been determined. It was shown that -

A}

oxygen causes remoVal of this sulfur as SO

2.and that

_ the kilnetics were.consistent with formation of oxygeﬁ-‘
rich regions, with the'surface reaction proceeding at
~ the perimeter.of-these?iegions.

Before descfibing the results in detailpefhel_
interaction between.electrons and seiid suffaces, and
previous work on gas/surface ihteractdens; with pa%ticular-

- emphasis on the nickel/oxygen system will be discussed. .




PART II

ELECTRON iNTERACTIONS WITH ADSORBATES AND ADSORBENTS

To understand the results obtained by LEED,

AES, and EID techniques, it is necessary to discuss the -
complex interactions between electrons (with energies

less than 2000eV) and a solid.

Impinging electrons are scattered elasticallyv

or inelastically by the solid, and can cause changes in

‘the electronic state of atoms or molecules at the surface.

It has been observed that electron bombardment may cause

7desorption of adsorbate moiecules3, end'that the ;ate
i."ef eleetron:indueea desorption (EIﬁ) is»epecific to |
-_the adsorétionvs;ate. Since knowledge of the adsorptioni
;jétate can provide'important informatioﬁ'ébeuﬁ'fhe gas/
surface interactien; EiDvis-useful.for stﬁdying the surfaee;

-Additionally, it may influence'the reacfion being studied

and must necessarily be considered when electron beam
: 1,4 |
techniques are used .
Beyond causing changes on the Surface,_impinging
electrons may be reflected or cause secondary electrons

to be raised to energy states above the Fermi level;

" these "hot" secondary electrons méy suffer-further‘inelastic




collisioﬁs which cause moie "hot" éiéctrons.- A_portién_
of these c%scading électrons will be scattéred within

a range close to thé surface and in a direction such
thét they will surmount the surface barrier and result
in electrons external‘to the sample. The energy dis-
tribution5 of theSe electrons is shown in Figure la,
'where.N(E) ié the nﬁﬁ£ér'of electrons with én energy E

. and the primary electrons have an energy E . Tﬁree;
regions are dénoted in the figufe; region I éorresponas
to the'elastically scatte&ed primaries,.AHistorically;
Avreéioh:Ii has 5een termed the rédiffused priméry régibﬁ;
. and, III, thé true secondary region. fhisAdistribUtioh o
ihéévbeen.well khown‘for-sohe timé, with onlf'réégnt
recognition fhat secondary elecfrons proviéé informétion'
'ahout.the surface of the'solid.A_The information is
speqifié to»thelsurface because electrons wi£h well
defihgd enefgies provide the information and thébinéiésﬁic
sqatterinévﬁéén-free—path for these electrons ié on the
6fder.of 10; or less6. Thus, electrons originating
_deepvin‘the éolideill’lose energy and be éliminated

from observétion. The infbrmation.provided by sécondafy
eiectrons as weli-as.by EID will be discussediin é‘more,

detailed fashion.



A. Elastically Scattered Electrons (LEED).

The elastically scattered electrons_in region I,
Figure la, may he scattered coherently‘or incoherehtly.
Electrohs exhibit a wave nature and those scattered
coherently prodﬁce a diffraction,pattern as sthn in
1928'hy Davisson and Germer'. This was suhsequently.
applied to surface';ork by Farnsworth andvco—workers
(see e.g. references 8 and 9) using a Faraday cage
detection'technlque. They demonstrated9 that LEED
patternS'are normally dominated by the first two atom.
layers; 'Ih thelearly‘1§6b‘s, a group.at Bell Laboratorles
'“tused'a‘flqorescent screen display technique.(described in
<5.the experimental.section) which increasedlthe’conveniehce
and popularlty of. LEED | .

The theory, experlmental arrahéements, experlmehtal
results, and appllcatlons of LEED have been rev1ewed by

2,12,13,14

' several authors The wavelength - A, assoc1ated

w1th low energy electrons is glven by..
) - R
A = ('5 ) | (1)
where V is in volts. The'condltlon’forlconstructlve

interference from surface atom arrays is shown in Figure. 2.

-

10 ll.




Figure 1 Energy dlstrlbutlon of secondary electrons
from SOlldS.

'(a) Number of electrons with an energy E.
(b) Derivative of the- number of electrons,
, w1th an energy E.
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‘This conaition is: | o~ S
nA =dhkS’N¢. - (2)
-for normally incident beams whe;e dhk is the separation
of hk atom rows, n is the order of diffraction, and ¢
is the.angle between the incideﬂi and backscattered beams.
The COnQentiéns éor‘éurfade cﬁystallography have 5een
discussed by Woodlsjliltiis éonvepient to defiﬁe'a unit
mesh'(analog§us-£o a unit gell)’baSed on.the-éubstfaﬁe
bulk cfyétéi-struéture. .These-are showh in‘Figure 35. o
‘and 3b'for.(lll) énd (lOQ) nickei. 'The reépécﬁive-
._diffféétion patﬁerné f#ém»theée mesh are-shoﬁn‘i@.figﬁre;
ﬁ 74a and_4b.“V | I
E Adsbrbed.gasés“havé Oftén.béenAfouhdhﬁo:férmn ”
structures'én the surface witﬁ alpefiodicity”rélaﬁéa by'. 
'integers to the unit mé$h. These are calledvsurface 
'sfrgéﬁures or éuffade.ﬁets.and,are’denoted-Wifh.resﬁeét
t6 thé unit meéh..lThus, a'struéture eqﬁivélent to fﬁe:
’kunit meSh.is dénbtéd_as.p(l xvi)‘or simpiy‘(l_x 1). .A
surface'structuré'twice.tﬁe size of é.uﬁitvﬁeéh;is- |
denoted p(2 x 2) if it'is primitive,.or c(2 gré) if it
7iélcéntered.‘VExamples-bf'a p(2 x 2) Structuré on;(ii1fV

nickel and a c(2 x 2) struciuref@n (lOO).nickei érel‘



Figure 2 cCondition for.constxuctive interference-between
scattered electrons. o

O
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:Figure 3

. _-(1oo) nlckel.

10

P0351ble arrangements of adsorbent and adsorbate
surface molecules. ‘
(a) Atomic arrangement and unit mesh for
the (111) surface of nickel. :
(b) Atomic arrangement and unit mesh»for

- the (100) surface of nickel.

(c) Unit mesh of a p(2 x 2) structure on

'a(lll)’nickel.

(d) Unit mesh of a c(2 X 2) strueture'on

.
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Figure 4

11

LEED patterhs observed from (a) clean (111) ‘
nickel, (b) clean (100) nickel, (c). (111) nickel

- with a p(2 % 2) structure, and (d) (100) nickel
- with a c(2"% 2) structure. (Filled circles are

A T 1 et 5. S A 3 ot A A B8 88 s B £ e 90

nickel diffraction spots; open circles are extra
diffraction spots.) ’
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shown in4Figure 3c and 34, respectivelj.- The diffraction
patterns are shown in Figqure 4c and 4d. At times, the
surface net is roﬁated in relation t; the unit ﬁesh.

-Eo; a 30° rotation this is designated by R30°, e.qg.
(;/3' x J/3)R30°.

-Considering the intensity of diffractéd beans
Qersus eleétrbﬂ wavelength,.the Laue condition normal
to the.surfacé would bé completely relaxeq if eléctrqns

were totally scattered by the first molecular layer.

v_The diffracted intensity would then be essentially unifbrmv

ovér smali ranges bf'wavelength.:.sihcé £hé'eleétrons
f:penetréte but only for short distaﬁcéétbeyond fhe-firét
layer,vthe_Laue ;ondition'iS'inférmediate between“fwo' E

- and three»diméﬁsional’diffraction; Thé.diffractea
inténsity is modulated.by interference between paralle17
laYers and theoreticaliy this yields'iﬁformétion on _
atbmic‘species and poéitiqn. To.daté,Athéoretical'
’féhaiysié of the intensity has not been satiéfactoryﬂ.
and, aé we shall see, contfovérsy exists COhéérnihg'the.~
1oca£ion.of adSOrbate molecules. (For e#ampié,_the

p(2 X 2) and c(2 x 2) structures shown in Figure 3c.

and 34 are only two of several possible structuresVWhich,."
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2,
12,

could giQe the same LEED patterns
| The difffécted intensity may still be uséful»i
'in'analyzing the distfibutionvof material on the sﬁrface.
»Iﬁ'the domain size §f a sﬁfface-structﬁre is small-enéugh,
"the diffracfion'conditioﬁsbmay be.rélaxed Causing‘a
}brbadening_of the diffraction spots. _The éoherence width

fbr these electrons-;éloh.tﬁe order éf 102 - 103213, and;‘
¢ircﬁlar ddmains smaller-thanvthis.caﬁse uniforﬁ‘éircular'-
difquehess of the spots.~.Similarly; small,iengths-in

one diréctidn can cause streakinggofvthe épbté.AbBéﬁh‘
,;¢onditiohs can élsé bé céﬁSgd by diéqfdéf’qf thé éé;ttering.l:'

" centers.

’3.  InelasﬁiéailV.ScagteredzEléctréns : 

| i'LEéD»WAS the firsﬁ-ﬁodérn éﬁrféce techniquértb
vbe=used eXteﬁéively.with thé ineléstically séattéred |
'electrOﬁs being ignored. A nuﬁbéf of investigatbrslGPljle
V'shoWédvaﬁlapproximétely'the same ﬁime‘that LEED;Opticé:
c6uld'be'ﬁ§ed gs‘é fetérding‘field éleéﬁfon eﬁefgy‘  ‘
aﬁéiyzer and subsequently, moxevinforma£ion.ﬁaslbeen_
‘_bbtéiﬁeazfrom'the inelastic electrons. The gtructﬁre
iﬁmediatélyfbelOW'the elastic éeak in ﬁhe sécéhdé?Y

. electron ehergy spectrum, Figure 1, is due to électronsv
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losing discrete quantifies of énergy'to surfacé and 5ulk
plasmon excitations and/or to interband and intraband
transitiong. These losses are charactéristic'of a‘inen
solid and conseéuently are called.;haracteristic losses.

They have been discussed in detail by Klemperer.and Shepardl9
and Raethef?o. More récenf discussions on qharacteristic
losses21 apd gainszz’énd_ionizatioﬁ losses23 at eneréigs
_removed'ffom the priméry.péak‘aré also avaiiable.‘ While
characteristic losses hold some:potéﬁﬁial for surfaée.
studiészo,‘they-are mentioned here only t6 aid intérérététidn-
-of.thé sécondar? eiectron‘épeétrum andiwili'nét.bé . .

ﬂ;_diSCUSSéd further.

l’ .AuéervElectron Sﬁedtroscépy;t.Withiﬁ iégioné f7

II and III dethe_éecondary eleétrqn eneréy diéﬁribution
(Figurell) are showh~péaké_(exaggeratéd:in.ﬁagnitude)-JM
which represent secondary eiectrénS'éenérétea by the
. Auger pfocess and aré'commohly,réferred to as Auge#n

electrons. An_Aﬁger electron'is.an~e1ec£roh emittgd'.
l'during the decaQ.of'én'ionized‘éfomifo a idwer exci%ed ':
state. The physics of thé,Auger proceﬁé'h;s:been.HV‘ |

| L 25

discussedvby Burhop24 and by Bergstrom and Nordling".

The process is depicted in Figure 5. A primary eleétron
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(step 1 oﬁ Figure 5) may cause an'iﬁitial ionization by
ejection of a relatively tightly béund electron (step 2)
of a surface atom. Subsequently (e;g. step 3)_an‘éle0tr°n‘
from a ﬁigher bbundAstafe méy fill this lower eneréy
vacant state ana the released énergy_may cause ejection

of either a photon Qr'anAAuge¥‘electron.(as_shéwn-by_.
step 45. The sum of'tﬁe probabilities:of phbtdp éndi‘
Auéer electrbn ejectioﬁ is equal to unity; ‘Howeverl'for_
a trahsitidn éneréy»lesé'than approximateiyAlOObeV,féhé'..
"-érdbébili£y.of re1ea;ing an-Augeftéiectroﬁ_isAéiose:to 

| oﬁe.while.fﬁe pfobabilitylbf-photqn iéiégée i§ close to

. zero..

.By-ébnveﬁtion, Aﬁéér tfanéitionélafe aenoﬁéd{:
';ﬁibyf;hféé#éléctron‘sheil.de;ignaﬁions;'e;g, LMM:'whereLa”
the firsﬁyietter deﬁotes the level of tﬁe-vaéén£1§téﬁe_

:gaused by thé initial ionizatiOn, ﬁhe secoﬁd leﬁter
.fefers to the oriéinal’leyél of;the electron‘Which fills
. the iniﬁiii VEcant'state, énd the iast let#er'de;otes-'
tﬁe level from thch thé}Auger electron origiﬁétes; ‘Thus
the>Auger process éhoWn'by 1-2-3-4 invFi§ﬁ£e>5»is éﬁ LMM
transiﬁibh while'that'by 1-2-3-5 ‘is én Lmv:tréngitioh,'i

where V stands for valance band. . For suffidieﬁt energy .



- Figure 5 Schematic representation of the Auger process.
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éeparation, subshell designations.must be used with
this scheme. The Auger transitions give a "fingerprint"
of the emitting.element, and transition energies may
be roughly calculatédvfrom existiﬁg tables of atomiq
energy leveié (e.g. Bearden and Burr26)-and making
correétions for.energy-level shifts caused‘by ionization
of the emitting atOml. In addition to'eleﬁent identification;
the possibility exists of analyzing chemical states_bf the

. . . ’ 1127128 . i
elements through peak shifts and shape changes . .

Lander29

was the first to suggest that Auger
~ electrons could be used in surface analysis, but it

: remaihed'for,Harris3O

to show that differentiation of

the éecondary electron enefg? aistribution makes the
teéhniqué feasible. Differentiation reduces theleffeét

of the large background shown in Figure lébénd'éllows ‘
amplificatioﬁ.of the Auger peaks. Thué rather than

working with N(E) vs. E, dN(E)/ﬁE vs. E, shown in Figuré lb,
is used. Fb: retarding field,aﬁalysis, differentiatign
i;-accomplished-eiectronically by modulating tﬁe retarding
voltage and detecting the secénd harmonic of-thisv

modulétion as described by Palmbergls. There have been

‘reéent reviews on the progréss of and prospects for AES
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1

: : 27
by Chang™ and Dooley and Haas .
‘Although the qualitative ability of AES is

well documented by these reviews, quantitative calibration

is a very significant problem, especially when the element

being studied has a‘céncéntration distribution normal to

' thévsurface. Several investigators have shown.thatvthe'
peak to peak height of the derivative of.an Auéér:peak
is,proportiopallto co&efage, at.least.ﬁé to‘oﬁe monoiayérl.
»Palmﬁerg aha Rhédiﬁs have investiga#ed‘multilayer:effectsl
'and, for'uniforﬁ.coverage; obsérvéd>exponentiai decay

“of Augér'signals witﬁ depth of ofigin 5el§w £hé éﬁrfécef 
':f Escape depths were on thé oraef.éf 4 to log énd were

energy dependent. Gallon;l'has'dévelopedva finite layer

‘model for signal versus dépth-of origin, but this relies

on expérimental.data for the primary and secondary mean .
free paths and this is not genérally available. vThﬁs,.
quantitative calibration of AES beyond a monolayer has

not béen'geﬁerally acéomplished.

2) True secondary electrons. _Themtrue,secondaryf

"region is defined by convention-to be the region between
0 and 50eV. This is dominated by -a large peak .caused

by true secondary electrons and has a maximum at about

o
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_ 2e§, a»full width at half méximum.of:abdut 10eV, and a
high energy tail which extends out té abéut 50eV. Théré
aré smaller charactgristic loss. and Auger‘peaks in this 
region, but they may not be detectable because of the
}high background. | .

B True'Secondary_electrons resﬁltvffom primary.
electrons'creating séééndaries which in turﬁ create
tertiaries and so on, until a cascadé éf elgctrons wiﬁh
decreasihé energy is'bbtéined. Theories of secondéry

emission have been developed and discussed by several

4,32,33

authors . but in_genéral the thsical barameters
'IeQuirea to apély.thertheories-ére pnknown,' Tﬁe_ﬁrue.‘.
>' secoﬁdary peak-has noﬁ'been usea ﬁd date for surfacé
énalysis,'but'will be usea in this study to gharaéterizé
4w6fk function changéé.due to okygen\adsorptiqn. fﬁe
important physicél parameters which déterminé true .
'secondary emissioh are the Fermi energy, work function,
- penetration depth of priméry éiecprons, and eécape débth'_
'_Qf trﬁe secondary electrons. For iow surfaée‘coveraée;
chénges.of thé work ﬁunction_céused by adsorbed ogygen
are expectéd to havé a’larée éffec# on changes of true

secondary emission compared to the changes caused by
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tﬁe other'important parameters. Sincé‘more»thén 95%-'
of the total secondary emiséion curreﬁt~ié due t6<£fué N
secondary electroné, both-the.sécondafy émiésion
coeffiCiént, 8, (defined to-be the ratio of sécondary-
"electron current~to_primary electrbh.curfent) and £he
‘area under £he true'gédondary peak'should ;éflect
ivariations in_the»work'funcfion. »Thislié supporﬁed
by étudies.of\adsorpﬁion of metal on metal,in.which.
;vchanées:in.é'were directly cdrrelafea~wi£h cﬁanges'

“in work funétion18’34'35

. As the.work-fﬁngﬁibn'incfeaéed, 
8 décréaéed aﬁd &icefvéxéé,  Thé gorreléﬁiénibetwéeh |
?:ééCOhdary émissién and work functidn Qariafibné must v»_
B neceséarily.be'quaiitatiVe sinéé we‘ha§e hé§lectéd -
'electroﬁ»mean-freé—path'variations»énd Ferﬁi.energy
 $hiftg; buf.thetcbrrelationbsﬁouldfbe’sufficiént to
‘compare work funéﬁion tréhds'inlihe_présentgstudyttov

previous work.

:EC; Eleétron Induced Desorption |

For eStablishing vaiidity»of,ény’éééeriméﬁta13 _
'_vfesult;bthevperturbing iﬁfluencg~§£=the_expérihéﬁ£al  A |
Atechniqués_ohvﬁhe.stuagea procésg mﬁst.be_consiaered; -

Cracking bf‘poly—atomic-molecules by.ehergéfié electrons
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is well known and ekpectéd to occur on surfacés. In
addition, impinging.electrons may cause desorption 6r,
conversion to other binding states of surface moleéules.
ﬁg wili discuss these effects further.

‘ vahese.effects have been termed EID and have
___beén‘réQiewed by'Rédhead, et.al.3, and Madey.ahd‘Yétes36.h'
It is easy to show.théf thevupperzlimit of direct energy -
trénéfer fibm impingiﬂg electrons is about leV,‘but EID
has béen.QBSeryed for states with a bindin§ ehérgy_of 

~as much as'EeV,'theréfbre the ?rocess-is éaused bf
';eleétroﬁic excifation;: kedhéaa37 and Menzel'and Gqﬁer?s
ﬂ*fsimultane¢uély pdstulafed equivalént-mechanisﬁs faihEID.
'They poétuiated.that.i¢niza£ion of surféce'mbieculeé-
_6ccufrediwith-a cross-section  near that for gas;ﬁolecﬁiés
A(appr0xima£ely lb-l6cm?), and this raiééd the $ol¢¢ule |
to é;state whére'désdrptibn from:the'surfacé cduld_occuri
Due to the closé prbkimity of thé ion andzsurfaée, Auéef
Qrfrésénaﬁée neutral;zaﬁion_wasvvéry_probable; therefore
,the mdlecﬁle might followlanonfffour paths. - If ﬁeutral;
ization did not oécur, it miéht desorb as aﬁziqn.' If. |
neutralization did océur, it might'gtiilfdesorb, but

~

as a neutral. After neutralization, it mightAreadsorb-,




.22
in the originalistate; or it might return to -another
adsorption state. These possibilities have been discussed

'inAdetail3'36'37'38.

B . There are several ways to investigate EID36.

" The maferial leaving the.surfécé may'bé detected,re.g§

by a-mass spedtrometef'dr by collecting désorbed iQns.:.

The material remaining oﬁ the surface may also be meaéured,

e.g. by the field émission microséopé or by AEs; AES |

.appeéfs:to be é‘pafficularly powerfgl techﬁiQue.siﬁde

it may-be quantitative in éertain ihstahéesrand isicépabién_

iéf deﬁérminiﬁg fragmentation. -itskdiéadVéhtééesjéré'”. |
R _ : ;

A.thét priméry voltégeé higher‘than optimum are required
and:signa1 from aasorption sta£és,Withoﬁﬁ an EID yiéld
may mask those states'Whiéh do experience EIDf EID:willf
be charaétefized‘iﬁ;tﬁis-study by-measuring decfeaéeé |
iﬁ AES peaks with‘eieCtron bbmbardﬁént;_

To deséribe'the EID effecfj érpés—sectiéﬁs may
be defined aﬁd meésured for each oflﬁhe adsorpiion staﬁés.
 The ionic éfoss—secfion, Q;, describes desbrptionvof oﬁlyf
iéns from the jth state, while. the totél'croés—séctioh,_'
Q?,.for'the jth state ;nciudes desorption’ of ions and
‘neutrals as well as.conVersion té_othef states; ‘The ionic
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cross-section is given by:
+ £+ .
(Dj = == | (3)
S -

(5%

where I~ is electron current, i, is the ion current from
-~ :] .

the jth state, and cj is the ad-population of the jth :
state. Since the ad-population in the jth state is not
generally known, Q; is more difficult to determine than

T 37

Qj. Redhead>’ has shown that‘Q? may be determined,
. 3. _ :

: . T ., : .
assuming Q 1s independent of cj, by:
J .

ot 't/‘(:- - € (@)
=L, € 2 = T DR
where io is the initial ion current at zero timel e is
the ionic charge, and J is the electron current density. -
Reported EID cross-sections have been collected by .

- 3,39 . ' 3
Redhead ‘and partially by Madey and Yates 6.

=~
<




PART III

HISTORICAL REVIEW

A. Clean Surfaces

1) Cleaning technigues. If'a nickei surface’
is "cleaned" by conventional solvents, thén placed in
vacuum, AES will commqnly show N( 0, Ca, K, F, 5, and
heavy C contaminationf-very péor or no LEED patterns
wili be observed. After sufficient heating in UHV, .
AES generally reveals high carbon ané/or sulfur concen£rations
and sulfur induced LEED‘pattefns are observed40; ice,,?'
simply'heatiﬁg nickelrin UHV will not produce an_atémically
- clean éurface. (Clean must be defined in terms of AES
deEectibility limits which are estimatéd-to be about
0.02ML for C, S, and_Ol.)

| “The sﬁlfur résults from segregation from the

. 30 | .
bulk to the surface '40'41, and carbon results from

bulk segregation and adsorption of CO and CO2
40,42,43,44 |

residual
.'gases
’:,»Additional cleaning techniques are required

and have been reviewed45'46

., but the most popular for
nickel is ion bombardment. This is generally accomplished

using argon ions with less than 600eV energy, current .

24
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densities of 107 °

to lO—Samps/dmz, and bombardment
times'of about 15 minutes. The surface damage caused
by this bombardment can be remo&ed byﬁa subsequent
anneal. Farnsworth and Tuul48 have conclpded that
annealing at 1023°K for fdurﬁeen hours will remove
this damage in nickel. This is consistent with Rantaneﬂ,
et.al.49, who repor£ £hat 500eV argon ions embedded in
" nickel are all released.by a temperature and tiﬁe_of
898°K and six minutes, and with annealiﬁg studies for
gold Which show bombardment damage is-removed by annealing
at a homologous femperatﬁfe of 0.45O (1023°K is a
-.homologous temperature of 0.6 for nickeli;
| Annealing may cause segregation of additional
carbon and/or'sulfuf to the surface. This may be eliﬁinated-
by cyclic gombardment and'annealing fo dépiete-the‘bulk;
concentrations. Usually ion bombardment is écéomplished'_'
with ﬁhé substrate at room temperature; éomé.investigators
have‘bombarded at elevated temperatures to ensure -
diffusion and therefore depletion of bulk impuritiesé3’44.
Another method fér cleaning nickel is by chemical

reactions between adsorbed surface species and gases in

the system. Germer and MacRae51 have used oxygen at
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1 x 10 torr with the nickel at 773°K to remove unspecified
impurities. The residual oxygen was then removed by

. - : ] 41
- hydrogen (1 x 10 7torr) with the nickel at 473°K. Riwan

has used oxygen to remove sulfur from nickel surfaces at

40

'elevated temperatures. Both Harris3o and Sickafus
have reported ;educequulfur concentrations after expoéing
the sur faces to oxygen¥containin§ atmospheres, bﬁt»the
 kinetics of this oxygén/sulfur reaction weré no£ Stqdied.
vaygen chemical reaction has been shbwﬁ to‘remoVe |

v : . ‘ ‘
40 , but this may be complicated by a temperature

42,43 ,44

carbon
depeﬁdent, reversible segregation of carbon in nickel
It was initially stated that simply heating

‘nickel is not sufficient to clean it. However, when

B

‘the bulk carbon and sulfur concentrations are sufficiently
low, heating may cause dissolution of oxygen, leaving
a clean surface.
Recent studies using AES have shown that, in

. ’ . )
general none of the above techniques alone will yield a

' . o 44 . o
clean surface in every instance. Tracy has recently
reported a simultaneous ion bombardment and oxygen chemical

cleaning technique.' We will report in this. study, a

sequential teéhnique of ion bombardment and chemical
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cleaning. In both cases, AES was used to define when
the surface was clean.

2) Maintaining a clean surface. The dominant

residual gases in a diffusion pumped vacuum system are

CO and COZ' CO presents the greatest problem since it
adsorbs rapidly on nlckel5 5?

6,54

and experiences’ self-

oxidation To control this

i.e. 2C0 - C + co,,.

problem, residual pressures are reduced to the 10" 0%o0rr
range and the time between cleaning the Surface and per-—

forming the experiment is minimized.

3) Structure of clean nickél;surfaées. The
'¢bservea structure of clean nickél_surfaces.is that
;expectéd from termination of the buik metal létticess.
This 1is shoWn in Figure 3a and 3b forj(lll).and (100)

“nickel, respectively.

‘B. Results for Oxvgen on Clean Nickel Surfaces

1) Low-enerqy electron diffraction. There have

been many investigations of the interaction of ongen on
relatively clean nickel surfacés and those fbf ﬁhe (100) -
and (111) faces are referenced‘in Table 1. Since oné
cannot characterize ‘the kinetics'and other aspects of

the oxygen reaction or determine whether a surface is



28

atomically clean by using only the LEED tecﬁnique, it
seems desirable to ré—examine the.interaction using LEED
in combination with AES and EID techniques.

As indicated in Table 1, p(2-x 2) and c(2 x 2)
surface structures ha&e been observed on the (100) face
with increasing.oxygen exposure.until at loQg exposureé,
a NiO diffraction pétﬁérn was observed. For fhe:(lll)
face, a p(2 x 2) strﬁcture has been observed and MacRae55
reportéd that this was followed by‘é (/3 x J3)R30° structure
without subsequent formation of ﬁio at_foém temperature.
Beckex and Eagstrum70 have also obsérved'a (/3 x J3)R30°
structure, while ParkAand Farnsworth69 and Bauér64’reportedA
that.onl§ a NiO»patterh Qas obsérvéd sﬁbéequeht to the
p(2 x 2) structure at rboh tehperature. Apparently Germef;

' 72,73
et.al.7 7

, and Bauer64 obtained.the (v@_x'JB)R30° only after
heating while Edmonds and Pitkethley4‘obs¢rvéd it as é-r§5ﬁlt
of beam dissociation of CO2 édsorbed on the (111) face.
MacRae63'65'71 has reported.thét NiO in the form of pyramids
exists onbthel(lllj face after heéting. - It is obvious:

that the sequence of surface structures beyond the.p(2 # 2)

structure on the (111) face is in doubt.

Although LEED has clearly established the -
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TABLE I

Surface Structures Due to Oxygen on Nickel as Determined

by LEED
Face Structure " Reference
(100) p(2 x 2) . 2, 11, 48, 55, 56, 57, 58, 59,
o - 61, 62, 63, 64, 66, 67 :
c(2x2) 2, 11, 48, 55, 56, 57, 58, 59,
| - 61, 62, 63, 64, 66, 67, 68
NiO 11, 48, 56, 57, 58, 65, 66, 67
(111) p(2 x 2) 55, 63, 64, 69, 70
(/3 x J3)R30° 2, 4, 55, 64, 70, 72, 73

NiO 2, 63, 64, 65, 69, 71




existencé of surface»structures for many adsqrbatés-on

many different metals, the scatﬁering species for these
structures are sometimes in doubt.< Based on diffraction
spoﬁ intensitiés, reconstruction of the surface to a
nickel—oxygen layer (as opposed to a layer'of,oxyéen
éhemisorbed on top of the nickel lattige) has beén pfoposed
- for the observed surface structures (see e.g. réferenceé
55,-56; and 75) . Following May éﬁa’Carroll76, we define

a reconstructed layer as arsurface élloy,'one‘atom thick,
-‘with the special propérty that the métal atoms have’
separations which are exact multiplés of those of-thé.'
6 $ubstrate surface. May12 has suhﬁarizéd tﬁe rather 
éxteﬁsive number of obéervations concerning reconstructidnvv
' and'Beckef and Hagstrum70,héve repprted more receﬁt' o
- experimentai'resul£s supporting recénstruction.‘ Bauer2’64’79,
among'othérs has challenged some of the evidence ﬁof.
ireconstruction-ahd recent resﬁlfé by Lewis_and Gomérgo:

witﬁ the field iqn-microscope haVe.indiéated that reQ
construction may‘nOt be as generél as ofiginally postuia£ed;v
Thus, the matter isAundecided.

 While the concept of surface structures is

almost totally a result of LEED, the established concept
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of'nucleétion and -island gfowth has only been re—emphasized.
by LEED‘reéults. This has been discussed by MaylZ'in
connection with surface reactions between adsorbed gases.
In édditién, Tracy and Blakely8l have apﬁliéd thé concept

to oxygen'adsorbing on clean tungsten surfééés. This’
conceptAhas also found limited applications in catalysisl

| and uitraethinAfilm-indation82’83._ Nucleation and g#bwth
of oxide islands will be discussed in detail-beiow,-and_,~
.uséd to analyze experimental data‘frOm.the present study;

2) Auger electron spectroscopy. There have

been no reported studies of the oxygen/nickel reaction

li'.using AES. AES has been used in several studies to’

30,40,43,44; The

investigate contamination of nickel

__capabilities of AES for measuring the kinetics of reactions

have been established by studies on.other systemsl;
S - r

3) Electron induced deSoéption. .Young84:hés
reported that oxygen ions are reléased when heéVily
oxidizéd (and possibly contaminafed) nickel surféces are
bombarded with 90eV electrons, butlothef EID.pérametérs

‘were notvmeasured. Klopferss, ﬁéing polycrystaliine.
nickel, has observed desorbed'oxygen ions_with an ionict

L -21 2 ‘ ] ‘
cross~section of 1 - 2 x°10 cm , and.desorbed neutral
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O2 molecules with a total cross—seétion'of 1.5 -2 x 10

. : » ' 14
This was true for oxygen coverage from 7.5 x 10 to

16 ]
4 x 10 oxygen molecules/cm . Desorption of neutral

atomic oxygen was not detected.

4) Work function. Changes of the work function

during oxygen adsorption on nickel has been studied a

56,69,86

number of times. Farnsworth and coworkers have

measured changes of work function due to oxygen on nickel

single crystals and attempted a correlation with LEED

56

patterns. Foxr the (100) surface ®, they observed an

increase in the work function to a broad maximum between -

maximum intensities for the p(2 x 2) and the c (2 x 2)
structures. A subsequent decrease to below the value for
. clean nickel was associated with NiO formation;:.Fbr,
69,86

- the (111) surface an increase in work function was

.assodiated with the p(2 x 2) surface'structure, but the

subsequent-béhavior was not reportéd, MécRae55

reported
similar increases in the work function'due'fo surface
structuteé on the.(lll) surface;

Work function changes have been used in_severél

investigations to characterize oxygen adsorption on

‘evaporated polycrystalline nickel films. Roberts o and

-19 2
cm
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Roberts and Wwells®® have observed work function behavior
similar to that for‘single crystals for slow adsorption
ra£es, i.e., the work function initially increased, then
decreased to below the value for pure niqkel. Hdwever,
for continued adsorption on evaporated films, thevwork
function increased again to above the clean surface
value. This effect.hés ﬁot been reported for single
crystal wérk. Roberts and Welis88 and Delchar éﬁd
Toﬁpkins89 have.both observed a decfease in the work
' function upon warming towards room‘temperature a surface
'éaturated with oxygen at 77°K. Delchar and Tdmpkins also
~ observed work function decays with short time con§£ants
after dose-wise adsérbing oxygen ontQ nickel. All of
these effeéts have been used tcvargue fof.feconstrﬁction
of the su:féce; héwever, May and Gérmer74'sugge§£ the
efféétsvmay be artifacté peculiar tb vapor deposited films.

Severél'resérvations about fhé use of Vapor
deposited films are obyious. 'Confaminatioh of the films
ié probable and no mefhod‘of monitoring is generally uéed.
High defect concentrations are prééent in films formed, "
by vapor deposition, and a-complete'anneal is not usually

performed. .This could affect the trahsport mechanisms
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(e.g. high vacancy concentratiqns could increase the
rate of bulk diffusion) and indeed, sintering of the
Qapor deposited films is'commonly observed during éd—-
sorptidn of oxygengo. ’Finally,.the surfaces of deposited
films afe.very rough and véry reactive, and non—uniform
distribution of adsorbed oxygen, especialiy during dose-
_ wise gas additions, may account fpr_soﬁe transiént
behavior. Alﬁhough some of these factots{may be of
importance, gvidence will be pfesented to show‘that
these pecﬁliar Qariationé of work functions‘may be :

partially accounted for by adsorbed oxygen species;'

5) Calorimetry and oxygen uptake methods.
Horgan and Kinggl'gz-havermeasured the stickiﬁg éoefficieht
versus oxygen coveragde bn_deposited‘polycrystalline
hickel fiims using a Wagenér fiow technique. At>2§3°K
and 373°K, the sticking coefficient, s (deﬁinéd to be
“thé probability that anbimpinging gasimolequle will étay'
on the sﬁrface); decreased rapidly from an initial valug
"of one to a minimum of about 10—2; increaéed with |
increasing coverage to a bioad maximum at ldfl, then
rapidly decreased fo'avvaluediess‘than 10_3. Beyond d

- this. point, s decreased exponentially with increasing
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coverage. Horgan and King interpret their results as
initial molecular adsorption (decfeasing-s) followed
by reconstruction (s at a plateau versus coverage) and’
finally, classical thin film okidation.

| Calorimetric data for oxygén adsorbed on}
deposited nickel, reéorted by Brennan; ét.al.go, and
Bfennan and Graham93, was cited to suppoft Horgan and
‘King's conclusion‘thét 6xygen initiallyiadsorbed non-
dissociatively. Brennanlénd Graham haﬁe reported a heat
of adsorption of 77 kcal/mole‘at.77°K_and 110 kcal/mole at
300°K;'_Brennan,_et.al., have also-reported 110 kéal/mole
»és the heat of adsorpﬁion of ogygen on.nickel at 3QOPK.
‘This value is close to the héat‘of»fo?mation éf Niogo.~
However,‘bbth sefs of investigatoré re?ort (without
* comment) thét the heat of adsorption at low-covefage énd.
at 3Q0°K is less-thén 110 kcal/mole; and on the baéiS'
of these data, the conclusion of‘hdn—dissociative-ad—
sorption was drawn. Cerny94 has also reported initially
iow hgats of adsorption at low éoverages fdf several
metals and suggesté that the effect is an artifact. Thus
'thé conclusion of non—dissociati&e adsérption dﬁriﬁg
the initial adsorption of oxygen on nickel ié.no£ well

supported.
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Klopfer85

has also investigated the sticking
coefficient versus oxygen coverége on a polyérystalline'
éubstrate cleaned both by ion bombardment and by chemical
reactions. ‘His fesults at room temperature were very
similar to those of Horgan ana King's in that s initialiy
décreaséd, passed thrqugh a minimum to a broad maximum,f
‘then decreased agaih'as the oxygen coverage increased.

In ail four of these studies; an estimate of
the total oxygen uptake was made.  The calorimet£y studies
indicated about two moholayers of oxygen wefe taken_ﬁp |
before the heat of adsorption dropped to a very low.vaiue.
- Both Horgah and King and Klopfér concludéd.that'the stiékihg
coéfficient~décreased below 10-3 at ébQut one’mbnolayer'iv
of oxygen, but that several ﬁonolayers were taken‘ﬁp~af£er
the stiéking'coeffigient decreased Selow'this va1ue; ' |
This slow uptake to several monolayers of ongen was
obsérved with oxygen pressuresldn the order of J_O“5 to
1 torr. We shall see that higher oxygen préssures are
a prerequisite for this uptaké at room temperature.
'However, because the surface oxygeﬁ cdncentration is
not measured directly in any of the above meﬁhods and

because the true surface areas of deposited films are
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hard tokdetermine, the accuracy of'these reported o%ygen
coverage values is difficult to judge. .

» Anotherrstudy of significant interest to the

‘present investigation has been reported by Orr83bapd
partially by Rhodin,'et.al.sz;. In this case, the formation
of an oxide on deposited magnesium films was studied bf
the Wégener flow teéhﬁique. vThe reaétion rate, as
characterized by the sticking.éoefficient,~was initially
observed to be slow, increased as the oxygen,covefageA
increased, theﬁrdeéreased to low values at a coverage
- of appfogimatély three monblayers. This.behévior was
Apostulated to~result>from‘nucleation and-growth.éf MgO |
islands with.the’perimeter'being.£he active Qrowtﬁ.éite'
.for laﬁeral_island growth;' A ‘model was_pfoposed théh-
related the kinetics of island growth té'theAraté at
 which oxygen molecules reached the perimeter; tﬁree;'
limiting cases of oxygen transport were consideréd:»

(1) limi£ by impingement rate, (2) limit by sﬁrface
~diffusion of physisdrbéd oxygen, and (3) limit-by-the
rate.of incofporatidn ofl0xygen into MgO islandﬁ.  The.5
data werevshown consistent with reaction rates limi#ed'
fbyAeiﬁher‘surface'diffusion ér oxygen éapture, and

electron microscopic analysis of the oxide indicated
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crystallite sizes consistent with the calculated density
of oxide islands on the surface. We will discuss the
model in more detail below and expand the tfeatment'in
order to apply it to the reacéion between oxygeﬁ and

nickel surfaces.

6) Field ion microscope (FIM)~énd field emission

microsque (FEM) . Although these techniques might be

expected to contribute significantly to adsorption studies,

the probability of field induced artifacts is so

significant80'95 that the interpretation of results is

96,97, 98

in doubt and the: few reported studies will not

be discussed in detail.

C. Summary of Oxvagen Interaction with Clean Nickel

It is obvious from the pfeceding diSéussion-
that no one techniqué can answer all the questions con-
»cerhing the ﬁiékéi/oxygen inteféction. Wevwill diécﬁss
£he connection between the separate obsé;vations-and’ 
point.out where clarification'is deéired} To aécomplish:
this, it is'convenient to use the LEED Work as a reference(
singe experimental conditions were best controlled in
these studies.

Initially LEED shows tﬁe formation of surface

structures (for submonolayer coverage) which are consistent
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with the adsorption of oxygen on sites which maximize tﬁe
coordination number of the adsorbed oxygen. This isA
accomplished by very rapid oxygen adsorption and causes
an increase in the work. function. Uétake ﬁethods.show
that-the rate of adsorption aecreases monotonically during
this stage. Oﬁ the basis of LEED data, this initial
increase of oxyéen'én:the surfacé must be associated with
chemisofﬁtion of oxygen. However, it is uncerféin whethé?
these.ghangeé occur by classical planar.adsorption (of
either molecular orx dissoéiated oxygen) of reconstruétive
adso;ption; | H |
Beyond thisrinitial rapid increase in oxygen
coveragé.a reaction region in which the sticking céefficient
Vis about 10_2 is observed,'but the conﬁection'betﬁeen |
tresults bj aifferent techniques becomes more confusing
" and uncertain; In some cases, LEED indicatés subsequent
surfage struétures.théreby indicating further chemiéorption.
Data taken by.uptake_ahd work functiQh methods havé beEn.
vanaiyzed by posfﬁlating that oxygen penetrates below the
nickel surface durihg this region causing an incrgaée in
the'stickihg coefficient with increasing oxygen coverage. .
The surface phase resulting from this penetration is

unspecified and LEED does not always indicate an NiO
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pattérn-at long exposuresf

Based on’coverage data from the oxygen uptake
_methods,‘an ultra-thin film oxidation:stage follows when
the sticking coefficient decreases bglow‘10—3, but this
is not well supported by LEED studies.

The relation between the above observations
will be clarified b§'£hé-present'stuay. In addition,
the kinetics of the reaction, whiéh have not beén'in—

~vestigated or interpreted, will be discussed.

D. Surface Reactions on Pre-Contaminated Surfaces

There have been few studies of surface reactions
" which were conducted in UHV using well characterized

‘ 12 . e -
surfaces. May - has discussed some of those reported.
Most studies have dealt with simple reactions using LEED
as the primary invéstigative technique with various gas
phase techniques as secondary methods. In some instances,
g L | . | . 12,99
incubation periods have been attributed to nucleation™ "~ 7,
and in some cases island morphology of second phases on
' ' ' 12

the surface has been observed .

There have been few studies in which the surface
'concentrations of reacting'species have been measured

‘directly by AES. Bonzel 00 has reported such an investi-

gation of the reaction of oxygen with sulfur on a copper



(110) su;face, and since we will'be concerned with a
similar reaction in this study, we will discusé Bonzel's
work in some detail. The study waé concerned with.
temperatures in the range of 883-1103°K and the only
reaction product observed.waé 50,,- The.results were |
analyzed‘in terms of a Laﬁgmuir—Hinshelwqqd mechanismlQl
which postulates thét;fof the reaction to occur, both
species ﬁust be-adsorbed 6n the surface and occupy
adjaceﬁt sites;v Bonzel prdposed that oxygen dissociéted-
on sites free of sulfur and that near 883°K the reaction
rate was prOportional to the-concentfation of atoﬁién

' 'OXYgen;'while neér 1103°K, the rate was proportional.to
the squéfe of this concentratioﬁ. The importaﬁﬁ reéﬁire—
menté for this reaction to proceed then, wefe dissociation
t bf okygen'éﬁd the o;curence‘of adsorbed_éfomic oxfgen
énd'sulfur_on adjacent siteé. We shali see a'sﬁnilar

situation in the present study.

E. Statement of the Problem

- The above review of the iiterature clearly = .
‘reveals that a complete andvconsistent description‘of
‘the interaction of oxygen with nickel surfaces has hot'4.

‘been achieved. LEED and work function data have permitted
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partial characterization of the réaction, but there is
as yet no direct information on the surface oxygen coverage
‘and the kinetics of the reaction have no£ been described.
In addition, there is little or no information availablev_
on the effect that other adsorbed molecules have on the
course of the nickel/oxygen»interaction. Therefore,
the major objecEiveé‘of.the presént'study were to:

'(l) Establish a calibration relating.the AES
oxygen signal to the quantity of oxyden on the surface |
and thus achievé a direét measure of the nggen coverage.

(2) Establish connectionsﬂbetween-the data

-. 6bﬁéihed by LEED,-AES, EID, and wofk f&ﬂction changes;
(3) Describe the kinetics.éf the reactiog.of
. oxXygen with nickel surfaces; |
(4) Invesﬁigate the seqﬁenge of th¢ ;eaction
- Qf'oxygenlwith clean ﬁickel surfaces. In particulaf,'to
_'desc%ibetthe traﬁsitidn between chemisorbed oxygen and
oxygen in a nickel éxide structﬁre; aﬁd_to detefmiﬁe.when
and if the present theories of low—temperaturé oxidation
are expected to apply.

(5) Invesfigate_thé reaction betwe;n species’
adsorbed on a.surface, to identify the paramefers important

to the surface reaction, and to describe the kinetics of

such a reaction.




PART IV -

EXPERIMENTAL EQUIPMENT AND PROCEDURE

A. Vaéua and Specimen Chamber
The ultra-high vacuum system, shown in Figure'G,
~was constructed.predominantly of 304 stainless steel with-.
copper sealed UHV flanges and a few giassvcomponents.
Vacuum was achieved aﬁd.mainfained by an NRC VHS-4 oil
‘diffusion pump usingicdnvalég—lo pﬁﬁ? oil. The sys#em
was roughed’ and backed by a Welch Model 1376 mechanical
vacuuﬁ pﬁmp separéted frém the_diffusion-pump by a VEECO
Coaxial foreline trap. 'Thé diffusion,pump was’separated
- from the system by a.Granvilié—Phillips.é inch‘Cryosorb :
liqﬁid ﬁitrogen cold trap. The coid tiap iiquid'nitrogén
“evel was autdmatically maintained f;om a éressﬁrized |
dewar using a teﬁpefatﬁre—sensing resistor to dpén a
 solenoid valve and time—delay telay‘set for the proper
£ill time. A léwer 1imit temperature¥sensing resistor:
could interrupt power to thé diffusion pump in case;of
iow liquid nitrogen levels.‘“ |
Thé'pﬁmbihgHSYéﬁ;§1§ééfEOnnected to theiépééimen
chamber by‘two four inch diameter TEE.sectiéns; A |

- Bayard-Alpert gauge (General Electric Model 22GT102 with
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Flgure 6 Photograph of the experimental system and
associated electronics.
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associatéd power supply Model 22GClQO) located on the second
iEE was sifuated so it was left on while the system and
the gauge were being bakedf The gas iﬁlets for both oxygen
énd argon were located on the second TEE which in turn
connected to the specimen chamber. This chamﬁer, shown
in schematic crosstection in Figure 7, housed the ion
gun, masé spectrometér, electron obtics (three grids and
~fluorescent écreen), electron.guns for LEED and AES,
1and the‘specimen; |

_ All‘of.the vacuum system, except the éold“trap'
and vacﬁum pumps, Was baked at a méximum température of
 _513°K_for mOre‘thaﬁ 18 hoursAto reach the ﬁltra—high
 v§aéuum range. Air circulation‘during bakiné insﬁred that‘
£he-tempefature within the oven was uniform to:within 26°¢,
exclusive-of the area éonnected to the cold trap; This
pfocedure reduced the system residual pressure to 3 x 10
as indicatéd by the ion gauge; it.is suspectédthat this
limit was affected by the low pressure 1imit‘qf the gauéé
" and controi. After thoféﬁgh component outgassing,.the
ion gauge iﬁdicated 5 x lO-lotorr with both electron guns -
and the mass spectrometer turned on and the substrate_

at room temperature.

The ion gauge was used to indicate total pressure,



Figure 7 Schematic cross section of the UHV specimen
chamber for surface analysis.
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" but the 32 AMU mass spectrometer peak wés used to cﬁntrol
.oxygen exposures. This eliminated error due to wall and
filament gas reactions as discussed by Redhead,-et.al.31'39
Research grade oxygen (99.995+% pure) in break
seal flasks from Air Products, Inc. was introduced through
a bakeable Varian Variable Leak Valve. Prepurified grade
iargon (99:998% pure) from Matheson Gas Prbducts, used for
ion bombardment énd mass spectromet¢r>calibrétion; was-
: stored.in a one liter flask betweén tw5 Gfanviile;Philiips
.Type C UHV valves. Before filling this fiask,‘the_inleﬁ
"_line‘wasvevacuated'by a méchanicél‘pump throﬁgﬁ a.liqﬁid
'nitrogéﬁ cold trap aﬂd baqkfiiled at.Ieaét th?ee times.
.Titanium‘wés géﬁera;ly deposited on the wélIS’of tﬁe~flask
,ﬁﬁefqre'filling‘té getter-clean the argbn before it_was_
used for ion bombardment. - The argon leak rate into thé

system was controlled by the second Type C valve.

B. Substrate Configuration and Temperature Control

The substrate assembly is shown in Figure 8

and described in detail elsewhere102

. The nickel sub-
strate;(Semi—Elements, Inc.) was a disk 9.5mm in‘diamétefu
and 0.15mm thick and was specified to be 99.99+% pure.

This was mounted on a molybdenum cylinder and pinned in

place with a'molybdehum retaining ring. Heating was



Figure 8 Schematic of the substrate assembly.
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‘ 'accompliéhed by electron bombafdment from a Q.125mm
tungsten- filament whiéh was-totally enclosed by the
mounting cylinder to prevent electron and photon leakage.
The témperature’was measured by a 0.076mm W-3%Re, W—éS%Re
fhefmocouple spot—Qelded to the nickel substraté.' The-.
temperature could also be checked by using ah optical
pyrometer‘énd the biaék—body sight hole. The.temperature
'was controlled by using.the thermdcoﬁpie output as a -
feed~back signal to control the éifcuit éupplying filameht'
,power,f This procedure is descfibed in deﬁaii elseWherelOB.
N . The substrate was eiegtrigally isolaﬁed‘(to
‘-'fééiliféﬁe élignment and»to ideﬁtify artifact in the AES[:

' 104
spectrum

) and thermally iéﬁlated by the alumina

support ;6&. Tb reduce the éubsequent cooifaowﬁ.time

after heatvtfeating,lah electrically.isolateanliqﬁid‘

‘ nitrbgen cold finger was incorporated into thé syétem;

.It'ﬁas a 6.35mm diameter stainiess steel tube wi£h an
inner nylon conductor 3.2mm in diémeter, and-wés>thermally
 coupied.to the subétfaté by a flexible'copper strap .
(Figure's). This cdld finger-élso a;lowed iﬁVe;tigationsv

.éf substrate temperatures below ambient. This entire

substrate assembly was mounted on a mahipulator with

X, ¥, Z, and rotary motion.
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C. Experimental Techniques

1) Gas phase mass~spectromet;2; The mass

spectrometer used in this study consisted of a Geheral’
Electric RF Monopole mass filter section followed by é

ten. stage electroﬁ multiplier. The ogtput was amplified

by an electrometer and displayed on a scope oOr x-y fecorder.
The ion source configdrafion was with one exception, that
‘commonly used (see Figﬁre 12) and_coﬁsisted of focus and
drawout electrodes plus an ionization éage with a thoriated
iridium filamept to suppiy ionizing electrons. »Thé
 exception wasbthat an extractor eléctrode:was piaded

close to the opeﬁ—ended ionization éége to . improve the
capture efficiéncy-of the mass spectrometer fof‘iéns-“
géﬁerafed by EID at ﬁhe substréte and to-reéel ions formed
iﬁ the ion cégé toward thé énalyzer seétion. During‘ggs.
phase'operation,bthe electrodes were biaSed‘as.foliowé$

(1) ion energy = 35V, (2) draw-out = —245VL'(3) focus-= SOV;
and (4) extragtor = SOV. | . o

| As.reported, the mass speétrometer was used'to_
measuré oxygen pressufes duriné experiments. ' The mass
spectrometer was calibrated for both oxygen gnd afgon

against an outgassed and oxygen saturated ion gauge, thus
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the calibration could be checked at the end of each ex-
perimenﬁal run by using argon and the ion gauge. The
calibraﬁion of the ion gauge supplied by General Electric
was assumed to be accgrate and a correction baéed on the
number of electrons in oxXxygen versus nitrogen was applied
to_obtain the trué oxygen pressurelos. Based on Qériations
. of ion gauge sensitivities reporfed by Dushman and

Laffeity106

. the measured pressure is estimated to be
within 15% of the true pressure.
' ';t_was fouhd\that'high.oxygén pressﬁ:es, which

resulted in high,eleétfoﬁ multiplierbcufréhﬁs,_cauggd
‘cbnsiderable_fluétuation in the maés speéﬁrometer calibration,f‘
This effect was minimized.bf reducing the eledtron ion-
ization cﬁrrént to 0.1 ma or l.O ma ét approp:iate‘pressu;eS;
in additioé, the maés épéctrometer was turped off once.
theApressure‘was'sfabilized at the desired value. - Uﬁder-s
theée conditions the mass spéctrometer'calibrationlchaﬁgé
during a single run was‘normally leés thah 3%.

. In order to study the interactidn of'Oxygen;
with nickel, it is important to maintéinvlow partial
pressﬁres of othef gases in the éystem. The gas

composition relative to.oxygenlversus total system

pressure (estimated by the ion gauge) is shown in
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. Table Z'Qhere the all peaks are referenced to m/e = 32(0,) =
100%. Although the absolute partial pressures of éO (28 AMU)
_and CO2 (44 AMU).increased, the reiative partial pressureé
decreased with increaéing oxyéen pressure. The relative
pressures are about 1.5% at 10—9torr oxygen but decfease
to 0.1% at 10—6torr oxygen.

The pumpiné épeed of the system was galculated

to be about 300 1/sec and recovery to 5 x 10~9torr

occurfed in approximately 2 seconds and to less than

. -9 ' . o
1 x 10 torr in about 120 seconds. A typical spectrum.
of residual gases is shown in Figure 9.

2) Low-enerqgy electron diffraction. The

éxperimenfél configufation'used for LEED is.shown in

Figure 10. The filament véltage (and therefore ﬁhe_‘

" electron eﬁérgy) was'supplied by a Fluke 415B reguiéted.'
power-supply modified for isolatéd.outputvand was f&picaliy_'
;betwéén 30 and 200 V. The elecfron gun was a VEECO LEé—2
ﬁith a lanthanum hexaboride filament;’ Siﬁce the gun

. power supply was isolated, the éurrent leaving the gun

'énd going to ground coula-be continuéusly monitored and
waé shown to be equal to the éurrent striking the'gaﬁple.
This current was“typicéily 1l to 4'ﬁA'and_will henceforfh

be termed the gun current. This current was regulated



Mass Spectrometer Peak Heights of Various Gases Relative

“m/e

TABLE 2

to Oxygen Peak Height

18 28

5%  1.8%

.096 .45
.051 .15
-~ ..028 .075
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5x 10

Pﬁotai.

-9
6 x 10
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Figure 9 Typical spectrum of residual gaSes.
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Figure 10 Experimental configuration for LEED.
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by feed-back regulating the current between thé filament
and grid. Slow gun current drifts_were_still observed,
but these Qere compensated manuglly in order to maintain
a constant current output.

Thé substrate was positioned at the center of
curvature of the grids and fluofesCent screen and was
- grounded through an_émheter,'thus the substrate éurrent
could be continuously‘monitored. Grid 1 and the isolétion
-Shieid were grounded to eliminafe stfay electric fields.
which‘would distort fhe'fiight path of é;ecttons and
 theref6re the energy-analyéing characteristics4of}grié 2. 
'VThe filamént_voltage was applieditq'grid Z.énd coﬁid'be |
varied iv15VDC about this potential in order fQ suppress
_‘the inelastically scattered electrons. ThéAfluoréscéntf
'scfeen was_elevated-to +5000 VDE by a Spellman Model
'RHR_SPﬁ 30.power supply,Aand gfid 3 WaS'Qrounded té
prevent penetfation of this Voltége through'éfid 2. .
Elastiéally scattered eléctrons, which coula surmoﬁnﬁv
the enefgy bafrier presented by grid 2, were accelerated
to 5000 eV to céuse fluorescencé wﬁen they sﬁruék'the
screen. This technique'of diffraction patterﬁ display
is known as the post—accelération téchnique.f The

‘patterns were recorded photographically using a Crown-
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Graflex camera and 4 x 5 Pdiaroid film.:

Small ihcreases in carbon and calciumA(285eV
AES péak) on tbe nickel surfaces were éometimes observed
after LEED analysis. This probably fesulted from desorption
of the‘elements from the LEED grids and/or fluorescent.
scfeen during LEED operations.

3) Auger electron spectroscopz; The experimental

configuration used for AES is shown in Figure 11. As for
LEEb; the filament voltage'was supplied‘by the modified
Fluke 415B supply. The electron gun was a Superior |
Electrbﬁics Model 3K/SU médified wiﬁh an ineft, replaceable

thoriated iridium filament107

. This-filaﬁent was preferred
- 6ver tﬁe original tungsten filament dué.to better place; |
ment and gun cufrent, énd preferred oyé; a'lanthanum
‘hexabofidé%filament due to poisbningVOf the laiter.in
_ oxygen_atmospheres.A- |

To increase the AES signallos, the primaxy}
beam strqck the sample aﬁ a lSS éianciﬁg angle. ‘The gﬁn
power supély,laS’with'LEED, waé'iéolated, thé filament
to grid current was reéuléted, and the gun current could

"be continuously monitored and maintained constant. The

substrate current could also be continuously monitored, .



Figure 11 Experimental configuration for AES.
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and grid 1 and the isolation shield were maintained at
ground to eliminate stray fields. A negative voltage
from a programmable Spellman Model.RHR 5PN 30 power
supply was impfesséd on grid 2, which acted as é retard-
'ing field energy analyéer;

| A£ the same time, a 1000 Hz sinusoidal signal
from a Hewlett-Packard Model 200D Audio Oscillator was
passed through a passive bandpassrfilter centered at
"1000Hz  (TT Elecfronics Model K17) to reduce signal
:distortion. The filter output was used to driﬁe én
audio tréhsformer which supplied‘a fqll wave rectified
. signal to the reference channel of a phase-senéitive_
detector, and also iﬁpressed a sihusoidal voltage(aéross
‘a ten turn potentiometer. This potentiometer waé’used
to applyba variable sinusoidéi voltage on ﬁop of the DC
retarding voltage én grid.2; Thérefofe,'the sééondary
electron current passing through grid 2 and éollected
on the fluorescent screen was modulated over a sﬁall
énergy range and creétedba voltage. upon passiﬁg through
the one megohm dropping resistor. A voltage could alsd
be induced across'this resistor by capacitive coupiing

-between grid 2 and the fluorescent screen. Grid 3 was
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grounded to suppress this coupling and thus prevent |
swamping the secondarydelectron current signal.

As discussed by several authorsl'18'109, the
fundamental of the modulated signal is proportional to
the energy distribution of electrons, i.e. to N(E) in
Figure la. The second harmonic is proportional ro
dN(E)/dE, shown in Figure lb. We are concerned with
dN(E) /dE and therefore are interested‘in'the 2000 Hz'
component of the modulated sigual. - Thus, the dropping
resistor uoltagedwas applied to a passive bandpass -
-fllter (7T Electronlcs Model Kl7) centered at 2000 Hz
-1and the output applled to the input channel of the |
phase—senSLtlve detector (Prlnceton Applled Research,
HR—8vLock~Iu‘Amplifier). This amplifier vastly improved
the signal tovnoise:ratio by frequency and phase con~
:'siderations of the input ahdvreference signaisllo. The-
HR-8 produced a DC voltage output which was plotted
‘versus retarding potential giving a dN(E)/dE versus E
curve as shown in Figure 1b.

A motor—driven.potentiometer (Helipct-Model'939i
in the resistance-programmed,Spellman supply, was swept
to obtain the energy disfribution of Figure 1. Differeut_

sweep rates were obtained by step-wise variation of the
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drive motor voltage.

The primary voltage for AES was 1500V and the.
gun current was 20uA unless otherwise spécified. The
modulation voltage was 8 VPP (volts peak to peak) for
the OfISOOV region unless otherwise specified; 1 to 2 VPP
modulation voltagés Were_used in the O;SQV region.

To investigate the O—80V.region, the AES
experimental configuration was as previously described
- except that the Spellman oﬁtput VOlﬁége was aivided to
‘:one tenth of its oriéinal value. ZefbAeleétron energy
was established by measuring the pofential on-grid 2.

o Low4eﬁérgy electrons were observed.which'did not o?iginaﬁe
'frbm the nickellsample. They were distinguished from

the électrons oriéinating at the substrate by_ﬁegativgly
biasing the sémple. This increased the eneréy of électrons
from the substrate by an amount equal to the bias voltage. -

4) Electron induced desorption. AES was used

tobstudy EID in this'investiéation. The experimental
arrangement was as previously‘described with tﬁe various
~ peaks being measured with timeWéf electron bbmbardment.
Ih addition, variation of the secondary émission co-
-efficient was used to study EID. Primary.eiectron.

energy for the AES arrahgement was 1500V; currents up
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to 40 pA; and mﬁdulation voltages up to 16 VPP were.uséd.

The system was capable of investigating the
ionic species desorbed during EID both by‘céllecting the
total desorbed ion current and by}maés spectrometric
detection of the ions. The experimental configurations
for ﬁhe respectivé modes are shown in Fiéure 12a and 12b.
The validity of the experiméntal setup was establishéd
by measuring EID of 6xygeh from the molybden#m éuppoft
cylinder (Figure_8).v No signal from nickel could‘be'

detected by the mass spectrometer arrangement and the

totai ion current collegted was ohly about 10 A per ﬁA”
”iibf gunbcurrent for 100ev priméry-eleétrons.A:(The guﬁ>
¢ﬁrreﬁt was limited to below>4pA.)i Althouéh Variatibﬁ
':ﬁipf”the'substrate poféptigl'indicéted that ions were

being desorbed,'variatién~of‘the'pbténtiais'appiied to
g;id 1, the fluorescent screen, and the isolation sﬁield 
indicated extraneoué contributioné to the'ionvsignal,_
and the datalare noﬁ.judggd trustworthy'and will not be
‘reported. | |

5) Work function. The variation of work

function with oxygen coverage was investigated by two .
methods. The:first'method~was by observing changes.in'

the emission of secondary electrons. These changes
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Figure 121 Experimental configuration for EID.

(a) Total ion current mode.
(b). Mass spectrometer mode.
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- were characterized by measuring the éecondary emission
coefficient and by measuring the true secondar; eleétroﬁ :
peak height. The experimental configuration for both
méasuréménts was the same as that forAAES (Figure ll);
A 20 pA beam of lSOOeV primary electrons from the AES
gun struck the substrate. 'Sincé fhe suﬁstrate was
connected to ground through anbammetef, the current to
ground, is' coula be measured. The secondary emission
coefficient, &, was calculated by

Sz-ﬁﬁ—‘E | e

Lp o
~ The ffue secondary peak height was measﬁrea‘wiﬁh‘thé
"AES qonfiguraﬁion for thé O—BOeV region discussed
: previouély. |
fhe gécéndAmefhod for‘measuring work function

éhanges wés the retarding poteﬁﬁial methodll;, using fhe 
éxperiﬁental configuration éhown in Figufe 13; Tﬁe LEED
gun was used for ﬁhis experiment'witﬁ ap.electroﬁ-eﬁéfgy
of 51eV. Grid i and the isolation shield were-gréundéd
:£o eliminate elecfric fieids. The subst;ate current
was measufed by an isolated Keithley 602 Elecﬁrometer‘
;biased to a.potentiél~of appfoximately -48 VDC. ' This

potential was varied from -46 VDC, the voltage at which

SRV
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Figure 13 Experimental configuration for retarding
potential measurement of work function changes.
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all the slev electrons were collected on the substrate,

to -51 VDc;the voltage at which none of the 5leV electrons
were collected on the substrate: As the oxygen coverage

- changed parallel curves of substféte éurrent versus bias
‘voltage were obfained with shifts equal to changeé in

the work function.

D. Ton Bombardment
Thé primary éleaning technique was ion.bome
bardment‘(IB).with the.experimental affangement showhi

in Figure 14. Durihg Bombardment, the samplé'was rdtated(i
'135° to face thevion gun.  A contiﬁuousiy pumpéd'afgonb
gas pfesgure’of 5 x 10~5torr was mainﬁainéd duriﬁg:bbm—
VAbérdmenﬁ. iéns wefe créated withiﬁzthe niékel g:id |
uSihg 200e§.électr6ns from taﬁtalum filaments."Tﬁe
ibns were acceleratéd out of this region by'the.450V :
pofential and éroduéed a currentlof 71A on the substrate,
il.e. a gurrent densiﬁy of approximately lO—sampé/cﬁz.

A negative bias of 50 VDC on the substrate_had 1it#le:
effect énd generally was not used.- Follo@ing IB, the'
substfate~wés usually annealed a£ 1023°K"for 15 minutes.

IB was used to remove gross contémination,'as

when the surface was saturated with oxygen or after bake-out.
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Figure 14 Experimental configuration for ion bombardment.
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For the (111) oriented sample, cyclic Iﬁ and annealing
Weme sufficient to reduce the sulfur concentration to
undetectable limits and leave carbon and oxygen peaks
which were small and resulted from adsorption of residuel
co, 002, amd O2 at room temperature. Howevexr, for ﬁhe
(100) oriented sample, a{large carbon peak was observed
after IB and annealing'end an additional cleaning technique
was used. This wiil be discussed in the_results‘section
as will the peruction ef sulfur-rich (111) nickel;
: sumfaces; |
" Ion bombardment was sometimes used to investigate
~ the depth distribution of_adsorbetes. The bombarding |
p%ecedure was the'same‘in this case, but_bombardmen£
times and argon pressures were carefully controlled;
Between intervals the sample was rotated to face the

electron optics for AES and LEED analyses.

-

E. Data Collection Technigues

To reduce the time required.to chenge between |
the various teehniques.iﬁ this study,»a ewitching-box,
located near the signal sources to reduce noise pickup,
was used. A change between LEED and AES could be |

'accomplished in 30 seconds.
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;) Oxygen on clean surfaces. Prior to a run,
an AES spectrum (0-1000V) was taken torensure cleanliness
and a residual gas spectrum was taken for controel. 1In
manf cases these were takén while the sample was cooling
" toward room temperéture and in some cases, times of 30
minutes may have elapsed between taking the AES épéctrﬁm
and starting the expefiﬁent. In these céseé, the AES
spectrum was spot checked for surface cleanliness and
additional cleaning performed if necessary. The reaction
was then studied using LEED, AES, or EID. The possibility
of electrpn beams affectiné the reactioﬁ‘wasréhecked by 
A&arying'the amount of.gun cgrrént with timé; experiments
run Wiﬁh and Qithout 5eams and hot filaments presént,
and by movipg the beém over the surface ét thé endlof
an experiﬁ;nt.' After establishing that there weré no
beam effects, LEED and AES were.obéerved continuéuély'orl
intérmittéﬁtly (after punping do&n to residual pressure)
but primarily intermittently during the fun.: LEED pattérns
were always photographed at residual'pressures.%AEID
was always studiea with intermittent exposure. The
general behavior of the réaction was firsf esﬁaﬁlished1
_by‘the AES technique. Subsequently, cross-refe?encés

were established between techniques during a single run.
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After a run was complete, reference AES (0-1000V) and
residual gas spectra were taken and the mass spectrometer
calibration éhecked against the ion gauge using argon.

The oxygen pressure, as monitored by the.mass._
spectrémetér, was varied both between runs and during a
éiven run to check the dependency of the reaction on the
oxygen pressure. The pressure range was generally'from.

2 x 10-'9 to 1 x 10"6 torr oxygen, bﬁt some exposures to

10—4torr were made.

- 2) Nickel surfaces preecontaminated'with'sulfUr..
’Fdr the sufface reaction between dxygen and sulfur, eleétron
_ beams and hét filaﬁenfs in'the presence of gas#phasé;
‘oxygen were obserﬁed to inérease the reaction réte;-SOQ
the experimental-techniques wefe modified slightly.v

Referenée AES and residuél gasAspéCtravweré

taken béfbre and after.a run and the mass'spectromete£ '
calibration was checkgd after,a‘run. During the fun, thé
electron gun filéments énd the ion gaﬁge'filament were“
off when gas phaée oxygen was invthe syétem. fhe mass
bspectrometer emissiop'current was 0.1 ma and tﬂe'filament
was used no more than was necessary when gas phése |
_oxygen.was present. LEED and AES analyéis wére performed

only after pumping down to residual pressures. There
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were no observable effects of electron beams or hot
filaments on the reaction with only residual gases in

~ the systen.

The oxygen pressure range used in this part of

8

the study was 3 x 10°C to 3 x 107® torr.

F. Analytical Definitions

We will deél with a number of quantities and
terms which are not well defined by convention or by
the liﬁerature, therefore we state explicitly howAthey
‘are used in this study.- |

The term adsorbed will be used £o deno£e a
o cohcentrétion of a_speciés in the surfa¢e fegion.  There.
_.ié no connotatién as to how the épecieé is bound in
‘the regioni The term monélazer (ML} is only used to
denote a quantity Qf adsorbed species'normalized £6 the
.theoretical atomic density'ofva épecifiea grystéllographic
plane of nickel. The term coverage refers to the éonéen-
tration of oxygen in the surface region and will bé used
to denote both absolute amodﬁts of oxygen and quantities
of oxygen normalized to a épecified saturation concentration
of oxygen. For experimental data, oxygén-exposure. 

'(okygen pressure x time) will be expressed in Langmuirs.(L)
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btorr-sec. Finally, the Auger-peak heights

where 1L = 10~
will be expressed with units (V/pA) where volts refer to
‘the signal magnitude measured by the HR-8 amplifier;

this is normalized to unit analyzing current by dividing

by the measured gun current.




PART V

RESULTS

A. Oxygen on Clean (100) Nickel Surfaces

1) Clean (100) surfaces. The primary cleaning

technique of IB and annealing left a high carben con-~~
_centration'on the (100) surface. Although the magniﬁude
varied, initially the peak was 0.6uV/pA. Based on Fhe
dxygen calibration obtained (see below)land :esﬁlts for

. CO adsorption_oh platinum which showed.a carbonfto oxygen
peak xatio (L570v primaries) of71.35112,_it is estimated_
that this feéresénts 0.6ML of cafbon. This carbon exhibiféd
‘ fa temperature dependent'revefsible éegregation bet&eenj:.' |
the surface and bulk, which complicatea the cleaning'pro—

. cedure. C;fbon éoncentration versus‘teméerature:is shown

in Figure 15. The:most effective method to eliminate
fhe‘carbon waé to IB, anneal at 1023°K, lower fhe substrate
'temperature td §48°K,:and backfili with 5 X 10-9torr
boxygen. AA surface reaction apparently occurred to-rémove
carbon és COx’ - AES was used_to make sure that carbon':

was femoved before pumping back to residual pressures,

and to ascertain that all oxygen had dissolved before

the substrate was allowed to cool. Cooling was initially

/
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- Figure 15 Température dependent, reversible segregation
of carbon on nickel (100). '
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by radia£ional'heat loss but the rateAat low.tempe#atures
was increased by using the iiquid nitrogén cold-finger.
However, the cold-finger was not ﬁsed until_the residual.
pressure decreased beiow lO-gtorr, thereby minimizing
.the amount of gas pumped by the cold finger and the
subsequen@ gaé burst when it was warmed. Evenbwith ﬁhis'
cleaning pIOCedure,wcérbbn-and oxygen péaks were gene;ally
observed (Figure 16) before the'run was started. Presumably
these peaks were caused by adéorbtion of residual €O,

COz, and 02 ana some temperature induced éa;bon.ségrega#ibp -

during cbqling. Therefore é truly‘étomically clean surfacé

- was not>géherally obtained for these studies. 'Thé_. "

' averagé'Qalﬁe of residuél ca;bon aﬁd bxygen péaks,

shown in Table_3, indicate average initialvéoverages

of .095ML and .025ML, respéctively. Atdﬁically cléan_

surﬁaces éould be 6btained momentarily by using extreme

cére or elevéted temperatures (tq prevént'co gnd CO2

adsorptioﬁ_and to permif oxygen and éarbon dissolutiéﬁ).
To investigate whether or nét CO adsorption

could produce thgse residqal peaks and to'attemptla

calibration‘for the amount of carbon od,fhe surface,

- the surface was .cleaned and the ion' gauge outgasséd.

Outgassing caused a gas pressure estimated to be




Figure 16 Typical AES spectrum from O to
"clean" nickel.

1000V from

76






77
. 10"7‘to 1078 tor: which was composed predominantly'i

of CO; some CO2 and 02 were also present, at leést
initially. The resulting carbon and oxygen AES peaks
are plotted in Figure 18 and indicate an-ihiﬁial region
where both increased, followed’byta region'in”ﬁhich
only carbon increased. This occurred in the.absence
.of the AES beam and‘iﬁdicates the reaction 2CO - é + CCZ
'océurrea on the surfa¢e. Others have repdrted seLf—r

“oxidation of CO on nickel on the basis of LEED4 and

"flaéh work®*. Thus cO can cause a carbon peék.ﬁ The
{ékygen peak may be due to adsorbed CO oridue%to'intérf_

o action.of thé relétively clean surface withAthe
A residual 62 and/oxr COZ; | L

The peaks obserVed in the‘inelastically.

Vséattéred'électron~eﬁérgy séegtruﬁ'ére»shown'in”Figﬁré

16 and 17 for the rangé o—1boov and 0-70V, respecti§e1y,

The obsérved energies'and the peak origihs are shown

in Tablé 4, where wé have defined the peak-energy by

- the voltage of the'makimum negative derivative. The

- LEED pattern for the élean surface was-thatvexpected

by the termination of the bulk nickel lattice on a (100)

;plane'and the pattern is shown-échematicélly in Figure 4b.



L

Flgure 17 Typlcal AES spectrum from 0O to 70eV from
clean nickel (2 VPP modulation voltage)
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Figure 18 Carbon VéISus'oxygen AES peaks for nickel (100)
exposed to CO. : . ' .
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Residual carbon did not lead to new-patterné, even at
coverages up to 0.6ML, but did slightly increase the
background at high coverages.

2) Inelastically scattered electrons below

oxygen saturation. Upon introducing oxygen into -the

vacuum chamber, the oxygen peak at 507eV increased in
size until saturation was reached, 5eyond whicH the
signal increased only under special circumstances
described latér. A.typical spectrum at.éétﬁration,
shown in Figure 19, ihdiéafes two additional peéks on
the low energy side of the main:energy péak. 'Thé
average peak heights'at saturéﬁion are showﬁ in Tablé 3.
The energy and Oiigin ofballAthree.ongen peaks_aré
~listed in.Table 4 where the origin is aésigned on the
basis of enérgy leveié feported by Bearden-and Bufr26
Y‘Qith a correctipn for the:ionized sﬁate as suggesfed

by Chaﬁgl. | |

The magnitude of tﬁe oxygen AES peak 1is shown;

veréus exposufe in Figgres 20 and Zi for shorﬁ and léng
.exposures, respectively. The oxygen coverage initiallj~
increased rapidly with exbosure, sloWedvfér’awhile;lthen_-
.increased again until the'ééturation vélue was feached; |

By varying the oxygen pressure between 2 X 107°

~and 2 x 10 torr both during a single run and between 
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" TABLE 4

Origin and energies of peaks observed in the inelastically
scattered electron energy spectrum.

Observed Energy (eV)

Origin

Nickel
8 (100 surface) Surface State
12 (111 surface) Surface State
49 Plasma Loss from M Vv
: 2,3
57 M3VV
60 MZVV’
103 MlVV
655 LM M_
680 L3MiM§'§
. 704 Piasma'Loss from L M
. 3 2 3 2 3
710 L3M2 3M2 3
772 Plasma Loss from L3M2 3V
776 LM, .V
2,37
843 : L’:;VV
860 - L_VV
2
Oxygen
12 ﬂ?leoleo
ol KLy, 3
| KLy, 3lg 3
 Bulfur |
139 L M. M
. 3717°2,3
150 L3M2'3ﬁ2’3




Figure 19 Typical AES spectrum from 0 - 1000eV from an

oxygen saturated surface.
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Figure 20 Oxygen concentration versus short exposures
for (100) nickel. A - 147°K; I - 302°K;
@~ 373°K; (O~ 398°K; O - 423°K; ¥ - 302°K,
C = 0.54 pv/pA; O - 302°K, IB.
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85 .
several.ruhs, it was demonstrated that, within experimental
error, the exposuré parameter was the controlling parameter
for the reaction and this will be.used tﬁroughout the study.
The curve shown in Figure 21 for oxygen coverage versus |
exposure at 302°K (thirteen runs) has appreciablg scatter
as indicated by the scatter bars. The origin of this

o s

scatter is unceftain,.but it probably arises largely £from
error in éalculating exposure values, and to ééme ext¢nt
to system alignment vériatidn énd noise‘which dausés
peak height variations‘between and during run;.' (Thé
noise level waé approximately 6.012vapA for the.iﬁstfﬁment.) 
"To feduce scattér due to system alignment errof, éll‘datak
_ wefe'corrected by a factor équal to the sum bf the 60eV; 
v.lO3éV, and 843eV nickel.peaks dividéd by theisum‘of the
Vaverage of‘these peaks. Although this factor was up to
é 10% éorrection,lthe scatter.was not significantly reduced;
The~a§eragé,values'of the nickel peaks are gi§en in Tabié.3
to facilitate comparison between thié and future work.

Increasing the temperature slowed the reaction
at coverages below saturation as shown_in Figure 21, but '
did not significantly affect the reaction.dﬁring,the‘
4initiél rapid adéorptidﬁ (Figure.20), Decreésing the:'

‘temperature to 147°K increased the reaction rate significantly.
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Figure 21 Oxygen concentration versus long exposures
for (100) nickel. A - 147°K; I - 302°K;
O,X- 373°K; O - 398°K; < - 423°K; ¢ - 302°K,

'C = 0.54 pv/pA; B - 302°K, IB. |
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',»We would like to quantify the'oxygen.AES~peék
versus the:amount of oxygen on the surface, bearing in
mind the previous discussion on AES'calibgatién. To
accomplish a calibration, we consider the initial stickiné
coefficient for oxyéen on nickel. LEED‘data.indicate
an initial sticking coefficiént of unityss, as do data
by Horgan éﬁd Kiﬁggl'?z. Assumiﬁg that the maximum
initial sloée, shown in Figﬁre 20, correéponds'to'uﬁity
sticking coefficient, a caiibration-constant éf 4.3 x.lO-—‘l»6
' (pV/hA)/(atoms/cmz) was calculated (includihg data fbr
.(lll) nickel reported below). On,this,basis, the apparént 
saturaﬁion concentratioh of oxygen isvl.ZML'of oxygen atéﬁé,
i.e;.éreatér than one 1éyer;‘ On the basis of this éb&eragé
plus other evidence discussed bélbw, a depth distribhtion_
of the okYgén is expected and inelastic’9cat£eriﬂg;vi;e.
absprption,Aof_Auger electrons must be éarefullf,considered.
‘Since the_ébéorption effects depends on.the ogygen sufface
morph&logy, we will delay discuﬁsion of sﬁéh effec£s‘u6til
after the reaétion sequence has been described. Sbme
conclusions from this discuséion will bé anticipatgd; in
particular, -it will be concluded that there are no

,?abSOrption effects for oxygen coverages below 0.3 pvV/pA.
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'For low oxygen concentraﬁioﬁs, we shail therefore |
indicate monolayer-equivalent values of the coverage.
At saturation the true surface concentration is less than
‘15%~greater than the uncorrected oxygen AES peak wou}d}
iﬁdicate.

Since a calibration has been established
between the oxygen'AES peak and the éé&eragé, and‘since ,
we have4anticipated thét corfections for absorptioﬁ
effects wili be relatively small, the derivétive of-fhe
adsorption.curves (Figuré~21)_may be éalculated, tﬁus:
yielding'the sticking coefficient vérsu$ oxygén coverage
for»kloo) hickel (Figure 22). At>302fK,.the'sti¢king

coefficient, s, initially decreased rapidly to a minimum

of{lO-l, increaéed to a broad piateau at 2 x lO—l, thenA

decreasediéo below 10~3. The minimum océurreé at siigﬁtly'
. greaterAthén 0.22 ﬁVApA éoverage (0.32ML) whilevthe:decrgase

below 10_3.occurréd_at‘0.87 pV/pA.coverage. ﬁecﬁéaéiﬁg”

the temperature increased s at hiéh coVeréges;Aincféasing‘
" the temperature decreased s, excéét in the initial

rapid adsorption region. This behavibr.of's versu§.

coveraée is very similar to that reported by Horéén and

_Kinggl'gz and by Klopferss.




'Figure 22

Oxygen stlcklng coeff1c1ent versus oxygen
coverage on (100) nickel.
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Althoﬁgh the relative partial pressurerf
CO and CO2 were low at residual pressurésiand during
exposure of the sample to oxygen, accumulation of C on
the surface from adsorption of CO and COz'plus the
residual carbon left after éieaning sometimes resulted
in surface carbon concentrations up fd 0.15ML. This
is shown in Figure.23} To determine the effect of
carboﬁ on the_reaction’rate of oxygen:with nickél, a

large concentration of carbon (.54pV/pA or .55ML) was.

. produced by IB and annealing at 1023°K for a few hours.

_(No_sulfﬁr was detected after this treatment.) The . -

concentration of carbon on this surface versus oxygen

v gm—r % Armaer —— =L

coverage is shéwn in Figure 23. Oxygeh.céyeragé &efsus
exéosufe for this surface is'sﬁown invFigures‘ZQ"éndi2l
and indicaﬁés that the'oxygen‘coverage in thé initiéi
rapid-adso:ption fegionvwas'lower than Qha.clean surface,
buﬁ.the adsorption behavior beyond thiS';egion was h@fmai._ i
To explote further the carbon which accumulaﬁed
Qhen oxygen reécted witb'nickel, thé'(loo)‘surfaée was;
e#posed until the carbon coverége maximized at an oxyéen

coverage of about 0.2pV/pA. The substrate was then

flash heated and the CO and CO2 peaks Qbsefyed mas$ B '_

spectrometrically. Only a CO peak was observed, ae
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about 623°K and subséquently AES indicatedithe carbon
peak had disappearéd; Thus the accumulated carbon was
in the foxrm of CO thch desorbed at 623°K. We will later
discuss ﬁhe significance to the oxygen/nickel reaction
of both of tﬁe abové e#periments.

In order to check the possible effects of ion
bombardment inducedidéfeéts.on the oxygen/ﬁickel reaction,
a clean.surféce was produced and Qas ion bombafded for-
five-miﬁuﬁes at 302°K. The secoﬁdary electronlspéétrum

after‘bombardment showed 0.36 pV/uhA (0.36ML) of carbon,

. 0.07 uv/ma (0.1ML) of oxygen, and a peak due’td 6ccluded _

argon which could still be detected after okygen"' -
saturatidn.'vThis'bombardment treatment significantly =

increased the reaction rate of oxygen with nickel;.:“

after the initial rapid adsorption region as shown in

Figures 20 and 21. However, a similar five minute IB

- of a clean surface, carried out at 473°K, had no”

detectable effect on the oxygen/hickel-reaction at 302°K; -

the data were well within the scatter for other 302°K
data, even though occluded argon was detected by AES;X'

3) Low energy secondary électron'spectrum.

‘The secondary electron spectrum from O to 80 &V was

investigated during oxygen interaction and significant
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Figure 23 Carbon AES peak heights versus oxygen concentration
for (100) nickel. '



(V/AT) WV 3d SAV NIOAXO
9 2 |

N.

(VAT MY3Id STV NOSYUVD



Figure 24

Changes in secondary electrons peaks between

0 and 70 eV as a function of oxygen coverage

on (100) nickel (1 VPP modulation voltage;
oxygen coverage in uv/ua).
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changes Qére observed. The séectrum-from_o—joev for a
clean surface, shown in Figure 17, had a peak due to true
secondary electrons near zero eﬁergy, a peak at 8eV, andA
a nickel peak at 60eV. (The‘slope changeé ;hoWn in
Figure 17 at 20, 28, and 40 eV are not believed to be
cauéed by the nickel substrate since they did not respohd
to oxidation as didlfhe other peaks.) Spectraiffom |
N 0-70eV with-increasing oxygen coverage are shown iﬁ
Figure 24. Fbr the clean surface, £he trueAsécondarj
- peak has a maximuﬁ positive derivative at 1.6eV.and a
_.widﬁh be#Ween.defivativé maxima of.2.3éV.' buripg £hé
initiallrapid increéée'in_oxygen coverége;-the>trdé.'
' secondary peak height remained almost éénstant‘while
the maximum;pbsitive derivative‘and the widthAbetwéeh'
derivativehmaxima increased. Above 0.3pV/ﬁA oxygen
coverage, the peak height increésed, and at -saturation
oxyéenAcoverage tﬁe max imum positive'derivative ﬁaa
decreased EQ 1.1leV and the peak width aecreased to l;BéV,
The 8eV peak from the clean surface continuously‘decreésed>
as the o#ygén coverage increaéed, while a ﬁew péak'at.
12eV appeared at bxygen éignals greater thanv0.3FV/ﬁA. )
The 60eV nickel peak initiall& aecreased iﬁ ihtensity

without changing its shape as oxygen coverage increased.

-
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However, above 0.3uV/uA oxygen signal, newvderivaﬁive
maxima at 49 and 57 eV increased in intensity as the
oxygen coverage increased. At oxygen saturation, these
new maxima dominated and the entire péak shifted about
3eV lower in energy. The origin of the 12eV peak and
shifts of the 60eV peak will be discussed latgr.

4) Work function changes. To demonstrate

that variations in the emission of secondary electrons
féflected variations in the work function due>tQ adsorbed
oxygen, changes of ﬁhe wo;k funétion.were measured b&

- ﬁhevreﬁarding pétenﬁiél method aﬁd are comparéd to the 
';eéohdafy emission coefficieﬁt, oxygen covérage, aﬁd'
.tempérafure in Table 5 and, with the secondary emission‘
__ géefficient$ in Figure 25. The data are numbefed in order
;f'increasing oxygen expésure in Figure 25. Iﬁ_can be
seen that cﬁanées in § dé refiect'changés in the work

' function but that the relation waé not linear. ' When
vthe work function incréased, B’décreased and vice versa.
Data points in Figure 25 labelled 16—18 were téken at
l47°KIand will be described shortly.

In addition to 6§, changes in the true secondary

electron peak height are expected to correlate with work
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TABLE 5

- Work function changes versus secondary emission coefficient,
oxygen coverage, and temperature on (100) nickel.

(8 (volts)® 0, (av/pa) T (°K)
0.0 1.92 0.075 . 302
+0.32 1.90 0.15 302
+0.30 1.89 - 0.18 ’ 302
+0.18 1.91 - 0.21 - 302
+0.02 1.93 0.25 302
-0.05 1.95 0.29 .. 302
-0.16 1.97 0.34 ‘ ' . 302
~0.31 . 2.05 . 0.44 , - 302
 -0.48 ' 2.11 0.57 302
-0.58 2.19 0.68 o 302

. -0.60 2.24 0.78 .. 302"
-0.64 2.26 0.84 . 302
-0.64 . 2.27 ©0.86 _ - 302
~0.67 - 2.29 0.87 302
. -0.64 2.28 0.88 302
- ~0.45 2.12 0.88 . . 147
+0.04 . 2.08 0.89 . 147

+0.17 . 2.05 . 0.93 147

a ' Positive indicates an increased work function;
negative indicates a decreased work function.




Figure 25
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Secondary electron emission coefficient versus
changes of the work function for oxygen on
(100) nickel. (Positive denotes increased

work function; négative denotes décreased work.
function.) : '
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function-chénges. Variatioﬁs of & and the>tru¢ seqondaryw.
peak heighf are used to indicate changes in the work
function versus oxygen coverage as shown in Figurev26.
During the initial rapid adsorption of oxygen,.the changes
in § indicated that the work function increasea. By
comparison with Figure 25, the maximum increase was
0;3,voits. Changes'in‘the true secpndary peak indicated
that the work ‘function initially decreased slightly; the
‘incréased true.éecondary peak height is believed to
 result from interference with the Sev-péak whiéh |
decrease in height as oxygen coverage increased.

The position of the haximum-positive'derivéfive
‘and thé width between the derivati&e magima of -the trﬁe
 secondary peak may also be uéed to'charéctériée the‘work;
'H%%ﬁhction vafiatibns, }The true se¢ondéry peak maximum
shifted to higher energiés and the peék broadened asvthe
work function increased,'and vice versa as the work
function decreased. |

With increased'oxygen coverage beyoﬁd 0.3uv/pA,
both § ana the true secondary peak height,inéreased,
indicating é reduction in the work function.to a vélue> 
 below that of the'cléanvnickel surface. By compariéonﬁ'

with Figufé 25, the maximum negative work function change
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Figure 26 The secondary emission coefficient (solid lines)
and the true secondary electrons peak height
(dotted line) versus oxygen coverage on (100)
nickel. ’
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was 0.6 volts. The behavior of & with oxygen coverage

was similar £for teﬁperatufeS'ébove 302°K except that

the work function increased slightly more at low coverage
and decreased slightly ﬁore at higherx coveréges.. At
- 147°K, the initial behavior éf 6 was similar, but the
work function'did not decreasé at saturation to a.value
as-low_as at 302°K. However; upon warming the sample
to:room ﬁemperaturg in residual vacuum, 3§ did increase.
té a value consistent with previouS'302°K_data. To
demonstrate tha£ 6 trulynreflected changes of»the work .

" function in'fhis case, a surfécé'éatﬁraféd witﬁ oxygén'

at 302°K waé cooled to 147°K and éxpésed té oxygen. As
. éhgwn'in Figufe 25 (data_péints_l6418), thefretarding

. pptential measurement indicated that ﬁhe deé;ease in &
;as assbciaéed with an‘ihérease in the work function
" to above the clean surface value.'}Howevef,-the 5 -
work function relatiénship was not the same as previouély
observed at 362°K. ihe reasons for thiév%iil be discussed
later. |

To furthér invesﬁigaté the Qariation'of 6 (and

thereforebthe Work function) with teﬁperature( a surface
- was saturated at 147°K.and warmed to-highér temperatures

-as. rapidly as possible. Changes in § and the oxygen AES
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peak height were m§nitored. ‘The oxygen peak height_
decréased by about .OﬁpVApA upon warming froﬁ 147°K to
373°K. The peak then increased about .b3pV/pA upon
recooling to 147°K and exposing the surface to oxygen,
thus indicating'a:reversibly adsorbed oxygen species.
However, & was a more sensiti?e measure of changes on -
the surface. Updn W§rming'from 147°K to 192°K, a rapid
decrease followed by an exponential time deday féf )
waé observed. After_é stabilized, wérming fo 221°K;
245°K, and’373°K produced similar results. .ﬁéar 14?°K;f.
the magnitude of the rapid decréase-ahd-of fhé exponeﬁtial

’_decrease of & were both about O;QB;’ Near 300°K; the.:
magnifude_of the rapid decrease of & waslabﬁﬁt‘d.GOSA

and the ekponential decrease was about 0.03.

Tﬁis behavior indicates that a weakly re&efsibly‘:
ibound specieé is adsorbed on.the oxygen rich'Sdrface |
with a total coverage of about . 04ML (absbrption effeéts
are negiigible iﬁ this case). The decrease of §urface'
covérage and increase of b as'the‘temperatﬁre increaéed
indicated desorption of this species. The-fact that

- this occurred over such a large range of temperature

indicated a range of adsorption energies for the species.

The adsorption energy range may be calculated ffom the
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measured time constants for the-incréase of § (Tabie 6)
since the mean stay time, 7, for an adsorbed species

may be written:
- (e) -

where TO is the desorption attempt frequency, Ea is the

adsorption energy, and T 1is absolute temperature. Assuming

TO = 10—l3sec”l, the adsorption energy is found to range

from 12 to 25 kcal/mole (Table 6).

5) »Oxyqen‘covefaqe beyond sa£uratibn; “Under]
.normal operating conditions, the concentration.of oxygen
on nickel did not increase béyohd the séturétioh value -
_éf‘about O.S?pVApA. Howe§er, if the:substrate-wéé 
exposed to oxyggh for.long £iﬁés at 147°K, or atl302°K 
‘with a high-partial\pressure of oxygen, then fﬁrthér
uptake was observed. ’This is shown in Table 7, where
after 2180L at 147°K with 1.6 % 10—7torr oxygen, the
oxygen concentfaﬁion increased to 0.98pV/ﬁA._ After
2,5'x 106L at 302°K with 1 x 10;4torr.bxygen, tﬁe.
oxygeﬁ concentration incfeased t§ l.OSpV/ﬁA. At 302°K,
6 was decreased when oxygen was iﬁ the system indicating

that the work function increased at an oxygen pressure

-4 : :
of 10 torr. Data from a control test at 302°K with
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~ Adsorption energies calculated from changes of the secondary
‘emission coefficient at various temperatures.

T (sec)

120
- 155
390

110

T (°K)

- 170

221

245

373

’ Ea,(kcal/mole)

“11.7

15.3
17.5

. 25.6°
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Conditions for which oxygen coverage increased beyond

the saturation_value.

6

Condition Exposure x 10 Time

(torr—sec)» (sec)
T = 147°K 9%. 6.0 x 1o§
Py =1.6x107torr 548. 3.4 x 10,
2 - 1650. . - 1.03x 10,

| ~ 2180. 1.36x% .10

T = 302°K __ . 120, 7.5 x 10

Po =1l.6x10 "torr 5760. 3.6 x'10
T = 302°K 12.25 (1§10‘6£orr)A 2.25
Po =1x10"%torr 7.4 x 10 7.4 x 107
2 - 9.8 x 10° 9.8 x 10,

S 2.5 x 10

2.5 x 10°

v

Oxygen Pk. Ht.

(nv/pa)

0.88

0.;93'

0.97
- 0.98
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1.6 x 10_7torrAdxygen are aisp shown in Tgbl§ 7»aﬁd ‘
indicate that the saturation concentration was not
exceeded.

A diséussion of the magnitude of the efféct
.of inelaétic scattering on the measured oxygen signal
at these higher coverages will be delayed until the
-discuséiOn section.- We will anticipate the conéluéiﬁn
.thatlébsorption effects‘are very sigﬁificant in this
'case; ‘Because of this fact plus experimental diffidultieé
in working at high oXygeh preésﬁres, this édditionéi'

oxygen uptake was not studied in detail.

‘" -6)' Low-enerqy electron diffraction; Tﬂe{LEED
patterns observed in'préQioﬁs studies of oxygén oﬁ (iOO’_.-
. nickel, shown in Table 1, were largely confirmed in
éhis study (see especially references‘55 and 56). At"”
room temperature and iow exposures, streaks were ob;erved
'Eﬁféugh the h +'%k + % positions and‘wefe‘péraliei to
‘the [lQ] and [01] reciprocal lattice directions butAdidi;
not pass throﬁgh the integral order spdtS; fhey indicate
-a one-dimensional disorder at léw coverages. With
' increasing exposure, thé streaks sharpened iﬁto spots

forming a p(2 x 2) structure. The maximum intensity of
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a diffraction pattern was very cfudely estimated by
judging inﬁensities from consecﬁtive photographs taken
unaer nearly identical conditionsAénd correlated with
AES; The ranées of detectible and maximum intensities
versus oxygen coverage at room temperaturé for the
p(2 x 2) structure was judgeé by the (%0) spots (Figure
27). The same informatioh for other patterns is also '
shown in Figure 27. For the p(2 xA2), the maximuﬁ'
intensity was observed in the coverage rangevof 0;16_
to 0.22 pv/pA (which will be shown to be 0.23 to
i 0.32 ML) and,'surpriéingly, thev(%o)lspoﬁs‘wére obsérVed'
up td C.SSpV/hA; aithoﬁgh the iﬁtensities are ve;yjlow'
bét.fhis_covefége.. Beyond-0.16pVAuA coverage, the (%)

and cqrresponding spotS'incfeased in intehsity, markiné,
J:the onset of thé c(2 X 2) surféce structure;_ This
occgrred_without,streaking or diffuséness; confrary ﬁb
the.p(2 x'é) case. The (k%) spot‘reaghed maximum.
intensity between Q.27 to Q.3l av/aa (0039 and:0.45ML);
bﬁt a (%%) spot was distihguishable up ﬁo 0.8pv/pA V’
coverage. At a coveraée of 0.6uV/pA the background
~intensity had increased and a véry diffuse NiOvpattern
was observed, the intensity.of which incréaéed untilb

saturation._ The oxide'(ioo) plane was parallel to the
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Figure 27 Ranges and maximum intensities of LEED patterns
' versus oxygen coverage on (100) nickel.
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(100) niékel piane and the [011) directions were parallel.
The identification of the pattern as NiO was based 6n
both symmetry and approximate correlation betweeh the
calculated lattice parameter and the parametexr reported
‘for NiO. The calculated lattice parameter varied aboﬁt
& 10% about the expected value, presumably because of
uncertainty in the measured diffraction spot‘separations
caused by the diffuseness of the spots.- It is tﬁerefo%e
 uncertain whether a "pseudo-qxidef with NiO symmetry
but with a 5% smaller lattice parameter, as reported by
May_and Germér74'for (110) nickei, existed on (lOO)
 nickei.‘ - |

| In addition to the préVioﬁsly reported LﬁED‘

sequence described above, unreported diffraction spots

BN

ey

were obser&ed to develop along with the NiO spots. Theée
afe'shOWn in Figufe 28 and were two additional sets of
diffraction séots, each consisting of four spots, observed
at a radius equivalent to the original nickel (10) spdt;' |
one set!waé rotatea 30° while the secondAset wés rotated
60° about the reciprocal lattice normal. These spots

were independent of the poiht on the éurfacé sampled

by the LEED beam and were reproducible. Attempts to

account for them by multiple diffraction have been
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Figure 28
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LEED pattern showing diffuse NiO plus unexplained-
diffraction spots. (a) . Photograph .of LEED
patterns. (b) Schematic identifying diffraction
spots. (60 = 0.87uV/nA; 86V) » S
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unsuccessful and they do not behave as facet beams.
Their;origin is uncertain, but wili be discussed later.

Comparing okygen coverages versus exposure
(Figure 21) and oxygen coverage versus LEED patterﬁs 
(Eigure 27) at 302°K, one sees that the p(2 x 2) structuré
maximized at_abput.SL while thé-c(2.x 2),structuré méximized
af about 20 to 30 L. ‘Comparing the lbW’energy secdndary
electron spectrum shown in Figure 24 with Figu?e.27,
" one sees that the SéV and 60eV peaké decreased in amélitude
during the formétion of the p(2 # 2).and:c(2 X 2)3§trﬁctﬁres.'
f_Durihg formation df‘NiO, £he 12éV peak-appeafed and
ufincréaéed in intensity while'theVGOéV peak_éhahéed shépév
_and shifﬁed downward. The s£i¢king coefficient'(Figurel22).‘
-reached a minimum shorély after the p(2 x é) structure
maximized, then increased duriﬁg-fofmation of tﬁe c({2 x 25.
:étructure and NiO. Similarly, the work function.(Figures
' 25 and 26) increased during formation of the p(2 x42)
structure and remained high, but beéan'to décreasé at
about the éame ﬁime the diffr;cted intehsity from the
c(2 x 2) structure maximized. It decreased below'the"
clean‘Surface:value‘during NiO formatioﬁ,

The LEED patterns from éamélesvexposed at

elevated temperatures were similar to those observed at
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302°K,-e%cept that the patterns were sharper for all
structures (i.e. p(2_x 2), c(2 x 2), and NiO) and ther
(0%) spots were not observed to suéh hiéh céverages.
The new diffraction spots equivalent to nickel.(IO)
were reduced 1in intensity at elevated temperatures;
.the NiO spots were still very diffusef_ The fact that
higher temberatures';éusé sharper LEED paﬁternsrhas
been réported pre&iously (Table 1) as has the facf'
that'heéting an oxygeﬁ coveréd surface sometimes qauSes

’sharpef LEED-patterns.
| The LEED patterns observed at 145°K~wéfe
SLniiax to ‘the 302°K results in ﬁhaﬁ thé p(2 x 2),
c(2 x_2), and NiO (wiﬁh the niékei—equiﬁalent spotS?

_..sequence was observed. However, all of these_pdtterns

were weak at 147°K and_the NiO péttern was aimoétv
undgtectable. The NiO patterh was‘very apparent though,
after.the substrate was warmed to room fémperature in :
résidual vacuum.

Carbon accumulation on the surfécé du:ing the
reaction (Figure 23) was not observed to affect the
LEED patterns. vHowever, the patterns Qére_affec£ed

~when the initial carbon coverage was as high as .55ML.
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In this case, the initial h + %k + % stréakipg was
foilowed by a p(2 % 2) structure in which the (%0)
and (0%) spots were missing. This i; one of the patterns
réported by Onchi and Farnsworth54'and by Armstrong113
for CO adsorbed on (100) nickel. With increasing
oxygen coverage, a ﬁio pattern with the nickel-equivalent
spots.was observed éhd at satﬁration completely displacea
the CO pattern.

LEED was @sed to detérminé wheﬁher ion bom—
bardment would caﬁse surface strgcture deéradatiog-in
thé reverse ordexr as gaS'exposure.' Ién bdmbardmeﬁt‘
 causés removal of surface oxygen and the LEED patterns
shown in Figuré 29 ihdicate that pattefns frdm NiO{
.’9(2 x 2), and p(2 x 2) étructufeslare obser&ed with"
Aécreasing}oxygen cpveraée, i.e. the,sequence.obéerved |
for increasing oxygen co&efagé is observed inireverse
 oraér for decreasing oxygen coverage. |

7) Electron induced desorption. AES was used

to s#udy EID, but none could-ﬁe detected by this methoa_
fof the substrate at 302°K or higher for oxygen coVerages
at of below_saturation. EID was only observed Qith.the
substrate at 147°K and oxygen~coverage'néa; the'éaturation

value. The AES oxygen signal decreased due to EID, but.
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Figure 29 LEED patterns showing that the sequence

(a) NiO (6 = 0.87uv/mA; 86V), (b) c(2 x 2)

(8, = 0.308v/ua; 68v), and (c) p(2 x 2) N
(6~ = 0.15uV/uA; 74V) structures are observed

wifh decreasing surface coverage.
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since the signal level was only slightly above the noise
level, the measurement was not very accurate. The secondary
emission coefficient, §, increased exponentially with
electron bombardment time, and was thus a more sensitive
measure of EID. The total cross-section éalculated from

. ‘ ~19 2 | ‘ |
variation of & was 5.x 10 cm . EID apparently occurred

from the loosely bound species previously shown to exist

at 147°K.

'B; wayden on Clean (111) Nickel Surfaces

The study of oxygén reacting witﬁ.(lll) nickel
suffacé is-not as complete as that for the,(lOOf sﬁrface‘A
: j.due t6-inadvertent‘déétruction of thé crYstal.‘ The

 -results-do allow considerable insight into'the reaétion,. 
' dhbwéver.

1) Clean.(lll) surfaces. No reversiblé

segreéation of carbon between the bulk and tﬁe surface

was observed for the (lll),oriented samples, but lérge
Qﬁantities of_sulfur segregated to thé surfaée. Self'
ékidation of CO oﬁ the (111) surface was nét'démonstrated,v
but on the basié'of data for‘CO on.(lll) niékel by

Edmoﬁds and Pitkethley4, self oxidation probably occurred;

‘Small peaks caused by carbon and oxygen were observed on
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the "cleén" surface; the average values are shown- in
Table 3. if the carbon and/or oxygen peaks were judged
to be too high before a run, the sample was heated to
773°K in 30 seconds, held-at temperature for one minute,
then cooled again to the reaction temperature. This
treatment generally pgoduced an acceptably ciéan surfage.
The.Auger electron peéks from this‘surface:were identical
<tovfhose observéd from the (100) surface and.listed‘ih
Table 4. .The-strong peak a£ 8eV Was~not.observed; but
‘a very weak peak at 12eV was observed on the clean surface.
The LEED battern from the éléanAsufface'was'that'whicH 
’Awas expected from termihétion of the bulk lattice as
shown schematically in Figure 4a.

2) Inelastically scattered electrons. Upon

exposing tﬁe clean (111) surféce to gas phase oxygen,
the oxygen AES peaks near 500eV inéreasediuntil é saturafion
valué was reéched. The.saturatioﬁ épectrum from 0 to

16000 V waé identical_t0'(100).hickél shown in Figure.lQ;
The average nickel and oxygen AES peak heights are'shéwn
in Table 3. The magnitﬁde of the oxygen 507éV peak.is
shown in Figures 30 and 31 fdf short and long exposures,
respectively. Alfhough the reactioh occﬁrfed faster than'

on the (100) surface, the same sequence of rapid adsorption,
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Figure 30 Oxygen coverage versus short exposures for
. (111) nickel. O - 147°K; I - 302°K; V.- 366°K;
. D~ 423°K. : .



g

(03S-4d0L) 401X F"NSOdX3
ol N o

© 3d071S NOILVNEITVO

(VAT) MV3d SIV NIOAXO



117

Figure 31 Oxygen coveragé versus long exposure for
~ (111) nickel. O - 147°K; I - 302°K; ¥ - 366°K
A_ 423°K, . ) R . L X

t
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slow adsorption, fast adsorption, and saturation was
observed. The effects of temperéture were also similar;
raising the temperature decreased the reaction rate while
lowering the temperature had the opposite effect.A The
saturation oxygen value was not measurébly increased by
exposures to 1 x 10— torr oxygen for twelve hours. The
data have been éorrééted by a factor equal fo the sum of

the 60, 103, and 843 eV clean nickel peak heights divided

by the sum of the average peak heights.

__The émount by which fhe true oxyéep su;face’
.éovefage differs from the meaéured-0xygen AE$ éignal dué
~ to absorption effectsbwill be discussed latéf.» As for
the (100) surface; some results wiil be anticipated.i>
Absorptioﬁ.effects for oxyggnfoﬁ (111) nickel afeAnegligibie
'fér coverages of less than.;BpVZpA,'and at séturatidn
the»true sufface coverage_differs from the measﬁred4
ééverage by less than 15%. The sticking coefficigntx
can therefore,be calbulatea and isishownnin Figure_32.
It islgeneraiiy highef than for the (106) su;face,.but
the shape versus oxygén covéraée is similar. -Initially,
's was high but decreased to a minimum of .04 at O;3pV/ﬁA
-(0.34ML), theh‘increaséd to a broad ﬁaximum of‘O.l, andv

. -3
finally decreased to less than-10 at 0.89uV/umA."
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. Figure 32 Oxygen sticking coefficient versus oxygen
coverage on (111) nickel.
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Increasing the temperature decreased s and vice versa.

3) Low enerqgy secohdary electron spectrum.

'The electron spectrum from O to 80eV for a clean surface

- was similar to that for (100) nickel, except that the

strong peak at 8eV was not observed from the (111)
surface. Instead a very weak peak at 12eV was observed

as shown in Figure 33.. As oxygen coverage increased

- this. peak disappeafed, but ét still'higher coverages a
peak appeared at essentially_the same energy (see Figuré
.33)'and grew until safurétioh was reachéd.- The-GOéV.

V_Aickel peak beﬁaved as f6r £he (100). surface in that.

© it decreased in magnitude and new derivative maxima

were formed which shifted the peak to a lower energy at
oxygen saturafion;
The true,secondary peak first decreased then

increased in magnitude with increasing oxygen coverage.

This is shown both in Figure 33 and 34. The width
between derivative maxima increased as the height

decreased and vice versa. Similar behavior is exhibited"

by the sécondary‘emission coefficient (Figure 34). ‘The.

- behavior of both § and the true secondary peak indicated

“that the work function initially increased, then at

0.28uv/pA it began to decréase,and at saturation had



Figure

33 Changes in eecondary electron peaks between:

-0 and 70 eV as a function of oxygen coveragde

~on: (lOO) nickel (2 VPP modulation voltages,

oxygen coverage in pv/pa).
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Flgure 34 Secondary emission coeff1c1ent (SOlld lines).
and true secondary electrons peak height
(dotted line) versus oxygen coverage on
(111) nickel. '
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decreaséd to below the value for the clean surface.
At 147°K, measurement of & indicated that the work
function remained high, probably as a result of a
loosely bound oxygen species as for the (100) surface.~

4) lLow-energy electron diffraction. The

sequence of LEED patterns observea for the (111) surface
"with increasing_bxygen céverage was pattérns caused by
nickel, nickel plus p(2 x 2), nickel, nickel plus”ﬁio{
~and NiO.V LEED studies at coverages pelow Oilapv/ﬁA (O.24ML5
_.Were-incdﬁpléte; therefore it was nbt deterﬁiﬁed if-the |

_ p(é x'2)_sp§ts'Qére initially'étreéked or diffusé as
tvin:the case of the (IQU) surfacew Such,anteffect is_ndt
reported in‘thé litérature. The iower 1iﬁit on tﬁe'
maximum 1nten31ty tange for the p(2 x 2) strﬁéturells

also uncertain, but the upper limit of 0. 24pV/ﬁA (0 3ML)
was established (Figure 35). Above O.BpV/pA, the p(2 x 2)
pattern.was no longer~distinguishable. The nlckel pattern
was visible until O. 83pV/ﬁA and above O 59uV/pA, a vgry‘
;dlffuse NiO pattern on a»hlgh intensity background was
visible.. The (lil)_NiO plane was parallel to the (111)
nickei plane with parailel [llOJ-directiohs as téportedv
by -Park and FarnSertheg. The (V3 x J3)R30° ‘structure

55 ‘
reported by MacRae =~ was not observed. LEED patterns
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Flgure 35 Ranges and maximum intensities of LEED patterns
versus oxygen coverage on (111) nickel.
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at temperatures other than 302°K were notiobtained.
Comparing oxygen coverage versus exposure

(Figure 31) and oxygen coverage versus. LEED pattefnsA
(Figure 35),.one sees that the p(Z x 2) structﬁre
maximized at an exposﬁre of about 1L while NiO_Was
observed above 15L. Comparing the éticking coeffiqien£
(Figﬁre 32) with the LEED patterné, one seés thét tﬁei
p(2 x 2) structure was observed whén the sticking :
coefficient Was_high, but thé sticking coefficient .
" minimum was not associated with a LEED pattern. _TﬁeA

vétickiné coefficient QaSAat thefbroad mé2imum Qﬁen NiO

~ was first detéctable with LEED. Comparing LEED patterns
With,Figure 33 one éees that the true sécondafy, ihiﬁiai
12ev, and Fhe.60ev.peaks all décreased during fbrmafioﬁ
of thé p(2'x 2) strﬁcture. .Thelfrue secondary“and 
second 12eV péak increased while the 60eV beaklchanged |

shape and shifted down inaehergy during formation of NioO.

'5) Electron induced desgrption. iny the AES
" technique was used to study EID on the'(lll) surface

with no desorption being detected at 302°K.

C. Oxyvgen on Nickel (111) Pre-Contaminated with Sulfur

1) Surface preparation. To prepare a sulfur

contaminated surface, the substrate was initially ion
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bombarded,. annealed,vand checked for extraneéué_ﬁES
peaks as previously described.v Sﬁlfur induced structures
were developed by heating the sample ﬁo 1023~1073°K during
which mass spectfometry indicatedbthat sulfﬁ{ was desorbed
froﬁ the surface. Sulfﬁr cbverégé was evidenced by a
- large sulfur peak at.lSOeV and a smaller peak at l3§ev
as -shown in~Tablé 4. Structure on the lSOeV‘peak~as
”repofted by Daimai-Imelik, et.al.ll4, éould be obséfved.
.'Averagé peék heights are shown in Table 3.

o Twomsulfur structures, as determihed by LEEb, 5
were observed, depeﬁding'on the-initial condition'af
the’ system. Tﬁese“strucfu£éé, showﬁfin Figuré§u36“'
and 37, ﬁéve-been 6bser§ed previously by Perde%eau.ahd‘_
115 4na by ﬁdmonds; eﬁ.al.116

Ooudar 4The,l§tter authors .

-idéntified them éé.COincidence étfuctures havihg,
syﬁmetries (5./3 x 2) and (8.3 # 2); ‘Using fédioactive
tracer techniques, Perder?au.and Oudar reported that'.
7.5 x‘1014atom/cm2 and‘8<1 X iCl4atom/ém2'of sqlf@r'

Qere present for these structufes (cdmpared ﬁo l.9_x lO15
atomS/cm? for ciean (111) nickel). Perdereaull7 has;
calibrated AES by the adsorption of radioacti&e sulfur
fon_nickel,'and by,hiS’data, these cénCentrations.of

sulfur should result'in rati6é of 150eV sulfur to 6OeV'fA
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N Flguer 36 LEED pattern due to sulfur in a (5./3 x 2)
structure on (111) nickel. (74V)
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Figure 37 LEED pattern due to sulfur in a (8.3 x 2)
' structure on (111) nickel. (78V) '







_ 129
nickel peaks of 0.275 and 0.29 for the (5/3 x 2) and
(843 x 2) structures, respectively. In the‘present case
averagé respective ratios of 0.27 and 0.28'are observed

and therefore the above values of absolute sulfur
_ P _

" concentrations are adopted.

In the present experimenﬁs, ﬁhe (5.3 x 2)
structure was most oftenipbservedg The (843.x 2)>
structure was obsefved only on those occasions when .
the system had beén opened to.the:atmospheré} reevécuated

and baked, and the-sulfur structure developed by short

Vheating times. In fetrospedt, this was unfortunate,

. ‘as’ the (8:/3 x 2) structure appeared to be more nearly

perfect (uniformly sharp LEED spots) and gave_moré"

reproducible results in the kinetics studies.

For both structures the AES spectra in the

range 0-1000V showed only large peaks for sulfur and

nickel and small peaks'caused by cafbon'and oXygen'as

shown in Figure 38.

2) Kinetig studies. Upon exposing sulfur-

rich surfaces to oxygen, AES indicated the sulfur coverage

decreased while the oxygen coverage increased. AES

traces obtained in one such experiment are shown in -

Figure 38 for the initial surface, the partially reacted .

e s




Figure 38

- 50% complete,

130

AES spectra from 0 to 1000 V showing (a) sulfur
saturated surface, (b) oxygen/sulfur reaction

and (c) reaction nearly to
completion. - ‘ '
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surface,’and the completely reacted surface. ATﬁe results
of these AES measurements can be summarized in plots of
the relative surface coverage of sulfur and ongen as a
function of_oxygen exposure.. These_plbts are'shown inv
Figﬁres 39 and}40 fér the two surface st;ucﬁpres studied. -

In these plots, 6 = I/Ié
S .

4p¢ Where I is the peak-to-peak

height of the sulfur AES peak at any instant and I

A sat
is the height of the peak observed for the sulfur

saturétea surface. 90 is defined similarly. Data
preéented'répfesent'expefiménté run at differept.oxjgenm_
preSsﬁfes:éﬁd expériments in wﬂich.the oxygenfpressuxe-
' 'was CHéqéed‘du:ing thé run; both of which indicated
thatifor any given value of es, the rééétion-rate was 
directly perortional to ﬁhe-oxygeﬁ preSsure;'thatbis,
,the‘extent of the reaction,'(l - eé); Qaé a function.
of oxygen exposuré; |

.'The oxygeh'cové;age at the concluéion of=£he,
reaction, based on the ratio-of AES peak heights for 
' oxygen»and nickel, was the same as that obse#vea fOr.thejl
saturation of oxygen-on the clean sufface of the same
.(lll) oriented crystal. In addition, the 60eV AES peak
-was observed~tob?oaden~andjshift to a lower energy

indicating that oxygen occupied_thé‘surface as NiO. .
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Figure 39 Relative coverages of oxygen and sulfur w1th :
' sulfur in the (5.3 % 2) structure. .

O - No. 1 (302°K);
- & - No. 2 (305°K);
B - No. 3 (303°K);
® ~ No. 4 (373°K);
. ¥~ No. 5 (233°K).
. .:» The variation of oxygen coverage is shown only

- for .No.. 2.

-
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- Flgure 40 Relatlve coverage of oxygen and sulfur with
sulfur in the (8,3 x 2) structure (302°K'
2 runs) ‘ o
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LﬁED patterns obser&ed during the reaction,
such as thé one shown in Figure 41, indicated a progressive
Aincrease in the background intensity with the sulfur
diffraction spots remaining sharp. The ofiginal pattern
~could be distinguished from background until'the-reaction_ ‘
was approximately 75% qomplete. At the conclusion of
the reaction, no LEED pattern could be observed at‘any
voltége. _This is»in contraét to the results obéer?ed
for oxygeﬁ adsorption on the cleah éufface, in wﬁich~
é LEED pattexn typical of Ni0O (111) is'observed at £he B
samé»oxygen'coverage.A :

In Ordéf'to’déﬁermine the'gas-phaselreaéfioﬂA ‘
prqducts,vthe.éample was rotated_tb fadé.the ﬁass'spectfo—‘_'
meter during some of the reaétion.seéuences.v Peaks
were.obéef;ed'at 48. and 64 AMU, in thé-ratio of 0.78/i;f
BanellOO,bin his study of this same feaction on Cu(llo);
alsé obsérved méss spectrometer peaks ét 48 and 64 AMU |
in a ratio of 0.61/1, and sdeed by:di#ect calibration}

with gaseous SO, that the peak at 48 AMU was due to a

2
cracking of the parent SO2 molecule in the mass spectro-

meter. It appears likely that the 48 AMU peak observed

. here has the same origin, and wé conclude that the sole
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Flgure 41 LEED. pattern from (5./3 x 2) sulfur structure
and increased background intensity due to
oxygen; reaction is 60% complete. (74V)
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-gaseous reaction broduct,is 802. >While the observed
masé spectrometer péaks were large enough to permit identi-
ficatibn of the reaction'producﬁ, they were-too small
(due to slow rate of reaction at the low temperatures.
.uséd in this study) to be used to chaiacterize the reaction
rgte.

.It was obéerved-that the rate of:reaction:could-
bé affected byvthe presence.of hot filaments or'electron
 beams operating.in the system~dﬁrin§'the réaétion proéess.
Reéroduciﬁle resUlfsjcould be obtained only_by‘turning'f

off all filaments and'eléctrqnlbeéms'ekcept fhat of the .
,_4maSé épectrometer dufing the réabtion. (Thé'masé épeétfoﬁ
‘meter had a low #emperature.filamentiandAtime on.waé
minimized.); The nat@re-§f.these effécts'suggéét-thaf
they involve the generétion of atomic‘okygeﬁ Which then

v_reacts rapidly with the adsorbed-sulfur.



PART VI

DISCUSSION

A. Oxvygen on Clean Nickel

Before proceeding with a detailed discussion

 of the experimental results, we will briefly summarize

them and indicate how they will be analyzed in later
discussion. Based on the experimental data, the inter-

action of oxygen with clean nickel surfaces exhibits

three well-defined reaction regions. The first region = o

is the reaction taking place before the minimum in the-

‘sticking coefficient and"isiassociated~with.chemisorptionv

" .of oxygen, i.e. chemisorbed surface structures are formed

'with_periodicities related to that of the underlying'

nickel subgtrate.' The'stickingicoefficient rapidly'

decreases in this region while the work function increases.

‘We shall see that this region can be analyzed in terms

*

of adsorbed oxygen blocking adsorption sites and preventing

‘further chemiéorptién of oxygen. We shall see that

inelastic scattering of Auger electrons is not important

. during this reaction region.

The second reaction region is associated with

“the formation of nickel oxide. During NiO formation,

- 137
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the work function decfeases to below the clean surface
value, thevsticking coefficient increases to a broed
plateau and then decreases to a low value, changes of
the low energy secondary electron peaks‘oecur; and a
diffuse Qxide LEED pattern is ebserved. We shall see
that the kinetics of NiO formation'ﬁay be enalyzed in
terﬁs of nucleation?aﬁd growth of oxide islands on the
surface. Island perimeter sites will be shown to be the
active-sites for the growth process.'.We shall also see"
Athet absorption of oxygen Auger electrons,by overiying;'
ﬁateriai.occure in this reaction regien aﬁdvthe observed
oxygen ‘signal must.be cOrreeted"for this effect. An
'~explanqtion for thelsaturation coveraée of NiO will be

’developed based en an' argumeet eoncerning tHe-physicei.v

‘ processes occurfing during isiand‘growth; |
.The third reaction region is associated with

fhickening'of'the okide beyond tﬁe normal saturation

jvalue. This.ability to thicken.has 5een és§ociatedv

Qith an'adsorbed OXygeh<species wﬁich'iﬁcreases_the

Qdfk function of the substrate. An explenation for

this will be discussed in terms of present low—temperatﬁre

~oxidation theories.




1) cCalibration of the AES signal. . To analyze

fhe kinetics of theAinteraction of oxygen with a clean
nickel surface, knowlédge of the amount of oxygen which
 has accumulated on the surface is very important. At
low coverages where absotption effects are negligible, a
_ calibration between AES péak heightjahd.thé amount'of
bxygeﬁ on the surface has been established by assuming
that the initial sticking coefficient was unitj. This

value for the initial sticking coefficient is based upon

139

data from the literature2l:92 rthe calibration has been ‘

shown consistent with the expected- 0.25ML concentration

of oxygen for the'p(z,x.2) structure obsefvéd on both
the (100) and (111) surfaces.

. - The measured calibration cohstant should be
independent of the oxygen éoncentration on the surface
5u£ we have already predicted that -at coveragés‘near
saturation the oXyéen will bé distributéd over a distanc
norﬁal to the surfacé. In this'case absorption effécts
are expected, i.e..some oxygen Auger'electrons will be
inelastically scattered by overlying maﬁerial causing
the measured oxygen AES signal to indicate a sﬁrface

- coverage which is less than the true surface coverage.

By considering the geometry of the emission of

e
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Auger electrons, if the oxygen is distributed-only one
layer deep, ébsorption should have a negligible effect
on the observed AES signal. This is supported by several

. A .
studies which have shown that fhe AES peak height increaseé
linearIY.with surface concentration for covérages up to
one monolayerl. In thg,present study, chemiéorbed oxygen
structures cover th;:éurfACe in the'first feaction region,
but are only one laye; deep and absorption effects should
not influepce the data. In the secohd'reaction region,
LEED patterns, changes in AES peaks,vand work function
changes ail indicate.that nickek-oxide'is;fdrmed; We'
' wshall see that the kinetics of.NiO formation may be
described by growth of oxidé islands which are 1.8 iayers
thick. Since escapé distances aré on the ordefiof-four‘
laYers éf-material for Auger eiectrohs, absorption effects
"should be appreciable for the second reaction region
.énd must be considered.

We have pfeViously discussed the re?orted
studies of absérption of Auger electrons. 'Gallon3lihas
reported one such study in which he develdpedza finite
layer model tO'describe absorpfion effects. By.cénsidering

the probabilities of the scattering of a primary electron-

and the creation of a back-scattered Auger electron which
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has a finite probability of being inelastically scattered
by overlying material, Gallon concluded that the intensity
of the AES signal from n layers of material, I is

given by

I, = 1@[1_' (1- 11/100)] (6)
‘where 106 is the maénitude of the signal f£rom the bulk
material and Il is the signal from a single laYer‘of the
material. Attempts to measﬁre Ioo_dirgctly for oxygen

in NiO were unsucéessful. However, we can approximate
the value of Ioovby curve fitting experiméntal'data.

The oxygen coverage was decfeased by intermittent

‘IB on (100) aﬁd (111) surfaces with saturation éxygen
'éoveraggs and on (100) surfaces with éoveraégs'abbye
saturatioﬁi' Assuming_the rate .of oxygen remoyél was
linear with time, any curvature in the AES signal versus
IB time is caused by ébsorption of Auger eleétrons.
, Expérimeﬁﬁal data is combared to calculated gurves'
(equation (6)).in Figure 42 where I,,; was seleétedAto

5e 2.2 pv/pa and Il was calcﬁlate@ from the calibraﬁion
constant and the theoretical densities of one layer of
v(lOO) and (lll).oriented NiO; as is obvioﬁs, the agreehent.

between experimental'and calculated data is gbod except




Figure 42
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Oxygen AES.peak height versus IB time for
(100) and (111) surfaces. (Solid lines are
calculated curves, filled circles are data

- points. Time scale for data from (111)

surface multiplied by 0.5.)
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at loQ oxygen coveragés where readsorption of COX gases
maintained a residual oxygen coverage. Equation (6) can
thus be used with these values of I, and Ico'to calculate
the material thickness corresponding to ahy oﬁser&ed
signal,'In. On this bésis, the saturation oxide covefage
is 1.8 layers on ﬁhe'(lll) surface and 2.0ilayeré on the

(100) surface. The'pércentage error resulting from -

absorption of Auger electrons is given by;

E- lhyi00 0
where ITvislfhe.calcuiatéd signal COrrectéd forhabsorption-
éffeéﬁs and In is the observed signal. 'The>erforkat

’~satd£ation oxygen coverage is found to be 13% and 14%

- for the (lll) and (100) surfaces. The'erréyhin thé
observed signals for coverages ébove saturation on the .

(100) surface is calculated to be 17% for the lower
coveraée'and 24% fér the higher coverage.

To determine if the calculated Ipg is reasonable,

consider the signal observed for a thick layer of NiO.

For a layer of NiO of thickness x with a mean free path

for oxygen Auger electrons of p, the observed signal is:

Crenp () e
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or, ‘
IOO= Iil“" ‘ ‘ (9)

For Iy, = 2.2 pV/uA, p = 9.5A for 507eV electrons in NiO.

This mean-free-path can be compared with other data in
~the literature.
Palmberg and Rhodin® report mean-freeepath

T . o
lengths for Auger electrons in silver of 4R and 8A for

elect}on energies of 72 and 362 eV; Jacobi and Holzl118

report a path length of 7.5£ for 262eV electrons in

| carbon foil; Baker and McNatt119 report path lengths
o . _ ,

"of 2.5A and 4A for 76 and 186eeV-electrOns in Yttrium; |

'and_Baer,,et.al.lzo,,report a péth length of 22£ for

1200eV electrons in gold. The mean-free-path is not
| a,éensitive>function of the absorbing material as demon- -

6

strated by the data for Auger electrons in silver

versus earbonll8. (The electron density_of silver is

six times that of carbon.) This observation is consistent

with work on the mechanism of inelastic scattering of
low energy electrons in SOIidslzl'lzz. The mean—free—path
is dependent upon the electron energy however, and-
. ' 122 . . e
Jones, et.al report that it varies as E‘ for electrons

-in silver with an energy greater than 120eV. Assuming -

the mean-free-path is independent of the absorbing
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material and applying an B correction to detefminé
the bath léngth of 507eV electrons the average vglue :
from the_literaturé da£a is 10. * 3: A in good agreement
with observed 9.5A.

Restating the conclu;ion drawn from the present
discussion of the effects of absorption on the measured
heights of the oxygéh»AES peak, there are nb errorsAdUe
- to absorptiqn effects on the oxygen AES signal with'
chemisorbed structures on the surface. bFor’NiO éﬁ the
'surface, absorptioh of Auger electrons deéreases the
obserQed AES peak height by abbut_14%-from the true peak.

‘ height;' This effect must‘be_aCCOuntéd for in aériviné
the kiﬁétics of tﬁeAgrowth of oxide iélands 6n the éurface; 
.Béyond thé satufétidn coverage of NiO, the errof in.the
méasuredIOXYgen AEé peék cause& by absorption effectéh‘

rapidly becomes larger.

2) Kinetics of the formation of chemisorbed

surface’éfiugtdreg.,‘Thekinitiéi'reactibh région of

oxygen wiﬁh clean nickel surféces has beeﬁ aésociafed_

with the formation of chemisorbed_oxygen surfécé structures.
'Cohfining'dur attention to the initial-region at«expdsures-
:less that 3L, it is'seen thaﬁ,ﬁhe adsorption rate'ié

essentially independent of temperature, the extent of




the reaction is directly related to exposure, and the
sticking coefficient decreases with increasing covefage.
LEED shows that“thé p(2 x 2) structure forms and disappears
on the (111) face and only the nickel pattern is observed
at 0.34ML where the sticking céefficient is very low.

On the (100) face, the minimum in s éoiﬁcidesvwith the
maximum in the diffracted intensity for the p(z x 2)
structure: Sincé the AES éignals indicate that there

are about O.25MLvof oxygen atoms ox 0.125ML of.oxygen
mplecules on the sufface when thé p(2‘£'2) patterns are‘
observed, and since it is difficﬁlt to rationalize such
bdiffractiOh éétterns‘if it is assumed tﬁat oxygen oécupiés
the adsorption site és 02 molecules we conclude that

the oxygen is dissociatively adsorbed. This concluéibﬁ_

91,92 of

- is at odds with Hbrgan and King's postulate

non—dissoéiative chemisorption in‘this region, but we

have already observed that.ofher data in fhe literature

’dispute the basis (1ow heat of adsorptién) for their

conclusion. | |
There are at least three types ééyanalysis

' which could reasonably be applie& to the region up to

" 0.34ML on the (111) and 0.25ML on the (100) surfaces.

Since the sticking coefficient decreases monotonically




with increasing oxygen coverage, precursor adsgrpﬁioh

and islandAfbrmatién, as_reported'for oxygen on tungstehgl,

is diécounted. Since periodic surface structﬁreé are

formed by the adsorbed oxygen, atomic mobility for at

least a few atom distances is required at theéé £empera£ures, 
therefore a second possibility is‘disggéiatiye;Langﬁuirian'
adsorption into a mébileréta£e.' For tﬁis‘case thé

,sticking chfficient-would be (1 - 852 wheré eiis thes : | N -
rélative.coverage and is unity af 0.34ML 6n the'(lll) |

and O. 25ML on the (100) surfaces. Then . o

Nh ®)
2itft-@)+ N,

( 1- ® ) f': A("I.L‘O“). ’_

whefe'ei is the'lnltlal-re;atlve.oxyéén cbverage,:I is
thé impingement rate of molec@lar oxygeh,'t'ié time, and
No-is,the number of surfaéé'éites'filléd‘when'ejis1 
,ﬁnity; By coﬁparing expression (10) Qith thé data, itf
_is éasilyvdetermihedffhat it doeé notvdeséribe'thé§£Sér§éd
vadsérption behavior. .Th; third pbééiblewénaiysis\is o
Langﬁuirian'adsérptién bﬁt with the conéitidn‘for non-
dissociative adsorption; In this'case, thé'sticking
COefficienﬁ is (1 - g), and o

(1-@)={1- @L)EXP( ) - an

. This expreSSLOn flts the data.very well as shbwn.by the
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solid lines in Figures 20 and 30 fo? the (100) and (111)
surfaces. The apparently conflicting observations that
oxygen is dissociatively adsorbed but follows non-
dissociative adsorption kinetics can be reconciled by
observing that the oxygen atoms aré.mobile and.do not
cover every possible surface site, so.the probability
that two adjacent ahafenérgetically favorable adsorption
sites are empty is approximately (1 - 6).
The coverage of oxfgen increéses rapidly at

147°K and it is difficult to distinguish the initial
. from the second adsorption region. An increased ad-
‘ sorption rate{ét low temperatures is not unexpected since
the mean stay time of a'looéely bound (e.g. physisorbed)
 state incfeases as the temperature decreéseé. At low
temperaturéé, a molecule may physisorb on siteé'aiready
coveréd with oxygen but diffuse over the surface to‘énd
“be captured by unocéupied sites, thereb& increasing the
sticking coefficieht and‘adsorption rafe. |

| .Thé minimum sticking coefficient is observeq
to correspond to the oxygen coveragé reached during the
initial exponential region for £hé (111) surface. This_
correspénds to abdut16.3 x 1014atoms/cm2 of oxygen.

However, on the (100) surface, the oxygen coverage
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continues to increase beyond that described by -Langmuirian
adsorption, but the stiéking coefficient continues to
decrease as the céverage increases. 'Intensification.of_
the (%:%) LEED spots during this period indicates further
adsorption into a c(2 x 2) strﬁcturé, but fhe diffractea
intensity from_this_structure regched_a max}mum_at a -
coverage below b.SMﬁ.énd,the diffréctediintensity had‘
degreased at an oxygeﬁ coveraée corresponding to.O.5ML.'
This plus obsefvation of (%0) spots £o‘high coverages
indicafe the ¢(2 x 2) structure does not fully develop
ahd coveﬁ the Surfage.A bue’to Iargé'daﬁé Séat£é£,.ﬁ0}
”attemptuwill be ‘made to fit -a theQretiéél expreSSi§n<tQ
adsorbtion into tﬁé chemisorbed structure béyond OfZSML
én the (lOO)-surfacé. | |

| The éxygen coverage at whicﬁvﬁhe.sticking
édefficient minimized on the (100) sufface Was;a function'
of temperature. A£ 373 to 423°K,‘the‘minimum occurred ‘
at 6.4 x 1014atoms/cm2 wﬁile at 302°K,_it.occurred.at
5.1 x 1014atoms/cm2. 'Possibie explanations for this
will be discussed_léter;

The region prior to a minimum stickingfcoefficient

"is therefore a result of dissociative:chemisorption—of*

oxygen onto clean nickel. The conclusion that the initial
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adsorption regioh representé chemisorption is bgsed on
the fact that the periqdicities of the éurface structures
are related to that of nickél and nbt'of nickel oxide.
Chemisorption causes smalliincreases in the work function
and small decreasés in the nickel AES éeak heights. There
were no measurable enexrgy éhifts of the 60eV‘ni¢kel peak

during chemisorption.

3) Kinetics of the formation of NiO up'td

vgdﬁufation coverages. The second regioh of oxygen adsorption
on nickel (beyond the minimum-éticking coefficient) is-
charéctérized by an increase iﬂ s followéd by a aecreasei_

. to a very slow rate of adsorption, a decrease of théiE
work'function, aﬁd_a femperaﬁure sensitivity of ﬁhe,reaction
.rate. A new phase is formed. in this:region as deﬁbns#ratéd
by the 6bsér§ati§n of NiO LEED patterns. AA reaction rate
»whichiincreases.(i.e._s increases) With-inCréasing

oxygen coverage excluées the poésibility bf a‘Langmuiriaﬁ
type adsorption in thislregion and can best‘be>inte£preteaA
iﬁ terms of a "clusteriﬁg" of the Nid on theisurf;ce with:j
thé reaction rate being related té the érowth kinetics-

of individual clusters; This is analogous to autocatalytic
4prodesses in catalysis'work and to growth of metél_cryétals

from the vapor.



151

Consida2ring £he clustering of NiO on the surface,
in the present case the reaction rate is not first order
in either»the fraction of the‘sample surface ' covered by
islaﬁds (the rate slows near completion) or the originél
.sﬁrface,covered with chemisorbed oxygen (it is initially
slow). We_shali see that the kinetics can be desciibed ‘
if it is assumed that ﬁhe‘readfion rate is first or@er.
.in theiperimeter length of the growing oxide islands.

An initially increasing.reactién rate has'béen
reéorted by.other auth0¥s82’83 for bxygenvinféractiﬁg 1
'Awith metal surfaées. Bloomér123 first_attribﬁted this“ -
_ éffect‘tQ'OXide iélaﬁd nucleatibn and growth. -Orr83"
haé'énaiyzed the initial réactidﬁ'rate fof oxygeﬁ.dn
thé surféce{of vapor débosited magnesium fiimé using
_the concept §f ah active zone for oxygeﬁ capturé aloﬁg'
the perimeter of a growing island of Mgo. 6%ygén_in
_fhe.écﬁive zone can contribute to island growth if
adsorption and transpot£ by éﬁrfaééfdiffﬁsion occurs;\
or if direct impingement from.the Vapdf:onto the périmetef
_sites,occurs. To écébmplishvan'é%pression for the
reaction kinetics, Orr made several assumptiqns; the

.six most important -assumptions were: (1) Physically

adSorbed molecular oxygen existed on the surface with



a mean stay time, T and an accomodation coefficient

. p '
into the physisorbed statevof unity. (2) ‘Surface
aiffusion and dissociation of the physisorbéd oxygen
occurred on the sufface; however,'the probability of
dissociation was émall except at a ﬁeriﬁéﬁér site.

(3) The oxide islands were circular disks of :adius_:;

heightAh, and a mean distance between neighboring islands

of 2d, as shown in Figure 43. (4) Smooth atomic 
planes'éxisted between the oxide islands. (5)‘ ihe.’
‘islands all ﬁuéléated at the same time ahd nﬁcleation
wasvcompleﬁe ip an infinitesimally short.timé bé?ohd»
Avﬁime zerb. (6) The mean stay timé éhd surfaée diffusion
"“coefficient of‘physisorbed‘oxygen_was'thevsame on'métal
}and‘on MgO._ | |
“ Orr developed expreséiohs for reaction ratés
limitéd by impiﬁgement.of oxygen énto the surfaée, 1iﬁited
by oxygen trénsport by surface diffusi&n,_or iimited by -
_capﬁure of okygen at isiand péfiméter sifes.. HoWever;‘
the expfessions Orr derived were fbr the sticking coefficiénﬁA
_of oxygen during the region of increasingfréaction rate.
He did not treét the subsequent deérease in reaction rate

~caused by impingement of growing islands.  We will use

the same model and essentially the same assumptions in
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Figure 43 Schematic of oxide island growth on the surface :
of a metal. ' ’ '
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a. simpler derivation of expressions suitable for abplication
to the preéent daté,-and will extend the treatment to
consider island impingement. Thié is accomplished in
Appendix I.
Recountihg briefly this derivation, the theoretical
description of nucleation and’g:owth for the three—dimenj

124

sional case, developed by Johnson and Mehl and by

125; was used to account for island impingement

Avrami
(growth stops a£ perimeter Sitesiwhere two oxide island§
have grown £ogether). Siﬁce'wé_éssume that the mean.stay
time and surféce_diffﬁsion coefficient of physisérbed |
',;égygen,is.thebsame for sﬁrfages covered by chémisorbed

- oxygen and NiO, ;eactioh £a£és limitéd by the oxyééﬁ
impingément'rate would be consfant‘thrqughout the reaction.
This was not Qbserved and this case wasinOt developed
in detail. Kineﬁic expressions for grbwﬁh?fates Timited
by surface_diffu;ion and by Captufe of‘ﬁ#ygen'at isiand

perimeter sites were déveloped_with théAresults beihg:
o NS o .
o (t-@)EXP [-Ki N PP E) . a2

where 6 is the fraction of the surface covered by NiO,

'.Noiis the number of nucleated islands per cm2,_P is the

oxygen pressure, t is time, and K; is a constant. Ky is



g.;iv-én Dby:
A '
K;=% 2wk T [2BiEXP(Ei[RT)*h] @3

where for rates limited by surface diffusion:

| 1 | |
- Z O.ZV1 2 . i - A
' B,,-Z( v, 2 Ez’E(Ea Ed) : (14)
and for rates limitedAby oxygen capﬁure;
_ , %. N -
: A Vy . g .
B,= U, E,:E;-E. . s

In‘thesé eqﬁations, A is thevareé per‘surface sitevfor':l
ogygen;'n is the_ﬁeigﬁt'in léyérs'df'théi§kid¢ islands,
':f'@g'is>the«téﬁperaﬁurejof'thé oxygen'gés,iandﬁﬁ'is-the.
absolute height of the oxide islands. For B;, z is the
recipfocalJof the number of neafest adsorptioﬁ sités;-

o is the jump distance on the'surface, and 91 and V., are _'

2

the Vibration'frequencies parallel and nofmalyﬁo thé

surfaée. For Ei,.Ea is the heat of physisorpti@n; Ed

is the éctiQa#ion eneréy for surface diffhsion, and ECJ

is the activation énergy'for island captﬁrebof ox?gen;
Eq@ation (12) is the basiévequatidn for aescribing

the kineﬁics of NiO island-grthh, but beforé we can

apply it to the experimental data we must consider two

other problems in the analysis. First, how does absorption
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érror in the measured oxygen AES signal affect the analysis,
énd second;-what happens to oxygen in the chemisorbed
structure when NiO_grows across the surface? To answer
these questions, we must anticipate some conclusiohé from
a discussion of the pﬁysical processes occurring during
oxide island growth which result in'a saturation oxygen
cbverage on the (lli)fsufface 6f l.8’laye£s.of ﬁid.. We
shall cqnciude that saturation on the (lll)»surface occurs

- when approximately one layer of niékel atoms has been
displaced to form NiO and this is’ why saturation oécurs
at 1.8 iayers. 'As a result of thié4ﬁodéi, the-avérage
‘height'of individual oxide islands is’alwéys i.8Alayers

'aﬁlall times during island growth. ?hérefore; fhe error

,'due to absorption of oxygen Augerlelectrdns is ‘a constant

factorvdecfeaSing the signal'contribuﬁed from-0xygéh in

NiO to the total observed oxygen AES signal (NiO élus_
chemisorbed oxygeﬁ). On the basis of'this modél,véhemiséfbed_
o#ygénvis incorporéted\intd oxide as the islands gfowb
laterally across the surface but a chemisorbedlstrﬁctﬁre'

is maintained in interislands areas as_ev;deﬁced by

continued observation of LEED patterns during oxide

fgrowth. To clarify the above,arguments, considef~£hat

a nickel surface covered with chemisorbed oxygen is
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being converted to a nickel surface covered with NiO;
let the reection be -8 complete. ' That is, a fraction 0 °
of the surface is covered with NiO which is 1.8 layers
thick, while a fraction (1 - 8) oﬁ the surface is covered
with chemisorbed oxygen.-'Let the oxygen AES signal per
uni£ area from a surface covered only with chemisorbed
oxygen be Ié and fremfa surface covered only with NiO
be Il.é' Then for a reaction e-complete, tﬁe observed

oxygen signai wouldnbe:
Logs = (1‘;@)15 +®1,s o ,. (16)

But substituting'for 8 from equation (12), we get

Lt Le- (Lo L) EXPFKN,PPE) an
whieh is an equation like (12) but now related to the
experimentally observed oxygenAAES data. The eXperimenﬁally
obser&ed data could in turn be corrected for absdrptien
effects-as'discuésed earlier to give the true ee§erage
fof NiO on the surface. N .
Equation (17) is the eépation expected to describe
the oxygen AES'peak height during growth of NiO islands-

and -we proceed to compare it with the experimental data.

Values of KiNo can be determined by curve fitting and
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are shown in Table 8. The curveé (shown in Figure 31)
fit very wéll except that at 147°K the reaction does‘
“not go to completién as rapidly as predicted. The'treat—
ment we have used féf island impingement is nét rigorously
correct for "soft impingement”, i.e. impiﬁgement of
A-cgngentratioﬁ gradients. For_sﬁall active zones, tﬁe
treatmen£ is sufficiéﬁt but at low.temperaturés Where
thé.éctive zones are wider, the tfeatment bégiﬁs td
break doWn.'  | |

o   The-energy Ei in thé_consfant»Ki (eéuation (13))“
ﬁayaalso be,caléulaﬁéd from‘the‘éxberimeﬁtal data (Figure
e 31); VRecall-thét tﬁe (lll)'?lanes of:ﬁiqkel and ﬁinw§re |

o - .

parallel, therefore 2.7A will be taken as the average jump
distance on both nickel and its oxide, A is O.86a2; and
the oxide is assumed to be 1.8 layers thick. We assume
that vy = Vo, therefore'-Bi can be éalculated. Ei can
be determined by solving the transcendental equation
' . o - . v 2
 (k:NJ), _ [2Bi EXP(Ei[RT,) +h]
1= - >
(KiNJJr, [2B: EXP(E{[RT,)+h]

where Ng, the number of nuclei, is assumed to be independent

(18)

6 kcal/mole

of temperature. The value determined was 1.4 i.
‘for the (111) surface..

Using the determined value of E, and calculating.
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TABLE 8

Values of the island growth parameter.

T(°K) - KiNo(torr~2—secf2)
Oxygen on clean (111) Ni 147 3.9 x 1011_
. | . 9
302 8.7 x 10
. N i 9
366 2.5 x 10
. ' 9
423 2.0 x 107

‘,Oxygen on clean. (100) Ni 147

302 3.0 x 10°
373 1.2 x 10°
423 8.6 x 107
| ‘ . . 9.
- Oxygen on IB (100) Ni . 302 .- 6.0 x 10
Oxygen on Ni (111) pre- 302 " 7.0 x 10°

contaminated with sulfur
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Bi, the nuclei density, No' (equal‘fo the island density)
on the (lli) surface can be calculated to be 1 x 1011cﬁg
and is nearly the same for both the diffusion limited
and capture liﬁited cases.

The same considerations about the reaction

‘ kinetics should hold for the (100) surfaeeiof nickel;
but We.havevelreadywseen that the situation is more complex,
Data at 373°K and 423°K indicate the.rate of adsorbtion
into the cheﬁisorbed structure decreases rapidly uhtil; at
f. a eoverage of 6 x lol4atoms/cm2, Nioiis nueleeted.‘ Beeausee
the rate of adsorptionAintQ the‘chemiserbed strucﬁure'is :
so slow at these elevated temperatures tﬁar any increase'
.in 0xygen cbverage by this process.efrer nucleerieeushould‘
be negligible, the reaction»can'be described by island'
nucleation and growth. However, at 302°K fhe coverage
may increase considerably arter nucleation‘dﬁe to adsorption'
inte the chemisorbed strueture;.ﬁherefore island nuciearion
and.growthvcan enly be“expeetea ﬁo’describe the reactien
above a cerrage of 0.3 pV/ﬁA. A velue_ef the eonstant
KN _ at 302°K can still be obtained by'curve'fitting in.“
the region above 0.3 pvV/uA as shown iﬁ figure 21 and’

[+]

Table 8. Taking the average jump distance as 2.3A, A to

2

be « , and the oxide to be 1.8 layers thick, Ei'was
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.2 -
3 kcal/mole for the (100) face.

determined to be 1.5 #*
Data taken at 147°K were not included in calcuiating Ei(
since it was difficult to decide when nucleation occurred
at this temperature and coverage increases in the éhémisorbed
_étructure were uncertain. Using the detefmined value of
Ei, the density of nuclei is calculated to be 6 x lO?cm—z
and is nearly the sémé‘fbr diffusion ‘and capture limited
cases. Usiﬁg these.two values a theoretic51 curve for
' l47°K can bé calculated ahd, as éhowh in Figure.Zl,.the
fit is good. o
| Since values of“Ei have Bééﬁ deéermined; we

~-Q§uld like to discuss ﬁhégquegtion of ra#e controliby>'
surféce diffusion versuS'rate'éontrol by cépture éf éxygen
  at perimeter sites. It is vefy difficult £o.distinguish‘
between the two cases; the préfexponéntial termébare
nearly thg same leaving only Ei és a.basié for_distinguisﬁing
.:betWeen them. |

There is no Basié for-estimatiﬁg the activation
eneréy for capture, Ec, butvwe éan estiméte thg'héat'of
physisbrption;uEa; aqd the activation energy for sufface
diffuéioh, Ed' Therefofe, consider the case of rate
'éontrol by surface‘diffusidn.'

From equation (14), if surface diffusion is
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o . . 126 .
rate controlling, Ei = %(Ea - Ed)' ‘DeBoer™~"~ estimates
that for a close packed plane of atom, Ed/Ea = 0.33.
This ratio of Ed to E, is reasonably consistent with
experimental data for tungsten adatoms on tungsten
- 127 ' ‘
‘surfaces (Ea = 145 kcal/mole, Eq = 66 kcal/mole;
Ed/Ea = 0.45), for oxygen physisorbed on porous glass128
(Ea = 3 kcal/mole, Ed_= 1.8 kcal/mole; Ed/Ea = 0.6),
and for oxygen physisorbed on tungsten covered with
' 129 | |

chemisorbed oxygen (Ea = 2.8 kcal/mole, E

qa- 0.9 kcal/mole;'

Ed/Ea = 0.32). Taking.thé_average of the above ratios

to E, (., = 0.42 Ea) and substitﬁting into the

of E a

a _
_ expression for Ei’ then Eé = 3.45 Ei and s;nce Ei;z'l.Svkcal/hble,'
A'Ea = 5.0 kcéi/mole. Hayward and Trabnelll3O have estimated
. the range oﬁ Ea_fér pﬁfsisorbed»oxygen_to have a lpwer-‘”
bound of.l.6 kcai/mole and an'upper bound of 5.0 kcal/mole.
Thus the caléulated Ea lies in the'preaicted range‘of Ea A
and we cénélude that surface diffusion of phySisorbed -
; oxygen could limit‘the~rate of‘formqtion of NiO.

_Cbhsider.next the case of reaétion rates limitéd
by capture of oxygen by perimeter sites. Frbm.equation (15);; 
in =.Ea - ECQ .We will consider three values of Ea'ﬁithin,
the range predicted by Haywardvand Trapnell and will calculate

EC using E, = 1.5 kcal/mole and caléulaté Eq using
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E
d

E = 0.1 kcal/mole and E
c d

0.42 Eé (see above). For E_ = 1.6 kcal/mole,

= 0.67 kcal/mole; for E, = 3.0 ~
kcal/mole, Ec =1.5 kcal/molg and Ed = 1.3 kcal/mole;

for Ea =5 kqal/molef F.= 3.5 kcal/mole, and Ed = 2.1'
kcal/mole. Since the pre-exponential terms for the cases
of surface diffusion limited and oxygen capture limited
kinetics are nearlymthe Saﬁe, if oxygen capture wefe iate

controlling, Ec should be much greater than E Since

a-
we assume that physisorbed oxygen‘iS'thé active speciesf.
this cannot be the case as shown by ﬁhebcalculated vélues
| éf'Ec and Eg4. _Even for éa =5 kcal/mo;e,'theléaptﬁré
~ process could 6nly be ten times slower than the diffusion
érocess, leadiné at best to ﬁixed control by both surfa¢é_
diffusion and oxygen gaptﬁre. |
&hus we cqnclude that the rate of NiO fofméfion

'is either controlled by surface diffusion or cdntrolled.
by both surface diﬁfusion and oxygen capturé-of physisorbed
‘ongen. , . |

‘The calculation for oxygen co&erage'on the (100)
surface of nickel was made by assumiﬁg that the oxide
islands compleﬁély coveréd'the sufface'when the ongen

coverage reached 0.81 uV/upA. - Beyond this coverage, a

very slow increase in the AES signal was observed until

’
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the oxygen signal saturated at 0.87 pVv/pA. This phenomenon
was not observed for the (111) surface and no attempt
to describe the kinetics will be made due to large écatter.
However, it seems reasonable that this slow adsorption
corresponds td an ultra-thin film.oxidation process with
the o#ide film being sufficiently  thin for limited transport
to occur without stréng electric fields being necessary.

" Fehlner and Mottl>1

have postulated'that‘in genéral, a
‘metal will rapidly take up a limited amounf of oxygen:at .
low temperatures and will reach a saturation value dependent
 uan the relative magnitudes of the me£a1 and oxide bond'
strengths and“an'ill—defined'assistiﬁg force, suggested

to be the image potential of a éurface.ion. .It'is suggested_
that such abmechanism caused the increase from 0.81‘pV2nA
to 0.87 uV/ﬁA on the (iOO) surfaée.- This wiil be further

discussed below.

4) Oxygen adsorption beyond the saturation

coverage. An increase of oxygen beyond.the éaturation-
coverage for long ékposures at 147°K and 6 x 107torr'

was associated with an oxygen'speciés adsorbed with an
energy of from lé'to 25 kcal/molé. Since the work function
was increased by this species, it apparently is ionic.

91,92

or highly polarized. Horgan and King report
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desorption spectra from surfaces saturated at'77fk and,
waxrmed slley towards room temperature. They report = .
that one of the desorption peaks had an adsorption energy
-of about 13 kcal/mole; the reported desorption spectrum
indicates desorption over é rather broad temperature
range possibly indicating a distribution of aasorptibn-
'ehergie;; In addition'they réporﬁ coverages in these
states were below 0305ML whicﬁ is in éxcellent agreement
with thelpfesent data;

The bxygen coverage alsofincreased at 302°K
for an oxygen pressuré:of 10f4to£r; 6 decreaééerhgn
okygén af 10_4torr>waé preéent. The population Qf an -
IadsorptionAstate, a£ low.eQuilibrium coverage, is équal‘-
to ir, and 10 %torr is the preséure required td échieﬁe
- a population‘of ébout_0.0lML in a state with_an.édsorption
- energy of 12.8 kcal/mole. Thus indféases in oxygen
cov?rages_beyond saturation appear tq deéend upon a o
signifidant population in the;édsorptioﬁ stateshwith'
energies between 12 and 25 kéal/mdle.

To understand the significance of this state,

131

consider the theories of low temperature oxidation
~Since the activétionvenergy for normal thermally.aCtivated

diffusion is so high that transport will not occur at
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low temperatures, the existence of an adsgrbéd ioniq
oxygen spééies is postulated; this épecies produceé
electric fields across the oxide thereby enhancing ionic
fransport and allowing thickening of the oxide film.
It is believed that the adsorbed species observed in
this study is the species which assisté ionic transport.
This is diréct expefimental evidence supporting a baéic
concept of all the present theories of low temperaturé
oxidation. -Similar adsorbed species‘With_low adsorption -
energies maf'also be pertinent to oxide film growth on
- other metals as Déshpandé and Crowelllé2 have reported
Ithat.molybdenum oxides thickéh only if the oxygen pressﬁfe_
is abéve lO—4torr. . - | o
‘Horgén and Kinggl'92 and Klopfer85 ﬁave reported
uptake of several mohdlayers of ongeﬁ with the sticking 
cpefficient below 10—3. Since they were Qorking with-
oxygen pressures on the order of 10f4t§rr,'this uptake
-ﬁost probably occurred by the low températﬁerOXidation
~process. However, there is evidence that éoﬁe of tﬁis'
data may have been influenced by pﬁenomena peculiar fo
evaporated films; this will be diécussed later.

The-identification of this weakly adsorbed species

and its influence on the work function is alsovpertinent
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to the work function studies of 6xyqen on nickel. Farnsworth

and coworkers_56'69'86

along with others working at low
oxygeh partial pressures observed that the work funcﬁidn

-increased for chemisorbed oxygen, £hen decreased and remained
at a value below that of clean nickel as NiO formed. Roberts

and co-workers/S:88

anerelchér and Tpmpkinsgg, WQrking
at higher oxygen préSSurés; had difficulty seeing the work

function decrease below the value for clean nickel.

Apparently the weakly adsorxbed spéciés maintained~a high“

work function in the latter invéstigations.
This species may explain another phenomenon

89. Upon dose~-wise:adding

i‘qbserved by Délchar and Tqmpkihé
_§xygen Qver.an evaporated nickel film, they’obser§§d a
'risé followed byAa‘decay in the work function. Although
‘they did nét fepor£ thé prdgress of ‘the system begénv»
' preSsuré, it is éxpected that'thevihcorpofétion of thé‘
oxygen by the low temperatu;e oxidétioh_proéeés causea' 
pressuré decays and allowed‘a decréasé in population of:
the adsorbed state thereby decreasing the Wbrk funétion;‘,
Indeed,IDelchariand Tompkins postqlated-thaﬁ the effect

was caused by incorporation of oxygen, but failed to

rectognize that the low temperature oxidation process

was active. : ‘ , . o
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A third phenomenon which this specieéﬂobvibusly
expldinévis the decrease in work function observed When"
a sample sa£urated with oxygen at 77°K was warmed towards
room temperature88'89.' |

Observation of this adsorbed polar or ionic
species escaped attention in the preéent inyestigation-
for a long time becauéé the experimental system (like
most research systems) is not equipped for studies at.
Vhigh oxygen pressures. The present‘results emphasize
the necessity of such‘afcapability;if modern surface
sciencé_reseafch is to 5é c§ﬁnected-witﬁ4engiﬁeering
._jsystems.  |

'5) Summary and discussion of the kinetics of’

the okyqen{nickel reaction. To summarize, the data
 indicate that oxygeh initially ¢hemisorbédlpn nickel, in
a dissociative Langmuirian mannef, up to O.34ML‘6n thé
(111) and up to 0.25ML.on the.(lOO) surfaces. At coYe:ages:" 

14atoms/cmz-(0.34ML) on the (111)

greatef than 6 x 10
.sgrface; islands of NiO nucleated and grew until they

covered the surface at a coverage of 0.9 pv/pA (1.8 layers
vof NiQ), then the reaction stopéed. On the.(lOO) surface,

-adsorption. into the chemisorbed oxygen structure continued

beyond 0.25ML until.a_coverage of about 5 x 1014atoms/cm2
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at 302°K or 6 x 1014at6ms/cm2 at 373-423°K was reached.
At that tiﬁe, oxidé islands nucleated-on ?he (100) surface
and grew until a coverage of 0.81 uv/pA (1.8 layers of
NiO) was reached; the feaction rate tﬁen slowed con;
’side;ébly but was still appreciable until Séturatidn wés
obtained at a coverage of 0.87 nvV/uA 12 layers of NiO).

' ‘Thfee quegtioﬁé ébout‘theSe procésses are obvious:
(1) Wﬁat is the nature bf the ﬁio nucleation sites?"
‘(2).Wh§ doesJNiO nﬁcleafe ét»coverages of about.S-ﬁo
6 x 1Ol4atoms/cm2? (3) Why does island growfh.cover the
'f~§urface é£ 1.8 lafers'offNiO and what causesba5éaturatibn'
éovérage of NiO? <Thefe is very little exéefimentél
évidenée to conc;usivelyvansWer ény of these quéstibns,
_but some speédlatién may._be‘des.ir.ablle7 |
The deﬁsity of the nucleation sites observed
.inrthis sfudy wés 5 # lOgém—z-én the (100) and 1 xvlollc'm-2
1on,the (lll) surféces."These densities-afé consistent
.wiﬁﬁ that measured by Orf énﬁlby‘othef583:on both évapérated
_films and Single,crystai-surfaces. Thé number'of nuclei
was nét observed to be a function of pressure iﬁ thié
study‘and #his plﬁs the aésumption that No was not a
-function of temperature ‘is conéistent with-orr's:work.v

The density of the nucleation sites is too
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high to correlate with the number of dislocations
expected, but it may be consistent with the densiﬁy
of surface steps and/or jogs.  This association of
nucleation siteé and surface defects is consiétnet»with
the observafion that IB at room temperature increaséd‘~
the réte of NiO formation but did noﬁ increasé the rate
of chemisorption ofUOXygén (Figures 20 and 21). ;Sindé
the rate of chemisorption is controlled by the mélecular
impingement ratévand site blockage by previousiy'édsorbed
_ oxygen, surfaée defects would not be expectéd to significantly
influence the kinetics. However, if an increase inlfhe'
lsurface defect density increased the'ﬁumber of nuéleatioh
sites, the rate of oxide formation would be iﬂcreésed;

:The data shownlin Figure 21 féf oxygen adsorption on a.
(100) surféce after IB was fitted to Qquation (17) and- 

9 (Table 8). The nuclei

-2 .
cm , l1.e. 15 times

AKiNd was determined to be 6 x iQ
'densitj was found to be 9 x‘AlO10
highei than thatrobservéd fo;‘annealed (lOO)isu:fédes;
ihuéAthevpostulate that nﬁcleation sites are connected
with surface defects is suppprted.

A pléusible physicalvreason for associating

;nhcleation sites-and surface defects is that the calculated

partial pressure of oxygen in equilibrium with nickel is
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about 10~70t§rr at 300°K, indicating that the critical-
cluster»size for nucleatibn of nickel oxide is very-sm;ll.
On this basis, it is expected that any site thch is |
energetically favorable for formation-of Nié would
quickly produce clusters.greater than.the critical size
_and a rapidly decreasing nucleation rate.would bevobsegved;
The second §uéstion tokbe discussed is why

14

NiO nucleates at a covérage of between 5 to 6 x 10 atomé/cmz;

One plausiblé reason for réquiring éAsurface c;ncentration

of oxygen before.ﬁucleating NiO is thermodynamic considerations.
Since chemisorption-precedes oxide-formation, it is genérailyv
'.éssumed that the ffee_energy of chémisorétion'is ﬁore
>negative.than that of oxide formation. This is sﬁpporﬁéd

by data for sulfur adsorbed'oh several metals inéludiﬁg

133 | | |

nickel . Additionally, many studies indicate that the

heathf éhemisorption decreases as the coverage increases 2’133
_thérefore a cross-over of theufree energiés of chemisorptién
and oxide formation might be-expected. This argument is
exactl? analogoﬁs to arguments céncerning,phase transitidns

for three dimensional phéses, and phase diégrams relating

the surface concentfation and fhe temperature to sufféce-

‘phases might be expected;' The existence of such phase

diagrams has been amply demonstrated for chemisorbed gas'”
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-structures
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44,134 as well as for chemisorbed and reconstructed

sulfur structures on metalsl34’l35.

The fact that reducing the surface concentration
of oxygen by IB caused the observation in. the reverse

ordervofidiffraction patterns from NiO, c(2'x 2), and

p(2 x 2) structures is strong evidence that the transition

between chemiéorbedwongen and NiO is gOveined by thermo-

dynamic rather than kinetic considerations. If NiO was

thermodynamicaliy stable compared to'the chemisorbed

oXygen structures, only a NiO and a nickel pattern would

be expected with decreasing oxygen coverage. Since the

p(2 x 2) and‘c(2>x,2)_structures were observed, okygen

had to leave the NiO structure to form the more energetically

favorable chemisorbed structure.

L

Since the free energy of chemisorption relative

to. that of oxide formation would be expected to be a

function of temperature, the variation withvtempefature

of the covérage for nucleation on (100) nickel is'reasonéble.
Dissolﬁtion of oxygen may complicate the argument

136

concerning when nucleation occurs. Lawless and Mitchell

have investigated the interaction of oxygen with.copper

'singlelcrystals at elevated temperatures using LEED‘ahd'

HEED techniques. They have concluded that oxide was’
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nucleated on-the sﬁrfape.with a chemisorbed structure
between these nuciei and have §uggested that an induction
périod prio: to nucleation was associated with increasing
-the concentration of'oxygeniin-solution in the near-
surface region of the.copper. However,-Hanéenl37Areports
fhat énly about 0.1 atomic percent of éxygén is solublé
in nickel below 873‘K; Since atomic ﬁréhspbft_should not
be extensive in the present study ana since no information
on the width éhd oxygen coﬁcentrationvprofile of the
oxide/métal;interfécé is_available, the importance of
‘.dissolution to the presént sfudy is:diSCOunted.
| Thus, i£’appears_that the ?ranéition from
:{fgrowth éf.chemisorbéd oxygen sﬁructures‘to gfowth of NiO
is best.explaiﬁed by thermodynamic-arguments. |

The third”Qﬁestion.tbvbe-discussed is why
island growth covers the sufface'at 1.8 iaYers of NiO
and what causes a saturatiqn coverage.of NioO. ‘Wé have
_already,argﬁed'that”03ygen on the Surface.is iﬁcorporaféd:
“into NiO. Thefefore some proceéé éf-formation‘of and/o?v
property of NiO must be responsibie-for the observatioﬁs
.that island growth éovérs‘thé_éurfécé at l.8-layer§ of
:NiO.and that;a‘saturation coverage_iS'reacﬁed‘at_l.Bbto‘

2 layers of NiO. The atomic density of nickel in NiO
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(NaCl type lattice, a

"o
o = 4.195A) is less than the density

in nickel (fcc lattice, ag = 3.524&) and this sﬁggests -
a plausible explanation for 1.8 layers of NiO covering
the nickel when island growth stopg. Upon 6xidation,
the surféce layer of nickel is disrupted by the advancing
island perimeter. To accomodate the nickel density change,
the‘growing perimetér may either create.steps.on_the
surface or displace soﬁe nickel atoms to adatom§ sites;
It is envisioned that nickel adatoms'would.then'ﬁovex
across the surface to either a éurface steplin the area
covered by’chemisérbed oxygen or to avsecond ia?erléf
NiO growiﬁg on top of the original ﬁib iayeiv Siﬁ§e it
ié énergeticallf unfavorable to create surface steps,

it seems likely thétbthe second prdcess of moving

nickel atoﬁs to adatom sites wouid be_favored. On the.
Basis of»thié model, one might’expectlfhat one monolaYer
of nickel atoms would be diéplacéd‘to form 1.4 1ayers of
NiO beforé islands coverea the,surfécefn.ln reality,
1;25 monolayers of nickel were.displaced to forﬁ.l;8
layers of NiO before islands covered the surface. This .
diffe;ence is. not considered significantvsince defect
sites on the surface and in thé'path‘of growing'oxide

islands‘might allow'disruptioﬁ of more than one-monoiaYer
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of nickel atoms.

The above model provides a plausible expianation
for l.8ilayers of NiO when islands céver the surface;
this is the séturation oxygen coverage on the (111)
surface. Saturation at this covefage is reasonable since
further reaéfion would call fqr movement-of nickel:and/or
oxygeh through at léast one layer of NiO-and.in the.
absence of electric field, this cannot occur on the (lllf
surfaée} .However, on the (100) éurface, fﬁrther
reaction beyond 1.8 layers4doe$'o¢cur #ntil a saturatioh
,oxygen‘coverage amdunting'to 2 layérs'éf'NiQ is-reachédJ
‘How énd'why this occurs on the (100) but not the (lil)'
surface will be discussed. | | | R

. Since the reaction past isiand growth on (100)
nickel occﬁrred even when the work function was low, thé‘
mass transporf'pfocess does not éppear fo be.ionic
tranéporﬁ.éséisted‘by electric fieldsvcreated by'adéorbea
oxygen (as is the case for further reaction befoﬁd
saturation-coveragestH'Feﬁlner)and Mottl31 Have suggested
that in the absence of field creating species> a reacfién
‘vmight occur by atomic motion Qf'individual niékel éﬁd
A,oxygen_atomsuonAthe.surface.when'the.activatidn énergy

for movement is sufficiently reduced by the image force
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acting on an ion close to the sﬁrface of a solid. We
adopt‘this-model as the best explanation for the continued
growth of NiO bq (100) nickel after thé surfaCe-is covered
lby oxide islands. When the NiO reaches a thickness of
2 layers on the (100) surface, the image force is no
longer sufficient to assist atomic movement and no
furthér reaction océurs in the absénce of a field-
creating oxyden species.

‘Apparently one layer of NiO on ther(lll)
surfaée is sufficient “to eliminate atomic movement due
to‘imagés forces and therefore the saturation-coverége'
 '¢orreSponds to the coVerage caused.by:island érthh.-‘
Threé reasoné fof the‘differenée between (ili) and.(lOO)
suffacés wili be di;cussed. First, tﬁé‘NiO>iayers~aref
spaéed mor; widely‘dn the (111) surféce (é.42£) than
on the (100) surface (2.l£) and the imaée force woﬁid
be smaller for the.(lll)rsurface.'.Sécond,‘a nickel atom'-
in one layer of orientéd Nib on a (111) suiface has
tﬁree oxygen ﬁearest neigﬁbdrs at a dis£ahce of 2;l£,‘-
six nickel nearest neighbors af a distarice of 2f97£'
and approximétely'sikAnickel nearest neighbors in.the
nickel .lattice. .A nickei atom in one layer 6f oriented

NiO on a (1L00) surface has four oxygen nearest neighbors
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at 2.15, four nickel nearest neighbors at 2.97&, and
approximately four nickel nearest neighbors in the nickel
lattice. Thus more bonds must.be broken for further |
reaction on a (111) surface than on a (100) surface.
Third,‘since (111) oriented NiO has alternaring'layers
of nickel and oxygen ions,.the traneported species must
ﬁove through a layer of the other species for further
,.reaction on a (111) face. This is not true for (100)
orieﬁted NiO. All three of these argumeots suggest
that after a surface ie_covered by oxide islands,
':frurther7reactioh to form NiO is easier oo (100) eﬁrfaces 
than (111) surfaces iﬁ agreement with.experimentol

results.

6’ Effect of carbon contamination. To-discﬁseb
rhe effects.which carbon Had on the reaction of oxygen
wifh nickel, it is convenient to consider.the effectS'on
forﬁation of chemisorbed oxygen structures«ana on.formation
of NiO separately. Consider first the effects on the-
formetion of ohemisorbed oxygen'Structures.. | |

..Inithe results section, we reported that'flash‘
.data for an oxygen ooveragevof 0.2 pv/pA indicated rhat
the carboﬁ which accumuléted.on the surface during reaction

of oxygen with nickel was in the form of co. ‘In addition,
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LEED and AES data from the surface with 0.55ML -of carboh
(as opposea to CO) indicate that such carbon reacts .
Quickly with oxygen to form CO. Thus»it appea?s that
carbon present during fbrmation of chemisorbed structures
was in the form of co; .It seems reasonable that CO
molecules on the surface coula act in the same manner‘és'
O atoms by blockingﬁsites fér fﬁrther éxygen chemisorption
and’entering into normally observed oxygen surféce
structures. In this case; there shoﬁld'be little inflﬁence
oﬁ the reaction kinetiés in the chemisorbedvpxygen region.
| "Consider nextvthe‘effeéts on fOrméﬁion of.NiO.
;-Thé data for oxygen reécting with»a”(lOO)'su:face withun
:O;SSML of'cérboh indicate.tﬁat the_dxygen coverége versﬁs
. exposure was thé‘samé as for a cleén surface'du;ing} 1
formation of NiO. In addition, thé maximum'carbén
coverage'on a qlean'(loo) surface‘(Figure 23) coincided
with nucleation of NiO and during island growth thev
carbon“céverage decreased feaéhing a low.valﬁé‘wﬂen NiO
completelyvéovered thé surface. Thus it appears that
CO does not strongly adsorb op‘Nié_and furthér, that
NiQ.displaceS'CO adsorbed 6n a7relati§eiy éléan surface.

',"Thus,fthe effects of carbon‘contamination'on}

the present study of oxygen reacting with nickel are not
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considered to be significant.

7) Comparison with previous studies. The -

reaction seqﬁence between oxygen and nickel in the
present study may be compared with previous studies of
the interaction. While Horgan and Kinggl'gg observéd
similar behavior of sticking coefficient vérsus co&erage
rand postulated that”the increase was dué-to pénetrétidn
of the oxygen.into the nickel lattice, the present study
~indicates it is_a result of NiO formation.  Théy a;sd
report £hat é film left standing in Vacuum‘fqr 50 minutes
withlan oxygen co&érage greater thén thaf ﬁecesééry for
aAminimum sticking coefficient would exhibit aﬁ increased
sticking‘coefficient during subseQuent begen exposure.
Klopfer85 hgs not observed this phenomena nor has presept
data indicated its occurrences. Itnis suggested thét the
effect is an artifact whicﬁ résults ffom déféct enhanéed
ﬁfanéport in evaporated films. This suggestioh'is

' éuppofted.by the fact tﬂat Farnsworth.and_Maddineé report -
variations of LEED intensities with time in residual |
‘vacuum when using évaporated films; other investigators,
using single crystals, report the LEED intensities to
Lbe~a function oniy of~exposure$5.

LEED data for the present study are generally
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consistent with previous data. The calibration established
for AES siénals suéport previous author's suggestions-
that the p(2 x 2) structure is associated with 0.25ML of
oxygen, but the previous association of the c(2 x 2)
structure with 0.5ML has been shown to be incorrect.
The obsérvation of (0%) LEED spots, even when the c(2'xv2)
structure was at magimum intensity has also been reported
by Farnéworth and Tuul48 for a wéli.anneélea cfystal.

The diffraction patterns observed from nickel
oxide were very diffuse. On the basis 6f the calcﬁ;ated
_ oxide island densit?, the averége island diameter is |
‘ffém 360 to 1300 A. Since the coherence limit for;l
diffraction 6f low~ehergy electrons is on the order of}
102.1:0‘103 g,,coherencé broadeniné is expected to pﬁodﬁce
a diffuée pattern; this provides direct evidence for
the existence of oxide islands on the surface. .The
existen¢e of sharper LEED patterns for éxposures at

higher temperatures, as préviously reported55'56’69;
w§s observed in the‘présent study. Qn:the'basis tﬁat
warming the substrate from 147°K to 302°K considerably
improved the NiO LEED pattern, this effect is attributed

to a temperature effect on the degree of order of the .

surface phases.
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A major inconsistency in LEED data between tﬁe
present ana previous studies is thé observation 6f
additional diffraction spotS~located.at a radius equivalént
to the-original nickel spots ana generallyvassociéted'
with the formation of NiO. Three poséible explanations
for these extra spots will be discussed. (1) The spots
may indicateia reoréanizaticn of ihe nickel underlying
the NiO to three eqﬁivalent domains of (100) nickelvwith
dne domain oriented as the original and the other two
| rotated, one 3d°,ané the other.60°) Qith fespect to the.
originallattice.vv(2) Another possibility is-reofientatioﬁ'
"‘of the (106)'lattice_to a (lli) lattice with two éqgivalent'
positions 30°Aapart. No rationaliexplénation for_éither
'ofrthese twq possibilities can be advanced{‘espeéiaily' '
_since only one orientation of NiO:was obéervéd with an i
' e?itaxial relationship to the«original nickel orientatioﬂ.
(3) The spots may élso result from ausurféce struéture
céuséd by okYgen adsorﬁéd on top of the 6xiae.. Simmons,‘

138 ’
et.al..

. have reported a diffraction pattern with a.
close-packed symmetry on the (111) and possibly the (100)-
'Sﬁrfaces of copper, which_they'attribute to chemisorbed.

- oxygen ‘ions. ~The oxygen separation they observed was

L]
3.14A. To explain the extra spots observed in' the present
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study on the same basis, a spacing of 2.5&, which was
fortuitouély equal to the hickel spacings, Qoﬁld have
fo be assumed. This does not seem 1ikély, and,iin
addition, the spots disappear if the oxygen coverage
'increases further. This suggests that éhe'scattering
centers lie under the NiO, but a reasonable explanatioh
for tﬁeir occurence cannot be advanced.. |

Fehlner and Mott13l

, .among others, ha&e discussedA'
the low temperaﬁure oxidation of meﬁaié WhiCh.théy_defiﬁé
to be Qkidation at-temperaturés near ropmhtempéréture;
tThey postulate that oxygen_interactswith.a>cl§an:metai  ‘
sﬁrfaée'in two rapig stépé followed>by_a>s;Qw”§$$ctioh.

The first step is chemiéorption_of”oxygen,and the é§c§nd
>stép is fo;mation of an amotphous o#ide by a plééefe#ghange
-méchanism.‘ Beyohd this'fapid region, a slow‘thickening

of the.oxidé results from field—assisted iohic.transporf{'
‘The.prQSent study.aeals with the initiél interactioﬁ of

' oxygen with nickel énd copfirms that cheﬁiéb#béd oxygen
pfecedes_oxide formation. HoWever, based on daﬁa'for
oxygeh on magnesium82'83; this may not be true for’eVéry 
metal;v A crystalline oxide replaced chemisorbed oxygen .

in this study. The rate of oxide formation was uSuaily'

limited by the number of sites at which oxygen could
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dissociate, but a place exchange mechanism, as proposed
by Fehlner and Mott, was observed to operate on the (100)
surface for a short time. It is iﬁtereséing'to note
that oxide forxrmed on a surface contamiﬁated with sulfur
was ambrphous, and since most oxidation studies start
with a "dirty"-surfacé, Fehlner and Mott's péstulate
that the thin bxide film is amorphous may have some
validity. |

Chemisorptipn and oxide fo?mation up to a
saturation éoverage was - rapid in the present study and
' was followed by a slbw oxidation procesg if an ionic oxygen
A'Species_wés présent. This confirms Fehlnér and.Mott's
psotulate of such:a;seQuence. The:observétion of an
ionic species which allowéd the thickening of NiO
beybnd satufation has special sign%fiéance to future
studies of thé low teméerature oxidation process. - We
did not attempt to tesﬁ,thevvérious'theories of_ultfa—f
thin film formation. | | | 4

The interactionxof oxygen witﬁ surfaces'hasA
béen'studied fér many metals at higher temperatures and
relatively low oxygen préssures (on the order of 10~§
.tollltOrr)139; .Under‘these coﬁditions, an inductioh

period during which nothing is observed microscopically
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isAfollbwed by the nucleation and growth of oxide islands
to a size visible with an optical or eieqﬁron microscope.
~ Subsequent growth of these islands is laferal until the
snrface is covered. While these studies generally start
with a surface covered with a rooh temperatufe oxide film,
the temperatures used‘are_high enough to cause'diesolution
of the oxygen. If the impingement raterpf oxygen is
sufficiently low and dissolution does»occur, an‘inducﬁion
period would be'e%peCted before nucleation of the oxide
occufred. This sequence is similar to the present eﬁudy"
nut two other facts concerning previeus work mueﬁ.be
‘ considered. First a fdirty".surface would be expected»r
to centribute to the‘induction period,'and secbnd the
nuciei.andioxide fofmed in the present case weuld not
be'vieible with an ontical microscope. "Thus we cannot

immediately conclude that the two phenomena are eqﬁivalent;

8) Auger electrongpeak chenqee. The proposed
model ef the reaction is eupported by the'AESVpeak changee
~ in the 0-80eV regibn; Chemisorptien reduced the infensity
of the nickel peaks but their shape and.energy were
unchangea. Witn oxide formation, the intensi£y of the-
nickel peaks decreased further, a new peak appea:ed at

12ev, and the 60eV éeak changed shape and shifted to a
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lower energy. The origin of the 12eV peak associéted
with NiO is assigned to a LngiOVNio transition (Tablé 4)
where‘the O superscript denotes an oxygen ievel and the
NiO superscript denotes the oxide valence level. UsingA
the_band structupé.and-oxygen 91 energy reported for

140 .na using the correction

NiO by Wertheim and_Huffne;
-for Auger emission frdm én ionized aﬁom as discusséa-by
Changl, this transition causes ejection of a 12eV electron,
assuming tﬁe valence band energy corresponds to that of
the maximum density of states. This méximum density.
lies near the original nickel valénce‘level and a
' secondary maxima due to the‘previoﬁs oxygen L2'3 level
lies at a tighter binding energy. There should be
another sﬁaller peak which corresponds to the secondary
maximum wiﬁﬁ é calculated energy of 6eV. Some evidehce B
of this~peak‘wés obsefved, but fhe tfue secbndary peak
prevented‘positive identification. |

.AThe‘shape éhaﬂge aﬁd_sﬁift-of the BOéV peak?was
essentially a discrete br;cess in that'ﬁew derivative
maxima developed at a lowef energy;‘while the former
derivative maxima decreased. Since the shift was not
_continuous, tﬁe concept of a patchy sﬁrface céﬁsisting_

of NiO islands on a surface covered by a chemisorbed
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structure is supported. - The peak energy shift can also
be explained by the band structures differences for NiO -
: . 141 .
and nickel. According to Baer, et.al. , the maximum
density of states for clean nickel occurs at about leV

below the Fexmi energy,_the¥efore the M VV transition
for clean nickel has a'éalcuiated ehergy of 60eV. When
NiOo forms, the valeﬁﬁé band broadens and the ﬁaximuﬁ '
density of states shifts to a tightef binding_energy,.
therefore the M§?3VNiOVNiO has a caléﬁlated'energy of
58eV which gives a peak shift close to the 3eV experimentally
vabserved. ﬁo shift wasrbbserved d?ringlﬁhe formation of |
cﬁemisdrbed.oxygen strqctures.

These data on electronic structure éhanges are
in éxcellépt agreement with photoelectron data for_ogygen
on nickel recently reported by Eastman.and CaSﬁionl42;
fhey report.that chemisorbed 6xygen on nickel is associated
with an incréased work function and that enhanced électrén‘
emission éccﬁrs at about 5.5eV from the fermi 1e§el;A
Chemisorbed oxygen did not change the position of the
nickel valence level. With conti?uéd exposure, the work
funétion decreased and.electrén émiséion probabilities
changed significantly in £he enérgy ﬁange 2.5 to ll'eV

from the Fermi level. The present data complement




- Eastman and Cashion's study in proving that these long

exposure changes result from NiO formation. -

9) Work function changes. The qualitative

and quantitative changes of work function-with increasing
oxygen coverage measured in the present study égree Well
with previous wbrk55'56’78’88;89. The data for work
function changes ve£sds éhangeslin’the secondary emission
coefficient_(Figure 25) indicate tﬁat a_correlétion

between the two exists. Data for the true secondary

" peak height versus oxygen coverage indicates that variations

of thé'peak height may also be used to'indicate chéﬁges
’ of'thé wérk_fﬁnctién when interférepcé be£Weéh‘peaks can
be avoided; |
When'the nickel surface is converted to NiO
the relafion between § and chanées of the work function
is different (as demonstrated by 147°k data in;Figure 25)f

We have previously pointed out that changes in the_ineléstic

sdattering'path lengths of the primary and secondary electrons,

changes in the Fermi energy, and changes in the.york
fuﬁction are the factors which most strongly affect
emission. of trﬁensecondary electrons. We have alséV4J”

_ pointed out that for low energy eléctrons, the ﬁean*ffeé—

path is relatively insensitive to the material, therefbre
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the first two parameters should be approximately constant
in the present case. Thus we attribuﬁe the difference
in the relation between § and'changes of the work function
for a nickel surface covered with chemisorbed oxygen and
for a surface covered with Nio td changes in the Fermi
energy.

Thus, tﬁe”present Secondéry electron techniques
may be used to indicate quaiitative chénges of ‘the work
function but care mﬁst be taken to verify that changes
in other factors, such as the Fermi energy, do nof lead
to erroneous conélusions. |

'10)- Clean nickel surfaces. In assigning

Auger transitions. to the peaks observed in the eléctron
spectrum for nickel (shown in Table 4), we have followed

43, ' 143 , ‘ ’
3 143. Coad has recently challenged

Coad and Ri&iere
some of these éssignments, but the original aséignments
will be maintained;_since his postulate df split peaks'
due to electron spinAOrientations has nof been pfoVen.

While the transitions éau;ing fhe Auger elecﬁrén peaks -
are notfcertain, these peaks are generally reported by 
most invéstigators. However, the peaks at 8eV and 12eV

.v'for the (100) and (111) sutfaces,,respectively, have

been reported by only a‘few authors. Palmberg and Rhodin6



reporﬁ, without comment, a 6.5eV peak for nickel, a Tev
peak for Cu, and a 1l2eV peak for Au. Sche%bﬁer and
Tha-rp17 report a 13eV peak for Cu and assign its origin
to an interband transition. Seah3?2 has investigated
these 10Q>energyvpeaks and concludes that they are due
té a surface-related e#cited statef It seems.likely
that the low energy.péaks observed in this study have
the same origin.‘ | |

The other aspect of clean nickel surfaces to
bs discussed is the reversible>segregatiqh of céfbén to
‘the (lOO) surface. This was not observed fsr the (lll)
face and prev1ous observations of revers1b1e segregatlon
were on a (100) crystal42 A4 and polycrystalllne nlckel43;
This suggests that the reversible segregétion may occuf
only oh the (100) sufface, 5ut there are ﬁo a priofi
reasons to support this conclusion. It seéms more likely
fhat the observatidn is fortuitous and.that thevconcentfation
of cérbon.in solufion”in any giveﬁ sam§le would cohtrol'
whether surface carbon, whichsaccumulated:dus to bﬁlk: 

segregation or adsorption of CO and CO2

, would go into
solution upon heating'and-then reappéar'onfthe‘surfabe'
during cooling.

E11is %% has studied the temperature dependent




vreversible segregation of sulfur, carbon, dxygeh, and
chlorine on thorium. For thorium, the surface segregation

of these elements was determined by

'-))-((—S=EXP(AG'/RT) Q9
B .

where Xs and Xp were the_conceﬁtrations on-the surface:
and in the bulk and”AG was the free.eneréy differeﬁcé
between a.surféce and a bulk site for the eléments.
Eéuation (19) did not describe the'segrégaﬁion'versus
 tem§erature in the present case (Figure 15) presumably
because the carbontsegfegation was kineﬁicé 1imitéd; no

- serious. attempt was made to approach equilibrium. ’,_‘

B. 6xvqen/Sulfur Surface Reactions
- Before discussing the oxygen/sulfur_reaction

in detail, we will indicate how the reaction kinetics

- will be analyzed. The data from surfaces pre-contaminated

‘with sulfur demonstrate that oxygen reacted with adsorbed

sulfur and removed it from the surface as SO We shall

2°
see that NiO is formed in areas where sulfur has been
rembved. We shall also see that the kinetics of'removal

of sulfur in the (8,/3 'x 2) surface structure may be

described by the island growth model which also describes
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NiO formatioﬁ'on nickel surfaces covered by chemisorbed
oxydgen. . o A | _ ‘ -

The mass spectrometric studieé iAAicated that
the only-gas-phase reaction product was.SOZ. The AES
stuaies indicated that as sulfur was removed from the
sufface, oxygen aqcumulated, and, moreqver, that at all
timesjin»ali experiﬁénts the sum eO +.és = i. WeAare»
thus dealing with the two consecutive reacfionS:

0, + S —> 4SO, +no (20)

40,r20—=2,0 (@
‘where é rep#esents a component in the gés‘phase, avén
fédsorbed species andAo‘ah adsorption.site for‘oxygén.
Since ed +'eS Qa;_always unity, reactibn ‘26) is slowf
compared to_;eaction (21).'-This observation is in
agreement-with thgldafa‘for oxygeﬁ édsorption on.thé>M
élean surface, for which the obséryed.rate waé alwéys
much greater.than the rate observed for reédtién'fZO).

Sincé.changes in the felative:coﬁeraées of
oxygéﬁ énd éulfur are a fgnction of exposure rather thén
time, the rate dependénce of the~reéction is first order
with respect to the exposure parameter:(Figures 39 and 40).
_However, the rate is nbt first ofder with-respect to S,

i.e. with 6g.. First order dependence would yield an
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exponential decrease iﬁ GS with exposure. The data for
the (5./3 x-2) structure do show a monotonically decreasing
reaction rate, but the rate of decrease is‘much siowér
“than expdnential and a great deal of scatter is observed
- from run to run. Because of this scéﬁter wé will not
attempt analysis of this case. |

The résulgé.fqr the (843 x 2) étructure are
.much more;regular, ana wérrant further aﬁtentiohr We
have already seen'that the reaction rate is first ordef{
with respect to the exposure parameter even thoﬁgh there
bis an bxygeﬁ signalAfrom the éq;faée“uhen the feaction.
~is only partially completea (Fiéuré 38). ﬁé Shéliisee
~ that fhis o%ygen is in.the form of NiO aﬁd éince isolatéd
‘"mOleculesf of»NiO'cannot exist ohfthe surface, an»island
mprphology.of oxygen‘énd sﬁlfur ié suggested. In éddition;
_thé.incréase”in reaéfion'rate-with increasing coverage
‘is'exactly analogous to the £eaction of oxygen with nickel
covered by chgmisorbéd oxygen. We'can theréfg;é'use
. the same concépt of oxide\nupleation and growth, to
describe the sglfuf/oxygen reactioﬁ:(éée Appendix I).
Tﬁe oxidelnucleétes at selected sites on thé sulfur—rich
surface and grows as islands to cover the surfaceiwith
tﬁe sulfur being'cqnverted fo‘SO

, and displaced as the
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oxide-spreads. This procesé may be classified;as a
Langmuir—Hinshelwood type sﬁrface reaction,-since both -
species are adsorbed and must bé adjacent éor the reaéﬁion
to proceed.

. Considering the process which is rate controllingi

for the reaction, since the reaction rate increases with

time, the reaction is not limited by the impingemént rate

of oxygen. The other two possibilities are surface

diffusion limited or capture limited kinetics. The data

are described very well by equation (13), as shown by
"the solid lines in Figure 40, where the constant-KiNo

el ‘ .5 - ~2 |
_is selected as 7 x 10 torr 2sec (Table 8). If the

é&erage value of Ei for oxygen Onbciean nickel (1.45 kdél/mole)
is assumed tq'apply ﬁo the present reaqtibn, and bécauée'

Bi is about thé'same fof eitﬁer thé diffusion or.capture‘
limited case, the island densityvis céiculated to be

. _2_
e .

7
1Sinée the oxygen concentration'on-the'(lll)
surface after the sulfur is displaced is the same as

the saturation coverage on clean (111) surfaces, the

oxygen signal is expected to be affected by absorption;

effects as previously discussed. However, in using

equation (13) to analyze the oxygen/sulfur data, we only .
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assume that the fractional surface coverages (as opposed
to the absolute surfacé coverages) of oxygén and sulfur .
are diréctly proportional to the AES sighais; and_éb—
sorption of Auger electron should not.invalidate this
éssumption.

The island density for oxygén on sulfur-rich

sﬁrfaces is much lowet than for oxide oh the clean
nickel surface, but it is still a realistic Valﬁe.
it-is not_ceftéin why the two should be so different;
We have associated nucleation sites with surface defect
siteé; therefore the density of sufface‘defects wﬁichA
 far¢'energetically favorable for nﬁcleatibn of NiO'ﬁusﬁ
>_be Siéhificantly reaucea by the presence of sulfur.
The abbve'assumptidn that Ei'is-théﬂsame;for’_.
- oxygen reaéting with a éurface covéred wifh'either sulfur
or chemisorbed oxygen shouid befcorreétAif the reaétion
is limited by the.surface diffusibn of éhysisorbedIOXYgeﬁ._
If oxygen capture was'importaht; it.ié still a:;easonable‘
assumption since the captdre‘step is présumed to be‘the 
dissociation,of oxygen and the incorporation.into'nigkéi
oxide. |

~_For the oxygen/sulfur reaction,vﬁhe-adsorbed'

oxygen did not produce a NiO pattern for reasons which
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are unknown. That NiO-was formed isAestablished by
the 60eV AES peak which at saturation was broadened and -
shiftéd to a lower energy, just as for the’initially
clean surface where NiO formation was established.

Since no oxide pattern was observed, diréctv
support for islénd formation is not ayailable,_but
indirect'sﬁpport.is provided by the sﬁifur LEED patterns.
These patterns were obséfved until the réaction waé—75%
éomplete;:the'LEEDbspots were vérj sharé until they were
no longer visible. As discussed by Estrﬁp and Andersonl45,b
While.this béhévior does-nbt prb&e fhe exiétence of’_
gAislaﬁdé, i£ ié consistent with tﬁéir formétion.

"_The‘observatidn'ﬁhat electron béams and'hot
filaments ?n combination with gas phase 6xygén incréased
the rate of this surface reaction is easily understqod,
in terms 6f 6ur analysis.. WebhaQe-assumed that_oxygeh‘
is only disspciated at the‘iS1ahd pefimeter sites,_i;é._
_that dissociation is activated on the'NiO-and_suifur
rich regions and‘therefor;.the reaétion only proceeds
at the perimeter. Eleétron beams and‘hbtvfilaments
would produce gas phase atomic oxygen which would.elimiﬁaﬁe
the requireﬁent‘for a perimeﬁer,site'and generaiiattack

- of the surface could proceed. The same reasoning would’
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apply to the reaction of oxygén with clegn nickel suffaces;
but the reaction was.so fast in this cése that fhe effect
was negligible.

2) (5.3 x 2) structure. In contrast to the

(8./3 x 2) structure, data for the (543 x 2) stricture
cannot be analyzed. Presumably this is a result of-A
non—reptoducibility of the starting surface. An'imperfect
surface is suggésted by variations'acroés the-sﬁrface

in perfection of the LEED patterns.‘-The observation
that sulfﬁr désérbs.from the surface at high’tempe:aturés
may be significant to the ability to broduce-a qonsiétentiy
\bhigh, uniform sulfur ¢oncentration on nickel simply by-
_heatiﬁg,for 1ong times'in vacuum.

3) Comparison with Bonzel's study. Finally,

~we wish to compare-our results to those for the surface:
reaction between oxygen and sulfﬁr on the (110) face of
o 100 _ . o
copper. Bonzel adsorbed sulfur from the gas phase

and observed the subsequentAreactiOn with‘oxygenAat
‘temperatures in the'range‘of 883°K to 1103°K. Not
surprisingly, his results appear different, but similarities
also exist.

One similarity is that both studies conclude

that free sites are required in order to dissociate O2
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and thus form 802; A major difference is that in the
present study, immobile NiO exisfed on the surface
previohsly occupied by sulfur, while this did not occur
-in the study by Bonzel because of the different temperature
regioﬁ used in his study. -The.number of free sites was'
limited in the present study by the presence of NiO énd
the number was'small compared to‘the.cdpper study. Thus,
ratevcéntrol in thé copper study was assoéiatéd with a
 step subsequent £o 02 Qissociation‘(éee Bonzel), while
';diffgsion to or capture'by sites.ﬁhere dissociation of -

0, occurred was rate controlling in the present study.'

.C. Future Effort.

Auger eléctron'spectroscopy is é very powerfui
technique as hés been demonétrated by this.aﬁd.other
.studies; its\principal disad?antage is the problem of
:estaﬁlishing a calibration, especially when the material
is distributed overra distgnce.normal to the surfacg.‘

It would be very adva@tagébus_tb know more about the
inelastic scattering of electrons in solids_and to develop
a more quantitétive knéwledge of the AES signal contribﬁted
from material_é finite distance awayifrom;the surface.'

 One interesting techhique which may be used in the latter
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case is atomic layer sectioning accomplished with ion

bombardment. )

With regard to the model developed to describe
' the reaction, it would be of interest to check  the
gcneral applicability.i;Magnesium miéht be an interestiﬁg
mateiial to sfudy with LEED ahd_AEé since it»épparcntly
does not exhibit»a chemisorbed oxygeﬁ strccture. Study .
of- the relation to qltra—thih film oxidation»wocld ccem
_prcfitable. |

i We have applied the island growﬁh model tct

describe the surface reaction bethen o#ygén cnd sulfur;i'
and;some-of thc implications of this to catalytic reactioné‘,
might be studied. It‘would also be‘ihteresting to ééé |
wheﬁher cuch a model could be used.to déscriﬁe the-recctioh_
'betWeen cxygen'and carbon on a nickel surface. The
lfeversible segregctionlwith temperature of carbon in
nickel suggestc a good Qéy to repeatedly dose tﬁevéurfacc"i
_withié knowﬁiégantify;cficaxb;;: Further characterizatioﬁi
vof carbocjand CO on hickel could be carried out during |
:thissﬁddf since the literature is rather cohfusing in
Ehis arca. | |

finally, the effécté of heating the subscrate.i

during the oxygen interaction and heating with oxygen




on the sﬁrface would be interesting phénomena to s£udy.
Besides observingrthe kinetics at températures>highér
than the present Study, the dissolution and diffusion»
of oxygen could be studied. The effects of dissolution
on oxide nucleafion and the solubility limits for oxygeh

in the near surface region would be of interest. Of

course, this would cause a depth'distribution of oxygen -

which creates problems with AES as discussed pféviously.

a2}
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PART VII.

SUMMARY

The reaction of clean and sulfur_pre—cdntaminatgd
nickel surfaces with oxygen has been studied by LEED,. AES,
éhd EIb. A_secohdafy:electfon>technique has been'compared
to the fetarding péténtial method for measuring éhanges
in the wdrk fuqction. .The sec¢ondary e1é§£ron téchniqUe'>
was shown to chéracterize work functién changes. A cieahrt
‘nickel sﬁrface was prodﬁcéd by ion bombardmentls;metimeé-_

' used‘in:éonjunctioh with an'oxygen surféce chemicgl;
"feaction; 'The-seCOndary electron specﬁra from a cieaﬁ_
"nickel‘surface was-repdrted,;inqluding'sémé peaké fto@__

a low ehergy surface-related excitéd.state; VA_éalibfatiohA‘~
,'beﬁwéen the bx&gen AES‘peak ahgzthe o#jgeﬁngovefage was

. established by aséﬁming the inifial stickihg coefficient‘ 
was unity. A correction for iﬁelasfic scattefing of ékygen

1

Auger electrons was obtained from experimental data.

A 6xyqen on Clean-Nickel

| The reaction of oxygen with cleaniniqkel;surfaCes
has beén found to proceed by the initial-formation of
chehisorbed oxygen structufes‘followed:by nucleation ana

growth of okide,islands. For the (111) surface, the

200
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rate of chemisorption monotonically decreased until a
coverage of 0.34ML was reached. The p(2 x 2) surface
structure . occurred at O.25ML cove%aée, agd the work
function increased due to chemisorptiqn. AAt 0.34ML,

NiO waé ﬁucleated and the sticking qoefficient;_éalculated
~from the‘rate of change of oxygen coverage, incxeased

to a pléteau with iﬁcréasing oxygeg.covefage, tﬁen
_decreaséd to a low value at a satUraﬁidn'céve£a§e of
1.8 layersvof NiO. The work functioh;'débreaéed with
increasing cQQefage~and,arvery diffuse ﬁiO pattefn was
observed with parallel (111) planes.and‘[liO] directioné
_-fbf hiékel ;nd nickei oxidg. The diffusenégs'of,theAﬁiO
:’pattern Qas attributed to bdherence_broadening which is
ditect proof of the éxistence bf_oxide islands onléhe-
sgrface. ¢

bFor the (100) surface, the fate §f'chemiéorpti0n
decreasea rapidly until an oxygen'coverage df.O.ZSML

was reached. The p(2 x 2) structure exhibited maximﬁm
LEED intensity at this coverage. A subéeéuent sloﬁér_
and deéreasing rate of adsofption into ﬁhe_chemisorbedi_
structure was accompanied by inténsificaﬁion of thé

c(2 x 2) pattern, but NiO nucleated at a coverage between

0.3ML (302°K) and 0.4ML (373-423°K), dependent upon the
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temperature. Following nucleation, tﬁe sticking
coefficient increased to a plateéu then decreased to
a low value at a safuration oxygen coveraée of 2.0 layers_
of Nid. The work function increased with formatién of:.
the_chemisorbea structures, but decreased when NiO grew
on the surface. A diffuse NiO pattern was agéin observed,
but in this case the (100) planes and [0ll] directions
of nickel and nickel okide were parallel. .The appéarance;
of two new sets of diffraction spots,which weré equivalent
ffo but which:wefe rotéted with respect.to the original
‘nickel Spoté, was aésociated.with NiO growth but céuld
~ not 5e explained; _r_:’
'Chémisorbed oxygen'wasvdissociétively adsorbéd'
A on'niékel and the adsorption kinetics,fqr;the'(lll) facet

_wéré Langmuirian'(i.é._decreased.expoﬁentiaily witﬂ |
g exposuré). This was also tfue for tﬁe'(IOO) surfaéé upv
to O.ZSML éoverage but betweeh 0;25ML‘and the cherage
for'bxide'nucleation, the kiﬁetics'we;e nét descriﬁed.

| A model'developed‘by’Orr.83 to describe‘the
initial érowth of oxide islands was extended and shown
to describe the observed oxide growth kinetics very.well.

The model assumes the perimeter sites of oxide islands

are active growth sites and that the reaction is limited
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by either impingement of oxygen, surface diffusion of
‘physisorbed moleculér oxygen, or capture at the island
perimeter of physisorbed oxygen. The'réaétion rates
. in the present case were limited by sﬁrface diffusion
or by both éu;face diffusion and bxygen capture. The
.reaction rate>in¢réased with decreasing temperature and
the negative activaﬁidn energy was déte%mined to bé
1.4 kcal/mole for the (111) and 1.5 kcal/holé for the
(lOOf surfaces of nickel. The density of oxidé islands_.

was calculated to be 1 x 10ll

cm--2 for the_(lll) and
6 x_lOgcm_z_for the”(lOO)_surfaCes.‘ |
_The.oxygen coverage on-(lOO)-ﬁickel-was ébsefvgd
to increase slowly beyond the éaturationicoverage ét 147°K‘
~ and 6 x 10_7torr-or at 302°K and 10 *torr of oxygen. An
.oxygen speéies was ébsefved‘under-thege éondiﬁions which
.had»an adsorpﬁion energy distribuﬁed ave: the range of"
12 to 25.k¢al/mole and which increased the work functién.
It was concluded that this oxygen species assistéa ioniéf
-transportvallowing increased oxygen coverages. The'tbtal.
EID cross—section.fér 1500eV electrons of this low energy
adsorption state was-detexﬁined to be 5 x 10 +%em?.

Broadening and energy shifts of the 60eV nickel

" Auger electron peak and the appearance. of a new.Auger
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electron’peak at 1l2eV were associated with NiO formation
and were interpreted in terms of the differences-in the

band structures of nickel and nickel oxide.

B.“ dkvqen on (111) Nickel Pre-Contaminated Withisulfur

The following conclusions may be draQn from fhe
data on the surface reaction bétweén ongen and suifur
on a_klll) nickel surface.

The (5J3.x 2) and (8.3 x-2) éoincidence-strucﬁures
previously reported115?116 to result~from adsorption of
sulfﬁr on Ni (111) can also result from segrégation of'
.sulfuﬁ\f;om the bulk to the éurfaée.during heating in  E
ﬁltfé—high vaéﬁum. | | |

:ihé sulfur.ih these structufés Qiii feéctIWith
éas phase oxygen at tempefatures.ﬁear room temperature.
The resultvis an e#poéure;dependent‘decreaéé in suifuri'

and a concomitant increase in nickel oxide on the surface.

. Gas phase mass spectrometry indicates that the reaction -

product is SOZ.
The kinetics.of the oxygen reaction with sulfur -

in the (8,/3 x 2) structure can be analyzed in terms of

rate control by the production of atomic oxygen at the

perimeter sites of growing oxygen-rich regions.
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The surface represented by a (5/3 x 2) LEED
structure was not entirely reproducible. - -
Accelerations of the reaction retes were obse£ved
when the AES primary electfon beam, ehe ion gaﬁge, and/or

the mass spectrometer were used with gas phase oxygen

present,

lal
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- PART IX

APPENDIX I

A’Kinetics of the Growth of Oxiée Islands

' We shall consider the lateral growth of circular
okide'isléndswénd-invéstiéate“tﬁé—thfée_égs;;fggkakoéfh“/
rates iimiﬁed by o%ygen iﬁpingement from the gas §h§se
(traﬁsport énd capture beihg rapid), by éurface diffusion
of okygen, ana by captgre of the oxygén at preiﬁeter
sites. | |

~.To accomplish an expression for the growth -
kinetics, we make the,folléwing five assumptions:
(1) Physically adsorbed oxygen exists on the. surface
with a mean stay time fp,.a surface diffusionlépéfficient'
D_. and-an?accomoda#ion coefficignt into theﬂphyéi;bfsed*
state of unity. (2) The probability of diééociatibn
of oxygen is'smali except at a perimeter site. (3) The
oxide islands are circular. (4) The mean stay time
and diffusion cqefficient are thé.same forisurfaces
covered with chemisorbed ongen and covered wifh Nio.'
(5) All.oxide islands are nucleated in a time short

compared to the total time of oxide formation.

We shall consider the effects of impingémeﬁt
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of oxide islands on the growth kinetics, and to account
for this the theoretical description of three-dimensional

nucleation and growth, developed by Johnson and MehllA4'

2A

and Avrami“®, will be paraphrased for the present two-

dimensional case.

The area of a single circular island, a , which
_ ' _ n
nucleated at time n'and has grown until time t is given
by_ S
ap=mdft-n) o

in which u = dr/dt is tﬁé linear radial growth rate of

‘the island. In ofder'to relate the areas of the individual_
islands to fhe averail extent af ﬁransfofmation, ohe_'

makea gsevof the concept of an "extended area" of trans-
formation;:this is tha extent to which tﬂe transfofmatioﬁ.  
Qould have‘occur:ed in time t if one negieétsAéuch procésses_
" as Qrowth stappage due tq island-impingément and neélects
inclusion in the nucleation rate of graina nucleatedlih
alread? transfbrmed regions of the surface. For thia

case, thé exteadedadegree of transformatioh, 8

ex’ is

- t ¢ » |
O J:a77° dn =L'rru2(t —’r))aé dn (28

: .. . ' . - 1A, 2A
where i is the nucleation rate. It can be shown rigorously




that the actual extent of transformation, 6, is related

to eex by

®=1- e~ Oex o = (32)

or, by rearranging and taking the log of both sides and

substituting for eex from equation (2A), we have
A ot L, 2 o
Chfrre)s-f @ t-nidy o wa

In order to_integrate expressioh (4A), we
require expressions for u and-i; Consider first the'
linear radial growth rate. Since we have assumed that
T and DS are the same for both NiO and nickel éurfaces
“coveréa by chemisorbed oxygeﬁ; ratés liﬁited by oxygen
“impingement from the gas%phéée ontb‘the surface would
bé constant until the su;face-was covered by)NiO. (Thié
is true since surfacé transport to and éééture by thé‘
perimeter sites would b¢ rapid compared to the rate at
which oxygen reaches the surface.) Since a.consfént |
'réaction rate was not observed, this'limitin§ case Qill
got be éonsidered further. |

Considering nexf the case of oxide growth 

limited'byvsurfaée diffusion of physisorbed oxygen, wé_
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proceed as follows. For an impingement rate for‘oxygén
ﬁolecuies,of 1 with dimensions cm—zsec—l, fheAiQpingement
rate per surface site is IA, where A is the area per
surface_éite; Thé average distance, R, traQéled by an
oxygen molecule on the surfacé durlng é mean.stay tlme,

T as given by the random walk process3A, is

p’
R-(4D.)"  em

where Ds ié the surface diffusion coeffiéient,‘ Since -
surface motion is assﬁmed random, one fourth of the.
‘molecules within .a distance R in eithex difection from
the islandAperimeter will reach tﬁat pgriméter. On ;
this basis, the number of'molécules reéching.a berimeﬁer
site per second by sﬁrfaée diffusion.ié 4iA%(DsTé)%'

| Siﬁce we are considefing the case'pf.éféwth'
limited.by transport of oxygen fo the perimeter sites,
direct impingement froﬁ the vapor on a périmetef sitev
will inérease the growth rate. The imbingemenf faté
per unit site around the island perimetef-is éiven by
iA%h,'Where h is the islénd height. Then the rate ofb
change of the i;land-radius, when growth is 1imitéq by

_the rate of surface diffusibn, is given by:

8AI )k 2AhT

Up= . (C& 7; n 1‘6A)
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where a fector of‘2 accounts. for dissociation of oxygen
at the perimeter, the perimeter advances a distance A%/n
for each oxygen atom, and n is the number of;oxide layers
in an islahd.> |
"V'“*”**";“f‘m‘5”‘weqneider~iastvthe~case4Where~growthvis~limited~«—w~f-~44e~
_by‘capture of'oxygeﬁ at perimeter_sites_into'the oxide
islaﬁd; kris defineadﬁo be the rate constant describing'v
‘this incorporation of oxygen. The concentratioﬁ of oxygen:
-adjaceﬁf to the perimeter will 5evaseumed to be the |
eéuilibrium coﬁcentration of oxygen,bwhich is,iTP. 'Theh
_:the iate of incp;porationris ikij;Aor cbnsidefing.capture
'f ,from:both sidee of the interface, disseciation-ofvoxygeﬁifge.
 eand direct impihgemeﬁt from.the veéor,‘ar/dt ¢a§ 5ee

. .written:

TR L. 08 g 5. 1 o

.. (It isvnot’cerfain thaf a_direct_impiﬁgement term ehoﬁld
be included in this-expression; this.could oﬁiy be
escerteined by knowledge of.the physical precess,limitingl
incorporation. However the term does not sigﬁificantly
eltef the values calculated beiow,and tﬁerefore;remains;)

Since'i'may be written (ankTg)_%P where Tg is the gas
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temperature, expressions (6A) and (7A) may be written:

12
U—P :—’T-}f:;/z (8a)
and |
de = 5, P e
where
Y w
K= 82 (2m kT, ] (407 ) +h) - qow
and
R Lk; 2A | -2 - Yo, . "" - | o
Ko =5 (amk‘Ts) (2A"K T, +_'|'\) C Sy

The above are equivalent to expressions which .

Pl

I

ﬁay be derived from the formulation by Ofr?A. 'Essehtiaily
the same aSsumptions are empioyed; a major é#cepti§n is-
that for tﬁe diffusion controlled case_thé presen£ |
derivation does not assume an equilibrium céncéntration
of oxygen-on the ;urfacef

We‘will proceed using expressions (8A) and:
(9n) for u, and consider next the nucleétion‘frequency.
We have assumed thatvo#ide nucleates in é time short

comparéd'to the time of the experiment. To express .

~this mathematically, assume that the nucleation rate
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desreased rapidly with time. If at £t = 0, NO sites
e#ist, if the nucleation probability per unit time per
uﬁitAsite is v, and if after a time n; N’nﬁcleatiopusites

remain, then the nucleation rate, i = AN/dt, is given

by e T

. From expressions (8A) and (9a), the linear
. radial grthh rate for both the—diffusion and capture
v : Ly | .
limited processes can be written as K, n P, and by

substltutlng ‘this express1on ‘plus (12A) into (4A) and

1ntegrat1ng.by parts:

2-t2

I l-0)-2 kP et t 2]

If v is large, i.e. the nucleation occurs in a time short

compared to the time required for appreciable reaction, -

-vt

then the terms e , 1, and vt can be neglected.somparéd
to (v2t2)/2; and
L, _ .
(1-@): EXP[-KiN,P*t°) (142)

where Ki is Kl'for the diffusion limited and K2 for the

capture limited cases.
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Expressions (10A) and (11A) for the constant:

3A 3A
Ki can be reduced further because the factors Ds ' Tp '

and k4A can be written

Ds =Za*yEXP[E[RT) . (sm

7;,,.:7,1-; EXP(E,/RT) ae
k =y, EXP [-E. [R-T') | | -oam '.

where Vl andrv2 are the vibration frequencies parallel

and normal to'the surface, ¢ is a mean jump distance,_

-and z is the reciprocal of theinumber of nearest adsorption

sites. Then the constant Ki can be written:

- . e NI
K= SR 2w k) [2B EXP(EfRT) ] G
" where | - S ' A
. | 1. . |
Br2(f8) jE-f(E,E)  ao
and
/3 : B
B, = AV:/1 ; Ep*Ea-E. (208

Thus, expressions (14Aa), (183a), (193), and (20A) describe
the kinetics of the growth of oxide islands for growth
rates limited by surface diffusion of oxygen .or capture

of oxygen at perimeter sites.
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Abstract .

A cylindrical mirror electron éﬁergy analyzer has been ﬁsed
to étud? the adsorption and decompositioﬁ of Cd on an initialiy
f»weléan~Pt<4&&&}~surface:v~The~observed¥rate*of”adSQrptioﬁ%and~“mmv*'—“‘4”“
fractional surface>covéragé as‘a fuhction-Of CO exposure are-
ideﬁtical to those observed'previousiy in»thié laboraﬁory by .
flash.filament édsorption'teéhnique. ihislfesuit'provides_aﬁ:
absélute calibration of #he Auger.spectrogetry sys;em for qarbon>
and dxygen,' Beam—induced‘decompositisn of CO was obﬁerved at
>"high iﬁcident fluxeé.. The surfaée oxyéen.édverage;décreaseda
_éxponéntially»to zero during'eiecﬁfqn boﬁbardment;Jﬁhiigisurfé;eij
 carboh'de§reaSéd ahd then lévelleé off at a fihite value. C0 
adsorption studies on this carbon contaminated sQrfacéCShOWéd |
_'deéreasing co adsoiption"raté and decreaSing saturatioh_cpveragé '
With'increasiné carbon.contaminatibn. The adéorptiohrétéﬂappréachedl &

" zero at high carbon concentration.



Introductim

The importance of platinum as é catalyst fér many
reactions has ied to an increasing number of studiés of the
~ adsorptive properties of well—éharacterized platinum surfaces.
In many of these studies it apéears that surfdce impurities

have pronounced effects on this adsorptive behavior, and in

ée§érai éases it éppéags ciear that adéorbea carbon is the -
responsible species. Cafalytic studies of the hydrogenafion
of cO (1), decomposifion of methane (2) ammonia (3) and formic
acid (4), oxidation-of co (5) ahd.dehydrogenation of ethane (é)
have all indicated poisoning-by impurities. Low eﬁergy
electron diffraction‘étudies of éO adsorption on Pt(lOO)-(7)
and on ‘Pt (100) and Pt(11ll) (8) have shown spurious_éurface
structures whiéh have 5een explained by-Palmberé (9) as
arising from.surféce cafbon contaﬁination, eithéf érésent
initfally or formed byvelectron—beam-inducea décomposiﬁion
of CO. | |

WethaVe studied the adsorption of CO on Pt(1l1l1l) and
the décqmposition of-thisAadsorbed CO to yield sﬁrface carbon,
‘using Auger Electron Spéctroséopy (AES) to measure surféce
"carbon and‘oxyéen concentratigné. Comparison of_the Cco
adéorption behavior with results of a prévioﬁs study of fhe
same process by the flash filament adsorption technigue (10) = .
p;ovide an absolute calibration‘of the AES peak heights. |
_Th¢ mechanism of ﬁhe decomposition process is inferred. from

measurements of the decomposition kinetics.



‘Experimental System

The experimental system isvvery similar to fhe one
-described by Palmberg et él (11). Thé all stainless éteél
vacuum system ié pumped by a combination of ion and sublimation
pumps £o an ultimate pressure of 5 x lo—lotorr. The electron
' enérgy analyzer is a- -homemade cylihdrical mirror type with
-a>coa£ial elééﬁ;;h gu;.‘”fhe sﬁéégv;giﬁége ié ob£;1;;5~}rém.

Aa programmable operational power supply and médulated by the
0 to 10 V peak to peak sihusoidal reference signal from a.

© PAR HR-8 lock-in amplifier at a frequency of 7.5kHz. The
derivative with respect to the energy of the elgcﬁfon ehergy-

distribution is recorded by synchfonously detecting the

multiplier output with the lock-in amplifier.

Surface Preparation

The sémp;e studied.was a>hi§hvpﬁri£y platinum ribbéh
of apprbximaﬁe dimension§‘6.x 0.5 x 0.05 ceﬁtimeters. _After
beiﬁg-heated to about 1360°C in ulfrahigh vacuum fof 1 or
2 Aays it was examined by x-ray diffraction and}determined
fo be a singie cryétal Qith a (111) plané parallel to the
ribbon surface. AES heasurements made on thié surfacé
indicated heavy carbon contamination. Attempts tq remove -
this contamination by heating failed, as the cafﬁon segregated.
réversibly between the bulk and surfaée of the sémplerin the
‘temperéture range between 800 and 1200 °cC. The'cleaning.of

the sample, as determined by AES, was evéntually accompliéhed



by heating the sample to a temperature of about 1200°C in

" an atmosphere of 10—6torr of oxygen for periods of time which

varied from a few minutées to several hours depending on the
degree of carbon contamination, followed by fl;shing in
ultfahigh vacuum until the oxygen was removed from the surféée.
These observations are in agreement with previous studies.
which indicated that high temperature frééfmehtmalaﬁé—&és N
insufficient to remove carbon from platinum (9, 12—14). 
Following this cleaning, no segregation of carbon f;oﬁ the

bulk was observed even after extended periods at high temp-

‘ erature, apparently because most of the carbon had been

removed from. the. bulk. The Auger spectrum of the cleaned

Pt (111) surface was in good agreement with those.reported

-

'in ‘the literature (9, 13, 15)..

CO Adsorption on Clean Pt(lLLi
Recently, Baldwin & Hudson (10) have measured the
adsorption of CO on a platinum surface prepared from the

same starting material by the same treatment as just described.

They found, ﬁsing the flash filament deSorption technique,.

that over the pressure range from 5 x 10”9 té 2 x 10_8 forr'
CO was adsorbed by first order kinetics-up to a saturation
coverage of about 7 x 10%molec/cn?. since the number of
plaginum atoms per_cm2 on the (111) surface is 1.5 x 1015

they concluded that at saturation one CO molecule occupied

two platinum sites on the surface.



In the present work, we Have obsexved CO adsorption
on the cleaned élatinum at a CO pressure of about 5 x 10_9torr
at room temperature, recording'the'heights 6f the C (270eV)
and O (510eV) Auger peaks as a function of CO gxposuré, that
is, the product of gés phase CO pressure and exposure time.

Measurements were made at a primary electron energy of 1570eV,

" 4sing a modulation amplitude of 5 véltéAbéék to peak. MThis_ﬁ
was the largest modulatiqn voltage thaﬁ could bé used without
causiﬁg interference be£ween the 270eV carbon peak and the
nearby 250eV peak of platinum. Measurements were made
fintermittently during the adsorption run, at a primary electron
.current of Zpa/mmz, thé lowest vaiue'consistent with adequate
éensitivity,_in order td avoid béam effects;.’The.criteria
fforjsuccéss_of,this procedure were tﬁéﬁ tﬁé qriginalvclean—
Surfacg'Auger‘spectrum-codld be restored after the adséfption_
g;un.byiflashihg-the surface briefly to 650°C, énd that the
. carbon and dxygen AES peaks were always in the saﬁe ratio.

The resulﬁs 6f these measurements are shown in Figureil;
Hére the results of Baldwin énd Hudson (10) are plotted as é |
solid line, showing adlayer coverége as a function of CO
. exposure. The observed AES'peaks for carbén and oxygen,
nérmalized to.thé same saturation coverage valﬁe, are plotted’
as.solid circles and triahgles fespectively. The agreement
between the two techniques is very good, the scatter of.
thevoxygen peaks being larger due'to their smaller magnitude

and to the highef noise of our equipment in that energy range.




This result, therefore, provides an absolute calibration.of
. the Auger spéctromefry system for cagpon and oxygen. The
straight line in Figure 2 has been drawn assuming a sticking
coefficient equal to one. It can be seen that the sticking
coefficient for CO on Pt(lll) is close to unity and fairly

constant at low coverages.

CO.Adsorption on Carbon - Contaminated Pt (111)

" We have observed thét heating our platinum saﬁple in
a_CO a£mosphere for short perxiods qt time does no£ produce
measufeable ¢arbonAcontamination, bﬁt thét, as.previously
observed by-Palmberg (9),vsurface carbon can be forméd by
Crécking of‘adsorbed CO by the electron beam of the Auéer
apparatus. In particul;r, we have found fhat craékingléf
CO'by the-1570eV, ZpA/ﬁmz electron beam at about 10_8torr
of CQ.allows.thgﬂdeposition of‘pfeéise amounﬁs of éarbdn in
- aJ;;élén the siée of the electrén beam cross seétion, as'
checkéd by moving tﬁe sample across the beam.

We h#ve used this technique to prepare‘surfaces with
ivaryiné amounté of cérbon contaminatibn, and then.studiéd
CO adsorption on these surfaces. The measurement technique
was the same as explained earlier for the clean sﬁrféce case,
e#cept that after development of the contamination léyéf, the
surface Was'heated to lOOO°C in about two seconds and held
- for 5 minutes tq_removeAall co befqre each adsorption run.

The results of these measurements are also shown in Figure 1l.°

5



Curves labelled 2C and 20, for instance, represent the caern
and oxygen-Aﬁge: peaks respectively for the same run. The
degree of carbdn Con£aminétion can be inferfed from the inter-
section of curves 2c and 5C with the vertical axis.» It can
be seén that the-quantity of CO adsorbed ahd the initial

on con-

sticking coefficient decrease with increasing carb

tamination. The shape of the CO{cerragé veréus exposure
curve is similar to that'observed for the clean surface; but
© with tﬁe vertiéal.akis prbportionally sﬁrunk; Thét is, the
adsorption process procedes as though the only effect.of the
carbon contamination was to reduce the surfécé érea availabie
for CO adsorption. For'high cagbon contéminatioﬁ there is
‘Tné'éo adsofption at ali'(cufves Sc and Sé) iﬁdicaf?ng_that
fhe carﬁoﬁ covered suifacg does not adsorbxco in aﬁy:appreciable‘
amounf under our experimentai conditions. | |

| Thévmagnitude of thé>C (270eV) Augerjpeak_obéérved
for the coﬁpletely contaminaﬁed surface>is roughly 4;6_times
that observed for the non-contaminated but_CO—Satﬁrated surface.

This figure is very clese to the ratio of the carbon atom

15 2

)
14

density in the c-face of the graphite structure (3.8 x 10 cm

-2
cm ),

—

to the carbon atom'density for the saturated Cd'layer (7.5 x 10
suggesting that the contaminant is present as a. close-packed

carbon monolayer on the surface.

Electron-Beam-Induced Decbmposition

For the study of the electron-beam-induced contamination




précess,.the cleaned platinum surface was saturated with CO
at a partiai pressure of about 5 x 10—9to;r. The_electroh
beam was then furned on and the oxygen and carbpn Auger
peaks were monitored as a function of time. In this case

' ‘ _ A 5
the incident beam current was increased to l%pA/mm , to

~ -

enhance the decomposition or desorption processes, ut the

.ﬁééulation”signal was maintained at 5V peak ﬁo peak to'évqid
_iﬁterference with the piatinum Auger transition to 250eV.

Figure 2 shows the variation»with.time of the normalized
ox?gen and carbon Auéer peaks. The oxygen peak'décreases
exponentially to zéro but the carbon peak decreases more
slowly, ana eventually leveis off at a constént value of
about 1/3 itélbrigiﬁal'amount, thus giving rise £o the'obse#vedv
'éérbén éontamiﬁation; | |

 This Behavior can be explained in terms of-a:vériation
of é ﬁe§hanism of the electron induced desorption processes
dévelopéd by Redhead (16), in which the_rate—determining-proéess“
' is-the_éxcitatibn of an-adsorbed CO molecule by an'incident
electron. In the preéent case, thé adsorbed spécies may
fhen decay by one of two paths, one yielding a gas éhasewcd
molecule or ion, the other yielding a gas-phase oxygen atom ' s

or iopn and an.adsorbed carbon atom. Schematically,



ih whiéh the subscripts a and g indicate adsorbed and gaseous
species respectively} the -* indicates a#'activated ori6nized
species, and Pi and fz'ére the reaction probébilities 6f ﬁhe
two'paths.

~If such a mechanism is operative; then thé rate of

which occurs.

- change of the CO population, gco(mplggulgs/cmz)!

by both path] and path 2, should be given by

do‘co =- —k(Pl + P2)c o  f (2
at co ’ S

in which k is the.broduct_gf the crosé—sectionffor the.exciﬁatibn
df adsorbed}CO, Q, and theAbombardiﬁg electronchr£ent.density, J.
vThe rate of:change‘of the adsorbed contaminan£ carbénlpopﬁlation,'~
c;(étoﬁ/qmzx;whiéh oécurs.by path.2 only,;Shéuid bé givgﬁ.by -

at - CO _ : : o
Infegra#ing.thé abo&e equations, taking into‘acéount

“the boundary conditions

' . 14 -
¢ (t =0) =¢g. =7.5 x 10 molecules/cm 2
co 1 _ _ -
o (t =2 =0, 0 (t=0) =0
“co o c ,
one gets -
~t/7 _ ‘ R
g {t) = o.e - ‘ - (4
co i : R
o (t) = rg, (1 - e~t/T) | ()
c L ' .

where 7 = (P1 + Pz)e/JQ, with e being the electronic’charge'
and r = P_/(P_ + P ). '
22 2 . :

These concentrations can be related to the observed



oxygen and carbon Auger peak heights, I and I , (noxrmalized)
o o} c .
using the relations
I (t t - ‘ :
LB o (®) e/ | )
1,000 o (0)
-for oxygen, and
I () ‘(¢ + g )(t) O
~ - c ~ = _co' e = (1L -rx)e / + r ‘ (7)
I _(0) o (0) '
c co

for carbon.

The solid lines on Figure 4 represent the fit of
Equations (6) and (7) to the oxygen and carbon AugerApeak
L : . B -19 2 _ |
heights respectively, using Q = 2 x 10 cm” and r = 0.3.

- It can be seen that the agreement is very'gobd.

General Discussion

}TheAresults présented in the foregoing sectidné héVe
-akngmber of‘igteresting impliéétions.to the study.bfvadsorpfién
in geﬁeral and to tﬁe gquestion of carbon éonﬁaminétién-of
surfacés in particular. |

It is séenj first, that AES provides.a‘reiiable meéhs
-of studying the kinetics of the adsorption process, pfovided
 tHat adequate care 1s taken to insure freedoﬁ from effects
'associated with electron-beam-~induced desorptionAor‘decompositioﬁ;
and §rovided that an absolute calibration of th; sensitivity
of the Auger spectrometer can be made, as was .done in the
. present case by comparison with the earlier flash filament-

results.




Insofar as the question of carbon gontaminatién is
_concerned, we have confirmed the beam-induced decomposition
éf adsorhed CO noted by Palmberg (9), and shown in additionA
that the déccmposition process involves both desorption and .
decomposition. This process is one which warrants further

study, as our present study provides no information on the

sgéﬁe 5f thérpréauéﬁg‘de$6fbédj Fufther mééé spectrémetric,
sfuﬁies of the electronfinduced désorption process wiil bé
required to resolve this.question.-'Some‘work along these

lines has béen previously réported by Baldwin and Hudson (17),
and ﬁy Huber and Rettinghéus (18), but comparison witﬁ the
present study is difficuit,'as both‘of these StudiesAingolved
'1"the coadsorptibn bf H2 and Cd{-and«Qery %ignifiéant intéréctioﬁ

effects between the two gases were noted.
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Fig. 1

Fig. 2

"2 to 5 refer to the Tarbon contaminated surface.

Figure Captions

Adsorption of CO on a Pt(1lll) surface at P =5 x 1077

torr,
T = 300°K. Curve 1 refers to the clean su%%ace. Curves

Electron-impact desorption and decomposition of CO_oh
Pt(11l). E_ = 1570ev, i = llph on 1 mm?.
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