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I. Summary of Research Results

The research results from this grant are summarized below.

The work resulted 1n six publications in refereed journals.

These publications are listed in Sect. II. The work also

resulted in six presentations at scientific meetings.

XPS and UPS studies of 4-keV Ar’ bombarded K,TiFg, K-lNbF-,
and K,TaF, have revealed the reduction of the central transition-
metal atom to lower oxidation states in all cases. The tantalun
and niobium in K,TaF, and K,NtF; are reduced (o oxidation states
1s reduced to

of IV, II, and O, while the titanium 1in KzTiF6

oxidation states of III and II. The various oxidation states

have been identified through binding energy shifts of the XFS

core level spectra. Atomic concentration measurements were used

to estimate the surface compositions. These results are

discussed in terms of the thermal spike model, and the behavior
of the specific compounds is shown to correlate with the relative
stability of the possible reaction products.

Scattering of molecular nitrogen ions in the 1.5-4.5 KeV
range from gold and graphite surfaces has resulted in a small
TC

fraction of surviving molecules and molecular :-r~ in addition

atoms and atomic ions resulting from dissociat. The Kinetic
energy (Ey) distributions of scattered NS and N* ions have been
measured directly by means of an electrcstatic sector analyzer
(ESA) and the velocity distributions of the scattered N, and N
neutrals piuc ions have been measured by time-of-flight |
techniques. Scattered ion fractions were determined from the TOF

measurements. The relative Ek distributions of the scattered

¢
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atomic 1ions indicate that dissociation from excited repulsive
electronic states which are populated during the collision

dominate the mechanism, rather than purely vibrational or

rotational excitation from the XZEZ ground state of Nz. The
excited diczeciative czza and DZIIu states of N; are accessible
by Franck-Condon transitions from the XZE; state. The data are

consistent with a mechanism in which these two dissociative
states contribute their repulsive energy to the large relative Ey
distributions of the scattered N' ions. The electronic
excitation occurs via electron promction during the scattering
collision through the Fano-Lichten mechanism.

The chemisorption of OCS on polycrystalline Ni foil, in the
77-923 K temperature range, was investigated by XPS, UPS and AES
rlectron spectroscopies. At all temperatures studied,
chemisorption was found to be dissociative yielding absorbed S
and gas phase CO. The reaction s found to be strongly
exothermic with a low activation energy.

Boron nitride formation from bombardment of boron with 0.5-5
keV Ng ions has been studied by in situ XPS and AES measurements.
A dynamic process of nitrogen implantation and surface sputtering
leads to the formation of a BN layer whose thickness equals the
range of the nitrogen ions in the boron. The maximal nitrogen
entrapment is determined by the stoichiometry of BN; excess
nitrogen 1is released. No diffusion orf nitrogen to the bulk nor
expansion of the BN layer is detected at room temperature for
prolonged bombardment. The results are in accord with a simple

collisiona. ailered layer model that is presented.




The technique of time-of-flight ion scattering and recoil:ing
spectrometry (TOF-SARS) has been developed. TOF-SARS uses a
pulsed low keV ion beam and TOF methods for analysis of both
scattered and recoiled neutrals and 1ions simultaneously with
continuous scattering angle variation over a flight path of -1 n.
The capabilities of the technique are demonstrated by the
following examples: (1) TOF spectra versus scattering angle
4 for the system Ar* on $1(100); (ii) Comparison of LEED and AES:
(111i) Surface and adsorbate structure determination for the
systems of clean W(211) and 0, and H, chemisorbed on W(211);
(iv) Monitoring surface roughness on W(211); (v) Surface
semichanneling along the troughs of the W(211l) surface;
(vi) Measurements of scattered ion fractions for Ne% on
magnesium; and (vii) Ion induced Auger electron emission for Ne™
on magnesium. A historical prospective of low energy icn
scattering has been presented and surface structural
determinations for various systems are tabulated.

Studies involving ion-solid interactions in the range of a
few eV to a few keV that are intermediate between thermal gas-
surface interactions and high energy bulk implantation have been
collectively examined. The interactive prccess has been traced
in a phenomenolocgical manner by providing a simple treatment of
the different physical and chemical phenomena involved. The
kinematics of noble gas 1ion as well as atomic and molecular
reactive ion interactions with surfaces has been treated in terms
of classical dynamics and experiments are described that probe

the nature of ion-solid interacticn potentials by examining the




scattering of 1ions from surfaces and the charge exchange
processes operative during scattering. Molecular ion scattering
has been investigated ana the behavior interpreted in terms of
partial dissociation that resulis in both atomic and molecular
scattering. A neutralization model has been described that
considers the interaction domain to be divided into three steps:
the incoming trajectory, the close encounter, and the outgoinrg
trajectory. A spectrum of possible results from the interaction
process 1is described; these include reaction and chemical
alteration of the target surface, desorption of adsorbate atoms
by hyperthermal physical/chemical interaction, and accumulation
of a high surface concentration of the projectile species, viz.
film deposition. These studies investigate the science basic to
a number of technological phenomena and represent an elegant
approach to the simulation of a number of these phenomena 1in the
controlled environment of ultra-high vacuum. Qualitative and
quantitative arguuents are made for a numker of the experimental
results and cross-examination of data from different laboratories
is made in terms of simple kinetic and thernodynamic concepts to

i1llustrate fundamental similarities in the —arious studies.

II. List of Scientific Publications Resulting From Grant

1. C. S. Sass and J. W. Rabala1ils, "Ion Beam Induced
Ceconposition of Transition-Metal ~fluorocanions", J. Phys.
Chem., 92, 2072 (1988).

2. C. S. Sass and J. W. Rabalais, "Dissociative Scattering cf
1.5-4.5 keV N3 and N' on Gold and Graphite Surfaces", J.
Chem. Phys., 89, 3870 (1988).




III.
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C. S. Sass and J. W. Rabalais, "Chemisorption of Carbonyl
Sulfide (0OCS) on Ni Between 77 and 293 K", sSurface Sci.,
194, L95 (1988).

P. Mezentzeff, Y. Lifshitz, and J. W. Rabalais, "BN
Formation From Bombardment of Boron With NE", Nucl. Instr. &
Meth. in Phys. Res. B, submitted.

0. Grizzi, M. Shi, H. Bu, and J. W. Rabalais, "Time-Of-
Flight Scattering and Recoiling Spectrometry {TOF-SARS) for
Surface Analysis", Ninth International Summer Institute in
Surface Science (ISISS 1989), Aug. 1989, submitted. To be
published in Chemistry and Physics of Solid Surfaces, Vol.
8.

S. R. Kasi, H. Kang, C. S. Sass, and J. W. Rabalais,
"Inelastic Processes in Low-Energy Ion-Surface Collisions",
Surface Sci. Rpts., 10, 1 (1989).

List of Presentations Resulting From Grant

"Dissociative Scattering of Diatomic Ions at Surfaces", 42nd
Southwest Regional ACS Meeting, Houston, TX, November 1986.

"Interactions of Low-Energy Ions With Surfaces", Third
International Workshop on Desorption Induced by Electronic
Transitions, Shelter Island, NY, May 1987.

"Low-Energy Mass-Selected Ion Beams For Film Depcsition",
Southeastern Regional Meeting of the American Physical
Society, Nashville, TN, November 1987.

"Exchange of Electronic Energy in Low-Energy Ion Bombardment
of Solids", Minnesota Chapter-american Vacuum Societv
Symposium, Minneapolis, MN, April 1988.

"Interactions of Low-Energy Ions With Surfaces", Gordon
Conference on Particle/Solid 1Interactions, Plymouth, NH,
July 1988.

"Exchange of Electronic Energy in Low-Energy Ion Bombardment
of Solids", Amer. Vacuum Society Symposium, Rochester, NY,
June 1989.

*Invited Lectures




IV. Personnel Supported

Project Scientist: J. W. Rabalais
Research Associates: Oscar Grizzi .
Craig Sass
H. Kang
Graduate Students Ming Sha
S. R. Kasi
C.-C. Hsu

V. Equipment Purchased

MDC Vacuum Products - GV-1500M VHV Stainless Steel
302001 Gate Valve
$803.7§

MBL-1 Miniblast Sandblaster
$591.33

Scientific Instruments
Varian Vacuum Prccucts - Gate Valve
$2,291.79

Micro Science Inc. - Electron Gun
$6,685.30

EG & G Ortec - MCA Computer Card
$2248.66

Physical Electronics Power Supply

$781.56
Huntington Labs - Valve
$644.43
Hipotronics, Inc. - Power Supply )

$1654.70
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collecunvels evamuned in this review The anteracthive proaess s traced in g phenomenoiogival
manter by prouading ¢ simple teatment of the different physical and chemical phenomena
involved  The kinematics of noble gavion as well as atonue and molecular reactive toninteractions
with surfaces are treated in terms of dassical dynamies and experniments are described that probe
the nature of 1on whd mteraction potentials by examining the ~cattening of 1ons from surfaces
and the charge exchange processes operative duning saattening Molecular 1on scattering s
investigated and the behavior anterpreted in terms of partial dissociation that resubts in bhoth
atormic and molecalar scattenng. A neutral:ization model 1s desenbed that considers the interaction
domuain to he divided into three steps: the incoming trajectory, the close encounter. and the
outgoiag trapectory. A spectrum of posstble results from the interaction process is descnbed. these
include reaction and chermacal alteration of the target surface, desorp ton of adsorbate atoms by
hyperthermal phyvucal/chemical interacton. and accumulation of a high surface concentration of
the projectite speaies, viz film deposition. These studies investigate the soience basie to 4 number
of technological phenomena and represent an clegant approach o the imulation of 4 number of
these phenomena in the controlled environment of ultra-high sacuum Qualitative and quanuta-
tive arguments are made for a number of the expenmental results and crovs-examinaton of data
from different laboratories 1s made 1n terms of wirple kinetic and thermodynamic concepts 1o
llustrate fundamental similanties 1n the varnious studies
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List of symbols

A Pre-exponenual constant

a Factor determining 1on- surface interaction range

bad Discrete atomie level

do. d§2 Differential scattening cross section

E Projectile kinetic energy

E, Bond energy 1in a diatomic molecule

ET Bulk binding energy

Eg Bottom of surface valence band

E Conduction band limit

EY Bulk displacement energy

E' Energy limit for parucle trapping in a sohd

£, Fermu level

E. Kelative kinetic energy of atoms after scattening of a4 diatonuc
molecule

f Scattering energy

E Surface binding energy

£, Top of surface valence hand

E} L.owest vacant energy level of an 1on
E Perpendicular energy component

¢ Electron charge

F. Source filament

JAEN] Miixing function

Ip lonization potential

/1, fon flux

IR Vapor flux

k Spectrometer constant

A Parameter reflecting finite sereening length of metal

| A Metal states

M Projectile muss

m fon charpe state

N Neutral scattered particle flux

N Number of scattered particles in charge state m

Nt Maximum number of surface sites per umit area avatlable for
redction

N Incident singly charged parucle flux

N, Ianient of reection

Niry Surface concentration of reacted beam atoms

n Surface atom density

ns Equilibrium occupation of alkali valence level

P, Reaction probability

P Scattering probability
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P, Sticking probability

P,. P. P.. Probability factors associated with neutralization model
PP Pk

P,.P

o Coulombic charge

R(s) Electron transition rate

S Target surface with x electrons inats valence band
¥ Instantaneous atom- surface separation

s, Distance for attractive interactions

Sq Distance of closest approach

S, Distance for repulsive interactions

e Freezing distance

S b Distance of closest approach using MBZ potential
Saz Distance of closest approach using BZ potential

. Time for 1on to travel from s to surface

1, Electron tunneling time

1 Surface response time

‘, Time period between neutralization steps

b Valence electron - ion core interaction

by Morse potential

Fas Biersack -Ziegler potential

Vuns Compound Morse - Biersack - Ziegler potential

Iy Bohr velocity

ry Ferm velocity

L, Characteristic velocity

e, Incoming velocity perpendicular to the surface

e, Outgoing velocity perpendicular to the surface

Wy Work function

x Number of electrons in target surface valence band
Y. Differential ion fraction

: Atomic number

a Angle of incidence

B Rapidity parameter

a Level width

AL Detector acceptance solid angle
AE Energy level shift

¢ Active ton flux

¢ Recoil angle

I'(s) Lorentzian width of broadened alkali valence band
n Atomic density

8 Scattering angle

p(E) Valence band density of states
a Scattering cross section
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o. Reuaction capture cross section

0y Desorption cross section

T Ton neutralization parameter

Surface plasmon frequency

1. Introduction

The interacttons of low energy reactive jons with surfaces 15 a fascinating
subject because of the potenual of the techniques and the range of phenomena
involved. The terms low energy and reactire 1ons are used herein to denote tons
with kinetic energies ( £) in the broad range of one up to several thousand
electron volts which are capable of reacting with the target surface atoms to
form chemical compounds. In this £ range many of the collistons are tnelustic.
that is, ion translational E 1s converted into electronic excitation and ioniza-
tion energy and vibrational and rotational motions. When the ion translational
E can be channeled into the reaction coordinate of reactions with substantial
activation barriers. such barriers can be surmounted at low temperatures. The
selectivity and specificity o1 these beam -surface reactions is high since it s
possible 10 use mass selected ions with well defined £ The reactive 1ons can
be ntroduced at precise spatial locatton: 1n controlled concentrations. These
capabilities afford the advantage of altering the chemical nature of the
outermont surface laver(s) in localized regions without disturbing the underly-
ing or surrounding crystal structure.

This review treats the fundamental interactions of low energy reactive ions
with surfaces. These nteractions include electronic processes (1on- surface
charge exchange tranmtions. excited state formation. and photon and electron
emission). molecular dvnamics (kinematies and collisional dissociation), chem-
iwcal reactions (kineue and thermodynamic parameiers)., and beam partcle
deposition induced by the colhisions. This s an extremely broad range of
phenomena o cover. Investigations of these phenomena represent currently
active areas of researchy as a result, new data, interpretations. models and
caleulations are constantly emerging. The review selectively focuses on eluci-
dation of the elementary steps describing the electronic, kinematic, thermody-
namic. and kinetic aspects of low energy reacuve 1on - surface interactions with
the ulumate goual that such an understanding will allow  control of the
interactions so that thev can be used for speafic chemical modificatvons of
surface properties. It is also hoped that this review will kindle interest in the
unique panorama of chemical reactons that can be imnduced by this method. In
such an undertaking. 1t 1s inevitable that some works will be overlooked; we do
not claim to be comprehensive, but only to present our best assessment of the
current state of the field. Excellent reviews on beam surface interactions are
already avadable for the senn low energy (below ~ 1 eV) {1 3] and high
energy {above o few hundred ¢V) [4-9] regions.

14
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2. General low energy reactive ion beam-surface interactions
2.1. Role of kinetic energy

The interactions of gasceous ions and neutrals with surfaces are strongl
influenced by their kinetic energies £. This E plavs a major role in determin-
ing whether the impinging particle will scatter from the surface or remained
trapped in a potenual well at the surface. The probability that a particle
becomes trapped and remains on or within the surface 1s called the sticking
probubtliy (P ). The probability that the particle is reflected from the surface
ts called the scattering probability ( P ). Obviously, P, + P_ = 1. The P, spans
many different kinds of trapping mechanisms, such as van der Waals attrac-
tions, phyvsisorption. chemisorption, chemical reactions, and implantation.

Fig. 1 shows a generalized diagram of P, versus E for projectile 1ons that
are lighter than the target atoms. The curve does not correspond to any
specific svstem; 1t simply :llustrates the behavior of P, as E changes over
some ten orders of magnitude. In order to quantitatively represent any specific
svstem, the curve would have ta be adjusted both horizontally and vertically to
represent the behavior. Beginning at very low E, gaseous species are simply
condensed or frozen out on surfaces due to van der Waals attractive potentials
which are deeper than the thermal energy k7. where k is the Boltzmann
constant. P, is near unitly in this region. As E increases towards ambient
conditions (KT = 0.025 eV near ambient temperatures), £, begins to decrease.
This decrease 1s due to the necessity for dissipating excess E before the
gaseous species can be trapped in a product potential well at the surface. This
is the physisorption and chemisorption region. Physisorption occurs when the
only attractions between the particle and surface are weak van der Waals
forces which provide potential wells that are comparable to the magnitude of

TEMPERATURE [ X}

P 1 0* 0% 0®

STICKING

PROBABILITY

o st P 10? 10* 10%
KINETIC ENERGY (eV]

Fig. 1. Generalized plot of parucle sticking probability versus particle kinetic energv. The
temperatures corresponding to the kinetic energies are shown at the top of the plot. The dashed
line represents room temperature

15
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AT. Chemnorpuion occurs when chencal bonds are formed between the
particle and surfuce atoms; these bond energies are (vpically larger than AT
and n the range « 10 ¢V, Hyperthermal molecular beams extend the E range
up to several electron volts: this region also exhibits 4 decreasing 2, with £
due to the excess £ that must be cissipated for sucking to occur. Moving to
the very high E region. P, increases with £ above ~ 107 ¢V because of the
ability to force the projectiles into the latuce and implant them below the
surface where they are trapped as implanted material. The implantation
process becomes very efficient for £ > 10" eV and P, approaches unity. The

. curve goes through a minimum in the intermediate region between one and
several hundred electron volts.

This inter-uediate region s a particularty interesting area where hittle work
has been done. The reason 1s that this region 1s not accessible from molecular
beam metheds which use nozzle expansions. lon beams must be used to access
this region because the 1ons can be accelerated to any desired energy. How-
ever, because 1t v difficult to transport and focus low £ (< ~ 500 eV) 1on
beams, most of the 1on beam studies have been conducted at higher energies.
The attractive feature of the low £ region ts that it is in the range of chemical
bond caergies and activation barners for chemical reactions. Hence the
translational £ of the beam particles can be emploved for surmounting
reaction barriers in order 1o induce surface chemcal reactions that do not
occur under ambient conditions, while at the same ume avoiding surface
lattice damage induced by the more energetic ions. e g. sputtering Since the
temperature equivalent to a kinetic £ of 1 ¢V is about 1.2 x 10* K 1t follows
that ion-enhanced reactions and deposition offer access 10 a region of nonequi-
libnium processes far bevond the capabilities of thermal reactions. The chem-
ical nawre of the adspecies as well as i1s precise concentration can be
controlled by tuning the primary beam £ and bv using specific doses.
Molecular 10ns can be deposited without dissoctation at sufficienty low E. In
this energy range the cross sections for “chemical reactions”™ are much larger
than those for * physical processes™ such as sputtering or surface modifications
induced by momentum transfer processes.

2.2 Sequence of evenis in reactive 1on- surface encounters

In order to treat the reactive 10n -surface interaction, 1t is useful to list
specific clementary steps which may be important to the toal interaction.
although such solation of individual steps 15 necessanly aruficial Consider the
following events 1n the approach and collision of an active ion with a surface.
(1) Electrome charge exchange transitions between the ion and surface can
oceur dunng the approach (or departure) while the pair are separated by
several angstroms. Such processes occur by resonant and Auger electron
transitions and can produce both ground and excited state neutral projectiles.
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(2) Electronic transibons and clectron promotions can occur in the close
atomic encounter where the atomic orbitals (AQ's) of the colliding atoms
merge into molecular orbitals (MO's) of a gquasi-diatomic molecule. Such
electron promotions can result in neutralization or onization of the projectile
as well as production of highly excited autoiomzing and metastable states.
(3) Dissoctation of impinging molecular tons can occur as a result of the
charge exchunge process or the collision with target atoms.

(4) The impinging molecules or fragments can be scattered i their onginal or
altered charge state, as daughter fragments of the onginal molecule, or as some
combmation with surface atoms.

{5) Atoms or clusters from the surface itself can be directly recorled. surface
recotled. or sputtered as a result of charge and -or momentum exchange in the
collison.

(6) The impinging particles can be captured by a potential well at or below
the surface where thev react to form a compound or remain as implanted
species. I the capture probability 1s higher than the self-sputtening probability,
there 1s net depositon of the particles on the surface and for a sufficient
particle fluence a thin film 1s formed.

(7y Miffusion of the captured particles. rearrangement of the surface atoms.,
and selecuve or preferential sputtering can occur. resulting in alteration of the
film stoichiometry expected from the penetration profile alone.

{8) The clectronic excitation induced by the collimion can result in emission of
both electrons and electromagnetic radiation from the projectile. ejected
surface particles, or from the solid surface mself

2.3 Elastic and inelastic collistons

Elastic collisions are those collisions in which Kinetic energy s conserved.
re. there 1s no interconversion of kinetic and potental energv. Inelastic
collisions are those collistons 1n which 1on kinetic energy is converted nto
potential energy such as electronic excitation, ionization. and formation of
new chemical species. Reactions of active 1ons leading to formation of new
chemical species are necessanly inelastic. Since such active ion-surface inter-
actions involve a combination of some or all of the events hsted 1n section 2.2,
comprehensive understanding of the processes 1s best obtained by designing
experiments and developing models which elucidate details of these individual
events. Experiments of this nature have been designed by various research
groups. Some of the most pertinent experiments for revealing information
about these inelastic processes are as follows: (1) observations of displacements
in the scattering energy from the elastic scattenng position [10-13]. ()
detecuon of electrons emitied during the collision {14 18], (1) detection of
photons emitted duning the cothsion [19--23]. (iv) measurements of the types
and abundance of specific charge states of scattered. recotled. and sputtered
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spectes [24-26]0 (v) measurements of molecular 1on exatation and survival
probabilities during collision {2731} (vi) studies of the kineties and type of
compounds formed dunng active 1on surface reactions {32 34] and (vi)
measurements of rotatonal and vibrational excitation and fragmentation
patterns of scattered molecules [35-37] Many studies [38 48] of inelasuc
processes have heen carried out on gas-phase collistons where the number of
inelastic channels s imated and tractable. Inson surface collisions there exists
a multitude of inelastuce channels: the question of which of these channels 1s
operatne and donunant for specific on-surface collisions s an arduous
problem which constitutes the main theme of this arucle

24 Pinsical versus chemucal sputteriag

Spurtering has been defined by Sigmund (ref. [5]. chapter 2) as ™ the erosion
at the surfuce of a ~ohd as a result of energene particle bombardment that s
observable 1in the mit of small particle currents and fluences”™. Raoth (ref. [6].
chupter 31 has refined this defintuon and expounded on the aspects of
chemical sputtering. In plhivsccal spurtering, the sputtered particles receive
sufficient energy by atomie colhsions from the nadent particle. as well as
secondany particles that are set into motion, in order for them to overcome the
surface binding enerey. The mechanism of cjection ivaolves cothsion cascades
and.or local energy spikes within the sohd. In chenncal sputterig. chemical
reactions between the mcident parucles and surface atoms produce molecules
which have binding energres 1o the serface that are low enough for them to
desorb at the temperature of the substrate. Recombimation of projectife and
surfiace atoms to form molecules 1v often 2 caothermic process. depositing
excess internal energy on the molecular product. In some cases this excess
energy can be sufficient to desorb products from the surface. providing the
driving force for chemieal sputtering or desorption. The terminology reacnive
ton induced desorpuen rather than chemical sputtering 1s maore appropriate for
the Tow energy 1ons considered herem because they remove adsorbates from
onlv the outer atomie laver, while sputtening implies erosion of many layers of
4 matenal When the sputtering process or sputtering vield s altered by
binding energy changes o~ a result of implantaton of the projectiles, but the
donunant ejection mechanism remains that of momentum transfer. the process
s called chentcally enhanced or chenncally reduced phiosical sputtering.

The distinction between chicmical and phvsical sputtering s sometimes not
clear. When compound surface lavers are formed durig bombardment. com-
pounds. clusters. and fragments of these clusters are often obsenved i the
sputtered particles. Whether the ¢jection s caused by direct momentum
transfer from colhsions ar by the combination of the heat of formation of the
compound and the surface temperature which lead 1o thermal desorption. s
not alwavs known. Physicat and chemucal sputtening can be differentated by
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comparing the sputtering yields obtained from reactive ions with those ob-
tained from rare-gas 1ons of similar mass. Also, if the primary energy ts below
the physical sputtering threshold, all ejection must stem from a chemical
mechanism. Examples of this are given in section 8.

The dependence of the different sputtering and erosion processes on the
primary energy £ and the surface temperature T are shown schematically in
fig. 2. The divisions between parameter ranges are not sharp. Theyv are
determined by the binding energy of surface atoms and molecules formed in
chemical reactions. Surface species are ejected if they receive cnergy either
from the hombarding ion or from chemical recombination and thermal energy.
In the former case. the threshold energy for physical sputtering has been
estimated to be about four umes the surface binding energy [41). In the latter
case, a temperature equivalent to about 1/3 of the binding energy leads to
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Fig 2 lon energy surface temperature manifold effects in various sputtering phenomena. From
ref. [6]. with permission
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measurable molecular desorption of bulk atom evaporauon. Fig. 2 1s specific
for the case of hydrogen ions sputtering a carbon surface. Hydrogen bombard-
ment results in the formation of hyvdrocarbons (methane) which have low
surface binding energies. This results in a lowering of the threshold energies,
i.¢. chemically enhanced physical sputtering. At sufficiently high temperatures
it leads to direct chemical sputtering. On the other hand. when oxygen ions are
used to sputter aluminium. there s chemically reduced physical sputtering
because the aluminum oxide has a higher surface binding energy and is more
resistant to sputtering.

2.5 Dvnanucal uspects of the collisions

Since there is no rigorous theory to deal with this subject, 1t is informative
to consider the dvnamical aspects of the collisions in the simplest terms. Here
we give simple approximations to the distance and ume scales for the
interactions as well as the changes in energy level positions and widths in a
manner similar to that proposed by Apell [42].

250 Newrralization distance

Neutralization of slow ions with deep potenual wells occurs while the 1on s
some distance s from the metal surface. An estimate for this distance when an
clectron tunnels over to the ton can be obtained by equating the work function
w, of the surface to the energy of the hole in the approachimg ion. Electrons
with energy ow, below the vacuum level, e at the Fermu level, have the
smallest barrier 1o penetrate. The result s

s=Qe m, . (1)

where Qo s the 1on charge. This simple expresston does not include the image
potential shift which will further reduce the tunneling barrier nor the broad-
cening of the wonic energy levels due to interaction with the metal. A conserva-
tve estimnite using @ metalhic work function of 3 ¢V ois » =270 [A]. This
distance is greater than tvpical atomic sizes and interatomic separations in
sohds. Such neutralization transitions therefore oceur before the close encoun-
ter between the projectile and a surface atom
252 Tome seale for newrralization

The neutralization time can be estimated as the tme 7 required for an
electron with Fermu veloaity ) to travel from the surface to the ron while the

1on 18 at s oas
Lo=a - e oy (2)

"

The clectronic transthon peniod 1s thus 7, =2 x 10 "¢ |5, For a muluph
charged 1on. we consider that neutralization takes place in g stepwise manner.

20




S K Rascetal  Inelastie pricesses i low cnergy ion urface «ollivom 13

When the 1on reaches s for a partcular (. the potental changes o he
proportional to (Q - 1) and 5 decreases accordingly. The time ¢, required for
the 1on with velocity ¢, to travel between successive neutralizations s

to=[5Q)- Q- D]/ro=eton, . (3)

For muluply charged 1ons, the filling process can be deseribed by a dimension-
less parameter 7 as:

T= {\n/ In = "i ’/Q(.(l = (Qn[:-l QI )! :- (4)

Writing the 1on mass as M = QQ, m defines the parameter Q. introduced
eq. (4) (@, =3700). For 7> 1. the 1on 18 moving so slowlyv that we expect
neutralization to take place instantly, e, sfow multipiy charged 10ns are filled
bv an avalanche of electrons. For r =1, neutralizavon takes place in a
stepwine fashion clectron by electron. For very fast 1ons there s insufficient
time for complete neutralization.

253 Surtace response time

The ume scale of the electronic response in the sohd s important to the
form and strength of the interaction potenval. This response time 1, of the
solid 18 of the order of the tnverse surface plasmon frequency . 1e.

=1 w. (s

Fhis must he compared to the tme ¢ 1t takes for the 1on 10 el 1o the
surface from the position s for neutralizanon:

(=0 (6)

For a singhy charged 1on, assuming that 5 = 2.7 A the ume ¢, required for
an 1on of 10 1000 eV to travel from s to the surface and back out to v s of
the order of 11 " 10 10 ' 5. This defines a rapidity parameter 8 as:

B=171,=Qcw w,r,. (7)

Since w s of the order of wyo 8= Qry ey whiere 1 is the Bobr velociny
¢* h Smce 1y s of the order of . s of the same order as 7 for singly
charged 1ons and a factor Q- larger than 7 for wons with ¢ > 1.

254 Encrey lerel shifts and broadening

When an 1on approaches a surface, its energy levels may ~shift and broaden
duc tonteractions with the clectron bands in the solid. This interaction can be
composed of at least three components, Le. van der Waals attractions, overlap
of clectronic wave functions, and a Coulombic 1image foree of attraction.
Hagstrum [43] has shown that the polanizability of the 1on s o smuall that the
van der Waals forces are negligible for the range of 1on cnergies of nterest
here. The overlap of elzctronic wave functions results i two effects. an
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attracuon due o clectron exchange resulting i the tormuation of covalent
chemical bonds and a repulsion due to merpenctistion of clectron clouas and
the Paul exclusion promaple. These effects are observed as the formauon o
honding and annbondimg MO combimatons and MO promouon as the AO'S
of the colhiding atoms overlap. Such offects are discussed o maore detanl i
section 3. The Coulombie image force of attracuon [44.45] s due 1o the image
potential induced in the metal surface clectrons by the approaching jons. To
fiest order the level shift 3£ s determuned by the classical image potenual

AP = ¢ [H -k Dy (%)

where v the atom surface distince The parameter A tikes ito account the
fimte screenmmy length of the metal and determines the shift ot the classicat
image plane with respect to the surtace The Jevels are broadened by onverlap of
the atomic and metalbie wave tunctons making possible resonant electron
tunnchng through the potenual barner hetween the atom and the metal The
probabiliny Tor aresonant transition of oometal eleciron foan unoccupied level
of the won s deternmined roughlv by the Tdctime ot the cleciron near the o
vore This Tonrre itetrme relates sie Hasenberg's uncertanty redation 1o the
level width 3 Fo tirst orders thas Tevel width s gnven by Fermics golden rule

A T 20 R S - (9}

where the samas over alb metal states A that are degenerate with the atomig
foveh a0 wtar s the denviy of metal states wathin the valence hand.
reprosciis e anperturbed mteraction of the valence clectian wath the on
core The Tevel wadth s approvumately an exponentially decaving tunction o
the atem surface distance

Energy devels can be drawn that represent the potential energs of the total
weatem e 1on - surtace or neutral o osurface. for o orarcoras-hike atom that
does not form g cheniical bond A the won approaches the surface. the imaee
torce lowers the fevel of the mitial state helow the mbiie separation Tevel Ay
short distancess the repulbsion between the naand the surtace causes the
potential curves 1o rise sharply onoa o manner annlar o those descobing the
collivtion ot twos atoms As s neutral atem approaches o surface the man
vartation ob caerey devels wath distance v due to the smadl van der Wl
attrachons unttl oodistance camvalent ooapprosimateds the sans o the atosmisg
radie of the progecnle and target atom s reached A thas poant there s an
onset ot repubiive mteractions hetween collision partners and the potentigl
cnergy e taprdiy Since o radne e smadler than wtomie adine the
Jistance at which the onic potential tises due te the repulsion s shorter than
that ot the atomie potential Henoeo crosamgs betaeen the wonie soound e
and exaited st of the neatral can occur as o deareases and these carves wait
not tend to cross gz the repulsive temon Franck Condon transitons can

occur at the ceossing pomt of these curves giong the maoonung trasecton
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resulting in neutralization; reionization can also occur at the crossing along
the outgoing trajectory.

3. Experimental methods

An ideal experiment involving the use of low ene-gy reactive jon beams to
study projectile-surface reactions and collision dynamics includes the follow-
ing features: the beam is mass-selected, has a narrow energy spread, and is
tunable over a large range (1-1000 eV). Both ions and substrate targets can be
chosen from a broad range of materials. The internal state distribution of the
reactants in the beam is well-defined. The beam-surface reaction is initiated
and allowed to progress in UHV conditions, in order to minimize any role of
background gases in the reaction. The reaction products, both on the surface
and in the gas phase, as well as their internal states can be monitored by
several techniques.
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Fig. 3. Schematic drawing of a low energy ion beam assembly and UHYV analysis chamber - top
view. The compounents include: (1) 1on source and gas inlet, (2) electrostatic quadrupole doublets.
(3) vacuum pumping port, (4) ceramic isolator for flight tube. (5) 60° sector electromagnet, (6)
gate valve, (7) 6° deflector plates (to eliminate fast neutrals) and turbomolecular pumping stage,
(8) rotatable flap serving as a differential pumping baffle and beam aperture, (9) decelerator lens,
(10) LEED/AES hemispherical grid analyzer, (11) He 1 /He 11 UPS source, (12) CMA analyzer.
(13) viewport, (14) RGA mass spectrometer. (15) sample holder. (16) pulsing plate connections.
and (17) vanable gas admission scheme.
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Generation of low energy (1-1000 eV) reactive ion beams 1s one of the most
important aspects of the experiment: this requires the techniques of ion optics
established in mass spectrometry. An example of the fow energy ion beam line
and UHV spectrometer svstem [46-50) currently operated in the present
authors’ laboratory 1s shown in fig. 3. lons are generated inside a Colutron
source by electron impact discharge of introduced gases. Since it 1s difficult to
transport low energy ions over long distances, they are accelerated 1o several
keV after being extracted from the source. The beam transfer optics are
floated at the negative potential of the acceleration energy. A 60° electromag-
netic sector is used for mass selection in the beam line. Fast neutral species
emanating from the mass analyzer are eliminated by a 6° beam deflector. The
ions are decelerated to the desired energy just prior to impact with the target.
The source ionization region is maintained at 1-500 eV above the grounded
target, thus defining the collision energy.

When reactive gases are used for generating the beam, the source region.
bearn line. and scattering chamber must be efficiently differentially pumped.
This allows the reactions to be carried out under ultra-high vacuum condi-
tions, thus minimizing surface contamination and maximizing the detectability
of small amounts of surface products as well as desorbed species in real time.
In the svstem shown in fig. 3, four stages of differential pumping by ail
diffusion and turbomolecular pumps are used to reduce the gas pressure from
a few Torr in the source region down to the 10 " Torr range in the main
chamber during ion exposure.

The collision chamber has facilities for cleaning (sputtering and heat
annealing) the sample and in situ analytical techniques for characterization of
the target surface as well as the scattered and desorbed species. It contains a
cylindrical mirror analyzer (CMA) with X-rav and UV source for photoelec-
tron spectroscopy (XPS and UPS) and an clectron gun for Auger clectron
spectroscopy (AES). a 180° hemisphernical retarding grid for low energy
electron diffraction (LEED), and a quadrupole mass spectrometer for residual
gas analvsis (RGA). In order 1o perform time-of-flight 10n scatiering measure-
ments. a mass spectrometer /TOF drift tubce iy placed in the position of the
LEED optics and a pulsed 1on source is placed at the position of the RGA.

The system described above was constructed from a convenuonal UHV
chamber in order 1o meet the requirements for use with reactve jon beams and
surface spectroscopic techniques for product analysis. If nonreactive gases are
to be used for generating the beam and the interaction of these gases with the
target surface and other components can be ignored. the svstem design can be
simplified in several wayvs. An example is the system designed by Winters
[51.52] in fig. 4 for the use of rare-gas ions in low energy sputtering experi-
ments. lons are generated in region V by electron impact 1onization of rare
gases. Electrons are accelerated ‘rom the source filament F, into this region

c

and collected at electrode E. The 1ons are provided with specific ¢nergies when
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they are accelerated through the biased grids H toward the target filaments
F,_,. Tungsten filaments are used as targets and the amount of gas adsorbed
on and/or sputtered from these filament surfaces is determined by flash
desorption/ mass spectrometric detection.
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Fig. 4. Simplified set-up for low energy ion/surface studies. F, and F, are the surfaces studies.
With permission from ref. [51].
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Scattering experiments can be performed by pulsing the low £ beam and
using time-of-flight (TOF) and mass spectrometric detection methods. The
pulsing and TOF detection scheme {49] are shown in fig. 5. The slow ion beam
can be pulsed by using square wave potentials of opposite polarity on a set of
parallel electrostatic plates. By adjusting the delay of these square waves, a
window of less than 1 ps can be generated in which the sweep voltage goes to
zero, thereby gating the ion beam and generating an i1on pulse. The scattered
particles travel through a quadrupole mass spectrometer that serves as a flight
tube (when all elements are grounded) or a mass analyzer for ions. Standard
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Fig. 5. (A) Schematic diagram of the pulsing and ume-of-flight (TOF) detection scheme for 0-300

eV ions: (a) ion beam deceleration lens. (n) deflection plates. (¢) sample. (d) i1omzer, (¢)

quadrupole rods. (f} channel electron muluplier, (g) grounded aperture. and (h) fght path.

Components (d) and (¢) are grounded for TOF scattering. (B) pulsing sequence used to generate a
low energy pulsed 1on beam. With permission from ref. [49).
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[25.53] TOF detection electronics and a channel electron multiplier (CEM) are
used for detection. The CEM detects both neutrals and ions. although the
detection efficiency [53-55] for ncutrals is poor at low ecnergies. This ult-
mately determines the lowest £ at which scattered ncutrals can be detected
without post-iomzation.

Lasers or electron beams must be used for post-ionization of very low E
scattered. desorbed. or sputtered neutrals. In order 1o increase the sensitivity
of the mass spectrometer. the quadrupole should be directed towards the
sample and as close as possible, The primary beam can be pulsed or chopped
and a lock-in amplifier used to process the mass spectrometer signals {56]. The
amplitude and the phase shift of the modulated signal allows the determina-
ton of reaction probability as well as reaction time constants for the selected
reaction products. The technique of matrix isolation has been used success-
fully [57.58] for analyzing sputtered and desorbed species. In this technique. a
crvobaffle partially surrounds the sample and ejected species are condensed on
these surfaces. If the surfaces are made of a transparcat material. spectro-
scopic measurements such as absorbance versus frequency can be made
through viewports. Los and co-workers 159-61} have studied trapping prob-
abilities of hvperthermal alkali at~ri beams (0.5 -30 eV) on surfaces. The beam
is produced by sputtering an alkali target with fast argon ions and cnergy
selection s performed by means of a mechanical slotted disc selector. A cross
correfation t-chnique 1s used to determine the time response of the surface
during pombardment by the alkali atoms. The peak in this function corre-
sponds 10 the fraction of projectiles which have been reflected by the surface
and the exponential decay defines the mean residence time of the projectiles
which are inttially trapped by the surface but will desorb after some adsorp-
tion time. In earlier experiments. Lemmon and co-workers [62.63] used radio-
active “C* beams in the range 5 to 100 eV to react with hvdrocarbons that
were frozen at —196°C on a cold probe. The products were analvzed by
gas-liquid partition chromatographv on an instrument that recorded both
mass (thermal conductivity cells) and radioactivity (proportional counter)
detection.

4. Kinematics and dynamics of ion-surface collisions
4.1. Binary collision model

For ion energies in the keV range, the binary elastic collision model
provides a good descniption of ion/surface collision kinematics and the laws
of conservation of energy and momentum can be used to describe scattered

trajectories and energies [64]. Classical collision theory treats the scattered
particles as rigid spheres. where the repulsive potential between the colliding
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pair is zero before contact and infinity when the distance of closest approach
reaches the sum of the radi of the two spheres: there is no attractive potential
in this model. A detailed treatment of classical dvnamics can be found in
several texts [65- 67]. In general. the collision geometry is defined in terms of a
particle of mass M, and energy £ which strikes a target atom with mass M.
which is initially at rest. If there were no interaction between the impinging
particle and the target atom, the particle would pass at a distance s, from the
target atom; this distance 1s called the impact parameter of the collision. As a
result of the interaction. the projectile is scattered through an angle 8 relative
i0 the direction of the initial mouon and the target atom s recoited through an
angle ¢ relative to the tnitial motion. Although a complete classical dynamics
calculation that follows individual trajectories is required for spectral simula-
tion [68.69]. the major spectral features of scattered particles can be classified
into the two simple categories described below. for the purpose of interpreta-
tion and discussion. The prefix *“quasi” is used in these categories to denote
that the description is greatly oversimplified, i.e. both the scattering and
recoiling trajectories are influenced by more than just one collision partner.
However, for the purpose of spectral interpretation, it is extremely useful to
have such simple classifications for the major features.

4.1.1. Quasi-single scattering (SS)

Quasi-single scattering (SS) represents the case of one large angle deflection
that is preceded and followed by a few very small deflections. This typically
produces a sharp scattering peak whose energy is near that of the theoretical
single-collision energy. This energy E_ of a particle scattered from a single-col-
lision is given as

E.= E[(cos 0+ (47 +sin'0) 7)1+ 4)]". (10)

where 4 = M. /M . If the mass of the impinging particle 1s smaller than or
equal to the mass of the target atom, M, < M, and A > 1, then the positive
sign in eq. (10} is used. If the mass of the impinging particle is greater than
that of the target atom. M, > M. and 4 < 1. both signs are used in the
expression. The energy of the scattered particle is then found to be a double
valued function of the scattering angle. 1.e. there are two E_ for each 8. For the
case of 4 < }. the maximum SS scattering angle is

6

man

=sin ' A4. (11

4.1.2. Quasi-muluple scatiering (MS)

Quasi-multiple scattering (MS) represents the case of at least two large
angle deflections that are preceded and followed by smaller deflections. This
tvprcally produces a scattering peak that s broader and at higher energy than
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the SS peak. The high-energy limit is approximated by repeated application of
eq. (10) for each large angle deflection. For example. in a double collision. eq.
(10) would be applied twice using scattering angles of 8/2 and the E_ from the
first collision as the £ input for the second collision. The high-energy limit for
MS converges rapidly as several small angles are used to approximate the total
scattering angle. The breadth of the MS peak arises from the various
multiple-angle combinations that can result in deflection into the laboratory
scattering angle 8. Besides the higher energy peak. MS sequences also produce
a broad. low-intensity structure that can lie beneath and extend to lower
energies than ine SS peak. This brozd structure is a result of MS sequcnces
that produce slower scattered particles, e.g. a double collision sequence with
one backscattering ( > 90 °) collision and one forward scattering collision or a
sequence in which a nrojectile penetrates below the outermost surface layer.
loses energy in collisions, and then re-emerges.

4.2. Extension to low energy reactive ions

As previously stated. the binary approximation is applicable to ions with
E > 1 keV. In contrast, for ions with £ < 1 eV, particle motions are coupled to
the surface phonons and the binary collision approximation no longer pro-
vides a valid description of the scattering process. In the intermediate region
( E =1-1000 eV) there are gradual transitions from the regime of simultaneous
many-body interactions, governed by weak long-range potentials. to that of
sequences of quasi-independent binary collisions, governed by strong short-
range interactions. Likewise at these lower energies. attractive potentials
between active ions and the surface become important.

Tongson and Cooper [70] have studied noble gas scattering using a mass
spectrometric technique and concluded that the binary approximation model
is valid down to 20 eV, whereas Veksler [71] and Arifov [72] reached the
opposite conclusion for the scattering of alkali ions in the same energy range.
Hulpke (73] has interpreted the scattering of Li* from W(110) and Si(111)
surfaces at energies between 2 and 20 eV within the framework of the binary
collision model by appending an attractive part to the interaction poteatial
between the colliding partners. The extensive theoretical work of Mever and
co-workers [74] suggests that surface rainbows are due to the corrugation of
the interaction potential and therefore allow the determination of the potential
hypersurface. Recently. the importance of such ion-atom potentials in atom
ejection sequences during reactive ion bombardment simulations has been
emphasized by Harrison et al. (75]. These authors have found that at low
energies, molecular ejection (some species even containing the impinging
reactive ton) is favored over sputlering of atomic species. This observation has
significant implications with regard to the correlation of reaction probabilities,
reactive ion induced desorption or chemical sputtering of adlavers. deposition
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of films by reactive 1on bombardment, and associated effects.

Due to the relative lack of experimental data in the low energv regime. the
detailed description of the dynamics of 10n scatienng primarily comes from
trajectory simulations. One model. developed by Kasi et al. [49]. provides a
good description of the trajectories of both noble gas and active ions in the
1-200 ¢V range. This model generates the classical trajectones by solving
Hamilton's equations of motion for a syvstem consisting of the projectile and a
model surface atom lattice. The interactive potenual for each particle 1s given
as a sum of pairwise contributions and the force acting on the particle is
obtained by taking the negative of the potennal gradient The pairwise
potential emploved was the Biersack-Ziegler {76] (BZ) potential for the noble
gas on and a combination of Morse [77] and Biersack - Ziegler potentials
{MBZ) for the reactive 1ons. The MBZ potential is defined as

Vaar ()= f(s) Vi (s) + (1 - £(5)] Viu(s). (12)

where s 1s an interatomic distance. Vg, (s) and V(s) are the Biersack - Ziegler
and Morse potentials. respectively. and f(s) is the mixing function, given by:

f(s)=1, for s<s,.
f(sy=cos*{(s—s,)/2s,~5)]. for s ,<s<s,. (13)
f(s)=0. for s2>s,.

The values of s, and s, are determined from the conditions

Vyu(s,)=0 (14)
and

s, =s,/10. (15)

The MBZ potential incorporates both a short-range repulsive. interaction,
modeled by }',,. and a long-range attractive interaction. modeled by V,,.

The differences in the scattering trajectories of a noble gas 1on, Ne " and an
active ion, O". from Ni are shown in fig. 6. Whereas the scattered Ne flux 1s
strongly focused around 90° and 120°. the O~ flux exhibits a more isotropic
angular distribution.

Sclected trajectonies representing typical SS and DS events for 50. 100, and
200 eV Ne”, O". and C ' scattering from the model of Ni(111) into a detector
at #=90° are shown in figs. 7 and 8 The 1mpact parameters for these
trajectonies lie on the long axis of the surface cell and. consequently. the
trujectones are planar. The ordinates on these plots are the normal distances
of the projectiles from the surface and the abscissas represent the projectile
coordinate along the surface (figs. TA and 8A) or the ume spent by the
projectiles along the course of the trajectory (figs. 7B and 8B). As seen in figs.
7A and 8A, the impact parameters contributing to the scattering angle 8 = 90°
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Fig. 6. Trajectory simulations using a8 one-dimensional string model for 50 eV Ne” and O

scattering from Ni(111) at 45° incidence. The BZ and MBZ potentials have been used for Ne

and O, respectively. The perpendicuiar particle-surface distance versus horizontal distance along

the surface has been plotted. Atomic centers in the stnng are indicated by small circles. With
permission from ref. [49].

differ slightly for the three projectiles; zero on the abscissa represents the
position of the surface target atom that causes the first large angle deflection.

It is clear from these figures that the reactive ion trajectories. particularly
those with low energies, are bent towards the surface on both their incoming
and outgoing courses and that the large deflections away from the surface take
place within rather short sections of the trajectory. On the contrary. deflec-
tions of Ne~ trajectories away from the surface are dist\nbuled over larger
trajectory segments. It is also apparent from figs. 7A and 8A that in the low E
region, ~ 50 eV, the active ions have distances of closest approach (s,) that
are significantly shorter than those of Ne*. Such a difference cannot be
accounted for by mass considerations alone as attested by the comparable
values of 5, observed at 200 eV. Table 1 lists s, for each atom at different
energies as predicted by both the MBZ potential and the BZ potential. The
ratios of these distances, s, = $ypz/5pz. are also listed in table 1. The s,
values decrease with decreasing E. indicating that the effect of the attractive
potential on s, becomes increasingly important at low energies. This effect is
larger for C than for O, consistent with a deeper attractive well depth for C.
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The time plots show that the active ions scatter “early” along the trajectory
compared to Ne*. A combination of the lighter mass and attractive well depth
results in this scattering feature of the active ions.

Changes in the interaction potentials along the projectile trajectory have
been investigated at SO and 200 eV for typical SS and MS events and the
results are shown in figs. 9 and 10. The corresponding ion trajectories are
supenmposed on the diagrams. It is apparent that in each case a large
deflection occurs within the regions of the repulsive potential maxima. These
maxima are broader for Ne than ior O and C, particularly at low energies.
This indicates that the long-range attractive potential contributions from
nearest and next-nearest neighbors make the repulsive potential regious sharper
for the active ions. Hence. an impinging Ne® ion scatters from a more
uniformly corrugated Ni potential hypersurface than O* and C~. This makes
the scattered Ne* flux more dependent on the incoming direction (i.e. more
anisotropic) in comparison with the scattered flux of O, as indicated in fig. 6.
Also. the width of the repulsive scattering regions as well as the shapes of the
corresponding projectile trajectories at 50 ¢V show that the scattering cannot
be interpreted as a sequence of nearly independent binary collisions and that a
many-body interaction picture must be used to describe the event.
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Fig. 7. Trajectory simulations of typical single scattering collisions of Ne * ( 2O (et )

and C* (- - -) using the BZ potential for Ne* and the MBZ potential for O* and C*. (A)

Perpendicular particle-surface distance versus horizontai distance along the surface. (B) Per-

pendicular particle-surface distance versus time (in fs) along the course of the trajectory. The

origin of the ordinate axis represents the outermost atomic layer of the surface. With permission
from ref. [49].
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Table 1

Calculated fraction of scattered flux ( F) and distances of closest approach s, for SS and MS * of
Ne’. C*. and O* from Ni at @ = 90° and several primary energies £ (from ref. [49])

E (eV) F(x10-H® Supz (A) spy (A) P
Ne’ 200 14 - 0.864 -
(3 L)) (1.06)
100 4 - 1.06 -
(30) (1.36)
50 120 - 1.30 -
(220 (1.60)
o 200 5.6 0.735 0.816 0.90
0.71) (0.853) (1.01) (0.75)
100 6.5 0339 1.01 083
(1.0) (0.982) (1.27m ©77)
50 5.5 0.930 1.24 0.75
(1.5) (1.03) (1.59) (0.65)
c 200 a7 0.651 0.753 0.87
(0.33) (0.761) 10.940) (0.81)
100 5.0 0.730 0.941 0.78
(0.39) (0.853) (1.18) (0.72)
50 43 0.799 1.16 0.69
(0.48) (0.914) (L5 (0.60)

* Multiplc scattering data are in parentheses.
™ F is proportional 10 the differential scattering cross-section.

<)
St ™ Smpz/ S8z
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and from the trajectory (TRJ) calculations. With permussion from ref {49]

The relevance of such trajectory simulations can be seen by comparison to
the available experimental data. Fig. 11 shows the relative scattening energies
E /E versus E for MS and SS of Ne. C and O from Ni. The scattering
energies calculated from the trajectory simulations are in good agreement with
the experimental scattering cnergies. The trajectory calculations successfully
predict the steep increase in £ /E with increasing £ for Ne. The cale  tions
also predict a sharp decrease in £ /E versus E at low primary energies. for
active ions. however there 1s no experimental data to confirm this.

4.3. Scattering of polvatonuc ions

The scatiering behavior of polyatomic ions in this low energy range is
complicated by the presence of several additional degrees of freedom. namely
rotation, vibration and dissociation. Fig. 12 shows a typical TOF spectrum for
the scattering of 100 eV CO " from Ni(111). The spectrum is broad and
featureless. This 1s due to the fact that the scattered flux consists of not only
CO but C and O resulting from dissociation. When an 1ncident diatomic ion
dissoctates, its kinetic energy is distributed to the resulting fragments accord-
ing 1o their mass. For CO. 58% of the incident energy goes to O upon
dissociation while 42% goes to C. The scattering TOF expected for 100 eV CO
multiple scattering as well as for 58 eV O* and 42 ¢V C’ single and multiple
scattering dare indicated in fig. 12. As can be seen. the binary collision model
provides a good description of the scattering energies for this complex system.

The dominant feature of polyatomic scattering is the colhsionally induced
dissociation of the ion. There is very littie experimental data concerning the
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Fig. 12. TOF spectra for 100 eV CO° scattenng (rom Niat 90° Posinons marked are for (a) 42
eV C* muluple scattering, (b) 58 ¢V O multuple scattenng, (¢) 42 ¢V ( ° wingle scattening, (d) S¥
eV O single scattenng. and (¢) 100 eV CO multple scattering With perimission from ref. [49)

dissociation of polvatomic ions at low cnergies. however insight may be gained
by exanmuning work at higher kinctic energies.

The interaction of keV diatomic 1ons with surfaces has received a great deal
of interest in recent years. When diatonuc 1ons are scattered from surfaces. the
scattered flux consists of surviving molecular species in additon to atomuc
species resulting from dissoctation. Most of the work has been concentrated on
H: scattering [28,78-81]). At scattering energies up to several keV. small
moleculur ion fractions ( ~ < 5%) survive the collisions. even though the elastic
losses to the surface are much larger than the bond energy of the molecular
10n.

Extension to heavier diatomic ions has been confined primarily to N
129.31.82-86}. Balashova et al. [31.84] have found that some N, survives even
at collision energies up to 30 keV and also noted a strong directional
dependence to the scattered N flux. Helland and Taglauer [X3] have observed
that molecular 10n survival 1s stronghy dependent on the surface condition for
N. scattering from Ni at a primary 1on energy of 400 eV and scattering angle
of 20°. The molecular ion yield was found to mcrease by a factor of two for
scattering from o nitrided Ni(110) surface as compared to the clean or sulfur
covered surface. They attributed this to more effective vibrational quenching
of the scattered Ny by surface N than by Nior S,

4.3.1. General features of diatomc scatterig in the kel range

The energyv spectra for 2.0 heV N, scattering from gold and graphie are
given in fig. 13 (¥7]. Each spectrum consists of two peaks. the high kinetic
cnergy peak corresponding to surviving molecular 1ons and the low energy
peak corresponding to dissociated atomic 1ons. Also shown in fig. 13 are the
energies for multiple and single scartrrino of 2.0 ke¥ N and 1.0 keV N~
calculated from eq. (10). The molccuwat 10n peak occurs at the multiple
scattering energy while the atomic won neak occurs at the single scattering
energyv. This result 15 general, having aiso heen observed in CO ™ scattering
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from Mg {27]. This is expected as it is more likely that a diatomic ton will
survive multiple soft collisions rather than a single hard collision. The second
point of importa.ce is the relative width of the molecular peak to the atomic
peak. For N, ccattening from gold the atomic peak is twice as broad as the
molecular 10on peak. This is a common feature to dissociation of high energy
diatomic 1ons [88] and will be discussed in more detail below. The various
aspects of diatomic scattering and the mechanism of dissociation will be
discussed below.

4.3.2. Classical effects

The first theoretical interpretation of the scattering behavior of polvatomic
ions was given by Bitenski and Panllis [89-91]. They emploved classical
trajectory considerations to explain the survival of high energy molecular 1ons
reflecting from surfaces. Basically they consider the atoms of a diatomic ion to
move along independent trajectories. The incomir g trajectories are correlated
by the bond distance of the molecular 1on and the orientation of the molecular
axis to the direction of incidence. The scattering trajectories are shown in {ig.
14. If the incident molecular orientation s such that the relative kinetic energy

20 eV N3 SCATTERING
AT 9222
GRAPHITE SURFACE

INTENSITY (COUNTS} —=

GOLD SURFACE

8 A

e

20 15 10 Qs
SCATTERING ENERGY [xeV)

oM

Fig. 13 Posiuve 1on ESA spectra for 2.0 keV N3 scattering from graphite and gold surfaces. The

letiers represent energies calculated from eq. (10) for the following casev: (£) 2.0 keV Ny single

scattering, (b) 2.0 keV N, double «cattening. (C) 1.0 keV N * single scattenng, () 10 keV N*
double scatienng. With permission from ref. [K7]
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V-:
37

Fig. 14 In-plane doublie wattenng of a diatomic molecule from a single-crvsial surface. The

surface lattice constant of a low-index crystallographic direction s 4. impact parameters are b

and scattenng angles 8. The internuclear separation of the molecule 1s /, ¢, and o are the
velocity vectors after the scattenng. With pernussion from ref. {93].

of the two atoms after scattering is less than the bond energy, E,. of the ion,
Le.

Erd:}Ml(cl"’z):SErw (16)

the scattering is associative. If E , > £, the scattering is dissociative. Using
this approach they were able to derive expressions for the molecular ion
survival fraction. Their treatment also predicts the broadening of the energy
distnbutions of the dissociated atoms which they attribute to self-scattering of
the individual atoms. The agreement of this model is good for high energy
collisions {31.84] but poor for low cnergy scattering [86]. One interesting
aspect of this model is that it predicts overpopulation of high rotational levels
for the surviving molecular ion. This has vet to be confirmed experimentally.

Jakas and Harrison {92] performed Monte Carlo simulations of diatomic
scattering and found that such phenomena as target atom recoil and inter-
nuclear interactions play an important role in the survival of the molecular
ion.

4.3.3 Electronic effects

The most extensive work on electronic effects in diatomic scattering was
performed by Heiland et al. [93]. The classicai considerations of
Bitenski- Panllis and Jakas-Harrison can account for surviving molecular
1ons. atomic 1ons and neutrals in the scattered flux of a diatomic 1on. These
approaches cannot account for the scattening of neutral molecules as this
would require electron transfer from the surface to the molecular ion. Scattered
ncutral molecules have been observed [29.30.49,86,94-96] in time-of-flight
spectra of scattered diatomics from a variety of surfaces. For example. fig. 15
shows the ume-of-flight spectrum of 550 eV N scattering from Ni(111). The
scattered ions have been accelerated after scattering. It is clearly observed that
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Fig. 15. Time-of-flight spectra of 550 eV N. scattering from Ni(111). The sharp peak super-
imposed on the neutral position is due to neutral N,. With permussion from ref. (93].

the majority of the scattered flux is neutral. Also the sharp feature at the
center of the neutral peak is assigned to neutral N, scatiering. Obviously at
the lower energies employed in these experiments, charge exchange with the
surface plays an important role.

Heiland et al. {93] have proposed a model for electronic interaction of
polyatomic ions with surfaces. Fig. 16 depicts schematically the possibie
charge exchange processes between an incident diatomic ion and the surface.
Neutralization of the incoming ion can proceed via resonant transfer between
the surface valence band and molecular orbitals of the 10on at the same energy

14

Y

Electron Energy

Molecule lomzatern tner gy

]

Internuclear Separation n Molecule

Fig. 16. Schematic illustration of possible charge exchange processes between a molecule and a

surface. On the left is the “Fermi-sea™ of solid state electrons. To the right the ionization energy

of three typical molecular states as a function of the internuclear separation. The states shown are

the ground state. an antibonding state corretating with 4 + B and an exaited state correlating with

A* + B. Some possible electronic processes are resxonant neutralization RN, resonant onization
RI and Auger neutralization AN. With permission from ref. [93].
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or by Auger neutralization 10 molecular orbitals lying below the valence band.
Electron transfer into a bound molecular orbital results in neutral molecular
scattering. Transfer into an antibonding orbital results in dissociation and
neutral atomic scattering. The energy of the transferred electron in excess of
the dissociation limit is given off as relative kinetic enerev of the resulting
fragments upon dissociation. Thus explains the broadened energy distribution
of the scattered molecular fragments. Snowdon et al. [25] analyzed the energy
distribution of scattered neutral atomic N following N, scattering from
Ni(111) by transforming the experimental energy distributions into relative
kinetic energy distributions in the center of mass system. The relative kinetic
energy distributions they obtained are shown in fig. 17. The relative kinetic
energy distribution is constant for primary ion energies less than 1 keV. At
higher ion energies the distributions broaden and the tail extends to higher
relative kinetic energies. They attribute this to the contribution of rovibra-
tional excitation at higher primary ion energies. Their work suggests that
classical breakup mechanisms (i.e. rovibrational dissociation) is negligible at
primary ion energies below 1 keV and that electronic excitation is the primary
dissociation mechanism at these lower energies.

Additional support for electronically induced dissociation comes from
studies of the effect of lowering the work function of Ni by Cs adsorption on

; and O; scattering {96]. The effects are shown in fig. 18. The neutral N,
yield increases dramatically upon Cs adsorption, clearly indicating the role of
electron transfer in the formation of neutral N,.

The work of Heiland et al. clearly demonstrates the role of electron transfer
in the collisional dissociation of diatomic ions leading to neutral atomic
scattering. Sass and Rabalais [87] have recently reported a study of N;
scattering from graphite and gold surfaces. They measured the energy distribu-
tions of the scattered N* ions resulting from dissociation. These energy
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Fig. 17. Relauve kineuc energy distribution of N atoms observed following dissociative attach-
ment to N7 at a Ni(111) surface. E, is the pnimary ion energy. With permission from ref. (93)
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Fig 18. Neutral particle time-of-flight spectra of 1.5 keV N3 interacting at grazing incidence with
(a) clean Ni and (b) Ni+Cs. For O under identical conditions (c) and (d) are observed. With
permission from ref. [93).

distributions were then converted to relative energy distributions in the center
of mass system and are shown in fig. 19. The behavior is similar to the neutral
N data of Heiland [95]). These relative kinetic energy distributions reflect the
energy released upon dissociation. The incoming N; can undergo resonant or
Auger neutralization according to the mechanism of Heiland {93) leading to
neutral scattering. lonic scattering arises from those molecules which curvive
in their original charge state or are reionized on the outgoing trajectory. Those
molecules which survive in their original charge state collide with a surface
atom in the close encounter. In the close encounter significant orbital overlap
between the target atom and the molecular ion occurs, resulting in electron
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promotion according to the Fano- Lichten mechanism [97]. Electron promo-
tion into an antibonding state of the molecular ion results in dissociation. For
N. . the relative kinetic energy distributions indicate that most of the molecu-
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Fig. 20. Energy level diagram for N The ordinate represents the potential energy of an clectron

bound to Ny . The zero of energy is the zero-point energy of ground state 'E° neutral N, The

Franck -Condon region illustrates a transition feading 1o dissociation into N( ‘Ss ¥4+ N ('P)y With
permission from refl [87]
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lar ions dissociate from levels 0-9 eV in excess of the dissociation limit.
Examination of the N, energy level diagram in fig. 20 shows that electronic
excitation of N, in the close encounter to the dissociative D:IIK state or
predissociative C*X, state will give rise to these relative kinetic energies. Thus
electron promotion in the close encounter may also play an important role in
the collisionally induced dissociation mechanism of molecuiar ions.

4.3.4. Extension to large molecules

Cooks and co-workers [35.98.99] have studied the fragmentation of large
molecules such as metal carbonyls and hydrocarbons following low energy
( < 100 ¢V) impact with metal surfaces by mass spectrometry. The fragmenta-
tion patterns show a strong dependence on incidence energy., however in
general much nicher fragmentation patterns are obtained from this method
than from gas-phase collisional induced dissociation. This area of research
promises to develop into a powerful new analytical tool in mass spectrometry.

5. Charge transfer process in ion-surface collisions

Inelastic processes in ion-surface collisions can result in the conversion of
translational kinetic energy into electronic excitation and ionization of the
atoms in the collision pair. This electronic excitation of the scattered or
sputtered particles can result in such phenomena as shifts in the scattering
energy from the elastic scattering position [10-13]. variation in the specific
charge states of the sputtered or scattered species [{24-26] or emission of
electrons and photons from the projectile or target species {14,19).

In the past, most studies of inelastic collisional processes have been carried
out in the gas phase [38-40] where the number of inelastic channels is limited.
The study of ion -surface collisions is complic»:cd by the multitude of inelastic
channels possible. One of the major goals of research in this area is to
determine which of these inelastic channels are operative in specific ion-surface
collisions.

Projectiles scattered in distinct single binary collisions (SS) with a surface
atom offer a unique opportunity to study inelastic ion-surface coilisions in
that their trajectories and velocities are well defined. Likewise, directly re-
coiled (DR) surface atoms constitute a specific case of secondary particles for
which the collision energy, DR atom velocity, trajectory and point of origin
are well known. The study of these well defined cases of primary and
secondary particles allows the channels bv which the translational energy of
the primary ion is converted to electronic excitation and ionization energy to
be determined. The fraction of primary or recoiled atoms in an ionized state as
a result of a specific scattering or direct recoiling event is determined as the
differential ion fraction Y, _. The 1on fraction is the ratio of the number of
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positive, N*, or negative. N, ions 10 the total number of particles recoiled or
scattered into a specific solid angle, and is given by

Y. =[(N+N'7)=N]/(N+N"+N"), (17)

where N is the number of neutrals. In this chapter we will atiempt to give an
overview of the methods by which ion fractions are measured and the
information that the measurement of ion fractions provide on the charge
exchange channels operative in ion-surface collisions.

5.1. Experimental considerations

The measurement of scattered and recoiled ion fractions requires the ability
to separately analvze the scatiered or recoiled neutral and ion flux. Two basic
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Fig. 21 Schematic diagram of UHV chamber for TOF scaitering and recoiling, X-ray and UV

photoelectron spectroscopy. and mass spectiometry (A) cylindnical mirror electron analyzer, (B)

quadrupole mass spectrometer, (C) electrostatic deflector, (D) electron multiplier detector, (E)

clectrostatic lens, (F) pulse plates. (G) Wien filter, (H) Colutron ion source, and (1) sample. The

UV and X-ray sources project out of the plane of this diagram and are not shown. With
permission from ref. [125]
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approaches to this problem have been emploved. In the first approach [100).
the reflected ions are first analyzed with an electrostatic analyzer. The neutrals
are then analyzed by first electrostatically deflecting the scattered ions from
the scattered flux. The remaining scattered neutrals then pass into a stripping
cell where they are ionized by collisions with a buffer gas. The resulting ions
are then analyzed with the electrostatic analyzer. The ion fraction is then the
ratio of the signal for scattered ions to the signal when the neutrals are
ionized. This approach suffers from the efficiency of the stripping cell which
limits the accuracy of the measured ion fractions and the types of species
which can be studied.

The second method for the measurement of ion fractions employvs time-of-
flight detection of the scattered and recorded particles [25]. A schematic of the
apparatus used in these experiments is given in fig. 21. Basically, a pulsed ion
beam is directed at the sample and the scattered and recoiled flux is velocity
analvzed by time-of-flight (TOF) techniques. TOF analysis allows the simulta-
neous measurement of the velocity spectrum of both the neutrals and ions.
The TOF spectrum of the neutrals only is then measured by electrostatic
deflection of the scattered ions before they reach the detector. The ion fraction
can then be obtained by subtracting the neutral only ( N) spectra from the ion
plus neutral (N' + N™ + N) spectra. The ion fractions determined by this
method are more accurate than those determined with the use of a stripping
cell since the neutrals are measured directly. It is also applicable to any
system. This method does suffer, however. from the inherently lower resolu-
tion of the TOF velocity analysis than electrostatic energy analysis.

5.2. Model for scattered ion fractions (Y, _)

Scattered ion fractions have been measured for several ion/surface combi-
nations [19,24.25.100-110}. For noble gas [109] and active 10ns [105] on metal
surfaces, Y, values range from 0-70%. while for alkali ions [110), Y, is
typically > 80%. In order to trace the phenomena that contribute to this wide
range in scattered ion fractions. the collision sequence must be analyzed at all
points of the scattering trajectory. Due to their low ionization potentials, the
alkali ions represent a specific case of primary ion and will be treated
separatelv below.

We divide the ion trajectory near the surface into three segments: (i) the
incoming trajectory, (ii) the close encounter, and (iii) the outgoing trajectory.
In steps (i) and (iii), it is assumed that charge exchange occurs via Auger and
resonant transitions according to the treatment of Hagstrum [111}]. In segment
(ii). the ionization and neutralization probabilities are determined by the
distance of closest approach. s,. according to the Fano-Lichien mechanism
[97.112).
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5.2.1. Incomung and outguing trajectortes

The transition rate R(s) along the incoming or outgoing trajectory is
assumed to be only a function of the perpendicular distance s of the ion from
the surface. Assuming a simple exponential rate function {111].

R(s) =4 exp(—as), (18)

where A (time ') is a pre-exponential constant and a (distance ') determines
the ion-surface interaction range. Defining P;(s, v,) as the probability that a
particle with incoming velocity v, perpendicular to the surface will reach s in
its original charge state, it can be shown that

P(s.v)=exp[—(A4,/av,)exp(—as)]. (19)

For an outgoing particle, P (s, t,) is the probability that a particle with
outgoing velocity ¢, perpendicular to the surface will reach s= oc in its
onginal charge state and is given by

P.(s. v,) =exp(A,/ac,)[exp(~as) - 1]. (20)

5.2.2. The close encounier

In the close encounter. we define two additional processes, Py(sq) and
P,(s,) which are functions only of the distance of closest approach s, for a
given projectile/ target combination. P (s,) 1s the probability for neutraliza-
tion of ions that have survived the incoming trajectory and Pi(s,) is the
probability that neutrals formed along the incoming irajectory will be re-
ionized at s5,,. The mechanism for Py(s,) and P,(s,) is according to electron
promotion in the close encounter as described by united-separated atom
diagrams [97.112]. i.e.. the Fano-Lichten mechanism. These processes, coupled
with electron transfer on the incoming trajectory. P,. and outgoing trajectory.
P,. are shown schematically in fig. 22.

In the discussion above, 1t was assumed that the scattered primary ion can
assume only two charge states, namely m=0, +1. This 15 because the
production of negative charge states for noble gas ions. the primary ions used
in the majonty of these studies, is negligible. Also at the primary ion kinetic
energies used in these studies (0.1-10 keV), the production of multiply charged
positive ions is insignificant.

5.2.3. Final Y, expressions

Based on these assumptions. expressions for the scattered ion fractions Y.
are derived by considering a primary ion beam of N, ions impinging on the
surface. The vield of scattered atoms in charge state m. N™, is given by

N™=kN; (do/d2) AQ nP™, (21)

where k is a spectrometer constant, do,/d£2 is the differential scattering cross
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Fig. 22 Denvauon of the probabilities for consecutive neutralization and (omzation along the
three segments of the ion trajectory. Only two channels vield ions: the upper channel produces
Pr type and the lower channel produces Py type tons. With permission from ref. (109].

section, A8 1s the acceptance solid angle of the detector, n 1s the surface atom
density and P” is the probability for atom N to be in charge state m = 0. + 1
at s = « following a scattering event. Tracing the probabilities for consecutive
neutralization and ionization along the threc segme s of the scattering
trajectory as shown in fig. 22, it is found that onlv two channels vield scattered
tons, Py and P.. P, represents ions which have survived neutralization in
all three segments of the scattering trajectory while P, represents ions formed
by reionization of neutrals formed on the incoming trajectory in the close
encounter. The overall positive ion scattering probability is then

P" =P+ Pey. (22)
where

Por = P,P(1 = Py). (23a)
P, =(1-P)PP,. (23b)

The neutral scattering probability is given by

P'=P(1 =P )(1-P)+PPy+(1=P)P(1-P,)+(1-P)1-P,).
(24)

The scattered ion fraction is then
Y, =N"/(N + N)=Pyp + Py (25)

Eq. (25) has the expected behavior in the himits of low and high kinetic energy.
For example. at low incidence energy where s, 1s large. inelastic processes in
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the close encounter are negligible, hence
P.=P -0 and Y,=PP,
as described by Hagstrum [111]. In the high energy himit,

v =¥

L =r.
and therefore

P=P -1

Y, 1s then given by

Y.=1-P_.

i.e.. the only neutrals are those produced in the close encounter.

5.2.4. Transition probahilities

Rigorous calculation of the electronic transition probabilities or charge
exchange probabilities in the close encounter and along the incoming and
outgoing trajeciories are beyond the scope of this paper. Such calculations
represent an active area of research [113-119]. This section presents a qualita-
tive approach which can be used to understand the general behavior of ion
surface charge exchange.

KINETIC ENERGY (keV)

TR ,;;;\;
: @ iics i
0.2 0.4 0.6
DISTANCE OF

CLOSESTY APPROACH (A)

Fig. 21 Calculated distances of closest approach versus primary ion kinetic energy for Ne, Mg

collisions at 22° and 45° and Ar,/Mg collisions at 22°. The sum of the radi of maximum radial

charge density for vanous combinauons of the L and K shells are indicated on the figure With
permussion from ref. {109].
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Consider electron promotion in the close encounter. The processes oc-
curring in the close encounter P; and P. have a strong dependence on the
actual distance between the colliding atoms. The distance of closest approach
s, can be calculated from scattering calculations [109]. Plots of s, versus E are
shown in fig. 23 along with the positions corresponding to the sum of the radii
of maximum radiai charge density for various combinations of electronic
shells of importance in Ne ® and Ar’ collisions with Mg. The plots show that
for incidence cnergies greater than ~ 2 keV. significant penetration of the core
atomic shells 1s achieved.

Specific electron promotions in the close encounter can be predicted [112]
by constructing separated-united atorn diagrams and using diabatic correla-
tions [120]. Such diagrams. as fig. 24. show that as the separated atoms merge
to form a molecule. filled MO’ resulting from inner shells cross neutral MQO's
that correlate to higher principle quantum number AQ’s of the separated
atoms. As atoms approach and recede from each other, electronic transitions

10°

T

Trrr I

Electron Enerqy(eV)
53
TIITTYTT 7

mwarrrr i

AL BRI

104

|

Ne'+Mg ' Ar Ne'+O
Internuclear Distance ——

Fig. 24. United-separated ~.om correlation diagram for electrons in the field of two differently

charged nucler. Dhabatic MO's conneet levels of the infinitely separated atoms (nght) with those

of the united atom (left), maintaining the same value of the quantum number difference (n — /).

MO with m = 0. 1.2 (0. #. §) are denoted by solid. dashed and dotted lines, respectivels With
permission from ref [109]
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can occur at these crossings with the result that electrons can be trapped in
AOQO's of high principal quantum number. The resulung electronic configura-
tions yield autowonizing and highly excited discrete states whose lifetime
(10 77-10 “ s) are longer than the collision times (10 "' 10 ' s,

For Ne-Mg collisions, fig. 24, the diagram shows that excitation energy can
be channeled into Ne through 1ts 2p orbital which correlates with the highly
promoted 4fc MO. Electronic transitions {121} {rom the 4fa MO to other o
MO’s (e.g.. 3s, 4p. 4s, etc.) can occur via radial coupling and transitions to 7
MO’s in which the component of orbital angular momentum along the
internuclear axis. .1. changes bv one umt (e.g.. 3p, 3d. 4f) can occur by
rotational coupling. Autoionizing and excited states produced in this encoun-
ter are major contributors to high Y, values. Although such diagrams are only
qualitative. the significant feature 15 that electrons occupying highly promoted
MO's are very weakly bound to the molecule ( ~ 1 eV binding energy) and are
easily 1omzed.

Consider the mcoming and outgoing trajectory of the scattered particle.
Electronic transitions along these trajectonies are governed by the relative
positions of the electronic energy levels of the sohd and scattered particle. The
transiions can be divided into two categories. resonance and Auger transi-
tions. Letung N™ represent a scattered ion of charge state m and S represent a
target surface with v electrons in its valence band. a resonance transition can
be represented as

N4 xe, N7 e (v-T)ey (26)
In such a resonance surface-to-particle charge-transfer transihon (§ = N)
an electron tunnels from a filled level of the solid into a level contining a
vacancy at the same energy of the parucle. Transition 1T or (§ — N) can oceur
only when the particle possesses a vacaney in the level £ which is within the
energy bounds ' £y | < [EM | < |Eglor {E | <L) < | £,1. Resonant par-
ticle-to-surface charge-transfer (N — S) transitions can only occur when the
scattered particle possesses an occupied level EN which satsfies the condition
E'<E, and E < E,
A two-clectron or Auger surface-to-particle charge-transfer transiton (« S
= Nynvolves the simultaneous transition of two electrons such as

NT e, oNT la(u-2)e He (=9

In this process an electron from a filled valence band of the solid tunnels into
the scattered particle well and drops inte a discrete vacant level: a second
electron of the sohd 1~ excited into the conduction band or ejected into the
continuum. An Auger transition can only occur when the scattered particle
possesses a vacaney in the level £ which saushes the conditions. for 4 metal
Ey < E' and for an msulator (£ < ES and TR < (28,0 CF |
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5.3 Extension of model 1o directlh recotled (DR) 1on fractions

DR 1en fractions are typically less than 30% [122 125] The model of 1on
fractions of scattered 1ons s directly apphicable to the 1on fractons of DR
particles with two modifications, First. since the DR particle onginates at the
surface. 1ts trajectory consists of only two segments: (1) the close encounter
and (i1) the outgoing tragectory. Secondlyv. the onginal charge state of the DR
atom n the surface is not as clearly defined as an impinging 1on.

Two Fano -Licnten type processes are defined in the close encounter. P
and P7. Considening target atoms in charge state m. P s the probabiliny
that these atoms will be reduced to charge <tate (m~ 1) and P77 1s the
probabihity that these atoms will lose one clectron to produce charge state
(m + 1) as a resuft of the collision. These processes are shown schematically in
fig. 25, Here the subseripts 1. 20 and 3 denote. respectively, the undisturbed
target atom, the atom mimmediately after the close encounter with a projectile
atom. and the atom anfinitely far from the surface following the outgoing
trajectory. Prnior to the close encounter. the number of target atoms tn charge
state moas V7 Following the encounter the charge states are described by AV,

wheren=m. m+ 1. 1form= - 1andOand n =0and ! for m =1 These
hounds mit the maximum charge state to n = + 1 and prohibit the reduction
to negative rons = — 1 as a result of the colhision. The upper hmitation

n= ~1 s used for simplification and because previous studies [109) have

Surfoce Atom '
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NZ =N2 Po
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Fag 25 Dervauon of the prohabilities for consecutive charge exchange dunng the close encounter
and cutgomg trajecton of g DR sequence With permission from ref {124)
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shown that the fraction of multiplv charged DR ions produced in this energy
range is low. The neglect of reduction to n= -1 during the collision s
supported by experimental data. for, as expected. a relatively unstable species
such as a negative 1on will tend not to survive in the violent high-energy
environment of the close encounter.

Electron exchange on the outgoing trajectory occurs via the same mecha-
nmism as for scattered 10ns. The probabtlity that the particle will reach s = x in
charge state m 1s given by eq. (20).

These processes are shown schematically in fig. 25. At v = ., the charge
states are described by NV, where n=m, m—1...., = 1. This himits electronic
processes on the outgoing trajectory to electron pickup by the particle, i.e..
charge reduction down to n = —1 rather than the energeuc process of electron
loss by the particle. ¢.g.. iomization. Using the scheme of fig. 25. the probabili-
ties for production of a DR in charge state m. P™. can be derived for various
initial charge states. The resulting Y., values are listed in table 2: here the
initial negative and positive charge states are taken as — 1 and + 1.

Analogous arguments to those for scattered ions give a qualitative descrip-
tion of the transition probabilities of DR. Fig. 26 shows that in Ar-Si and
Ar - O collisions. excitation energy can be channeled into St and O via their 2p
levels which correlate with the highly promoted 4fo MO. Electronic transitions
10 4fo and other promoted MO's produce autoionizing states in the DR as the
atoms recede. Transitions to partially filled Si 3p or O 2p orbitals can produce
high Y . values. Experimentally it is observed that Y| values for O and €
DR are considerablv lower than those for Si° [124].

Table 2
Expressions for ¥ ., for imual neutral. negative. and posttive bonding envirenments and the
hmuts of ¥ as ¢, = and 6 (from ref. [109])

Limitsof ¥,

[ o v, oo

ry*0 [
DR from neutral encironment T
Y.=PUP; v Pt
Yo= Py - PUP e )P
Y o=1-PUI=PI Py TR | §]
I)R /"I'I" "t'gul” e entironment
Y.=P PP’ 0 ror
V,=P'P {1 -P P 0 S B T
Yo=r-pPPo0 PP P PR e, L
DR from posie ¢ encironment
Y- P - Py i I
P AN N SO § I A ) PP I
Y =1-P7(0 Py P PI P L-r P Pl 0
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Fig 26 United atom (UA) - separated atom (SA) correfation diagrams for electrons an the field

of two differently charged nucler. Diabatic MO's connect the levels of the infinutely separated

atoms (nght side) with those of the united atoms (left side)r. mamtaining the same value of the

quantum number difference (n ~ 1), The diagrams are specifically for Ar *S1 and Ar/0O colhisions

and experimental energy levels are used. MO's waith M =0, 1. 2 ta. ». §) are denoted by solid.
dashed. and dotted lines, respectively. With permission from ref [124).

This result 15 1n agreement with the predict:ons of Barat and Lichten {112].
1.€.. excitation cross secttons should rise to a maximum for collision partners
of similar Z and decrease with increasing Z. The similar atomic number of Ar
and Si results 1n good orbital matchups and efficient promotion.

In the outgoing trajectory. resonance charge exchange can occur between
the DR and the surface as shown in fig. 27 for Mg DR from Mg and MgO.
Auger transitions are also important as shown in fig. 28 for 51 DR from Si and
Si0..

For the Si case. Si’ ions can be neutralized by (S - N) and (~ S = N)
transitions and St~ ions can be neutralized by (N — S) transitions. Emerging
neutrals cannot undergo (N — §) transitions to produce positive tons because
the valence band of Si is filled. For SiO, the large hand gap makes it
improbable for emerging Si* and Si  to undergo charge exchange processes
with the surface. resulting in enhanced Y, values.
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Fig 27 Electron energy diagrams representing o particle departing a surface as a result of
collision. The electronie band structures are for magnesium metal (a) and magnesium oxide (b
and the diserete wonization potential of Mg s shown in the potential well. The abscissg represents
the distance from the surface to the departing pacucles. and the ordinate represents the energy of
an electron in the solid or particle The filled valence band 1s shown shaded The most probable
charge-tramsfer electron transiton that can occur between the particle and the surface while the
deparung particle 1s within Angstroms of the surface s indicated. This represents a resonance
surface-to-parucle (8 — Ny trunsition from the valence band to vacant level, £ of the particle.
¢.2. resonance neutrahization of a departing positive 10n nto an excited level or ground state of
the neutral spectes. A resonance particle-to-surface (N — S transition from an occupied level, £
of the particle into the conduction band can occur 1f the two levels are resonant A two-electron
Auger prowess in which a valence band clectron tunnels mto a particle vacancsy at £ and the
energy gamed s transferred to another valence band efectron which can be exaited into the
conduction band or gjected into the continmuum. ¢ . Auger neutralization of o departing positive
1on can occur if | £ | < {EN| for a metal and £ | > (2E ) - | E, | for an nsulator. With
permsston from ref (123].
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5.4. Examples of DR and scattered ion fractions

Fig. 29 shows the primary ion energy dependence of the scattered ion
fractions of Ne™ and Ar'* from Mg. The Y, values are strongly dependent on
the primary ion kinetic energy £ and scattering angle 8. The Y. values all nise
steeplyv at low energies and reach a plateau at high cnergies and they are
several times higher for colhision partners of similar Z. e.g. Ne “Mg. than for
partners of widely different Z.

Y. values for direct recoils show a similar threshold behavior as shown in
fig. 30 for F" and Li" recoil from LiF. The F  fraction and Y values in
general show a very diffcient behavior, usually exhibiting o maximum or flai
region at some intermediate energy and decreasing with increasing energy. It s
evident that the Y, and ¥ values show a distincthy different energy depen-
dence.

S.5. Applications of the models of scattered and DR 1on fractions
pp .

S.5.1. Scattered 1on fractions

Eqg. (22) has several unknown parameters including Py. P,. 4,. A,. and a.
In order to fit this expression to experimental data, it is necessary to make the
assumption of equality in the close encounter. This assumes that at a given
distance of closest approach s,,. P and P, are constant and mdependent of £
and scattering angle 8. Eq. (22) can then be solved for P and P,.
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Fig. 29 Scattered 10n fractions Y, versus primary kinetic energy £ for Ne ™ scattering at 22° and

45° and Ar " scattening at 22° from Mg. The kinetic energies corresponding to overlap of spectfic

atomuc shetls are indicated on the figures as A - Ne, Mg, (45°1. B - Nep My, (22°) C .

AryMgy (2270, D - Ar, Mg, (22°). The sohid lines represent the fit of eq (11) to the Ne ™ Mg
227 and 45° data. With permussion from ref [109].
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With permission from ref [125]

The model predicts that Y| = P P, in the low energy limit. Fig. 31 shows a
plotof In Y, versus (1 /0, + 1 /) (egs. (19) and (20)). The plot is linear, as
expected. for energies below 4 keV for Ar’ /Y " collisions at 22°. No linear
region is observed at 45° scattering angles, indicating that the low energy limit
is obtained only for lower incident kinetic energies (larger s, values).

The slope of the hine in fig. 31 give an estimate of the parameter ratio
A-w=155x10"cm,~. This ratio has been labeled [41 -43) the “characteristic
velocits™ . The hinearity of the plot indicates that excitauons in the close
encounter. Py and P,. arc negligible at £ < 4.0 keV and 8 = 22° but not at
45° for even the lowest energies measured. Similar results are obtained for
Ne " /Mg collisions [123] in which P, and P were neghgible at £ < 1.5 keV
and 6 =22° but not at higher scattering angles. Esumates of ¢ = 4/a
(126 128) range from 10°-18" cm/s and the values determined from this
model fall well within this range. Fitting eq. (22) to the experimental data
gives 3<u <6 A ' and transition rates of 10 < 4 <10 s ' This is the
expected order for radiationless Auger and resonant transitions.
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The values of P, and P, determined from fitting the data for Ne ' /Mg and
Ar' /Y collisions are shown in fig. 32. Consider the Ne' /Mg results. The
probability P, of reionization of neutrals formed on the incoming trajectory
rises from zero at s, = 0.68 A 10 unity at s, =0.17 A. The stecp rise begins
near the s values corresponding to the distance for Ne L-MgL shell overlap.
The probability P, of neutralization of 1ons surviving the incoming trajectory
goes through a maximum in the 0.3-0.6 A region. In general as s, decreases P,
and Py increase due to electron promouons resulting from L shell overlaps. In
this region Py < P, because the small inclastic losses provide for preferenuai
population of the lower energy excited states rather than higher energy
autoionizing states. For s, < 0.5 A, P, continues to increase while P de-
creases slowly. In this region. the large inelastic losses result in preferential
population of autoionizing states, yielding high ion fractions.

5.5.2. Positive DR ivn fractions

The expressions of table 2 show that Y, in a necutral environment 1s
determined by the ionization probability in the close encounter P¢ and the
survival probabilitv P, of the ion leaving the surface. Similar expressions are
obtained for the two other environments. In the negative environment there
are two consecutive lonization probabilities in the close encounter, i.e . from
negative to neutral (P1) aud then from neutral to positive (£7). In the
positive environment, (1 — P*) is the probability that a positive surface atom
is not neutralized in the close encounter. The expression for the neutral
environment Y, = PP’ has two parameters, P? and A /a. which must bhe
determined for each projectile-target pair. Plots of In Y, versus 1/¢, do not
provide sausfactory linear plots. for P is velocity dependent [106.107). As
previously discussed, values of 4/a were determined for Ne ' scattering from
Mg and Ar’ scattering from Y at low energies where P! approaches zero;
these values are 4.9 X 10 and 5.5 X 10® cm/s, respectively. Such low energies
are not practical for DR measurements because relatively high ion energies are
required to produce DR neutrals that are sufficiently energetic for detection.
Due to the relative insensitivity of the previously determined [109] 4 /4 values
to the specific scattering system, an average value of 4/a=5Xx10% cm/s is
used in the expression Y, = PP} for the purpose of observing the energy
dependence of P'. The resulting P values as a function of energy are shown
in fig. 33. The somewhat arbitrary manner of assigning A /a renders arbitrari-
ness in the resulting PY values. however the trends observed in P! as a
function of energy remain valid and provide a physical interpretation of the
ionization process. In all three cases, PQ rises from a small value at low energy
and reaches a plateau region at higher energy.

5.5.3. Neganve DR ion fractions
The expressions of table 2 show that ¥ | for atoms in a neutral environ-
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Fig. 33 Values of the probabilities of ionization in the close encounter P and the probabilits
that a neutral atom wifl capture a surface electron on its outgmng trajectory (1~ 2) as a function
of primary ion kinetic energyv. With permission from ref. [124).

ment. is determined by both P? and P, as well as the probability P} of the
neutral atom leaving the surface without capturing an electron. The P? and
P, values calculated above along with the experimental Y _ values can be
used in this case 10 determine P;. The probability that a neutral atom will
capture a surface electron on its outgoing trajectory is then given by (1 — £)).
The quantity (1 — Py) is plotted in fig. 33 as a function of £ for Si” and O~
direct recoils. The plots show that (1 — PQ) is high at low velocities and either
decreases or remains approximately constant as velocity increases. For surface
atoms in a negatively charged environment, the probability of neutralization of
a negative ion in the close encounter P, becomes important (table 2) and Y
as a function of E, depends on the behavior of the product PP ;. For surface
atoms in a positivelv ~haroed anvironment, the probability of neutralization of
a positive ion in the close encounter #' becomes important (table 2) and Y.
depends on P*, Py . and PY.

5.5.4. General trends in DR ion fractions

The data presented herein show that high negative and positive ion yields
are obtained for some DR species and that the behavior of these two
oppositely charged species as a function of energy is distinctly different. This
different energy dependence indicates that the two types of ions are produced
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by distinctly different processes. These processes can be represented qualita-
tively according to the expressions derived (table 2) from the model.

The positive ion yields rise from a value near zero at a specific collision
energy. increase with energy, and eventually reach a plateau at higher energies.
This threshold-type behavior indicates that inelastic processes occurring dur-
ing the close encounter, such as ionization of neutrals (P, ), are responsible for
positive ion formation. The negative ion yields are usually high at low energy
and exhibit a flat or decreasing yield with higher kinetic energy. This behavior
indicates that formation of negative ions does not require the violent colli-
sions. Their formation is largely dependent on the ability of the outgoing
neutral to accept an electron from the surface. This probability is described as
(1 — PJ). where the survival probability of the neutral P? increases with
increasing energy. As noted from table 2, other terms such as PY. P/, P,,
and P can be involved in the Y_ function depending on the initial charge
state of the surface atoms; combinations of these terms can result in unusual
shapes for the Y _ yields versus energy.

5.6. Effects of chemical environment on DR ion fractions

The data show that Y, _ values are strongly dependent on the chemical
nature of the atoms in the surface. For example, comparing Si to SiO,, MgO
to Mg(OH),. and graphite to hydrogenated graphite, the Y, _ values exhibit
large differences. Both the chemical environment of the atoms and the
different charge exchange probabilities along the outgoing trajectory can
contribute to these different ion yields.

5.6.1. Influence of H on O and C DR ion fructions

The large influence of hydrogen on the O and C”* yields is particularly
interesting. Both oxygen and carbon have positive electron affiaities, their
negative ions are stable, and their positive ions have a higher probability of
being neutralized along the outgoing trajectory than the negative ions; all of
these factors contribute to high Y_/Y, ratios from the oxide or graphite
surfaces. In the case of a OH or CH moiety, a direct collision from Ar will
result in transfer of most of the momentum to the heavier O or C atom. The
recoiling O and H or C and H atoms will have different velocities, leading to
dissociation of the OH or CH group. It should be noted that we have never
observed molecules in DR spectra, indicating that the severity of the collision
results in efficient dissociation. As the XH (where X =0 or C) moiety
dissociates, we can consider the dissociation products of XH ™ and XH (the
latter produced by charge exchange with Ar*) as shown in fig. 34. The most
stable products resulting from concerted dissociation of XH™ will be XH™ —
X~ + H, whereas XH will yield XH—- X+ H and XH -+ X~ + H*. During
dissociation of the XH moiety, the many potential energy curve crossings that
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Fig. 34. Energy level diagram illustrating the ground electronic states of the OH™. OH, and
excited states of the Ar-O-H collision complex relative to states of the separated atoms. ions. and
various combinations of atoms and ions. With permission from ref. {123).

result upon leaving the high density of states of the collision complex region
favor production of these most stable products. For an unconcerted dissocia-
tion mechanism, X is also strongly favored over X * based on energetics. The
high sensitivity of the X yield to the presence of hydrogen strongly suggests
that hydrogen is intimately involved in the dissociation mechanism. This large
influence of hydrogen implies that there is concerted dissociation of XH ™ (and
XH) to yield the most stable products, i.e.. X~ and H.

5.7. Scattered alkali ion fractions

The mechanism of neutralization of scattered ions near the surface is not
directly applicable to alkali ions because alkali atom ionization potentials (IP)
are smaller than or in the same range of the Fermi levels | Ef| of metals or
top of the semiconductor valence bands | Ey|. In other words, the lowest
energy vacant level of an alkali ion | E;" | typically lies at a higher energy than
| Eg| or | Ex|. The model would therefore predict that the probabilities of
resonant and Auger neutralization of the alkali ion on the incoming and
outgoing trajectory are P, = P, =0. However, when an alkali approaches a
surface, its valence level is broadened and lowered due to the image potential
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induced in the surface. This can result in a partial overlap of E' with the
valence band of the surface. therefore, near the surface, P,, P, # 0.

A model of the interactions of low energy alkali ions ( < 100 eV) with metal
surfaces has been developed [129-131] and successfully extended to energies
in the keV range [26.132.133). The broadening of the alkali valence level near
the surface can be represented by a Lorentzian distnbution (131} of width
I'(s) = hR(s). (28)
where R(s) is the transition rate near the surface and is given by eq. (18).

The probability of resonant neutralization is determined by the position
and width of the alkali valence level E; relative to the | E¢{ or | £¢|. When
the shifted and broadened E lies totally below |E¢| or | Eg|. resonant
neutralization can occur freely. If E; lies above |E;| or | £ |, resonance
neutralization cannot occur. When there is partial overlap of E' with the
valence level, neutralization can occur with a probability determined by the
degree of overlap. The system is adiabatic if the alkali is moving infinitesi-
mally slowly. Under these conditions, an equilibrium is established between
the charge density on the surface and on the alkali with the electrons
occupying the lowest available energy levels. For real systems. the alkali has a
finite velocity and this equilibrium situation cannot be maintained at all points
along its trajectory. In order to treat such a system, the concept of a “freezing
distance” s* is introduced [134). s* is the distance beyond which the charge
exchange probability becomes negligible. Equilibrium is possible only when
the broadened E overlaps with the surface valence band. lf a true equi-
librium situation is attained along the outgoing trajectory, the final charge
state of the ion bears no memory of its initial charge state or charge transfers
in the close encounter {26.110,134]. The measured ion fraction of the scattered
particles therefore reflects the equilibrium charge state at s*.
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Fig. 35. Energy level diagram representing K * approaching a silicon surface. The discrete 4s

energy level of potassium at 4.34 ¢V is broadened during the aporoach 1o the surface. The width

of the 4s level I' is shown for the cases of ¢, corresponding 10 angles a=7° and 14°. The

silicon valence band (VB) is hatched and the conduction band is labeled (CB). The portion of the

broadened K 4s level that overlaps with the Si valence band is shaded. With permission from ref
{135).
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Fig. 36. Neutral TOF spectra from clean Si(100) induced by 4 keV K at different incidence
angles a for § = 21° along the (017) azimuth. With permission from ref. {135].

Fig. 35 shows a schematic energy level diagram for K* scattering from Si
[135). The K 4s level at 4.34 eV lies above | E;| =4.99 eV for Si. At large
separation there can be no charge transfer between Si and K *. The broadening
of K 4s calculated by eq. (28) is shown for two values of incidence angle a and
therefore two values of perpendicular take-off velocity from the surface. Note
that at a = 14°, overlap of K 4s with the valence band is negligible while at
a =77 there is measurable overlap. Therefore, it is expected that neutraliza-
tion is more significant at lower values of a. Fig. 36 shows the dependence of
the neutral scattering spectra of K * from Si as a function of incidence angle a.
As predicted. the neutral K scattering decreases from a=7° to a =16°.

Algra et al. have derived an expression [26] for the equilibrium occupation
n(s) of the alkali valence level

n(s)=|arctg 2(— Ex + E,)/T" — arcig 2(— Eg + E;)/T) /=, (29)

where E5 and E; are the bottom and top of the surface valence band,
respectively. The calculated n(s) curve as a function of exit velocity of the
alkali perpendicular to the surface v, is shcwn in fig. 37 along with expen-
mental ion fractions for the K/Si system at scattering angles of § = 21° and
33°. For any given scattering angle Y, is only a function of v, as predicted.
However, the difference in ¥, as a function of @ indicates that a second
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Fig. 37. Scattered potassium K(S) neutral fractions plotted as a function of the ceciprocal outgoing

velocity perpendicular 1o the surfsce (v, ) for two scattering angles 6 = 21° and 33° The

multitude of points at each § are obtained by using several primary K~ enerses £ The curve

represents the probability of occupation of the potassium ds level (n(s5*)) calculated from eq.
(29). With permission from ref. {135}

phenomenon. most likely neutralization in the close encounter, IS important in
the overall neutralization process.

5.8. Charge exchange in low energy atomic and molecular ions

Snowdon et al. {136-138] have recently reported a number of elegant
experiments on charge transfer of low energy (< 1.5 keV) atomic and molecu-
lar ions upon grazing collisions with surfaces. At the low angles of incidence
used in these experiments, E, to the surface is small and in the range of
chemical binding energies. The small £, makes the assumption of distinct
binary collisions between the ion and surface atoms no longer valid. In
scattering of Si* from Cu(111), Snowdon et al. {136} observed discrete energy
losses in the scattered positive and negative ion peaks. They attribute this to
transient adsorption or a skipping motion of the ton along the surface. It 1s
proposed that at the low perpendicular velocities v, of the ion, the charge
equilibrium between the ion and the surface is nearly adiabatic, i.e. the
occupation of levels in the projectile approaches that corresponding to an
adsorbed atom on the surface. They have developed a theoretical formalism to
describe this behavior {137]. This work has been extended to polyatomic ions
[138]. In O and CO; scattering from Ag(111) production of O; and CO;
are observed. These species have been suggested as intermediates [139] in the
dissociative adsorption of CO, and O, on Ag, supporting the adiabatic
approximation and also suggesting that this technique can provide a probe of
intermediate states in adsorption and reaction at surfaces.




S.R Kasi et al. / Inelastic processes in low-energy 1on - surface collisions 57
6. Reactions of energetic ions with clean surfaces

A basic objective of reactive ion beam induced interactions at surfaces has
been 1n the application of the fundamental steps of the interactions to
alteration of surface properties and in controlling surface interactions in
hostile environme.its. Examples of the former include preparation of films that
are chemically inert and corrosion resistant, surface hardening and passivation
(carbides, nitrides), preparation of catalytic surfaces that are reaction specific.
and tuning electronic band gaps in materials (oxides). Examples of interac-
tions in hostile environments include plasma etching and processing of materi-
als and development of non-equilibrium plasma phenomena.

The fundamental research that has preceded iechnology involves a broad
spectrum of ion beam--surface interactions. For convenience, the reactions
have been divided into those involving atomic ion and molecular ion beams.

6.1. Atormuc ion beam interactions with surfaces

In general, measurements of ion beam interactions with clean surfaces are
described in terms of “initial” sticking or reaction probabilities ( P,). This
requires that the total atomic ion flux preceding measurement of P, be kept
suitably small to ensure that the measured F, reflects true gas atom-lattice
atom interacuouns. A typical study involves exposing a well defined target
surface to a known flux of reactive ions and then using a combination of
surface and gas-phase anaiytical tools to measure the fraction of primary ions
trapped at the surface. While such an experiment can be performed with a
variety of species, this section will concern itself with ..iose species which have
been studied in most detail, namely C. N, O, F and alkali atoms.

6.1.1. Reactions of low energy C*, N, O™ and F * 10ns

Reactions of 3-300 eV C* ions with Ni(111) 147]. Si(100). and polycrystal-
line Au [140] have been studied recently. For the C* /Ni(111) system, experi-
ments have been carried ou' both as a function of ion energy and dose. A
stable carbide phase of the deposit is formed for doses of ~2Xx 10"
atoms/cmr’ at all E: the behavior of P, versus £ for C* is shown in fig. 38. P,
is highest at low £ (~ 0.85) and decreases fairly rapidly at £ > 100 eV. The
behavior of P, as a function of ion fluence for 20 eV C " is illustrated in fig.
39. There is no significant vanation in the P, for fluences corresponding to the
surface lattice atom density; for Ni ~ 1.86 X 10'* atoms/cm?. Continued C*
exposure to surfaces in the range 30-800 eV resuits in formation of deposits
that highly resemble diamond. This aspect is discussed in greater detail in
section 9.

P. data for the O*/Ni(111) system [47), illustrated in figs. 38 and 39, is
qualitatively similar to the C* /Ni(111) system. However, P, remains invariant
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Fig. 38. Vanation of reaction probability P, for C* and O~ as a function of projectile kinetic
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several independent measurements. With permussion {rom ref. (47}

even for E > 60 eV (fig. 38). The P, of 20 eV O~ as a function of O * fluence is
plotted in fig. 39 and shows a gradual decrease in the reaction probability as
the O adatom coverage increases.

Nitridation reactions have been carried out by 0-100 eV N * bombardment
of Mo [34]. The atom capture probability or reaction cross section was found
to be nearly independent of E. Fig. 40 illustrates this feature and compares
nitridation efficiency on Mo using 0-100 eV N* and N, . The nitridation
reaction involving N*. N.” /Mo is discussed in greater detail in section 7.2.
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Fig. X9 Varniation of reaction probability P, for 20eV C*, O, and CO * as a funcuon of surface
coverage. With permussion from ref {47].
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Fluorination of polybutadiene. polystyrene, and polyacetylene surfaces by
means of 1 keV mass-selected beams of (i) F*. (i) CF,". and a non-mass
selected beam of (i) CF;” (n=0. 1. 2, 3) has been studied [141] by XPS. The
bonding environment of fluorine in the films was determined from the C 1s
XPS chemical shifts and the fluoropolymer film thicknesses determined from
XPS intensity ratios. The results showed that -CHF - and/or -CF,- fluorine
bonding environments, which are independent of the type of unsaturated sites
in the target polymer, can be produced by selective ion bombardment. The
fluoropolymer films were found to be considerably thinner than film thick-
nesses predicted by ion range calculations, due to electronic stopping mecha-
nisms associated with the -eactive fluorine atoms.

6.1.2. Reacuons of low energy alkali atoms

The first studies of the chemical aspects of atom-surface interactions in the
hyperthermal range are those of Hurkmans et al. [59.60}. involving the
interaction of alkali atoms with tungsten surfaces in the 1-20 eV range. Fig. 41
plots the trapping factor, P,. for K atoms on W(110); P, decreases from near
unity for £ < 1 eV to zero above 15 eV. This rather dramatic variation in the
P with E 15 in contrast to the more gradual changes in P, observed with C
and O atomuc interactions. Such differences can be understood in terms of the
reaction energetics, the exoergicity of C-Ni interactions being more than three
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Fig. 41. Trapping probability of K atoms by W(110) as a function of incident energy for seven
different angles of incidence at 7, = 1150 K. The angle of incidence 8, is measured from the
surface normal. With pernussion from ref. {60].

times larger relative to the K-W system:

C+Ni - NiI-C, AH=-73 eV, (30)
K+W - WK, AH=-205 eV. (31)

P, measurements have been carried out for the K- W system [60] as a
function of the incidence angle of the impinging reactive atoms. The atom
capture probability is highest at the grazing geometry and aiso exhibits a
relatively slower decrease with particle energy at these angles. This observation
can be ~xplained in terms of the higher probability for trapping a particle in a
potential well at the surface at large angles with respect to the surface normal.

The trapping phenomenon for the K/W(110) system was approximated by
Los and co-workers [60] by calculating the in-plane trajectory of a projectile
scattered from a diatomic surface molecule. The important feature observed
was the conversion of tangential momentum to normal momentum of the
projectile. Two interaction patterns were identified as a function of the
incidence angle. At grazing incidence, many-body effects were dominant,
whereas at near normal incidence, single particle interaction was found to
contribute most to momentum transfer. The attractive interaction between the
incoming atom and a surface atom was modeled by a square well potential D
that ts merely the expernimentally measured desorption energy. This factor was
added to E 10 give a net energy £ + D. The Born-Mayer potential was used to
model the repulsive interaction between projectile and surface. Fig. 42 plots
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the trapping yields predicted by trajectory calculations aiong with the experi-
mental data; the agreement is satisfactory.

6.1.3. Factors affecting reaction probabilities

It is well known that for many adsorbate /metal subsirate combinations, the
presence of adsorbate atoms can significantly alter the reactivity of the surface
towards certain reactants. Los and co-workers [60] have extended their study
of 0-30 eV alkali atom interaction with W(110) by examining variations in
trapping yields for oxygen covered W(110). Fig. 43 plots the tragping prob-
ability of K atoms on the oxygen covered W(110) surface for a number of
angles of incidence, as a function of primary energy. By comparing this data
with that for a clean W(110) surface (fig. 41), it can be seen ihai oxvgen
adsorption (0.5 ML) causes a considerable enhancement in the trapping
probabilities. Such an effect has aiso been verified for other alkali atoms. In
addition to the enhanced trapping effect, an increase in the desorption energy
of the trapped particle was observed. The enhancement in the trapping
probabilities vas explained qualitatively in terms of mass considerations and
relative efficiency of energy transfer between the different collision partners,
viz. K/O and K/W.

The dissipation of energyv. necessary for adsorption at surfaces is generally
discussed in terms of lattice vibrational excitations. In contrast, the role of
electronic excitations has been given mainly theoretical consideration [1}.
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Recently, direct measurement of the excitation of electron-hole pairs at single
crvatal surfaces by the scattering of ground state Xe atoms over the range
~ 2-10 eV has been reported [142]. This represents the first experimental
evidence for the nature and extent of participation of clectrome exciiations in
hyperthermal gas- surface interactions.

In order to derive meaningful mechanistic information regarding the inter-
action processes. it 1s useful to 1solate physical entrapment phenomena from
chemical trapping. This can be achieved by ustng inert gas ion beams. When
beams of rare-gas tons are employed. there is little chemical affinity between
the beam particles and the lattice atoms. In such cases the majority of the ions
diffuse to the surface and escape rather than remaining in the shallow
potential wells of the trapping sites. By studving those 1ons that remain
trapped 1n the lattice. one can gain insight into the relative physical trapping
abilities of materials and the available trapping sites. An example for such a
reference study o given in the following section.

6.2, Molecular 1on beam interactions with surfaces

The chemisorption behavior of molecules at thermal energy. range from
zero sticking probability to associatve or dissociauve absorption. Addition of
kinetic energy to the molecule opens 4 number of new interaction channels.
The particle translational energy can be dissipated via rotational or vibrational
excitation, molecular tragmentation and subsequent chemical reaction at the
target surface.
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6.2.1. Reactions of low energy homonuclear digtomic ions

Winters and co-workers have measured the relative fractions of incident
ions dissociatively backscattered or captured versus those molecularlv back-
scattered for Ny /Mo and other systems [143]. In subsequent studies [51.144].
P, and saturation coverages of nitrogen for N, W at several impact energies
were reported. as also the energy transfer from the gas-phase molecule to the
W lattice {145).

The oxidation of lead duc to 44 ¢V O; bombardment of Pb 1o high doses
was shown [146) to produce an oxide layer ~ 200 A thick due to a diffusion
effect. A study of D; bombardment of Mo [147] showed a high P, (> 0.8) at
low doses. but also an accompanying low thermal stability (at 7> 320 K) of
the deuteride. Cooks and co-workers [148] have studied the reactions of
various sulfur containing moiecular tons with lead and found various chemical
states of the reacted lead and sulfur depending on the parent ion tvpe and
energy.

Rabalais and co-workers have spectroscopically characterized reaction
products on surfaces resulting from the interaction of 500 ¢V N. beams with
surfaces of a metal M. and 1ts oxides MO and MO, [149]. For M = Si. Ge the
N, ions were found to undergo charge exchange and dissociation at the target
surface to form hot N atoms, producing corresponding mitnides. No nitrates or
aitrite formaton was observable from XPS measurements. With tin and its
oxides. reaction was barely detectable. while no reaction was observed for
M =Pb. 1n accord with known instabilities of such nitrides. Similar Ny
exposure studies have also been performed over the runge 0.3 -4.0 keV on Al
{150].

lon beam mitndation of the first row transition metals (Ti-Co) has been
carried out over the range 0.2- 3.0 keV [149] and the metal 2p chemical shifts
in the XPS for the nitrided samples found to decrease to the right across the
first transition row, consistent with the decreasing enthalpy of formation and
stability of the nitrides. Isotopic labeling experiments carried out by 1 keV
bombardment of V with "*N,/'*N, mixtures followed by TDS measurements
showed that there is complete isotopic mixing in the metal nitride, implving
complete dissociation of the parent molecule in the collision at the surface.

The nitridation reactions have also been studied under more controlled
conditions. (-50 ¢V mass-selected N, beams have been used to induce nitride
film formation on Al, Cu, Mo, Ni and Ag [33}. The efficiency of nitndation.
monitored by KL,L. nitrogen AES signal intensity. exhibits a large E
dependence below ~ 30 eV as shown in fig. 44. The threshold impact energy
for nitndation vanies for the different metals: 1t is nominally zero for Al and
Ni. ~ 4 eV for Mo, > 0 for Cu, and does not occur at all at anv energy befow
200 ¢V for Ag. The difference in the 10n dose required to produce similar
mitride signals on various metals suggests that the surface electronic structure
plavs an important role tn the reaction probabilities. Another feature of the

71




64 S.R. Kast e1 al. 7 Inelustic processes in low-energy ion - surface collisions

N Wb
L.

N3/Cu
202 x10'3 10NS / C?

Nz /Al
167x 10'5 10nS 7 CME

N2/NiQin
10.1%10'3 105 /CM?

N(KL,L,) INTENSITY (ARBITRARY UNITS)
(@]

3.42x10'310N5/CM2 §

3t
of <
'+ -
Ortt ) 20 30 a0 50

N; IMPACT ENERGY (eV)

Fig. 44. NKL.1., Auger peak intensity in the surface laver of Cu, Al Nt and Mo as a funcuon of

impact energy for mass-selectzd beams of N7 and N for Mo (from ref. [34}; The data for Cu

has very large error esumates due to the weak NKL .L, signals from the small amount of minde
formed. With permussion from ref. {33].

nitridation reactions is that plots of nitride intensity versus £ exhibit structure
or differznt shapes in the low E range (fig. 44).

N* and N, interactions with polvcrystaline Mo have been studied in
detail [34). Nitndation of Mo by 0-100 eV mass-selected beams of N, and
N * produces a thin film of the nitride on the surface. The relative reaction
probabilities for N and N, have been investigated (fig. 40). Fxposures of
1.37 x 10'* and 6.83 x 10'* atoms/cm® are shown for both ions. The reaction
probability is nearly energy independent in this energy range for N° and s
higher than the probability for Ny . for £ <30 eV. The nitridation by N
bombardment does not occur for £ < 4 eV due to the necessity for collision
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induced dissociation of the N, molecule. The reaction probability for the
molecular ion surpasses that for N at £ =30 eV and reaches a plateau at
~ 100 eV.

6.2.2. Chemical effects in low energy ion heam studies

An interesting extension to the nitridation studies is the study of the
reactions of 30-500 eV N, and NO™ beams with surfaces of carbonaceous
materials, where a range of chemical reactivities can be probed by using
graphite, diamond, Teflon and graphite monofluoride as the primary targets
{151]. For NO . reaction of hot N and O atoms produced in the collision step
with graphite produced two products, a cyanide or oxide type compound and
interstitial N or () atoms between the lavers of rings or at defect sites.

€ 1 8 4 E

T T

—r T ~

MO's of CO

lon Energy 4o (Bg+ i)
|

Jev
5ev
Tev
9ev

eV

INTENSITY {ARBITRARY UNITS]

20 eV

Clean Ni

& 12 8 4 E
BINDING ENERGY (V]

Fig. 45. Hell photoelectron spectra of clean Ni(111) and CO™ bombarded Ni(111). A CO* dose

of 1.0x10" jons cm * was used at kuinetic energies of 3, 5, 7. 9, 11, 13, and 20 ¢V. The two peaks

at 8.1 and 10.9 eV correspond to ionization of the (So¢ +1m) and 40 MO's. respectively. of

molecutar CO on the surface. The peak at ~ 6 ¢V corresponds to 1omzation of the 2p AO of the
oxide. With permission from ref. {47]
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Reactions of N, with the other carbonaceous materials produced only a
cyanide-type compound. lon kinetic energy in the range 30-3000 eV served
only to dnive the ions deeper into the target and had little influence on the
chemical alteration itself.

It was mentioned previously that companson of inert gas ion and active ion
interactions allows separation of chemical trapping and physical trapping
effects. Such studies have been carried out using 30--3000 eV Ar’' and Xe~
interactions with carbonaceous matenals [152]. Implanted rare gases from a
500 eV beam in doses of ~1.5x 10 * A/cm? could be detected only in
graphite and graphite monofiuoride, the binding energies of the rare-gas atoms
indicating entrapment as neutral atoms within the lattice. Reduced carbon
species were formed in both Teflon and graphite monofluoride.

More recently. some interesting chemical dynamics measurements have
been carried out by reacting 1-300 eV CO* with Ni(111) [46.47). CO, in
contrast to N,, chemisorbs associatively on Ni(111) at room temperature. Fig.
45 shows the evolution of UPS spectra for Ni(111) surfaces bombarded by
CO" beams of different E, but same total fluence. For E <7 eV. the
dominant process is addition of molecular CO on the surface. With increasing
E. dissociative addition of CO occurs, with the formation of individual carbide
and oxide bonds to the surface Ni atoms. Fig. 46 plots the corresponding
vanation in P (CO’ /Ni(111)). The CO dissociation function. although not
readily apparent from fig. 46 because of the loganthmic E scale, increases
almost linearly with E in the range 3-20 eV. A linear least-squares fit 10 the
data provided a threshold for CO bond rupture of ~ 2.7 eV. This value is
considerably lower than the bond dissociation cnergy of ground state CO
(11.16 eV). suggesting that a significant fraction of the incident CO ™ flux is

CO* —= Nillll) x CO/UPS e O/AES
o C/AES a 0/XPS
a C/XPS s O/UPS

REACTION PROBABILITY

. L PR
5 10 20 50 100 200 300
10N KINETIC ENERGY (eV)

Fig. 46. Vanation of reaction probability P, for CO" as a function of progectile kinetic energy £
monitored by both AES and XPS. With permission from ref [47)
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Fig. 47. Simplified potential energy diagram for the reaction of incoming CO* with a Ni(111)

surface. Ground-state neutral CO s shown as the zero-energy reference point. Various combina-

tions of the simplest possible reaction products, along with their reaction enthalpies relative to

Ni(s) + CO(g). are shown on the right-hand side. All energies are in eV. With permission from ref.
[46].

neutralized into excited states (scction 2.2) which would have lower dissocia-
tion energies. The activation barrier is also a strong function of the orientation
of the molecular axis with respect to the surface plane during collision. The 2.7
eV energy threshold is therefore considered as an averaged factor over an
ensemble of electronic states and molecular orientations. Fig. 47 shows a
simplified energy diagram for the reaction of CO* with Ni(111). Ground-state
neutral CO is chosen as the zero-energy reference point. Various combinations
of the simplest possible reaction products, along with their relative reaction
enthalphies. are shown. The fact that P, for CO*/Ni(111) is a significant
number for E up to 30 eV indicates an activation barmier whose height ranges
from 2.7 to 30 eV. Such a wide distribution of barrier heights is a consequence
of the diverse impact geometries and electronic states accessible in molecuiar
ion interactions with surfaces.

6.2.3. Low energy molecular ion reaction dynamics

The energetics for molecular CO addition and desorption can be qualita-
tively expressed in terms of a simplified potential energy diagram shown in fig.
48. For thermal energy CO. translational energy is casily dissipated to rota-
tional or vibrational motions upon impact on the surface leading 1o trapping
in the upper rovibronic levels of the CO/Ni potential well (path A). When E
is of the order of a few eV, the excess energy rematining after collision can be
significant compared to the CO/Ni potential well depth, favoring CO desorp-
tion over chemisorption (path B). This explains the fact that P, <1 at low £.
CO dissociation does not occur until sufficient energy 15 availz»le for
surmounting the reaction activation barner (path C). Once the burner is
overcome, it can be seen from fig. 48 that the resulting carbon and oxvgen
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Fig. 48. Simplified potential energy diagrams for Ni-CO, NiC, and NiO as a function of the

Ni-X coordinate. Ground state CO(g). C(s). O,(g). and Ni(s) are chosen as the zero energy

reference point. The curves are fixed at the equilibium Ni-X distances and bond energies.

although the shapes are drawn qualitatively. The observed threshold for CO dissociation at 2.7 eV

1s indicated as £,. The three different paths represent (A) molecular chemisorption of thermal

CO. (B) scatiening of hvperthermal CO. and (C) dissociation of high energy CO. With permission
from ref {47].

atoms are trapped in their respective potential wells in Ni--C and Ni-O bond
formation.

A simple quantum mechanical model has been developed [33] to describe
chemical reactions of low energy ( £ < 30 eV) beams of diatomic homonuclear
cations X; with metal surfaces to produce binary compounds M,X,. The
overall reaction i1s simulated by four elementary steps: (1) neutralization of the
incoming ion (section 2.2), (2) impact dissociation of X ., (3) de-excitation and
thermalization of X, and (4) chemical reaction between M and X. The
neutralization process 1s treated by a simplified quantum mechanical proce-
dure involving resonance and Auger neutralization probabilities and
Franck-Condon and Honl-London factors for X transitions to the ground
and excited states and rovibronic levels of X.. The probabihty of dissociation
from a given rovibronic level is modeled through use of a function developed
for the decomposition of gas-phase polyatomic molecules. Model calculations
using free electron and modified free electron bands for the metal and various
manifolds of electronic and vibronic states for X; and X, are presented in
that work. to illustrate the sensitivity of the model to individual steps in the
mechanism.

7. Beam-surface reaction kinetics
7.1. Kinetics model

In order to model the surface concentration N(r) (atoms cm °) of reacted
beam atoms as a function of exposure time, it is necessarv to define the
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maximum number of surface sites per unit area N, . that are available for
reaction. N_ is primarily dependent upon the mean ion penetration depth
and hence the ion impact energy. The model assumes that all of the N, | sites
are within the sampling depth of the analvtical technique employed for
measurement and, hence 1t 15 applicable to depth-integrated elemental analyses.
Employing a rudimentary concept of depth, consider that there are two guest
atom populations in the host lattice. one occupying near-surface sites with
concentration N, = N,(r) and another occupying sub-surface sites with con-
centration N, = N,(r). Under an active ion flux density @ (atoms cm ~ s '),
atoms are captured at a rate

dN,/di=a, (N, ., ~ N). (32)

1 max

where o, is the reaction-capture cross-section (cm) for the outer sites. A
similar cxpression can be written for d N, /d¢ using o, and N, .. Both g
and o, are averages over vanous binding sites available on polyervstalline
surfaces. The reacted atoms are sputtered by the incoming atoms at rates
dN,/dt= -0, ®N, and dN,/dr = — o, PN, with sputter cross-sections g. =
0. but 1t 1s carried forward for symmetry and because its omission does not
significantly simplify the solution. Also note that ¢,, and o, include ail
product loss mechanisms including the reverse reaction to liberate N, gas. The
impinging ions may cause transport of some of the N, population to N, at the
rates AN, /dr = ~0,®N, and dN./dr = 6,,@N,. with o,. being the beam-in-
duced N, — N, transport cross-section. Transport in the N, — N, direction
also may occur by similar mechanisms but is probably dominated by host
lattice sputtering which uncovers V, atoms so that theyv become part of N,.
The rates dN,/dr= -0, PN, and dN,/dr=o0, PN, have been derived
elsewhere [153] under the assumption a,, = 0,. the lattice sputtering cross-sec-
tion. Collecting the capture. sputtering, and transport rates for each popula-
tion. the overall rates are

AN, /dt = 0, D(N, a = N}) = 0, BN, + 03 ®N, — 0,:BN, . (33)
dN,/d1 =0, P(N - N) -0, &N, — 0,,ON, + 0, PN, (34)

t.max

2 max

Impose the following definitions:

a6 = 91PN max - (35a)
gy = —(0 + 0, +0y,)P. (35b)
a,; =o,®. (35¢)
a2 = 03 PNy s« (35d)
a; = 0,9, (35e)
dp = —(oy +0;.+0y)0. (35f)
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Then simplify egs. (33) w.nd (34) to
dN/dt=ay N, “a), Ny +ay,. (36)
dN./dr=ay N, +ay,;, N +ay,. (37)

These coupled equations can be integrated, yielding the solution N(r)y= N, +
N.. Letting the initial surface concentrations be N, and N,,, the solution can
be expressed as:

N(1)=A, expla,t) + 4. explayr) + B, (38)
where

a2 = %[(“n +”::)] * !_‘[(“u "‘“::)2"'4”1:”:1 L (39)
and

A= lays—an+ay)/ay]Cs. (40)
with

C,.=t(a, ~a,) '[u”N“,—— (a,, —u::)N:,,+a:lFl. (41)
and with

F=(a.,ay,-ayax)ua,—aya;) g (42)
Finally.

B=[u,,.(a:‘ ~ay) +aylay:—ay)ayds; — as4ays) L (43)

Eq. (38) is a bi-exponential “growth™ from areal concentration N =4, + A4,
+ B at 1 =0 to a steady state N = B at = . Growth is en-quoted because
A, can be positive or n:gative quantities, corresponding respectively, to the
case in which sputtening dominates and to the case in which beam atom
capturc dominates. Simplifications occurning in some physical cases include
negligible N, — N, transport (0,, = 0) or neghgible ¥, — N, transport (0., = 0).
either of which lead to simplification of eq. (39) for a,, (the curvature
constants of the exponenuals), i.e, the apparent cross-sections derived from
expenment. Setting a,. = 0, = 0 decouples egs. (36) and (37) 10 give

‘\'l(,)z'N'l \\+(A;(‘_ '\'Iv\\)c"p’—‘(olg+ol\)¢!]' ’=1‘2' (44)
where. genenicaliy,
N.=Nr=x)=N,,0 /(0 +0.). (45)

Allowance for the existence of two captured beam atom populations is
intended as the simplest implementation of the concept of depth in 4 model
that oth._-wise refers only to concentrations as atoms per unit area. integrated
over depth. By this structuring. expressions can be obtained (in the no-capture
case [153]) for surface concentrations versus fluence that have the same
functional form as Sigmund et al.’s [154] expressions (their eqs. (32) and (33)).
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Of course, the detailed meaning of those expressions differs from these in that
they use a relocation cross-section (155] of an isotropic form (eq. (27) of ref.
[154)) while these use the o,, ¢ 0, coupling to allow a simple kind of
inward /outward transport anisotropy. Hovever, these do not consider ex-
plicitly the relocation of the host matrix atoms as do Sigmund et al. {n general,
that model is more rigorous than this one in that it is denth-explicit raiher
than depth-averaged. but it was intended for higher ion impact energies than
employed here.

7.2. Reaction of N,* and N * with molybdenum

Gaseous N, does not react with the passivated Mo surface used in this
study at room temperature. The beam~surface reactior. was driven by energy.
both potentiai (ionic) and kinet'c. supplied by the acceierated ion besm. The
reaction mechanism {33,34] includes neutralization of the ion followed by
collisior.-induced dissociation of the neutral N, with subsequent thermalization
and chemical bonding of the individual atoms. Of course. either the molecule
or 1ts fragments may backscatter and hence not react, and product loss occurs
through self-sputtening and reverse reaction to form N, gas. lon neutrahization
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Fig. 49. Nitrogen surface concentration varsus Ny dose for 1-100 ¢V N. hombardment of Mo.
With permission from ref. [32]
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controls the bond strength of the neutral N, via known processes [33], but the
collisional dissociation of the neutral, 2s well as the penetration. stopping and
bonding of the beam atoms. and the cerresponding motions of the host matrix
atoms to accommodate this. are poorly understood. Experiments to directy
probe these processes have not yet been attempted, and computational ap-
proaches are difficult because of the strong coupling of electronic and nuclear
motions in these events.

Fig. 49 shows the surface nitrogen uptake for NJ impact on Mo. There are
two distinct nitrogen uptake regimes. The first 1s a fast initial uptake. that 1s
strongly developed for £ > 10 eV. The second. slower uptake is encountered at
doses higher than (3- 5) x 10'® atoms/cm’. Wirz et al. {156] have described a
third uptake regime associated with growth of bulk nitride, but this occurs at
higher temperatures and doses, not encountered in the former work. The
concentration versus dose plots of fig. 49 reach a plateau at high doses as a
steady state is achieved with a fast capture/self-sputter competition.
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7.3, Application of kinetics model 1o N." aund N ° reactions with Mo

The major restlt of the kmetes mvestigation s that the concentration
versus dose curves can be fitted by o double-exponential rate law. 1.c.. one that
15 the sum of two single-exponenual rate laws of the algebraic form of eq. (44).
This 15 1n contrast to previous studies. albert on other 10n/surface combina-
tions [157-159). in which a single-exponential rate law sufficed. From the
results of analysis within a double-exponential raté law. reaction cross-section
(o) and cxtent of reaction (N) values can be obtained for different £.
Reaction cross-sections obtained by fitting the kinetics model 10 the con-
centration plot of fig. 49 are shown n fig. 50. The cross-sections are remarka-
bly independent of energy above ~ 30 eV for Ny and at all energies for N °.
The rise from the assumed zero value at 4 eV threshold for NJ o the plateau
around 30 eV 1s due 1o the increased efficiency of collisional dissociation with
IMpJct energy.

8. Desorption induced by energetic partic'e bombardment

A genera: overview of desorption processes occurring under energetic
particle bombardment has been given in section 2.4, Experiments and model
computations designed to shed light on " physical™ versus “chemical™ desorp-
tion processes form the focus of this section. The surface under consideration
can be that of a clean metal or semiconductor, an cutectic or anv multiphase
alloy. an ordered adsorbate (over) layer on a single crystal or other possibili-
ties. In order to keep the discussion tractable the focus will be on sputtering of
adsorbate atoms from metal substrates. A number of excellent reviews have
appeared recently [160-162] that discuss the other aspects of the desorption or
sputtering problem.

&8 1. Physical sputtering effects of 1on -surface interacrions

When energetic particles nnpact on a8 surface, transfer of energy to ad-
sorbate and lattice atoms can result in a number of secondary effects: (1)
adsorbate and/or lattice awoms can be ejected frum the surface by a direct
knock-off, (2) the primary 1on can impact an adsorbate atom after reflection
from a lattice atom and eject the former, and (3) sputtered lattice atoms can
remove adsorbate atoms during their outward movement at the surface. Such
processes have been grouped together as physically induced desorption. To
chiminate any complications anising from use of reactive ions (section 8.3).
most of the work on these momentum transfer processes has involved the use
of inert gas 1ons,

Sputtering of N, chemisorbed on W by inert gas bombardment has been
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Fig. 51. Sputtenng vield versus 1on energy for inert gas sputtering of nitrogen adsorbed on W. A is
the secondary electron coefficient. With permission from ref. {163].

reported {52.163]. Fig. 51 shows the sputtering yield for nitrogen chemisorbed
on W. using different inert gas ions at various energies. If the desorption
proceeded with formation of molecular nitrogen, a desorption rate propor-
tional to the square of the surface coverage would be expected. The desorption
yield is coverage independent at low surface concentrations suggesting desorp-
tion of the nitrogen as atoms. The yield is found to increase with £ and the
mass of the primary ion and shows some interesting features. There is an
apparent energy threshold for removal of nitrogen for all the projectile ions
investigated. however, the vields for nitrogen are large despite the high binding
energy of IN to W. This latter observation is consistent with preferential
ejection of lighter elements in the sputtering of a multicomponent system or
the “mass-effect’” {161]. The behavior was explained in terms of direct knock-
off and/or reflected primary ion impact, steps 1 and 2 from above.
Molybdenum nitride films formed by 100 eV N, bombardment to satura-
tion of polycrystalline Mo have been sputtered to high fluences by normally
incident 100 eV Ar* and He"* and 15 ¢V Ne™ {153). The choice of sputter
beam parameters was based on the fact that removal of nitrogen was by
momentum transfer: (1) 100 eV Ar* should sputter both N and Mo efficiently,
(2) 100 eV He" should sputter N preferentially, and (3) 15 ¢V Ne* represents
a sputter threshold case and should only remove accessible nitrogen. The
nitrogen AES si,. al was found to decay exponentially as shown in fig. 52. to
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Fig 52 Nutride surface concentration versus noble gas ton dose for 15 ¢V Ne "0 100 eV He ™ and
100 eV Ar” sputtening of molybdenum nitnde favers formed by 100 ¢V N, bomburdment of Mo
With permission from ref [153)

below sputtering levels for the 15 ¢V Ne™ and 100 eV He  cases and
bi-exponentially to near bulk contamination leveis for the 100 ¢V Ar’ case.
The degree of nitrogen desorption for the three cases s in agreement with a
momentum transfer tvpe mechanism for the sputtering. A two-laver adapta-
tion of the standard model for adsorbate monolaver sputiering was used to
model the kinetics.

Taglauer et al. {164] have reported studies of the desorption of S from Ni
surfaces with inert gas tons of energy in the 200-1600 eV range. The
expennmental results were compared to calculations by Winters and Sigmund
and with numerical model calculations. Agreement was found in the depen-
dence of the desorption cross-section (o) on the basic parameters and the
absoiute vields agreed within an order of magnitude.

lon impact desorption of oxygen ( < 1 monolayer) on Ni has been studied
by the same authors [165] by He * 10n scattering. Desorption cross-sections for
non-nor nal incidence of Ne ™ and He * ions with E in the 500-1600 eV range
have been measured and compared to those predicted by model calculations =
order to understand the influence of various parameters Calcular~ .
experiments show the same dependence of a; on E. Le. gj increases ... . In
the given range. for Ne " 1ons and that there is a slight decrease with increasing
E for He " wons, This has been explatned n terms of the effective contnibution
of sputtered Ni atoms to O desorption.

Sputtering of carbon from thin films deposited on metal substrates using
Ne "iors at £ as low as 1000 £V has been reported (166]. The sputienng yield

83




76 SR Aust et al / Inelasnic processes in low-energy 1on - surfuce collistons

8';
6F caraiot
9 L o 5 i
S 0 04 08 12
-
Ig: P Ar
6} CaRBIOE
e bl - —d A L ——1
8: 0\0\0 - Ne®
of . \a\c v2rsev
73ev
4\ cansioe a zoev
1 4 1 e A A
Q 8 16 24

10N DOSE (110" lans/cm?)

Fig 53. Plots of In [, /1, versus ion dose for sputtenng of carbide and diamond films on Nic111)

by 20-300 ¢V O~ Ne . and Ar *. The hatched areas drawn parallel to the dose scale labeted (. B,

and A for the diamond film indicates the dose regions in which the CKLI Line shapes are thase of

figs. 68 (nght) (¢) and (d). (b). and (a), respectively. Note the use of different dose scales for
different flms. With-permission from rel [S0)

was found to increase fairly rapidly with ion energy. Such measurements for
carbon have been extended to very low energies and under well-controlled
exposure conditions (50]. Fig. 53 plots the decay in the carbon KLL AES
intensity for 20-300 eV Ne”, Ar'. and O° sputtering of a carbide overlaver
and a diamond film on Ni(111). The efficiency of carbon removal increases
with E for the inert gas ions and is reflected in the corresponding sputtering
cross-sections listed in table 3.

Table 3

Sputtening cross-sections for carbide and diamond him surfaces on Ni(111) using 20, 75 and 275
eV O Ne . and Ar° primary rons (from ref. [S0})

Target Bombarding Sputtenng cross-sections (A°)
ron 20 eV 75 oV 275 oV
Cartade O’ 63 34 s 9
Ne© 0.05 0.27 3
Ar’ 005 012 12
Dramond O’ - - =19 — e
Ne’ — 008 —— —
Ar’ - 005 - s
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8.2. Electronic effects and model calculations

Physical sputtening of the p(2 x 2) chemisorbed oxide phase on Ni(111) b,
bombardment with 5-200 eV Ne ' at notmal incidence to the surface has been
investigated by a combination of techniques [167]. Decreases in surface oxygen
as a function of Ne” 1on dose were monitored by AES and TOF-DR using a
pulsed grazing incidence 3 keV Ar® beam (fig. 54). Oxygen removal has been
observed down 10 20 eV and o, is ~ 7 A’ (the corresponding sputtering yield.
S =0.43)at E> 150 ¢V. The desorption of O for £ < 120 eV 1s postulated to
be mainly by direct knock-off, while at the higher energies removal is mainly
by sputtered Ni atoms moving outward through the surface region. The
structure in the experimental o, versus Ne' E data, in the form of local
maxima and munima. cannot be explained on the basis of a binary collision
mode! of sputtering (momentum transfer). where a smooth dependence of o,
with £ would be expected. Electronic sputtering has been suggested to be the
ongin of the structure, and the actual sputtering mechanism for the Ne " /NiQ
system 1s a composite of momentum transfer and electronic sputtering. Elec-
tronic sputtering takes place as follows: When the incoming trajectory brings
it near an oxygen atom, Auger neutralization of Ne " is possible by electrons
tunneling from the oxygen valence band. The process involves an O 2p
electron filling the Ne* hole. while another O 2p electron is promoted into
either the conduction band or vacuum continuum of states. The process leaves
the oxygen atom with two holes it its valence band. consequently. the
originally attractive Madelung potenuals become repulsive. and desorption
occurs. Similar mechanisms have been proposed to interpret low energy ion
induced desorption of F * from LiF samples [168]. A second possible electronic

SPUTTERING YIELD

R TR

§

T . Ne'—=p{2 ¢ 2)O/N1 (1)

L—A“__l_ v i A — I R W i
2C 40 &0 BGC 100 120 14C 160 80

ION ENERGY [ev]

Fig. 54. Sputtenng cross sections and vields for 5200 eV Ne® sputtenng of oxvgen from the

p(2 X 2)O./Ni111) surface. The solsd line represents sputtening vield S calculated from the Monte

Carlo simulation. 4 represents the typical uncertainty in the expenmental points With permission
from ref [167]
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Fig 55 UPS (Hel) and ELS (100 eV) spectra for (4) annealed (110) TiO.. (h) surface of (a)
hombarded by 500 ¢V Ar” (solid lines) and for vacoum fractured Ti,0, (dotted lines), and (c)
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sputtering route involving merging of Ne and O AO's into MO's of a
quast-dratomic molecule. resulting in electron transfer processes, has also been
suggested.

Some interesting electronic effects have been observed in low £ ion—-surface
interactions, especially with oxide and halide surfaces. Fig. 55 shows the
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effects of Ar" bombardment of crystalline TiO, {169]. Ar” bombardment
mitially amorphized the surface (LEED pattern disappeared) without signifi-
cant removal of oxygen. Additionally an extrinsic surface state possibly
involving Ti*" was observed in the UPS. With continued bombardment the
energy of the surface state shifted with cencomitant loss of oxygen. The final
UPS and ELS spectra for the bombarded surface was seen to be very similar
to those of vacuum-fractured Ti,0,. Interestingly. exposure to O, was seen to
restore the bombarded surface back to the original TiO, surface.

Theoretical modehng of low energy inert gas ion induced desorption has
been attempted [163,165.167.170). Monte Carlo procedures have been used to
simulate the sputtering of adsorbate layers. A modified version of the com-
puter program MARLOW [171] has been used [165]) to model the removal of
sulfur and oxvgen adsorbed on Ni by bombardment with 0.5 keV Ne™ and
He . A modified version of the TRIMSP code [76] has been used to simufate
the desorption of O from Ni(111) by 5-200 eV Ne* hombardment [167]. Both
Monte Carlo programs simulate desorption by calculating manv single-particle
traject within the solid. The atoms move in straight line segments.
changing heir directions in binary collisions with stationary target atoms
placed at the end of each segment, the scattering angles being calculated by an
analytical method based on the Moliére interatomic potential. A major limita-
tion of the models is that the many-body aspects of low energy atom-atom
interactions are neglected {172].

8 3. Chenucal sputtering effects in reactive ion-surface interactions

Chemucal desorption is indicated by observation of a sputtering vield with
no sharp desorption threshold and which is higher than for other ion/target
combinations of similar mass. The implantation of a reactive projectile in the
target matnx 1s believed to precede chemical bonding and product desorption.
This subject has been the topic of several recent reviews [5.6] so only an
overview of the effect will be given here.

8.3.1 Atonuc ion induced desorption

Fig. 56 shows the sputtering yields of carbon by hydrogen and oxygen 1ons
as a function of the target temperature. In nearly all cases the sputtering yield
exhibits a temperature dependent maximum between 720 and 920 K. a
behavior typical of chemically induced erosion. The physical sputtering yield
of C by energetic hydrogen (fig. 56a) is ~ 10 ° atoms/ion in the range
100- 1000 ¢V, while the maximum of the chemical sputtering vield increases to
a value almost 10 ' atoms,/1on. The temperature dependence of chemical
sputtering of graphite by energetic oxygen is shown in fig. 56b. For 500 eV O
ions impinging on graphite. a monotonic increase in the sputtering vield was
observed with increase in temperature between 22 and S00°C.
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The lower curve ¢ 1s obtained for O,. curve o for H -0 attack of graphite. With permussion from
ref. (6].

Sputtening of graphite has also been carried out with H, D and He 10ns with
energies in the range 20--1000 eV (173]. At room temperature, the yield curve
for He" 1ons decreases with energy as expected for physical sputtering. For
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H* and D’ ions, however, the sputtering yield increased with decreasing
energy below 100 eV. This increase has been correlated with detection of
desorbed CH, and CD, respectively.

The chemical sputtering behavior of an element is dependent on its chem-
ical environment. Recently, the chemical sputtering of sintered diamond
compacts, a diamond film, and graphite have been measured as a function of
target temperature and H. ion energy {174]. Fig. 57 shows the energy
dependence of the chemical sputtering vields (C/H) of the carbon surfaces.
The CH,. C,. and C; hydrocarbon production yields from the diamond
compacts are significantly lower than those for graphite. Raman spectroscopy
showed that the bombarded surfaces of diamond compacts and films retained
their sp’ configuration, whereas the bombarded graphite surface was trans-
formed into microstructural domains. These surface structural changes have
been correlated with the higher erosion yields for graphite. Fig. 58 plots the
energy dependence of o, for bombardment of graphite with a mass-analyzed
beam of O, C* and Ne® ions. Notice the high value for the sputtenng vield
for reactive oxygen bombardment, while sputter removal by Ne ~ shows a high
E threshold. At the higher E, the sputtenng yield of Ne” approaches that of
O suggesting that both ions induce desorption by momentum transfer.
Similar studies of carbon desorption from a carbide and diamond films on
Ni(111) by mass-analyzed beams of O", Ne” and Ar” have been performed
{50] as shown in fig. 53 and table 3. In the range 20-300 ¢V, O” ions exhibit
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Fig S7 Energy dependencies of the evaluated chemical sputtenng yields (C/H) of C,. C,. and C,
hvdrocarhons at the peak temperature 7. With permussion from ref. [174].

89




82 S.R. Kasi er al. / Inelastic processes in low-energy ton - surface collisions

2 A
Sputtenng of € __——0a_

ot ~ ;
R !

8 / Ne'}
|

o

{atoms /onj

o' s

+
! -

o
)
|
I
O el i ]

0 100 1000 10000
Energy [eV)

o

o
~N

N
\

Sputtering Yield

Fig. 58. Energy dependence of carbon sputtering with O°, Ne”, and € 1o0ns at room temper-
ature. With permission from ref. (6].

an cnergy independent sputtering behavior, in contrast to the > 30 eV
threshold observed with Ne™ and Ar”* ions.

Fig. 59 shows the energy dependence of the sputtering cross-sections
(yields) of p(2 x 2) oxide on Ni(111) by (5- 200 eV) C~. The figure illustrates
in a verv dramatic manner, the characteristics of chemical sputtering in
comparison to physical sputtering. C° bombardment induced removal of O
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Fig. 59. Oxvgen desorption yield as a function of projectile energy for the C*/Ni0O and Ne T /NIO
svstems. The oxygen s adsorbed as a pi2 X 2) oxide phase. With permussion from ref [4%).
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proceeds very efficieatly (S = 1.0) at the lowest energies and gradually ce-
creases with £, ultimately reducing to the momentum transfer limit at
E > 100 eV. Ne” sputtening of O exhibits a significant threshold (~ 20 eV),
implying that C* /NiO interactions are completely chemical in the E < 20-25
eV range.

8 3.2. Molecular ion induced desorprion

An interesuing aspect of the low cnergy chemical spuitering studies 1s the
difference in the sputtering yields of atomic and molecuiar prejectile ions For
the reaction of hydrogen at E <1-2 eV with graphite, Gould {175] has
observed an increase in oy by orders of magnitude upon dissociation of
hydrogen molecules. Balooch and Olander [176] have reported a similar result.
For the reaction of graphite with oxygen, a similar difference in the desorption
efficiencies of atomic and molecular oxygen has been observed [177).

Recently. collisions of polyatomic ions like pyrazine. acetaldehyde. etc. with
surfaces of stainless steei. Pt, and Ag have been studied using a mass
spectrometer [178]. The incident ion was found to abstract a hydrogen atom
from the surface. although pick-up of up to four hydrogen atoms and/or a
methyl group was observed in some cases. Interestingly. with very few excep-
tions. only odd-electron ions were found to undergo reactive ton-surface
collisions. consistent with the thermochemical stability of the even-electron
configuration.

8.3.3. lon-assisted desorption 1n a reactive gas environment

Several studies have investigated chemical sputtering in an alternative way.
1.e. by inert 1on bombardment in a .eactive gas atmosphere [179.180]. The ion
beam provides energy for atom mobility at the collision site, while the reactive
gas species chemically etch the surface. Table 4 shows the enhancement of the
sputtering yield of Si and SiO, by 3 keV Ar” in a C!, or XeF, atmosphere
{isl]. The chemicai reacuons that vouiiibutc tc the tching process are also
listea along with the reaction exothermicities. T -  .1ancement factors have
been explained in terias of an etch mechanism analogous to that of Winters

Table 4

Enhancement of the sputter vield in the presence cf the reactive gas compared to the pure physical
sputter vield under approximately equal expenimental conditions: in the last column the exo-
thermicity of reactions which take place in the collision cascade is indicated (from ref. [181])

System Sputter yield Chemucal reaction
enhancement

$510,(Cl . Ar ") 1 St-0+CH » Si-C1+0+02eV
Si0; (XeF,. Ar*) 3 S$i1-O+F s Si-F+0O+1leV
SCl, ArT) 4 SI-Si+Cl -+ Si-Cl+Si+28eV
Si(XeF,. Ar" > 20 Si-Si+F -+ Si-F+Si+137eV
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and Coburn [182): adsorption of the reactive gas is followed by inert gas
promoted atomic mixing and product formation, and finally ejection of the
product complex.

A topic of debate in ion-assisted etchung has been the observation that a
majority of products have kinetic energy higher than thermal energy but much
less than is usually observed with collisional sputtering processes {183,184].
Surface kinetic processes with residence times considerably longer than the
collison cascade relaxation time have also been reported. Recently, this
problem has been studied [185] by using modulated ion beam techniques to
measure product identity and kinetic energy in ion-induced sputtering of
GaAs by Cl, at room temperature. Modulated ion beams of 1 keV Ne* were
used to etch the surface in the presence of a steady-state flux of Cl, with a
neutral /ion flux ratio of 0-100. The major product species detected were
GaCl, and AsCl,, and elemental Ga and As. Collisionally activated formation
of products and desorption of the products during the relaxation time of the
collision cascade was proposed as the etch mechanism.

8.4. Mechanisms for energetic reactive particle induced desorption

Chemucal sputtering is a multistep process wherein the final step is forma-
tion of a vulatile molecule. A process io be considered with adatoms on
surfaces is electronic excitation of adsorbate complexes leading to desorption

PUTENTIAL ENERGY (eV)

Fig. 60. Schematic diagram of the potential energies for the adsorption of hydrogen and different
hydrocarbons on a carbon surface With permission from rej. [6].
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of the complex as ions or neutrals. This requires a prnimary excitation to a
repulsive potenual curve, by which conversion from electronic excitation 1o
nuclear mouton can oceur.

A gualitative mechanism has been proposed (6] for the reaction of hyvdrogen
with « carbon surface that is illustrated in fig. 66, Maolecular hvdrogen does
Lo adsorb on a carbon surface, whereas atormue hydrogen s strongly boeund.
The hydrogen atoms adsorbed may then react with surface carbon atoms
fcading to the final formation of CH, and acetylene (C.H.). the former
product desorhing spontaneously at temperatures above S0 K on account of its
low binding energyv (0.2 V). These steps are represented by curve-crossings in
the potential energy diagram.

A similar approach has been adopted to the reaction of €7 and oxvgen
from a NiO surface to form gaseous CO [48]. The reaction has two intrinsic
steps.

Clg) + NiO(s) = NiCO(s). AH = -843 eV, (46)
NiCO(s) — Ni(s) +CO(g).  AH =153 ev. (47)

Reaction (46) is highly exoergic and the reaction energy released i1s comple-
mented by the C* translational and inertual encrgy. The resulting energy
refeased upon reacuon can therefore be significantly greater than 8.43 ¢V and
will act as a source of excitation to a repufuive potential for the svstem.
therebv desorbing the CO adduct by ruptuning the relatively weak Ni-CO
bond.

Two theoretical models of surfuce reactive desorption processes have been
given. The first 1s a version of the TRIM computer code used previously in
examining Ne ' /NiO nteractions, modified to include a bond formation
mechanism [186]. while the second s a stochastic irajectory calculation ap-
proach that incorporates attractive interatemuc potential surfaces [187].

The Monte Cario trajectory calculation approach (TRIM) has been used to
model oxygen removal from a Ni(111) surface by C° bombardment {48]. For
stmulation of the momentum transfer contribution. C was treated as a
non-reactive projectile and calculational procedures were similar to those
discussed for the Ne/Ni1O system (section §8.2). Simulation of chemical desorp-
tuen was performed by inclusion of a C-O bond formation step in the
computations. Without rigorously incorporating attractive potential functions.
a simplistic representatic 1 1s made of the bond formation by assuming that a
C atom moving within tae range of the CO equilibnum distance from an O
atom. with energy sufficiently low 1o be trapped in the domain, will combine
with that O atom to form a CO molecule. Fig. 61 plots results for such
calculations for a range of (7 energies. Contnbutions of individua! physical
sputiering and chemical desorption processes as calculated by TRIM are
shown, as also the calculated otal spuiiening yield. £, in the figure represents
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Fig. 61. (a) Contnbutions of individual physical sputtenng and chemical desorption processes for
P(2 x 2) NiO caiculated by TRIMSP. S, direct knock-off. S, substrate sputtering. S,,. S,. and
Sca: chemical desorption for final C rapping encrgies ( £,) of S, 10. and 20 eV, respectively. The
dotted lines below 20 ¢V E, are extrapolated towards unit sputtenng yield corresponding to
complete C and O recombination. (b) Calculated total sputtenng yields and expenimental data.

the final energy in the collision processes below which the C atom is regarded
as a trapped species. The calculations are in good agreement with experimental
data and serve to emphasize the decreasing importance of chemical (potential)
effects at higher energies on account of increasing ion ranges in the solid and
the shorter duration of the attractive interactions between a projectile atom
and an adsorbate atom.

A different approach based on stochastic classical trajectory calculations
focuses on the dynamics of surface recombination processes [187]). Thermal
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energy atomic O interaction with C adsorbed on a Pt(111) surface has been
studied by this method. Sampling was done using 512 trajectories. 497 of
which resulted in CO formation and desorption within 5 ps by the reaction

O(g) + PtC(s) = CO(g) + Pt(s). 4H= -6.1eV. (48)

Only 4 trajectories ( < 1% of total) corresponded to a trapping of the product
CO molecule on the Pt surface. Fig. 62 plots the total energy distribution of
the desorbed CO molecule, with > 90% of the heat liberated in the reaction
(48) being retained in the CO molecule, indicating inefficient energy dissipa-
tion into surface and bulk. An interesting feature of the energy distribution 1s
the lack of energy loss 1n P1-CO bond dissociation ( ~ 1.2 eV). Such nonstatis-
tical patterns of energy distribution could be due to preferential excitation of
the CO molecule and could provide an interesting system for the study of
surface reaction dynamics via state-specific detection of desorbed product
molecules.

Classical trajectory simulations of atom and molecule ¢jection during low
energy reactive ion bombardment have also been carried out for the Cu/( < 200
eV) O system (75]. The effect of adding an attractive part to the interaction
potential on the spu‘tering was examined. The attractive part, essentially a
Morse function was found to have no effect on atom ejection. However, O
bombardment was found to result in relatively high yields of Cu, molecules
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Fig. 62 Dutribution of total energy (transltation plus vibration plus rotation) in the product CO
molecule computed for an O atom incident with £ = 0.087 eV Solid hines. surface temperature = 0
K Dashed lines. surface temperature = 500 K. With permission from ref. {187].
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and for £ <100 eV, CuO molecules were formed between surface Cu and
primary O".

Finally, it is useful to discuss the relative desorption efficiencies of thermal
energy molecules versus thermal or energetic atoms/ions. It has been reported
{48] that low energy (1-100 ¢V) O ions remove surface carbonyl from NiCO,
and carbon from NiC more efficiently than thermal energy oxygen molecules.
Fig. 63 shows a schematic of a simplified potenual energy diagram for the
O/NiCO. 0,/NiCO, O/NiC, and O,/NiC systems. CO removal by O,
proceeds by the Langmuir-Hinshelwood mechanism [188] in which dissocia-
tion of O, and subsequent chemisorption of the oxygen atoms has to precede
the chemical interaction between an oxygen atom and a CO molecule. The
barrier to C and O recombination inhibits the reaction rate in this mechanism.
In contrast. atomic oxygen (thermal or energetic) removes surface CO by the
Rideal-Eley mechanism [188), in which the interaction between the gas-phase
species and the surface complex is a direct one, without an intermediate
adsorption step for the gas-phase atom. This is represented in the potential
energy diagram of fig. 63, where an incoming oxygen atom can react with CO
to form a CO, adduct that has a very shallow binding potential and so can
e wily escape from the surface with the excess energy available from the CO,
fcrmation reaction. The removal of NiC by O, or O follows an identical
mechanistic route as above.
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Fig. 63. Reacuon coordinaie diagrams for the (a} € and O recombination and (b) O and CO

recombination reactions. Potential energies of reactants and products are drawn 10 scale. however

the Ey barnier heights are arbitrary. The desorption products, Nis) + CO(g) and Ni(s) + CO.(g).

are chosen as the zero potential energy references in (a) and (b), respectively. With permission
feom ref (48],
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9. Thin film deposition by low energy reactive ion bombardment

Many thin film deposition techniques invoivc some form of energetic
bombardment o. the growing matrix. It is now an established fact that the
nature of the bombarding particle and its primary energy influence different
film characteristics. As such, energetic particle bombardment includes plasma
systems {8}, dual beam sputtering [189], ionized cluster beam deposition
(ICBD) [190], and mass-selected ion beams (MSIBD) [191]. The MSIBD offers
the greatest control of the various parameters and can therefore provide the
most insight into film growth phenomena on an atomic scale.

9.1. Homonucleation studies by mass-selected ion beam deposition (MSIBD)

Perhaps the simplest examples of low energy ( < 100 eV) reactive bombard-
ment based film growth are those in which the surface and beam atoms are the
same chemical element. For E < 100 eV deposition occurs efficiently but as E
increases self-sputtering becomes an important phenomenon. Depending on
the sputter-deposition ratio a steady-state situation or a continuously receding
surface layer of the substrate may be achieved. The advantage of using
mass-analyzed, low energy icns to “deposit” films lies in the precise control
over the ion type, flux, energy, and spatial profile of the impinging flux. Films
can be grown with excellent isotopic composition, accurate thickness, and
uniformity. Additionally, the methodology is ideally suited for parametric
investigations of film growth processes [192].

Freeman [193] in 1976 described the adaptation of a laboratory-scale
isotope separator for epitaxial growth of silicon by deposition of Si” ions
retarded to low energy on to heated wafers of single-crystal silicon. Such
behavior is expected from thermodynamic considerations and from the vapor-
phase behavior of crystalline silicon. The epitaxial growth has been indepen-
dently verified [194].

MSIBD of the semiconductor materials Si and Ge has been demonstrated
recently in the range 40~200 eV on Si(100) and Ge [195]. Ge and Si layers that
were perfectly continuous, had good thickness uniformity, and exhibited a
sharp film-substrate interface were formed from ion doses of (1-2)x 10'°
atoms/cm’.

Epitaxial synthesis of diam:- ' ° = MSIBD of low energy carbon ions has
been reported [196]. An interic ..netric micrograph of such an epitaxial
deposit, containing some large carbonaceous inclusions is shown in fig. 64.
The photograph illustrates the continuous correlation between the deposited
film and the substrate. Reproducible crystalline growth up to 10 pm in
thickness and several mm’ in area has been observed for 900 eV C* deposition
on both natural and polished diamond substrates. In addition, three different
forms of carbon have been observed.
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Fig. 64. Interferometric micrograph of an epitaxial carbon deposit containing inclusions on a
polished diamond plaque. With permission from ref. {196].

9.2. Heteronucleation studies by MSIBD

Deposition of particles on a chemically different substrate is chemically and
physically more complex. Consideration must be given to the possibility of
formation of binary phases. preferential substrate sputtering, segregation
phenomena. and phase changes associated with the film itself. These processes
compete with the growth of the described film and the relative efficiencies are
dependent on deposition parameters such as ion energy. ion type. ion flux,
presence /absence of fast neutrals in the projectile beam, vacuum conditions in
the deposition chamber, substrate type, and temperature. Efficient film deposi-
tion is possible only by performing parametric investigations of the film
growth.

Thomas et al. [197] have coined the term ion beam “epiplantation™ for
MISBD and have carried out deposition of thin films of Ag and Ge on Si(111)
by this method. For both systems. epitaxial growth was achieved at tempera-
tures (230-350°C) lower than encountered in chemical vapor deposition
(CVD). In conjunction with the film deposition. sticking probability measure-
ments have been made for 25-125 eV Ag* and 25-300 eV Ge * and are shown
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Fig. 65. Measured sticking probability of Ag* on its own lattice as a function of the deposition
energy and simulations of the sticking probability from the MARLOWE calculations. With
permission from ref. [197].

in figs. 65 and 66, respectively. In both cases S drops from near unity at the
lowest E to near zero at the higher E. Growth of the crystalline films was
explained 'n terms of localized hot spots generated by the energetic projectile
atoms, i.e. the thermal spike model {198]. Other systems have been siudied by
MSIBD. Pb and Mg films have been grovn by MSIBD in UHV {199). Fig. 67
shows a series of electron diffraction patterns obtained from lead deposits on
either a carbon film or NaCl. The crystallinity of the film had an E depen-
dence; for low E an amorphous or polycrystalline structure resulted, while for
£ =120 eV, a definite orientation was observed.

10

v T v
; AP x = Experimental YT
. o 2 Colculated Ge® —aGe (1)
i ? % I . © = Calculated Ge® —s Ge poly
T 05 N
: ?
| b
o —— j_)_‘, -5 4
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Fig. 66. Measured sticking probability of Ge * as a function of the depuosition energy. MARLOWE
calculations for Ge(111) and *amorphous” Ge are included for comparison. With permission
from ref. [197].
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Fig. 67. Electron diffraction patterns of lead deposits on (a). (¢} carbon film or (b). (d) NaCl: (a).
(b) incident energy. 48 eV: (c). (d) incident energy. 121 eV. With permission from ref. [199].

MSIBD has been used recently [200] to enhance doping efficiency during
growth of 111-V compound semiconductor films. Traditionally, MBE tech-
niques have been used in doping procedures but suffer from very low sticking
probabilities for the dopant (group V) atoms. By supplying the dopant atoms
by MSIBD methods. and combining it with MBE deposition of Group 111
atoms, enhanced sticking efficiencies have been obtained. Single-crystal GaAs
films have been grown by this approach at substrate temperatures of
220-550° C, using As " ions of 100-200 eV.

Recently, there has been widespread interest in deposition of carbon films
that have properties identical to those of diamond {50.189.192.201.202). Chai-
kovskii et al. [202] have used 30-100 eV C~ beams to deposit polvervstalline
diamond films on a variety of substrates maintained at 25-507C. The phase
composition of the films was observed to be very sensitive to the presence of
neutrals in the beam, graphitization becoming a severe problem with the
presence of neutrals. Electron diffraction. AES and other techniques were used
to identify the diamond phase.

Miyazawa et al. [203] and Anttilla et al. {204] have also reported deposition
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of diamond-like coatings using MSIBD. The coatings were amorphous. but
had good adhesion and mechanical properties. Anttilla et al. [204] have
compared the properties of coatings made from C* and various other hydro-
carbon ton beams. The films prepared from hydrocarbon ions uniformly
exhibited bnittleness and poor adhesion.

Comprehensive surface spectroscopic characterization of low energy MSIBD
of diamond film growth has been provided by Kasi et al. {50.192.201.205]. The
first proui for chemical bonding of these films was obtained from AES. ELS.
and ILS data. Fig. 68 (right) shows C KLL AES signatures for 30-180 eV C -~
deposition on Ni(111). Initial carbon deposition results in the formation of a
subsurface carbide layer [fig. 68 (night. a)]) that transforms with continued
carbon exposure into a graphitic [fig. 68 (right, ¢)] and finally a diamond film
structure [inset, fig. 68 (right)]. Similar evolutionary details have been mapped

E,2350eV

dN(E)/dE
dN(E)/dE

f
I W
220 240 260
L 1 A A L A A . -l 1 i i S
60 40 20 0 230 250 270
ELECTRON ENERGY LOSS [eV] ELECTRON KINETIC ENERGY [eV]

Fig. 68. Right panel' Evolution of the AES line shape from (a) carbidic to (d) e-beam damaged
diamond for 75 eV C* deposition on Ni. The doses are as follows: (a) 2.0 x10'%, (b) 6 x10'%, (c)
9x10"", and (d) >2x10" ons/cm’. The inset shows a spectrum obtained with mimimal
electron heam exposure at the final stage Left panel: ELS spectra of (a) clean Ni and the same
surface after exposure to (b) 3% 10", (¢) $x 10", (d) 7x10"*. (¢) 9% 10'*, and (N 2% 10" C*
1ons/cm’ at 75 eV. The electron beam energy was 350 eV. With permicsion from ref. [192).
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Fig. 69 Carbon phase transformations as a funcuon of 10n energy and fluence. Regions A. B, and
C correspond 1o CKLL AES signatures of (a). (b). and (¢) of fig 68 (nght). With permussion from
ref {50}

out using ELS {fig. 68 (left)]. ELS and C 1s XPS data confirm the absence of
m-bonding in the films. and the energy loss suffered in exciting a bulk plasmon
in the film matched that of natural diamond. Epitaxial growth has been
verified by XRD for room temperature C* deposition on Si(100) and TEM
studies indicate that the film is composed of microcrystalline deposits of ~ 50
A. Parametric investigations of the effect of C° energy and dose have been
carried out [50] and the ideal energy range for diamond deposition reported to
be 30-180 eV. Fig. 69 shows the energy-fluence dependence of the carbon
phase transformations (fig. 68) for room temperature C° deposttion on Ni(111).
For £ = 30-180 eV efficient chemical rearrangement of the carbon deposits
occurs and diamond formation occurs fastest. For £ < 30 V. the phase
transformation does not proceed to the diamond structural stage. and high-
lights the important role of enerev in low energy MSIBD. For £ > 180 eV
radiation effects in the form of lattice displacements and onset of self-sputter-
ing become important, and when combined with increased 1on range and
straggling. necessitates higher doses to attain a final diamond structure in the
AES. Lattice damage effects can be sometimes annealed out by maintaining
the substrate to be coated at a high temperature during deposition. Freeman et
al. 1196] cbiained crystalline diamond films for 900 eV C* deposition on
diamond substrates maintained at ~ 700°C.

Radiation induced segregation is a common phenomenon in multicompo-
nent systems. For thin films, outward diffusion of the substrate or diffusion of
the film material into the substrate lattice under the influence of energetic
radiation is to be taken into account in formulating an efficient deposition
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on N1t With permission from rel {S0)

scheme. For 150 eV C " /Ni, Kasi et al. {S0] have examined possible diffusion
effects by 3 keV Ar* inert gas depth profiling. Fig 70 shows the sputter depth
profile data for the system and no segregation cffects are evident. A sharp
film-~substrate interface characterizes the low energy MSIBD scheme.

It 1s clear from the many examples available in hterature that film growth
bv MSIBD has numerous advantages. Systems which have been studied
include. Cr {206]. Zn {207]. Pb {208]. and cubic BN {209}

9.3. Ion-assisted deposition (IAD) of thin ilms

In section 83.3 reference was made to the possibthity of sputter removing
surface matenal chemically using 4 beam of inert gas ions in a reactive gas
atmosphere. In a similar manner the simultaneous impact of energetic inert
gas ions and thermal reactive atoms at a surface can be used to form thin films
of the reactive atoms on the surface. Such a deposition arrangement is called
ion-assisted deposition (IAD) wherein the inert gas ions provide local acuva-
tion energy for chemical rearrangement. Parameters important te fil.n growth
and properties include ion energy and 1on/vapor flux ratio [189}.

Results of IAD of Cu films have been recently reported [210]. The effect of
ion hombardment on the crystallographic texture, microhardness. crystallite
size. and resistivity of the thick Cu films was seen to be very different at tugh
energy (600 eV) as opposed to low energy (62 eV). Larger crystallite sizes and
consequently lower resistivities were ohserved for lower E. The microhardness
was higher for 600 eV Ar* 1AD. The (esulis have been internreted in terms of
increased Ar incorporation and lattice damage at the higher E. These studies
emphasize the importance of ion E in the deposition process.
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9.4 Theoretical formulution of energetic parucle deposttion

Simulation of film growth process has been performed using different
classical approaches to develop an understanding of the mechamsms of
MSIBD and 1AD.

Thomas et al. {197) used a modified version of the program MARLOWE-10
[171.211} concentrating on two specific aspects of the “epiplantation™ proce-
dure: (i) the increase in concentration of the primary ions on the surface or in
the near surface region and (i1) creation of damage in the crystal via atomic
displacements initiated by the primary 1ons. The model was bniefly descnbed
in section 8.1, The important parameter is E: its dissipation creates lattice
damage that 1s governed by a number of adjustable parameters; £ - the hulk
displacement energy. £° - bulk binding energy. £ - the minimum energy a
moving atom can possess before 1t is trapped in the lattice, and E° - surface
displacement energy for an atom with a velocity component directed outward
from the crystal surface. Figs. 65 and 66 show the predictive capabilities of the
simulation procedure when applied to low energy MSIBD. While the agree-
ment 1s satisfactory for Ag® /Ag(111), the calculated sticking probabilities for
Ge " /Ge(111) were consistently hugher than the experimental data and were
better correlated when an amorphous target was used in the calculations. The
results of the calculations were consistent with a growth process that involved
short penetration depths, increased sputtening with £, and mintmal back-
scattenng of the projecule 1ons.

Herbots et al. [195] have modeled 0-200 eV MSIBD of Si* and Ge ™ on Si
by performing Monte Carlo calculations with TRIMSPUT (212} The proce-
dure produces a distribution that can be fitted by a Gaussian intersecting the
surface of the substrate near the maximum of the distribution. Film growth by
MSIBD was suggested to proceed in three steps: (i) in the imtial stages. the
implanted 1wons distnibute in the first few layers until the maximum of the
profile reaches an atomic concentration, N,. equal to the atomic density of the
matenal being deposited, 5 (1) continued saturation of the layers between the
surface and the maximum of the Gaussian at the same N, creating a new
surface laver that contains only the MSIBD species: and (i) true film growth
involving increasing film  thuickness. Comparison of the expenmental and
calculated results showed that the Monte Carlo simulatuon code TRIMSPUT
was able 10 provide quantntative values of the sputtering vields. ion ranges.
and range stragghng in the 40-200 eV range provided that the surface binding
energy of the substrate. which is a crucial parameter in sputter removal of top
fayer substrate atoms dunng deposition. is known accurately for the expen-
mental conditions.

Lifshitz et al. [205] have more recently described a “subplantation” model
for growth of ngid. metastable films by MSIBD Subsurface implantation.
energy loss. preferential displacement of weakly bonded atoms in favor of
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ngidly bonded atoms, and sputtering of substrate matenial are processes
constdered for hyperthermal particle interactions with the substrate. Epitaxial
growth and preferred onentation result from the angular dependence of the
displacement energy and the host mold effect. The model. supported by ion
trajectory calculations and expenmental data. has been applied to diamond
film formation from 30-150 eV C~ ions.

There have also been theoretical studies of the influence of projectile energy
in thin film deposition using 1AD. Two-dimensional molecular dynamics (2D
MD) simulation {213,214} of the growth process and the resulting film struc-
ture has been investigated for a growing film of Lennard-Jones particles (zero
substrate temperature). For IAD. 100 eV Ar’ ion induced structural re-
arrangement of a growing Ni film was examined by the 2D MD procedure.
The simulation technique of MD is a classical mode! in which the representa-
tive sample of the system is followed on the microscopic scale of time and

0.1 eV vapor

Fig. 71. (a)-tc) Typical mucrostructure obtained for condensing vapor atoms of 0.1 eV kineuc

energs arnving under normal tncidence (a) without ion bombardment. (b) with Ar bombardment

of E=10) ¢V and §, /1, = 0.16. (c) with Ar bombardment of £ =75 eV and ; /: =016 The
atom-atom potential 1s U. With permussion from ref [213)
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distance. Hamilton’s equations were solved for a system of interacting film
atoms, arrniving vapor atoms, and the impinging ions. lons are assumed to
interact with the film atoms by a pairwise additive and spherically symmetric
Moliere potential. Fig. 71 shows the change in film microstructure for a fixed
ton-to-vapor flux ratio ( j,, . = 0.16). ~ith increasing £. The sputicricg vields
were S=0for E= 10eV. and S =0.7 for £E=75eV. It can be seen that void
filling and corresponding film densification 1s more efficient at higher £ for
Ar’. Homoepitaxial growth is also supported by ion-assisted deposition
according to the result: of the simulations. Similar qualitative behavior is
reported for increased 1on/vapor ratios. The results have been explained in
terms of increased adatom mobility due to the availability of local energy at
the growth site.

10. Perspective

Tie interactions of low-energy. reactsve ions with surfaces has been surveyed
in this contribution. The spectrum of interaction channels available to atomic
and molecular 1ons with energy in the chemically interesting range of 1-1000
eV has been considered. Elucidation of the panorama of interaction phenom-
ena including. clectronic processes, molecular dynamics, and chemical reac-
tions has been provided by treatment of the phenomenological aspects of the
wn-surface interactuon. Specifically, examples have been provided of experi-
mental and theoretical approaches used in the study of different aspects of the
energetic gas-surface interaction problem. Information obtained from such
segments can be used to reconstruct a complete picture of the mulu-dimen-
sional problem that is low-energy ion-surface interactions. Experimentally.
these interactions can be studied within an ultra-high vacuum environment,
allowing for dynamic in situ characterization of the reacted surface and any
gas phase product evolution. Established surface analytical tools, such as AES.
XPS. UPS. und LEED have found wide use. as have the more recent
time-of-flight scattering and recoiling technigues.

Understanding ion-surface interactions is basic 10 a number of technologi-
cally important phenomena. Some of the most significant applications include
film deposition. alteration of surface properties. understanding and controlhng
reactions in hostile environments. and inducing endothermic reacticns. Joj.-
cerning film deposition. low-energy, mass-selecied ion beams are emerging s
a new and exciting methodology for growing pure epitaxial films uat low
substrate temperatures. In alteration of surface properties. applications in-
clude preparation of metal surfaces or films that are chemicallv nert and
corrosion resistant. surface hardening and passivation, preparation of catalyst
surfaces that are selective and specific to desired reactions, adjustment of
electronic band gaps and surface conductivities, and alteration of polvmer
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surfaces. Applications in hostile environments include plasma etching and
processing of matenals. nuclear reactors, interstellar atmospheric processes,
high-temperature and stress situations, and development of non-equilibniun
plasma chemistry. Inducing novel reactions includes stimulation of endother-
mic processes at low temperature. studies of catalytic reaction mechanismrs.
and production of new and novel compounds on surfaces.
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Ion Beam Induced Decomposition of Transition-Metal Fluoroanions
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XPS and UPS studies of 4-keV Ar* bombarded K,T1F,, K:NbF-, and K,TuF- reveal the reduction of the central trunsition-metal
atom to lower oxidation states in all cases. The tantalum and niobium i K,TaF, and K,NbF; are reduced to oxidation
states of IV, 11, and 0, while the titanium in K,TiF, is reduced to oxidation states of 11! and II. The various oxidation states
are 1dentuified through binding encrgy shifts of the XPS core level spectra. Atomic concentration measurements are used
Lu ostimate the surface compositions  These resuiis are discussed in terms { the therna! spike model, and the behavior of
the speci o compounds 1s shown to correlate with the relative stability of the possible reaction products

Introduction

fon bombardment of a surface deposits large quantities of
energy into localized regions near the surface. This energy can
induce a variety of processes such as preferential sputtering,
dissociation. atomization, and recombination resulting in an altered
surface layer.'> The momentum transfer collision cascade
theory*® of sputtering is well developed and provides a good model
of ion damage in single-component targets. The mechanism of
ion damage in multicomponent targets is not well understood,
however.

In this laboratory, salts of complex oxyanions have been used
as model systems for the study of ion damage 1o multicomponent
systems. Oxyanions, such as CO;? . NO,*, and SO,? . whose
central atom (C, N, S) forms volatile compounds with oxygen were
found’® to become deficient in this central metal atom upon
bombardment. In contrast, ion bombardment of oxyanions with
metal central atoms, such as Mo,” , where M = Cr, Mo. W, V,
Nb, and Ta. wkich form involatile compounds with oxygen, re-
sulted in preferential loss of oxygen and reduction of the central
metal atom to lower oxidation states.>'! In some cases, reduction
of the central metal atom to oxidation state 0 was observed but
not in others. These resuits were explained according to the
thermal spike mode! of Kelly.!? This mode! states that when an
ion strikes a surface, a Jocalized high-temperature region is pro-
duced, resulting in atomization and fragmentation of the species
within this region. As the system relaxes, recombination occurs.
Of the numerous decomposition reactions possible in such a
process, the model predicts that those with the highest negative
free enthalpy of reaction occur with the highest probability. This
model successfully predicis the decomposition behavior of the
oxyanions studied.

In order to further test the generality of the proposed mecha-
nism, these studies were extended 1o the ion-induced decomposition
of the fluoraanion compounds K,TaF,, K,NbF,, and K,TiF,. In
this paper. we present UPS and core XPS spectra of these un-
bombarded and Ar*-bombarded fluoroanion compounds. Both
the atomic concentrations (AC) and binding energy (BE) shifts
are monitored for all elements such that the composition of the
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damaged layer can be quantified. The results are compared w0
the studies of the corresponding oxyanion compounds and are
discussed irn terms of the «tability of the possible reaction products.

Experimental Section

The XPS measurements in this study were carried out on a
Perkin-Elmer PHI Model 550 ESCA/SAM system with Mg Ka
X-rays at 1253.6 ¢V as the excitation source. The base pressure
of the instrument is 2 X 107" Torr. UPS measurements were
performed on the same system with He 1] radiation at 40.2 eV
as the excitation source. Auger measurements were attempted,
but it was found that the electron beam readily decomposed the
samples.

K,TiF,, K,TaF,, and K,NbF; (Alfa Products). in the form of
fine powders, were pressed into 1 «m X 0.2-0.5 mm disks that
were positioned on the sample probe of the instrument. lon
bombardment was performed with 4-keV Ar* ions at a flux of
3 uA/cm?. lon currents were measured on a stainless steel plate
with an area equisaicin oo that us iz samples. XPS measuements
were made at reguiar intervals during bombardment until no
further changes in the peak shapes or relative atomic concen-
trations were observed. This saturation condition typically oc-
curred at ion doses of (1.5-1.8) X 10'" ions/cm®. All binding
energies were referenced ta C 1s at 284.5 ¢V, which was present
as an impurity in all unbombarded samples. or o peaks of the
bombarded sample (in which no C remained) that were unchanged
by bombardment. UPS measurements were made on the fresh
samples and the bombarded samples after the steady-state con-
dition was obtained.

Results

Prior to bombardment of the fluoroanion compounds with 4-keV
Ar*, XPS survey spectra were taken of the fresh samples. These
spectra indicated that each fresh sample was contaminated with
a small amount of carbon and oxygen. After bombardment. no
trace of either contaminant remained.

The core-level XPS lines of the fluoroanions were monitored
before and at various times during ion bombardment. The core
lines of the transition metals all showed large chemical shifts upon
bombardment. These metal core lines are characterized by
spin—orbit (SO) doublets. When more than one oxidation state
was present on the surface, the overlapping SO doublets of the
various oxidation states yiclded a rather complex peak shape. The
peaks were curve fit by using (i) the relative intensities of the SO
components, (it} the SO splitting. and (iii) the known binding
energies of the various oxidation states.'"!' A morc detailed
description of the curve-fitung procedure has been given previ-
ously."!
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Figwre 1. XPS spectra of the transition-metal core lines of K, Tit,, n;NbF,, and K;TaF, before and after Ar* bombardment w the steady-state condition.
The impurity observed on the initial surfaces is due to hydrolysis products such as K,TaOF, KNBOF,. and K, TiOF,

TABLE |: Binding Emergies (in eV) aad Atomic Concentrations for
K;TaF,, K;NbF,, and K;TiF; before and after 4-keV Ar*
Bombardment to a Steady-State Coadition

wnitial bombarded
BE AC BE AC

K;TaF-
K 2p;.» 292 (1] 292 0.8
Fls 687 068 687 062
Ta 4f. . (V) 300 0.07
Ta 4f- , (IV) 0 267 002 '
Ta 4f. , (1) 0 2 002 - 0.20
Ta 4f5,, (O ] 27 0.16 \
impurity 284 0.04

K.NbF
K 2p: . 293 0.22 293 018
Fls 686 0.69 686 0.64
Nb 4f- (W) 2089 0.06 208.8 0.09
Nb 41 . (V) 206.4 0.03 l
Nb 4f- o (D) 2043 0.01 - 0.16
Nb 4, () 2024 0.03 \
impurity 207.2 0.04

K,TiF,
K2p, . 292 0.23 292 019
F s 686 06k 686 0.63
Ti 3p, - UV 161 R 0.07 4612 ool
Ti 3p.» (1D 4594 ()07’ 017
Ti3py . (D 4581 «)09‘ ’
impurity 459 4 0.02

A. K,TaF-. The core-level binding energies and atomic con-
centrations of K.TaF- before and after ion bombardment are listed
in Table }. Examples of the corresponding XPS spectra of the
Ta 4f levels are shown in Figure 1. The initial K, TaF- surface
was found to contain approximately 5 atom % each of carbon and
oxygen impuritics. The Ta 4f peaks of K,TaF- at 30.0 and 31 .85
¢V overlapped with the K 3s and F 2s peaks at 32.1 and 30.1 eV,
respectively, making deconvolution of the individual peaks difficult.
Therefore, in the curve fitting of the initial surface, the K 3s and
F 2s p-aks were omitted. This makes the reported atomic con-
centrations and binding energies of the initial surface an upper
limit. Curve fitting of the Ta 4f region revealed a SO doublet
due 10 Ta(V) in K.TaF- and a second SO doublet at 1.5 eV lower
energy. K.TaF. can hvdrolvze to form species such as K,TaOF,
and K,TaO,F.. These species, while stifl Ta(V}. will have lower
binding energies due to the lower electronegativity of oxygen than
fluorine. The surfaces of these samples were likely hydrolyzed
during their preparation and handling. These lower energy
components are therefore assigned to hydrolysis products. It
should be noted that no oxygen-containing species was detectable
after Ar* bombardment to the steady state. These surface oxygen
containing species were totally removed after an ion dose of ap-
proximately S X 10" jons ‘cm® Tiw «eialive aivmic concentration:
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Figure 2. Difference UPS spectra of K,TaF,, K;NbF-, and k.Tif,
obtained by subtracting the initial UPS spectrum from the UPS spectrum
obiained after Ar* bombardment to the steady-state condition.

and binding energices of the bombarded samples are the steady-
state vaiues. These values are obtained and persist long after the
oxygen-containing impurities have been sputtered away. Therefore
the steady-state values reflect the decomposition of the K,TaF-
and are not influenced by the hydrolyzed surfaces

Upon Ar* bombardment, the Ta 4f region shifts to two major
peaks at 21.7 and 23.6 ¢V with a low-intensity tai) to higher
binding energy. By use of the curve-fitting method previously
described, this band shape can be shown to consist of three
overlapping SO doublets corresponding 1o formal oxidation states
of 0, 11, and 1V. The Ta(0) peaks are particularly prominent,
comprising greater than 80% of the total Ta 4{ intensity. indicating
that the Ta is primarily reduced to the metallic state

The UPS spectrum exhibits similar changes upon 1on bom-
bardment. Figure 2 is the difference spectrum obtained when the
UPS spectrum of the fresh sample is subtracted from the UPS
spectrum of the irradiated sample. The new peak at 3 ¢V is due
to ionization of the Ta Sd band, which is now occupied 1n the
reduced metal. This binding energy agrees very well with the Ta
5d band in sputtered films '

Both fluorine and potassium are preferentially lost upon bom-
bardment. The Ta/F and Ta/K ratios increased from 0.16 and
0.52t0 032 and .11, respectively.

8. K,NbF. The imual surface contained K,NbF- along with
rather substantial amounts of hydrolysis products such as KNBOF,
or KNbO,t;. Upon Ar® 1on bombardment the \b 3d region
broadens into a structure characteristic of several overlapping SO
doublets. Curve fitting shows this structure to consist of four
overlapping doublets corresponding to oxidation states ul 0, 11,
IV, and ¥ as is shownn Figure 1. The binding encrgics #nd

(14) Penchina, C M Phvs Ret B Solid State 1976, 14. 4407
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Figure 3. Plot of the distribution of the varnious oxidation states of the
transition metals following 4-kcV Ar* bombardment to saturation

relative atomic concentrations are listed in Table . Tie UPS
spectrum showed a growth of the Nb 4d band indicating reduction
of the central atom as shown in Figure 2.

C K.TiF, The initial surface contained primar.iy K.TiF, with
small amounts of hydrolysis products such as K,TiOF, and
K,TiQ,F,.'* After ion bombardment, SO doublets due to ov-
daticn staies 1V, 111, ana 11 were observed in the Ty 3p region
No reduction to the metallic state was observed. Representative
spectra are shown in Figure 1. and binding energies and atonuc
concentrations are fisted in Table I. The UPS spectrum was
similar to that of the Ta and Nb fluorcanion compounds. showing
a growth of the Ti 3d band upon bombardment: however, it was
of much lower intensity. The 3d orbitals of Ti(I1) and -( 1) are
partially occupied, giving rise to the valence band structure shown
in Figure 2.

Discussion

The results indicate that all of the fluoroanions decompose under
ion bombardment and that the composition of the decomposed
layer reaches a steady state after which additional ion bom-
bardment causes no further changes in the system detectable by
XPS or UPS. While the specific decomposition product distri-
butions vary widely between compounds, there are several changes
that are common to all of the samples: (i) the relative concen-
tration of the central transition metal increases while the con-
centrations of the potassium and fluorine decrease and (ii) lower
oxidation states of the central metal atom are produced. This
behavior is similar to the decomposition behavior of transition-
metal oxyanions.'®!' The relative abundances of the varivus
oxidation states of the metal in the bombarded sample are shown
in Figure 3.

The most outstanding feature observed in the decomposition
of the fluoroanion compounds is the fact that the central metal
atom is reduced to the metallic state in K,TaF; and K;NbF, but
not in K,TiF,. This behavior also correlates well with decom-
position of the oxyanion compounds.’' Oxyanions of first-row
transition metals were not reduced to oxidation state O upon 1on
bombardment, while those of the second- and third-row transition
metals were reduced to 0. This close correlation of the decom-
position of the fluorcamon and oxvamon compounds strongly
suggests a similar mechamsm for these decompositions

Decomposition of the nxvanion compounds has been successfully
described by the thermal-spike model  fon beams can transfer

(1% Lastockina, A A, Shika, | A Mahnko, I A [x tkad Nauk
SSSR. Neorg. Mater 1969 5 <7

(16) Skyadnev, Yu. N . Mikhaifov, M A/ Less Common Mer 1971,
RANRERT
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both translational and clectroue energy into locahized regions nea
a crystalline surface. Senz and Koehler'” give an expression for
a particle of energy F. stniking a surface of thermal conductivity
K, heat capacity C.and denstty p The temperature T at 2 distance
r from the site arter 2 ume 2 given by

T = F(CpV 2/ (8(x A0y * expl-Cpr f4ke) e

For a 4-keV Ar’ 100 stitking 4 salt, typread of these studied heresn,
a region of radiux 20 X can be elesaited 10 4 temiperature of greater
than 3000 K 1hi condition persists for 10 ~owiwch s orden
of magnitude longer than the vibratonal pertods ot the surface
species. The high energy density tn the thermai-spike reaion causes
ionization, dissociation. and womization of the surtade spevies
Translational energy avguored by the consutuents through coilision
cascades and attractive of repulsine electrostatic poientiais resgin
n ejection of ~oste partivies and random cothsions between otherns
As the system relaves, recombination reactigas between toma
and molecular fragments wecur. The resulung Jocomposition
products remaining on the surface are ponvoliatie spectes with
high negative free energies of formation. Products with high vapor
pressures or high negative free energies of formation are typicilh
lost to vacuum  This s not o imply that o g equbbrnum
situation 1s attained during sputtering but that thermody namics
only governs the probability of a compound forming vpen re-
laxation.

Kelly'? has shown that the decomposition of metal oxides upon
1on bombardment can be explained in terms of the thermal-spike
model. Hoet al - huve evended this treatment 1o three-com-
ponent oxyanion compounds. They observed that those decorr-
position reactions with the largest negative free ercrgy of -caction
tended to have the highest protability of occurring The wmilarity
of this oxyvanion work to the decompositon of the flune.i1on
compounds indicates that 4 similar mechanism s imvoived Un-
fortunately, since the required thermodynamic daw are not
available for the Aluoroanior compounds. a rigorous treaiment s
not passible. However, the stability of the possible producis can
be examined

Compounds of the first-row transition metahy with oudation
states of I1 and I are well-known and are stable 1n the soud
state.'® However, lower oxidation states in second- and third-row
transition metals tend to be unstable and do not play 1 major role
in their cnemistry  \s the thernial spike relaxes, stabie domolatile
products with large free encrgies of formation are tormed and
remain on the surface. Thermoedynamics governs the probabality
that a species will be formed upon relaxation. Thermody namucatly
favorable reaction channels resulting in transition-metal com-
pounds with cxidation states of It and 11 are more Likely for
first-row transit'n metals such as T1 than for secund- and
third-row metals such as Nb or Ta. Therefore, K.Til, should
have thermodynamicully favorable decomposition channels which
do not result in the reduction of the Ti all the way to the metal
K,;NbF; and K,Tak,, on the contrary, are loss likelv to have
favorable decomposition channels resulting in oxidation states 11
or I1I; thecefore, reduction to the metal is favored. especially for
K,;TaF;. Therefore. while there are insufficient data to prove that
the decomposition of the fluoroanion compounds is governed by
the thermal-spike model, the data are certainly consistent with
this model.

While the abserved reduction of the fluoroanions is vonsistent
with the thermal-spike model, some mention should be made of
alternate models of ion-induced decomposition. Kelly ® has pointed
out that thermal sputtering can be equally well described as a
surface binding energy effect, e, that those dtoms with a lower
surface binding encrgy tre preferentially lost over those with a
higher binding energy  For metal oxides. the metal atom has a
much higher surface binding energy than the onygen due 1o ats

(17) Senz b kuchier 1 1. Progress in Solid State Phy ooy 2 Academic
New York. 747 p 0

(1R Conton, b v Wylkinson G 4dianced Inorgann: Chemigrr i ed |
Wilev-Interscrience  “vew York, 1950

(19) Kelly, R Nudd Instrum Methody 1987 8, 3y Kellv. R J bae
Sct lechnol 1981 0 "°x%
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greater charge. This should be even more exaggerated for metal
halides or metal fluoroanions. Therefore, ion bombardment of
fluoroanions should induce preferential loss of F and a subsequent
reduction of metal atom. which is observed. Both models predict
the general behavior of the decomposition of the fluoroanions.
However, due to the unreliability of surface binding energies for
complex species. the thermal-spike model can be more casily
applied in these complex systems.

Conclusions

All of the transition-metal fluroanion compounds studied
preferentially lost potassium and fluorine upon As* bombardment,

2078

while the central metal atom was reduced to lower oxidation staies.
Reduction to the metal was observed for K,TaF, and K,NbF,
but not for K,TiF,. These results are consistent with the ther-
mal-spike model of energy dissipation. The resulting surface
contains those products with high ncgative free energies of for-
mation.
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The chemusorption of OCS on polycrystalline Ni foil, in the 77-293 K temperature range, was
investigated by XPS. UPS and AES electron spectroscopies. At all temperatures studied. chemuso-
rption was found to be dissociative yielding sbsorbed S and gas phase ('O The reaction i~ found
10 be strongly exothermic wath a low activation energy.

Little work has been done on the chemusorption behavior of carbonyl
sulfide (OCS) on transition metal surfaces such as nickel. Such systems are of
interest due to the vanety of processes that can occur, ranging from molecular
chemusorption to dissociative chemisorption with one or more of the products
being desorbed [rom the surface. In the only previous work on this system.
Saleh et al. [1] studied the adsorption of OCS on evaporated Ni films. By
monitoring the change in pressure of OCS over the Ni film and the composi-
uon of the residual gas after adsorpticn, it was concluded that OCS dissociates
upon adsorption at temperatures above 293 K, yielding adsorbed S and gas
phase CO. This is similar to the dissociative chemisorption of CO, on Ni,
which yields chemisorbed O atoms and molecular CO [2]. In contrast, at
temperatures below 293 K, Saleh et al. reported the adsorpuon to be primanly
motecular. Their work did not attempt to characterize the surface species after
chemisorption. which is important for a complete understanding of the ad-
sorptica process. Thus Letter reports the characterization of the surface spectes
following OCS chemisorption on Ni foil bv XPS, UPS and Auger spectrosco-
pies in the temperature range of 77-293 K.

The XPS ard UPS measurements were carried out on a Perkin Elmer PHI
Model 550 ESCA /SAM system using 1253.6 ¢V Mg Ka X-rays and 40.2 eV
He II radiation, respectively, as the excitation sources. Auger measurements
were carried out on the same system using a 3 keV, 1 uA electron beam as the
excitation source. A polycrystalline Ni foil (Alfa Inorganics) which was
mechanically polished tefore insertion into the vacuum chamber was used for
the sample. This sample was cleaned in vacuum by simultaneously heating to

0039-6028 /88 /$03.50 & Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

117




L9 CS. Sass. / W Rubalais / Cuarbonvi sulfide on Ni

o
¢
&
c
3
A
>
=
w
Z
Wl
-
<

A A i A 'S 1 i A 'l

i6 12 8 4 £,

BINDING ENERGY [ev]

Fig. 1. He 11 UPS spectrum of a clean (a) Ni surface and after exposure to 5000 L OCS (b)
at 293 K.

550°C and sputtering with 5 keV Ar" for periods up to eight hours. In the
*“clean” surface condition, the C KLL, O KLL and S LMM Auger peak-to-peak
amplitudes were all less than 0.1% of the Ni LMM peak-to-peak amplitude.
The sample was cooled by flowing cold N, gas or liquid N, through a tube in
thermal contact with the sample. The temperature of the sample was moni-
tored by means of a thermocouple spot-welded to the sample holder. In a
tvpical experiment, the sample was cooled to the desired temperature, a known
dose of OCS was admitted into the vacuum chamber, and UPS. XPS and
Auger spectra were measured on the resulting surface. Auger spectra were
measured after the XPS and UPS measurements to insure that any electron
beam effects did not alter the photoelectron results. The sample was cleaned
after each exposure

XPS, UPS and Auger measurements were made on the clean Ni surface. All
spectra agreed with Literature spectra [3,4]. Chemisorption expariments were
run at exposures of OCS ranging from 0.1 to 3000 L.

The UPS spectra obtained from the clean surface and following 5000 L
exposure of OCS to the polycrystailine Ni sample at 293 K are shown in fig. 1.
The clean Ni surface exhibits an intense d-band plus a smalf plasmon loss
feature centered at 6 ¢V below the Fermi level. After chemisorption of OCS,
the only change in this spectrum is a shght increase in the inelastic electron
loss intensity. To our knowledge, no one has reported the UPS spectrum of
OCS absorbed on a metal surface. The gas phase UPS and XPS spectra of
OCS have intense valence bands at 10nization potentials (IP) of 10.1 and 15.5
eV corresponding 1o ionization of the 37 and 2# molecular orbitals, respec-
uvely [5.6]. It would be expected that absorbed molecular OCS on Ni would
have similar bands, although possibly with shifted energies. The gas phase IP's
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Fig 2. Auger spectrum of a Ni surface after exposure to 5000 L OCS at 293 K.

of these bands correspond to binding energies of 4.8 and 10.2 eV below the
Fermu level of Ni. No peuaks are observed in these regions. indicating that no
molecular OCS 1s present on the Ni surface.

The absence of molecular OCS indicates that this species undergoes dissoci-
ation upon adsorption. The feasible decomposition products include C, O, S
and molecular CO. No olecular CO remains on the surface as indicated by
the absence of bands at 8.1 and 10.9 ¢V due to the 40 and a combination of
the 5¢ and I= molecular orbitals, respecuvely {7.8]. No atomic species are
observable 1n the UPS spectrum either. The C 2p, O 2p. and S 3p ionizations
are typicallv near 3.6, 6, and 5 eV, respectively {4,9.10]. These are not observed
because of the low surface coverage, the overlap with the Ni plasmon peak,
and the low photoionization cross section with He 11 radiation (particularly so
for C 2p and S 3p orbutals). [t has been shown {4] that monolayer coverage of
C on Ni s not detected by grazing incidence UPS. The lack of observation of
any valence atomic orbitals in the UPS spectrum is, in itself. not sufficient
evidence that these species are not present. The atomic species present on the
surface can be readily observed in the Auger spectrum shown in fig. 2. An
intense peak at 152 eV due to the S LMM transition i1s observed while no
transitons due to C or O are detectable. Similar results are obtained 5y XPS,
1.e. an intense S 2p peak but no O 1s or C is peaks are observed.

Similar chemisorption expeniments were performed al sample temperatures
of 200 and 77 K. In each case. exposure of the Ni surface for up to 5000 L of
OCS resulted in identical spectra to those at 293 K, indicating that an
identical process 1s occurrng,

The spectra show that OCS decomposes upon chemisorption at all tempera-
tures between 77 and 293 K. The absence of C and O on the surface after
chemisorption suggests that C and O are desorbing as molecular CO. The most
likelv reaction involves chemisorption of the OCS by formation of a metal-S
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bond. Electron transfer from the metal weakens the S C bond, resulting in
efficient bond rupture and desorption of molecular CQO. The overall process 1s
then:

OCS(g) — OCS(ad) (1)
OCS(ad) — S(ad) + CO(g) (2)

The bond energy of chemisorbed S on alumina supported Ni has been
measured to be 465 kJ/mol between 600 and 800 K [11]. Assun..ag that the
bond energy 1s similar for polycrystalline Ni at room temperature, the heat of
formation of chemisorbed sulfur from standard states is approximately — 242
kJ/mol. This value is similar to that esumated by Roberts {12} from the heat
of formation of NiS. Using this value and the standard heats of formation of
OCS(g) and CO(g), the total reaction is calculated 10 be e¢xothermic by 215
kJ/mol at 293 K. The similar results obtained at 200 and 77 K indicate that
the same process is occurring at these lower temperatures. The fact that the
decomposition reaction occurs at such low temperatures indicates that the
activation barner for the process is very low, The formation of the metal-sulfur
bond must sufficiently weaken the S-C bond to allow bond rupture at
temperatures as low as 77 K. This process is aided by a strong thermodynamic
dniving force.

These results are in contrast to the work of Saleh ¢t al. who found that
chemisorption of OCS on evaporated Ni films was molecular at temperatures
below 293 K. One possible explanation for this may be the different surface
structures of polvcrystalline Ni foil and evaporated Ni films. Both the poly-
crystalline foils and evaporated films have a distribution of different crystallo-
graphic faces at the surface. However, the types of faces and their distributions
may be different for the different methods of fabrication. The reactivity of
OCS on Ni may be a function of the surface structure and therefore may be
more reactive on the Ni foils than on the evaporated films. The determination
of the role of surface structure on the decomposition of OCS on Ni will
require a systematic investigation of the chemisorption on a number of Ni
single crystal faces.

}AH = —215 kJ /mol.

OCS was found to decompose upon chemisorption on polyvcrystalline Ni at
temperatures between 77 and 293 K. The decomposition reaction involves
cleavage of the C-S bond followed by desorption of molecular CO. The fact
that the reaction occurs at such low temperatures imphes a low activation
barner for the process.
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Scattering of molecular nitrogen ions in the 1.5-4 5 keV range from goid and graphite surfaces
results in a small fraction of surviving molecules and molecular 10ns 1n addition 1o atoms and
atomic ions resulting from dissociation. The kinetic energy (E, ) distnbutions of scattered N,*
and N~ ions have been measured directly by means of an electrostauc sector analyzer (ESA)
and the velocity distnibutions of the scattered N, and N neutrals plus 1ons have been measured

by ume-of-flight (TOF) techniques. Scattered ion fractions were determined from the TOF
measurements. The relative £, distnbutions of the scattered atomic 1ons indicate that
dissociation from excited repulsive electronic states which are populated during the collision
dominate the mechanism, rather than purely vibrational or rotational excitation from the

X . ground state of N.* . The excited dissociative C

', and DT, states of N, are

accessible by Franck—Condon transitions from the X °S * state. The data are consistent with a

mechanism in which these two dissociative states contribute their repulsive energy 1o the large
relanve £, distnbutions of the scattered N * ions. The electronic excitation occurs via electron
promotion during the scattering collision through the Fano-Lichten mechanism.

I. INTRODUCTION

The interaction of keV diatomic 1ons with surfaces has
received a great deal of interest in recent years. When di-
atomic 10ns are scaitered from surfaces. the scattered flux
consists of surviving moiecular species 1n addition to atomic
species resulting from dissociation. Most of the work has
been concentrated on H, scatiering.’™ At scattermg ener-
gles up to several keV. smail molecular ion tractions ( 3%
survive the collistons, even though the elastic losses to the
surface are much larger than the bond energy of the molecu-
lar ion.

Extension to heavier diatomic tons has been confined
primarily to N.”.~'" Balashova ¢t al.*" have found that
some N,  survives even at collision energies up to 30 keV
and also noted a strong directional dependence to the scat-
tered N.° tlux. Heand and Taglauer have observed that
molecuiar 1on sursisal is strongly dependent on the surface
conditions for N.7 scattering trom Nt at a pnmary ion ener-
gy of 400 ¢V and scattenng angle of 20°. The molecular ion
vield was tound to increase by a factor of 2 for scattenng
from a nitnded Ni(110) surface as compared to the clean or
sulfur covered suriace. They attnbuted this to rnore effective
vibratronal quenching of the scattered N.* by surface N than
by Niors

Betenski and Panllis’ ' '* have developed a model to
simulate the survival of molecular 1ons which treats the con-
stituent atoms in the molecular 10n as separate entities. They
found that when the molecular axis of the ion is ontented
along the direction of incidence of the pnmary beam, the
constituent atoms in the molecule scatter with relative kinet-
icenergies ( £, ) of the atoms less than the bond energy of the
moleculur ion. This results in associative or molecular scat-
tenng. Molecular dynamics simulations by Jakas and Harni-
son'® have found that scattening of the constituent atoms
cannot be treated separately, but that target atom recoil and
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intermuclear interactions play an important role in the sur-
vival of the molecular 1on. Both of these approaches treat the
dissociation as a classical process and neglect the role of elec-
tromic exciation n the dissociation mechanism.

In later work. Helland ef al. have studied both the scat-
tered neutrals and 10ns resulting from N,” bombardment by
TOF spectrometry.''” They found that the scatiered flux
from 400 eV N;* bombardment of Ni(111) results in pn-
manly neutral N. scattenng with smaller amounts of neutral
atomic N. They attnbute these results to resonant charge
transfer from the surface to the N,* on the incoming and
outgoing trajectones. Transfer to a bound state of N, results
in neutral associative scattering while transfer to an anu-
tonding sta:: resu’* in dissociative scattenng. This work
proved that ciectronic excitation plays an important role in
the collisional induced dissociation mechanisms of molecu-
lar suns. resulting 1in neutral molecular and atomic scatter-
1ng. 1n contrast to the proposed mechanism of Panthis. ' *-'* It
1s not clear, however, if excited states play a role in the mech-
amisms leading to scattered molecular and atomic ions.

We have studied the scattening processes of molecular
N.” 1ons from gold and graphite surfaces in order to deter-
mine the role of excited electronic states in the collisional
dissociation process. By measunng the energies of the scat-
tered 10ns directly through an electrostatic analyzer (ESA),
the velocities of the scattered neutrals and 10ns by time-of-
flight (TOF) methods. and the scattered molecular and
atomic 10n fractions. 1t 1s possible to assess the role of elec-
tronic excitanion into excited states in the dissociation mech-
anism.

H. EXPERIMENTAL

The expenments were performed on a TOF ion scatter-
ing spectrometer described previously'” with the following
modification. The flight tube at 22° scattenng angle was re-
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placed by a 12T electrostatic analyzer (ESA) equipped with
a gnid window allowing a line-of-sight 1.5 m flight path di-
rectly through the ESA This arrangement allowed the ener-
gY spectra of the scattered 10ns to be measured with the ESA
or the TOF spectrum of the scattered neutrals and ions to be
measured through the flight tube. Operational details have
been described previously.'™'™ Briefly, molecular N.* ions
were formed in a colutron 10n source, accelerated to .25~
4.50 keV, and transported through a beam line equipped
with a Wien filter for mass selection. an off-axis aperture for
elimination of fast neutrals, and pulse plates for producing a
pulsed ion beam of width ~ 100 ns. The resulting mass and
energy selecied ion beam was directed into a UHYV chamber
for scattering from the sample surface. The scattered flux
was then energy or velocity analyzed.

The energy spectra of scattered ions were measured by
means of the ESA using an unpulsed primary i1on beam of
~0.1 gA/cm?. The identities of the individual peaks in the
resulting enetgy spectra were confirmed by pulsing the pn-
mary ion beam and measuring TOF spectra through the
ESA, with the ESA set at a specific energy to pass the peak of
interest. From the known path length through the ESA, the
velocity corresponding to each peak in the energy spectrum
can be determined. Since both the energies and velocities are
measured from such TOF-ESA spectra, the masses of the
scattered ions can be unambiguousiy determined.

TOF spectra of scattered neutrais plus ions (N + /)
were obtained by pulsing the ion beam (average current 0.2-
1.0 nA/cm?) and measunng the flight times of the scattered
species through a flight path of 150 cm using conventional
timing and pulse counting techniques which have been de-
scribed previously.'® Neutral (N) only spectra were ob-
tained by deflecting the scattered ions with a deflector vol-
tage plate placed beside the flight path. Spectra of (N + /)
and (N) were collected in alternaung 20 s cycles into differ-
ent groups of a multichannel pulse height analyzer by
switching the deflector voltage on and off. Ion fractions were
determined as [ (N ~ [) — (NY/(N + I)}.

The polycrystaliine gold (Alfa) and graphite ( Union
Carbide) samples were mechanically polished before inser-
tton nto the scattering chamber. The samples were cleaned
in vacuum by Ar * sputtering and annealing to 500 °C. The
surface cleanliness was checked by Ar * TOF direct recoil
spectrometry before and after each scattenng expeniment.
Impunity levels of H,C,N and O were all below 10" mono-
layer after cleaning. After 20 min of N;" scattering, both
surfaces contained approximately 5% of a monolayer of ni-
trogen due to reactions with the beam. Further experiments
indicated that this level of nitrogen had no measurable effect
on the ESA or TOF spectra of the scattered N," .

The ESA was calibrated by scattering Ar * at various
energies from clean gold. For such ions in the keV range, the
binary collision model provides a good descrniption'” of ion/
surface collision dynamics. For a projectile of mass M, and
energy E, scattering from a target atom of mass M,, the
scattering energy for a quasisingle scattering collision of the
primary ion is given by

102

E . =E)cos 0= (A" —sin" &)1 /(1 - A, (D)
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where 4 = M /M, and @is the laboratory scattering angle.
The ESA was calibrated by assigning the maximum of the
scattenng peak to the energy £ given by Eq. (1} for several
different values of £,.

1. RESULTS
A. Energy spectra

Figure | shows an example of energy spectra obtained
from 2000 eV N," scattering from gold and graphite at 22°.
Each spectrum exhibits a low intensity peak at high energy
and a ligh intensity peak at low energy. The assignments of
the individual peaks can be made by application of the binary
collision model. The scattering energy for elastic quasisingle
scattening of a nitrogen molecular ion can be approximated
by direct appiication of Eq. (1) for a projecule with .M,

= 28. Quasimultiple scattering can be descnibed by repeated
apphication of Eq. (1). Scattenng of the atomic 1ons resuit-
ing from dissociation can be approximated as tfollows: Upon
dissociauon, the £, of the incident molecular1on will. on the
average, be distnibuted to the resulting fragments in propor-
tion to the mass of the fragment. Theretfore, for N,~ dissocia-
tion, the scattered atomic 1ons can be treated, in a first ap-
proximation. as incident atomic ions. each with incident
kineuic energy of E, /2. Using these procedures, appiication
of Eq. (1) gives the scattenng energies for quasisingle (SS)
and quasidouble scattering (DS) of the atomic and molecu-
lar ions as indicated in Fig. 1. As observed. the high energy
peaks occur at approximately the energy expected for DS of
N, from gold or graphite, while the low energy peak occurs

20keV Nj SCATTERING
AT §=22°
GRAPHITE SURFACE

INTENSITY (COUNTS) —=

GOLD SURFACE

A .

20 15 10 Q5 0
SCATTERING ENERGY {kev]

FIG. I. Positive 1on ESA spectra for 2.0 keY N,* scattering from graphite
and goid surfaces. The letters represent energies caiculated from Eq. ( 1) for
the following cases: (A) 2.0 keV N, single scattenng; (B) 2.0 keV N.°
double scattenng. (C) 1 OkeV N * <ingle scattenng; t D) 1 OkeV N~ dou-
ble scattenng.
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at the expected energy for SSof N * (with 1/2 of the primary
ton energy). Therefore the low energy peak can be assigned
to scattered atomic ions resuiting from molecular dissocia-
tion while the high energy peak can be assigned to surviving
molecular N," . These assignments were confirmed by TOF-
ESA measurements. Similar results were obtained at the oth-
er primary ion energies and scattering angles employed. The
scattering energies obtained experimentaily and those calcu-
lated from Eq. (1) are shown in Fig. 2. In all cases, the
scattered molecular ion peak is near the DS position with no
intensity at the SS position. This is not to say that these ions
are only the result of distinct DS events. There are a variety
of multiple scattering sequences that give rise to scattering
energies near that calculated for DS. Note the proximity of
the calculated quadruple scattering (QS) energy to the ex-
perimental energies for scattering from gold in Fig. 2. These
results indicate that the surviving molecular ion is the resuit
of multiple scattering (MS) events rather than SS events,
This is reasonable since it is more probable that the molecu-
lar ion will survive multiple soft collisions rather than a sin-
gle hard collision. This result is similar to that obtained for
CO * scattering from magnesium surfaces.°

Inspection of Fig. 1 also shows that the molecular ion
peak is a factor of three broader for N, scattering from
graphite than from gold. This result is expected since N,"
transfers much more energy to a light target atom such as
carbon than to a heavy target atom such as gold. N,” can
transfer 2 maximum of 37¢% of its £, in a collision with a Au
atom while it can transfer 72¢% of its £, in a collision with a
C atom. Therefore, vanations in the multiple scattering tra-
jectonies (such as double. tnple, or quadruple collisions) of
N:" will result in a much larger spread in the scattering
energies from graphite than from goid surfaces. Since the
surviving molecular ions are mainly the result of multiple
scattering, a significantly broader molecular ion peak is ob-
tained tor scattering from graphite.

While the width of the N,” peak is much greater for
scattering from graphite than from gold. the energy spread
ofthe N ~ peak s relauvely insensitive 1o the targer. Figure 3
shows the full-width at half maximum (FWHM) of the scat-
tered molecuiar and atomic ions as a function of pnmary 1on
E,. The N~ FWHM 1s approximately the same for scatter-
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%, 22 ; g EIERES gt
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< e R . B .
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2 .. / ) « g V)
&<~ e’ . e / 14
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c Sk '/ 0 ) s . » 3 / »® |
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8 e '1" .'. / '/ i
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c 2z b 30 ¢ ¢ 0 a0 T > 40

SRIMARY 10N ENERGY hev]

FIG. 2. Primary 10n energy dependence of the scattenng energies for N,°
and N scattenng from goid at 22" and 33° and graphite at 22°. A and @
represent the experimental scattening energies for N.° and N ° . respectve-
ly. The straight lines are scattenng energies calculated from Eq. (1) for (a)
N*SSat£, .2 (b N"DSat£, /2 (cIN, SSat £, (d)N,;” DSt £,
and (¢) N, QSat £,

300k
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o
(o)
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100+
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F1G. 3. Full-width at half-maximum (FWHM) of the scattenng peaks of
N; and N as a function of primary N.” energy for scattenng from goid
and graphite a1 22°

ing from Au or C. The energy spread of these peaks 1s much
greater than expected from elastic losses to the surface. For
companson. experiments were performed in which mass-
selected N ° 1ons with an energy of 2 keV were scattered
from the gold surface, resuiting in a FWHM of the scattered
peak of ~80 ¢V. The 2 keV pnimary N * corresponds to
scattered N ~ resulting from dissociation of N,* ions with a
pnmary energy of 4 keV or 2 keV/atom. As observed in Fig.
3, the FWHM of N - resuiting from 4 keV N,* dissociation
1s ~302 ¢V The broader energy distribution of scattered
N * resulting from N,* dissociation than from primary N ~
scattening indicates that some relative E, is'® released to the
individual utomic 1ons by the dissociation process itself. This
conciusion 1s supported by the fact that a large proportion of
the scattered atomic ions are of an energy greater than the
incident energy/atom. Inspection of Fig. 1 shows that the
energy distnbution of the scattered atomic ions extends to
greater than [.25 keV, while the incident energy/atom is
only | keV, indicating that some E, is imparted to the frag-
ments dunng the dissociation process. The energy spread of
the scattered atomic ion peak is then due primanly to the
dissociation process itself. The similar widths of the N
peaks resuiting trom scattening from gold or graphite sug-
g=st that similar processes are involved on both target sur-
faces.

Thne ratio of surviving molecular ions to atomic ions 1s
shown in Fig. 4 The surviving molecular ion fraction de-
creases from ~ 7% at 1.5keV to < 1% at 4.5 keV for scatter-
ing from both graphite and gold. The similarity of the surviv-
ing molecular 1on vield from gold and graphite is surpnsing
in that the energy transfer of the projectile to the surface 1s
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F1G. 4. Rauo of surviving N, to dissociated N * {N," /N * ) as a function
of pnmary N,* energy on gold and graphite surfaces.

much greater from N,” to C atoms than from N," to Au
atoms. Therefore. it would be expected that the molecular
ion yield would be lower for scattenng from carbon if the
dissociation is a purely classical process. The moiecular ion
yield decreases as expected with increasing scattering angle.
Increasing the scattering angle results in harder collisions
(smaller impact parameters), therefore lowening the prob-
ability of molecular 10n survival as has been observed be-
fore.”

As stated previously, the large energy spread of the scat-
tered atomic 1ons xs‘iﬁe to the release of energy in the disso-
ciation process. Heiland™” '™ '* has observed a similar broad-
ening of the neutral N scattenng peak, resulting from N;”
scattering from Ni and attnbuted it to relative energy re-
leased following electron transfer from the surface into an
anubonding molecular orbital. When a diatomic ion is excit-
ed to an internal energy above the dissociation limit of the
ion, the ion dissociates and the excess internal energy is con-
verted to £, of the resulting fragments. It has been shown by
Purser and others*’** that a small release of internal energy
to relative E,, following dissociation in the center of mass
system of a fast 1on, is amplified in the £, spread of the
resulting fragments in the laboratory system. For dissocia-
tion of a homonuclear diatomic 1on, the energy released in
the center of mass system £, is related to the laboratory
scattering energy £, by™

E, = AE!/AE?Y, (2)

where AE, = E9 + E,, i.c., the half-width of the peak at £,
values. Here £2 is the E, corresponding to the peak maxi-
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FI1G. 5 Relauve kinetic energy distnbutions of the nitrogen atomic N *
ons resultung from 1.5, 3.0, ard 4.5 keV N;* scattenng from gold and
graphite at 9 = 22

mum. The laboratory to center of mass transformation was
carried out according to the procedure of Gibson and Los.™
Specifically, the energy scale was converted by application of
Eq. 2 and the intensity was scaled by

N(E.) = N(E)(E,/E,), (3)

where V( £. ) is intensity in the center of mass system, V(E,)
is intensity 1n the laboratory system, and (£, /E,) is the Ja-
cobian of the transformation. The center of mass energy
spectrum, .X( E, ) vs E,, was generated in this manner. The
change in scattenng intensity {N(E,)] as a funcuon of E,
was calculated by differentiating the E, spectrum to produce
the £, distnbutions of the scattered atomic ions.
i.e.dV(E,) /dE, vsE, Therelativeenergy £, distributions
in the center of mass system, calculated in this manner for
N.* scattening from gold and graphite at vanous energies.
aregivenin Fig. 5. Ascan be seen, the relative energy spectra
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FIG 6. Relauve kinetic energy distnbutions of mtrogen atomic N ° 1ons
resulting from 2.5 keV N.' scattering from goid at 0 = 22" and 3V
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all peak at low energy < ! ¢V and extend out to higher ener-
gies ranging from ~ 10 eV for 1.5 keV scattering to greater
than 20 eV for 4.5 keV scatterning. Companson of the graph-
ite and gold results also shows that the relative energy distn-
bution for scattering from graphite is slightly broader with
the tail of the distribution extending to higher energies, indi-
cating a slightly higher degree of excitation for N;* scatter-
ing from C atoms. Changing the scattering angle from 22° to
33" for N,” scattering from gold causes little change in the
center of mass energy distribution as shown in Fig. 6.

8. TOF spectra.

Heiland et al. have shown'? that neutralization plays an
important role in the composition of the scattered flux. In
order to examine the degree of neutralization, the TOF spec-
tra of both the ions and neutrals were measured. A typical
TOF spectrum is shown in Fig. 7 for 2 keV N, scattering
from gold at 22°. The TOF of N and N are nearly identical
and are not resolved. No distinction between a sharp N,
peak superimposed on a broad N peak s observed, in con-
trast to the work of Heiland.'? This 1s probably due to the
low N, survival probability at the higher scattering energies
and angles used in our experiments. The low intensity peak
at short flight times 1s due to directly recoiled nitrogen which
has been deposited on the surface from the impinging beam.
Measurement of the ion fraction in the scattered flux was
performed by companison to the neutral only spectra ob-
tained by postscattering deflection of the scattered ions. The
neutral only spectra were indistinguishable from the ion plus
neutral spectra for all scattening energies and angles em-
ployed. indicating that the ion fraction was less than 1% of
the total scattered flux.

IV. DISCUSSION

Previous theoretical models of the dissociation of fast
diatomic ions upon reflection from surfaces have treated the
dizsociation process as purely classical.'”'* The Pantlis
model'® assumes correlated collisions of the individual
atoms with the surface. This treatment ailows the denvation

20 kev Nz —Au 4 i
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F1G. 7. TOF neutral plus ion spectrum obtained for 2 O keV N, scattenng
from gold at 22° The neutral only spectrun: was indistingusshable from the
neutral plus ion spectrum due 10 the smail ion fraction. The small peak near
11 us represents directly recotled nitrogen atoms from the surface.

of expressions which are directly comparable to the expen-
mental data. The model attributes the broadening of the N -
peak to seif-scattering of the atoms in the molecular ion and
predicts that the relative energy widths of the N,;” to N *
peaks should be 1:v/2. This agrees satisfactonly with the
results of scattening from the graphite surface where the ra-
tio is approximately 1:1.3, but agreement is poor for scatter-
ing from gold where the ratio is 1:3.7. The mode! also pre-
dicts that the ratio of scattered molecular species to scattered
atomic species ( R, /R, ) resulting from dissocitation should
follow the expression

R. /R, = (e/d"E,)R(8), 4)

where € is the bond energy of the molecuiar ion, 4 is the bond
length of the 10n, and £, 1s the primary ion energy. R(8) is
the scattering intensity one would observe if the correspond-
ing atomic ion was scattered from the same surface with a
pnmary ton energy of £, /2 and scattering angle 6. There-
fore, R(6) should be proportional 1o the scattering cross
section (o) of N ~ . The ratio of surviving molecular 1ons to
dissociated atomic 1ons then becomes R, /R, « o/E,. We
have calculated the scattening cross sections with a scatter-
ing program-' that uses the Moliere approximation™ to the
interaction potenual for mitrogen atomic ions scattening
from gold and graphite surfaces at scattering angles of 22°
and 33" Plots of the ratio of molecular to atomic 1on scatter-
ing intensity R, /R, vs o/E, are linear as the model pre-
dicts. However, this may be an antifact since we are only
applying it to scattered ions, while the Panillis model treats
the total scattered flux. The measured ion fraction of the
scattered flux is less than | %. Therefore, in order to assume
that our data fits the Panllis model, we must assume that the
relative ion fractions of N and N, are constant over the £,
range studied. This is unlikely as the neutralization probabi-
lities of the atomic and molecular ions are probably different
and energy dependent. Thereforc, a rigorous test of the Paril-
lis mode! cannot be made without information on the com-
position of the constituents in the scattered neutral flux.

The relative energy distributions of the scattered N *
following dissociation extend to 10-20 eV/atom with aver-
age valuesinthe 2-3.5 eV /atom range. This indicates that on
average the N.” molecular 1on is excited 4-7 eV above the
dissociation limit. This level of excitation cannot be ex-
plained by simple mechanicai (rotational or vibrational)
dissociation mechanisms. For this level of excitation, excited
electronic states must play an important role in the dissocia-
tion process.

The charge exchange and excitation processes in molec-
ular ion-surface collisions can be treated in the same manner
as atomic 10n-surface collisions. fons impinging on a surface
can undergo charge exchange into the ground or excited
states along the incoming or outgoing trajectory”’ by reso-
nant or Auger processes. Therefore, the incoming N,™ ion
can uncergo resonant or Auger neutralization on the incom-
ing trajectory. As described by Heiland,*’-'* charge transfer
into a dissociative state of N, can cause dissociation and
neutral N scattenng while charge transfer into bound states
can result in associative neutral scattenng. The scattered
molecular ions and atomic 1ons observed in this work must
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therefore anse from those ions which survive the incoming
and outgoing trajectories in their initial charge state or those
neutralized molecules which are reionized in the close en-
counter. The latter process has a low probability at the low
energies employed.'’

In addition to charge exchange on the incoming and
outgoing trajectories, the incoming ion can also expernience
additional neutraiization and electronic excitation dunng
the close encounter with a surface atom.*™2® These processes
can be described by the Fano-Lichten mechanism.''' In
the violent coilision of the incident ion with a surface atom,
significant overlap of the atomic orbitals (AOs) of the sur-
face atoms and the AQs or molecular orbitals (MOs) of the
projectiles can occur. Electron promotion can then occur
within the MOs of the p.ojectile/target complex formed
dunng the coliision. Applying this mechanism to molecular
ion surface collisions, those molecular ions which survive
the incoming trajectory in thesr oniginal charge state collide
with a surface atom. During this close encounter. significant
overlap of the target AOs and N,;* MOs can occur resulting
in electron promotion, 1omzation, and neutralization. Exct-
tation of the molecular 1on to dissociative states results in
scattering of atomic ons and neutrals according to the pro-
cesses

N, ~M=N, *=N* =N
or

NS =M=N;*-N" =N" +e

Previous studies of N.° scattening from noble gas atoms
gives a good indication of the specific processes involved in
N. ° dissociation on surfaces. Founner ef al. have observed
predissociation of the vibrationaily excited C?L." state in
N." —~He collisions resulting 1n energy released in the 0.03-
144 (VY range. ™ Also, evamination of the N.° energpy level
dsagram " in Fig. 8 shows that impact induced excitation of
around state X "X, N,° to the D ?[1, state in the Frank-
Condon region resuits in energies 0-9 eV in excess of the
dissaciaton limit. These two transitions, in particular, fit 1n
well with the observed refative £, distributions. As the pri-
mary 1on £, 15 increased, excitation to higher MOs of N.°
become possible resuiting in an increase in the higher energy
portion of the relative £, distnibution. Other possible pro-
cesses resufting in scattered N * are jonization of neutralized
N, in the close encounter to a dissociative state of N, or
resonant or Auger transfer from neutral N to the surface on
the outgoing trajectory. The former process can be descnibed
in identical terms as N. * excitation in the ciose encoudiicr.
Therefore. we propose that the primary dissociation mecha-
msm of the molecular mtrogen 1on upon collisions with gold
and graphite surfaces to yteld scattered atomic ions ts excita-
tion of the molecular 10on to dissociative states in the close
encounter.

Within the context of the proposed mechanism, the
trends observed in these expenments can be described. As
the primary on energy increases, there s greater orbital
overlap, resulting in greater excitation to dissoctative states,
lo ~ering the N, yield, and shifting the relative £, distribu-
t10.s 1o higher energies. These results are analogous to the

o
rS
4
]

.

LERARSE SR

& 8

n
@

~n
~N

n
O

ENERGY (ev)
R
YT Y T LN SRk S | L4 T YT T T T V)

[

:GF
.LAILLLJLLI;LL‘LA;I
10 20 30
INTERNUCLEAR DISTANCE ()

F1G 8 Energy level diagram for N,° adapted from Ref 30. The ordinate
represents the potential energy of an electron bound to N.© The zero of
energy 1s the zero-point energy of ground state ‘X" neutral N. The Frank-
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Condon remon dlustrates o transition leading 1o dissociation into
N{'S - N P

wn fraction studies of scattered noble gas ions.'” The ion
fractions of the scatiered noble gas ions increase with in-
creasing energy due to the greater degree of orbital overlap
and resulting electronic excitation. The shift of the refative
£, distnbution to higher energies for scattering from graph-
ite as opposed to goid 1s in agreement with the arguments of
Barat and Lichten™ in that electronic excitation cross sec-
tions are highest between collision partners af simtlar atomic
number. Therefore. mitrogen molecular 1ons would experi-
ence a higher degree of excitation upon collision with C
atoms than with Au atoms, resuiting in a shifting of the rela-
tive £, distnbution to higher energies.

V. CONCLUSIONS

N." scattering from graphite and gold surfaces in the
energy range 1.5-4.5 keV results primaniv in dissociation
with only a small fraction of surviving moiecular ions. This
surviving molecular ion fraction varies from 0.08 to 0.002.
increasing with decreasing primary 1on energy and scatter-
ing angle. The relative £, distnibutions of the scattered N ~
indicates that the dissociation mechanism involves elec-
tronic excitation of the N, to dissociauve excited states. For
dissociation yielding atomic ions, the data are consistent
with a mechanism 1n which electronic excitation occurs in
the close encounter as described by the Fano-Lichten mech-
amsm.
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