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I. Introduction

In this review, we will examine the possibility of utilizing energectic ion beams as
tools to characterize the chemistry and structure of solids and surfaces. This approach nay
appear somewhat unusual £o D0st spectroscopists who are generally concerned with the Jjuantus
mechanical interaction of electromagnetic radiation with matter. 3ut, there have been a
aunher of developmants that have aurfaced over the lagc few years which have attracted our

attention to this particular fi{eld and vhich serit close considerstton.
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The idea bshind the experiment of interest is illustrated in Figure l. We begin with a

140 fs

Figure 1 - Positions of the atoms. (a) Before the primary ion (the lone

sphere above the solid) has struck. (b) Consequences of a

single {on impact. The two atoms ejecting to the left form

a dimer. For graphical clarity, only a selected group of atoms

is shown, and their size is arbitrarily drswn for best graphical

claricy.
single crystal substrate represented by an ordered array of spheres coantaining, in this
case, three layers. The atom above the crystal in Figure la represents the incident
particle whose kinetic energy is generally between s few hundred and a few thousand electron
volts. After the collision, the atoms in the crystal begin to move in various directions as
the energy of the incident particle is shared between these atoms. In Figure lb, after less
than 1012 3, soma particles have ejected into the vacuum and may therefore, in principle,
be detected {n the laboratory.

The question is - can we learn something about the solid by a detailed analysis of the
motion subsequent to the primary bombardmeant event? The answer and {mplications of such a
question are certainly not obvious. In fact, to illustrate the difficulty it {s appropriate
to make an analogy to the game of pool. Here, a cue ball {s incident upon a triangular
array of 15 target spheres placed on an isolated surface. What we would like to know is -
suppose a player comes into the room with the pool table and then {nitiates the action.
After all the balls stop moving, he leaves the room and a second observer enters vwho is
asked to reconstruct the original configuration of the balls. He is asked zot only to reveal

their original structure but also to place the numbered balls in their respective seq .

Thus, was che eight ball originally touching the two ball? 1If we could do this on an atonmic
scale, we could obviously learn a great deal about the structure and intetraction forces
between acoms near the point of impact of the bombarding particle.

This general subject has been lmportant outside of the field of chemistry for nearly a
century. The applications appear in such diverse fields as 170 implantation, particularly

for doping semi-conductors, fusion reactor design and the decarmination of the effect of

vall reactions on plasma teaperatures, and astrophysics and the study of the influence of

aduiaia,




the solar wind (He') on extraterrestrial surfaces. The interest may be focussed on the

damage imparted to the solid by the incident particle or to the analysis of the ejected
material.

There is a long history to the development of the current state of this field. Before
1970 most of the research was carried out by physicists who really were not concerned with
any of the possible chemical fmplications. Furthermore, most of the experiments were
completed under rather {ll-defined conditions. Thus, we have chosen not to comprehensively
review all published literature but to try to congeal from many fragmentary pieces of data a
scenerio which should be of interest in the development of new approaches to the chemical
and structural analysis of a wide variety of materials.

There are a nmber of excellent reviews of related topics for those readers interested
in filling in the gaps. First, there is a landmark publication by Carter and Colligan (1)
which is comprehensive and complete through 1967. Next, there have been several
publications that have appeared during the last 5 vears which are reprints from major
symposia. These include an International Workshop on lnelastic Ion~Surface Collisions held
in July of 1976 at Bell Laboratories in Murray Hill, New Jersey (2), the Proceedings of the
8th International Conference on Atomic Collisions in Solids held in August of 1979 in
Hamilton, Canada (3), the Second International Conference on SIMS {n August of 1979 ac
Stanford University (4), an International Symposium on Sputtering held in Vienna in ipril of
1980 (5) and an International Workshop on Inelastic lon-Surface Collisions held in
Feldkirchen-Westerham, Germany in September of 1980 (6). Finally, there are several journals
usually not familiar to those outside of the field including Radiation Effects and the

Journal of Nuclear Instruments and Methods where a number of relevant articles may de

found.

A further point {s that we shall ignore completely the ultimate fate of the incident
particle. This aspect of the problem, however, also provides complementary information and
there are fascinating experiments proceeding along these lines. For example, the technigjues
of ion scattering spectrometry (6), MeV backscattering (7), and atomic beam diffraction (8)
are providing intimaste details about the structure of solid surfaces.

The development of this article wili proceed along the following path. We will bSegin by
citing a few of the key experiments which influenced most strongly the current direction of
che field. Nexc, wa shall review some of the major theoretical developments that have led
to the current detailed understanding of what happeas during the boubardment event, and
finally we will elucidate some of the applications chat should be of {nterest to chemists ir

their constant search for new types of analysis methods.




I1. lon Bombardment Methods .

To characterize the ejection of material from the solid, it is possible to devise
experimental techniques to detect both the neutral particles and those that are foanized
directly by the surface. Although it is essier to detect smsll quantities of ejected ious,
the neutrals have more interest from a theoretical point of view. In this section, the
experimental approaches to characterizing the ejected neutrals and ions will be presented.
The emphasis will be placed on the use of single cryatal samples since the question of
atomic structure is central to this article.

A. Sputtering

As shown in Figure 1 when a keV ion strikes a solid, there is sufficient momentum
transferred to the target atoms that considerable nuclear motionm is initiaced. A fraction
of the amoviag atows may obtain a suifficient component of momentum oriented into the vacuum
that they are able to overcome the surface binding force and eject from che solid. Some of
these particles emerge directly as positive or negative ioas, while others are ejected as

either ground or excited state neutral atoms as illustrated in Figure 2. The emission

P g0

e

Figure 2~ Schematic representation of the fon bombardment experiment.
The primary particle, P, generally is given a few hundred to a
few thousand eV of kinetic energy.

process and the assoclated radiation damage {n the solid are often referred to as
sputtering, a term left over from the earlisst observations of the phenomenon bdack in the
1850's. These workers were concerned about the erosion of cathodes in gas discharge sources
(9). According to a recent teview (10), the word “"sputtering” intimates a microscopic
appreciacion for the ejection process since Lt {mplies chat mscter is emitted in discrete
blobs from the areas of the surface that are struck by the bombarding ion. In the modern

sense, the dictionary definirion of the word s " To emit saliva from the mouth {n small
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particles ....", hardly a scientific tern. It appears, however, that the old terminology is

destined to remain with us for some time. Historically, then, the first studies of fon
Soubarded solids {nvolved the investigation of the sputtered species.

Most lon bomsbardmeant studies up until the aid 1960's were spent collecting seemingly

unrelated determinations of the sputtering yield as a function of all possible variables.

Here the vield, Y, is defined as

Yes/1, n

[PV

where S is the number of ejected particles (atoms plus ions) from the target and i, is the
nunber of i{ncident ions. Y was found to vary with the angle of incidence of the primary
ion, the atomic weights of all involved species, the primary ion energy, the primary ion
curreant and the angle of the ejecting particles (1). The value of Y was nearly independent
of temperature at temperature values well-below the melting point of the target (1).

The investigations maicly involved measurement of the weight loss of the target. Other
analysis nethods included measurement of changes {n the resonant frequency of a crystal on
which the target is plated (l1), noting changes of the target resistance (12) and use of
radiotracers (13). Reproducible results were extremely difficult to obtain since vacuums
were oaly ~10~% torr and impurities could have a large influence on the results. In {
addition, the morphology of the sample influenced Y aand this property would generally change

during the measurement. Nevertheless, there were several Key experiments that have

influenced present day concepts of ion/solid interactions.
The influence of Y on the surface morphology provided the first clue to the fact that
the aomentum digssipation of the primary ion was sengitive to the atomic structure. 1In

Figure 3, for example, is shown an etch pattern of a Cu(ll,3,l) target and a single crystal

Figure 3 ~ Elactron micrograph of surfaces Youbarded by 9 kev ar*.
(a) Cu(11,3,1), sagnification 2000x (b) Si crystal,
magnification 5000x. From reference l4.




silicon surface bombarded by 9 keV Ar+ fons (l4). In both cases, the notable feature is one

of facetting which, for Cu, seems to emerge frow the base of etch pits. The theory that
different facets of a polycrystalline surface exhibited differenc yields was proposed by
Wehner some years earlier (15,16). In fact Wehner found preferential etching patterns which
reflected the atomic symmetry of the target crysctal face. Since these studies plctures of
many spectacular surface features have been published, including those of great columns and
cones, like those of Figure 3} reminiscent of the surfaces of distant worlds. These changes,
however, indicated that the observable could be a function of primary iou dose (dose =
ions-sec~l~co~l x time). It became appareat, then, that techniques which required the
smallest dose would be most desirable,

With improvements in vacuums and primary lon sources, ti:e quality of yield measurements
began to lmprove markedly. Tnitrially, it wes found that Y generally incressed with the
kinetic energy of the primary ioa to & maximum value. At even higher kinetic energies, the
yield then began to decrease, presumably since cthe primary ion penetrated too far into the
tatget to cauge ejection of surface atoms. Of particular interest was that there is a
strong dependence of yield on the orientation of single crystal ssmples. In Figure 4, for
example, 18 presented the yield vs. primary kinetic energy curve for Ar* normally incident
on Cu(l11l), Cu(110), Cu(l00) and polycrystalline Cu (17-19). Note that at lemst above 1 keV
Ar* fon emergy, Y(111) > Y(I00) > Y(110) and that the maximum yield can approach 10 ejected
Cu atoms per incident Ar™ fon. This same trend has been reported for Ag (19) and aAu (20)
indicating the importance of crystallographic effects. Similar variations of yield with
angle of {ncidence have been reported as shown in Figure 5 (21) where the yield minima
correspond to open crystallographic directions. We must admit that these results are
somewhat surprising, especially in view of the rather strong effects the incident ilon may
have ou the surface morphology as demonstrated in Figures 1 and 3. It would be particularly
valuable to repeat these studies where surface damage affects do not occur.

Crystallography, however, clearly is an {mportaat factor in sputtering which may Se the
reason chat moet workers durisg the 1960's spent much effort analyzing single crystals.
Probably the most spectacular discovery of that era was that of Wehner. Using the very
simple discharge tube apparatus shown in Figure 6 (22), he utilized a Hg* ton discharge to
bombard a Cu crystal and collact the sputtered atoms on a flat plate. An example of the
type of pattern that could be collected using this procedure is given in Figure 7 (18,23).
The patterns showed clear evidence for large angular anisotropies in the yields which also
reflected the symmetry of the atoms in the surface layer. Since thess papers, more than 100
studies have appeared in the literature, decailing the effacts for s wide variety of

crystals under zany lon bombardment conditions. These studies have waned in recent years
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due to the lack of a cohesive theory to explain the anisotropy and due to the experimental
difficulties of maintaining an uncontaminated and undamaged crystal surface.

An improved approach has recently been developed f{or studying these anisotropiles.
Specifically, the sputtered material is collected on an aluminum plate and subsequently
analyzed using Rutherford backscattering, a highly quantitative and sensitive xzeasurement
technique which requires nearly two orders of magnitude smaller primary ion doses than
previous methods (24). With this apparatus, it has been found that for gold (111)

bombarded by 4 keV Ne* thac more than 50% of the sputtered mater{al {s emitted tnto the
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spots. The shapes of the spots are nearly independent of the projectile mass and energy for
energies greater than ~4 keV (24). These findings contrast previocus asserctions that these
anisotropies constitute only a minor part of the sputtering process and may therefore be
ignored (10).

An additional, important piece of information which provides insight {nto the
sputtering process is the velocity distribution of the ejected atoms. These were first
reported by Thompson and Nelson (13) using a time of flight analysis of the atom velocities
and later by Stuart and Wehner using a fluorescence method (16). The distributions as shown
in Figure 8 are similar for most materials in that the curve is 0 at 0.0 eV, peaks & the
fairly low energy of 2-5 eV and then tails off with an energy dependence of somewhere
between 1/E and 1/E2. The total yield, Y, then can be expressed in terms of an energy

spectrum where

T~ ?ny(E)dE (2)
]

where y(E)dE is the differential secondary particle yield, and Ey is the maximum energy that

any of the ejected particles has attained. The energy distributions are markedly different
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Figure 8 - Energy distribucion of atoms ejected in the [110] direction
from the (110) surface undar bombardment by normally incident
Kr {ons. From reference 16.
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from those expected for thermal evaporatioa processes vwhere the full width at half zaximum
of the peak would be Maxwell-Boltzman ian shape and considerably smaller.

Although these studies have provided auch. of the fundamental inforamatiosn that we have
regarding the ion bombardment event, the scape of the techniques 1is severely liamited by
their ultimate sensitivity and general lack of chemical specificity. A aumber of approaches
have been tested in order to obtain better informaction from the ejected neutrals. One idea
involves the post-ionization of the ejacted species either by electron bombardment (25) or
by a low energy plasma discharge (26). The fon which {s formed is then detectable with
single particle detection limits using a mass spectrometer. This concept has been exploited
by Konnen et al. (27) who employed a time of flight technique to determine particle
velocities, but tueh utilized an ionization scheme to detect the mass-selected beam. This
procedure worked well for alkali metals but did not provide sufficient sensitivity for other
particles (28,29). 1In fact most post-ionizacion methods are hard pressed to compete with
the older sputtering methods based on weight loss analysis. The efficiency of ionization by
alectrons, for example, is generally ounly about 10=5. 1In addition the ionization
crogs-section is strongly dependent on the particle velocity, a severe difficulty for these
experiments because of the broad energy discribution of the ejected particles. And finally,
the process of electron bombardment may in {tself cause fragmentation of ejected molecular
clusters, amuddling the picture still further,

The use of a hot maxwellian electron gas maintained by electron cyclotron wave
resonance has shown considerable promise as an approach to study the sputtering phenonenon 1
(26). 1Iomization of neutrals occurs with an efficiency approaching 1Z2. In additionm,

sputtered neutral mass spectrometry (SNMS) has been gful in ring dimer to monomer

ratios for a number of different metals. For example, Oechsner found that the Cuy/Cu ratio
from polycrystalline Cu was approximately 10% (30). i
Perhaps one of the most promising methods for analysis of the neutral particles i{s via

the use of laser spectroscopy. One such approach involves the excitation of the ejected

atom by a laser, followed by the measurement of the doppler~shifted fluorescent intensity ; ‘
(31). Using this approach, very high quality energy distributions can be obtained for

sputtered neutrals using incident f{on doses small enough to avoid significantly altering the
surface. The block diagram for a typical apparatus is shown in Figure 9, with the resulting
energy distribution shown in Figure 10 (32}, It is likely that with the advent of
ultra-high vacuum instrumentation and the evolution of sensitive methods of analysis of the
neutrals that very high quality sputtering data from well-defined solid surfaces will soon
be available. At the presant time, however, it is not possible to perform yield

measurements withouc damaging the crystal surface.
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3. Secondary lon Emission

It has been recognized for more than 50 years (33) that a fraction of the particles
ejected from an ion bombarded target are either positive or negative ions. The secondary

positive (negative) ion yield Y*(~) 1 defined as
=gty (3)

where X' is the probability that the ejecting neutral species will leave the solid in sn
ionized sctate. A similar expression could be written for negative ions. It is possible

that K" is a function of energy so that combining Eq. (2) and (3) we obtain
T - ?'z* (E) y(B)ME . %)
o

For many systems, the value of Y may be large enough to permit detection of very low
concentrations of surface species. Much of the early interest in secondary fon emission in
fact stemmed from this potential analyticsl application. Initially, a lot of effort was
spent developing the ifon microscope (34) and the scanning ion microprobe (35). Here, the
secondary ions were directly imaged into s double focussing mass spectrometer and detected
with single ion limits. Evaluation of the secondary ion intensity I [counts/sec] recorded
during bombardment of the sample {s more complex than for the neutral species as determined .
by weight loss, but it i{s easy to see the potential sensitivity of this approach. For this

case ignoring angular effects (36)

™" e ioma(x*')r(so.a)?zy"(s')dz' (s)
B ;

where 1, 13 che flux of primary ions, vy is the {sotope abundance of element M, 8(M") is che
detector efficiency which depends on fhe nass and velocity of the fon (37) and T(E,,R) 1s
the transmission of the ion optical syatem which depends upon energy positon E,+AE/2 and
wideh JE=Ez~E; of the energy window and the mass tesolution of the mass spectrometer. For
typical values of 1, = 10~% amps of Ar* tons spread over 103 cm? (6x10!3 tons-sec~l-cm~2),
YqET = 10'3, Es = 10 eV, AE = 5 eV and the integral {n Eq. 5 equal to approximately 1072,
the T+ = 62108 counts/sec. With a decection limir of ~I cps, it is clear that measurements
in the parts per aillion (ppm) atomic percent range can be completed. 1In addition, there is
also sufficient sensitivity to detect fons ejected from a very small area. Esrly
development of these secondary ion tass spectrometric (i.e. SIMS) methods, however, was

hindered 3ainly due to the the very high cost of the instrumentation,
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There are two additioaal disadvancages of this approach. First, it turns out to be
very difficult to obtain quantitative ion yield measurements. This is due to the difficulty
in evaluating ST and to the large variations found in y*(E) in Eq. 5 (or R* im Eq. 3) with
the saaple matrix. For exanple, the yield of Ni* from Ni is 103 times smaller than the
yleld of Ni* from N10 (38) under otherwise identical conditions. To understand theses
results it is necessary to have a theoretical understanding of the secondary ion formation
nechanism. As we shall see in Section III, there are a number of possible approaches to
explaining the fonization process, although none have yet proven to be very satisfactory.

A second major problem with SIMS as presented above i{s that although the primary ion
current is swall, the primary ion flux i{s extremely large, typically 10 to 100 uamp/cm?, or
1014 ¢o 1016 incident ions-sec~l. If we sssume there are roughly 10l5 atoms=-co~2 on a
typical metal surface snd the sputtering yvield, Y, is ~i, then the sample is beiag eroded
avay -at the rate of 0.l to 10 nonolayers-sec™l. The magnitude of the sample damage is
clearly quite large and the pryws.~ . /.r performing a chemical analysis on a molecular
system would appear dim.

During the late 1960'¢, tiy.. wi-lem wa9 ingeniously overcome by Benninghoven and his
co-workers (39,40) who simp.i:- =pised to expand the size of the primary ion beam and reduce
the total dose of ions s iess ti-an ~1013 atoms-cu~2, By usiag incident currencts of ~10~?
to 10~10 anpo-cm‘z, then, he could study the chemical nature of a surface for minutes
without altering the surface composition. The erosion rate was effectively reduced to
10~5-10"6 monolayer-sec=!. 1In addition, since a wide arsa was being imaged into the mass
spectromecer, he was able to considerably enhance sensitivity by utilizing a quadrupole mass
filcer instead of a magnetic sector (41). This implementation was also important since
the energy distribution of the ejected species extends over quite a range as shown in
Figures 8 and 10 and quadrupoles are generally insensitive to ion energy. The cost, not
incidentally, is considerably lower and the equipment can be made compatible with ultra-high
vacuun (UHV or 1010 corr) conditions. A typical experimental sec-up (42) is shown in Figure
11.

Thus, there ha’'s evolved several approaches to characterizing the phenomenon of
secondary ion emission. There is the small beam, fon microprobe SIMS method that provides
aicrosnalysis and high sensitivity but rapidly erodes the sample surface. At the the other
extrenme, there is the large besm, low dose SIMS method that minimizes sample damsge and
allows possible surface chemical studies. The former {s often teferred to as dynamic SIMS
and the latter as static SIMS (43). The application of fon beam techniques to depth
profiling using mass spectrometric detection where both the deam size and primary ion

current are large is slso refarred to as dynamic SIMS. Finally, for the case vhere the bean
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Figure 11 = A general view of a secondary ion mass spectrometer system.
From reference 42.

dose is somewhat larger than necessary to maintain static conditions, the term quasi-
dynamic SIMS has been applied. It would seem that this approach minimizes the information
content of the signal.

We have learned a great deal about the sputtering process by analyzing the mass, energy
and ejection angle of the secondary ions. Of particular interest is chat in addition to
ejected monartomic ions, there are also high yields of molecular cluster {ons that are found
to eject. These were first observed by Honig (44) from Ag boumbarded by 200-400 keV Ret and
Xe* ifons and later from semiconductors and insulators, graphite (45) and tungsten (46). For
the case of tungsten, as shown in Figure 12, clusters containing up to 12 atoms are visible.
Although many of the variables which effect the yields of cluster ions have been
investigated, the tresults of thevs:udies have not provided much insight into how the process
occurs. An exception is the energy distribution of the dimer {ons relative to the monomer
ifons. As shown {n Figure 13 for niobium, the energy distribution of the dimers is more
stroagly peaked toward lower values of the kinetic energy (47). Similar observations of the
energy discribution by Ronnen et al. for ejection of neutral K; (48) led the workers to
conclude that the dimers were formed by a recombination of ejecting monomers above the
solid. The presence of molecular cluster ions also was recognized to provide potentially
sore informacion about the chemiscry of the solfd. Their asnalysis was !mmediately exploited

in the L9n microprobe (49), The possibility that these species formed after considerable
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rearrangene:t and that the primary fon {nduced considerable structural damage in the sample

loomed as zajor factors mitigating against the dynamic SIMS methods as viable scructural
characterization tools. -
The analysis of clusters using static SIMS at least removes the amibiguities introduced
to the sasple by the primary beam and a number of workers have now attempted to exploit thil-
fact. Benninghoven (43) first proposed that for a nuaber of different metals exposed to
oxygen, that observed clusters of the type H,on: were formed from contiguous atoms in the
solid and that the solid sctructure could therefore be reconstructed by an appropriate
analysis of the cluster ion inctensities. This idea was further reinforced by the work of
3uhl and Preisinger (50) who studied ZnS crystals and found msinly polyatomic ions such as
Zas*, znS™, ZnyS* and ZnSy-. Other polyatomic ions such as Zny* or S3~ which were not
originally present i{n the crystal, ware observed only in very low intensities. Meanwhile, it
became clear that static SIMS could become a useful tool for the detection of many
non-volatile organic and inorgauic molecules. Benninghoven first showed that when a thin
film of an amino acid on a silver foil was bombarded with Ar* ions that a cluster ion equal
to the molecular weight of the organic compound with a proton attached was ejected from the
solid intact (51). Sioce that discovery many groups have exploited this observatioan and now
such delicate molecules as proteins with molecular weight above 2000 amu can be observed.

The generality of this assessment has been questioned both theoretically and

experimentally. For example, Rabalais and co-workers found that CsCl diluted into RCl still
oroduced significant aumbers of C52+ cluster ions and that recombination of ejecting
monomers could occur over several hundred angstroms (52). Thus, it appears that under

certain circumst , rearrang t is observed byt in others, the clusters are ejected

from the sample intact. We shall see in later sections how these observations can be
collected together to develop a more unified theory of the cluster emission process.
0f further interest was the proposal that static SIMS could be utilized to characterize

monolayers formed during chemisorption of small molecules onto solid surfaces. For example,

Benninghoven stud{ed the reaction of 07 with a clean polycrystalline vanadium surface at

room temperature (43), As shown {in Figure 14, as the sutfaccAbocones oxidized a number of
getal-oxygen clusters begin to appear. At high exposure (l00L 07 where 1L = | Langmuir =
1075 torr-sec), the SIMS spectrum is similar to that found for V905, indicating the A

formacion of an oxide layer. The ion yield fluctustions at low coverage are more difficult 4

to understand, but it was felt that this behavior was characteristic of a chemisorbed oxygen
layer,
Further possibilities for the study of monolayers were put forth by Barber and

Vickerman and co-workers who studied chemisorption of CO on ~lean polycrvstalline Vi
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Figure 14 - Ch of dary {on emission during 07 exposure of a
clean vanadium surface. From reference 43,
surfaces (53). They found cluster ioas of the type Ni,*, N1CO*, and ¥17C0* but none of the
type NiC*, N10%, Ni,C* or ¥140%, indicating that CO adsorbs ia a molecular state on Ni.
Further, by comparison to vibrational spectra for this system they were able to make a
correlation between the x12c0+ ion and bridge bonded CO, and the NiCO* ion and linear bonded
CO. Their rationale for this observation was that the molecular cluster was ejected as a
fragnent of the surface without rearrangement as schematically shown i{n Figure 15. These
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Figure 15 ~ Surface processes which would give rise to the appearance
of ¥1CO* and ¥L7C0*. From reference 53.

workers msde similar conclusions with the adsorption of ethylene on Ni where, both NI:C:HA‘
snd N1CoH,* {ous ware observed in the SIMS spectrum (54). Although the interpretation of
many of the above results has been gquestioned in recent years, there i{s no doubt that the

static SIMS approach coupled with the study of the =luster ilons offers a unigue 7ethod of




8

surface analysisa. To further the interpretation of secondary {on yields, however, we must

move to expand our theoretical understanding of the fon impact event.

III. Theoretical Descriptions of the Ion Bombardment Event

At this point in the discussion, it i{s clear that many consequences of the primary ion
{mpact can be observed experimentally. For example, we have given examples where
seasurements of the sputtering vield as a function of ejection angle, secondary particle
energy and mass for both neutral atoms and secondary ions have been reported. To fully
appreciate the significance of these results and to effectively interpret the fascinating
SIMS spectra from monolayers, a detailed theoretical treatment is clearly required. There

are essentially two aspects to this problem. Firsc, we must be able to determine how the

auclear positions of the atoms or molecules in the sample change with time in respoase to
the impact of the primary fon. Secondly, we must have a quantitative descripcion of the
fonization processes which cause certain species to leave the sample surface as ions. In
this section, we shall briefly review some of the exiscing approaches to solving these two
problems but will place perhaps undue emphasis on the models preferred by the author.

A. Sputtering Yield Calculations

There are basically two approaches to calculating the emergy dissipation of the
primary ion. The first, and most widely used, utilizes a statistical model to solve the
transport equations for the momentum deposition. This approach allows the vield to be
expressed in terms of a simple formula which can be easily used by experimentalists. The
second approach receiving considerable attention {s to model the impact more explicitly
using classical trajectory methods to follow the motion of the relevant particles. This
method usually requires a large computer and generally does not provide simple answers.

In general, there are a series of events which must be described following the {mpact
of the primary fon. First, ths incoming ion penetrates the solid after striking a target
atom., This atom then attains considerable momentum in the direction away from the surface
snd collides with neighboring atoms producing secondary displacements. Some of these recoll
atoms have the possibility of being scattered bask toward the surface with sufficient
kinetic energy to escape from the sample. There will also be many recoil atoms moving inside
the solid, slowing down only as they axperience more and more collisions. The primary {on
and the target atom may either come to rest inside the solid (implantation) or be ejected
themselves. Thus, the sputtering process is a complex event involving multiple atomic
collisons (or cascade) initiated by the primary ion.

1. Transport Theories

There have been a number of attempts to derive analytical expressions which predict

various nrrperties of the sputtering phenomenon. The nost widely used are those of Sigaund




i9

(55-57) whose yield formula are ubiquitous throughout the sputtering literature and of
Thompson (58) who has provided a relationship for the yield as a function of secondary
particle velocity. In both of these approaches, the inicial assumption i{s that each targec
atom generates one secondary collision cascade in which energy is shared by a series of
collisions. Next, it is assumed that the collisions themselves occur only between two atoms
at a time. These approximations have a number of important consequences. First, any
electronic energy loss processes are ignored. This {s probably a realistic spproximatrion
for metals tombarded at less than 50 keV by heavy ions, although for insulators such as
alkali halides (59), coulombic interactions may contribute to sputtering. For elastic
collisions, the assumption that each collison gequence can be treated separately restricts
applicacion of the theory to the region of linear collision cascades (10,55). As shown in
Figure 16a, this condition applies only when a small fraction of all atoms within a certain
volume are in motion. When more than one cascade {s initiated by the primary ion, as shown
in Figure 16b, or when a large fraction of the atoms near the impact point are moving, the
approach begins to breakdown. This regiom is often referred to as a dense cascade or a
spike. One final consequence is that the binary collision approximation (BCA) should only

apply to collisions which exceed several hundred eV. For example, in Figure l6a, the sizes
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Figure 16 - (a) Linear collision caacade. The structure {s preserved, and
a small fraction of the atoms is in motion.
(b) Dense cascade (spike). The atructure is destroyed
locally. All acoms within the spike volume are in motion.
From reference 10.




of the atoms are drawn such that it is impossible for more than two atoms to be interacting
simultaneously. If the atomic radi{i had been drawn such chat adjacent atoms nearly touched,
as in the case for collision energies below ~l0 eV, ' 'en binary collisicns are indeed
improbable. It is disturbing that most of the collisions that lead to the ejection of atoms
in the solid are those whose energy is below 10 eV as 1llustratad by the secondary particle
energy distributions given in Figures 8 and 10.

In the Sigmund theory, the solid i{s spproximated by an amorphous array of atoms that
fateract with differential cross sections developed for calculations aimed toward predicting
the range of energetic atoms in solids (55). The nuclear stopping cross section S,(E), can
be evaluated from these quantities. The flow of energy through the cascade is then
determined using the Boltzmann transport equation. The sputtering yield is evaluated from
the flux of particles crossing an imaginary plane at s poiat ia the solid where the target
atom is given its initial energy. To include the effect of the surface, it is assumed that
the arom must surmouat a potential barrier, U, acting on the perpendicular component of the
velocity. This potential will act to keep slow moving particles from escaping the barrier
and #will deflect the faster moving ejecting particles away from the surface normal. This
correction is termed the planar surface binding model (55,56). If the collision cascade is
restricted to the linear regime by utilizing bombardment energies below a few keV and by

utilizing light {on and target masses, the equation for the sputtering vield becomes

s = & SalB) (6)

[if

where C is a comnstant for a given primary ion and energy and target material. The simpli-~
city of this result -~ that the sputtering vield {s proportional to the nuclear stopping
power of the solid and inversely proportional to the gurface binding energy - accounts, in
part, for the popularity of the Sigmund theory. In fact, it has been rather successfully
applied in a number of instances as has been reviewed (60). The direct correlation between
the stopping power and the yield {s particularly striking as is illustrated in Figure 17 for
Ar* on Cu (56,61). The relationship between yield and surface binding energy (or
sublimation energy of the solid) has been used to explain differential sputtering (62) and
variations in spuctering vield across the periodic table (55,63). The theory has also deen
applied to situations where it should not work, probably since it has been the only real

theoretical approach available to experimentalists.

A similar theoretical model has been developed by Thompson to explain the energy
discribuction of ejected atoms (58). His model Jevelops an expression for the flux of atoms

inside the solid crossing any incternal surface plane. For an ejecting particle of Lirnetic
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Figure 17 - Sputtering yield as a function of the primary ion energy. The
lines are calculated yields from S,(E) while the points are
experiment curves taken from various groups. From references
S5 and S6.

energy £, this flux is given as
$(E)dEdD=(C"Ecos 8/ (E+7) 1] «(2781u9)d &dE n

where #E) i{s the flux density energy distribution with units of aumber per unit area per
unit time per unit energy. The solid angle d) = sin6d6d¢ = 27sinfd9; do is the azimuthal
angle about which the flux is assumed to be isotropic. According to Thompson (58), n=2 and
C' ts a constant for a given primary iun, energy and target macerial. The appearance of U
in tquation 7 is a consequence of the incorporation of the planar surface binding model in
the cheoretical development. For E>>D, the energy distribution should tail off as €2, The
most probable energy should occur at approximately U/2. There have been nany experiments
aimed toward ctesting this equation. Probably the most reliable data so far are produced
from the laser induced fluorescence experiments on sputtered uranium and zirconium as shown
in Figure 10 (64,65). In this cage, the value of an in Equation 7 was found to be between
1.75 and 2.0 with U = 5.2 eV. The development of the Thompson theoty was a major advance in
our understanding of sputtering and stood to elucidate the differences between sputtaring

and siaple evaporation. In the latter case, the energy distribution should appear to bde
Maxwell-B3oltzman like in shape.




Although both of these theoties were helpful, they were not well-suited to studying
cerystalline solids and angular anisocropies. They were forced to utilize the BCA and to
employ oversimplified {nteraction potentials to obtain analyticsl results. It was not
possible to explain the factors that influence cluster formation except by a clever analysis
of the energy distribution formula (66-68). The theories have been no help in understanding
the basic phenomena in SIMS.

2. Molecular Dynamics Calculations

Many of these difficulties can be overcome by utilizing a molecular dynamics
calculation on a8 large ensemble of atoms to compute sctual nuclear positions as they change
in time subsequent to the primsry lomn event. Classical dynamics calculations have, of
course, been very successful in explaining trajectories in astom-diatom scactering (69),
properties of liquids (70) and even the solvation of large molecules like dipeptides (71).
For describing the sputtering process this approach has the distinct advantage of utilizing
zany fewer approximations than required for the statistical theories. On the the other
hand, a0 simple equaticn falls out of the calculations, although important concepts aay
emerge from the resulting numbers. The calculations often prove very useful in testing the
validity of possible analytical theories. In general, these calculations require
considerable computer time. With the recent surge i{n computer effictiency, {t would appear
this i3 becoming less of a difficuley.

The first efforts at developing the molecular dynamics procedures were undertaken by
Vineyard and co-workers during the early 1960's (72~74). These workers constructed a model
ajcrocrystallite consisting of several hundred atoms. A two-body central interatomic
potential was used to describe the interaction between each pair of atoms as energy was
dumped into the system. The lengthy time required for the computation restricted the
application to mechanistic studies of how atoms moved in the solid and could not be coampared
directly to experiment. Subsequently, Harrison (75,76) was able to perform a number of more
lengthy calculations for Ar' fons bombarding a Cu single crvstal. Yields and angular
discributions could be calculated that were not too far away from the experimental results.
Harrison was conclusively able to show, for example, that Wehner's spot patterns were due
mainly to structural effects of the top atomic layer of the mecal (77), rather than from
focussed collisions from deep within éhc solid as had been previously believed (78).
Similar mechanistic scudies to determine the types of scattering events observed in metals
were also undertaken by Jackson (79,80).

To shorten the required cosputer time, Robinson and co-workers developed a model that
incorporated the BCA, the same spproximation as that implemented i{n the energy transpor:

theory (81,82). With this approxisation, these workers were able to follow a serles of




collistons within the cascade by only calculating the energy transferred during each

collision. The computer time was reduced by many orders of magnitude which allowed direct
comparison to a number of experimental yield measurements. Although this type of
calculation is well-suited to modeling keV ion scattering from solids where the BCA is
applicable (83), there are serious questions as we have mentioned earlier, about the
validity of using {t in sputtering calculations. Robinson has recently recognized this
difficulty and {ncorporated an adjustable parameter into his computer code which accounts
for multiple collisions (84). The latest attempts to compare yields and energy
distribucions to experimental values of Art ions on amorphous Cu have been ressomably
successful (85). In this work, the suthors also incorporated both the planar surface
binding model and {sotropic surface binding model into their calculation. In the latter
case, the ejecting particle losses energy U regardless of its ejecting direction. It is not
clear vet which, i{f either, of these two approaches to describing the atomic trajectory as
it crosses the surface {s best. The calculated yields are higher by about 30% using
isotropic binding, but since the value chosen for U is somewhat arbitrary, it would appear
this is a meaningless difference. The angular distributions calculated for the two surface
binding models should be quite different since a bending of che ejecting atom away from the
surface normal occurs oaly for the case of the planar binding model. Unfortunately,
detailed comparisons to experiment have not yet been successful in distinguishing between
the two approaches. Other groups have developed similar models using the BCA (86-89),
although none has been successful in explaining most sputtering experiments.

The advent of the present day computer has allowed Vineyard's original ideas to be
exploited to a much greater extent. Duriang the remainder of this chapter we shall focus on
these calculations since they have been remarkably successful at predicting a wide range of
experimental observables found tor the sputtering of neutral actoms. In addition, there are
some real possibilities for coupling these types of calculations which describe the nuclear
motion of the atoms to those which describe the electronic motion as we shall see shortly.

The computacion of classical trajectories using the molecular dynamics procedure rests

on Newton's equacion of motion. For a particle { of mass my, the equation of motion is

“1;1 = ?i (8)
whete ?; is the position vector, ?‘ is the acceleration and Fi the force. For XN particles
there will be 3N coupled second order differential equations that need to be solved.

Computationally, it {s more convenient to utilize Hamilton's form of the equations of motion

'1:;‘1 - ?1 (9)
eV (10)
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#here Ty is the particle's velocity, since there are now 6N coupled first order differencial
equacions. These equations provide the position and the time dependence of the velocity and
are easier to solve than the second order equations. For an arbitrary value of F} the atomic
motion can be determined using a finite difference algorithm and an incremental time step At

(90). For example, the average force between t and t+At is
Fp = 172[F(F " (erae) + FRU0))) (11)

where T1" is the predicted position at t+At and is given by
Ty'(erae) = Fo(e) + Ve(e)ae + Ty (re(e) )ar2/2mg (12)

b
Once <F;y> is known, the corrected positions and velocities at t+At are then

-d
Tr(t+ae) = Ty(e) + Vy(e)ae + <Fyd>ae2/2my (13)
and Vi(t+at) = Ty(t) + <Fyoae/mg (14)

For a single component system the value of At {s computed from the value of the moat
energetic particle remaining in the solid at time t. For particles of disparate mass, this
1s not satisfactory since lighter particles move farther than heavier oues with the same
kinetic energy. A better scheme for selecting At is to base the determination on the

largest difference between the predicted and corrected position Ar. Ian this case (91)
Stpew = Atg1gfe/arim (15)

where ¢ 1s an input parameter of order 10~3 to 10~4 chosen to yield the desired integration
accuracy of the final observables. The value of m has been arbitrarily set to 0.3 for
similar reasons (92). This approach allows the timestep to vary during calculatiom of the
trajectory. At the beginning of the trajectory the timestep is typically ~i0~16 s and
evencually increases to ~10~l%4 s. A total of 100~200 integration steps are required. It is
of interest that for these systems a low order predictor-corrector is most efficient
computationally since the forces vary rapidly with distance.

In all calculations to date, the initial coordinates of the atoms are set at their
equilibrium position with zero initial velocity. As shown in Figure 13, the primary ion is

given a specific kinetic energy E, with polar angle 9 and azimucthal angle 3 such that

v = (26/m)L/2 a (v 2+ vyz + v, /2 (16)
vg * =v cos 9 oan
Vg * v sin 9 cos (18)
vy ® v sin 9 sin 3 (19)




Figure 18 - Coordinate system used in determining angular distributions.

The force 1is caléulated from the gradient of the potential energy, 9,
as ?1 - -Viv (F1,T2444Fy) (20) !
For a many-body solid, we would need a multi-dimensfional potential surface that accounted
for all possible positions of the particles. With our present knowledge of the solid state,
this potential surface is unknown but is usually approximated using a sum of pair-wise
additive potentials as
N-1

ve 7
-lj

Viy (eyy) (21) 3
1
where Tyj is the discance between particle { and j.

Vi

i

The subsequent atomic motion due to the primary ion impact i{s computed for enough time
such that no particles have sufficient kinetic energy to escape the solid. For a metal such
as copper, we have found that after the most energetic particle has less than 2 eV of
kinetic energy :h;: integration for longer times does not produce any more ejected
particles.

After termination of the calculation, the particles that have ejected are tested for
possible nultimer formation (93,94). To check for the formation of wultimers, one merely 1
computes the relative kinetic energy Z,, plus the potential energy vij- for all pairs of

ejacted atoms { and j. If the total energy of the dimer

dimer dimer
tor = Er + Vi 22y

is negative, then the tested dimer {s considered to dbe bound. Purther, {t s often found
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that several bound dimers are formed above the surface. If some of these have common aibif.
{.e. {f the dimers are linked or overlapping, then higher multimers may possibly exist.

cluster
| If this condition {s found, Bege where

cluster  cluster 0%l g
E = E + é v

tot 13 =1 §<1 Y

with o being the number of atoms in the cluster, is recalculated for all the atoms in the
linkage. As {n the dimer analysis, 1if E:i:s:er for the atoms in the linkages is less than
- zero then the atoms are considered to be a cluster.

“.fhere are other possible definitions of what constitutes a cluster. The requirement
that each atom in the multimer be bound to another atom may be an overly stringent
requirement for cluster stability. Rigorously, any collection of n atoms with B:i:s:er(g

is considered temporarily bound. Since, as we shall see, there are uncertainties in vij

it is prudent to use the conservative definition of a cluster, Further, for a1>2 it is

possible that the cluster will decompose before reaching the detector. For the higher

¢lusters, then, the model really only tests to see if there are significant numbers of 1
ejecting atoms that are in a favorable spacial position with low enough relative kinetic
energy to experience binding interactions.

' In addition to evaluating the possibility of cluster formation, the classical dynamics
procedure allows all possible observable properties of the ejectead neutral atoms to be »
calculated. The yield is determined by counting the number of particles which are moving
awvay from the surface and are not bound to the solid. The kinetic energy of the ejected

atoms (or clusters) 1s computed from the known velocities as

E = 1/2m (vgl + vy2 + v,2) (24)

The angular distributions are, of course, known from the velocity components since

cos 9 = =v,/v (25)

tan § = vy/vy (26) 4

It is also possible to trace the path of individual atoms as they move through the cascade

volume. As we shall see, this tedious job {3 of extreme interest in evaluating the

importance of proposed ejection mechanisms. For example, it is possible to say with
certainty whether aultiple collisions dominate the sputtering process or whether there

exists a set of experimental conditions where che linear cascades (Figure 16a) are indeed

observed to occur.




The major difficulty with this model, or any model, of the ion/solid interaction 18

chat we have only a limited knowledge of the forces acting between the atoms. Some
information is available. For example, gas phase scattering experiments at a variety of
energies can be used to map out the interaction potential surface (95). Extrapolating this
information to the solid state is probably ressonable above energies of a few hundred eV
since the solid atoms are essentially not interacting anyway at these energies. Other
approaches have included attempts to fit various forms of a potential to observables such as 4
elasticity and heat of sublimatiom (95,96).

Whenever the BCA is not used, pair-wise additive potentials have always been assumed.
This approximation needs to be improved for two reasons. First, amany solids have directional

bonds - Si, GaAs or ice are examples where this correction needs to be taken into

i

sccount. Second, there i{s a major problem in attempting to move an atom from the bulk of

the solid where it may have 12 nearest-neighbors to vacuum vhere it exists as an i{solated
atom. In the calculations, this difficulty has been ignored except when analyzing for
clusters where the potential used i{n the solid {s switched to s potesntial more appropriate
for a gas phase species. A rigorous description of the actual ejection process, then, i3
lacking in all models of sputtering yet proposed.

For a single component metal surface such as Cu, the Cu-Cu interaction is often
represented using the interaction poteantial suggested by Harrison (76). This potential
utilizes a Born-Mayer exponential function to approximate the high energy collisions (;}0
eV) and a Morse potential with parameters determined by Anderman (96) to approximate the
low energy (25 eV) collisions. A cubic spline {s used to connect the two parts. The precise

form of the interaction between atoms i and j separated by distance ryj is

Vij = de “Bryy ry4<ry '(27)
Vig = Co + Cp Ty + C2 ry42 + Cy ryq3 raScygcry  (28)
Vij = De exp(-8(ryj-re))[exp(-8(rys-re) -2}  rpcryycre (29
Vg3 = 0 T142Te (30)

where Dy is the well-depth of the potential and re is the equilibrium separation distance.
The {ncorporation of an attractive interaction helps to alleviate a number of the
aobiguities of describding the atom trajectory as it crosses the surface. For example, in
the “isotropic” and "planar™ surface binding model, a purely repulsive potential is used
even during the ejection process. Then, the kinetic energy needed to overcome the surface
binding (s subtracted at the end of the calculation. In the full dynaaics calculations

these interactions are calculated during the ejection process obviating the need for either

the planar or isotropic binding models.




There are several approaches to describe the interaction betwsen the primary fon sad
the solid. An accurate description of this interaction {s important only at fairly high
energies since most of the momentum i{s imparted to the solid after only a few collisious.

Probably the most popular form of this {nteraction is th: Mc"iere potential (85)

]
Viy = 212202/1'*3“21 Snexp (‘anij/') D

. where Zje, Zpe are the nuclear charges of the projectile and target atoms, a is a screening
length, a = (0.35, 0.55, 0.10) and B = (0.3, 1.2, 6.0). This sum of three exponentials i{s a
fit to the Thomas-Fermi potential. Values of the screening length.are calculated from the

Firsov formula
a = (972/128)1/3 a5(z)1/2 & 251/2)=2/3 (32)

where a5 is the Bohr radius. It has been proposed that a value of a which {s 20% of the
value calculated in Equation 32 gives slightly better agreement with experizent. In his

early work, Barrison (76) employed the Born-Mayer form of the i{on-szetal iateraction as

vij - A ,-Bru ry3<ry (33)

V44 = 0 T1jory (34)

This form apparently works well below Ar* energies of ~1 KeV buc becomes much too large at
energies above this value. Two forms of the interaction potential for the Art-Ni system are
plotted {n Figure 19.

It is {mportant to be sure that there are a sufficifent number of atoms in the
oicrocrystallite such that the calculated observable quantity does not change as the
microcrystallite size {s increaged further. In practice, considerable testing with various
size models is important to verify this condition. For 600 eV Ar* ion bombarding Cu(001) at
normal incidence approximately 4 lsyers of atoms with 60 atoms/layer are required for
convergence of most of the desired quantities. As the kinetic energy of the Ar* ion is
increased further, however, the number of atoms that are needed increases proportionately
such that spproximately 2000 atoms must be included to obtain convergence at 5 keV Ar* f{on
energies. The calculated yields for some different sized crystals at 1000 and 2000 eV are
shown {n Table I. Slightly larger crystals are also required for obligue incident angles.

Much smaller crystals say be employed 1if only the higher energy ejected particles are of

{nterest (97).
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Figure 19 - Two possible Ar*-N{ interaction potentials.

Table I

Effect of Crystal Size on Calculated Yield for
1000 and 2000 eV Art Ion Bombardment of Cu(001)

1000 eV
Crystal Size
# of Atoms/Layer # Layers Relative Yield(a)
84 4 0.84
112 4 0.96
84 S 0.90
112 5 0.95
84 6 0.93
112 6 1.90
144 [ 0.92
2000 eV
84 5 0.73
112 5 0.81
144 6 0.97
180 6 1.00

(8)obtained using a Moliere potential for the Art-Cu interaction
and a Born-hayer and Morse potential for the Cu-Cu interaction.
Yields are normalized to the maximum value {n each set.

In this calculation, the only mechanism by which the crystal can lose energy is by

Moliers ““"‘

ejection of particles either from the surface or at the sides. In Harrison's original model,

considerable testing showed that it was most desirable that any particle ejected from the

i
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side or the bottom be allowed to carry away its aomentum, preventing it from further ot
contributing to the action. If boundary conditions are employed which artifically keep the
energy within the crystal, the only mechanism for energy loss {s by the ejection of waterial
through the surface. Similar difficulties exist 1f periodic boundary conditions are
employed. The “edge” effe.ts, then, are controlled by making the microcrystallite large
enough so that its size does not influence the observable and by allowing energetic atoms
soving through the sides or the bottom to simply carry away their excess energy.

The decatls of che trajectory are stroagly influenced by the point at which the
primary projectile strikes the target atom. For example, if the primary ion impacts the
tatge:\atom head on, it is driven into the solid and no particle ejection is observed. For
certain impact points awsy from this condition, however, tremendous moction is observed
throughout the crystallite producing a large number of ejected atoms. This distribution,
sometimes cermed the number of atoms sputtered per incident fon (ASI) (98) for 600 eV Art on
Cu(001) can vary from zero to greater than 20.

The fact thact the yield is a seusitive function of the impact point coordinates
reguires sampling of all symmetrically i{nequivalent surface sites. In Figure 20, for
example, are shown parts of the (001), (110) and (111) surfaces of an fcc metal such as Cu.
The zone of {rreducible symmetry is L1llustrated for each case. In practice somewhere
‘becween 100 and 1000 trajectories are computed at impact points over this zone to obtain the
macroscopic yield of particles and other observables., The higher number of trajectories are

required if the yield at a particular angle or energy is required. Detailed analysis of

Figure 20 - Crystal surface and impact zone for the three low index faces of an fcc meral.

ejected clusters also demands a higher number of trajectories since their vield is usually
only a few jercent of that »f the monomer. The ststistical rellablility of any result zav de

esticated as ngpg * 2 (ngpg)i/? where ngpe Ls the total number of observed eveacs summed

over all the computed impact points.
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The dynamics of more complex model microcrystallites is also feasible to study using
the computer model. For exaample, chemisorbed atoms on metals (99), chemisorbed molecules
(100,101) on mecals, alkali halides (102) and alloys (103) have all been investigated with
varying degrees of detail, For the case of atomic sdgorbates, the effect of thelr coverage
and bonding geometry can be examined to determine ejection mechanisms and the usual
experimentally measurable quantities. The placement of atoms on a clean surface, however,
alters the impact zone of irreducible symmetry. For example, a single atom may be placed in
a linear bouded or atop geometry onm the center substrate atom. This configuration
approximates the zero coverage limit {n that the adsorbate-adsorbate scattering mechanisma
cannot occur. The impact zone, however, grows to 1/8 of the entire surface. Other
configurations such as the p(2x2) (252 of a monolayer) and the c(2x2) (502 of a monolaver)
ordered overlayer structures for three different adsorption site geometries are shown in
Figure 21. No adsorbate atoms have been placed on the edge of the microcrystallite since
these positions exhibit unrealistically weak binding forces. The impact zones for all of
the cases are also shown in Figure 21; aoote as the symmetry decreases, the size of the
impact zone iacreases.

The {nteraction potentials are formulated {n much the same manner as for the clean
netal case. If atomic locations are known from low energy electron diffraction or other
methods sensitive to surface structure then the vaiue of re in Equation 29 {8 known. Ailse,
the value of De can be estimated from the heat of adsorption. The parameters used to
construct the repulsive potential wall should only be a function of the atomic number and
not of the electronic nature of the bouding since the energies are auch larger than tvpical
bond strengchs., Many of the predictions of the classical dynamics calculations for these

systems will be d{scussed In future sections.

B. lonization of the Ejected itoms

There is clearly a great deal of information concerning the ejection of neutral atoms
from solids. The theory is in reasonably good shape, especially since many of the
observables can be quantitatively predicted using the molecular dynamics calculations. All

that 1is ded is a Te ably reliable i{nteraction potential which can usually be

constructed from fairly simply determined physical properties. The question of fonizarion
at surfaces is an entirely different matter. For this situation, there have been literally
dozens of models proposed with agreement to experiment usually no better than a couple of
orders of zmagnitude. There has baen, therefore, a focus on developing rather empirical
axperinents and correlations to try to get this aspect of the sputtering phenomenon under

control.
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Figure 21 -~ Possible placements of the oxygen atoms on the microcrystallite.
The shaded circles represent oxygen atoms and the open circles
represent substrate atoms., The impact zones are also shown.

To provide some justification for the development of the existing theories which
attempt to explain surface ionization, it {s useful to lay out the i{mportant differences
between atom vields and ion yields from the same substrate. In the most general sense, the
neutral ylelds vary only by as much as a factor of 10 for a given primary ion energy for
virtually all elements of the periodic table. As shown in Figure 22 for both positive and
negative ions, however, it is seen that R* may vary by over 5 orders of magnitude (104).
Next, there appears to be a rough laverse correlation between ionization efficiency and
increasing ioniration potential for positive ifons and increasing electron affinity for
negative fons (105). The neutral yields exhibit no such correlation. And finally, there
has Seen a strong dependency noted between the electronic properties of the surface (i.e.
work function) and the nagnitude of R* for a given element. For example, the yield of Ni¥
(as well as Niy* and N{q9%) from a clean N{ surface bombarded by 1 keV Ar* is near zero

(106), whereas the vield of ¥i atoms {s approximately & {1). Upon formation of S0% of s
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monolayer of oxygen, however, the Ni* vield increases by several orders of magnitude such

thac R¥~0.1 (106). The sensitivity of the intensity of the Ni* signal to oxygen coverage is

illustrated {n Figure 23, It is this tremendous variation which causes so much difficulty

in actempting to obtain quantitative SIMS data. From calculations, and by comparison to

-
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similar studi{es by Oechsner on oxidized Ce and Ta (107,108), we anticipate that cthe Ni

neutral yield would decrease by at most a factor of 2 when the oxygen is adsorbed. Similar -

observations for negative fon enhancements have been made by Yu for Cs adsorption on
various metals (109). Thus, oxygen which often increases the the surface work function
enhances positive ions, while Cs which usually decreases the work function, enhances
vegative fons. Neither of these atoms has 3 major effect on neutral yields. This
observation has been used for many vears with the fon microprobe since seasitivities
(110,111) could be greatly increagsed by bombarding with 02+ or Cs*, presumably since the
prizary lons subsequently reactad with atoms in the near surface region to form new
molecular species. So as not to present a completely consistent picture, however, it should
also be potated out that 07" bombardment has been observed to enhance negative lons (112),
For a given single crystal ascrix, the fonization probability has deen found to be
reasonably independent of the azimuthal ejection angle. Por Cu single crystals Yurasova and
co-workers (113) found intensity variations with crystal rocation nearly identical to those
reported by Wehner for Cu neutrals (15). Similar observations have been reported for Ni
(114}. The polar angle discriburions for Ni* are also quite similar to those calculated for
Ni acoms if an image force of 3.6 eV 1is allowed to bend the neutral trajectories away from
the surfsce normal (115 ). These effects will be discussed i{a more Jecail lacer. We should

also note that rather strong variations {n neutralization probability with angle have been




noted when the primary fon directly scatters from the surface. For example, by comparing

the scattered He® intensity to the scactered Li* {atensity at 600 eV, Taglauer and
co~workers found that azimuthal rotation of a N1(110) crystal did noc alter the He* _
intensity (116). The Li* bean, which is never neutralized, exhibited large fluctuations due
to second layer scattering. Thus they concluded that when the He* penetrated below the
firsc layer, it was effectively neutralized but during surface collisions, neighboring atoms
did not influence the fon yield. Woodruff and co~workers have studied angular variations of
He* from N1(00l) covered with 25X of a monolayer of oxygen (p(2x2) overlayer) (117,118).
They found that when the He' beam scattered near a protruding surface atom adjacent to the
{mpact point that it experienced a higher neutralization probability. At this point, then,
there is conflicting evidence as to how similar atom yields and ion ytelds are as a function
of angle.

The last observable property of importance is the secondary particle energy
discribution. Qualitactively, the ions and neutrals have similar energy distributions in
that ions with energy ranging from nearly zero to several hundred eV have been observed.
More specifically, the fon distribution :enhs to be somewhat broader than the neutral
distribution and tails off as E~9¢3 rather thau as E~2:0 ag for neutrals. A detailed

comparison has been made betwsen Cu* ions and Cu atoms ejected from a polycrystalline Cu

surface (24) as shown in Figure 24. Similar trends have been observed for many systems. One.

known exception to this observation is that low ionizacion potential elements like Nat and
X* appear to have energy distributions either identical to, or narrower thanm, the
corresponding neutrals. This has been observed for Na* in silica (119) and for K* on N1
(120). In any case, however, there does not appear to be a strong dependence of X on
particle velocity since the energy distributions of ilons and neutrals are at least
qualitatively similar.

As indicated above, there have been many attempts to explain some or all of the above
differences between ions and ncu:raLs. In this raview, all of these models will not be
recalled, rather we will focus on some {mportant historical developments and comment on some
of the most promising new approaches to straightening out the mess. Of particular incerest
will be those models that take into account the complexity of the sputtering event and
attempt to understand ioanization from a microscopic point of view.

Probably the most significant initial observation regarding the ifonization probability

was that the value of R* depends exponentially on ionization potential I as

R* a exp(-I/K) (35)

where X is a fitting parameter (105,121). The approximate nature of this ralationship is

{llustrated in Figure 25 for a aunber of the elements (121). Although the form of Eguation

I ———



(a)

(b)

36

ENERGY SPEC TRA OF COF ER ONS

-3 SPUT TERED AT a%2 4 I xv AR®
13 ‘-- ..
. . |
- | .
= Lo
L .
* D .. !
= ‘e ) '
5 .
i ool =
: '
|
i i
| 1 1 L é L I\ L 1. =%
ENLRGY lev) i
1
|
1
anN #
o€ TRAL COPPER
ENERGY SPECTRA OF NEU A
' . SPUT TERED AT 4% x 3 kv AR
. . |
|
"w . ’
me .
§ 3
x .,
& .
= .
o .
<20 ..

T — T —

P—-

i

B

- .

oL

‘ 3
3L:

10
ENERGY (ev)

Figure 24 - (a) Typical energy spectra of sputtered Cu neutrals, obtained

35 seems as good as

been a aajor chore

criticized report, Andersen and Hinthorne (121) utilized the

derived from Boltzmann

ionized species as

by electron bombardment ionization.

(b) Typical energy spectra of sputtered Cu ione, showing
a broader peak than that of the neutrals in (a). Prom
reference 24,

any considering the experimental difficulties in measuring R*, it has

to relate the result to a physically reasonable model. In a widely

Saha equations which sre

statiscics applied to a plasms equilibrium of element M with its

MMt 4+ 1o~ (36)
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The resulting equilibrium expression is then

Cy*Ce™/Cy’ = (2mmyngkT)3/2/tmy |+(ByBe/Bo)exp(~1/kT) (37

where the 3's are the appropriate partition functions, and the C's represent the
concentration of the indicated species. The temperature, T, is essentially a fitting
parameter for a series of elements ejected from a common matrix. Typical values of T range
from 2000 to 15000 K. There are many reasons why this explanation of Equation 35 is
unphysical but perhaps the most persuasive is from results of the molecular dynamics
calculactions. These calculations show that equilibrium is aot attained anywhere near the
target atom during particle ejection, a result graphically depicted in Figure 1. Further,
the energy discribution of the ejected particles should have a Maxwell~Boltzmann shape, a
result not predicted by collision cascade models or by experimental resulcs.

A becter explanation of Equation 1S as proposed by Williams (122,123) {s that the
spuctered atom intaracts electronically with the acoms near the ejection site via resonant

electron exchange processes. Thus, if an energy level in the surface is occupled by an

—
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electron and an equivalent energy level is unoccupied in the ejecting atom, electron
exchange may occur. This situation can be approximated by Equation 35 assuming that the
excited electrons are at equilibrium and may be described using Fermi-Dirac statistics.
Specifically, the model assumes that the yield of positive ions, Y is

" = TP, (38)
where P, is the probability that the electroaic level in the surface at energy I is vacaat.

The value of P, may be defined as
Pe = {l+exp{(I-Ep)/kTe] }~! (39

where E; is the highest occupied state in the quiescent surface and Ty is the equilibrium
temperature of the slectrons. In a metal E. corresponds roughly to the work function of the
surface and in an insulator or semiconductor to the valence band edge. Since the yield of

atoms ejecting i{in a neutral state is

Y = YPg¢ (40)
and Pe + Pg =1 (41)
then Rt = YH/Y° = exp[-(I-B,)/kT, ] (42)

The schematic electronic density of states and the potential energy diagram are {llustrated

in Figure 26.
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Figure 26 - Surface electron excitation model. From reference 122.
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Although this model removes many of the objections noted for the Andersen~Hinthorne
rationalization, it i{s not readily expanded to include an explicit representation of the
bulk (or surface) density of electronic states nor to include the dependence of X" on angle
or energy. (There is an lmplicit approximate exp(~const/v2) dependence of R on fon
velocity in Equation 42 as discussed in Refereance 122). To incorporate thess aspects of the
problem it is neceasary to know something about the wavefunctions of the atoms in the solid
and to relate these wavefunctions to electron exchange probabilities between two {nteracting
systems.

Sroubek and co-workers have made considerable progress along these lines (124). Thetr
firsc approach is to consider a single time independent level of an adsorbate acom ¢, of
energy €3 that interacts with a single time independent metal substrate level %; of energy
Ey. The electron i{s assumed to reside initially in %, on the adatom with level oy
unoccupied. If the time dependent coupling (hopping integral) between the levels V(t) is

slowly turned on, then the R* can be calculated from perturbation theory as (125,126)
-
Bt = | 1/h/v(t)exp[1(eq-cq) e/t Jde | 2 43)
-

Many functional dependences for V(t) have been tested although
V(t) = Vgoexp(=ive), >0 (44)

gives the most physically realistic values of R¥. Here, A 18 a constant which
describes the overlap of wavefunctions and is approximately 2 2~! . It is of

interest that i{f the two atoms zove apart with constant velocity v from a

starting separation re, the coupling can be rewritten as
V(t) = Vexp{-A{r(r)-rel} (45)

Solving Equation 43 using V(t) from Equation 44 ylelds for the lonization

probability
K" = 82v,20212/ (eq~eq)® (46)

Note that %" depends on the square of the particle velocity. The modal also

predicts strong dependence on the coupling between the adacom and the surface

atom, both the strength V, and range ), and even stronger sensitivity to the
relative position of the electronic levels,
Although this approsch accounts for the detailed electronic structure of the relevant

atoms, it clearly {s unrealistic because only two levels sre involved in the collisioa. It
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{s passidble, however, to generalize Equation 43 such that it includes a continuum of leavels
and allows for the tunneling of electrons froa occupied states below the Fermi level or from

Auger processes (127). This expression for R may be obtained as
R* = 2/n{exp[-Cy*(I-¢)/bAv]} un

using the coupling integral given in Equation 44. Here, C) is a constant and $ is the work
function of the surface. Note that this result very closely resembles the original
Andersen—Hinthorne observation. The result differs quite dramatically from Equation 46 in
that it exhibits no dependence on the coupling strength Vo snd has a very strong dependence

on velocity [exp(-const/v)). A major difficulty, however, is that the effective temperature
Teff = Avhi/nk (48)

i3 much smaller than experimentally observed (127,128) and calculated values of R* are many 1
orders of magnitude too small.

It is of interest that a still different velocity dependence may be predicted by
assuming that the adatom level ¢, changes in time (or distance) as the particle leaves the

influence of the band of levels in the metal (125), This corrected expression {s
E* a [(eq-Eg)Av'1/2/aR (49)

where E¢ 1s the fermi energy and AE is the width of the conduction band. Thus, there are a
range of models which predict the dependence of R* on velocity to vary from vi/2 to v2 to
exp(-const/v) to exp(-const/vl).

In both the two level model and the model where a continuum of energy levels are
included, the explicit electronic structure of the ejecting atom and the solid are still not
considered in any detail. Another difficulty - and one which 1s inherent in virtually every
model discussed so far - is that the electroaic structure of the solid must surely change as
the collision cascade evolves in time. For example, the electronic structure of a metal
crystal consisting of a periodic array of atoms can be described quantum mechanically using
the appropriate Bloch wavefunctions and eigenstates. After the impact of the primary ion,
however, this periodicity is removed completely as the atoms more closely resemble a liquid.
In fact as has been pointed out by Williams (122), since the atoms are moving with energies
of several eV per atom, atom-atom distances can vary over a much wider range than normally
found in amorphous materials. This disorder may have the effect of localizing the itinerant
electrons of a metal or of creating new states with energies within the bandgap of ;
semiconductors or L{nsulscors. This effect s illustrated in Figure 27, Thus, it 3ay turn

out that sny model which relies on the dand structure of the unperturbed solid to calculate

.
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E i
figure 27 - Density of states N(E) in crystalline and amorphous
semiconductors as a function of energy. (a) crystalline
semiconductor, (b) amorphous but stoichiometric semiconductor,
(c) probable density of state for highly disordered
semiconductor. From reference 122.
R* already has inherently gross errors. What is really required is a formalism where
electronic motion and auclear motion are determined in time together. This approach has
been attempted for a few simple situations and offers considerable promise, not necessarily
to generate quantitative predictions of R*¥, but to provide insight into the {mportant
factors which influence surface fonization.

To consider both electronic and nuclear motion, we begin using a Hamiltonian which is
separated into a part that describes the motion of the atomic nuclei and a part that
describes the motion of the electrons. The nuclear positions are determined using the
procedure outlined earlier in this seccion and provide the appropriate time dependent
coordinates for solution of the electronic part of the problem. This approach presumes that
there {3 no coupling between electronic and nuclear motion and that the classical trajectory
is unaffected by the electronic transitions thst occu during the trajectory. The
conditions where this assumption is valid have been outlined in some detail by Tully (129).

To determine R* for an adatom ejecte. frow a surface, it i{s necessary to solve the
time dependent Schrodinger equation for the system using the time dependent electronic
Hamiltonian

Ho= e + Ule(e)) (50)
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Here, Hye 18 an atomic Hamiltonian, and U i{s a time or position dependent inter-atomic

electronic interaction integral. The coupling interaction neglects electron~electron
interactions so no two electron or Auger type processes are considered. The solutions to

Hae are givem by

Haede = exdx (51)

where the ¢'s are the orthonormal, atomic wavefunctions for the atoms in the solid.
To solve the Schrodinger equation using the Hamiltonian in Equation 50 we then seek
time dependent molecular wavefunctions ¢y where

3y
Hiy = {h I (52)

Although there are number of posaible approaches to representing ¥, the efforts so
far have focussed on utilizing the tight binding approximacion. In this case, the
electronic levels in the solid may be expresssed as a linear combination of atomic orbitals

& as
¥ = Z¢kck1(:)exp(-151tﬁh) (53)

where an arbitrary phase factor has been included. The ekpansion coefficients are time
dependent since the position of the nuclei will be changing during the evolution of the
collision cascade. Combining Equations 52 and 53 integrating over the electronic

coordinates yields the following set of coupled equatiomns:
thideyg(e)/ae] » o] Uogdegq(e) + (ee=2ydexs(t) (54)
BE 3

These equations of motion for the cyi(t)'s can be integrated simultaneously with the
classical equations for the nuclear mocion. As was used in the two level case, the coupling

matrix elemenc or hopping integral is given by

(%lUl@j) = vir(e))] = Viey exp{‘kkj(rkj-r‘kj)l Ty * 0,k# (55)

=0 Tk = 0,k#)  (56)

The value of XT may be calculated from the coupling coefficients {n the following
manner:

1) Choose some atomic energies ¢, and parameters for V[;(t)i.

2) Solve for the molecular energies B( at time tw0 by setting Equation 54 equal to

Zero.
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3) Determine the nuclear motion of the total system by the molecular dynamics methcd.

At each timestep, the new nuclear positions serve as faput to the ;oupling matrix
element. The coupled equations of motion for the cyy4(t)'s are simultaneously
integrated with the auclear positiocns and velocities.

4) Evaluate R* at the end of the collision process by projecting the adatom state %a
on all states that were originally unoccupied. R* is thus given by

unoce
KH = T leaq(eme))2 (s7)
i

The numerical analysis for this prescription is currently beyond the relm of wost

present day computers. Currently, the solid has been approximated using a linear chain of

atoms (130) and by a cluster of five atoms with the adsorbate atom placed on the surface

(128) as shown in Figure 28. Another approach involves monitoring the nuclear motion of a

large collection of particles (~300 or more) while only selecting a Few (5-10) to follow

electronically (131).

Figure 28 - The atomic model used in the computer simulation. The model
consiscts of the atomic substrate (white spheres), the particle
which is sputtered (shaded sphere), and the bombarding particle
(black sphere). The interacomic distances are marked in A. The
electronic structure of the model is shown in the i{nset with
electrons depicted by black dots. I is the lonization energy
of the sputtered particle and is assumed to be 5.25 eV {n this
case. 9 marked the highest density of the empty electronic
states, From reference 128,

The incorporation of the nuclear motion into the {onization theory {s critical to

obtain physicslly reasonable results. In Sroubek's model scudy, he found that by varying




E'

the ionization energy of the ejecting adsorbate atom, he could pr;ducc values of R* which
could be fit to Equation 47 with effective temperatures between 1800 and 3300 K. He could
also obtain R* values that ranged from 10-1 to 10'5, much more reasonable values than ate
obtained from lattices that are not allowed to move (128,130). Also, of interest is that
for his initial studies, R* exhibited a very weak dependence on particle velocity. Although
the development of this procedure is in its very early stages, it appears that all of the
fundamental ingredients are available to construct a general understanding of the ionization
phenomenon.

There are many other theories that have been set forth to try to predict R*, although
virtually all of chese are qualitative in nature. For example, in the “bond-breaking™ model
(132) 1t is proposed that if a molecule is already charged in the original solid that the
atomic component may be ejected with {ts charge stace intact. The high yield of Na* and Cl1™
from NaCl illustrates this point nicely. Other models that incorporate surface work
functions (133) or bulk band structure (134) to predict R* suffer from the fact that these
paranmeters have little meaning during the collision cascade.

Another i{mportant theoretical approach focusses on the fact that once the ion is
formed during the excitation process, it will undergo de-excitation as long as it is close
to the surface (135). Two types of neutralization have been proposed for ions approaching a
metal surface. The first type involves resonance tunneling of an electron from the filled
levels of the metal to an excited level of the ion. The second type involves two electroa
processes where an electron from the metal flils a lower energy level of the ion. The
excess energy 1s lost via emission of an Auger electron from either the metal or the lon.
The transitions are illustrated schematically in Figure 29. The probability of a particle

escaping de-excitation is given as
P(s==) = axp(-A/av) (58)

where 3 1is the distance from the surface, A is the transition rate of an electron from the
surface to the ion, & 13 a critical distance and v s the particle velocity normal to the
surface.

The energy distribution of sputtered iong should have a similar velocity dependence as
yH(v) = y*(v)exp(-A/av } (59)

where y°’(v) may be estimated from Equation 7 or other models available for predicting the
velocity dependence of the neutrals. When Equation 59 i{s fit to the energy distribution of
Cu atoms (136) a value of A/a of 2.5 x 105 to 1.7 x 106 cm/s is obtained which is comparable

to values of A/a used to explain photon emission data (137).
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Figure 29 - De-excitation processes. Adaptea from reference 135.

Although this development seems physically reasonable from a number of viewpoiats,

there is a major difficulty in applying Equation 59 to any real situations. The treatment

assumes that the lattice effectively remains static during sputtering.
earlier, Sroubek has shown thac the lattice motion may effect both the
the velocity dependence of Y© i{n a major fashion. In fact, it appears
coupling integral given in Equation 44 that Sroubek's approach and the
approach will vield similar results {n the limit of a static lattice.

noted that Equaction 59 predicts a velocity dependence that is much too

As discussed
total vield Y* and
that by using the
{on neutralization
Thus, Sroubek has

strong (128),

There are very few experimental studies which have been capable of helping to decide

which theories of the ionization process arz indeed the most reliable.

From a quantitacive

point of view, howevar, the velocity dependence of R* varies considerably from model to

model and would therefore be a valuable functionality to obtain experimentally. There have

been two quite detailed studies that have recently been completed that

qualitatively support

Sroubek's contention that the velocity dependence of R* should not be particularly strong.

The first study focusses on the adsorption of CO on Ni(00l) since cthis

system produces

intense Ni¥ signals and since the surface adsorbate structure has been well characterized bv
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other techniques (115). The measurements were performed using a new SIMS apparatus aimed ac
decernining ion yields at all 9 and » ejection angles for a normally incident beam (120).
As shown in Figure 30 chis measurement was carried out by utilizing a quadrupole =mass
spectrometer that could be rotated under UHV conditions with respest to the incident fon
beam. In addition, a medium resolution energy selector consisting of a 90° spherical sector
provided the capability of examining how the angular distributions changed with secondary‘
ion energy. The idea behind designing this apparatus was that the ion trajectories could be
directly compared to those calculated for the neutrals using the molecular dynamics

{reatment.

ar*n (00

XPS !
LEVEL 2 :

Figure 30 - Schematic view of the spectrometer. The components illustrated
P22 AL LA
include M, crystal manipulator; Q.M.S5., quadrupole nass
spectrometer; [.G., primary {on source; E.S., energy
spectrometer; G, Bayard-Alpert gauge; T, crystal target; and
G.l., gas inlet. Auxiliary components are omitted for
graphical clarity. The SIMS experimental Zeometry and coordinate
system are defined in the inset. From reference 120.

The results of the measurements have so far only been analyzed for the Vi species due

to the difficulcy in obtaining enough particles in the calculation that are ejected at




specific angles and energiles. There have been, however, several i{mportant consequences of
the experiments. Firsc, if the CO {s assumed to bond in the atop site, the polar angle
distributions of ¥i* that are measured experimentally do not agree well with those
calculated for a Ni(00l) surface covered with 50% of s monolayer of CO. As shown in Figui:
31, for example, calculated polar plots peak at an angle of about 10° closer to the normal
than the measured ones (115). Thus, if it is assumed that the calculations are correct,
there aust “%e a fundamental difference between ion trajectories and neutral trajectories.
This disciepency has been resolved by incorporating the presence of the classical image
force into the computational model. If it is assumed that the particle instantaneously

becomes an ion, Zigage is given by
Eimage = €2/4z = 3.6 eV/a, (60)

where a, is the height {n 3 of the particle above the jellium step-edge at the instant of
ionization. If 9, is the angle of the atom's velocity vector at this point, the ion emerges

with a final direction given by

8 = tan~l[(Eqs1a28,)/(Bgcoa?on-Eipage) 1/2 (61)

where 3y is the corrected polar ejection angle as measured from the surface normal of the
leaving ion, and E; s the kinetic energy of ;he neutral particle ejected at a polar angle
8y, The corrected theoretical energy distributions using Eqpgge = 3.6 eV are also shown in
Figure 31. The agreement with experiment over all polar angles is now quite good. Note
also that the width of the polar angle distribution is much sharper at higher kinetic
energies. This expected result occurs since the particles ejected early in the collision
cascade see nmore surface order than those ejected late, after the cryscalvstructure is
aesrly destroyed.

To check that thz success of this simple correction is not just coincidence, f{t is
possible to compare both the azimuthal distributlons and the anergy distributions of the
seasured Ni* intensity to calculated values. For each comparison, the agreement has been
very good using the same value of Eypgge (115). In fact, it has been proposed that the
resason that the energy distribution for ions is usually brosder than for neutrals is due
solely to the presence of Eimage (138). 1In relation to Thompson's energy distributions, the

image potencial acts as an additional surface binding force such that Equation 7 becomes

e e T*(E) oCE/ (E+Ep+E g gq) ? (62)
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Figure‘Sl - Polar angle distributions for Ni ejected from NL1(001)e(2x2)-CO
The upper set of curves is recorded for a secondary fon energy
of 752 eV while the lower set of curves is taken at 2222 eV.
From reference 115.
A further point i{s that the classical dynamics model assumes thac there is no velocity
dependence or azimuthal dependence to RT. Since this model can accurately describe the
experimental situation, it must bde concluded that in this case these properties of Rt are at
least approximately valid.
In a completely different approach, Yu (139) has investigated the velocity dependence

of RT by assuming that the functional form of the Norskov and Lundquist prediction is indeed

correct. By rewriting Equation 47 as
R* = (2/m)expl(3-1)/€o . (63)

where ¢4 = ﬂAqL/clw, Yu reasoned that ac comstant v , & plot of log ®X* vs (¢~I) should yleld
8 straight line with slope l/¢,. At different Ve however, the slope should vary according
to the definition of ¢,. He was able to vary % by a sufficient amount by evaporating very
s2all quanctities of Li onto the ssmple surface. The results for 0~ emission from ion
bonbarded oxidized vanadium are shown in Pigure J2. The slope of each line should give the

value of ;. When the ¢, values are then plotted vs vcosd as shown in Figure 13, the values

L —




Figure 32 - The wrk function dependence of the 0~ yield ac two different
emission energies 8.3 and 65 eV but for the same angle of
emission 55°. Notice the exponential dependence on A¢ for -4¢
<2 eV. From reference 139.
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should fall on a straight line as predicted by Equatfon 47. The results show that at
kinetic energies less than about 20 eV that ¢, shows almost no velocity dependence but that
at erergies greater than 20 eV, Equacion 47 becomes valid. Since the peak in the energy
distribution occurs at less than 10 eV, these experiments clearly indicate that Y© also
exhibits a weak velocity dependence.

We have concentrated {n this discussion on mechanisms of {onization that occur in
concert with the development of the collision cascade. Other possible processes are thought
to exist which lead to ion ejection. For example, Williams has proposed that since positive
halogen ions eject with an energy distribution which is only about 15 eV wide and peaks at
6~8 eV, the ion 1s not produced by direct collisional events (140)., The ifonization is
proposed to proceed via interatomic Auger decay followed by coulombic ejection of the fonm in
a mechanism similar to thac proposed by Knotek and Peibelman to explain electrom and photon
stimulated desorption (141). Clearly, none of the above models would be appropriate for
this situation.

To conclude this section, then, it is clear that much work as been devoted to
understanding the ejection of neutrals and lons from fon bombarded surfaces. Our
underscanding of the neutral ejection process is somewhat more advanced than for the ions.
However, there is now a formalism available for coupling the microscopic nuclear motion
surrounding the ejection site to the possible electron transfer processes that can occur in
the solid. For all of the theories, there are many predictions that can be experimentally
tested. In the next sections we will attempt to build upon the ideas developed by the
theorists to attempt to more fully understand the resulting mass spectra and to see if we

can learn something about the structure and chemistry of the sample itself.

IV. Structure~Sensitive Factors

In previous sections, there .as been a qualitative description of a variety of
spuctering experiments that clearly contain information about the crystallography of the
solid. Wehner's spots are probably the most spectacular exauwples of this fact. In
additior, it appears that the state of the theory which describes the {on inpact event is
sufficiently advanced such that s more quantitative understsnding of the structure-sensitiv
factors in sputtering should be forthcoming., Through these compariscns, it may also be
possible to use lon besa methods to learn something new about the surface structure of
previously uncharsctecized msterials. 1In this section, then, wa will examine these
structure sensitive factors for the ejection of atoms (or lons) from single crystal samples

and see how well the measured observables agree with the chosen theory.
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Recall first that the total yield of particles ejected from a copper single crystal
surface 1s a function of crystal orientatfon with Y(111)>Y(001)>Y(110). The experiments to
determine this relacion (18) were performed using the weight-loss technique and are
therefore subject to a certain degree of uncertainty because of surface dsmage by the
primsry ion. In addition, the vacuum conditions were rather poor by today’s standacrds. Yet,
these observations have never been contradicted, although {t would be extremely helpful to
repeat many of them using as low a primary dose as possible and usiang simultaneous LEED
monitoring. It is possible to examine the reasons for these yield differences using the
molecular dynamics calculations. These calculations were firsc performed only tecencly oo
Cu since large model crystals are needed in order to sufficiently contain the nuclear
motion that leads to particle ejection. The required computer time is :xather lengthy, ewen
for the fastest computer systems. The results of these calculations are given in Table II
(142). Note thac the relative order of the calculated yields agree with that obtained €rom
the early experiments. A detailed analysis of the individual trajectories provides some

insight into why this order 1s observed. In general, the momentum resulting from the

Table Il

Sputtering Yield of 600 eV Argon on Copper(100),(110) and (111)

Cryscal Total Number Total Number Sputtering Relative Yield
face of of atoms Yield ) o T
trajectories ejected

(100) 111 436 3.93 1.00 1.0
(110) 12t 429 3.56 0.90 0.5
(108 700 6.48 1.65 1.3

Normalized to the (100) face.
Measured at | keV by weight loss, normalized to the (100) face (18).
primary ion {s kept close to the surface {f the density of atoms is high as in the case for
the (111) orientation. For much more open configurations such as the (110) orientation the
momentum more readily penetrates through holes in the surface and is lost into the bdbulk of
the material. In fact, vhen exsained in this way, the importance of surface morphology is
most striking in that the same relative yields are also found for the low index faces of Ag
(18) and Au (19). The placement of atoms in a lattice is clearly an important feature that
influences the yield. This notion is also consistent with the esarly transparency theories

of spuctering (123) which could be qualitatively used to explain the relative yields for the

above situacion.
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This set of calculations also provided considerable insight into the mechanisa of
ejection of the particles from each face. The most common ejection mechanisa found {n these
calculations is the “up~down” mechanism where the primary ion drives the target atoms down
i{nto the second layer, while at the same time forcing its nearest-neighbor to eject. The
mooentum can be transmitted through several atoms along a close-packed raw by this process

as 1llustrated in Figure 34. Thus, {t is clearly sensitive to the arrangement of surface

arnma .,

(a) : E (b) )

Figure 34 - Two forms of surface a layer sputtering mechanism. They occur
for impact points which lie close to the axis of a close-
packed chain of surface atoms. From refereance 93,

For all three target otieniatlons, w08t of the ejected atoms are found to originate
‘from the surface layer as shown {. Table III (142). Note that from (001),‘v1rtu‘11y every
atom originates from the first layer, cven though there {s significant movement of atoms &
layers bdbelow the surface. On (110), a fairly large fraction (~25%) of the atoms are ejected

from the second layer, which, because of the open structure of the top layer, is also
exposed. Por (111) approximately 95T of the atoms originnce from the first layer. These
results iadicate that information obtained from the ejected atoms will be highly surface

specific.

Table III

Origin of Ejected Copper Atoms Resulting From
600 eV Normal Incidence Ar* Ion lapact

Origin of Ejected Atom . Number of Ejected Atoms
(Atomic Layer Number) - o
00y oy i
1 435 348 672
2 1 79 28
3 v} 2 0
e .o 0 0

Aamact e Aade
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B. Angular Distributions of Atoms Ejected from Clean Single-Crystals

A second structure-sensitive factor arises from an analysis of the angular
distributions of the secondary particles. As Wehner showed many years ago, these
distributions are highly anisotropic and very clearly reflect the surface symmetry. There
have been many attempts to explain these distributir ‘s, One such explanation i{s that the
ejection occurs along close-packed lattice directions which extend deep within the crystal
{78), This idea nicely explained the peaks in the angular distributions but required that
there be quite a bit of long ramnge order in the solid even during the impact event. As
shown I(n Figure 1, chat requirement seems a bic hard to swallow. Although controversy
existed concerning these "focusons™ for many years, the molacular dynamics calculations
of Harrison clearly showed that the ejection was dominated by near surface collisons rather
than those from beneach the surface (76). Similarly, Lehmann and Sigmund (143) proposed
that the spot patteras could be formed by the symmetry of the surface layer by a kind of
blocking effect. This was a qualitative model and was never extended or applied in a
predictive fashion.

Recent molecular dynamics studies have provided the most detailed explanations of the
Wehner spots and have suggested a number of new experiments aimed at elucidating surface
structure. Using the large micro-crystallite, the angular distributions have been
deteruined with sufficient statistical accuracy to compare directly with the appropriate
equipment. These distributions are shown in Figure 35a-c Cu(00l), Cu(l10) and Cu (Il1)
(144) where each ejected atom is plotted on a flat-plate collector an arbitracy distance
above the crystal. For chis representation, the polar angle is determined by the radial
distance from the center of the plate to the plotted point and the azimuthal angle is
determined by the position of the point on a circle drawn about the origin with a radius
corresponding to the appropriate polar angle. For each picture the complete angular
distributions are determined after the impact zone of irreducible symmetry (Figure 20) is
unfolded to completely encompass the target atom (77), Note that for the Cu(00l) surface,
there is a general similarity to Wehner's original experiments and near quantitative
agreemant to studles by Muscat and Smith (145) who found the peak in the polar angle spectra
20 occur at 44°, The nearly six-fold symmetry found on the (111) face and the diffuse
cectangular pattern found on the (110) face are in qualitative agreement with experimental
results (1,18,23). It {is still dangerous, however, to make quantitative comparisons to the
sarly experiments for the ressons already discussed.

0f particular interest i{s thac che feacures a the calculated angular distributions
chsnge rather dramacically when only those particles wi:h rather high kinetic energy, >20

eV, are selected. As shown in Figure 35d-f the fraction of particles ejected along
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Figure 35 - Angular distributions of ejected particles for the (100), (110),
(111) orientations. Bach ejected atom is plotted on a flat-plate
collector an arbitrary distance above the crystal. (a)=(ec) All
ejected particles; (3)-(f) only those atoms whose kinetic energy
is greater than 20 eV. The numbers on cthe ordinate refer to the ‘ i
polar deflection angle given in degrees. From reference l44.

preferred crystallographic directions is considerably enhanced. The lower energy particles
tend to have a diffuse angular distribution since they are ejected late in the collision

cascade when much of the surface order is no longer present. This is a general observation

and one which can be applied to enhance the structure sensitivity of any angle-resolved

zeasurement .

Tracing individual atomic trajectories yields a clear picture of the important
scattering mechanisms in the high kine:gc energy regime. First, most of the ejected
particles plotted in Figure 15d-f arise from within two or three lattice spacings from the
impact point and suffer only a faw scattering events. Second, the spacings between the
surface atoms exert a3 strong directional effect during ejection. The fourfold holes on the
(001) face, for exsmple, constrain the path of the ejected atoms, and their trajectories
proceed, on the average, in the (001) plane perpendicular to the surface. The same

aechanism {s applicable to the (111) face; the three elongated lobes arise from scattering .

through the threefold holes on the crystal surface that do not have second-layer atoms
directly under them. In all cases, the atoms ejected from the aicrocrystallite originate

from the top layer. Less angle-resolved structure is observed for the (110) orientation .
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since the rows in the [100] direction are sufficiently far apart to allow the atom to escape
at virtually any angle.

This energy selection process also simplifies dramatically the number of operative
ejection mechanisms, as the spot is composed nearly entirely from the atoms near the target
atom which eject frequently. Since these particles are found to originate near the target
atom, long-range surface order should not be required to produce the spot. A further
consequence of examining only the higher energy particles is that the trajectory can be
stopped after a shorter anumber of time steps and accurate trajectories can be obtained by
using much smaller microcrystallites.

C. Angular Distributions for Adsorbate~Covered Single Cryscals

The channeling phenomena observed from clesn surfaces should also be found in more

complex systems such as for metals covered with a chemisorbed layer. Omnly a few attempts

have been made, however, to develop a comprehensive theory for che ejection of atoms or
solecules from reacted surfaces. The specific case of low-energy He' ion bombardment of
aitrogen adsorbed on tungscen has been treated using the 3CA. 1In this case {t was
postulated that the nitrogen atoms could only be desorbed by direct collisons with the
primary ion (146). Several desorption cross—sections for atoms on ion bombarded surfaces

have also been calculated using the BCA via the computer program MORLAY (147) but agreement

Counsiderable progress in quantitatively describing the ejection of chemisorbed atoms
from aetals has been made using molecular dynamics calculations. The first model system to
be explored in detail was oxygen atomically adsorbed onto Cu(001) (99). The main difficulty
in describing any situatioa like this {s to develop appropriate interaction potentials which
describe the scattering events. Since little is known about these potentials, early
calculations have utilized pair-wise additive potentials for adsorbates which have the same
form as for the substrate, buc with different mass. As we shall see, the exact form of the
potential s not as critical as the atomic placement of the adsorbate atom. Thus, in the
calculation, the geometry and coverage of the adsorbate may be varied over a wide range to
test how these quantities influence ejection mechanisms and ultimately the angular
distribucions.

The calculated mechanisms for oxygen ejection in this case are quite interesting.

There are two common pathways for oxygen atom ejection which {nvolve direct collisions with
the primary ton. The Ar* ion can strike the target oxygen atom, which subsequently reflects
off a neighboring Cu atom and ejects. Alternately, the Ar* fon can {nitislly reflect from
the target copper atom, strike & nearby oxygen atom, and csuse it to eject. Both of these

processes are illuscrated in Figure 6a.
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MECHANISMS FOR ATOM EJECTION
= OXYGEN ON Cu(lOO0}~

Figure 36 - Mechanisms for oxygen atom ejection on Cu(l00). From
reference 99,

Other more complicated collision sequences can be {dentified as fmportant contributors
to oxygen atom ejection. For example, in Figure 36b, the copper atom adjacent to the
adsorbate starts to leave the solid, but finds an oxygen atom sticking up in its path.
Depending on their collision angles and the kinetic energy of the copper atom, doth
particles zay or may not eject. An oxygen atom can also be desorbed by the copper atom
directly beneath it, as shown in Figure 36d, although it is more common for the copper atow
to escape the solid from underneath the oxygen without ejecting it, as showm in Figure 36c.
The reason for this phenoncnén is that only s small percencage of the energetic copper atoms
ejact normally to the surface.

Since the lattice surface structure dominates the ejection angle of the faster-moving
perticles on a clean surface, it appears logical that blocking the preferred ejection
ditections with adsorbed atoms should have a strong effect on the angular distributions.
Using the configurations given in Figure 21, for example, the calculations have been

pecformed for & c(2x2) overlayer of oxygen on Cu(00l) where the oxygen is placed in aa atop,

o a8 e s
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2-fold bridge and 4-fold bridge bonding geometry. In Figure 17 are shown the relevant
oxygen discributions for the atop and fourfold bridge site (144,148), As {t turms out, the
angular discribucions for the Cu substrate atoms are only slightly affected by the lighter
oxygen atom and look very much like those shown in Pigure 35 for clean Cu. Por oxygen in
the acop site, the pattern also exhibits ejection angles with mainly the same symmetry as
the substrate. For the bridged configuration, however, the pattern is rotated 45° with

respect to the substrate and is easily distinguishable from the other geometry.
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Figure 37 - Calculated angular distributions of oxygen atoms ejected due to
Art ifon bombardment at 600 eV. The oxygen originated in a
c(2x2) coverage on Cu(001) in various site symmetries and heights
above the surface, h. The numbers refer to the polar deflection
angle. (a) A-top or linearly bonded site, h = 1.9 A,
(b) Fourfold bridge site, b = 1.2 X, (c) Fourfold bridge site,
h = 0.9 . PFrom reference 148.

The scattering mechanisms that give rise to these angular distributions can be
discerned on an atomic level from an analysis of the Erajectories. It is sufficient to note
here that the ejecting substrate atoms most strongly influence the diractions of the
ejecting adsorbate atoms and that multiple scattering in the overlayer is of secondary
importance. This result portends that the angular distributfons of the oxygen atom might
aven be sensitive to its height above the surface when placed in a given geometry. This
hypothesis i{s borne out i{n Figure 37c where the oxygen height ts reduced from 1.2 ! to 9.9 ¢
above the Cu plane. The theory suggest that with sufficiently accurate measurements atomic
positions should be determinable to better thaan =0,! 2,

It would be delightful i{f experimental methods existed to test the very exciting
predictions regsrding these angular distridbucions. With the possible exception of the laser
fluorescence method, however, none of the methods discussed i{n Section II have anywhere near
the sensitivity to detect oxygen atoms from sn oxygean monolayer before destroying the sample

ttself, The static SIMS method, however, provides plenty of sensicivity {f the angular

distribution of the ifons, rather than the neutrals, are measured. This approach assumes
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that the trajectories of the ions and neutrals have a certain correspondence - a point which

appears reasonably valid from the data given in Section IIl B. for the CO/Ni system (115).
Attempts to verify the predictions of the molecular dynamics calculations have been

carried out to a limited extent using an angle~resolved SIMS technique (149). To measure

the angular distributions of ejected oxygen and copper atoms, a cylindrical shield was

placed above the crystal surface as shown in Figure 38. The polar angle, 3, for ejected
species was fixed at 45° with two appropriately placed apertures while the azimuthal angle,
%, could be varied aver 360° by rotation of the crystal. When the 45° electrostatic sector
in front of the mass spectroweter was utilized, the kinetic energies of the ejected
particles could be roughly selected while msintaining a large enough bandpass necessary to

maintain sensitivity. This experimental configuracion will produce results equivalent to

deflection but does not allow the entire pattern to be reproduced. It i{s possible to

making a circular cut of the spot pattern at a radius corresponding to the 45° polar ) e
prepare a c(2x2) overlayer of oxygen on Cu(00l) by exposure of the cryscal to 1200 L

(1 L = 1076 torr s) of 0y at 25°C.

Art \/—_ ams | |
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CRYSTAL

Figure 38 - Schematic representation of the angle-resolved SIMS experiment.
From reference 149.

The observed azimuthal plots for Cu* and 0~ ejection from these samples are shown in

Figure 39a. The fourfold symmetry of the (001) orientation is clearly evident for both

- i

species, although their maxima in intensity are out of phase by 45°. This result is only

consistent with the calculated results if the oxygen has adsorbed {n the fourfold bridge
site. The detatled comparison taken using a fourfold averaging and background subtraction
procedure is shown in Figure 1%b, assuming the oxygen is 1.2 2 above the surface. If the
calculation had been performed for oxygen placed only 0.9 3 above the surface, the predicted

curve would be consideradly differenc (114),
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Figure 39 - (a) The Cu* and 0~ azimuthal plots as recorded from the spectro-
meter. (b) A fourfold average of the data in (a) with the
minimum intensity subtracted from each curve. The dashed lines
represent the calculated curve for 0 placed in a fourfold
hole 1.2 X above the Cu plane. The circles represent the Cu*
{aotensities and the squares represent the 0~ intensities. The
primary lon is 1500 eV Ar™ at a total dose of 1=-3 ions/cmZ.
From reference 149.

Of crucial importance to the interpretation of these spectra i{s to determine how
sensitive the calculated patterns are to the vagarities of the input potential parameters.
This question has been examined in some detail for the 07 on Ni(00l) system by Kapur and
Garrison (97,150). These workers found that it should be reasonably safe to assign the type }
of adsorption site (e.g. atop or bridge~bonding) even {f the potential parameters are
uncertain since the channeling directions are basically unaffected by changes in the atomic

sizes. T1f the adsorbate height is of interest, however, they found that it was ilmportant o

know the effective size of the adsorbed atom at the scattering energy. Otherwise, there
could be a large uncertainty in the determined crystallographic coordinates.

Although these types of measurements and calculations are only in their very early

lgfgcl, the grollntnary results have iamportant implications. First, the experiment itself
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provides a unique situation which allows detailed comparison between experiment and theory.
The level of agreement between ion yield measurements and calculated neutral yields suggests
that their {s a close correspondence between the trajectories of the two types of species.
This observation has important implications in distinguishing the various ionization
mechanisms proposed in Section III. And finally, if details of the experiment and the
theory can be further refined, the approach may prove to be a powerful new method for

determining the positions of atoms on surfaces.

V. Cluster Formation Processes

A second critical aspect of the ion bombardment process involves the fact that molecular
cluster species are often observed to be ejected from the surface. As discussed in section
II, a variety of different types of cluster have been observed from a wide variety of sample
substrates. For adsorbates on clean metals, the simplest types are composed of the metal
atoms themselves as Mn* where n can be as large as 12 or more (%6). In additiom, there can
be combinations of adsorbate atoms with the metal atoms to form a myriad of aixed clusters.
The family Hnomt for oxygen covered Ni where n=0~4 and a=0-3 represeut; an example of this
type (151). 1In addition, there have been many cases where a molecular adsorbate has Y“een
observed to eject intact, as is the case for fairly large organic molecules such as for
p-aminobenzoic acid adsorbed onto silver (I52).

There are many fascinating questions regarding the formation of these clusters. For
example, does the presence of a given molecular fragment indicate thac species actually
existed on the surface? Or is the bombardment process too catastrophic to preserve the
fragile information carried through chemical bonds? If the clusters do arise from
contiguous surface atoms, can their presence provide key information regarding the local
atomic structure of surfaces of alloys and supported metal catalysts? The association of
N17CO0™ and NiCO™ to bridged and linear bound CO (Figure 15) is an application of this
concept. Further, is there any point to measuring the angular distributions of ejected
clusters and can they be used to probe surface structure? And finally, how does the charge
on the cluster {r luence its formation probability? Will there be a difference in cluster
formation mechanisms for positive {ons, negative ions or neutrals? In this section, we
shall probe the uechanism of cluster formation and examine some of the past and fucure uses
of the clusters in the ion bombardment experiment.

A. Theoretical Aspects of Molecular Ejection

Ever since the initisl discovery (44) that molecules could be ejected from fon

bombarded solids, the genesis of cluster formation has been the subject of numerous

investigations. The first major effort arose after the development of a time-of-flight

<Fffhniq"’ ?1n§d at aeasuring the energy distribucion of ejected neutral dimers (153)
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provided the energy distribution of X; sputtered from K. With this data, Konnen, Tip and
DeVries were able to apply the results of the transport theory to obtain a8 theoretical dimer
energy distribution (48). By assuming that the atoms in the dimer arose froa neighboring
atoms on the surface and by utilizing Thompson's expressioa for the energy distribution of
the monomer, they computed the normalized probability density for two particles which have a
given relative energy and center of mass velocity. The resulting energy distributions were
then compared to the experimental data for K; and K sputtered from a polycrystalline K
target with satisfactory agreement between experiment and theory. The theory has also been
extended to include the formation of larger clusters (67) such as those observed by
Staudenmaier (46). The success of their predictions led these workers to propose that the
clusters are formed by recombination of independently sputtered atoms and that their energy
distributions are determined by the E™2 power laws of the monomer distributions. The

- concepts have never been fully exploited, probably since the energy distridution formulae
that serve as the bhasis of the development are {n themselves rather crude approximations and
are not easily geuneralized.

The molecular dynamics calculations have been extremely successful in enhancing our
microscopic uanderstanding of how the clusters form and in helping to evolve a number of
geheral considerations iu developing cluster formation theories. The first study regarding
this subject was completed by Harrison and Delaplain (93) who investigated the bombardment
of Cu single crystals by 600 eV Ar* using the classical equations of motion given i{n section
II. Although they utilized 3 sma’l microcrystallite and were only able to sample a few
inpact points on the surfece, using Equation 22, they were able to find a number of examples
where two atoms we:ie above the surface with negative total energy. This condition means, of
course, that in the absence of other energy transfer processes that the atoms are bound onto
a stable dimer. Of primary interest in this scudy was that the atoms that formed the dimer
were not atoms that were contiguous on the Cu surface. In fact, they found that most dimers
form from next-uearest neighbors since the up~down mechanism (Figure 33) reduced the
probability that neighboring atoms would have low relative kinetic energies. Thus, the study
supported the work of Konnen, Tip and DeVriea (48) who believed that the dimers formed over
the surface, but questioned their assumption about the proximity of atoms cthat form a dimer.

Harrigon's early landmark calculations were mechanistically very ifmportant but they
failed to provide any real guides for the experimentalists. More racently, however, the
extent of the calculacions have been sufficiently expanded and refined such that a number of
addicional aspects of the problem can be examined in detail. Ome refinement involves the
appropriate choice of interaction potential used to test for dimer formation. The solid

pair-potentials account for many body interactions dut do not have the correct dissociation

o




limits. For example, Cuy has 3 gas phase well depth of 2.05 eV (154) whereas :hcégulk pair

potential has a well depth of only 7.48 eV (93). Since the tested interactions occur above

the solid, then the dimer pair potential should be more appropriate to use in determining
cluster stability than the solid pair potential. Other improvements in the calculatiom
relace to the increase in computer speed available from the latest computar systems. With
this technical advance, it is feasible to generate a set of trajectories with statistically
reliable yields for asny types of clusters using microcrystallites that are large enough c;
contain the ion impact event (155).

In general, the calculations indicate that there are a surprisingly large number of

clusters that would be expected to form by this mechanism as has been indicated

qualitatively by a number of experiments. Although there are no experiaments which provide
dimer vields from single crysctals, Oechsner has measured the Cu/Cu and Cu3/Cu ratio from
polycrystalline Cu using his SNMS technique (29), which are compared to calculated values
for Cu(001) in Table IV. The comparison of the actual yields are in excellent agreement for
the dimers and in poor agreement for the trimers. The calculated number could be too high
either from the use of an overly strong potential to describe Cuj or from the fact that some
of the Cuj molecules could dissociate before reaching the detector. The experimental aumber
might be somewhat low since fragmentaton of Cuj during lonization was assumed co be

negligible.

Table IV

Theoretical and Experimental Comparison of Cuj/Cu and Cu3/Cu Ratio

(001)*  Polycrystalline?
Cuy/Cu .077 0.104 :
Cuy/Cu ) 014 L 6.001 1

8Calculations performed at 1000 eV Ar™ ion {incident at 9=0° usiag a i
Moliere potential to describe the Art-Cu interaction.
perimental data taken for 1000 ev Ar* ion iacident at 8=0° (29).
There has also been found to be a strong dependence of the cluster yields on surface

morphology. Recent experimental studies have been completed onm Ni(001), (110) and (111)

where the relative yields of ¥ip*/Ni* and Ni3*/Ni* have been determined to be in the same

relative order as the monomer yields (156). The experiments were fortunately compleced
under conditions appropriate for comparison to the dynamics calculation, L.e. ultrahigh
vacuuam with low Ar* fon doses to avoid surface damage. Even though the calculations
utilized actractive potentials for Cup racher than for Ni; and they considered only neutral
dimers and not the fonic species, the same trends in the calculations were obsarved as for

the experiment (155). Apparently these other effects are not as important in influencing
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relative cluster ylelds as are relative positions of surface atoms.

These ideas can be qualitatively extended to explain the presence of even larger
clusters. The atomic motion that leads to the formation of a pentamer from Cu(lll) has been
examined in detail (94). In this case, as shown in Figure 40, there are three collision
sequences interacting in a concerted fashion which produce 5 atoms moving {n parallel above
the surface. Note that the atoms that comprise the Cus molecule (atoms #2,3,4,5 and 6) do
aot consist of contiguous atoms but do arise from a highly localized region of the crystal

surface.

Figure 40 - Schematic representation of the pentamer formacion. Only the
atoms involved in the ejection of the indicated atoms are drawm.
Other atoms are located at the intersection of the grid lines but
are not shown. The actual size of the crystallite used in the
calculacion is considerably larger but 1s not shown for graphical
clarity. The sizes of the atoms are arbitrary to allow maximum
viewing through the crystal. The arrows indicate the
approximate direction of motion of each atom during the
trajectory. The numbers near the atoms are simply used as
labels (see text). From reference 94,

For clean metals, then, it appears that the clusters form by a recombination of atoms
over :ﬁe surface of the crystal while the atoms are still within {nteraction range of the
solid. Since the mechanisms by which certain correlated collision sequences lead to cluster
formation appear to be crystal structure dependent, it makes sense to examine the angular
discributions of ejected clusters. The fact that there were strong angular effects was

first noted by Staudenmaier (157) for Wo* ejected from W(110). In that case, he found that

the Uz* {ntensity maximized at simlilar angles as as the W' intensity. Those experiments,

—_—
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however, were preformed with 150 keV Ar* fons under heavy dose conditions naking
quantitative compatrisons to calculations difficulc.

A more recent study on N1(001) using static SIMS with 2 keV Ar* ions produced
qualitatively similar results as shown in Figure 41 (114). The azimuthal distributions for
N{* and Nip* peak in the <100> directions (@=0°®) although the Ni,* discribucion is more

anisotropic than the Ni* distribution. As it turns out, the molecular dynamics calculatioas
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Figure 41 - Experimental angular distributions of Ni* and Nis* ejected
from N1(001) at a polar angle of 45° *5°, The center-of-mass
kinetic energy of the particles is between 10 and 50 eV. Both
curves are fourfold averages of the original data. The incident
Act {on has 2 keV of kinetic energy and is at normal incidence.
The solid is at room temperature,., The peak counts are ~900 and
~500 counts/sec for the Ni* and Niz+ distributions, respectively,
The <100> azimuthal directions correspond to $=0°. From
reference 114,
provide very simil. - angular distributions for Ni and Ni; if only the higher kinetic energy
particleas are considered. The results of over 1000 trajectories are shown in Figure 42.
For che higher energy dimers, the calculations predict that at 9=0° nearly all are formed
from che specific mechanism {llustrated in Figure 43. With this process, then, the observed
dimers should originate from next-nearest neighbors along the close-packed row.

In a similar vein, it is also conceptually possible to envision certain mechanisms that
dominate the ejection process whan the Ar* ion 13 incident on the crystal at non-normal
angles. Foley and Garrison have predicted that the next-nearast neighbor dimers predominate
{f the Ar” fon is incident at 9=0° but that nearest neighbor dimers become more lmportant at

9=45° and =45°. This effect {s shown quantitatively in Figure 44. Similar calculations on

8 tvo dimensional slab of NaCl suggest that it is possible to peel fairly long chains of

—
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Figure 42 ~ Calculated angular distributions of Ni and Ni; at a polar angle
of 45° 25°, The centar-of-mass kinetic energy is between 10 and
50 eV. Also shown is the contribution to the Ni; distributions
from dimers formed on atoms No. ! and No. 3 of Figure 43. The
peak intensity is 110 and 12 particles for the Ni and ¥Ni;
distributions, respectively. From reference l14.

contiguous atoms from the surface at certain incident angles of the primary iomn (102).
Thus, although rearrangement clearly occurs as the atoms that form the clusters leave the

solid, it may be possible to evaluate the degree of rearrangement by selection of the

appropriate angles. If this concept were extrapolated to alloy surfaces such as CuNi, the

relative placement of the alloy components should be able to be determined from the angular’

distributions of the Ni{;, Cus and ¥iCu species.

The next level of chemical complexity involves cluster formation from ion bombarded
astal surfaces that have reacted with simple atoms or molecules to form an adsorbed layer.
We examined the mechanisms of ejection of the atoms for the oxygen/Cu situation in Section
IV, but it was not clear whether or how clusters could form. We now consider what factors
are ilmportant in influencing cluster formation for two different situations; that is oxygen
adsorption which often produces atomic oxygen, and carbon monoxide adsorpcion where the CO
attaches to the surface in a molecular state.

For the case of atomic oxygen adsorption, we consider first the possibility of forming
the 0> molecule via the recombination mechanism proposed to exist for cluster formation from
clean surfaces. It is possible to test for 07 formation in the calculation by computing all
0-0 interactions between ejectad oxygen atoms using the interaction potential for ga; phase
03 (99). The results clearly show that the coverage and adsorption site symmetry are major

factors in determining which clusters are likely to form. The most spectacular example
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Figure 43 -

Machanisa of formation of the Ni, dimer which preferentially
ejects in the (100) directions, contributing the majority of
intensity to the peak in the angular distribution. (a) N1(001)
showing the surface arrangements of atoms. The numbers are
labels while the X denoces the Ar* fon impact point for the
sechanisa shown {n Figure 43b. Atoms ! and 3 eject as indicaced
by the arrows forming a dimer, which is preferentislly moving {na
a (100) directton. (b) Three dimensionsl representation of a
N7 dimer forwstion process. The thin grid lines are drawn
betwean the nesrest-neighbor Ni atoms in & given layer. For
graphical clarity, only the astoms directly involved in the
mechanism are shown. Ffrow reference 114,
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Figure 34 - Yield of dimars versus original separation of constitutent atoms

on the surface. The nearest neighbor separation on copper s
2.56 1, The positions of the lines are the separation distances
of the atoms {n the surface. (a) 9wés5®, s=0®; (h) LY MR
11.25%; (c) 3m45°, m22.50%; (d) 4waS®, $33.7%%; (@) 9w45°,
=45°, Froa reference 92.
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involves the effect of coverage oa the 02 formation probability. For a g‘ZxZ) coverage
(0.25 monolayer) the calculations show that the oxygen atoms are simply too far apart to
have a significant opportunity to collide within incteraction range of the solid. For a
i(2x2) coverage (0.5 monolayer), howeaver, the probability of 07 formstion is enhanced by
about a factor of 4.

This effect has also been observed experimentally for 07 adsorption on N1(001) (139).
As shown in Figure 45 the 057/0" ratio increases to a value of 0.04 where LEED experiments
indicate the ESZxZ) structure predominates. This value rises to a maximum of 0.16 at the
ngxZ) coverage. Thus, the 027/0" ratio increases by a factor of 4 as the coverage is
doubled, similar to what is predicted by the calculations for oxygen in a bridge position
(158). The fact that the O atom density must be reasonably large to observe 02 cni;;ion has
been used in the analysis of SIMS data of oxygen on Pb (159). In this study both the 0;~ to
0% ratio and the Pb0™ to PbO™ ratio were reasonably constant versus oxygem exposure. Even
at low coverages of oxygen atoms, 02~ and Pb0s~ clusters were being detected. This implies
a nucleacion mechanism for the adsorption of the oxygen. If the oxygen were adsorbing

randoaly, one would expect the 09~ to 0" ratio to significantly fncrease with increasing

oxygen exposure.
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Many other types of molecular clusters have been observed to be ejected from a variety
of oxidized metal single crystal surfaces. As mentioned previously, oxidized Ni {s a good
example with ¥i*, Nt.*, Nig*, 0%, 02%, ¥10%, NL70*, N10;~ and N1503™ all observable (151).
The calculational sodel provides {insight into how these clusters srise. For the case of
oxygen on Cu(001), the atomic trajectories clearly show that all types of clusters form over

the crystal surface after the components of the cluster eject {n a more or less independent

senner. The sechsnism of cluster forun
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clean matals. Considerable rearrangemant of atoms on the surface that form the cluster is
possible; the species are not lifted out of the surface intact, slthough considerable local
atomic order is preserved. Since the conatituent atoms of a cluster originate from a
localized region on the surface, the incorporation of oxygen into a nickel crystal to form
N10(001) should affect the Ni cluster yields. In these experiments the Nij* trimer yield is
more dramatically reduced than is the le* dimer yield, since the ex~" -4 NiO ctysttl'
statistically has few N1 atoms in the localized region (151). All of = = Ni-~O clusters
observed {in SIMS have been fpund ia the calculations to form by this “over the surface”
machanisa.

No matter how favorable the surface morphology is for cluster formation, the clusters
will aot be observed if they are not thermodynamically stable. One measure of the stability
of dimers {s the well depth De of their mutual interaction potentisl. The yield of CuO

dimers as a function of a hypothetical gas phase Dy i3 shown in Figure 46 (160). The yield
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Pigure 46 - Cu0 yield vs gas phase well depth De. The oxygen atons were
placed in a 2-fold bdridge configuracion in a c(2x2) coverage with
a binding energy Ep = 0.75 eV. A total of 110 trajectories were
calculated. From reference 160.

incresses approximately linearly with Dy for Dg ¢ 4 eV and then plateaus. The leveling

off {8 due to a finite number of slow moving atoms that caan form clusters. 1If the intial

— = e e e -
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energy of the incident {on were incressed so that the tocal number of stoms available to
form clusters were increased, then the linear region would be extended to larger values of
De. Note that even at Dge=0.l eV there are two pairs of atoms with extremaly smsll relative ‘
kinetic energy so that two bound dimers are observed.

The binding energy Ep of an adsorbate to the surface also influences the yield of

clusters. The effect of Ey on the CuO dimer yield f{s shown in Figure 47. In all cases the

od
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Figure 47 - Cu0 yield vs binding energy Ep. Curve a is for the c(2x2)
fourfold bridge configuration, curve b is for the ¢(2x2) A-top
configuration, and curve c is for the p(2x2) A-top comfiguration. [
A wall depth Dg of 2.7 eV is used to determine the yields. Fronm
reference 160.
qualitative trend is the same, the number of Cu0 dimers decreases with increasing binding
energy of the oxygen to the surface. The calculations show that the O atom yield alsc
decreases with increasing binding energy (99), thus the CuO yield reflects the total number
of oxygens availsble for bonding. For all the calculacions shown in Figure 47, the Cu
yisld is nearly constant. If the CuO molecules weare ejecting intact, one would expect the
opposite trend - the more strongly bound the oxygen 18 to the copper the more CuO dimers
that should be found ejecting. l“
The response of a surface to ion bombardment covered with a molecularly adsorbed

species is sechanistically distinct from the stomic adsorbate case. For CO on NL1(001), for

exsaple, the strong C-0 bond of 1l.1 eV and the weak N1CO bond of 1.3 eV help to keap the b
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molecule together during ejection. In the experimental studies, che main peaks ia the SIMS
spectra for a N1(001) surface exposed to a saturation coverage of CO are Ni™, Niz*. Ni;*.
NiCO* N1,CO%, and N13CO* as shown in Figure 48. All ions show a smonch incresse in
intensity with CO adsorption and reach saturation a‘zer 2-L CO exposure (0.5 monolayer

coverage). The ylelds of =", 0, NiC* and Ni0*, are all leas than 0,01 of the Ni* intensity
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Figure 48 - SIMS spectrum of Ni(il1} after 2L exposure to CO. The primary ionm
was 1000 eV Art* with a total dose of 1012 fons.

The classical dynamics treatment for CO on NL{(0Ol) ylelds results which are ia
qualitative agreement with these findings. Approximately 80Z of the CO molecules that ejec
are found to eject intact, without rearrangement. The formation of N{CO and Ni2CO clusters
have been observed to form over the surface via reactions of Ni atoms and CO molecules. No
evidence has been found for NiC or N10 cluaters in the calculations. The i{on bombardment
approach, then, is a very sensitive probe for distinguishing between molecular and
dissociative adsorption processes.

A aumber of workers have attempted to identify structural relationships found using
other techniques such as LEED and vibrational spectroscopy to cluster vields in SIMS. The
correlation of Nizco* to bridge bonded CO and NiCO* to linear bonded CO is an exanple of
this approach. As it happens, the calculations clearly show that the mechanisa of cluster
formation i{s not consistent with this picture since the clusters form over the surface via
atomic collisions. Furthermore, recent combined LEED/SIMS results {ndicate that the cluste
ion yields are not directly related to the adsorbate/ substrate geometry (161). The Sf:x:)
structure of CO on N1(00l) with all the molecules in the atop site gave the same N{;CO7/

N1CO* ratio as the compressed hexagonal LEED structute which must have both atop and
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bridge bonded CO molecules. It is of interest, however, that Fleisch et al. (106) did find
a change io the NiCO*/Ni* ratio as the hexagonal structure began to form. Dawson and Tam
(162) found that the secondary ion yields could not be simply correlaced to linear or bridge
bound species. They obtained the SIMS spectra for 5‘2:2)-00 on N1(001) where the CO is all
linearly bound and for CO on a NL(00l) surface presaturated with Hp, where the CO is
thought to be exclusively in a bridge bound state. They found no correlation between the
presence of bridge bonded CO and the formation of NigCO*. In fact, these workers concluded
that changes {n ion yields were more closely related to the heat of adsorption which varies
with surface coverage than to any surface gtructural effects.

Although most of the above arguments are qualitative in nature, they do serve o auddle
the notion that the cluster yields reflect the original bonding geometry of the CO. On the
other hand, it is clear that angular distributiona for atomic adsorbaves are very sensitive
to the surface structure so it is not unreasonable to anticipate similer effects for the
¥4{/CO system. Extensive calculations using the molecular dynamics procedure (115) have been
completed for the atop and twofold bridge bonding configurations but statistical
congiderations have rcs:ricyed the analysis to only the Ni atoms. As shown in Figure 49,
when the CO is in the atop geometry, the-calculated NI discributions peak along azimuthal
directions which are similar to the clean surface, For the twofold bridge case, however,

the CO overlayer tends to randomly scatter the ejecting Ni atoms produciang a much different

pattern.
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Figure 49 - Predicted angular discributions of ¥i* ion intensity for the CO
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There has been a recent attempt to confirm this prediction using the new angle-resolved

SIMS apparacus discussed earlier (120). The experimental results for the azimuthal
distributions for Ni* were fouand to be in excellent agreement with calculated values for Ni
with atop bonded CO if the calculated values were corrected for the presence of the image
force (115,138). Purthermore, there was poor sgreement with calculations when assuming
bridge bonded CO. Thus, there {s no question that the angular distributions are sensitive
to the surface structure of the adsorbed overlayer,

We are lefct with somewhat of a dilemma with regard to the interpretation of the static
SIMS experiments for the CO on N1(001) case. The original interpretation of the changes in
the Ni,CO*/NLCO* ratio by Barber et al. (53,54) is clearly incorrect as indicaced by the
mechanistic implications of the molecular dynamics calculations. In addition, other workers
have been unable to extend the predictions of their ideas. However, it is also clear that
the scattering angles are sensitive to surface structure so there may well be reasons to
correlate certain types of molecular clusters to certain types of surface structures,
although {n an {ndirect fashion. These generalizations and final resolution of this problem
must scill await further experiments and calculations on this very challenging system.

It {s of interest to analyze the internal state distribution of the ejected CO
molecules (100). Since the collisions which lead to ejection are often energetic, it is
wost appropriate to picture the molecule as dumbell shaped, rather than spherical or
eliptical as would be the case for very low energy collisions. Thus, the molecule is
generally struck on one end, causing it to spin rapidly. Using the standard techniques of
small molecule classical scattering (163), the available internal energy can be partitioned
between vibrational and rotational energy. As shown in Figure 50, a significant fractionm of
the ejecting CO molecules are calculated to be vibrationally excited. A force-fit of the
results to a Boltzmann distribution produces a vibrational temperature of 3400-15000 K.

Note that the comparison to Boltzmann behavior is rather poor, indicating the system is far
from thermodynamic equilibrium. The calculation also shows that the rotational states are
highly excited, with an almost random population of states to J values as high as 100. The
effective rotational and vibrational temperatures, then, are vastly different.

Similar experimental evidence for this type of internal state distribution his recently
been reported by Lineberger and co-workers (164). They examined the fluorescent spectra of
spuctered 02~ and Fe0™ and found that the vibrational temperature was approximately 5000 X
in both cases. They further nocted that the electronic temperature and the vibrational

temperature werea quite different, again arguing against a thermal equilibrium sodel. Their

spectrum 18 shown in Figure 5i.
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From the variety of the above studies, it is possible to put forth several general
mechanisms of cluster formation which should be useful in the interpretation of mass
spectra. Pirst, for systems where the atoms in the s0lid have no preferred molecular
i{dentity, the recombination mechanism must surely predominate. This situation would exist
for pure metals, alloys or chemically reacted surfaces where the adsorbate is not too
strongly bonded to the substrate and interacts simultaneously with many substrate atoms.

From the variety of the above studies, it is possible to put forth several general
zechanisms of cluster formation which should be useful in the interpretation of mass
spectra. First, for systems where the atoms in the solid have no preferred molecular

Second, if the solid contains molecular entities with strong intramolecular forces but weak

intermolecular forces, it is clearly possible that clusters may eject intact by lacttice
fragmentation. Exaumples of this type would include molecular sollds like ice (165) and
molecular adsorbates oun metals where the adsorption bond strengths are much lower than the
bond strengths within the adsorbing molecule. Finally, it {s possible that clusters can
form by a combination of both of the above mechanisms. For the case of ice, for axample,
each individual water molecule may eject intact, but then form water aultimers over the
surface by recombinacion.

B. Molecular Clusters and the lonization Problem

As {t has bYeen applied so far, the molecular dynamics model ignores any effects related
to electron exchange processs and ionization. It {s reasonable to question the validity of
the predictions of this model ‘n view of the fact that positive or negative ions are
detected in the SIMS experiment. A number of workers have addressed this question at least
in 3 qualitacive fashion, and the observations help considerably to understand the role of
fonization in cluster formation processes.

One of the first comments on this question was made in regard to differences in che
interaction potential expected for charged species vs. neutral species. For oxygen adsorbed
on Cu(001), for example, the molecular dynamics model indicates that the 0, molecule would
be expected to form by the recombinacion mechanism. For this specific system, it is also
possible to examine the effect of charge state on the dimer formation probability since
Morse potential parameters are known for 02+ and 097. By putting these parameters as given
ia Table V into Equaction 29 and using the criteria for dimer formation in Equation 22, che
probability of forming a dimer between an 0~ or 0% fon and an 0 atom can be deduced (99). Of
particular interest is that the number of cslculated dimers differs by less than a factor of
2 for the three cases 02*. 09 and 027. The most striking feature of the results, however,
its chat the thermodynamically most stable specici. 02*. produces the lowest number of

dimers. The reason for this fact {s that the range of the potential {s the smallest for




Table V

Potential Parameters for 0z, 03 and 0y~

Specles De (aV) g (21 R (M
Oy 5.12 2.67 1.21
0y* 6.48 2.87 1.12
03" 4.07 2.11 131

this species. Appareacly, the aumber of possible two-body interactions that a particular
atom might experience is more important than the ultimate stability of a dimer in its
equilibrium configuration. If (t is possible to generalize this idea further, we would
expect oppositely charged species such as Na* and C1~ to have a very high probability of
forming an NaCl nolecule due to the infinite range associated with purely electrostatic
interaccions.

A test of the formacion of cluster ioms by an atom=-ion collision mechanism was
attempted using the ¥i(001) surface during exposure to oxygen (158). In this case, the fons
¥4+, N10%, 0% and 0% could be monitored ae a function of the oxygen dose. The results as
shown in Figure 52 are scriking, as the shapes of the ion yleld vs. coverage curves are
quite different depending upon the ion involved. YNote, however, that the N10* yield has a
similar shape as the Ni“ yield whereas the Ni0~ and 0~ and the 0% and ot curves also
seem to track each other. If one {nvokes a cluster formatioan mechanism as discussed z.uve,
then the cluster ions could form as a result of collisions between neutral and fonized
atoms. For example, the ¥10* ion should form by interactions between Ni* ions and 0 atoms.
The reaction of ¥i atoms and O ions would not be important due to the low levels of OF
iong. Furthermore, 1f rthe number of ions above the surface is auch less than the anumber of
neurrals (which i{s the case for most materials ixcept perhaps alkali halides), the intensity
of the resulting cluscer ion will be controlled by the amount of the corresponding atomic

ion. Thus for N{, the clusters would form by the following reaction:

V¥ # 0y NLOT (64>
surface

Ni + 0F =———) NI0~ (65)
surface

and 0t + 0 ———— 05" (66)
surface

The aechanism of cluster formation for jons would therefore be very similar to that of the
asucrals.

This {dea was examined i{n wore detail by Yu (109) in a set of elegant experiments

L2ttt Ts denostion on oxidized Tl surfaces. Before s deposition, he observed using
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Figure 52 - Experimental ion yields vs oxygen exposure for N1(00l) bombarded
by 2-keV Ar* ions. The ordinate gives the number of ions/s
detected. From reference 158.

stacic SIMS, the fons T1*, T10%, TiOz* and 11033. 1f, for example, the TiO* species formed

by recombination as

T+ 4+ 0 ———> Ti0* (67)
surface

then suppression of the Ti+ signal by Cs deposition should suppress the Ti0% gignal in a
similar fashion. This experiment is superior to the 07 on Ni situation since only small
quantities of Cs (<0.25 monolayer) need to be deposited to change the ion vield by nearly
three orders of aagnitude. In addition, the oxygen coverage could be kept fixed during the

entire analysis. His results showed thac for the positive ions Ti0", T10;* and T103% that

the recombination model was clearly valid. For the negative ions, however, he found strong

deviations from the predicted behavior. Because of this deviation, he concluded that these

species probably formed directly by lattice fragmentation. It is of interest that he did
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not coansider reactioans of the type
TLY + 0™ + 07 - T10;” (68)
or TI*+ 0+ 0 + 0" » Ti03" (69)

in his analysis. These pathways may indeed be favorable due to the long range attractive
interaction that exists between oppositely charged atoms.
Yu has proposed, however, that since the electron affinity of negatively charged ions

is usually low that unless the cluster coastituents are in grouad vibrational states that

electron detachment is very favorable (166). To produce ground state molecules he feels it
13 necessary to {avoke the condition that they form from neareat meighbors on the surface.
Thus for the Ti-oxygen system, Yu proposes that the positive ions form by recombination
while the negative fons are produced directly by lattice fragmentation.

Another possible mnchanisﬁ for cluster {on formation has been gsuggested by Snowden and
co-workers (167). In this scheme, which they tested by examining Np* ejection from an tom

bombarded nitrogen implanted silicon target, the electron is assumed to be emitted after i

formation of the N7 molecule as

N+ N—=—— Ny == Ng* + le (70
surface

As shown in Figure 53, the first step (I) requires the ejection of two nitrogen atoms which
form an N7 molecule by the recombination mechanism. In the second step (II), the excited ¥y
aolecule vibrating within its molecular potential may cross to the No* potential curve by
emitting an electron. This process can be detected in step (III) since the excited Nz*
solecule decays to the ground state via a :measurable photon. They provided evidence for
this nachanism by determining that specific rotational levels of Nz* were populated during
step (II). The proposed mechanism has considerable merit since essentially unbound N2
molecules can be stabilized as Nz* by electron ejection. It has so far only been
demonstrated to occur in this one instance, and it remains to be seen how common such
processas really are. Further, the fact that they also found a coutinuum of vibrational and
Tocational states that were populated implies that a fraction of the No* molecules may form
by lon-~acom collisions.

Thus it sppesrs that the relationship between {onization and cluster formation
introduces s few additional twists when compared to cluster formation of the neutrals. Many
of the basic ideas generated by the trajectory calculations, however, still appear to be

valid and continue to provide valuable Lnsight into the cluster ion formation process.
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Figure 53 - Schematic {llustracion of the proposed sputtered amolecule
formation mechanism. The first step (I) requires the sputtering
of two aitrogen atoms approaching on an appropriate collision
trajectory. The second step (1I) requires a molecular potential
curve crossing followed by electron loss within a few molecular
vibrations (the lifetime of the N state). In the third step
(II1) the Ng* molecule decays to the ground state via photon
emission. If the electron loss in II does not occur, the Np
molecule generally predigsociates and no Nz* is formed. From
reference 5, p. 298.

VI. Molecular SIMS

The detection of molecular ions by static SIMS which are characterisctic of the original
sample has i{mportant lmplications in chemical analysis. The approach offers a‘conplementary
mass spectrometric method for vapor'zing and ifonizing nonvolatile or thermally unstable
compounds. For example, in traditional nass spectrometry, a molecule is usually volatilized
by heating, and ionized by electron impact. For molecules like amino acids, however,
heating usually produces NHj and CO; whereas ion bombardment may directly produce the
desired molecular ifon. In other words, the sub-picosecond time scale of the fon lmpact
event {s sufficiently fast to beat out thermal rearrangements that occur on the nanosecond
time scale.

The analysis of molecular solids by SIMS dates to the early investigations of
Benninghoven on metal surfaces covered with rather ill-defined organic overlayers (168).
From these observations, he and his co-workers found that sven for very delicate organic

molecules such as anino acids, lon bombarded powdars of the sample could produce very

well-defined spectra (51). For example, in Figura 54 is shown both the pasitive and
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Figure 5S4 - Original positive and negative secondary-ion spectrum of cysteine

on Ag. (Primary ion current: 2°10-10 A, bombardment target area:

0.1 cm2, From reference Sl.
oegative ion spectra of cysteine deposited onto a silver foil. The main features of the
spectra are the presence of the moleculatr ion peaks at (M+1)* and ac (M=1)~ and the rather
simple fragmentation pattern associated with the lower mass ranges. The ultimate
sensitivity of the method i{s <10~l2 grams, making SIMS a potentially very sensitive
analytical tool (169,170). The cysteine example is a particularly powerful one since it is
thermally unstable and the mass spectroscopy of amino acids is very tricky.

Many other, experimental studies have now besn reported which indicate that SIMS
provides interesting information from almost any molecular solid. It is not our intent to
ceview this field as it has receatly been done quite capably by others (171,172). There are
3 number of aechanistic festures of these experiments which sre, however related to many of

the !de.s presented in earlier sections upon which we will focus.
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A. A Model Study with Benzene

A good starting poiat in trying to understaad the ejection of large molecules is to
begin with an appropriate model systea - in our case benzene. This molecule is simple enough
to be examined theoretically yet large enough to be coamparable in size to many of the more
complex systems currently of interest to chemists. The static SIMS spectrum of this
compound has been examined under a variety of conditions. Michl and co-workers firsc
reported the spectrum of solid benzene at low mass (173) and was quickly extended to higher
zass by Rabalais et al. (165). The spectrum is characterized by a series of hydrocarbon
clusters of the stoichiometry CnHy where nwl to 30 and x is on the order of n for a<l0 and
on the order of a/2 for n>10. The spectrum is clearly dominated by recombinacion of
ejecting cluster sub-units, making direct identification of benzene itself nearly
impossible. For example, the following types of gas phase reactions have been proposed to

explain the formation of the larger carbon fragments (165):

C3Ha* + CgHg » CoHy* + Hy (71)
CsHy®™ + CgHg + C11Hy* + H (72)
CsHst + CgHg » CyyHot + Hy (73)

A dramatically differeant spectrum is obtained by allowing benzene to chemisorb on a N1(001)
surface (174,175). For this situation, it is believed that chclmnleculc forms an ordered
Sfﬁxb) (1/8 monolayer) overlayer with the benzene molecule laying flat om the surface in a
close~packed arrangement (176,177). The geometry is sketched schematically in Figure 55.
The SIMS spectrum consists almost entirely of the molecular ion complexed with a Ni atom as
Niceﬂg* as shown in Figure 56. Only weak fragmentation patterns are observed. Apparently,
the benzene molecules are far enough apart such that recombination of the ejected molecule
occurs mainly with Nit.

One may question how these observations can be rationalized with the mechanistic ideas
discussed {n Section V. How, in the case of benzene, can 12 or more atoms Se ejected from 3
solid retaining molecular structure information when bombardment energies are many times
greater than chemical bond strengths? This situation has recently been modeled using the
molecular dynamics treatment to see if the theory could be used to rationalize the
experimental result using the structure shown in Figure 55 (101).. The model was set-up by
u’jiF a binding energy of 1.7 eV between the entire benzene molecule snd the Ni surface.

The majority of the interaction str, h was arbitrarily put into the Ni-C {nteraction

rather than into the Ni-H incersgfifion. Also, interaction between benzene molecules was

ignored. With this approach, analysis indicated vary high probability of Cg¢Hg ejection

with saaller amounts of fra s of the type CgHg, CsHg,CH7 and CH. One case of N{CyHg was

also found where the species Jras formed by recombination of a Ni atom with a CqHg unit.

o
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Figure 55 - N1(00l) with a c(4x4) overlayer of benzene, CgHg. The dashed
triangle {s the impact zone for normal incidence ion bombardment.
The numbered atoms correspond to the atoms shown in Figure 57.
The x is the impact point for the Ar* {on which leads to the

The circle around each CgHg 1s the

radial extent of the hydrogen position, 2.5 A. From reference 101.

wotion depicted in Figure 57.
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i Figure 36 ~ SIMS spectrum of NL(lll) exposed to IL of benzene at 300 K.
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The calculations indicate that there are three factors that favor ejection of molecular
fragments (101). First, a large molecule has many internal degrees of freedos and can
absorb energy froam an energetic collision without dissociating. Second, the more masgsive
framework of a large organic molecule can be small in size compared to a metal atom, thus it
is possible tn strike several parts of the molecule in a concerted manner so that the entire
molecule moves in one direction. Finally, by the time the organic molecule is struck, the
energy of the primary ifon has been dissipated so that the kinetic energies are tens of eVs
rather than hundreds or thousands of eVs. A typical ejection sequence for benzene is shown

in Figure 57.

> O
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160 fs

Figure 57 - Ejection of a CgHs molecule by the simultanecus collision with
two Ni atoms. Only the species (one Ar* ton, 3 Ni atoms and one
C4Hg molecule) directly involved in the collision are shown. The
grid lines are drawn between nearest neighbors in each plane,
thus a Ni atom is fnitlally situated at each intersection of
lines. The sizes of the atoms .are arbitrary. The elapsed time
during the collision i{s shown in the lower right corner {a
femcoseconds (10-13 ),

a) Inicial positions of the atoms. The denzene is being
viewed from the side,

b) Positions as the 2 N{ atoms are sbout to collide with
benzene.

¢) Distortion of the ejected benzene. From reference

101,
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It should be noted here that the SIMS spectrum of water exhibits similar variacions in

cluster type with changes tn the sample matrix. The spectrum of ice, for example, consists
saialy of the series of ions (Hgo)ua+ with n up to at least 51 (165). When wacer {is

adsorbed on a cocled metal substrate, the M(Hy0),* fons dominate che spectrum (178).

B. Matrix Effects

The comparisons of the SIMS spectra of b under the different matrix conditions
(solid benzene and benzene adsorbed on N1(001)) suggest that fragmentation and recombination
processes can be strongly influenced by sample preparation. This fact has been further
demonstraced by a aumber of workers. Joankman and Michl, for example, utilized a liquid
He crystal to trap the organic molecule in solid argon in an attempt to simplify the spectra

{179=181). Por solid CH4, they found hydrocarbon fragments to masses assigned to C,Hy+ and

higher. When CH, was diluted {nto an argon matrix {1:500] at 15 K, CH4+ was the highest L

aolecular weight species observed (180). These effects are illustrated in Figure 58.
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Figpure 58 - (a) SIMS spectrum of neat methane at 15 K using 1 keV Ne* fons.
(b) SIMS spectrum of methane diluted in an argon macrix [1:500]
&t 1S5 K usiag | keV He* lons. From reference 180,
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From reactions of the type given in Equations 71-73, it is obvious that the neutral
molecule can be converted into an ion by recombinacion reactions. Cooks and co-workers have
taken advantage of this idea by mixing large quantities of metal ions such as Li* and K*
into the sample which results in intense cationized molecular iom peaks (182,183). These
workers also found that p-aminobenzoic acid prepared as a film on Ag foil formed the

argentated molecular ion (Ag+M)* (182) as was found for benzene on Ni(00l).

C. Alkali Halides
The situation becomes more coamplex, hut nonetheless fascinating, when the particles

forming the cluster possess long range attractive forces. For the alkali halides A,

clusters of the type (MA) o * and (MA),A™ are the most commonly observed spccie;, with o
increasing to numbers greater than 20 (178, 184-186). This situacion is {ilustrated in
FPigure 59 for the positive ion spectrum of Csl (184). Presumably, these clusters form by
recombination of an M* and A” over the surface, a very favorable process due to the infinite
range of the iateraction. The (MA) zolecule can then be sequentially cationized or
anionized over the surface of the crystal to build up units contained in the observed
cluster ion. The energy distributions tend to be narrower than the monomer ions (187).
Further, there are certain cluster sizes which exhibit unusual stability. The peak at

n=13, for example, is thought to be associated with a rhombohedral structure containing

27 atoms arranged in a 3x3x3 structyre.

D. Surface Reactions
In general, the SIMS spectra of monolayers adsorbed on metals appear to produce
clusters which often minimize complexities introduced by tecombimacion processes, This fact
hag inspired considerable research aimed toward utilizing SIMS to actually monitor surface
reactions that =may be occurring on surfaces. Benninghoven and co-workers have emphasized
- the sensitivity of SIMS co hydrogen by studying the resction of Hy with 07, CoH4 and CaHy -
polycrystalline Ni (188-190). For the Ry + 02 reaction,for example, they ware able to
decect an OH™ specles at room temperature, a result similar to that found for the adsorption
of H20 on Ni under similar conditions (189). Other workers have followed the
dehydrogenation of ethylene at 120 K on NL(11l) (192). In a rore complicated example, it

has recently been observed that thiophene adsorbed on Ag undergoes a self hydrogenation to
form tetrahydrothiophene (193),
. 2. Molecular SIMS and Related Methods

The seatch for new aethods of introducing ifons from non-volatile samples into a mass

spectrometer has been of interest for asany vears., There {s no question that staric S$IMS has
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Figure 39 - Secondary ion mass spectra of CsI.
Figure courtesy of J.E., Campana.

found a aiche in this field in the an;lysis of biochemical materials, inorganic and organic
solids as well as salts and metals. It is interesting that there are currently two other
approaches of very similar fundamental origin under current development. Macfarlane and
co-workers have discovered that by bombardment of a thin mylar foil from the back by the
fission products of a 252Cf nucleus that molecular ions are ejected from the front of the
foil (194,195). This technique has been referred to as piasma desorption mass spectrometry
and is compared schematically to SIMS in Figure 60. We believe that the same ganeral
mechanisms of cluster formation are applicable to this method as well. Although the
bombardment energy is in the MeV range and energy loss processes are almost certainiy
electronic in nature, any subsequent collision cascade eminating out from the fission track
would lead to the ejection of clusters {n a fashion nearly identical to SIMS. The fact that
the (M+1)* and (M~1)" {ons dominate the PDMS spectrum is qualitative evidence in support of
this view (194). Of further incteresc Ls that a time-of-flight mass spectrometer has bdeen
developed to detect the tons. The spectrometer picks up 1.3 timing pulse from the
individual 252Cf figsion event. This festure allows very high masses to be measured. The
Macfarlane group, for example, hes recantly detected the molecular ion of a protein with m/e

of grester than 12,000 (195%).
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Another approach has been the use of an atom beam rather than an ion beam to serve as
the bombarding species (196,197). Probably for commercial reasons, the workers have termed
the technique FAB or fagt atom bombardment rather than SIMS. The physics of the two
processes are completely identical and it is not clear why two names are needed (See Figure
60). Onr the other hand, the FAB source offers two unique practical advantages which promise
to extend the SIMS applications. First, the use of an atom beam allows the secondary ions to

be extracted from the sample with large electroatatic potential. The use of a primary fon

would not be as straightforward since it would be deflected by such a field. Secondly, the 3

proponents of the FAB source suggest that for insulating samples, charging is greatly
minimized since :he iancident beam does aot alter the sample charge. It i{s not yet clear that
this apparent advantage cannot be offset by the use of standard charge compensation tools
such as sample biasing and secondary electron flooding. It is of further {nterest, however,
that these workers have discoverad cartain low vapor pressure liquids like glycerol which act
as ideal solvents for the sample. For this case, the dilution by the matrix apparently
ainimizes recombination and serves to bring a continually fresh surface to the incident beanm,
virtuslly eliminating any sample damage problems. A typical SIMS spectrum taken using a FAB

source and aagnetic analyzer {s shown in Figure 61.
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