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The initial stages of thin film formation by energetic particle deposition are modeled by a system
of kinetic rate equations which describe atomic clustering phenomena. Specifically, a set of
discrete kinetic rate equations, used to model small atomic clusters, is coupled to a set of kinetic
moment equations which describe the size distribution function of large atomic clusters. These
moments are derived from a Fokker-Planck equation which is an equivalent continuum limit of
the discrete kinstic clustering equations. Low-energy particle-surface interactions and their
impact on the growing film are considered by modeling surface defect production, sputtering, and
cluster dissolution effects. Comparisons are made with thermal atom deposition to demonstrate
the influence of energetic particle bombardment on the cluster size distribution, total cluster

density, and nucleation rate.

I. INTRODUCTION

A number of energetic particle deposition processes are cur-
rently being used for surface modification and thin film pro-
duction purpcses. These processes use a high vacuum system
to condense superthermal free particles onto a host substrate
material, or alternatively, stimulate the deposition process
by some means of energetic particle bombardment. As a re-
sult, energetic deposition techniques camr influence film
growth with a variety of synergistic effects that are absent
during thermal deposition." Such processes impact both the
substrate and the growing film, and include such physical
mechanisms as sputtering, implantation, reflection, defect
production, collisional mixing, and heating. If a plasma is
used during the deposition, the nature and chemistry of the
deposited species can also be changed. Consequently, thin
film formation with energetic particle bombardment is fun-
damentally different from atomistic deposition processes in-
volving only thermal particles.

Low-energy (often <100 eV} deposition experiments
have been used to control the growth kinetics and thus the
physical properties of thin films, resulting in a number of
interesting features. These features include film densifica-
tion and increased oxidation resistance in optical films; mini-
mization or elimination of columnar microstructure in me-
tallization layers used in electronic devices; alteration of the
state of stress, average grain size, and preferred grain orien-
tation; increased film/substrate adhesion; enhanced confor-
mal coverage; control of magnetic anisotropy in recording
layers; epitaxial growth at lower temperatures; stimulation
of surface chemical reactions; tailored film compositions;
deposition of selective species; growth of metastable phases;
and increased dopant incorporation probabilities {with a
corresponding decrease in segregation-induced broadening
of dopant profiles) in molecular-beam epitaxy (MBE)-
grown Siand ITI-V semiconductors.>® Nonetheless, one de-
sired feature may be accompanied by several deleterious fea-
tures, jeopardizing the utility of a specific thin film
application. Thus, in an effort to better clarify the impact of
the energetic species and to assess the role of experimental
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parameters, the study of energetic particle bombardment
during thin film formation needs to be approached at a more
fundamental level.

Three excellent review articles’® provide a summary of
experimental work performed over the past 15 to 20 years on
the controlled use of low-energy particle bombardment on
the early stages of film growth. These studies, however, often
describe basic nucleation phenomena with conflicting re-
suits. For example, the nucleation rate and density of Ge
clusters have been found to increase or decrease with ion
irradiation, depending upon the choice of substrate material
and substrate temperature used for the deposition.® Sub-
strate “hardness” and thermal conductivity arguments were
used to explain these discrepancies in: terms of incident parti-
cle embedding effects and enhanced adatom mobility. The
influence of particle bombardment on average cluster size is
also subject to debate. Studies on thermal In and partially
ionized In* beam experiments, used to deposit In islands on
amorphous Si; N, substrates at room temperature in an ul-
trahigh vacuum (UHV) MBE system, report a decrease in
island number densities in the presence of ion irradiation
which leads to larger average island sizes.” The authors at-
tribute this irradiation effect to the loss of small clusters by
sputtering and ion-induced dissociation. On the other hand,
studies of Ar+ ion bombardment during room temperature
growth of Ag films reveal that irradiation decreases grain
size, thus indicating that energetic particle deposition pro-
motes smaller average cluster sizes.® Since an understanding
of fundamental nucleation kinetics leads to the ultimate con-
trol of film growth, such discrepancies need to be resolved.

The nucleation and growth of gold clusters on sodium
chloride substrates has been systematically studied because
of the inert properties of gold, the ease with which well-
defined surfaces can be obtained by cleaving NaCl single
crystals, and the excellent resolution of Au clusters under
electron microscopy. Thermal deposition studies of the
Au/NaCl system have been used to investigate the initial
stages of nucleation and growth,” the mobility and coales-
cence of Au ntuclei, '™ as well as cluster size!? and spatial®
distributions. Inconsisiencies in several such thermal depo-
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sition studies led to the realization that the creation of pre-
ferred surface sites, induced by low-energy electrons origi-
nating in the Au vapor source, inadvertently influenced the
nucleation kinetics.'*!” Electron bombardment of a NaCl
surface, during the evaporation of Au, has also been shown
to lead to increased maximum island densities.'®

Energetic Au/NaCl deposition studies have also been per-
formed. High-energy ion beam sputtering systems have been
used to sputter Au targets onto NaCi substrates. Observed
increases in the maximum number density of Au islands,
compared with results for thermal evaporation, can be quan-
titatively described by the generation of preferred nucleation
sites on the substrate during the deposition.'”'® The nuclea-
tion kinetics also depend on the angle at which the sputtered
gold atoms strike the NaCl surface; Au atoms deposited at
normal incidence have been shown to produce larger island
densities than atoms bombarding the substrate at angles 60°
to the normal.'® Radio-frequency (rf) sputtering systems,
which complicate matters by introducing plasma effects and
the presence of a sputtering gas into the deposition environ-
ment, have also been used to study An/NaCl nucleation phe-
nomena. Harsdorff and Jark™ rf-sputtered gold atoms onto
NaCl substrates in a helium atmosphere, observing in-
creased nucleation rates and island densities as compared to
thermal evaporation works. Cluster size distributions were
measured which appeared to be “quite similar to distribu-
tions from evaporation experimenis” described by
Schmeisser.'> Magnets placed directly in front of the sub-
strate surface were used to minimize crystal damage and
heating that would occur as a result of electron and ion
charged particle bombardment; however, the subsirate re-
mained open to backscattered neutral helium bombardment
which could have influenced their results.

In this paper, a theory is presented which models the early
stages of thin film formation by energetic particle deposition.
Although a large number of synergistic effects influence the
film growth process, energetic particle bombardment will be
assumed to manifest itself in the following additional mecha-
nisms: surface defect production, sputtering, and cluster dis-
solution. Comparisons with thermal evaporation studies will
demonstrate the influence of energetic particle deposition on
fundamental nucleation kinetics. Hopefully, some of the dis-
crepancies in the current literature can be resolved.

Il. MODEL DESCRIPTION

Developing a realistic theoretical model of a complex
physical system requires an understanding of how the sys-
tem evolves with respect to space and time, knowledge of the
relevant components which constitute the system, and in-
sight into the physical phenomena which govern system be-
havior. Mathematical equations can usually be formulated
which describe the intricacies of the system; however, their
solution may be intractable, depending upon the simulation
details. The resourceful modeler is then faced with the ar-
duous task of deciding which processes can be relaxed and
which solution technique is most appropriate, without sacri-
ficing the integrity of the work.

The study of thin film formation by energetic particle de-
position represents a complicated physical system whose
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time evolution can be delineated by five distinct growth
stages. During the first stage, the deposition species is trans-
ported through the deposition environment (e.g., vacuum,
plasma, etc.) to the substrate surface, where it can partici-
pate in or be influenced by a number of physical processes.
After a certain induction time, encugh particles will have
condensed on the substrate so that nucleation and growtk
can proceed. This marks the onset of the second stage, where
both cluster density and size increase with time, virtually
unaffected by neighboring clusters. A saturation stage arises
when the cluster density has reached the maximum value
that the substrate can accomodate for the given deposition
conditions. Clusters continue to grow in size, but now co-
alesce with one anather, producing a rapid decrease in clus-
ter density. In the final stage, a continuous film forms; this is
ultimately followed by multilayer growth.

In this model of thin film formation, the deposition source
is assumed to produce a monoenergetic single-particle spe-
cies of energy E, consisting of either charged particles or fast
neutrals, which strike the substrate at a rate of ¢ parti-
cles/unit area/unit time. Particle—surface interactions result
in the creation of surface vacancies which will be denoted as
single traps in this work. The quantity C;(s) denotes the
number of single traps present on the substrate, per unit sub-
strate area. These defects can trap a portion of the single-
atom population that is initially accomodated on the sub-
strate. The single-atom population C(1,7) thus consists of 2
bound single-atom component C, (1,7) bound to defect sites,
and a mobile single-atom component C, ., {1,#) which can
diffuse across the substrate. Nucleation and growth leads to
the production of x-atom clusters, characterized by the clus-
ter density C{x,1).

Single traps, mobile and bound single atoms, and x-atom
clusters are the basic constituents of our thin film system.
The evolution of these species is governed by the following
physical processes and general assumptions:

(1) Only monoenergetic, single particles of energy E are
deposited.

(2) Point defects are generated at the rate ¢ p(E), where
p{(E) is the average number of vacancy-interstitial pairs pro-
duced by each deposited particle. Only surface vacancies
(i.e., traps) are created. p(E) depends on the collision cas-
cade generated by charged or neutral particle bombardment.
Interstitial atoms are implanted well into the substrate (at
least > 5 atomic layers) and thus are not considered to influ-
ence surface atomic clustering,

(3) HEZE,,,, single atoms wiil be sputtered off the sub-
strate. ., is the energy required to eject a single atom off
the substrate. Ballistic migration effects are not considered.

(4) Cluster growth and decay proceed via single-particle
transitions. Coalescence reactions are not considered, thus
the model is only valid for the early growth stages where less
than 15% of the substrate is covered.

(5) Single traps are mobile, governed by a diffusion ener-
gy E ] They aggregate with other species on the substrate at
arate vp; (#)C;(7) [where i = T, m, b, or x for other traps,
mobile single atoms, bound single atoms, and x-atom chus-
ters, respectively]. The “7,b6™ and “7,x’" reactions are as-
sumed to only influence the single trap population.
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(6) Mobile single atoms are governed by a diffusion ener-
gy £,. They aggregate with other species on the substrate at
arate v, (£)C,(f).

(7) Bound single atoms and larger x-atom clusters (x»2)
are immobile.

(8) Thermal oscillations can evaporate mobile single
atoms off the substrate. This is characterized by an adsorp-
tion energy E, and residence time 7, = v, |,

(9} Thermal oscillations can release bound single atoms
from traps, creating mobile single atoms in the process. The
activation energy E determines the bound single atom con-
finement time 7 = v; .

(10) Direct impingement of the deposit on single trap
sites creates bound single atoms at the rate v,,, 7C (7).

(11) Direct impingement of the deposit on x-atom clus-
ters produces (x4 1)-atom entities at the rate
Vimp (x)C(x,1).

(12 Energetic particle bombardment dissociates x-atom
clusters into (x — 1)-atom clusters and mobile single atoms
at the rate vy, (x,E)C(x,8).

{ti. MODEL EQUATIONS

The model description outlined in Sec. I can be used to
derive a system of discrete kinetic rate equations which de-
scribe the early stages of thin film formation by energetic
particle bombardment.”' If the largest cluster contains X,
atoms, then a set of (X, + 2) coupled, nonlinear, stiff,
ordinary differential equations must be solved. Since cluster
sizes increase with time, X, ,, must also increase, which dic-
tates that more equations be solved as the deposition pro-
ceeds. If one has limited computing resources (e.g., time or
money ), this poses quite a problem, since atomic clusters
can easily contain many thousands of atoms.

To circumvent this problem, a Fokker-Planck-type con-
tinuum equation is derived for X, <x< X, where x denotes
the number of atoms in an x-atom cluster.?"** A transition
cluster size X, is defined as the smallest size described by the
continuum. Clusters containing X, or more atoms are de-
scribed by a continuum distribution function C_,, (x,1)
which depends on the following characteristics of the distri-
bution: L, (1), the total density of clusters in the contin-
aum; {x) (#) the average size of the continuum clusters; and
M, (1), the nth central moment of the continuum distribu-
tion, where 2<a# <N and N is the number of moments used to
reconstruct the distribution function. Thus, atomic cluster-

1

aC,.» (1,2}
ot

X = &

ing phenomena will be modeled by a set of discrete kinetic
rate equations for 1<x< (X, — 1}, coupled to a set of kinetic
moment equations which characterize a continuum distribu-
tion for X, <x<X,, ., . In the discussion that follows, it will be
seen that the early stages of film growth are described by a
hybrid system of (X, + N 4 2) kinetic rate equations for the
following variables of interest: single traps C,(¢); mobile
single atoms C,,, {1,£); bound single atoms C,(1,t); dis-
crete x-atom clusters C(x,2) for 2<x<(X,. — 2); the total
density of continuum clusters C,,, (¢); the average size of
continuum clusters (x) (¢}; the central moments of the con-
tinuum M, (¢} for 2<n<HN; and the net number of particles
deposited X, (£). The size of this hybrid system of equa-
tions, (X, + N + 2), can be typically several thousand times
less than the size of the original discrete ciustering system
containing (X, + 2) equations, thus providing faster
computations without a loss of accuracy.

Production and loss mechanisms governing the single trap
population reveal that

C (8}

= [@P(E) + Vi (DG (LDO(E — Ee)

+ v7Cy (1,D] = Vi 7 Cr () — {2%,.(:)0,@

G Vo (O C o (LB 4 v (O T, (L1}
X,
+ 2

x=72

1

Vi (DTG 4 (v (1) C (t)] .

(H)
where ®(z2) = 1 for 220 and ®(z) = 0 for z < 0. Traps are
produced by the collision cascade, when bound single atoms
are sputtered out of traps, and when thermal oscillations
release a bound single atom from a trap site. Direct impinge-
ment creates bound single atoms, removing traps in the pro-
cess. As traps migrate over the substrate, they are also de-
stroyed as they encounter other traps, mobile and bound
single atoms, discrete x-atom clusters, and clusters in the
continuum distribution. The ( ) symbols are used to denote
quantities which have been appropriately averaged over the
continuum and evaluated at x = {x) (¢). It should be noted
that v, (¢)Cr(¢) is the rate at which two traps aggregate
together, however, since two traps are lost during each inter-
action, the total loss rate is 2v 5 (¢)Cr (¢). This di-trap pro-
duction rate is assumed to be negligible so that the di-trap
population is insignificant compared to the single trap den-
sity.

The mobile single atom population is characterized by

X
= Eq + V’I'Cb(lst) + z Vdiss (x!E)C(x’t)(l + 5):2) + (’Vdiss (xﬁE)>Ctot (t)] - vaCmob(lsl)

— (vimp,TCT(t) + Vigp {1 H{C e (L,1) + CLH [1 — B(E — Eyer ) 1}

X, -1
£ Vi FICERD + (Vi (1)) Co (z))
X==2

X, 1

-[vm,r(t)cf(z)+2vm,m(z)cmob(l,t)+v,,,,b(t)C,,(i,z)+ Y Ve (DO + (v, (D) C (D ],
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where 6, = 1 if @ = b and zero otherwise. Mobile single
atoms are produced by the deposition source, the release of
bound single atoms from trap sites due to thermal oscilla-
tions, and from the dissociation of both discrete x-atom and
continuum clusters. The & function accounts for the fact that
two mobile singles are produced when a two-atom cluster
dissociates. Desorption, direct impingement, and aggrega-
tion processes deplete the mobile single-atom inventory. The
total single-atom density is C(1,¢) = C,, (1,2} + C, (1,).
Similar to trap—trap aggregation in Eq. (1), the rate at which
two mobile single atoms aggregate together is
Vo (8 Crop (1,1), however, two mobile singles are lost in
the process so the total loss rate is 2v,, ,, () C,, (1,1).

The kinetic equation for bound single atoms is somewhat
simpler:

ég‘g‘}{)’ = [Vimp,r + Vi r () ] Cr ()

_=[v7‘+vm,b(t)+’Vimp(l)}cb(lat)' (3)

Bound singles are created when the deposit directly im-
pinges on a trap or as mobile single atoms diffuse to traps.
Bound singles are destroyed when thermal oscillations re-
lease a bound single from a trap site. Aggregation of mabile
singles with bound singles and direct impingement of the
deposit on bound singles create two-atom clusters, destroy-
ing bound single atoms in the process.

A separate kinetic equation must be written for two-atom
clusters:

dC(2,t)

1
E :7 [2, e () Conon (1,2} ] + v, (£3C, (L,1)

o+ Vi (DO, [T — O(E = E o) ]
= [V (8) + Vi (2.E) + Vi, (2)JC(2,0)
+ Vdiss(3,E)C(3yt)- (4)

Two-atom clusters are produced when two mobile singles
aggregate together, mobile and bound singles aggregate, and
when a low-energy deposit (K < K, ) directly impinges on
the single-atom population. The factor of 1/2 is needed in
the first term in order to avoid counting twice each encoun-
ter between two atoms from the same C,, (1,¢) population.
Aggregation, dissociation, and direct impingement reac-
tions involving two-atom clusters, though, deplete the two-
atom population. The dissociation of three-atom clusters
produces two-atom clusters and mobile single atoms.

Larger discrete clusters are modeled with a general kinetic
rate equation. For 3<x< (X, — 2),

i?é_jﬁ_: [V — 1 (1) +F Vimp (X — D] Cx — 1,1)

- [vmyx (t) + vdiss (x9E) + ijp (x) :E C(x,t)

+Vdiss(x+ lsE)C(x+ 17t)3 (5)

where cluster growth and decay proceed via single—particle
transitions.

By taking the zeroth, first, and higher-order moments of
our Fokker-Planck continuity equation,?’ the following ki-
netic rate equations can be derived to model continuum clus-
ters for x>X:
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IC,, (D) -

e X, 6
At i ©

é—%)t—(tl—=§1 () +{(F (x.0) ™

oM

“‘5?@‘ = £, +4,(0 + 4,0, 2<n<N. ()

The final kinetic rate equation used in the model describes
the net number of particles deposited on the substrate,
Xgepos (1), wWhere

X, -1

Xigpos (D= 3 XCx,1) + ()1} Cp (1), (9

x =1
Taking the time derivative of Eq. {9) and extending Eq. (3)
to x = (X, — 1), one can use a linear combination of Egs.
(2)—(7} to obtain

aXdepos ( t )

=4q-—Y, Cmo (I'I)
1 q b

— Vi (NC(LHGB(E — Ego)

imp

+1.F (X DCX, 0. (10)

From a physical standpoint, the net number of particles de-
posited on the substrate should be a balance between the
deposition rate and losses due to evaporation and sputtering.
An additional term arises, however, because of the hybrid
coupling at x = X . Solving a kinetic equation for X, .. (¢}
allows one to determine the unknown discrete cluster den-
sity C(X, — 1,2) as

X, —2

2 xC(x,t)

x=1

1
C(XL -_ 1,1) = (XL — 1){Xdepos(t) -

—<x>(t)Cmt(t)] (1)

ensuring particle conservation in the model.

Additional functions and definitions are needed to close
the preceding system of equations.”' The nucleation current
going into the continuum _# (X,,1) is

F(Xt) = [Vmx,— 1 () + Vi, (X, — D JCX, — 1,1)
- Vdiss (chE)C(XLyt) (12)
while the drift and dispersion frequency functions at x = X,
FAX 1) and D (X,,1), are

FAX ) = Vi x (1) — Viiss (XLE) + ¥y, (X)) (13)

@ (X(-;t) = % ['mexc(t) + Vdiss (ngE) + Vimp (XL) ]
(14}
The special nucleation frequency function £, () is
(X, — (] F (X0 + P (X.,.0O)C(X,,1)
Coot (1)

gl(t):

(15)

while the general nucleation [£,(#)], drift [4,(#)], and
dispersion [, (¢) ] frequency functions for 2<n<N are
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{[X. — )] =M, (1) —nM, (H[X, — )]} F (X0

§.() = 0
N nY (Xc,t)C(XC,z){[X%; E:(r)]"“‘ —-M,_ ()} (16)
i
$. (1) = al{F (x)[x — (X)(D)]" ) S exp( _ %} (26)

-—jwfz—l(z)(bgz—(xst)>} (17)

P (8) =n(n— DL (xD[x ~ (x)(H)]" 7). (18)
Quantities appearing within { ) symbols have been averaged
over the unknown continuum cluster distribution function
and are determined from the & moments as
XM, (1) drg(x,t
(gx0) =jgxn + 3 8(%,0)

n=—=2 ! 5x"

] @x == {x) (1) .
(19)
Physical processes are modeled with a number of charac-
teristic clustering frequencies. The frequencies at which mo-
bile single atoms [ v, (#) | and single traps [ v, (1) ] aggre-
gate with other species on the substrate [where i = 7, m, 5,
or x as described in Sec. 11} are

v (t)——l——a a{l)v ex(———lfi)
i P 0 1 €Xp T

XCmob(}"t)(l +ﬁm,i)(1 +7/m,i) (20)

v (t)——l—’aa v, ex (——Eé-)
T, g Gt p T

XC’I‘(I)(}—;'ﬂT,i)(l—*"/}/'[‘,i) (21)

where the diameters @, ¢{1), and a, characterize the size of
the substrate atoms, deposit species, and single traps; v, isan
average vibrational freguency for both mobile single atom
and single trap diffusive “hops” in all directions on the sub-
strate; kT is the substrate temperature; and the £’s and s

are size and motion factors for a particular interaction.”'

The frequencies at which the deposit directly impinges on x-
atom clusters and single traps are

2
Vi () = ¢ 70 (22)
a’
Vimp.T = q 4r (23)
The diamster of an x-atom cluster, a(x), is
a(x) =a(l)x, (24)

where r is the growth exponent, defined over U<r < 1. A spe-

cific value for r dictates cluster geometry; for example,

#=1/2 describes two dimensional (2D} discs, while
r = 1/3 describes three dimensional (3D) spheres.
Thermal oscillations can cause mobile single atoms to de-
sorb off the substrate, as well as release bound single atoms
from traps. The associated frequencies for these effects are

E
- 25
) 2

v, =¥, exp( —
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where v, and v, are characteristic vibrational frequencies.

The frequency at which x-atom clusters dissociate into
(x — 1}-atom clusters and mobile single atoms depends on
the cluster size a{(x) as follows:

Voo (,E) :q%} [a(x) + 2A(E)]? for a(x) < 2A(E)
(27}
Vaiss (GE) = 2mgA(E)a(x) for a(x)z2A(E). (28)

We define the parameter A(E) as the mean free path for
single-atom re-solution. Cluster dissociation occurs when an
energetic particle impinges within a distance A(E) from the
edge of a cluster. It should be noted that the dissociation of
small clusters does not require a direct impact if the cluster is
within the collision cascade regime.”” The outside edges of
larger clusters can also be “‘chipped” off. Thus, a length of
A(E) extends both inside and outside a cluster.

Up to this point, the continuum cluster distribution func-
tion remains unknown. Now it is a well-known property of a
statistical distribution that if its moments are known, then
the distribution itself is often compietely determined. Or-
thogonal polynomials can be used to expand such distribu-
tions in terms of their momenis. Using a series of Cheby-
shev—Hermite polynomiais, the continuum cluster
distribution function for x> X is

.
Coon (,8) = Crorm (x,t){l + 3 D [p(x,t)}} ,
=2
(29)

based on using a total of N moments for the reconstruction.

The normal distribution Cy,,, (x,£} is
Croc (1 2
CNorm (X,t) = "—_%(_——);__" exp[ - E“Lx_’t");} 5 (30)
J2ZrM, (2) 2
where
plxgy = E=0 D (31)
JM, (2)

The Chebyshev-Hermite polynomials, 77, (z), are
Ho(2) =1,
H {2y =z, (32)
Hi(zy =27 ((2) — (j— DF; _,(2), j>2

The expansion coefficients .«/, (£} are

(=60 + 3 (—~1)Y'6(j —2n,)
a1 2"n!
Where nmax =j/2 forjeven? j>zs or nmax = (j - 1)/2 forj

odd, j>»3. The moment ratic functions 8¢ j,¢) are given by

(33)
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M.
Bty = _____L(_Zl___,

AL
This hybrid system of kinetic clustering equations is com-
pletely closed by specifying

C(Xc’[) = Ccon (XLSZ) (35)

It should be recognized that previous kinetic rate equation
formulations have been developed in order to interpret the
resuits of deposition measurements which were influenced
by the presence of surface defects. Lane and Anderson'®
used ion-beam sputtering to deposit Au on NaCl, measuring
island densities as a function of substrate temperature and
deposition rate. They were successful in interpreting their
results in terms of a kinetic model which assumed a constant
density of preferred adsorption sites. Usher and Robins'
used a rate equation approach to analyze experiments in
which preferred sites were continuously generated at a rate
proportional to a power of the deposition rate. Using this
approach, they were able to resolve several discrepancies in
previous Au/NaCl nucleation measuremenis. Both of these
studies developed analytical solutions to the film growth
problem by making rather gross, time-independent esti-
mates for cluster mobility effects. Direct impingement phe-
nomena and particle-surface interactions were ignored, and
neither solution provided any information on the cluster size
distribution. Although many variables were experimentally
difficult parameters to determine, the assumptions made in
developing these analytical models are generally supported
by their overall agreement with deposition measurements.

The kinetic rate equations cutlined in this section can be
numerically solved on a computer to obtain information
about the nucleation kinetics and cluster size distribution
characterizing the early stages of thin film formation by en-
ergetic particle bombardment. Surface defect production,
sputtering, and cluster dissociation phenomena are modeled
for an energetic deposition process, thus supplementing the
aggregation and direct impingement events present in ther-
mal deposition. The usefulness of this approach to nuciea-
tion and growth studies awaits experimental verification.

(34)

iV. RESULTS AND DISCUSSION

Low-energy particle—surface interactions can affect nu-
cleation kinetics through the creation of preferred adsorp-
tion sites (e.g., traps), cluster dissociation, and surface sput-
tering. In this section, we present results for the individual
roles that surface defect production and cluster dissociation
have on the early stages of thin film formation. In the analy-
sis of our computaticnal results, it will be important o un-
derstand the nature, rather than the detail, of the nucleation
phenomena.

For each simulation, deposition begins on a bare, defect-
free substrate at time zero. Focusing on the early stages of
the deposition process enables one to neglect direct impinge-
ment reactions on traps and clusters. Sputtering is also ne-
glected. The vibrational frequencies vy, v, and v, are funda-
mental material constants of the order 10'? s~ '. Basing
material-dependent parameters on the Au/NaCl system, we
usea(1) = 2.9x 10 ~*cm as the diameter of the Au deposit
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FiG. 1. The influence of surface defect production on the cluster nucleation
rate ¢ (X,,t) for the Au/NaCl system at 300 K. p( E) is the average num-
ber of surface defects produced by each deposited particle.

and @, = 2.8 X 10~ ® cm for the NaCl substrate. Surface de-
fects are features of the substrate, thus we set a, =a,. In
reality, the substrate atoms can relax around a trap, decreas-
ing ar, but this effect is ignored. Activation energies for the
Au/NaCl system are taken to be £, =0.16 eV and
E, = 0.48 ¢V, based upon a consistent set of nucleation mea-
surements for substrate temperaiures between 123 and 448
K (Ref. 11). E ] is equivalent to an activation energy for
surface-vacancy diffusion, taken to be 3.50 eV for this study.
E, is estimated to be 2E, = 0.96 ¢V, indicative of the in-
creased binding provided by defect sites. The deposition rate
is chosen to be g = 10" atoms/cm?/s, and since Au nu-
cleates as 3D entities on NaCl, r = 1/3.2* For the continuum
cluster size distribution, X, = S and N = 4. A four-moment
reconstruction allows one to model dispersion, skewness,
and kurtosis in the distribution, features readily compared
with experimental measurements.

The effect of surface defect production on the nucleation
kinetics is first studied at 300 K under the assumption of no
chuster dissociation, i.e., A(E) = 0. Trap production is mod-
eled with three values of p(&) indicative of thermal
[p(E) = 0], low-energy {p(E} = 10 "*], and high-energy
[p{E) = 10 ~*] particle depositions. For clarity of presen-
tation, we define the fractional substrate coverage Z(¢) as
Xigepos (tyma®(1)/4. Figure 1 demonstrates that surface de-
fect production enhances the nucleation rate for coverages
above 102 This promotes an increase in the total cluster
density, as shown in Fig. 2. It should be recognized that a
certain incubation time is required, however, before changes
in the nucleation phenomena are evident. This is clearly sup-
ported by Fig. 3, where cluster size distributions at depo-
sition times of r =0.01 s [Z{(#) =3 X107 %) and r=20.0s
[Z£(#) =0.13] are displayed. In Fig. 3(a), one cannot distin-
guish any differences in the calculated size distributions. As
the deposition proceeds and traps have a chance to influence
the kinetics, Fig. 3(b) illustrates that defect production re-
duces both the average cluster size and the range of cluster
sizes present on the substrate,
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In summary, surface defect production creates preferred
nucleation sites on a substrate, increasing the cluster nuclea-
tion rate, leading to larger nuclei densities and smaller clus-
ter sizes. Films produced in this manner possess narrower
size distributions, indicating that energetic particle bom-
bardment can produce a more uniform distribution of clus-
ter sizes during the early growth stages. It would be interest-
ing to compare these trapping simulations to the case of
accelerated ion doping during MBE experiments, where the
ion flux is low, trapping is the desired effect, and sputtering
of the growing film is not significant.’

Cluster dissociation effects on thin film growth kinetics
are studied under the assumption of no surface defect pro-
duction, i.e., p{¥) = 0. Dissociation is modeled with two
values of A(E) to simulate both thermal [A(F) == 0] and
energetic [A(E) = 1.5x 10 ¥ cm] particle bombardment.
It should be recognized that in this study, the dissociation
mechanism competes with thermally activated processes,
namely single-atom desorption and aggregation. Any ob-
served effect that cluster dissociation has on the nucleation
kinetics will thus be dependent upon the particular tempera-
ture used in the study. For the Au/NaCl system, experi-
ments reveal that cluster mobility is a2 dominant process even
down to a temperature of 133 K; dimers and larger clusters
can only be considered immmobile at temperatures below 128
K.'" Since our current model considers that only singie
atoms are mobile (see assumptions 6 and 7 in Sec. 1), we
restrict our dissociation studies to substrate temperatures of
75, 103, and 125 K in order to be consistent with experimen-
tal observations.

Puring the early growth stages (e.g., less than 15% cover-
age) at the low substrate temperature of 75 K, dissociation
promotes a decrease in the nucleation rate, leading to some-
what smaller cluster densities, as shown in Figs. 4(a) and
4(b). The destructive nature of the dissociation process also
produces a smaller average cluster size, as well as a more
disperse size distribution, as shown in Figs. 4(c) and 4{d).
[ The second moment M, (7) is equivalent to the variance of
the size distribution.} At the higher subsirate temperatures
of 100 and 125 X, the thermally activated desorption and
aggregation reactions become more prevalent. Our calcula-
tions indicate that cluster dissociation does not influence the
nucleation kinetics at these higher temperatures.

Previous experiments studying the effect of ion bombard-
ment on thin film growth have reported a decrease in the
nucleation rate, leading to larger average cluster sizes.””
These larger island sizes were attributed to a combination of
ion bombardment effects which included enhanced adatom
surface diffusion, sputtering, and the dissociation of smali
isiands and clusters. Qur low-temperature dissociation re-
suits, which do not consider enhanced adatom surface diffu-
sion or sputtering, reveal that cluster dissociation decreases
the nucleation rate (in agreement with the quoted experi-
ments ), but decreases the average cluster size. This discrep-
ancy may be due to the fact that our modei assumes that any
x-atom cluster can dissociate, thus attributing too much im-
portance to dissociation. Other ion bombardment experi-
ments,” however, agree with our model calculations. Such

differences reguire further investigation.
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FIG. 4. (a) The influence of cluster dissociation on the nucleation rate J(X_,1). The thermal case corresponds to A{ £} = 0, while the energetic case has
A(E) = 1.5 10e ~® cm. (b} The influence of cluster dissociation on the total cluster density C,, (£). The thermal case corresponds to A(E) = 0, while the
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size distribution M, (). The thermal case corresponds to A(E) =0, while the energetic case has A(F) = 1.5X10e ™

One should realize that the selected values chosen for the
dissociation and trapping parameters, A(E) and p(E), re-
main open to scrutiny. Molecular dynamics simulations for
low-energy ion irradiation studies could possibly be de-
signed to provide actual estimates of A (E) and p( £) as func-
tions of bombardment energy E. Recent computer simula-
tions indicate that A(EF) ~3-5x10"% cm for 100 eV Cu
neutrals incident on a (100) Cu surface.”®> Our choice of
A(E) =1.5x10" % cm enables us to model dissociation in
the Au/NaCl system with Eq. {28), greatly simplifying one
aspect of our computations.?’ Again, by choosing a range of
A(E) and p(E) values, we are able to study the effects of
cluster dissociation and surface defect production, not the
details.

The activation energies E 7 and E; must also be accurate-
ly determined for more quantitative studies. Assuming that
E Tis equivalent to an activation energy for surface-vacancy
diffusion is probably not a bad approximation. Nonetheless,
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the manner in which traps or other defects influence the
nucleation kinetics may be more complicated than currently
modeled. Modulated-beam mass spectrometry and thermal-
ly stimulated desorption measurements have been used to
determine the binding energy of preferred adsorption sites
produced by ion irradiation,*®*’ thus promising better esti-
mates of £ . ‘

V.CONCLUSIONS

Since a variety of synergistic effects manifest themselves
during an energetic particle deposition process, it is not sur-
prising that some discrepancies exist in the experimental li-
terature. The computational model described in this paper
attempts to identify the separate influences of surface defect
production and cluster dissociation reactions. Surface defect
production increases the nucleation rate, leading to larger
nuclei densities, smaller average sizes, and a narrower size
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distribution. At low substrate temperatures of 75 K, where
thermally activated processes are not dominant, cluster dis-
sociation is found to decrease the nucieation rate, promoting
smaller island densities. The destructive nature of the disso-
ciation process, however, leads to smaller average sizesand a
more disperse size distribution. At higher temperatures, dis-
sociation is found not to influence the nucleation kinetics.

Although energetic particle bombardment may enhance
adatom diffusivities, our dissociation results imply that such
a phenomena might become a secondary effect at higher sub-
strate temperatures. The influence of low-energy particle—
surface interactions on the later stages of thin film formation
could also be significantly different from the early stages,
since cluster growth and mobility coalescence reactions
must be considered. Energetic particle deposition is remark-
ably different from thermal particle deposition as exempli-
fied by the differences in calculated cluster size distributions
and nucleation kinetics.
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