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Influence of thermal spikes on preferred grain orientation in ion-assisted deposition
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Joule Physics Laboratory, School of Sciences, University of Salford, Salford, M5 4WT, United Kingdom

~Received 16 December 1999!

Theoretical models are presented to explain how thermal spike processes can induce the development of
preferred orientation of polycrystalline grains during ion-assisted atomic deposition and thin film growth. Two
ion energy regimes are investigated. In the first, higher-energy regime, ions penetrate growing grains and
generate defects at rates dependent upon the probability of ion channeling in individual grains. The volume
free-energy density of different grains is, therefore, different and the thermal spike arising from each ion
impact results in preferential growth of grains with the lowest volume free-energy density. In the second,
lower-energy regime, ions do not penetrate nor create defects in grains but the ion-induced thermal spikes
centered on the surface can enhance surface atomic migration and lead to preferential growth of grains with the
lowest surface free-energy density. The results in these two regimes are compared with the predictions of a
model for preferred grain orientation evolution in the absence of ion assistance and where minimization of
surface free-energy density is the driving process. Ion energy, ion flux density, depositing atom flux density,
and system temperature conditions are established where ion-assisted and non-ion-assisted rates of preferred
grain orientation become comparable. It is shown that, in general, the tendency toward preferred orientation is
not a simple function of the energy per deposited atom.
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I. INTRODUCTION

As polycrystalline thin films, grown by a variety of meth
ods, thicken, they are usually observed to develop at l
some degree of crystallographic texture and grains with p
ferred orientation dominate. Frequently, this corresponds
fiber texture in which the surface normals to the grains
come increasingly more nearly parallel to a specific crys
lographic direction~out-of-plane texture! while the in-plane
texture can remain more nearly random. Such textures
commonly observed in polycrystalline thin films grown b
physical vapor deposition methods1–5 and it is often ob-
served that face-centered cubic~fcc! metal films exhibit a
preferred^111& orientation while body-centered~bcc! films
exhibit a preferred̂110& orientation.

At lower temperatures, where the surface mobility of d
posited atoms will be small and atomic migration betwe
grains will be restricted, it has been suggested that the or
of the preferred texture is a ‘‘survival of the fastes
mechanism6 in which grains with their direction of maxi
mum growth speed normal to the surface outgrow grains
lower speed. This approach has been successfully mod
analytically7–9 and by computer simulation.7,8,10–15At higher
temperatures, where intergranular surface atomic migra
increases, it is believed that preferred texture results from
attempt of the system to minimize surface free-ene
density;16 the planes normal to the crystallographic dire
tions described above are those of minimum surface f
energy density for the respective crystallographic structu
This approach has also been successfully mode
analytically17,18 and by simulation methods.17–19

In recent years there has been increasing interest in
ploying simultaneous ion bombardment of growing films u
ing plasma sources,20 separate ion fluxes,21–23 or indeed us-
ing only low-energy ions24,25as the deposit species to modi
film structure and properties. Additionally there has be
PRB 620163-1829/2000/62~12!/8376~15!/$15.00
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some substantial investigation of the modification of fi
texture by postdeposition ion bombardment of grow
films,26–48and again it has frequently been observed that
ion irradiation tends to promote a preferred grain orientat
habit, although this may not necessarily be the same as
which is developed in the non-ion-bombardment-media
conditions. In the case of congruent deposition and ion ir
diation there has been one analytical model proposed by
dley, Harper, and Smith49 to explain the grain orientation
preference phenomenon, which is based upon the knowle
that ions incident close to parallelism with open crystal
graphic directions are channeled into grains and, beca
they deposit less energy close to the surface than when
dent in random directions, sputter these open surfaces
rapidly. Consequently these more open surface grains do
nate the evolving film structure. Dong and Srolovitz50,51have
recently used molecular dynamics simulation methods
study the evolution of grain orientation during simultaneo
deposition and ion irradiation and have demonstrated that
channeling process is indeed the factor responsible for
grain reorientation but that the differential sputtering ra
between grains is not the dominant process. Instead, it
observed that channeling reduces the ion-bombardm
induced bulk defect production and survival rates and he
the volume free-energy density is less enhanced in gr
where channeling is important. The system is then driv
toward minimum volume free-energy conditions, and it w
suggested51 that the thermal spikes that expand following t
quench of the ballistic collision phase between ions and
oms and between atomic recoils aid this driving proce
This proposal is synonymous with suggestions made by V
Wyk and Smith27 to explain grain reorientation during pos
deposition ion bombardment studies.

In this area of postdeposition ion bombardment there h
also been essentially two analytical approaches to g
growth rather than preferred orientation. In the model p
8376 ©2000 The American Physical Society
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posed by Atwater, Thompson, and Smith,40 ion irradiation is
considered to generate point defects, and it was sugge
that grain boundary motion resulted from either vacant
production followed by thermal atomic migration to the v
cant site or collisionally induced vacancies and interstiti
mutually annihilating. Such a model predicts a linear dep
dence of grain boundary expansion rates upon both the
dent ion flux density and the elastic energy deposition d
sity per ion and an approximately hyperbolic dependence
the cohesive energy of the deposited material. Such a m
cannot adequately describe the large differences in obse
grain growth rate for materials such as Pt and Au,35 for
which the ballistic collisional and defect production rat
should be similar, nor the superlinear dependencies
growth rate upon elastic energy deposition density and re
rocal cohesive energy.34,35,52Such observations led Liu52 and
Liu, Li, and Mayer38 to propose that it was the therm
spikes following the displacement events that enhanced
face atomic migration and grain growth and, subsequen
Alexander and Was48 extended these arguments more qu
titatively. In particular, these latter authors proposed that
force that drove grain expansion was the additional fr
energy density associated with grain-boundary curvature~the
well-known Gibbs-Thompson effect53!.

It is clear from the above summary that thermal sp
effects have begun to assume a central role in the explana
of grain evolution processes but, in the case of prefer
grain orientation, the proposals remain qualitative. T
present work advances an analytic approach to the rol
thermal spikes in enhancing grain reorientation in io
assisted atomic deposition in, essentially, two ion energy
gimes. In the first, higher-energy regime, ions are conside
to penetrate grains and cause differential defect produc
and survival rates and densities according to the exten
channeling in individual grains, and grain evolution is driv
by the attempt to minimize volume free-energy density.51 In
the second, lower-energy regime, ions do not penet
grains but deposit a fraction of their energy at the surfa
which enhances surface atomic mobility and the sys
tends toward one of minimum surface free-energy dens
The approximate magnitudes of grain reorientation rates
compared to estimates of rates when ion bombardmen
absent17 and the dependencies of the former rates upon
parameters of ion energy, ion and atom arrival rates,
system temperature are derived. It is demonstrated tha
energy per deposited atom is not a single specific indicato
the tendency to grain orientation, and that, for lower-ene
ions, the effect of simultaneous ion irradiation can enha
normal thermal processes but, for higher ion energ
irradiation-induced and thermally driven mechanisms m
be competitive. The dominant effect depends on the ma
tudes of the process parameters described above.

In the following section the basic equation for gra
growth in the presence of a driving force and under cons
temperature conditions is first reiterated and then relev
effects of ion bombardment on materials are briefly summ
rized. In particular, the production of defects during fil
growth is considered, including the effects of the channel
process on defect production rates, and the nature of
thermal spikes that occur following the quenching of ballis
collisional processes is examined. Such spikes induce
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tiotemporal variations in local temperature, and in the th
section it is demonstrated how these variations modify
grain growth rate equation. In the higher-energy regim
where defects are produced in the bulk of grains, two for
of spike are studied, the spherical spike that occurs w
ions only just penetrate into grains and the cylindrical sp
that occurs for deeper penetration. In the lower-energy
gime, where no ion penetration occurs and bulk defect p
duction is minimal, only the~hemi!spherical spike is rel-
evant. In the former regime the modifications to volume fre
energy density drive grain reorientation processes wherea
the latter regime modification of surface atomic mobility a
differences in surface free-energy density drive grain re
entation.

In this discussion the behavior of only two neighborin
grains is evaluated, but in the fourth section the analysi
generalized to determine the evolution of grain orientat
preference from an initially random orientation distributio
This analysis follows a summary of the approach of Knu
et al.17,18 for reorientation development driven by surfa
free-energy minimization constraints under isothermal c
ditions and thus allows for a comparison between io
assisted and non-ion-assisted behaviors. Finally, a comp
son is made between the present models and existing the
and with experimental results, and suggestions are made
future studies.

II. GRAIN GROWTH AND ION IRRADIATION EFFECTS

A. Grain growth in a driving field

The theory of grain growth in a driving field is we
established53–55 and requires only brief reiteration here. Th
linear rate of grain expansion or grain growth velocity in o
dimension can be written as

dL

dt
52MG

]m

]x
, ~1!

whereMG is defined as the grain boundary mobility, and t
driving force is the chemical potential gradient]m/]x.
When grain growth occurs as a result of atomic defect
gration across its boundary with its surroundings and ther
a small chemical potential differenceDm between these re
gions, then, at constant temperatureT, there is a difference in
the species jump rates across the boundary which leads
grain boundary velocity

dL

dt
52cn0d

1

kT
expS 2

Q

kTDDm, ~2!

where c is a geometric factor depending upon the atom
mechanism,n0 is an effective local-mode frequency,d is the
local distance moved by the boundary per atomic rearran
ment across the boundary, andQ is the mean activation en
ergy for atomic jumps from either side of the boundary to t
transition state at the boundary.

Knuyt et al.17,18 used this equation withDm given by the
difference between the surface free-energy density of a g
and the mean surface free-energy density of surround
grains in their analysis of isothermal grain reorientation. A
exander and Was48 modified the terms multiplying the
chemical potential difference in a manner that will be e
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8378 PRB 62G. CARTER
plored subsequently for the case of thermal-spike-indu
boundary motion, and in which this chemical potential d
ference was related to the interfacial free-energy densit
the grain boundary, i.e.,Dm522g/R, whereg is the inter-
facial free-energy density andR is the grain radius. Processe
driven by free-energy density differences between neighb
ing grains are classified as primary recrystallization wh
those driven by interfacial free-energy density are classi
as secondary recrystallization, and since in the present s
much of the interest lies in the mutual interaction betwe
the bulk of neighboring grains to effect grain reorientation
is the former mechanism that will be employed. However
will be necessary to modify the Knuytet al.17,18 approach to
accommodate the transient thermal-spike-driven nature
the atomic migration events.

B. Ion irradiation effects

Extensive reviews of ion-irradiation-induced processes
materials already exist56,57 and it is only necessary here t
give a brief synopsis of those effects relevant to the pres
study. When an energetic ion approaches a surface it e
riences repulsive forces from atoms of the solid, and if
ion energy is sufficiently low~usually in the tens of eV re
gion! it will not penetrate beyond the first atomic layer b
will be reflected. Estimates of the ion energy required to fi
effect penetration and the behavior of the penetration pr
ability above this energy threshold have been made for i
incident onto random atomic arrays58 and when ions are in
cident parallel to open~channeling! directions in crystalline
substrates,59–61 and in the latter case a major analysis of t
channeling process in general was first given by Lindhar61

Quite expectedly, penetration is easier and its onset occu
lower energies for channeled ions, and penetration is ea
for heavy ions onto light substrates than the reverse situa
Even though at very low energies ions will not penetrate
surface, energy will be transferred to one or two surfa
atoms local to the point of impact and this energy will th
be dissipated by phonon transport. This effect constitute
thermal spike centered on the surface, and an effective t
perature wave spreads out from the energy source. To
author’s knowledge no estimates have been made of the
havior of this local energy deposition as a function of i
parameters~atomic mass, energy, and incident condition! nor
of substrate parameters~atomic mass, crystallographic orien
tation, and, albeit weakly, temperature!. Intuitively it would
be expected that the fraction of incident ion energy depos
in this point spike would increase with ion energy and t
ratio of the ion to substrate atomic masses. In this ene
regime it is likely that few if any defects would be produc
below the substrate surface.

As ion energy is increased to above the order of hundr
of eV and penetration occurs readily, an ion will be slow
down by a sequence of collisions with substrate atoms
will eventually stop in the bulk. The distribution of stoppin
positions will be statistical because of the randomness
initial and subsequent collisions with substrate atoms,
the mean and higher moments of the stopping distribu
will increase with ion energy. For ion incidence close
channeling directions, a fraction of the ions will penetra
more deeply than in the case of random incidence. At e
ion-atom collision energy will be transferred to the atom, a
d
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if this exceeds a displacement energy threshold the atom
be displaced from its lattice position. Indeed, if the ener
transfer is large this primary atomic recoil may produce s
ondary displacement recoils and higher-generation reco
and a displacement cascade of moving recoils ensues.
creates a vacancy population but a fraction of the equal n
ber of interstitials produced may recombine with the vac
cies. For light ions the cascade of defects will be dilute b
for heavy ions, particularly in combination with heavy targ
atoms, the cascade will be dense and at the end of the
listic collisional phase between atoms may resemble
vacancy-rich core surrounded by a mantle of surviving int
stitials. The relaxation of the defect distributions will be b
both thermal and athermal processes and will depend u
both the initial profile of the energy deposition function a
the nature of the substrate material. This may involve s
vival of simple defects, production of extended defects, a
phase change of the substrate, e.g., from crystalline to am
phous. In the present analysis it will be assumed, for simp
ity, that the surviving defects are vacancies and interstit
only.

In the case of ion incidence close to channeling directio
a fraction of the incident flux will be prevented from havin
close, displacement-generating, collisions near the sur
and so the number of displaced atoms and resulting def
will be reduced. For a given substrate material the fraction
ions that were incident parallel to channeling directions a
then become channeled increases with increasing ion en
and decreasing ion mass, and the defect production and
vival densities follow the same behavior. Additionally, th
channeling phenomenon is restricted to defined angular
its of the incident ion direction with respect to given cha
neling directions, and this angle increases with increasing
and substrate atomic numbers and decreases with increa
ion energy and interatomic spacing along crystal rows pa
lel to channeling directions. Consequently, for ion inciden
onto a system of randomly oriented polycrystalline grai
defect production will be minimized for those grains whe
their channeling directions lie within the critical channelin
angle from the ion incidence direction, and this angle w
follow the ion-mass and energy dependence just descri
The channeling process, in minimizing energy transfer a
deposition near the surface, also results in a reduction in
number of atoms sputter ejected from the surface.

Following the quenching of ballistic collisions betwee
atoms these remain effectively ‘‘hot’’ and this energy is th
redistributed both within the initial volume of the collisio
cascade and outside this volume. The effective initial te
perature of the cascade volume will be proportional to
ratio of the ion energy deposited to the cascade volume
will be largest for heavy ions and substrate atoms. For
energies not greatly in excess of those required for pene
tion, the initial thermal spike associated with this ener
deposition may be regarded as of spherical geometry c
tered at a point just below the surface, but as ion energ
increased and penetration is deeper energy is lost more
tinuously along the ion path. In this case the thermal sp
may be considered as of cylindrical geometry with a li
source, in which the maximum initial temperature is giv
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by the ratio of the energy deposition per unit length to
cross section of the cascade produced by the ion transver
its path.

A significant difference between the spikes described h
and that discussed earlier for nonpenetrating ions is that
former also occur together with defect production and it
the different influences that these spikes exert upon de
and surface atom migration and the resulting reorienta
processes occurring between grains that will be analyze
the following section. Initially, however, it is necessary
estimate more quantitatively how channeling processes
influence defect production and survival and, consequen
can modify the bulk free-energy densities of grains wh
these are growing continuously.

It is initially assumed that an energetic ion fluxj i is inci-
dent simultaneously with an atomic deposition fluxj a onto a
crystal grain; the ions sputter the film growing onto the gr
with a sputtering yieldY and penetrate the film and crea
h(x) defects per unit depth of the film at a depthx beneath
the instantaneous film surface. Both the ion and ato
fluxes are assumed to be incident normally to the subst
upon which deposition occurs. If the film grows with a v
locity v in the2Ox direction then at a timet after the start of
deposition the defect production rate at a fixed plane para
to and above the initial grain surface at a distance2x8 is
given by h(x82vt). Consequently, as the film thickens,
this fixed plane the defect production rate varies and eve
ally a steady state is reached after the film has thickene
greater than the maximum depth of defect production,X, so
that the defect density is proportional, at any depth from
surface except the portion of the film within the depthX from
the initial grain surface, to the depth integral of the dep
production rate function, i.e., to the total defect product
rate h5*0

Xdx h(x). In fact, it is readily shown by analog
with the saturating collection of implanted ion species62,63

that the equilibrium fractional defect concentration over
majority of the film thickness is given byn5h j is/Nv,
whereN is the atomic density of the film ands is the depth-
independent probability for defects to survive annealing.

This model therefore assumes that, after production,
fects may migrate and mutually annihilate or escape to s
such as the free surface, grain boundaries, and dislocat
This happens on a time scale much faster than the tim
grow a new surface layer and, after these processes are
plete, only a fractions of the defects survive and are stab
The saturation of defect density at any depth below the
stantaneous surface then occurs when that depth exceed
maximum range over which defects are produced. In a m
exact analysis it would be necessary to solve the equat
describing defect production, migration, and loss proces
in a moving boundary~the surface! system, which, although
can be accomplished readily for a stationary boundary,64 has
not, to the author’s knowledge, been undertaken for a m
ing boundary. Consequently, in the present simplificati
the survival probabilitys has been employed as an averag
parameter, but it would be expected, from analogy with
static boundary system, thats would be a function of such
parameters as ion and atom flux densities, ion energy
species, and system temperature.
e
to

re
he
s
ct
n
in

ay
y,
n

ic
te

el

u-
to

e

h

e

e-
s

ns.
to
m-

.
-
the

re
ns
es

v-
,

e

nd

The rate of film growth is given byv5( j a2 j iY)N21 if it
is assumed that all arriving atoms condense on the film,
so the equilibrium fractional defect concentration is given

n5
h j is

j a2 j iY
. ~3!

If only point defect production is considered thenh may be
estimated from the Kinchin-Pease65 equation as modified by
Sigmund,66

h5
0.42f ~E0!

Ed
, ~4!

where f (E0) is the fraction of the incident ion energyE0
deposited in elastic collision processes andEd is the energy
required to effect a permanent atomic displacement. M
generally, the rate of defect production at depthx is given by

h~x!5
0.42

Ed

] f ~E!

]x
, ~5!

where ] f (E)/]x5FD is the linear rate of elastic energ
deposition.

Although Eqs.~3!–~5! are generally valid, when ion chan
neling occurs both the defect production rate and the spu
ing yield will be reduced, since the elastic energy deposit
densities in the bulk and at the surface will be reduced.
very simple linear approximations these processes can
written, in the presence of channeling with a probabilityp, as
h5h0(12p)/(12p0) and Y5Y0(12p)/(12p0), where
h0 is the defect production rate for perfectly channeled
incidence with a probabilityp0,1 andY0 is the sputtering
yield for perfectly channeled ion incidence. These line
forms should be regarded only as useful approximations
allow for facility of analysis. In fact, from studies by Oe
and Robinson,67 who assumed hard-sphere atomic collision
it may be deduced that a power-law relation of the fo
h5h0(122p)/(122p0) is a more exact description. Fo
p5p0 ~perfect channeling! this leads to the same result a
above while, forp50 ~no channeling! the defect production
rate is larger than for any channeling conditions in both tre
ments.

Under atomic deposition and film growth conditions t
geometric forms of each nucleus from which grains deve
are expected to be identical, although their crystallograp
orientations on the substrate can be variable, and so the
mals to the surfaces of each grain will possess differ
angles with respect to ion flux direction and the channel
probabilitiesp for different grains will be different. Since the
ion flux will be incident upon different surface crystallo
graphic planes for different grains, the preceding linear
proximation for the defect production rate will remain vali
but that for the sputtering yield will be slightly in error sinc
this parameter is also dictated by the surface binding ene
of atoms, which will depend on the surface crystallograp
This perturbation will be ignored in the present analysis a
the linear approximations for both rates will be substitut
into Eqs.~3!–~5! to account for the channeling process.

The bulk free-energy density of a crystal containing
fractional defect concentrationn is given by53,54 m5G
1gn, whereG is the bulk free-energy density of a perfec
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8380 PRB 62G. CARTER
defect-free crystal andg is the additional free energy per un
fractional defect concentration. From studies by Wilk
Liou, and Lott68 of the similar problem of radiation-induce
phase instability, this free energy will be equivalent to t
enthalpy of point defect~e.g., vacancy! production, and this
may be of the order of an eV or so. From the above disc
sion the bulk free-energy density difference between ne
boring grains upon which ions are incident in different dire
tions with respect to their major channeling directions,
that their respective channeling probabilities arep1 andp2 ,
is thus given by

Dm5gsh0 j iF ~12p1!

j a~12p0!2 j iY0~12p1!

2
~12p2!

j a~12p0!2 j iY0~12p2!G . ~6!

In the specific case where for two neighboring grains the
flux is perfectly channeled for one grain andp15p0 , while
for the other grain the ion flux is completely unchanne
~random incidence! andp250, Eq. ~6! simplifies to

Dm5
gsh0r

~12p0! F ~12p0!

~12rY0!
2

1

12rY0~12p0!21G , ~7!

wherer 5 j i / j a , the ion:atom arrival rate ratio.
In Eqs. ~6! and ~7! both denominators in the brackete

term must be positive to ensure net film growth rather th
sputtering-dominated erosion, and if growth is rapid a
deposition is much greater than simultaneous erosion Eq~7!
can be further simplified to

Dm'2
gsh0r

~12p0! Fp01
rY0p0~22p0!

~12p0! G . ~8!

It is already clear that the intergranular bulk free-energy d
sity difference in the ion-assisted deposition case is a non
ear function of the ion-to-atom arrival rate ratio, although
relatively small values of this ratio and/or small values of t
sputtering yield the deviation from linear dependence will
weak. It is also clear that the bulk free-energy density diff
ence is negative and increases with increasing channe
probability, i.e., the free-energy density of the grain f
which channeling is optimum is lower than that for the gra
for which channeling is absent, which indicates that
former will tend to grow into the latter in order to reduce t
system free-energy density. This was the behavior sugge
qualitatively by Van Wyk and Smith27 and Dong and
Srolovitz.51

III. THE INFLUENCE OF THERMAL SPIKES ON ATOM
AND DEFECT JUMP RATES

When the ballistic collisional phase of atomic interactio
has quenched and the deposited energy has equilibr
throughout the initial volume of the cascade, a thermal w
spreads out from this initial energy or equivalent ‘‘tempe
ture’’ profile and the subsequent temperature profile is de
mined by the equation of heat conduction in an isotrop
uniform medium with thermal conductivityk and heat ca-
pacity per unit volumeC:
,

s-
h-
-
o

n

n
d

-
n-
r

e
-
ng

e

ted

ted
e
-
r-
,

¹k¹T5C
]T

]t
, ~9!

where both the thermal conductivity and the heat capa
may be constant or temperature dependent.

This equation has been solved, for constant values
these thermal parameters, exactly69 and in a useful
approximation;70 and for conditions where the ratio of th
thermal conductivity to the heat capacity~the thermal diffu-
sivity! was assumed to be a simple power-law function
temperature71,72 or where both parameters were assumed
be independent and different power-law functions of te
perature. The rate per atom or defect at which a therm
activated process occurs is given byn0 exp(2Q/kT). Conse-
quently, in order to determine the equivalent to the fac
PT[@n0 exp(2Q/kT)#/kT of Eq. ~2! when thermal spikes
promote the reaction, it is first necessary to determine
temperature profileT(r ,t) as a function of spatial coordi
natesr and timet, then use this local and instantaneous va
to determine the local and instantaneous reaction rate
atom or defect, and finally integrate this rate over appropr
space and all time. Division of this integrated rate by t
total number of participant atoms or defects yields the
sired factor. This type of calculation has been made for p
cesses not driven by chemical potential differences
temperature-independent thermal conductivity and h
capacity,70 and for thermal diffusivity assumed to be
power-law function of temperature,71,72 for both spherical-
and cylindrical-geometry heat conduction. It has also be
made for the closely related problem of sputtering result
from thermal spikes for both spherical- and cylindrica
geometry spike conditions and where the thermal conduc
ity and heat capacity were assumed to be independent po
law functions of temperature,73–77 and for grain-boundary-
curvature-related interfacial free-energy-driven processes
the case of cylindrical spikes.

In the case of thermal-spike-induced sputtering, it is
profile of the temperature wave across the surface tha
relevant, as it is in the present study for the case of nonp
etrating ions that can mediate surface atomic migration
the case of ions that just penetrate the surface, a point so
spike in an infinite medium is considered since, on the o
hand, the dependence on the system parameters of the
of the temperature profile is not modified by the initial po
tion of the source but only its magnitude,75–77 while, on the
other hand, it is difficult to include the effects of a bounda
in the case of temperature-dependent thermal constants.73–77

In this case also the reaction participants are considered
the present work, to be the equilibrium density of survivi
defects contained within the depthX from the film surface.
For higher-energy, more deeply penetrating ions, cylindri
spike geometry and the surviving defect population throu
out the entire film thickness are employed.

In the present analysis similar calculations have been
formed for temperature-dependent thermal constants bu
in the previous studies indicated above, the variation of
factor P with the system parameters is weak and only
magnitudes are slightly changed, and so the results
temperature-independent values only are quoted here.
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For the case of low-energy, nonpenetrating ions wh
deposit an energyE0* in a point spike at the surface and fro
which a hemispherical thermal wave then spreads,

PHS5
K1 j in0~kE0* !4/3

kC1/3Q7/3 . ~10a!

For the case of low-energy, penetrating ions which dep
an energyE0 in a point spike just below the surface and fro
which a spherical thermal wave then spreads,

PSB5
K2 j in0kE0

5/3

kC2/3Q8/3X
. ~10b!

For the case of higher-energy, penetrating ions which dep
energy continuously throughout a film thickness at a lin
rateFD in a line spike and from which a cylindrical therm
wave then spreads,

PCB5
K3 j iFD

2

kCQ3 . ~10c!

In these equations the constantsK are calculable and ar
related to the geometry and the spatial integration and ar
in the region 1023– 1022. It may be noted that in these equ
tions a common value of the activation energyQ has been
employed but it is entirely possible that such values w
differ according to whether the process is one of surf
atomic migration or bulk defect migration.

As an illustration of the probable importance of therm
spike effects a system is considered at 300 K for which
activation energyQ51 eV is chosen and a local-mode fr
quencyn051013 is assumed, together with generic order-o
magnitude values for metals ofk51021eV m21 K21 sec21

and C51025eV m23 K21 and a typical ion flux density o
1 mA cm22'631019 ions m22 sec21. Appropriate values of
E0* , E0 , X, andFD for the three spike geometries discuss
above may be assumed to be of the order of 10 eV, 1 ke
nm, and 1 keV nm21, respectively. For these assumed valu
the magnitudes ofPT , PHS, PSB, andPCB are 431023, 2
31024, 231021, and 531021 ~all in units of
jumps sec21 eV21! respectively, when lower values of th
constantsK are used. It may be remarked that the similar
in the magnitudes of the final two values above arises ra
naturally, since the ratio of the initial ion energy to the dep
over which equilibrium defect concentrations are establis
for the lower-energy ion case is the same as the linear ra
energy deposition density for the higher-energy ion case

Clearly, all of the spike-induced processes can be of si
lar or larger magnitude than isothermal processes for a
cific driving force mechanism, and in the case of low-ener
nonpenetrating ions in particular the spike process can do
nate the thermal mechanism if the ion flux density and/or
ion energy deposited and/or the activation energy for surf
atomic migration is increased or the system temperatur
decreased. In fact, because of the largely exponential de
dence on these latter two parameters it is these whose m
nitudes largely condition the dominance of isothermal
spike effects. Equalization ofPT and PHS leads to an ap-
proximate value of the temperatureTc at which these two
processes become of equal importance, given by
h
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Tc5
Q

k

1

ln kC1/3~K1 j i !
2 l~kE0* Q21!4/3. ~11!

This relation clearly indicates the dominant role of the s
face migration energy in determining the temperature
which spike processes will become dominant, and the m
weaker dependence of this temperature on ion flux den
and the deposited energy per ion. For the values of the
tem parameters given above, this critical temperature
evaluated to be approximately 285 K, which implies that,
the system parameters assumed, which are typical of m
ion-assisted deposition situations and material constants
effects of thermal spike processes, even with very lo
energy ions, will be observable near room temperature.

It should be reiterated that the role of thermal spikes
this ion energy regime is to supplement any isothermal p
cesses drives by free-energy density differences, so that
such process that tends to minimize total surface free en
will be accelerated by the operation of thermal spikes. On
other hand, as ion energy is increased and penetration
defect production occur, then the channeling effect will b
gin to assume importance. The system will then tend to
driven toward a state of minimum volume free-energy de
sity with major crystallographic channeling direction
aligned parallel to the incident ion flux direction. For fc
materials this will tend to orient crystal grains with the
surfaces parallel to$110% planes, while for non-ion-assiste
and for low-ion-energy-assisted deposition grain surfa
will tend to be oriented parallel to$111% planes.

In this higher-energy ion regime it is clear, from earli
comparisons ofP values, that for any given driving proces
thermal spikes are likely to be even more dominant th
purely isothermal effects. Equations~10a!–~10c! reveal the
variations in P values as, for example, ion energy is i
creased, but the energy at which any transition from ther
spike effects supplementing isothermal processes to m
mize surface free-energy density to thermal spike effects
simultaneous bulk defect production, which compete w
surface processes and tend to minimize volume free-en
density, cannot be deduced from simple comparisons ofPHS
and PSB, since the driving free-energy difference will b
different in the two cases. It is therefore necessary, in
next section, to evaluate the free-energy difference betw
grains when channeling becomes important for penetra
ions, using the results obtained from Sec. II, and hence
obtain estimates of grain growth rates. Initially this is do
for a simple system of two neighboring grains which poss
maximum channeling and zero channeling fractions, resp
tively. These results are then employed in the subsequ
section to evaluate the rates at which grain reorientation
curs for systems in which either surface or volume fre
energy minimization is the driving mechanism.

Finally, it may be noted that the influence of the substr
material can be further refined by assuming, following Ale
ander and Was,48 that the process activation energyQ and
the cohesive energy of the film materialDHcoh are linearly
related and substitution of this relation into Eqs.~10a!–~10c!.

IV. THE INFLUENCE OF THERMAL SPIKES
ON GRAIN GROWTH RATES

The volume free-energy difference between grains
which the optimum and zero channeling occur was deriv
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8382 PRB 62G. CARTER
in Eq. ~8!, and it is useful, initially, to compare this valu
with that employed by Alexander and Was,48 who estimated
the grain growth rate when cylindrical-geometry therm
spikes accelerated this rate under the driving influence
interfacial free energy between a grain and its surroundin
From the valuesg5331018eV m22, V515310230m3,
and a typical grain radiusR'1028 m used by these authors
a value of the interfacial free energy of the order of 0.05
per atom was deduced. If, in Eqs.~4! and~8!, a value of the
ion:atom arrival rate ratio of unity and a typical value
Ed525 eV, are chosen together with a value of the initial i
energyE0 of 10 keV ~which is a reasonable order of magn
tude to be able to assume sufficiently deep ion penetra
and to describe the spike as linear rather than of point ge
etry!, and if the effects of simultaneous sputtering erosion
neglected in a first-order approximation@again, this is rea-
sonable since the term in Eq.~8! that describes this proces
contains the additional channeling fractionp0#, and if this
fraction is, again reasonably for heavy ions, assigned a v
of 0.1, then for values of the defect survival probabilitys
ranging from 1024 to 1022 the free-energy differenceDm
between grains aligned so that channeling is optimum
those in which no channeling occurs ranges from 431023 to
0.4 eV per atom. The values of the point defect survi
probability are not well known and will certainly decrea
with increasing system temperature as a result of therm
induced annihilation but, in addition, athermal annealing
fects due to lattice strain associated with point defects
limit the maximum value of the fractional point defect co
centration to the order of 1022 in metals.78 This indicates
that a larger value of the defect survival probability chos
above will represent a maximum value of this quantity rat
than it being constrained by the ratio of rates of defect p
duction to film growth determined earlier. It is clear, how
ever, that this free-energy density difference range enc
passes the free energy associated with grain-boun
curvature~i.e., '0.05 eV atom21!, and as grain size an
radius increase the volumetric free-energy density diff
ences may substantially exceed interfacial free energ
Since the factorP derived in Eq.~10c! and the parameterd
are essentially identical to those derived by Alexander
Was,48 it is clear that the rate of grain growth resulting fro
ion irradiation may be equally as plausibly explained by
volume free-energy density differences arising from the d
ferential channeling between grains as by that resulting fr
the interfacial free energy of grains. This former mechani
is that advocated by Van Wyck and Smith27 and Dong and
Srolovitz51 and it is evident that the present estimates
volumetric free-energy differences and the enhanced de
jump rates resulting from thermal spike processes dem
strate the reality of this mechanism.

It is also worth noting that, in their analysis of thermal
driven grain growth and reorientation, Knuytet al.17,18 use a
value of the surface free-energy density difference betw
grains of the lowest and highest free-energy densities of
order of a fraction of an eV, i.e., of similar magnitude to th
derived here for volumetric free-energy density differenc

Since the present analysis shows that the volumetric f
energy density differences resulting from differential cha
neling processes between grains are of similar magnitud
those that arise from other sources, it is legitimate to evalu
l
of
s.
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the rate of grain expansion for a bicrystal system in wh
the volumetric free-energy density difference is a maxim
as considered above, and when thermal spike process
the bulk accelerate defect jumps. This rate of expansion
the grain of lowest volumetric free-energy density into
neighbor grain of highest free-energy density may be ca
lated from the analog of Eq.~2! rewritten as

dR

dt
52PSdDm, ~12!

where, for simplification,c is assumed to be unity andPS
represents theP factor for either spherical or cylindrica
spikes generated in the bulk.PS can be evaluated from
either Eq.~10b! or Eq. ~10c!. It is of similar magnitude for
the system parameters assumed earlier and of the orde
1021 sec21 eV21 in both cases. d will be of the order of a
few tenths of a nanometer and if, from the earlier discuss
a volumetric free-energy density difference ofDm'0.1 eV is
assumed, the rate of grain expansion is of the order
1023 nm sec21. Although slow, apparently this rate is com
parable to the film growth rate that would occur with a n
deposition flux of atoms of the order o
1016atoms m22 sec21, which is somewhat small. In molecu
lar dynamics studies of grain reorientation the pictorial e
dence given by Dong and Srolovitz51 of the occlusion of
nonchanneling grains by channeling grains occurs at a
substantially slower than the film growth rate, with which t
above comparisons are not in disagreement.

Given this reasonable qualitative and order-of-magnitu
agreement it is now justifiable, as in the next section,
evaluate the rates at which grains reorient toward those
maximum channeling probability from an initial random di
tribution of grain orientations. Before doing this, however,
is useful to return to an assessment of the criterion for wh
there is a transition between low-energy, nonpenetrating
irradiation-induced thermal spikes centered on the surfa
which accelerate normal isothermal processes driven by
face free-energy density differences, and higher-energy, p
etrating ions, which generate bulk defects and thermal sp
accelerating the grain reorientation process driven by v
umeric free-energy density differences. In order to determ
the ion energy at which this transition occurs, it is necess
to compare the values ofP given in Eqs.~10a! and ~10b!
when each is multiplied by its appropriate free-energy d
sity difference. As noted above, these free-energy den
differences for both surface-driven and bulk-driven effe
are likely to be of a similar magnitude, and so it is no
acceptable to compare only Eqs.~10a! and~10b!. When this
is done and it is assumed that at the transition energyE0* and
E0 should be equal, it is readily shown that the transiti
energy is given by

E0T'
CQX3

k
. ~13!

For the values of the parametersQ51 eV andX'1 nm as-
sumed earlier, this leads to a transition energy of the orde
100 eV, which is clearly particularly sensitive to the assum
value ofX. It is difficult to prescribe this distance accuratel
since if the ion energy is just sufficient to allow penetrati
and defect production the defects will be produced close
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the surface and image forces may result in their loss to
surface, thereby reducing the additional volumetric fre
energy density difference as well as modifying theP factor.
Nevertheless, it is reasonable to conclude that this ene
will probably lie between tens of eV at which ion penetrati
becomes possible and 100 eV or so when stable bulk de
production is feasible.

V. THE RATE OF GRAIN REORIENTATION

As indicated earlier this phase of the analysis is ba
upon previous investigations by Knuytet al.,17,18 who deter-
mined the rate at which grains of minimum surface fre
energy density grew into a surrounding grain population
higher surface free-energy densities and in which the in
population of the grains was uniformly and randomly distr
uted. It is therefore helpful to summarize the approach
results of these authors in order to apply the approach to
present model proposals. Knuytet al.17,18 assumed that a
growing film was composed of cylindrical columns wi
common crystallographic structure and with their planar
terfaces with the external environment. The columns, ho
ever, were differently oriented with respect to the normal
the mean surface and the initial substrate. Consequently
surface free-energy densities of individual columns were
ferent, and it was argued that the columns with lower surf
free-energy densities would expand into surrounding c
umns if the mean surface free-energy density of the imm
diately surrounding columns was higher. An initial popu
tion of uniform columns of radiusR0 was assumed, in which
the normals to each columnar surface were randomly dis
uted in polar angle with respect to the normal to a surface
minimum free-energy density. These authors also assum
specific form for the variation of the surface free-energy d
sity with polar anglef with respect to the surface of min
mum free-energy density, although their analysis was a
undertaken for a general relationship of this function. A
given time t during deposition a modified form of Eq.~2!
was employed, in which the free-energy density differen
Dm was replaced, as indicated above, by the difference
tween the surface free energy of a specific graini and the
mean surface free-energy density of its immediately s
rounding grains, i.e.,

dRi

dt
52

n0d

kT
expS 2

Q

kTD ~G i2Gm!, ~14!

where Gm was determined from the relationGm
5( jG iM iRi /( jM jRj , in which Mi is the number density o
i columns. Equation~14! was solved by both computationa
simulation and approximate analytical methods for b
short and long deposition times with good agreement
tween the two approaches. For short times, where it may
assumed that columns of all orientations are still presen
the total population, the analysis can be extended to s
that

dRi

dt
'PTd~G0* 2G i !, ~15!

where G0* 5v1 /v0 and thev values are defined from th
generalized momentsvn5*0

fmaxG(f)n sinf df, wherefmax
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is the maximum angle in the surviving angular range of c
lumnar surface orientations at timet. This attrition of the
angular range occurs because the columns of lower sur
energy density expand at the expense of columns of hig
free-energy density and so the latter are gradually occlu
from the depositing atomic flux. For small times the upp
limit of the above integral may still be assumed to be thep/2
of the initial random orientational distribution, and the max
mum rate of initial grain growth is obtained for grains wi
the minimum surface free-energy densityG0 growing into
the surrounding random orientational columnar structure.
their assumed functional dependence ofG~f! for the specific
case of growth of TiN grains,G0* '1.275G0 . It may be as-
sumed that for many systems the difference between the
est and the mean surface free-energy density planes is a
larly small fractione of the minimum surface free-energ
density plane, and so in general the maximum rate of ini
grain growth from an initially randomly oriented populatio
of grains can be written as

dRmax

dt
'PdeG0 . ~16!

This equation has been written in generalized form with
factorP since it is not only applicable to the isothermal gra
growth process discussed by Knuytet al.,17,18 but is equally
relevant when grain growth is influenced by the therm
spike mechanisms under examination in the present wor

The above approach can be directly carried over into
present study by replacing the driving process for grain
orientation of differences in surface free-energy density w
differences in volumetric free-energy density resulting fro
differential ion channeling effects between differently o
ented grains. Additionally, it is necessary to suitably mod
the effective variation of grain free-energy density as a fu
tion of grain orientation to account for the channeling pr
cess. In the work of Knuytet al.,17,18 it was possible to de-
scribe the surface free-energy density as a continu
function of the orientation of grain surfaces with respect
the surface plane of minimum free-energy density. In
case of ion-assisted deposition, where channeling proce
modify the volumetric defect densities of grains and, as
result, their volumetric free-energy densities, channeling
confined to a restricted angular range 0,f,fc with respect
to the direction of maximum channeling, and outside t
range,fc,f,p/2, channeling may be assumed to be a
sent.

Consequently, in an initially random population of gra
orientations, that part of the population with angular orien
tions within the channeling angular range will develop a s
gular, common volumetric free-energy density, and that p
of the initial distribution outside the critical angular rang
will develop a different common, angle-independent a
higher volumetric free-energy density, i.e., the free-ene
density function will be discontinuous atf5fc . It is
straightforward to substitute this free-energy density va
tion function into the definition of the free-energy dens
moments of Knuytet al.17,18 We recall that, within the criti-
cal angular range for channeling, the channeled fraction isp0
and it is zero elsewhere. Then we evaluate the maxim
initial grain growth rate for this system. The final result is
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dRS max

dt
52PSd cosfcDm ~17!

wheredRS max/dt is the maximum initial grain growth rate
PS is theP factor appropriate to either spherical or cylind
cal geometry spikes in the bulk given by Eqs.~10a! or ~10b!,
and the relevant free-energy density differenceDm is given
by Eq. ~8!. Since the critical angle for channeling is usua
small, the cosine factor in Eq.~17! can safely be approxi
mated as unity. The presence of this term results from
fact that, as the critical angle increases, a larger fraction
grains will be initially oriented within the critical angula
range, and any one grain in this range will be surrounded
a higher fraction of grains also falling in this range, so th
the average driving free-energy density difference will
smaller and the grain growth rate will be lower.

Clearly Eq. ~17! can be written in its full, cumbersom
detail by insertion of these appropriate relations for spikes
both spherical and cylindrical initial geometry, but, althou
giving completeness of analysis, it is unnecessary in view
the earlier discussions of the magnitudes of the differenP
factors corresponding to isothermal, surface spike, and b
spike conditions, and of the magnitude of the volumet
free-energy density difference resulting from the channe
effect in comparison with surface free-energy density diff
ences between grains of different surface planar geom
and interfacial free-energy density. In the latter case in p
ticular it has been demonstrated that, for reasonable cho
of system parameters, which correspond to achievable
perimental conditions such as the ion to atom arrival r
ratio, the incident ion energy, the channeled fraction, and
point defect survival probability, these free-energy dens
differences can be of similar magnitude. Consequently,
independent of any influence of thermal spike phenome
intergranular volumetric free-energy differences arising fr
differential channeling can be at least as significant as th
other driving influences and potentially more important, a
could either supplement or compete with such processe
causing grain reorientation. For low-energy, nonpenetra
ions, where bulk defect production is absent, no such me
nism will exist but, according to the evaluations of the fac
P for purely isothermal grain growth and for surface therm
spike-mediated growth, the latter mechanism will be dom
nant. This leads to enhanced growth rates of minimum s
face free-energy density grains for sufficiently large incid
ion flux densities and energy deposited per ion, and this
hanced rate will be determined by the value ofPHS in Eq.
~10a!. For higher-energy, penetrating ions, evaluations of
magnitudes ofPS for either spherical or cylindrical spike
generated in the bulk showed these to be generally sim
and to be substantially greater thanP values for either iso-
thermal~at room temperature for the surface atomic mig
tion energy assumed! or surface-centered thermal spike
Therefore for such ion irradiation conditions the channel
effect that led to differences in defect densities betwe
grains becomes the dominant process, and the system
to develop toward one in which all grains are oriented so t
their major channeling directions are parallel to the incid
ion flux direction. In this case Eq.~17!, with values of the
system parameters used in Sec. IV, indicates that the m
e
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mum initial growth rate for grains oriented within critica
acceptance angle for channeling is as deduced in that ea
discussion.

Next it may be noted that, using the above type of ana
sis, an approximate estimate can be made of the time
quired, from an initial random distribution of grain orienta
tions, for all of those grains that were initially oriente
within the critical channeling angular range to have e
panded and occluded all other initially oriented grains. T
result in a linear first-order approximation is

tocc'
R0

Pd cosfcDm
, ~18!

although in higher-order approximations the occlusion p
cess is more gradual and tends to occur as a quasiexpone
decay effect. This equation does illustrate, however, that
greater the role of thermal-spike-mediated defect migrat
between grains of maximum and zero channeling, the m
rapid will be the tendency toward grain reorientation close
channeling incidence conditions. The earlier discussions
dicate that this will be best achieved for large values of
cident ion flux density and ion-to-deposit-atom arrival ra
ratio, provided that the congruent sputtering erosion does
prevent net film growth, high-energy deposition densities
ion so that the effective initial temperatures of spikes
high, and large values of the channeled fraction and the
fect survival probability.

Finally, it may be noted that Knuytet al.16,17also derived
an expression for the surviving grain density, defined as
fractional surface area of all columns with orientations b
tweenf andf1df per unit solid angle in this range. Th
density is given by D(f,t) and is proportional to
pRi

2Mi /Mi since, initially for a randomly oriented grain dis
tribution, Mi is proportional to the solid angle in this rang
Extending the analysis of Knuytet al. to the present ap-
proach leads to the result, applicable for small timest and for
grains oriented outside the critical angular range for chan
ing,

12S D~f,t !

D~f50,t ! D
1/2

'Dm
Pdt

R01PdDm cosfct
. ~19!

For larger times the denominator on the right-hand side
this equation becomes a power-law series in time with o
additional terms of even index in time and odd index of t
powers of the productPd, which are all negative. Conse
quently, the fractional surface area of grains that are orien
outside the critical channeling angle is, as expected, a
creasing function of time, and the larger the factorP the
more rapidly will this fraction decrease. This rate of decrea
will also be larger the greater is the free-energy density
ference between grains for which channeling is a maxim
and zero.

VI. DISCUSSION

The preceding discussion has demonstrated analytic
and by making order-of-magnitude estimates, that diff
ences in volumetric free-energy density between grains
which there are different ion channeling probabilities, a
consequently different surviving point defect densities, c



an
ea
e

rm
an

o
, a
le
e

y
et
ro
ha
th

ar

ta
ite
b
f
e
de
o
d

he
rg
re
de
m

e-
it
b

e
in
gh
in
w

re

i
tt

es
th

g
or
sit
pe
w
c
o
ce
tio
tin
ic

lo

ra-
om

ex-
-
ncy
ada-
are
ro-
pro-
s of

the
c-
hat
sur-

the
ces
the
ns
e of
.
ular
n-

gle
rgy

le

ec-
nd
led
-

ugh
al
re-
ct

re-
act
for
ith
led
as-
ita-
w-
lly
be
en

ined
all
vi-
t
ap-
ing
en
de-

e
val
be

PRB 62 8385INFLUENCE OF THERMAL SPIKES ON PREFERRED . . .
be similar to both surface free-energy density differences
interfacial free-energy densities, and so can be, at l
partly, responsible for grain growth and reorientation ph
nomena in ion-assisted deposition. Furthermore, the the
spikes that follow the collisional stage of ion impacts c
induce at least as many, if not far more, activated atomic
defect jumps than can purely isothermal processes alone
can either enhance the surface atomic migration rate and
to more rapid tendency toward minimization of surface fre
energy density~for nonpenetrating low-energy ions! or com-
pete with this mechanism~for penetrating, higher-energ
ions! and lead toward a granular structure in which volum
ric free-energy density is minimized and the channeling p
cess is optimized. It is now useful to examine, in somew
more detail, the system parameters that favor one or the o
process.

First the basic assumptions of initial spike geometry
considered. In the derivation of Eqs.~10a!–~10c!, either a
point spike in which ion energy was deposited instan
neously or a line spike along which energy was depos
instantaneously defined the initial geometry as in a num
of previous studies.48,70–74As indicated earlier, at the end o
the collisional stage following ion impact, energy will b
equilibrated throughout the volume of the collision casca
and an effective maximum temperature of atoms in this v
ume can be assigned. This can form a different initial con
tion from the point or line geometry defined above. If t
cascade volume is small and/or the deposited energy is la
these two conditions are very similar, but if these requi
ments are not met the initial conditions, and the magnitu
of the resulting temperature profiles and consequent ju
rates, may differ substantially. Sigmund and Claussen75 and
Claussen76,77 showed, for cylindrical and spherical spike g
ometries, that jump rates declined almost exponentially w
the reciprocal of the deposited energy density. This can
calculated analytically79,80 and, after a small initial decreas
for low-energy ions, increases with ion energy and with
creasing film atom-to-ion mass ratio. Consequently, for li
ions incident onto heavy-atomic-mass films the average
tial effective temperatures in cascade volumes will be lo
and the point or line spike models may considerably ove
timate jump rates, whereas for heavy ions the approxim
tions will be more acceptable. The preceding analysis
therefore, best suited to experimental conditions of the la
type.

Considering next the values of the activation energyQ
employed in the calculations of atomic or defect jump rat
it was already noted that these may differ according to
process involved. Since the molecular dynamics studies50,51

have not explicitly identified the nature of the migratin
point defect species responsible for grain growth and re
entation processes to minimize volume free-energy den
it is not possible to predict an appropriate value for the s
cies activation energy for this mechanism. In general, ho
ever, in metals the migration energy for interstitials is mu
lower than that for vacancies, and the former may theref
migrate more rapidly to fixed sinks such as nearby surfa
and indeed the grain boundaries to effect the recrystalliza
process. On the other hand, during deposition, the migra
surface species will largely be deposited adatoms for wh
energies of formation will not be required, unlike atoms
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cated in the first filled surface atomic plane, and the mig
tion energies of these adatoms may not be too different fr
bulk interstitial migration energies. Furthermore, some
perimental evidence81,82 indicates that even low-energy, pen
etrating ions generate interstitials, which escape vaca
capture, migrate to the surface, and become additional
toms. If, therefore, surface adatoms and bulk interstitials
the species responsible for the differing grain growth p
cesses, the values of the activation energies for these
cesses may be quite similar and the earlier comparison
jump rates will remain appropriate.

Estimates were made above of the ion energy at which
transition from supplementing surface migration to produ
ing bulk defect diffusion occurred, based on the premise t
such defects survived even when generated close to the
face. As just indicated, thermal migration may denude
near-surface region of defects, while a thermal image for
may further contribute to this denudation. Consequently,
promotion of surface atomic migration may continue to io
of higher energy than suggested earlier and the estimat
the transition energy should be regarded as a lower limit

Considering next the parameters that influence gran
volumetric free-energy density differences in the ion cha
neling process, the two variables critical channeling an
and channeled fraction are of importance. For high-ene
ions the critical channeling angle scales61 as fc
}(Z1Z2 /E0)1/2, whereas for low energies the critical ang
scales as the square root of this parameter, whereZ1 andZ2
are the atomic masses of the ion and film atoms, resp
tively. Clearly, the critical angle is larger for heavier ions a
film atoms and for low-energy ion incidence. The channe
fraction scales asp0512Aqc

2 whereA is a constant depen
dent upon the crystal geometry andqc

2 is the impact param-
eter between an ion and an atom at which scattering thro
the critical angle occurs. For low-energy ions the critic
angle and impact parameter are approximately linearly
lated, and for a fixed value of the former the critical impa
parameter scales asqc} ln Z1Z2@(M11M2)/M2E0#, whereM1
and M2 are the atomic masses of ions and film atoms,
spectively. For higher energies the critical angle and imp
parameter are approximately hyperbolically related and
fixed critical angle this impact parameter scales linearly w
the term in the logarithm above. Thus, overall, the channe
fraction will increase with increasing ion energy and decre
ing ion mass for a given film material, as discussed qual
tively earlier. As a result of these two factors, when lo
energy ion irradiation is used the fraction of grains initia
oriented within the critical channeling angular range can
large but the fraction of ions that can be channeled wh
incident on such grains can be small, and there is a comb
effect, which is also a function of ion energy, on the over
influence of channeling for a given film material, as is e
dent from Eqs.~17! and ~18!. It may also be remarked tha
the above expression for the channeled fraction is only
proximate and does not account for the effect of increas
atomic thermal vibrations with increasing temperature. Wh
this is accommodated the channeling fraction becomes a
creasing function of temperature.

A further important parameter in determining volum
free-energy density differences is the point defect survi
probability s. It has already been suggested that this will
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composed of two parallel effects, an athermal mechan
with probability sA and a thermal mechanism with probab
ity sT operating in parallel so thats5sAsT /(sA1sT). The
athermal mechanism will dominate at low temperatures
as temperature is increased thermal annealing of defects
become predominant. If it is assumed that this annealing
cess can be characterized by an activation energyQ* , then at
higher temperaturess is replaced in Eqs.~6!–~9! by sT
5sT0

exp(2Q* /kT). If the activation energiesQ andQ* are
similar, this has the effect, in Eqs.~10a!–~10c!, of reducing
theP values by only approximately 1→22m, wherem is the
relevant exponent ofQ in these equations and is obviously
small perturbation. If, however,Q* is much smaller thanQ,
theP values are reduced by a factormQ* /Q, which may be
far more substantial and reflects the defect loss process.
consequence of this is that, as temperature is increased
only will surface atomic migration proceed more rapidly b
there will be a reducing influence of volumetric process
and the tendency will be for the minimization of surfa
free-energy density mechanisms to dominate. If it were p
sible to assign known values to these activation energ
then similar estimates to that for the transition ion ene
could be made for the process transition temperatures
comparison of theP factor in Eqs.~10a! with that of ~10b!
and ~10c!.

The above discussion is based upon the assumption
an average value ofs, which accommodates the effects
rapid defect diffusion and loss, can be used to characte
the surviving point defect fraction that is saturated by
moving boundary~surface! process. As indicated earlier, th
may be a considerable oversimplification, and the surviv
point defect population will saturate when the processes
defect generation~which will be curtailed by the moving
surface! and loss by recombination and to sinks are equ
This will inevitably lead to more complex dependencies
point defect densities, and resulting volume free-energy d
sities, on incident ion and atom parameters and system
peratures. In turn this will lead to more complex depend
cies of grain growth rate on, for example,j i and j a than
would be predicted through use of Eqs.~2!, ~8!, and ~12!.
Consequently, tests of model validity would be to expe
mentally measure single-grain growth rates as functions
both these fluxes and system temperature in order to es
lish if the present simplifications require revision. Even if t
assumption of an average survival probability is appro
mately correct, important variables in determining the ov
all grain growth and reorientation are, to first order wh
simultaneous sputtering is neglected, not simply a funct
of the ion-to-depositing-atom arrival rate ratior but are lin-
ear functions ofj i

2/ j a[ j i r . when the sputtering process
included there is a higher-order correction term proportio
to j i r

2. It is also evident from these equations that gra
growth and reorientation rates are not simple functions of
energy delivered to the film per depositing atom in the pr
ence of ion irradiationj iE0 / j a since the dependence onE0 is
a power-law function, the exponent of which increas
slowly with increasing ion energy. The energy per deposi
atom was suggested by Harperet al.83 to be a useful param
eter to describe various properties of deposited films
though Petrovet al.23 subsequently demonstrated that th
single parameter was an inadequate descriptor and that
m
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properties were better described in terms of independ
functions of ion-to-deposited-atom arrival rate ratio and i
energy, in qualitative agreement with the present obse
tions.

The present treatment of grain evolution assisted by th
mal spikes that enhance defect jump rates between grain
different volume free-energy density was based on the
sumption that equilibrium defect densities are establishe
grains during growth by surface recession. If, on the ot
hand, defect mobilities are so large that a fraction of th
immediately escape to grain boundaries, rather than be
driven by free-energy differences, and the remainder esc
equally rapidly to other sinks such as the free surface,
number of additional atomic or defect jumps per deposi
atom will scale linearly withr, and the jump frequency pe
ion will be given byP/ j i where theP factor will be given by
the appropriate Eq.~10a!–~10c!, but in which the indices of
k andQ are reduced by unity because of the absence of
driving factorDm/kT relevant to the specific ion energy re
gime. In this case the effect of channeling will be to direc
modify the defect production and equal loss rates to comm
grain boundaries where there are different channeling fr
tions. Although a linear dependence of grain growth onr can
be recovered in this way, the nonlinear dependence on
energy remains and neither current experimental results
ferred to in the Introduction26–48 nor molecular dynamics
simulations50,51 are able, as yet, to distinguish which of th
defect-related mechanisms is dominant.

Finally, in their analysis, Knuytet al.17,18 employed a
common, initial column radiusR0 for the randomly oriented
grain population, since their studies were concerned w
growth onto a polycrystalline substrate. More genera
growth may be initiated onto amorphous materials on wh
randomly oriented grains first nucleate and then expand
produce a quasicolumnar structure, and it is only from t
stage of evolution that the grain reorientation analysis
comes valid. The time, or effective deposited film thickne
at which this will occur increases as the equilibrium are
density of nuclei decreases, and this density is known to
affected by simultaneous ion bombardment22,81,82,84–86due to
a variety of processes. These include irradiation-indu
generation of additional nucleation centers,81,82 dissociation
of and modification to the surface diffusivity of nucleate
islands,84,85 and sputtering of surface adatoms and modifi
tion of their diffusivity.86 It is not, as yet, easy to predict th
variation of nuclei density with incident ion parameters su
as energy and flux density, the depositing atom flux dens
or film parameters such as material type and temperat
Consequently, at present it is only possible to observe, qu
tatively, that an incubation time dependent on the syst
parameters is always likely to occur before grain reorien
tion processes will be observed, and this time should be s
tracted from experimental observation times when equati
such as~16!–~19! are employed for comparison with thes
measurements. Additionally, in order to make such comp
sons, it will be necessary to measure the mean colum
radiusR0 at the onset of columnar growth.

Although the above discussion has only been semiqua
tative because of imprecise knowledge of many of the
evant system parameters and processes, it still remains p
sible that, particularly for heavy ions and substrate atoms
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medium-energy ions in the 10–100 keV range where b
thermal spikes will be produced and where channeling fr
tions will be significant, and for lower-energy ions whe
surface-centered spikes will operate, the present ana
gives order-of-magnitude estimates of the tendencies
grain reorientation toward optimized channeling conditio
in the former case and a more rapid reorientation tow
grains of minimum surface free-energy density in the lat
It is therefore useful to compare the present approach w
both alternative models and experimental data although
will become apparent, in neither case is there a substa
and comprehensive data base.

It has already been indicated that the present estimate
the role of cylindrical-geometry thermal spikes in promoti
grain growth are essentially identical to those of Alexan
and Was.48 The essential difference in the determination
grain growth rates between the two approaches is the
sumption of volumetric free-energy density differences
tween grains in the present case and interfacial free energ
curved grain boundaries in the work of Ref. 13. The mag
tudes of the effective driving forces were shown to be sim
and so it is possible that both effects may operate simu
neously. It should be recognized, however, that Alexan
and Was implicitly assumed equal orientation of all grains
that, even in the absence of ion irradiation, there would be
tendency for the growth of low surface free-energy dens
grains at the expense of their surroundings. In the prese
of ion irradiation the present treatment has demonstrated
for low-energy ions this surface free-energy minimizati
mechanism can be augmented, while for higher-energy
volumetric free-energy density differences can also enha
grain growth rates but, importantly, the surface orientatio
of the grains will tend toward different planes in the tw
cases. Since common grain habit was assumed in their
proach, the Alexander and Was mechanism alone canno
employed to predict grain reorientation processes, only g
growth rates. However, their estimates of the influence
thermal spikes for higher-energy penetrating ions rem
valid and can be used, as in the current analysis, to determ
both grain growth and reorientation rates if the prese
grain-orientation-dependent, volume free-energy density
ference driving mechanism is employed. The same gen
approach is also valid for lower-energy ions but eith
spherical or hemispherical spike geometries should be u
It is interesting to observe that in Alexander and Wa
model the grain growth rate is predicted to be linearly d
pendent upon grain curvatureR21, whereas the presen
model, through Eqs.~8!, ~10!, ~16!, and ~17!, predicts no
dependence of growth and reorientation rates upon cu
ture. It may be observed that in the case of postdeposi
irradiation there is no longer a simultaneous growth proc
and, in the present model approximation, point defect s
ration will still occur when the depth-integrated defect pr
duction rate is balanced by the loss of defects at the rece
surface, i.e.,j a50 in Eq. ~3! but the sign of the termj iY is
reversed. Consequently, the point defect density and the
ferential volume free-energy density between grains will
come ion flux energy independent. Such flux density dep
dence of grain growth and reorientation rates will then o
result from the influence of thermal spikes. Experimen
evidence on the dependence on grain curvature is not
k
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clusive since, as Alexander and Was48 observe, this rate ha
been variously estimated to have a curvature depende
ranging from zero to between the second and third pow
and so no decision as to the more likely driving process
yet be reached for the case of postdeposition ion-irradiat
induced growth or reorientation of grains. However, it is po
sible that this range of exponents for the curvature dep
dence is indicative of the simultaneous operation of prim
and secondary recrystallization mechanisms. In both mo
approaches for this postdeposition system, an identical
pendence of growth upon ion flux density is predicted, as
dependencies uponFD and Q, so experimental variation o
any of these parameters and observations of changes in
growth rate alone will be unable to distinguish between
mechanisms, whereas observations of grain reorienta
rates will allow this distinction to be made.

The only other analytical approach to grain reorientat
resulting from ion assistance during deposition appears to
that of Bradley, Harper, and Smith,49 who assumed that the
deposition process continuously produced randomized m
rial but the channeling effect resulted in a lower sputter
yield for aligned material, so that material oriented with
the critical channeling angular range grew more rapidly th
that outside this range. The term ‘‘material’’ is used delibe
ately here, since the analysis was not concerned with
evolution of specific grains as in the present and other an
ses described above. Since the model assumes a compe
between randomization from the deposition process and
entational selection due to differential sputtering rates, it w
clear that the analysis should predict a time dependenc
the orientational selection and that, in general, complete
entation uniformity would not result. The orientational ord
at any time or deposited thickness, including the final ste
state, was found to increase with increasing ion-
depositing-atom arrival rate ratior, provided that net depo
sition still occurred and with the fraction of orientations f
which channeling was allowed. The steady-state degre
orientational order was determined to be a nonlinear func
of r and the relaxation time to approach this steady s
exhibited a peaked distribution as a function of increasingr.
The former prediction was in qualitative agreement with e
perimental studies by Yuet al.28,29 of azimuthal reordering
of Nb films deposited with 200 eV Ar1 ion assistance, but no
studies were available to confirm the latter prediction. T
steady state of incomplete orientational order is clearly d
ferent from the present analytical predictions, but it sho
be noted that under the low-energy ion irradiation conditio
used in the experimental work there could be a distinct p
sibility of competing surface migration effects, which cou
attempt to drive the system to the minimum surface fr
energy density configuration. This, in fact, will be genera
true even when high-energy ions are employed, since th
will always be an energy deposition in the near-surface
gion which can accelerate the tendency toward minim
surface free-energy geometry and compete with mechan
that drive the system toward optimum channeling geome

The nonlinearity of the behavior of orientational ord
with r is also predicted in the present work, but the expe
mental data available are insufficient to allow comparis
with either the present or the Bradley, Harper, and Smit49

predictions. Since their studies involved only differentials
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8388 PRB 62G. CARTER
sputtering yield as the cause of orientational reordering,
no influence of thermal spikes, there were no explicit dep
dencies on ion energy or substrate temperature involve
these predictions. Consequently, a possible way of eval
ing the merits of these approaches would be a system
study of grain reorientation rates as functions of these par
eters as well as more detailed investigation of the role of
ion-to-atom arrival rate ratio.

Turning now to comparison of the present models w
experimental work it is, unfortunately, the case that lit
structured investigation has so far been undertaken. As i
cated in the Introduction the ion-irradiation-induced gra
reorientation studies by Dobrev26 and Van Wyk and Smith27

led to the concepts of channeling-related defect produc
differentiation and thermal spike acceleration of grain reo
entation employed in the present analysis, but no signific
ion parameter or substrate temperature variation was un
taken nor were explicit measurements of reorientation ra
made with which to compare the present work. These stu
were undertaken with relatively high-energy ions in the te
of keV range, whereas the investigations by Yuet al.28,29

used much lower-energy ion irradiation. Similarly, low
energy studies of the ion-assisted deposition of Ag fil
were undertaken by Kay, Parmigiani, and Parrish,32 in which
it was observed that for films deposited without ion ass
tance the preferred texture was parallel to$111% planes, those
of minimum surface free-energy density. As the energy
deposited atom was increased there was, initially, an incre
in the presence of more open$200% planes, but for energie
per atom above 42 eV the fraction of these orientations
creased. Although the increasing fraction of low-ind
planes is consistent with the channeling-related effects
cussed here, and the initial increase in this fraction with
ergy per deposited atom is in qualitative agreement with
present analysis, the subsequent reduction in this fractio
not in accord with our analysis. However, the authors of R
32 note that the film thicknesses grown for different ion
sistance conditions vary and that as thickness increase
laxation of lattice strain, not considered in the present wo
may be influential.

Further low-energy studies have revealed2,87 that in the
deposition of Al on SiO2 in the presence of 2 keV Al1 ion
bombardment and a value ofr;0.01 an increased close
packed texture resulted, and more recent studies of the s
system but in which self-ions of Al were employed a
where both the ion energy andr were varied independentl
have been reported.88 In these studies the degree of$111%-
oriented texture increased continuously with increasing
energy up to 120 eV andr up to 0.68 for an ion energy of 34
eV. Subsequent studies of the self-ion-assisted depositio
Cu on Si and Ge substrates,89 however, showed an increase
tendency for the development of preferred$001% orienta-
tional texture when growth occurred on either@100#- or
@110#-oriented substrates. Despite lattice mismatch in s
cases there will be, of course, a tendency toward hetero
taxial growth. Neither of these studies is fully compatib
with the present analysis, and Kimet al.88 argued that, in the
low-energy ion range used in their work, a major factor w
the increased nucleation density and smaller island size
sulting from ion bombardment, and that ion impact onto su
incipient grains could induce their recrystallization towa
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more favored low surface free-energy density conditions.
some extent, therefore, this mechanism is not unlike the l
energy surface thermal-spike-mediated grain reorienta
process considered here, but operating even before colum
growth commences. In the case of Cu deposition, it w
suggested89 that a major effect of congruent ion irradiatio
was in the relaxation of misfit strain between the film a
substrate, again a process not included in this present
proach, and in addition as ion energy was increased to ab
about 50 eV thermal spike effects reduced the defect den
by enhancing defect annealing rates.

It is rather clear, from this brief summary of experimen
studies of preferred-orientation grain evolution with low
energy ion assistance, that the present approach is inc
plete and that, as indicated earlier, the early stages of ato
nucleation before columnar growth starts may be influent
together with consideration of the effects of misfit and
relaxation between film and substrate, in describing the
tial state of the columnar structure. Once this has develop
however, it is reasonable to believe that the current
proaches, even in the low-energy ion case, may become
creasingly applicable, and that investigations of all stage
texture evolution as films thicken would be advantageo
For higher ion energies, on the other hand, these early-s
processes may become of increased significance, and
present analysis can be considered as a step forward in
viding a theoretical justification of the concepts of volume
ric free-energy density minimization and the influence
thermal spikes.

VII. CONCLUSIONS

In summary, the study has developed a hierarchy of m
els to explain the tendencies of granular structures formed
ion-assisted atomic deposition of films to exhibit preferr
orientation texture. For low-energy ions it was suggested
thermal spike effects would enhance the isothermal proc
of driving the system to one of the lowest surface free-ene
density but, for higher-energy ions, differences in channel
fractions between differently oriented grains would lead
surviving defect densities and the ensuing tendency to m
mize volume free-energy density. It was shown that th
free-energy densities could, for reasonable experimental c
ditions, be comparable to other sources of free-energy d
sity, and that thermal spike processes could considerably
hance grain growth and reorientation rates. A methodolo
for predicting these reorientation rates was developed. It
also shown that a transition from low- to high-energy con
tions may occur at which the granular evolution chang
from surface- to volume-dominated effects and an estima
of the transition energy was made. In practical ter
thermal-spike-mediated effects are expected to be of gre
significance when medium energy and large ion and fi
atomic masses are used. Reorientation rates are predict
be nonlinearly dependent on the ion-to-atom arrival rate ra
and upon power-law functions of ion energy, and will i
crease with increasing channeling fraction and defect s
vival probability. Additionally, system temperature will be
decisive factor in determining the dominant reorientati
process, since increasing this temperature will enha
purely thermal processes relative to thermal spike effects
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reduce differential channeling fractions and defect survi
probabilities, with the result of enhancing the role of surfa
related processes. Qualitatively, therefore, it may be an
pated that channeling-related mechanisms may be domi
for higher-energy ions at lower temperatures. Unfortunat
g
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there is no currently available systematic experimental d
set with which to compare these predictions, and it is s
gested that such investigations would be valuable, in wh
the parameters identified here as being relevant are con
lably varied and the different reorientation regimes explor
pl.
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