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Grain growth commonly observed during heavy-ion irradiation of initially fine-grained (~ 100 A di-

ameter) thin films is modeled as a thermal-spike phenomenon in which temperature spikes caused by
ions and recoils induce atomic jumps across grain boundaries, promoting boundary migration. In ele-
mental and homogeneous alloy systems, in which grain growth is driven solely by the reduction of
boundary surface area, the model predicts that the ion-induced grain-boundary mobility is linearly pro-
portional to the quantity, FD/AH„h, in which FD is the ion and recoil energy deposited in elastic col-
lisions and b,H„h is the cohesive energy of the target. The model was evaluated with respect to data
from two previously published ion-induced grain-growth experiments on elemental and coevaporated al-

loy films. The results were consistent with the thermal-spike model. Combining analytical results of the
model with the experimental data it was possible to determine the value of the proportionality constant

P relating the cohesive energy to the activation energy Q for grain growth (Q = —PKH„hi. The value of
P for the coevaporated and elemental films, respectively, was 0.07 and 0.15, which is less than or about
equal to the value previously determined for the thermal-spike treatment of ion beam mixing

(P,M=0. 14). The smaller value of P determined for the coevaporated films is consistent with the idea
that atom migration across grain boundaries is easier than migration within the lattice. The thermal-

spike treatment was also applied to ion-induced grain growth in multilayer films. The presence of con-
centration gradients in these systems adds another driving force affecting grain growth. In addition, the
influence of the heat of mixing (hH;, ) on atomic mobility and boundary migration was incorporated in

the model via a Darken effect.

I. INTRODUCTION

Ion irradiation has been observed to induce nearly
athermal grain growth in thin polycrystalline metal,
semiconductor, and multilayer films. ' ' An example of
this process is illustrated in Fig. 1, which shows the effect
of 1.7 MeV Xe ion irradiation on the microstructure of a

0
400 A thick Pt-Ti multilayer film irradiated at room tem-
perature. ' The grain size is observed to increase from the
as-deposited average size of & 100 A to an average size of
1080 A, well in excess of the film thickness, after an ion
dose of 1X10' cm

The results shown in Fig. 1 are consistent with a num-
ber of investigations using bombarding ions ranging in
mass from light (e.g. , N) to heavy (e.g. , Xe) and with ion
energies ranging from a few tens of keV to a few MeV.
Irradiation is capable of inducing grain growth even at
low temperatures (e.g., liquid-nitrogen temperature)
where thermally activated processes are normally absent.
Grain size I. is characteristically observed to increase
monotonically with ion dose N typically showing a power
dependence of the form I. ~4' " with n varying such
that 1.0+n ~4.5. The uniformity of ion-induced grain
growth combined with the dose dependence on grain size
(or time dependence for a constant dose rate) are analo-
gous to grain-growth behavior observed in isothermal an-
nealing experiments. This suggests that the same driving
force is operative in both. The driving force most typi-
cally associated with normal thermally-induced grain
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FIG. 1. Example of ion-induced grain growth in Pt-Ti multi-
layer films irradiated with 1.7 MeV Xe ions at room tempera-
ture. {a) As-deposited, (b) 10' cm, (c) 10' cm, {d) 10'
cm
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growth is the system energy reduction resulting from the
decrease in grain boundary surface area.

The study of ion-induced grain growth is of interest for
a couple of reasons. The ability to control grain size
athermally in thin films using such a technique has
significant practical implications. For example in
micorelectronics, grain size is an important factor that
determines the electromigrative characteristics of thin-
film devices. The ability to increase grain size using ion
irradiation can avoid detrimental effects associated with
interdiffusion and phase formation that may accompany
thermal processing. In addition to such practical impli-
cations, the study of ion-induced grain growth should
provide further insight into the fundamental nature of
ion-solid interactions.

In this paper, following a review of existing models of
ion-induced grain growth, a model is presented that in-
corporates the irradiation effect concept of thermal
spikes. This model is then evaluated with respect to pre-
vious experimental data from irradiated single phase and
multilayer films in order to evaluate its validity.

II. BACKGROUND

The importance of ion-induced grain-growth
phenomenon, as described above, has led to a number of
studies performed over the past 10 years. Systematic ir-
radiation experiments have been conducted to examine
the effect of ion mass, ion energy, dose, dose rate, temper-
ature, and material properties on ion-induced grain
growth. In spite of these studies, a complete understand-
ing of the phenomena is still lacking. An important goal
of these experiments has been to correlate the damage
effects of irradiation with the observations of ion-induced
grain growth. In attempting such, it is instructive to
briefIy review the displacement processes that occur dur-
ing ion irradiation. '

When an energetic ion penetrates a crystalline solid,
displacements of lattice atoms can occur as a result of
elastic collisions. These displaced atoms, or recoils, in
turn cause further displacements. The resulting cascade
develops very quickly, on the order of 10 ' sec, and this
collisional phase of the cascade ends when the recoil
atoms or ion no longer possess sufficient kinetic energy to
cause further displacements in the lattice. The interac-
tions in the collisional phase are accurately described by
a series of binary collision interactions. The initial phase
is followed by a relaxation phase, again on the order of
10 ' sec, in which a fraction of displaced atoms and va-
cancies can recombine. Finally, the kinetic energy of the
remaining recoiling atoms is thermalized within the lat-
tice. The mean free path between ion or recoil interac-
tions with lattice atoms is on the order of the interatomic
spacing. Interactions are no longer adequately described
by binary collisions but rather are many body in nature.
This latter phase, lasting on the order of 10 " sec, is
termed the "thermal-spike" phase and further short-
range atomic motion may be induced by thermal agita-
tion within the local volume of the spike.

As outlined above, irradiation damage may result from

atomic displacements induced during both the binary col-
lision phase and the thermal-spike phase. One of the im-
portant questions that emerge in understanding ion-
induced grain growth, is the relative importance of each
of these phases to the grain-boundary migration process.
In the displacernent or collisional phase, the important
parameters determining defect production are the mass
and the atomic number of the ion and target along with
the target density and the displacement energy. The
Monte Carlo program TRIM' models the interactions in
the displacement phase and can be used to calculate the
energy deposited in elastic collisions, FD. A certain frac-
tion of this energy goes into producing Nd Frenkel de-
fects per incident ion. Unlike the high-energy collisional
phase, the average kinetic energy during the thermal
spike phase is low (~ 1 eV) and hence atom migration
and defect production is strongly affected by material re-
lated thermochemical quantities (e.g. , cohesive energy,
AH„„),which are of a similar magnitude. The many-
bodied nature of interactions in this phase precludes a
simple determination of defect production as is possible
in the displacement phase. The complexity requires ei-
ther molecular-dynamic simulations or the use of simpli-
fying assumptions in order to address the situation
analytically.

Previously, Atwater, Thompson, and Smith ' suggest-
ed that the ion-induced grain-growth process is collision-
al in nature and proposed a transition-state model in
which defects produced on or near grain boundaries con-
tribute to grain-boundary migration. Grain growth is
modeled as a bimolecular process consisting of vacant
site formation on one side of a grain boundary followed
by atom migration across the boundary to the vacant site.
Two possible scenarios are conceived. The first involves
vacant site formation induced by ion bombardment fol-
lowed by thermally-induced atom migration to the vacant
site. The second involves a collision-induced interstitial
migrating to a collision-induced vacant site. In either
case, the resulting analysis predicts that the ion-induced
grain-boundary mobility M;,„should be proportional to
the defect generation rate. Alternatively, since a linear
dependence exists between the defects produced per ion
with the energy deposited in elastic collisions, the Atwa-
ter relationship may be expressed as a first-order depen-
dence on FL„

M;,„=C,FD,

where C& is a constant.
While the Atwater, Thompson, and Smith model is

successful in describing observations in irradiated Si, Ge,
and Au films, more recent experiments suggest that dis-
placement phenomena alone are inadequate for describ-
ing ion-induced grain growth. For example, Li, Liu, and
Mayer observed large differences in grain growth among
irradiated Pt and Au films, despite the fact that their
similar masses and displacement energies suggested that
they should have the same collisional behavior (same FD).
Liu, ' Liu and Mayer' and Alexander, Was, and Rehn'
observed variations in grain-growth rates that scaled with
the cohesive energy, AH„h, of the targets, indicating that
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FD
ion C2

AH„h
(2)

material parameters, in addition to collisional related ma-
terial properties, are also important.

These observations led Liu ' and Liu, Li and Mayer to
suggest that ion-induced grain growth is a thermal-spike
phenomenon. As described above, during the thermal-
spike phase of a cascade, the remaining kinetic energy of
the recoils is thermalized in the lattice. This results in
the formation of temperature spikes in small localized re-
gions of the 1attice. If the spikes occur on or near a grain
boundary, atoms can be thermally activated to jump
across the boundary. If a net number of atoms jumps
occur in one direction, the boundary migrates in the op-
posite direction.

Liu ' proposed that the ion-induced grain-boundary
mobility in the temperature-independent regime is pro-
portional to a thermal-spike parameter relating the num-
ber of atom jumps induced per unit length by a thermal
spike. Using Vineyard's analysis, the mobility may
therefore be expressed as,

mal grain growth, migration is assumed to occur by
thermally activated atom jumps across a boundary. The
driving force for this process is proportional to the
grain-boundary curvature, the reduction of which results
in an overall decrease in grain-boundary area. As illus-
trated in Fig. 2, due to the radius of curvature in the
boundary, a free-energy difference exists across the
boundary. Under conditions of thermal agitation, the
atoms of grain I wi11 be activated to jump across the
boundary to an available vacant site at the boundary of
grain II. In doing so, a finite free-energy decrease, Ap, is
realized. As atoms jump from grain I to grain II, the
boundary moves in toward its center of curvature.

The thermal-spike approach proposes that the heat cy-
lindrical spikes produced during heavy-ion irradiation in-
duce the atom jumps across grain boundaries. In order
to apply thermal-spike concepts, it is necessary to derive
a parameter q defined as the number of atom jumps
across a grain boundary induced per unit length of spike
per spike. With this parameter, macroscopic grain
growth can then be related by the following argument as-
suming that one ion produces one thermal spike at each

where C2 is a constant. Hence the thermal-spike ap-
proach predicts a different dependence on FD than the
displacement model of Atwater, Thompson, and Smith
[Eq. (1)]. Furthermore, it is noted that the nature of the
target is incorporated by the presence of the cohesive en-
ergy term in Eq. (2).

The proposed thermal-spike approach of Liu, offers
considerable potential for describing the ion-induced
grain-growth phenomenon. This is particularly true for
heavy-ion irradiation in which atomic transport, for ex-
ample during ion-beam mixing, has been previously
shown to be dominated by such spike effects. However,
the correlation of the grain-boundary mobility with
thermal-spike efFects, represented by Eq. (2), results
essentially from qualitative arguments. This is in con-
trast to the more extensive theoretical treatment of the
displacernent model presented in Ref. 7. In this paper, a
complete treatment of thermal-spike grain-growth theory
is provided. In addition to grain growth in homogene-
ous, single phase films, the model is developed to describe
ion-induced grain growth in multilayer systems. Follow-
ing the model development, the results are evaluated with
respect to data from previous experiments.

(a)

Grain II Grain I

III. Thermal-Spike Model Development

Derivation of the model requires relating the atomistic
displacement effects of thermal spikes with measurable
macroscopic quantities of grain growth. To this end, an
atomistic model of grain-boundary migration is used.
The velocity dL/dt of an isolated boundary in one di-
mension can be described by,

dL ~(j

dt Bx

~I
I

I

I

Distance

I )k

I gp,
I

where M is defined as the grain-boundary mobility, and
the gradient in the chemical potential Bp/Bx is the driv-
ing force associated with the boundary motion. For nor-

FIG. 2. (a) Schematic of atomistic grain-growth process. (b)
Free energy across the boundary pictured in (a). 6, grain-
boundary width, Q, activation energy for grain growth; b,p,
chemical-potential difference across the grain boundary.
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grain boundary through which the ion passes. After a
dose, N, of ions the total number of jumps induced by
thermal spikes per unit volume of material is gN. The
total number of jumps per atom is g4/p, where p is the
atomic density. In the vicinity of a grain boundary, these
atom jumps, when biased preferentially in one direction,
displace the boundary by a distance 6, where 6 is equal to
the boundary width. After an increment of dose AN, the
distance a grain boundary migrates is b,L =gM, 4/p.
Therefore, presuming a constant ion dose rate N, the
grain-growth rate is expressed as

dL q64
dt p

(4)

Thus, Eq. (4) relates the irradiation effects of thermal
spikes (g) with macroscopic grain growth. The key there-
fore is to derive the parameter g and this will be done fol-
lowing the analytical treatment of Vineyard.

A cylindrical thermal spike is assumed to be induced
from the energy deposited by an ion or recoil penetrating
a crystalline lattice. The ion or recoil instantaneously de-
posits energy in the lattice at a constant specified linear
energy loss, FD, (energy per unit length deposited in elas-
tic collisions) and the subsequent dissipation of this ener-

gy results in the creation of a temperature distribution in
a small localized cylindrical volume. An analytical ex-
pression for the temperature distribution T(s, t) resulting
from the energy deposition can be obtained by solving the
heat conduction equation, in cylindrical geometry, con-
sidering at time t =0 an initial distribution of deposited
energy as FD5 (s) where 5 (s) is the two-dimensional del-
ta function with s the radial distance from the cylinder
axis. Vineyard solved this equation by assuming a simple
power-law dependence for the thermal conductivity K and
heat capacity c on temperature such that K=K0T ' and
c = co TI' '

(p ~ 1). The solution obtained was

PFD
T(s, t) =

(
4~K0t

1/p
2cp s /4p Kp t

e (5)

where t is the time, K0 and c0 are the ambient values of
the thermal conductivity and the heat capacity, respec-
tively.

Vineyard used the temperature distribution given in
Eq. (5) to determine g for the case in which atomic jumps
in a material have a directionally random, Arrhenius be-
havior of the form,

rand (6)

where R„„zis the atomic jump rate per unit volume, Q is
the activation energy for jumping, k is Boltzmann s con-
stant, and 2 is a constant independent of temperature.
Under these conditions, g„„dis found by substituting
T= T(s, t) from Eq. (5) into Eq. (6) and integrating the re-
sulting expression over the volume and duration of the
spike:

g„„~=f 2vrs ds f R„„~(s,t)dt . (7)
0 0

This integration is simplified by a change of variables
and the solution using the temperature distribution given

in Eq. (5) is

g+2P3 k
P

9rand
Smiroco Q

I (2p),

where I (2p) is the gamma function with argument 2p.
Vineyard's result [Eq. (8)] was based on the assumption

of random atomic migration. However, as discussed ear-
lier, atom migration in the vicinity of a curved grain
boundary is biased and, therefore, a more generalized
form of the atom jump rate density, R (s, t), must be de-
rived, which accounts for the presence of a biasing driv-
ing force.

Using the reaction rate arguments, R =R(s, t), in the
presence of a biasing driving force, is first obtained for a
steady-state, uniform temperature typical of an iso-
thermal annealing experiment. Figure 2(b) illustrates the
free energy for atoms located at different sites labeled I
and II. Site II is at a slightly lower free energy than site I
and as a result, a potential gradient exists, which may be
approximated by Ap/5. Under conditions of thermal
agitation at a constant temperature T, there will be a net
transfer of atoms from I to II as a result of the potential
gradient and the net transfer rate v„„is

e
—Q/kT( 1

—EPlkT)
+net 0 (9)

0~ I —Q/kT
k

kT
(10)

The general procedure will now be to substitute the ap-
propriate expression for hp due to a specific driving force
into Eq. (10) and then determine q by integrating over
volume and duration of the spike. The resulting expres-
sion for g will thus include the effect of the driving force
on atom migration within the thermal spike. g is then re-
lated to macroscopic grain-boundary migration through
Eq. (4). In the discussion that follows, two driving forces
are of particular interest: grain-boundary curvature and
concentration gradients.

A. The effect of a grain-boundary curvature
chemical-potential gradient

Normal grain growth in single phase systems is be-
lieved to be driven by the reduction in grain-boundary
surface area or conversely, the reduction in grain-
boundary curvature. The effect of this driving force on
ion-induced grain growth is now determined by deriving

g 0

where k0 is a frequency factor. This rate expression is in-
dependent of the origin of the chemical-potential
difference, b,p. Equation (9) is further simplified by as-

suming that hp (&kT. This is a valid assumption for the
present work, since the average kinetic energy typically
associated with atoms in thermal spikes is estimated at
kT =1 eV. Typical boundary curvature driving forces
are on the order Ap &0.05 eV for grain sizes (100 A.
Using this assumption, the exponential term in
parentheses may be approximated by a series expansion
and after multiplying by the atomic density p, the atom
jump rate density R is



47 THERMAL-SPIKE TREATMENT OF ION-INDUCED GRAIN. . . 2987

4koyQpR=
kTL

e (12)

The expression for g is then obtained by substituting the
temperature distribution given by Eq. (5) into Eq. (12)
and integrating over the volume and duration of the
spike,

4kpynp e
—Q~kT(~ f)

2ms ds dt .
0 0 kL T(s t)

(13)

For the purpose of determining g, the grain size L is as-
sumed to be constant during the very short (-10 " sec)
lifetime of the thermal spike. Using a change of vari-
ables, the integration yields,

oy n]ok'FD
71=

irxocoLQ
(14)

The chemical-potential difference resulting from
boundary curvature is given by the Gibbs-Thompson ex-
pression,

V

L

where y is the surface energy, 0 is the atomic volume,
and L is the average grain diameter (or size). Substituting
this into Eq. (10) yields the net rate per unit volume of
atom migration across a curved boundary in a material
characterized by a uniform temperature T,

Since AH„h(0 the ion-induced mobility M;,„&0.

B. The combined effect of curvature
and concentration chemical-potential gradients

Grain growth is also a common observation during
ion-beam mixing of multilayers. In addition to the effect
of a boundary curvature chemical-potential gradient,
concentration gradients in these films can affect boundary
migration. A Darken effect may be present that
enhances or inhibits atomic migration in the concentra-
tion gradient hence affecting the mobility of boundaries
located within the gradient. This effect on atomic mobili-
ty has been previously used to model interdiffusion dur-
ing ion-beam mixing. In that approach, variations in
the intermixing rates are observed to correlate with the
magnitude and sign of the thermochemical quantity, the
heat of mixing (b H;„).A similar approach may be used
here to address the effect of concentration gradients on
grain growth, which in turn can be used to determine the
combined effect of the two driving forces on boundary
migration during irradiation.

The one-dimensional nature of the concentration gra-
dients in multilayer films (i.e. , parallel to the film normal)
restricts the effect of the concentration driving force to
only those boundaries with a component of migration
parallel to the gradient. Figure 3(a) illustrates a geometry
for which the effect of this driving force is most pro-

where p, the exponent used to scale the temperature
dependence of the thermal conductivity and heat capaci-
ty, has been set equal to 1 for lack of a better understand-
ing of the temperature environment within a thermal
spike.

Equation (14) is further modified by assuming that the
activation energy scales with the cohesive energy accord-
ing to,

(a)

Grain II
A rich

Grain I
8 rich

g = phH„h, — (15)

where p is a positive constant, i) becomes

kpyQpk FD

mwocoL p b,H „h (16)

This expression for g is different from that used previous-
ly by Liu in the description of ion-induced grain growth
[see Eq. (2)]. Liu assumed i) proportional to FD/EH„h
whereas the more complete derivation given above shows
that il is proportional to FD lb, H,».

The grain-growth rate is determined by substituting
Eq. (16) into Eq. (4),

dL kp y 06C'k FD 1

vr~ocoP bH„h L (17)

The ion-induced grain-boundary mobility, M;,„,may be
found by rewriting Eq. (17) in the form of Eq. (3). Using
Eq. (11) for the gradient term, M;,„becomes

(b)

A atoms

B atoms

~conc(A)

~curv(A)

Qs

~conc(B)
fk

~curv(B)

k5k+ F
4nwocoP hH „h

FIG. 3. (a) Schematic of atomistic grain-growth process in
the presence of a concentration gradient. (b) Free energy of A

and 8 atoms across the grain boundary pictured in (a).
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nounced; the direction of boundary curvature and the
concentration gradients are parallel. The grain-boundary
migration rate is defined as positive when the boundary
moves to the right toward the B component. The direc-
tion of the boundary curvature with respect to the con-
centration gradient however is not arbitrary. In order for
the concentration effect to occur as modeled here there
must be a specific orientation relationship. If the direc-
tion is random, no net effect due to concentration gra-
dients would be observed on grain growth.

Using the one-dimensional geometry as defined in Fig.
3(a), the presence of concentration gradients give rise to
chemical-potential gradients in addition to those associat-
ed with boundary curvature. In the case of a regular
solution, the chemical-potential difference across the

I

grain boundary of the ith component is approximated
b 23 24

Ap;=kT 1—26H;, '

Ap;

kT p;
(19)

where b,H;„is the heat of mixing, and hp; is the change
in the atomic concentration across the grain boundary of
the ith component.

Using the Gibbs- Thompson chemical-potential
difference [Eq. (11)]combined with that given in Eq. (19),
it is possible to derive the total thermal-spike parameter
gToT that is the sum of the combined effects of concentra-
tion (g„„,) and boundary curvature (q') gradients [Eqs.
(A13)—(A15)],

fA
3

~Hcoh( A)

kopk FD bpB fB
Qconc 2 2

7TKPcoP PB 86Hcoh(B)

koy Qpk FD +
1TKpC pLP

4 hH;„1+——
~Hoch(B)

fB
3~H coh(B)

hpa fa 4 bH;„1+—
pA 8~Hoch( g) ~ coh( A)

(20)

(21)

kopk FD
Itot 2')rKoCoP

4 AH;,1+—
~Hoch(B)

~pB fB
8~H coh(B)

2

yA fa fB
~Hcoh( A) ~ coh(B)L

~p~ f~
8~Hcoh( A)

2

4 hH;„1+—
~Hcoh( A)

(22)

where the subscripts A, B denote the binary atomic com-
ponents of the multilayer film. f~ B are the atom frac-
tions of components 3 and B, respectively.

The expression for qTor given by Eq. (22) is substituted
in Eq. (4) to obtain the one-dimensional equation of
motion for a grain boundary in a concentration gradient.
Unlike the previous case for which the sole driving force
was grain-boundary curvature, the position and time
dependence of qroT (as determined by the concentration
terms p, , bp;) precludes a simple analytical derivation of
an ion-induced mobility. Instead, an iterative approach
is required to analyze the grain-growth rate of an isolated
boundary coupled with the solution of the diffusion equa-
tion to determine the proper form of the concentration
gradient. A complete analysis is thus more complex and
involves an interplay between ion mixing (interdiffusion,
changes in the concentration gradient) and boundary mi-
gration (position in the concentration gradient).

It is observed from Eq. (22), when the cohesive energies
of the two components are equal, the concentration gra-
dient contribution [Eq. (20)] of groT cancels out and the
result reduces essentially to that obtained previously for
the sole driving force due to boundary curvature [Eq.
(18)]. Since the activation energies for diffusion scale
with the cohesive energies (i.e., Q = phH„h), this resu—lt
indicates that no net Aux of atoms diffuse across the
boundary. As modeled, concentration gradients will
affect grain growth only if there is a net flux of atoms
across the boundary as a result of unequal activation en-
ergies for diffusion.

IV. MODEL APPLICATION TO EXPERIMENTAL
RESULTS

A. Single phase, elemental, and coevaporated films

The thermal-spike model developed for the sole effect
of boundary curvature predicts a linear dependence of
the ion-induced grain-boundary mobility on the parame-
ter FD/AH„h [see Eq. (18)]. This dependence can be
evaluated with respect to experimental grain-growth data
obtained previously for single phase, elemental, and co-
evaporated alloy fihns. Table I lists experiments per-
formed on films of this type in which grain size L was
measured as a function of ion dose 4 for a variety of
ion/target combinations.

A fundamental difhculty encountered in comparing re-
sults from the experiments listed in Table I is the
differences in grain-size measurement techniques applied.
The variety of techniques used results from the difficulty
in applying standard grain-size measurement techniques
(e.g. , intercept methods) to irradiated thin-film micro-
structures. Tests of linearity predicted by Eq. (18) must
therefore be restricted to data from a specific experiment
rather than attempting to interpret the data from all ex-
periments collectively.

Two criteria were addressed in selecting experiments
from Table I for analysis. First, only those experiments
involving heavy ions were examined, since these were ex-
pected to produce the cylindrical thermal-spike effects
modeled. Second, of those remaining only those consist-
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TABLE I. Summary of ion/target combinations used in pre-
vious systematic ion-induced grain-growth experiments of single
phase metallic films.

Film
( —at. %)

Pt-15 Ti
Pt-15 U
Ni-23 Al
Pt-17 Ni
Au-10 Co
Au
pt
Ni
Ni
Ni
Pd
Pd
Pd
Cu
Co
Ni
V
Cr
T1
Au
Au
Ni
Ni
Ni
Au
Ag
Cu

Ion

Xe
Xe
Xe
Xe
Xe
Ar
Ar
Xe
Kr
Ar
Xe
Ar
Ne
Ar
Xe
Xe
Xe
Xe
Xe
Xe
Kr
Bi
Ag
p
N
N
N

Energy
(keV)

1700
1700
1700
1700
1700
200
200
560
310
240
560
185
100
200
600
600
600
600
600
200
200

100—200
40-130

a
80
80
80

Reference

1

1

1

1

1

2
2
3
3
3
4
4
4
5
6
6
6
6
6
7
7
10

10,11
13
14
14
14

'Ion energy not indicated in reference.

ing of greater than two ion/target combinations were
considered. This latter criteria was necessary because, as
described above, the linearity predicted by the thermal-
spike model must be tested within a given experimental
data set, requiring more than two data points. These cri-
teria are satisfied by the experiments performed in Refs.

1, 6, 10, and 11 (see Table I). However, the lower ion en-
ergies used in the experiments involving Ag- and Bi-
irradiated Ni films' '" resulted in substantial incorpora-
tion of the irradiating species in the films. This alloying
was expected to significantly affect mobility and therefore
these experiments were not analyzed. Thus the Xe-
irradiated coevaporated films of Ref. 1 and the Xe-
irradiated elemental films of Ref. 6 were chosen for
analysis.

Evaluation of the model required determining FD and
b H„hvalues for the various ion energy/target combina-
tions and also deriving values of M;,

„

from the experi-
mental grain-growth data. Since the experiments de-
scribed in Ref. 6 did not contain dose-rate information, it
was necessary to use a dose-rate-normalized mobility
quantity, M; „/N, instead of simply M;,„.Values of Fz
were obtained from TRIM v.5.5 calculations' in which
1000 histories were run under full cascade conditions
with disp1acement energies set equal to 25 eV and binding
energies set equal to 2 eV. The FD values quoted in Table
II represent the total ion and recoil energy deposited in
elastic collisions. Values for cohesive energy found in
Table II were taken from Ref. 27.

Experimentally derived values of the normalized mo-
bility, M;,„/4,were obtained using the following pro-
cedure. Grain size L versus ion dose N data was fit ac-
cording to the expression,

L"—LO=E4, (23)

with Lo the measured initial grain size, n the best-fit
growth exponent, and E a best-fit constant. This expres-
sion is analogous to that used to describe the kinetics of
isothermal normal grain growth with time t replacing ion
dose N. The data was fit over the entire dose range ex-
amined in the experiments: 0—3X10' cm for the co-
evaporated films' and 0—7.5X10' cm for the elemen-
tal films. The resulting fit parameters for the experi-
ments are found in Table II. Equation (23) was then
differentiated with respect to 4 to obtain an expression
for dL/d4,

TABLE II. Parameters used in analysis of ion-induced grain-growth experimental data from single phase films.

Film

( —at%)

Energy

(keV)-Ion Ref. (eV) (ev/A)

L"—Lo =E4
Fit parameters

(A "cm )

p2

aII,'.
„

1

A2eV

~ion

0 4

X 10
eV

Pt-15 Ti
Pt-15 V
Ni-23 Al
Pt-17 Ni
Au-10 Co
Co
Ni
V
Cr
T1

1700-Xe
1700-Xe
1700-Xe
1700-Xe
1700-Xe
600-Xe
600-Xe
600-Xe
600-Xe
600-Xe

6.21
6.04
4.43
5.63
3.83
4.39
4.44
5.31
4.10
4.85

425
415
355
455
400
455
485
324
382
230

9.66X
1.11X
1.61X
1.62 X
8.55 X
3.04X
1.40 X
8.35 X
1.43 X
3.74 X

1O-"
1O-'
1O-'
10
1O-'
1O-'
10

—9

10
10
1O-'

2.4
2.8
3.2
2.8
3.6
4.5
2.8
4.2
3.5
3.8

754
785

1450
1160
2847
2447
2687

701
2117

464

0.88
1.56
0.46
1.78
5.24
0.57
0.19
0.18
0.12
0.08

0.07

0.15
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(~@+In )( 1ln) —I

d@ n
(24)

5 8, Cl

A, b, 600

Using the fit parameters, the normalized mobility was
then found from the slope of dL, /d 4 values versus
Bp/Bx = —4yQ/6I. values evaluated over a range of ion
dose. For this portion of the analysis, doses were restrict-
ed such that @~ 10' cm in order to avoid contributing
data from very small grain sizes. The spike-activated
grain-growth process, as described above, is not likely to
provide a valid description for the very small grain-size
regime in which the dimensions of disorder induced by
thermal spikes are greater than or equal to the size of the
grains.

It is notable that when n =2, Eq. (23) is the integrated
result of Eq. (3) using the Gibbs-Thompson driving force.
However, the growth exponent n has been experimentally
observed to vary in the range from 1.0~n ~4.5. In the
analogous case of thermal grain growth, it has been
shown that n )2 can result if an inhibiting driving force
independent of grain size is present. In such a case, Eq.
(3) is simply modified by the addition of a constant term
opposing the Gibbs-Thompson driving force. The above
analysis used to extract the normalized boundary mobili-
ty is independent of such constant and therefore remains
valid.

Figure 4 shows the results of the analysis, as applied to
the two sets of experimental data. Least-squared linear
fits were determined for each experiment excluding the
Ni-Al and Ni data from the coevaporated and elemental
data sets respectively. In the Ni-Al samples, ' irradiation
induced the formation of a hexagonal close-packed (HCP)
phase in addition to the face-centered-cubic phase. Al-
though not explicitly detailed in Ref. 6, elemental Ni
was also previously observed to transform to HCP during
heavy-ion irradiation. The presence of two phases may
have lowered grain-boundary mobility in these samples
and therefore they were excluded from the linear fits.

Examination of the thermal-spike analysis results
shown in Fig. 4 support the linearity predicted by Eq.

(18). However, the linear fit for the coevaporated data
(r =0.99) is considerably better than the elemental data
(r =0.68). The trend is that larger values of FD/b, H, h

result in larger values of normalized mobility. The
difference in the slopes of these lines is believed attribut-
able to the different grain-size measurement techniques
used as discussed above.

The thermal-spike analysis results may be used to
determine the value of the constant P used to scale the ac-
tivation energy for grain growth within the thermal spike
with the cohesive energy [Eq. (15)]. A comparison can
then be made with ion-beam mixing, in which a similar
thermal-spike approach has been successfully applied to
describe variations in ion-beam mixing rates observed
among bilayer thin films. The ion-beam mixing model
also scales the activation energy for atom migration with
the average alloy cohesive energy, Q= /3, MbH—„„,with
/3, M the scaling constant for ion mixing (IM). The slope,
m', determined from the plot of the normalized mobili-
ties, M~,„/@,versus the parameter FD/b, H„hshown in
Fig. 4 can be used to find /3 for the two sets of data.
From Eq. (18), /3 is expressed as

k 5k
(25)

4~~ocom'

Values for the constants in the parentheses may be es-
timated and are given in Table III. Because of uncertain-
ty of the environment within a thermal spike, average,
generic values were chosen for the material constants: 6,
fI kp 7 Kp and cp. The resulting values are /3= 0.07
(coevaporated films, Ref. 1) and /3=0. 15 (elemental films,
Ref. 6). These values are less than or about equal to the
constant determined previously for ion-beam mixing ex-
periments, /3iM=0. 14. The fact that /3 is only a factor
1 —2 different from P,M is quite remarkable, since the two
parameters were obtained from experimental data exam-
ining different phenomena (mixing versus grain growth).
Furthermore the smaller value of /3 for the coevaporated
data is consistent with the idea that atomic diffusion
across grain boundaries is easier, having a lower activa-
tion energy, than diffusion within the lattice.

The thermal-spike analysis results from Fig. 4 may be
further compared with those predicted by the collisional
model of Atwater, Thompson, and Smith Their model
identifies two bimolecular processes involving collision-

o4 1
Minn l ip6 A

C
&

eV~'

2

Pt-Ti

Ni-Al
CI

Co

~ Cr Constant Value

TABLE III. Values of constants used in thermal-spike
analysis. Material constants represent average, generic values
applicable to all the targets.

F2

hHcoh iA' eV

3000

FIG. 4. Experimentally derived values of the normalized mo-
bility M;,„/4,as a function of the parameter, FD /hH, ',h from a
thermal-spike analysis of experimental ion-induced grain-
growth data from elemental and coevaporated alloy films. Open
symbols represent data excluded from least-squares linear fits.

k0
6

Ed
r
0
Cp

Kp

3X10" sec
5 A

25 eV
3 X 10' eV cm

15 A
1.3X 10' eV K ' cm

63X10 eVcm 'K 'sec
8.62 X 10 eV K
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induced defects and their subsequent thermal migration
across grain boundaries. The first of these, a collision-
induced vacant site and subsequent atom migration to the
vacant site, may be treated in a straightforward manner
to yield an analytical expression for the ion-induced mo-
bility. Assuming a modified Kinchin-Pease expression
for defect production per ion, per unit depth of the form
Xd =0.8(FD/2Ed ) the ion-induced mobility is expressed
as

0.8k05 4Q~ gM;„= e ' FD,
d T (26)

where Ed is the displacement energy, Q„ is the vacancy
migration enthalpy, and ~ is the vacancy-interstitial pair
lifetime. In contrast to Eq. (18), this expression predicts
that the normalized mobility should increase linearly
with increasing FD. Figure 5 shows the normalized mo-
bility as a function of FD alone for the same experiments
as shown in Fig. 4. %'hile a linear dependence does exist
for the elemental data, it is notably absent in the coeva-
porated data. Films in this latter data set were expected
to behave collisionally the same (similar FD and displace-
ment energies) but clearly there are large variations in
mobility among them.

The slope m" from the elemental film data in Fig. 5
may be combined with Eq. (26) to determine the
vacancy-interstitial lifetime required to account for the
observed ion-induced mobility,

Ed kTm" g /I T7= e
0.8k 6 Q

(27)

5

4

o41
10~ — 3

eV

R, Q 1700 keV Xe (Ref. [1])

600 keV Xe (Ref. [6])

Au-Co

Pt-V
Pt-Ni

Ni-Al
Q

Pt-Tt g Co
Ni

This expression is evaluated at T=77 K (temperature at
which the experiments in Ref. 6 were performed) using
the constants given in Table III. The vacancy migration
enthalpy is approximated by Q„=O.15 eV, which is in
the range of activation energies determined from previous
ion-induced grain-growth experiments. ' The resulting
value of ~=1.8X10 sec is unrealistically larger. This
result is consistent with the idea that migration of defects

is extremely limited at this temperature as expected. Un-
like the thermal-spike model, the model of Atwater,
Thompson, and Smith with its required thermally-
induced migration of collision-induced defects, cannot ac-
count for grain growth in low-temperature experiments.

The above discussion does not unambiguously identify
the mechanism of ion-induced grain growth. The
thermal-spike description demonstrates consistency with
available experimental data that is unmatched by the pre-
viously proposed collisional model of Atwater, Thomp-
son, and Smith. However, this comparison of limited
data does not exclude the possible existence of a more ap-
propriate collisional description, or some entirely
different mechanism, which may account for the linear
dependence exhibited by the normalized mobility data
from Ref. 6 on FD (see Fig. 5). It is important to note,
though, a possible concern with these samples may be the
reactive nature, with respect to oxidation, of most of the
films used in the Ref. 6 study. The formation of oxide
during film deposition or during irradiation might well be
expected to affect the mobility of grain boundaries,
through substantial alterations in FD or cohesive ener-
gies. It is further noted that these elements span a
variety of crystal structures, suggesting that the grain-
growth process may be correlated to structure. In light
of such concerns and the limited availability of existing
data additional experiments are necessary to elaborate
the issue of thermal spike versus other mechanisms of
ion-induced grain growth.

Clearly, the thermal-spike model as presented
represents a highly idealized picture of how heavy-ion ir-
radiation affects grain growth in single phase systems.
However, it does permit an analytical treatment of the
grain-growth process in the temperature-independent re-
gime. The model does not take into account the nature
of the cascade structure, which may reasonably be ex-
pected to vary considerably among different ion/target
combinations and in turn lead to varying grain-growth
behavior. Also, the model does not account for the weak
temperature dependence observed in certain ion-induced
grain-growth experiments. ' This and the previous mod-
els ' ' ignore the possible effects presented by the film
morphology. The large amounts of surface area present
in all the thin-film samples studied represent potential
sources and sinks for defects produced during irradiation
and may indeed impact on the ion-induced grain-growth
process in thin films. In spite of these concerns, the
thermal-spike approach does provide a framework in
which to incorporate material properties (i.e., bH„h)
aside from those associated strictly with collisional
effects. As demonstrated above, it is thus possible to ac-
count for different grain-growth behavior observed in col-
lisionally similar systems.

B. Multilayer 6lms

FIG. 5. Experimentally derived values of the normalized mo-
bility M;,„/@,as a function of the collisional parameter I'D for
the same experiments as displayed in Fig. 4. Open symbols
represent data excluded from least-squares linear fits.

Experiments investigating ion-induced grain growth
have typically been of the type described in the last sec-
tion. Average grain size is determined from plan view
TEM images of a thin-film microstructure as a function
of ion dose. Grain boundaries are observed to migrate
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substantial distances (hundreds of angstroms) during ion
doses extending to 10' cm . Such studies have focused
on single-phase, elemental films. Systematic studies of
grain growth during ion-beam mixing are limited to work
performed by Alexander, Was, and Rehn' in which grain
growth in multilayer and coevaporated alloy films was ex-
amined. However, as described below, this experiment or
more generally experiments of this type, are inadequate
for evaluating the thermal-spike model as developed in
Sec. III B.

The details of the experiment performed by Alexander,
Was, and Rehn are given in Ref. 1. BrieAy, 400-A thick
alloy films were evaporated in multilayer and coevaporat-
ed form with an average composition of about
A —20at. % B with A =Au, Pt, Ni and B =Co, Ti, V,
Ni, and Al. Multilayers consisted of alternating layers of
50—60-A thick 3-element layers and 10—20-A thick 8-
element layers. Grain size versus ion dose data was ob-
tained for the films irradiated at room temperature with
1.7 MeV Xe in the HVEM/Tandem facility at Argonne
National Laboratory. '

The results of this experiment indicated that the heat
of mixing (AH, ,) in the multilayers influenced grain-
growth rates relative to rates in the coevaporated films.
As described in an earlier section, a thermal-spike model
may be used to describe such a phenomenon in which an
effect due to the heat of mixing is incorporated via a
Darken effect. However, the present experiments were
inappropriate for evaluating the modeled heat of mixing
effect.

Application of the thermal-spike model required cer-
tain assumptions regarding the geometry the thin-film
multilayers. In order for the concentration effect to man-
ifest itself during ion-induced grain growth, a consistent
orientation relationship must be present between gra-
dients due to boundary curvature and concentration gra-
dients. If gradients due to curvature are randomly
oriented then the thermal-spike model indicates that no
net eftect of concentration gradients on grain growth is
expected. The required orientation relationship is
satisfied in the work of Ref. 1 by assuming that the
boundary curvature was always directed toward the 8-
rich side in the as-evaporated multilayers. As a result of

0
their small thickness ( —15 A) the B layers formed with a
smaller grain size than that of the A element layer and
therefore the boundary between the two elements is as-
sumed to always be curved inward toward the 8 element.

However, even with the geometry assumption, these
specific experimental results are inappropriate for evalua-
tion of the model. Measured grain-boundary migration
rates exceed expected interdiffusion rates effectively nulli-
fying a premise of the model, i.e., a grain boundary mi-
grates in a concentration gradient. Johnson et al. and
Ma et al. determined mixing efficiencies for a number
of Xe ion irradiated bilayers including the alloys used in
the present study. These efficiencies are used to estimate
the extent of intermixing after a dose of AN= 10' cm
(see Table IV). Also listed in the table, are measured
changes in 3-B boundary migration distance AL after
the same dose increment, as determined from the multi-
layer grain-growth experiments. ' The results (Table IV)

TABLE IV. Comparison of calculated Xe ion-induced inter-
mixing at an A-B interface and measured average 2-B grain-
boundary migration distance hL after an ion dose of hN = 10'
cm taken from Ref. 1. Ion mixing efficiencies taken from
Refs. 24 and 32.

Ion mixing
efficiency

(X10' A')

Calculated
intermixing

(4Dt)'

(A)

Measured
2-B boundary

migration

AL (A)

Pt-Ti
Pt-V
Ni-Al
Pt-Ni
Au-Co

1.28
0.68
0.60
0.45
0.45

36
26
24
21
21

57
62
46
87

110

V. CONCLUSIONS

Heavy-ion-induced grain growth in elemental and
homogeneous alloy films may be described by a thermal-
spike model in which irradiation-induced, cylindrical
spikes thermally activate atom jumps resulting in bound-
ary migration. For normal grain growth driven by the
reduction in boundary curvature, the model predicts a
linear dependence of the ion-induced boundary mobility
with the quantity FD/AH„h, where FD is the ion and
recoil energy deposited in elastic collisions and AH„h is
the cohesive energy of the material. Using the thermal-
spike approach, it is possible to account for variations in
grain growth observed among collisionally similar thin-
film systems.

In order to comment on the validity of the model, a
comparison was made with existing experimental data.
Due to the limited nature of the data, an appropriate
evaluation could only be made with two data sets involv-
ing elemental and coevaporated alloy films. The results
of this comparison demonstrated the consistency of the
thermal-spike model. Combining analytical results of the
model with the experimental data it was possible to deter-
mine the value of the proportionality constant relating
the cohesive energy to the activation energy for grain
growth. This constant was determined to be 13=0.07 for

indicate that boundary migration occurs at a much faster
rate than intermixing (b,L ) [4Dt]' ). The 2 Bgrain-
boundaries are expected to exit the concentration gra-
dient zones quite rapidly, at very low doses. Therefore,
the multilayer experiments as performed are not "sensi-
tive" enough to test the particular heat of mixing effect
predicted by the thermal-spike grain-growth model
developed in Sec. III B.

A more sensitive technique would be to examine
boundary migration in situ during irradiation in the
TEM. Conceivably, such an experiment could involve
examining the migration of an isolated boundary separat-
ing elemental materials. This could be done at the very
early stages of the irradiation (low dose) so that the
boundary remained in the concentration gradient and its
velocity could then be correlated with the thermal-spike
model predictions.
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the coevaporated films and @=0.15 for the elemental
films. In the case of the coevaporated films, P is less than
or equal to the value previously determined for the
thermal-spike treatment of ion-beam mixing (f)iM=0. 14),
and therefore supportive of the idea that atom migration
across grain boundaries is easier than migration within
the lattice.

The experimental comparison provided in this work,
while demonstrating the consistency of the thermal-spike
approach, did not permit unambiguous identification of
the ion-induced grain-growth mechanism in single phase
films. Clearly, additional experiments are necessary to
elaborate this issue.

The thermal-spike approach was also used to describe
grain growth in multilayer films by including the added
effect of concentration gradients on boundary migration.
In addition, the infiuence of the heat of mixing (b.H;„)
on atomic mobility and boundary migration was incor-
porated via a Darken effect.
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This is converted to the 8-atom jump rate per unit
volume, by multiplying by the atomic concentration of B
atoms in the alloy expressed as fBP,

kofBP( ~Pcurv(B) +~P conc(B) ) —
Q IkT

R B
B kT (A5)

This expression may be described as the individual con-
tributions due to each driving force, such that

R eurv(B) +R conc(B) Where7

kofBP~Pcurv(B) Q&/kT
curv(B) kT 7

kofBP~Pconc(B) Qi) IkT
conc(B) kT (A6b)

Now consider the effects of gradients on 2-atom mi-
gration. The rate of 2-atom jumps from site I to site II,

A »'s
~W+~1" oII=koe

Likewise, for 2-atom jumps in the opposite direction,
v» I ~S

' &~ +~I"--(~) )/k T
vII-I =kpe

The net rate of 2-atom transfers from site I to site II is
A

Vnet VI II VII I Or

Qg /kT Ap ( g )/kT Ap ( g )/kT
vnet kpe Le (A9)

APPENDIX

The combined effect of grain-boundary curvature and
concentration gradients on ion-induced grain growth is
determined by evaluating a thermal-spike parameter gIoz
as shown in this appendix. The combined effect of the
gradients can be described by summing the independent
rates for individual atom migration due to each driving
force. Referring to Fig. 3, the rate of B-atom jumps from
site I to site II, v, ,I is

ko(~Pcurv( A) ~Pconc( A) ) —
QA IkT

net kT
(A10)

As done previously for 8 atoms, Eq. (A10) can be used to
determine the net rate of 2-atom jumps per unit volume
aS R A =R«rv(A) —R«nc(„),where

For bp, „„(A)«kT and Ap„„,(„)«kT, then the ex-
ponentials in the parentheses may be approximated by
power-series expansions, simplifying Eq. (A9) to

—
QB /kT

&i ii=kOe (A 1)

(QB +A@ (B)+A@ (B))/kT
I koe (A2)

Likewise for B-atom jumps in the opposite direction, the
o

rate v» I Is

kof AP~Pcurv( A) QA IkT
curv( A) kT 7

kOf AP~Pconc( A) —
QA /kT

conc( A) kT

(Al la)

(Al lb)

So the net rate of B-atom transfers from site I to site II is
B B B

Vnet VI~» V» I Or,

Therefore, the total net transfer rate of atoms per unit
volume from site I to site II due to both driving forces is
R~o~=R, +RB, or

Vnet pe R I'0~ =R curv( A )
+R curv(B) +R conc(B) R conc( A ) (A12)

ko( ~Pcurv(B) + ~Pconc(B) ) Q IkTB B
net kT (A4)

As was done before for the sole driving force of grain-
boundary curvature, assuming (bp,„,„(B)+ bp„„,(B) )

«kT, a power-series expansion can be used to approxi-
mate the exponential term in the brackets, simplifying
Eq. (A3) to

As observed in this expression, the total rate is simply a
summation of the independent rates in the various direc-
tions of the respective gradients.

The expression in Eq. (A12) is used to determine i)go'f
by substituting the expressions for the individual terms as
given by Eqs. (A6a), (A6b), (Alla), and (Allb), and in-
tegrating over space and time [Eq. (7)j. Performing the
integrations and making the substitutions of p=1 and
Q = f36,H„&,the resulting i—)zoz is found to be
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ITOT
fB

8~H coh(g)

~pA fA

pg SAH

kopk FD hp~

'tTKpc p/3 pB

4 AH
1+

/3 ~Hoch(B)

AH;,1+—
~Hoch( A)

yn fA fB
coh( A) ~ coh(B)

(A13)

~PA

8~Hcoh( A)
9conc

This equation may be written as gToT=g„„,+g, where the contribution of the concentration gradient terms q„„,and
the curvature gradient terms g' are separately expressed as

k,pk'FD b pB fB 4 hH;,
1+ 1+— (A14)

TTKpC p/3 PB 8b H „h(B) / ~ coh( B) ~Hcoh( A)

koyApk FD

'TTKpc pLP 3

fB
3

+
3AH cog( g )

AH coh(B)
(A15)

Equation (A15) for Ti' is a variant of the expression derived previously for the curvature driving force represented by Ti

in Eq. (16). Equation (A15) explicitly accounts for the cohesive energy of the individual atomic components whereas
Eq. (16) uses a single averaged value.
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