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Irradiation experiments were conducted on multilayer (ML) and coevaporated (CO) thin 
films in order to examine the role that the heat-of-mixing (m”i,) has in ion- 
induced grain growth. Room-temperature irradiations using 1.7-MeV Xe ions were performed 
in the High Voltage Electron Microscope at Argonne National Laboratory. The ML 
films (Pt-Ti, P&V, Pt-Ni, Au-Co, and Ni-Al) spanned a large range of calculated Umix values. 
Comparison of grain growth rates between ML and CO films of a given alloy confirmed 
a heat-of-mixing effect. With the exception of the Pt-V system, differences in grain growth rates 
between ML and CO films varied according to the sign of the calculated AHmix of the 
system. Substantial variations in growth rates among CO alloy films experiencing similar 
displacement damage demonstrated that a purely collisional approach is inadequate 
for describing ion-induced grain growth. Therefore consideration must also be given to 
material-specific properties, such as cohesive energy. 

I. INTRODUCTION 

Ion beams are routinely used to modify the microstruc- 
ture of thin films and surfaces. Ion irradiation has been 
observed to cause nearly athermal grain growth in initially 
fine-grained (< 100 A> polycrystalline thin films. Because 
grain size controls many important thin-film properties 
(for example, electromigration characteristics), ion-in- 
duced grain growth has been the subject of a number of 
studies. Investigators have systematically examined the ef- 
fect of irradiation and material parameters on grain growth 
in elemental meta11-12 and semiconductor”‘4 thin films, and 
in coevaporated metal alloy lo*13 films. In spite of the large 
number of studies, a comprehensive understanding of the 
effect of ion irradiation on grain growth is still lacking. 
Grain growth has also been reported during ion beam mix- 
ing experiments in a number of different multilayered alloy 
films.‘“23 However, unlike elemental and coevaporated al- 
loy films, systematic studies of ion beam mixing induced 
grain growth, addressing various irradiation and material 
parameters, have not previously been reported. 

Previous work22 examining the effects of ion beam mix- 
ing in the Ni-Al system suggested that the heat-of-mixing, 
AfLiX, affected ion-induced grain growth. Multilayer 
Ni-Al films underwent greater grain growth than coevap- 
orated films of the same composition under identical irra- 
diation conditions.” The results indicated that the initial 
structure of the films (multilayer versus coevaporated) 
strongly influenced subsequent ion-induced grain growth. 
One consequence of the multilayer structure was a AHmix 
release induced by ion mixing. This AHmix release, absent 
in the coevaporated films, could have enhanced grain 
growth rates in the multilayer films. 

A goal of the present work is to further investigate the 
effect of AHmix on ion-induced grain growth by examining 

a variety of multilayer alloys with a broad range of calcu- 
lated heats-of-mixing, and comparing their growth rate 
with those of their coevaporated counterparts. 

II. BACKGROUND 

Systematic irradiation experiments have been con- 
ducted to examine the effect of ion mass/energy, dose, dose 
rate, temperature, and material properties on ion-induced 
grain growth. In this section, we summarize some of the 
important results obtained from previous studies. 

Grain size in thin tilms has been consistently observed 
to be a monotonically increasing function of ion dose. In 
experiments performed by Wang et aI.ls2 grain size in Ni 
films showed a linear dependence on dose of Ag and Bi 
ions. More recent studies by Atwater et a1.,3*4 Liu et aI.,6 
and Alexander et a1.22 covered a wide variety of ions and 
targets and showed an exponential dependence of average 
grain size, L, on ion dose, @, of the form L cc @1’n with 
the growth exponent, n, varying such that 2<n<3. Neither 
Liu et aL6 nor Atwater et al3 were able to detect dose rate 
effects. In these studies, dose rates were varied by an order 
of magnitude with negligible effect on total grain growth 
achieved following a fixed dose. 

Irradiation is generally observed to induce normal 
grain growth in which the average grain size increases in a 
uniform fashion. The uniformity of grain growth combined 
with the dose dependence of grain size (or time depen- 
dence for a constant dose rate) are analogous to grain 
growth behavior observed in isothermal annealing experi- 
ments.24 The similarity suggests that the same driving force 
is operative in both. The driving force most typically asso- 
ciated with normal grain growth is the system energy re- 
duction resulting from the reduction in the grain boundary 
surface area.” Secondary (nonuniform) grain growth, 

a)Present address: Argonne National Laboratory, MSD-215 9700 S. Cass Ave., Argonne, IL 60439. 
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driven by surface energy anisotropy, is another type of 
growth sometimes observed to dominate normal grain 
growth during thermal annealing of thin films. During ion 
irradiation however, normal grain growth is induced in 
films despite the fact that the same films exhibit secondary 
grain growth during annealing in the absence of 
irradiation.‘*’ It is unclear why irradiation-induced grain 
growth should be selectively affected by the surface energy 
reduction driving force and not by surface energy anisot- 
row. 

It should be noted that although these observations 
support a continuous boundary migration model of ion- 
induced grain growth, other studies suggest different mech- 
anisms of growth. In situ irradiation studies of columnar 
grained Au films indicate that coalescence is also an im- 
portant process through which irradiation-induced grain 
growth can occur.9 This has led Allen et al.” to speculate 
that dislocations have an important role in ion-induced 
grain growth. 

A weak temperature dependence for ion-induced grain 
growth has been observed, as evidenced by measurements 
of small activation energies. Atwater et a1.3 determined 
activation energies for ion-induced grain growth in Ge and 
Si fihns. They measured activation energies of 0.15 eV for 
Ge films irradiated in the temperature range of 450-700 “C, 
and <O. 1 eV for Si films irradiated between 750-850 “C. In 
a study of Cu films, Liu et aL6 identified two temperature 
regimes of ion-induced grain growth. Below - 60 “C, grain 
growth was independent of temperature but above this 
temperature, ion-induced grain growth displayed a weak 
temperature dependence with an activation energy of 0.14 
eV. 

For a given target, heavier ions induce greater grain 
growth per ion than lighter ions. This behavior is a direct 
result of the irradiation damage induced by different mass 
ions. Heavier ions induce more atom displacements be- 
cause they deposit a greater damage energy, FD However, 
there is uncertainty as to the exact nature of the grain 
growth rate dependence on FD The work of Wang 
et a1.1s2 and Atwater et a1.3 indicated a linear dependence 
of irradiation-induced grain growth rate on F,, while Liu 
et all3 failed to identify the same linear dependence, sug- 
gesting instead a dependence on FL. Films of Ni and Pd 
irradiated with diatomic Asf showed enhanced grain 
growth when compared with monoatomic irradiation in 
which the same energy per As atom was maintained.s 
These latter results indicate the importance of deposited 
damage energy density in ion-induced grain growth. 

While irradiation parameters are obviously influential, 
studies have demonstrated that intrinsic material proper- 
ties, apart from those associated with irradiation properties 
(mass and atomic number), are also important. Irradiation 
of Au and Pt films with Ar ions yielded a grain growth rate 
in Au that was -3.5 times greater than in Pt.’ This oc- 
curred despite the similar mass and energy displacement 
thresholds (Ed) of these elements, which would in turn 
imply similar collisional effects during irradiation. Parallel 
annealing studies5 of these films determined that the acti- 
vation energy for thermally induced grain growth in Au 

(0.5 eV) was nearly half that of Pt (0.9 eV). This sug- 
gested that the irradiation-induced mobility of grain 
boundaries is greater in Au than in Pt. Similar behavior 
was observed in other irradiated elemental and coevapo- 
rated alloys. Liu found that a grain boundary mobility 
related parameter varied with the cohesive energy, 
Mcoh, of the material.13 Greater grain growth was there- 
fore induced in those materials with low cohesive energy. 
These results were similar to those of Li et al5 assuming 
the activation energy for grain growth scales with the co- 
hesive energy. 

Grain growth has also been reported during ion beam 
mixing experiments in a number of different alloy systems. 
However, unlike elemental and coevaporated alloy films, 
systematic studies, that address, various irradiation and 
material parameters, of ion beam mixing-induced grain 
growth, are limited to our previous work.22 Tsaur et aZ.,14 
in studies of phase formation in ion beam mixed multilay- 
ers, observed irradiation-induced growth in various alloys 
including Ag-Cu (Ref. 16) and Au-Ni. 14J7 Ion beam mix- 
ing-induced grain growth was observed in phase formation 
studies of Ni-rich, Ni-Al multilayers.15”8 Growth in bi- 
layer mixing experiments in Fe-Al,19 Ni-Pd,20 and Bi-Sb 
(Ref. 2 1) has also been reported. 

We have previously reported a systematic study exam- 
ining the effect of Xe ion irradiation on grain growth in 
Ni-Al multilayers and coevaporated thin films.= In that 
work, grain size as a function of ion dose was examined for 
room-temperature irradiation of Ni-Al multilayer and co- 
evaporated thin films of the same nominal composition. A 
factor of 2 greater grain size was achieved in the multilay- 
ers compared with the coevaporated films irradiated to the 
same dose of 700-keV Xe ions indicating that the initial 
structure of the films, multilayered versus coevaporated, 
influenced ion-induced grain growth. 

An enthalpy release associated with the heat-of-mix- 
ing, AHmix, is a possible mechanism through which the 
initial structure of the films might have affected ion-in- 
duced grain growth. This enthalpy release during irradia- 
tion would have occurred in the multilayers but would 
have been absent in the homogenized coevaporated films. 
The energy release could have lead to enhanced atomic 
motion and hence faster grain growth in the multilayers. 
The heat-of-mixing might also have affected the kinetics of 
grain growth via a Darken effect,26 in which atomic diffu- 
sion is enhanced across composition gradients. Such an 
effect has been proposed to explain enhanced ion beam 
mixing efficiencies observed in systems with large negative 
heats-of-mixing.27 

It is clear from this review that a number of parame- 
ters impact the phenomenon of ion-induced grain growth. 
The similarity between the Ni-Al results and previous ion 
beam mixing studies suggests that a heat-of-mixing effect 
may also have a role in the observed enhancement in grain 
growth between multilayer and coevaporated thin films. In 
order to test this hypothesis, the following study was con- 
ducted examining ion-induced grain growth in five differ- 
ent alloys spanning a larger range of calculated AHmix val- 
ues. A heat-of-mixing effect would be expected in 
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TABLE I. Summary of material and irradiation parameters used in 1.7 
MeV Xe ion-induced grain growth studies. 

A-B alloy mm Af&d~4~~~ AH,,,$ F,” Ion range (A)’ 
(at. %) type” (ev) (eV) (eV/A) R,* AR, 

Pt-15 Ti 
Pt-15 Ti 
Pt-18 V 
Pt-15 v 
Ni-21 Al 
Ni-23 Al 
Pt-21 Ni 
Pt-17 Ni 
Au-20 Co 
Au-10 Co 

ML - 6.21 - 0.52 360 . . . 
co - 6.21 none 360 1590*640 
ML - 6.03 -. 0.28 360 . . . 
co I-. 6.04 none 360 1560*630 
ML - 4.45 - 0.23 225 . . . 
co - 4.43 none 225 2150*590 
ML - 5.58 - 0.03 380 1.. 
co - 5.63 none 380 1520*620 
ML - 3.89 + 0.04 340 . . . 
co - 3.83 none 335 1680*690 

‘Film type: ML = multilayers; CO = coevaporated. 
bAverage alloy cohesive energies determined from elemental values (Ref. 
28) accordingto AH,,(AB, =~AA&+,(A) + f&&h(~) + A&ix, where 
fA and fs are the atom fractions of the A and B alloy elements, respec- 
tively. 

‘Heat-of-mixing values approximated by values of formation enthalpies 
for stoichiometric A,B alloys (Refs. 29-3 1) . 

dDeposited damage energies calculated using TRIM-90 Monte Carlo sim- 
ulation (Ref. 32). The quoted FD is the average over the 400 A of the 
film thickness. 

‘Ion ranges and straggling calculated using TRIM-89 Monte Carlo simula- 
tion (Ref. 32). 

irradiated multilayers but not in the coevaporated films, 
and thus would manifest itself through differences in grain 
growth rates between the two film types. 

III. EXPERIMENT 

Thin ( -400 A) films of coevaporated or multilayered 
alloy films were prepared by electron beam evaporation in 
an oilless, cryopumped vacuum system with a pressure of 
2 X 10 - ’ Torr or less during deposition. Deposition rates 
varied depending on the metal but were usually between 
l-10 A./s. Multilayer films were prepared by sequential 
evaporation of each alloying element without breaking vac- 
uum. The relative thickness of the individual layers was 
adjusted to yield the desired overall film composition. For 
coevaporated films, simultaneous deposition from two sep- 
arate sources was conducted with the relative deposition 
rates of the sources controlled to yield the desired film 
composition. 

Since the heat-of-mixing was suspected to influence 
ion-induced grain growth, the alloys chosen for study 
spanned a large range of calculated hwmix values. Table I 
summarizes the material and irradiation parameters of the 
alloys used. With the exception of N&Al, all the alloys 
possessed similar mass ratios and therefore had similar de- 
posited damage energies (Fo) as determined from TRIM-90 
calculations.32 Also shown in Table I are the average alloy 
cohesive energies, AH,,,, which were determined from el- 
emental cohesive energy values28- as indicated in the table. 

It is emphasized that the AH,, values given in Table I 
are calculated approximations. The lack of experimental 
data on AHmix in irradiated multilayer alloys prompted an 
approach adopted previously in ion beam mixing studies, 
in which AH,,,k is approximated by the calculated alloy 

formation enthalpy, AHf,, as determined by the model of 
Miedema and coworkers.2931*33 Clearly, such an approxi- 
mation is not strictly correct since the introduction of ir- 
radiation-induced defects (Frenkel pairs, antisite defects, 
etc.) results in a higher free energy state for the ion beam 
mixed multilayers than for an equilibrium, homogenized 
alloy. Hence the magnitude of Mmi, is actually different 
than the magnitude of AHH,,. However, in the absence of 
experimental data, this approach provides a standardized 
“ruler” by which to determine formation enthalpies and in 
turn, calculated AHmix values for the metal alloys of inter- 
est. 

Films of A-rich A-B alloys were made where A = Ni, 
Pt or Au, and B = Al, Ti, V, Ni, and Co. A-rich alloys 
were chosen to avoid amorphization of the microstructure 
commonly observed to occur during ion beam mixing of 
equiatomic and B-rich alloy lihns with large negative heats 
of mixing.34 In multilayers, the A layers (A = Ni, Pt, or 
Au) were typically of the order of 50-60 A thickness and 
the B layers (B = Al, Ti, V, Ni, or Co) were typically 
10-20 A thick. The use of thin layers avoided significant 
ion-induced grain growth within elemental layers prior to 
mixing. The A elements, being the more inert of the two 
components in the binary alloy, were deposited on the 
outer surfaces of the multilayers to minimize oxidation ef- 
fects. The same was done for the coevaporated films in 
which thin, approximately 20-A-thick layers of the inert A 
element were deposited on both surfaces of the film. 

Films were deposited onto Cu TEM grids embedded in 
an amorphous Crystalbond@ substrate on glass micro- 
scope slides. After the evaporation, the grids were removed 
from the glass slides by dissolving the Crystalbond@ in 
acetone, allowing the films to span the holes of the grids. 
Compositions of the as-evaporated films was determined 
using x-ray energy dispersive spectroscopy (XEDS) on a 
JEOL 2000FX TEM. 

Electron diffraction was used to examine the films be- 
fore and during irradiation. Analysis of the coevaporated 
samples indicated that as-evaporated films existed as single 
phase solid solutions of element B in the fee phase of ele- 
ment A. These structures represented non-equilibrium 
phases in all the alloys except Pt-Ni, in which both ele- 
ments are completely miscible across the entire phase dia- 
gram.“’ 

Room-temperature irradiations were conducted in the 
High Voltage Electron Microscope (HVEM) in the Mate- 
rials Science Division at Argonne National Laboratory.36 
The HVEM was interfaced with a beamline from a tandem 
accelerator and in situ irradiations were performed using 
1.7-MeV Xe ions. As indicated in Table I the average pro- 

jected range, Rp, minus the straggling, AR,, of the ions was 
substantially beyond the film thickness and thus avoided 
significant deposition of Xe in the films. The HVEM was 
operated at 200 kV, below the threshold for electron irra- 
diation damage in all the elements except Al. 

Irradiations were conducted with the ion beam in- 
clined approximately 16” with respect to the film surface 
normal. Initially, during low dose studies [(l-3) x 1013 
cmm2] the dose rate was 1.7~10” cmp2 s-i. For doses 
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)1X 1014 cm -2 the rate was increased to 1.7~ lOI 
cm=-2 s- 1. The lower dose rate was used to control more 
accurately the ion dose in the low dose regime. The dose 
rates were also chosen to avoid beam induced heating. The 
vacuum during irradiation was typically in the 10 - ’ Torr 
range. 

Grain size measurements were obtained from dark 
field TEM images of microstructures of as-evaporated and 
irradiated films after various increments of ion dose. Dark 
field imaging was performed using the ( 111) fee, A-phase, 
reflections. Images were recorded at 50kX magnification 
and prints were made with a factor of about 2.5 X further 
increase in magnification. Prior to analysis the prints from 
a number of different samples were randomized in order to 
avoid biasing results. Grain size measurements were ob- 
tained by measuring the largest lateral dimension of high- 
lighted grains in the dark field imaged prints. At least 200 
grains were measured per sample. Measurements were fa- 
cilitated by use of a digitizing tablet interfaced with a PC. 
Data from the tablet were output as text files to the PC. 
Using this technique, large amounts of data could be con- 
veniently analyzed for average grain sizes, size distribu- 
tions, etc. 

A certain random error was associated with the ap- 
plied measurement technique. Using the digitizing tablet, it 
was possible to measure widths to the nearest half milli- 
meter. At the print magnifications employed, this’ uncer- 
tainty corresponded to a - rf 35 A uncertainty in the grain 
size measurement. 

IV. RESULTS 

Measured grain growth versus ion dose curves are 
shown in Figs. l-5. Results are presented for doses up to 
3~ 101’ cmv2, which was the largest dose attained for all 
the samples. At higher doses, in some samples, the films 
tore or curled, precluding further observation of the mi- 
crostructure. The solid and dashed lines in Figs. l-5 are 
least squared error curve fits for the multilayer and coevap- 
orated data, respectively. The fits were determined accord- 
ing to the expression 

L” - L”=K+ 0 9 (1) 

where L is the average linear grain size, Cp is the ion dose, 
Lo is the best-fit initial grain size, n is the best-fit growth 
exponent, and K is a best-fit constant. In order to avoid 
curve fits that yielded negative grain sizes at low doses, it 
was necessary to treat Lo as a best-fit variable rather than 
use the experimentally measured value. The resulting pa- 
rameters for the fits are given in Table II. Equation ( 1) is 
of the form commonly used to describe the kinetics of 
thermally induced grain growth with <p replacing time, t. 
At a constant dose rate, Q> and t are interchangeable. 

Irradiation-induced grain growth in the films was ob- 
served to be uniform at all the doses examined. No second- 
ary or anomalous grain growth was observed. Figure 6 
shows the evolution of the grain size distribution as a func- 
tion of dose in a Pt-Ti multilayer sample. The distributions 
were observed to be log-normal, and thus similar to those 
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FIG. 1. The effect of ion dose on grain size in Pt-Ti multilayer and 
coevaporated alloy films (A@,,, = - 0.52 eV). Films were -400 %, 
thick and were irradiated with 1.7-MeV Xe ions at room temperature in 
the HVEM. Solid and dashed lines are best-fit curves to the measured 
data for the multilayers and coevaporated films, respectively, according 
to E!q. (1). 

observed in thermally induced normal grain growth. The 
solid lines shown in the figure correspond to best-fit normal 
distributions to the log-grain-size data. 

It was evident that in all the cases except the Pt-Ni and 
Pt-V films, the multilayers and coevaporated films of the 
same alloy experienced different grain growth rates and, 
hence, different final grain sizes after the same dose. An 
example of this is illustrated by the dark field images of the 
microstructures shown in Fig. 7. In Figs. 7(a) and 7(b) 
multilayer and coevaporated Ni-Al films are shown irradi- 
ated to the same dose. Similarly, in Figs. 7(c) and 7(d), 
Pt-Ni coevaporated and multilayer films are shown, respec- 
tively, after the same dose. A considerable difference in 
grain size was observed in the Ni-Al alloy films while con- 
siderably less difference was seen in the Pt-Ni films. 

0 1 2 3 
Ion Dose (~10’~ cm-‘) 

FIG. 2. The effect of ion dose on grain size in Pt-V multilayer and co- 
evaporated alloy films (AH,,,;, = - 0.28 eV). Fihns were -400 A thick 
and were irradiated with 1.7-MeV Xe ions at room temperature in the 
HVEM. Solid and dashed lines are best-lit curves to the measured data for 
the multilayers and coevaporated films, respectively, according to Eq. 
(1). 

1255 J. Appt. Phys., Vol. 70, No. 3, 1 August 1991 Alexander, Was, and Rehn 1255 



I, , , , , , . . . , . . . . , . . . . , . . . . I . . .-L *. . . . , 

_*--- 

I 

__-- -~ 
-F-C 

0 __-- *- .’ .’ 2’ I 7 i 

-  ~- jiLs~,~, 
l Ni-23 at.% AI m”aprati 

AHmix= -0.23 cV 

0 1 2 3 
Ion Dose (~10’~ cm-‘) 

3 
# ;ij 
.a 
8 I. 

!I 

t 
P 

800 

Knl 

400 

200 

0 

1.7 McV Xc+ -3 

0 Au-20 at.% Co multilayers 

0 Au-IO at.% Co wevaprated 

AHmix* to.al ev 
! ~,,..l....l....‘....‘...~‘.“~‘...’I 

0 1 2 3 
Ion Dose (~10’~ cm-‘) 

FIG. 3. The effect of ion dose on grain s ize in N&Al multilayer and 
coevaporated alloy films (A&i, = -0.23 eV). Films were -400 A 

FIG. 5. The effect of ion dose on grain s ize in Au-Co multilayer and 
coevaporated alloy 6hns (A&ix = + 0.04 eV). Films were -400 A 

thick and were irradiated with 1.7-MeV Xe ions at room temperature in 
the HVEM. Solid and dashed lines are best-fit curves to the measured 

thick and were irradiated with 1.7-MeV Xe ions at room temperature in 
the HVEM. Solid and dashed lines are best-fit curves to the measured 

data for the multilayers and coevaporated lilms, respectively, according to 
Es. (1). 

data for the multilayers and coevaporated films, respectively, according 
to Eq. (1). 

In order to quantify the variations in grain growth, 
ion-induced grain growth rates, dL/dt, were evaluated. 
Rates for all the alloys and film types were determined 
according to dL/dt=&dL/d@, where & was the ion dose 
rate and dL/d@ was obtained from the s lopes of the fitted 
grain growth versus ion dose curves evaluated at a dose of 
Q , = lO I cm -’ (see Table III). This dose was selected 
because mixing was expected to be incomplete in the mul- 
tilayers at this point and in turn the AHmix effect would be 
most pronounced. The incomplete mixing at this dose was 
confirmed in the Ni-Al samples by electron diffraction ob- 
servations in which elemental Al ring reflections were ob- 
served for doses less than 1Ol5 cm - ‘. 

All coevaporated films, with the exception of Ni-Al, 
were initially  formed as extended solid solutions and re- 

800 

%I 
g 200 

R-21 at.% Ni multilqcra 
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@ R-17 at.% Ni ccwaprated 
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FIG. 4. The effect of ion dose on grain s ize in Pt-Ni multilayer and 
coevaporated alloy films (mmii, = -  0.03 eV). Films were -400 8, 
thick and were irradiated with 1.7-MeV Xe ions at room temperature in 
the HVEM. Solid and dashed lines are best-fit curves to the measured 
data for the multilayers and coevaporated films, respectively, according to 
Eq. (1). 

mained so during irradiation. Again, with the exception of 
Ni-Al, the multilayer films were homogenized, eliminating 
the elemental films and forming s ingle phase solid solu- 
tions. Diffraction detected no second phases or oxides in 
any of the films at intermediate doses during irradiation. 
All the solid solutions were fee in structure with lattice 
parameters s imilar to those of the A alloying element (Pt, 
Ni, or Au). The Ni-Al alloy films showed formation of the 
solid solution y  phase and the structurally s imilar hexago- 
nal c lose packed (hcp) phase, as observed in previous ir- 
radiation-induced phase formation studies.37 

Irradiation-induced texture was observed in some of 
the Pt and Au alloys. The texture formed in the solid so- 
lutions with the c lose packed ( 111) planes of the fee phase 
parallel to the film surface. No correlation was observed 
between the presence (or absence) of this texture and dif- 
ferences in grain growth observed between multilayer and 
coevaporated films. 

TABLE II. Least-squared error curve Et parameters determined for Xe 
ion-induced grain growth data. Average grain s ize data, L, and ion dose, 
a’, were fit in the dose range from 0 to 3 X 10” cm -  ’ to the expression: 
L = (K@ + Lo”)““. 

A-B Film Fit parameters 
alloy W ee” (n) 

Pt-Ti ML 55 1.9 
co 84 2.4 

Pt-V ML 102 2.9 
co 68 2.8 

Pt-Ni ML 103 2.9 
co 105 2.8 

Au-Co ML 119 4.3 
co 114 3.6 

W-Al ML 65 2.4 
co 98 3.1 

“Film type: ML = multilayers; C O  = coevaporated. 

K 
(d;n cm’) 

8.60x 10 -  I1 
1.00x 10-P 
2.43x10-* 
1.14x10-s 
3.25x lo-’ 
1.76xlo-S 
1.38~10-~ 
8.59~10--~ 
6.69x10-” 
1.41x10-* 
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TABLE III. 1.7 MeV Xe ion-induced grain growth rates for multilayer 
(ML) and coevaporated (CO) alloy films at a dose of Cp = 1OL4 cm ‘. 

0 
3 4 5 6 I 4 5 6 I 8 

Natural Log of Grain Size (In A) 

FIG. 6. Evolution of the grain size distribution as a function of ion dose 
in Pt-15 at. % Ti multilayer alloy films irradiated with 1.7 MeV Xe in the 
HVEM. Solid lines are normal distributions fit to the measured log grain 
size data. 

V. DISCUSSION 

A. Variation in grain growth rates: Multilayers vs 
coevaporated films 

A clear effect of the heat-of-mixing was found in com- 
paring ion-induced grain growth results in multilayer and 
coevaporated films of the same alloy. For a given alloy, 
both film types were expected to behave in a collisionally 

FIG. 7. Comparison of dark field imaged microstructures in multilayer 
and coevaporated alloy films irradiated with 1.7 MeV Xe-5~ 10” 
cm-z. (a) Ni-Al coevaporated, (b) Ni-AI multilayers, (c) Pt-Ni coevap- 
orated, (d) Pt-Ni multilayers. 

Alloy WdeW dL/dt,, 
%1,,(f) z&$) dL/dt,, 

Pt-Ti - 0.52 0.95 0.70 1.36 
Pt-V - 0.28 0.80 0.82 0.97 
Ni-Al - 0.23 0.61 0.32 1.89 
Pt-Ni - 0.03 0.91 0.89 1.02 
Au-Co 0.04 0.86 1.40 0.61 

similar fashion (same FD and Ed) and being the same com- 
position, no effect due to alloying was expected (same 
AE&, j . Differences in grain growth rates between the two 
film types were observed to correlate in each alloy with the 
sign Of AHmix* 

Multilayers with negative heat-of-mixing (‘M&x 
-K 0) values showed an enhancement in grain growth rates 

relative to the coevaporated films, while the opposite was 
observed for the positive heat-of-mixing (AHmix > 0) val- 
ues. In the Pt-Ti and Ni-Al systems, with their large neg- 
ative AHmix (see Table I), the multilayers experienced 
faster grain growth than their coevaporated counterparts. 
In the Pt-Ni system, with a small negative AB& virtually 
no difference was observed between multilayers and co- 
evaporated films. The Au-Co system, with a positive 
AHmix, showed results opposite those observed for the large 
negative AHmix systems. In this case, the coevaporated al- 
loy film experienced faster grain growth than the multilay- 
em. The heat-of-mixing correlation is illustrated graphi- 
cally in Fig. 8. 

The exception to the above trend was the Pt-V alloy 
system, in which both multilayers and coevaporated films 
experienced nearly identical ion-induced grain growth (see 
Fig. 2). This occurred despite the fact that the calculated 
AHmix for this system is negative and of the same magni- 
tude as that of Ni-Al (see Table I). It is also observed 
(Fig. 8) that the Ni-Al alloy showed a substantially larger 
ratio of multilayer to coevaporated grain growth rates rel- 
ative to its calculated hu,ir Instead, the Pt-Ti system, 

FIG. 8. Variation in instantaneous ion-induced grain growth rate ratios 
with the heat-of-miring, AH,,. Ratio is the growth rate in multilayer vs 
coevaporated films evaluated at a dose of Cp = 1014 cm - ‘. 
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with the largest calculated negative AHmix might be ex- 
pected to yield the largest ratio. The deviations represented 
by both the Pt-V and Ni-Al systems are likely due in large 
part to uncertainty in the actual mmi, values for the irra- 
diated multilayer systems. The uncertainty associated with 
approximating AHmix with AHfor, as discussed in the ex- 
perimental section, is expected to contribute to the dispar- 
ities observed in the data. The deviations in these two alloy 
systems may also be indicative that the heat-of-mixing ef- 
fect may not be solely responsible for the variation in grain 
growth rates among the ML and CO film types. 

After a sufficient ion dose, mixing of the multilayers 
will be complete, and it is to be expected that the AIY& 
effect will disappear, yielding no grain growth rate differ- 
ences between ML and CO films of the same alloy. Based 
on the experimental results represented in Figs. l-5 it is 
not possible to confirm such a disappearance in these ex- 
periments. No measurements were made of the dose de- 
pendence of intermixing, and therefore it is not possible to 
comment absolutely on the degree of intermixing achieved 
in the multilayers after the largest dose (3 x 10” cm- 2, 
examined in this work. Likewise, uncertainty in grain size 
measurements prevents commenting absolutely on differ- 
ences in grain growth rates that may exist between ML and 
CO films at the large doses. Because of these uncertainties, 
the grain growth rate analysis was restricted to a low ion 
dose ( lOI cm - 2), in which mixing was clearly incomplete 
and in turn where the AHmix effect would be most pro- 
nounced. 

The correlations discussed above suggest that the heat- 
of-mixing affects the kinetic mechanisms of ion-induced 
grain growth. The magnitude of AE&, in many of the 
alloys, as shown in Table I, is quite substantial in compar- 
ison with activation energies for ion-induced grain growth 
in thin films which are typically on the order of 0.1 eV.6 
One possibility is that as ion beam mixing proceeds in 
multilayers, a U,ix enthalpy release or absorption (de- 
pending on the sign of hu,ix) occurs that thermally en- 
hances or inhibits atomic migration and hence grain 
boundary migration. Another possibility is an affect on 
grain growth via a Darken effect,26 in which atomic mo- 
bility across grain boundaries, located in the concentration 
gradients of the multilayers, is either enhanced or inhibited 
according to the sign of the heat-of-mixing. In either case, 
it is clear that AHmix significantly impacts grain growth 
kinetics in the multilayers. 

B. Variations in grain growth rates among 
coevaporated films 

The differences observed in growth rates among the 
collisionally similar films used in this study indicated that 
a purely collisional (displacement rate) approach was in- 
adequate for describing ion-induced grain growth in co- 
evaporated films. As indicated in Table I, all the alloys 
used in the irradiations, except N&Al, experienced nearly 
the same deposited damage energy, Fo. However, consid- 
erable differences were observed in ion-induced grain 
growth rates. From Table HI Au-Co coevaporated films 
were observed to have a factor of two greater grain growth 

1.5 “.‘I’-..I”..1.‘.‘I..“I...’ 
0 Au-Co 
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0.0s 
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FIG. 9. Variation in instantaneous ion-induced grain growth rate in co- 
evaporated alloys with the alloy cohesive energy, A.&,. Rates evaluated 
at a dose of Q, = lOI cm - ‘. 

rate than Pt-Ti coevaporated films. According to TRIM-90 
calculations, both of these alloys have nearly identical FD 
values and since they also have similar Ed values, both are 
expected to undergo essentially identical displacement 
damage. 

The conclusion that collisional displacements alone are 
inadequate for describing ion-induced grain growth is con- 
sistent with previous observations of Liu et al.13 and Li et 
al5 Their results and those of the present study demon- 
strate that an understanding of the ion-induced grain 
growth process also requires consideration of material-re- 
lated properties such as the effects of alloying (in multi- 
layers and coevaporated films) and the heat-of-mixing (in 
multilayers). 

Differences in growth rates found in the present study 
among the coevaporated films are clearly related to differ- 
ences in material-related properties of the films. Alloying 
could substantially modify film properties, such as the ac- 
tivation energy for grain growth, and in turn, enhance or 
inhibit grain growth. Figure 9 shows the variation in grain 
growth rate of irradiated coevaporated films plotted 
against the average cohesive energy, AHcoh, of the alloy. 
With the exception of Ni-Al, alloys with low average co- 
hesive energy underwent faster grain growth. The low 
grain growth rate observed for the Ni-AI system might 
have been due to the inhibiting effect of a second phase in 
the film. The HCP phase forms during irradiation in this 
system, and its presence could inhibit the migration of 
grain boundaries.38 

Comparison of ion-induced grain growth rates among 
only the multilayer alloy films fails to show a simple qual- 
itative correlation with the heat-of-mixing or the cohesive 
energy, as demonstrated in Table III. In fact the grain 
growth rates appear to scale with FD. However, such an 
observation is tempered by the fact that second phase par- 
ticle inhibition may have affected the grain growth rate in 
the Ni-Al multilayers, complicating a direct in terms of 
FD interpretation. Furthermore, the fit parameters in Table 
II and resulting curve fits in Figs. l-5 suggest substantially 
different grain growth kinetics among the multilayers. 
Therefore the similarity of grain growth rates (with the 
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exception of Ni-Al) at the single dose examined may sim- 
ply be fortuitous. 

The observations associated with ion-induced grain 
growth described above were in many ways analogous to 
those associated with ion beam mixing, suggesting that 
both phenomena are governed by the same irradiation-in- 
duced effects. Systematic studies of ion beam mixing were 
performed by Cheng et aL3’ Van Rossum et aLm and 
Johnson et al.” examining bilayer intermixing under heavy 
ion irradiation. Their results showed that the rate of inter- 
mixing varied considerably among alloys with similar FD 
Also mmix was observed to affect the intermixing rate, 
with large negative mmix promoting faster intermixing. 
The magnitudes of intermixing rates were considerably 
greater than what was predicted from pure collisional ir- 
radiation considerations. 

C. Variation in growth exponents 

The kinetics of grain growth are often characterized by 
the growth exponent n [see Eq. (l)] under specific exper- 
imental conditions (e.g., anneal temperature, sample pu- 
rity, etc.).24 Normal grain growth, which is driven by the 
reduction in total surface energy, ideally follows parabolic, 
n = 2, kinetics. In thermal annealing experiments, a num- 
ber of factors have been identified that inhibit grain 
growth, yielding nonparabolic (n > 2) kinetics. These same 
factors can be expected to operate in ion-induced grain 
growth. Impurity atoms, porosity, gas bubbles, free sur- 
faces, and second phase particles are believed to inhibit 
boundary migration via a drag mechanism. As a result of 
the inhibition, parabolic kinetics are prevented yielding 
n > 2.3g 

In this study, growth exponents determined from fits 
to the grain size data (see Table II), varied from a low 
value of n = 1.9 for Pt-Ti multilayers to a high value of 
n = 4.3 for Au-Co multilayers. The average lies in the vi- 
cinity of n = 3.0, similar to the values determined by At- 
water et aL3 and Liu et al6 for irradiated elemental films. 
The variations in growth exponents observed in this study 
were clearly larger than any deviations attributable to ex- 
perimental uncertainty. Through a simple parametric anal- 
ysis it was estimated that the uncertainty in individual 
grain size measurement ( f 35 A) accounted for an - 10% 
variation in growth exponent values determined from 
curve fits. 

It is uncertain from this study or previous studies as to 
the precise origin of the nonparabolic (n > 2) kinetics ob- 
served in ion-induced grain growth. Assuming ion-induced 
grain growth proceeds similar to thermal grain growth 
(continuous boundary migration driven by boundary cur- 
vature), it is possible to argue that nonparabolic kinetics 
arise from the presence of inhibiting driving forces as men- 
tioned above. However, the nonparabolic kinetics may in- 
stead indicate that ion-induced grain growth proceeds by a 
kinetic mechanism fundamentally different from that of 
thermal normal grain growth. 

VI. CONCLUSIONS 

In situ grain growth studies on coevaporated and mul- 
tilayer films were conducted on A-rich, A-B (Pt-Ti, Ni-Al, 
P&V, Pt-Ni, and Au-Co) alloy films irradiated at room 
temperature with 1.7-MeV Xe ions. The findings supported 
the following conclusions. 

The initial structure of the films, multilayered versus 
coevaporated, was observed to significantly affect subse- 
quent ion-induced grain growth. Within each particular 
alloy, in all but one case (Pt-V), the ion-induced grain 
growth rate in multilayer films was greater than the rate in 
coevaporated films for mmix < 0 and the coevaporated rate 
was greater than the multilayer rate for fimi, > 0. How- 
ever, the multilayer grain growth rates did not vary with 
the calculated magnitude of mmix between alloy systems. 
Variations in grain growth rates among collisionally simi- 
lar coevaporated alloys suggested that a purely collisional 
approach was inadequate for describing ion-induced grain 
growth. 

In all the films, normal grain growth was induced by 
irradiation with the average grain size increasing with ion 
dose according to L” - L$ = KQP. Deviations (n = 1.9- 
4.3) from ideal parabolic (iz = 2) grain growth kinetics for 
the data of this study were possibly due to the effect of 
inhibiting driving forces. 
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