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

[. INTRODUCTION some substantial investigation of the modification of film
texture by postdeposition ion bombardment of grown
As polycrystalline thin films, grown by a variety of meth- films,26~*8and again it has frequently been observed that the
ods, thicken, they are usually observed to develop at leason irradiation tends to promote a preferred grain orientation
some degree of crystallographic texture and grains with prehabit, although this may not necessarily be the same as that
ferred orientation dominate. Frequently, this corresponds to which is developed in the non-ion-bombardment-mediated
fiber texture in which the surface normals to the grains beeonditions. In the case of congruent deposition and ion irra-
come increasingly more nearly parallel to a specific crystaldiation there has been one analytical model proposed by Bra-
lographic direction(out-of-plane texturewhile the in-plane  dley, Harper, and Smiffi to explain the grain orientation
texture can remain more nearly random. Such textures angreference phenomenon, which is based upon the knowledge
commonly observed in polycrystalline thin films grown by that ions incident close to parallelism with open crystallo-
physical vapor deposition methdds and it is often ob- graphic directions are channeled into grains and, because
served that face-centered culficc) metal films exhibit a they deposit less energy close to the surface than when inci-
preferred(111) orientation while body-centere@cc fiims  dent in random directions, sputter these open surfaces less
exhibit a preferred110 orientation. rapidly. Consequently these more open surface grains domi-
At lower temperatures, where the surface mobility of de-nate the evolving film structure. Dong and SroloWitZ*have
posited atoms will be small and atomic migration betweerrecently used molecular dynamics simulation methods to
grains will be restricted, it has been suggested that the origiatudy the evolution of grain orientation during simultaneous
of the preferred texture is a “survival of the fastest” deposition and ion irradiation and have demonstrated that the
mechanisrfi in which grains with their direction of maxi- channeling process is indeed the factor responsible for the
mum growth speed normal to the surface outgrow grains ofrain reorientation but that the differential sputtering rate
lower speed. This approach has been successfully modeldettween grains is not the dominant process. Instead, it was
analytically ~° and by computer simulatiof®!°-1°At higher ~ observed that channeling reduces the ion-bombardment-
temperatures, where intergranular surface atomic migratiomduced bulk defect production and survival rates and hence
increases, it is believed that preferred texture results from athe volume free-energy density is less enhanced in grains
attempt of the system to minimize surface free-energywhere channeling is important. The system is then driven
density?® the planes normal to the crystallographic direc-toward minimum volume free-energy conditions, and it was
tions described above are those of minimum surface freesuggestetf that the thermal spikes that expand following the
energy density for the respective crystallographic structuregquench of the ballistic collision phase between ions and at-
This approach has also been successfully modeledms and between atomic recoils aid this driving process.
analytically”*®and by simulation method$:° This proposal is synonymous with suggestions made by Van
In recent years there has been increasing interest in enwyk and Smitf” to explain grain reorientation during post-
ploying simultaneous ion bombardment of growing films us-deposition ion bombardment studies.
ing plasma source®, separate ion fluxes;2*or indeed us- In this area of postdeposition ion bombardment there have
ing only low-energy ion¥"?°as the deposit species to modify also been essentially two analytical approaches to grain
film structure and properties. Additionally there has beergrowth rather than preferred orientation. In the model pro-
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posed by Atwater, Thompson, and Snfittipn irradiation is  tiotemporal variations in local temperature, and in the third
considered to generate point defects, and it was suggestesection it is demonstrated how these variations modify the
that grain boundary motion resulted from either vacant sitegrain growth rate equation. In the higher-energy regime,
production followed by thermal atomic migration to the va- where defects are produced in the bulk of grains, two forms
cant site or collisionally induced vacancies and interstitialsof spike are studied, the spherical spike that occurs when
mutually annihilating. Such a model predicts a linear depenions only just penetrate into grains and the cylindrical spike
dence of grain boundary expansion rates upon both the incihat occurs for deeper penetration. In the lower-energy re-
dent ion flux density and the elastic energy deposition dendime, where no ion penetration occurs and bulk defect pro-

sity per ion and an approximately hyperbolic dependence ofUction is minimal, only thethemispherical spike is rel-
the cohesive energy of the deposited material. Such a mod&l@nt- In the former regime the modifications to volume free-
ergy density drive grain reorientation processes whereas in

cannot adequately describe the large differences in observ . AR ; .
grain growth rate for materials such as Pt and 3Ador ?eé]e latter regime modification of surface atomic mobility and

which the ballistic collisional and defect production ratesdﬁferences in surface free-energy density drive grain reori-

should be similar, nor the superlinear dependencies ofntation.

growth rate upon elastic energy deposition density and recip- I_n th.'s discussion the_behaVIor of only_ two ne|ghbor|_ng_
rocal cohesive energy:3>52Such observations led Lf&iand grains is evaluated, but in the fourth section the analysis is

Liu, Li, and Mayef® to propose that it was the thermal generalized to determine the evolution of grain orientation

spikes following the displacement events that enhanced su _rgference from an initially random orientation distribution.
face atomic migration and grain growth and, subsequently his 1"’7‘22"3’5'3 follpws asummary of the ap_proach of Knuyt
Alexander and W#$§ extended these arguments more quan-ét al: for rgo'rle.ntafuon develo.pment dnyen by surface
titatively. In particular, these latter authors proposed that thér_e_e-energy minimization constraints unc_ier isothermal con-
force that drove grain expansion was the additional freeg'tIons and thus allows for a comparison between ion-

energy density associated with grain-boundary curvathee assisted and non-ion-assisted behaviors. Finally, a compari-
well-known Gibbs-Thompson efféd) son is made between the present models and existing theories

It is clear from the above summary that thermal Spikeand with experimental results, and suggestions are made for

effects have begun to assume a central role in the explanatiJHture studies.

of grain evolution processes but, in the case of preferred

grain orientation, the proposals remain qualitative. The!l- GRAIN GROWTH AND ION IRRADIATION EFFECTS
present work advances an analytic approach to the role of A. Grain growth in a driving field

thermal spikes in enhancing grain reorientation in ion- ) . . . .
assisted atomic deposition in, essentially, two ion energy re- 1h€ theo_r%/5 of grain growth in a driving field is well
gimes. In the first, higher-energy regime, ions are considereaStabIISheEig and requires only brief reiteration here. The
to penetrate grains and cause differential defect productiofinear rate of grain expansion or grain growth velocity in one
and survival rates and densities according to the extent dfimension can be written as

channeling in individual grains, and grain evolution is driven

L dL p
by the attempt to minimize volume free-energy densttin =—Mg—, (1)
the second, lower-energy regime, ions do not penetrate dt X

grains but deposit a fraction of their energy at the surfaceyhereM; is defined as the grain boundary mobility, and the
which enhances surface atomic mobility and the SySteMyriving force is the chemical potential gradiesu/dx.
tends toward one of minimum surface free-energy densityyyhen grain growth occurs as a result of atomic defect mi-
The approximate magnitudes of grain reorientation rates argration across its boundary with its surroundings and there is
compared to estimates of rates when ion bombardment i gma| chemical potential differencu between these re-
absent’ and the dependencies of the former rates upon thaions, then, at constant temperatlirehere is a difference in

parameters of ion energy, ion and atom arrival rates, anghe species jump rates across the boundary which leads to a
system temperature are derived. It is demonstrated that thgqin boundary velocity

energy per deposited atom is not a single specific indicator o

the tendency to grain orientation, and that, for lower-energy dL 1 Q

ions, the effect of simultaneous ion irradiation can enhance qr- CvedrT eXF( - k_T)A’“' 2

normal thermal processes but, for higher ion energies,

irradiation-induced and thermally driven mechanisms maywhere c is a geometric factor depending upon the atomic

be competitive. The dominant effect depends on the magnimechanismyg is an effective local-mode frequenc§js the

tudes of the process parameters described above. local distance moved by the boundary per atomic rearrange-
In the following section the basic equation for grain ment across the boundary, a@dis the mean activation en-

growth in the presence of a driving force and under constangrgy for atomic jumps from either side of the boundary to the

temperature conditions is first reiterated and then relevartransition state at the boundary.

effects of ion bombardment on materials are briefly summa- Knuyt et al}"*8 used this equation withx given by the

rized. In particular, the production of defects during film difference between the surface free-energy density of a grain

growth is considered, including the effects of the channelingand the mean surface free-energy density of surrounding

process on defect production rates, and the nature of thgrains in their analysis of isothermal grain reorientation. Al-

thermal spikes that occur following the quenching of ballisticexander and W48 modified the terms multiplying the

collisional processes is examined. Such spikes induce spahemical potential difference in a manner that will be ex-



8378 G. CARTER PRB 62

plored subsequently for the case of thermal-spike-induced this exceeds a displacement energy threshold the atom may
boundary motion, and in which this chemical potential dif- be displaced from its lattice position. Indeed, if the energy
ference was related to the interfacial free-energy density atansfer is large this primary atomic recoil may produce sec-
the grain boundary, i.eAu=—2v/R, wherey is the inter-  ondary displacement recoils and higher-generation recoils,
facial free-energy density arilis the grain radius. Processes and a displacement cascade of moving recoils ensues. This
driven by free-energy density differences between neighborcreates a vacancy population but a fraction of the equal num-
ing grains are classified as primary recrystallization whileper of interstitials produced may recombine with the vacan-
those driven by interfacial free-energy density are classifiedies, For light ions the cascade of defects will be dilute but
as secondary recrystallization, and since in the present stugy, heavy ions, particularly in combination with heavy target
much of the interest lies in the mutual interaction betweerhtoms, the cascade will be dense and at the end of the bal-

the bulk of neighboring grains to effect grain reorientation itlistic collisional phase between atoms may resemble a

:/?/iItlht?ef?]renc]:ggsrg?d':g%sorgig]?;;vﬂnbu;?g}%%zd. ':;;"(’;V; & Itvacancy—rich core surrounded by a mantle of surviving inter-
Y : bp §titials. The relaxation of the defect distributions will be by

accommodate the transient thermal-spike-driven nature Poth thermal and athermal processes and will depend upon

the atomic migration events. both the initial profile of the energy deposition function and
the nature of the substrate material. This may involve sur-
vival of simple defects, production of extended defects, and
Ext_ensive reviews ofS;on-irrgd_iation-induced processes irbhase change of the substrate, e.g., from crystalline to amor-
materials already exi%t>’ and it is only necessary here to r{)hous. In the present analysis it will be assumed, for simplic-

give a brief synopsis of t.ho_se effects relevant to the prese fy that the surviving defects are vacancies and interstitials
study. When an energetic ion approaches a surface it expe;

i : ; . nly.
rences repl_JIswe .fc.)rces from atoms.of the solid, and if the In the case of ion incidence close to channeling directions
ion energy is sufficiently lowusually in the tens of eV re-

gion) it will not penetrate beyond the first atomic layer but a fraction of the incident flux will be prevented from having

will be reflected. Estimates of the ion energy required to firstdoje’ (1|;placergent—?%qer?tlngd cto lisions dnear It'he Zurffacte
effect penetration and the behavior of the penetration prob"E“_1 S0 the number of displaced atoms and resulting defects
ill be reduced. For a given substrate material the fraction of

ability above this energy threshold have been made for ion¥’ S i L
incident onto random atomic arr&jsand when ions are in- 10NS that were incident parallel to channeling directions and

cident parallel to operichanneling directions in crystalline then become channeled increases with increasing ion energy
substrate§?~®*and in the latter case a major analysis of the@nd decreasing ion mass, and the defect production and sur-
Channe]ing process in genera] was first given by LindB&rd. vival densities follow the same behavior. Additionally, the
Quite expectedly, penetration is easier and its onset occurs ghanneling phenomenon is restricted to defined angular lim-
lower energies for channeled ions, and penetration is easiéis of the incident ion direction with respect to given chan-
for heavy ions onto light substrates than the reverse situatiomeling directions, and this angle increases with increasing ion
Even though at very low energies ions will not penetrate theand substrate atomic numbers and decreases with increasing
surface, energy will be transferred to one or two surfacgon energy and interatomic spacing along crystal rows paral-
atoms local to the point of impact and this energy will thenlel to channeling directions. Consequently, for ion incidence
be dissipated by phonon transport. This effect constitutes anto a system of randomly oriented polycrystalline grains,
thermal spike centered on the surface, and an effective tengtefect production will be minimized for those grains where
perature wave spreads out from the energy source. To th@eir channeling directions lie within the critical channeling
author's knowledge no estimates have been made of the bgngle from the ion incidence direction, and this angle will

havior of this local energy deposition as a function of ionfg|iow the jon-mass and energy dependence just described.
parametergatomic mass, energy, and incident condilioor  rhe channeling process, in minimizing energy transfer and
of substrate parametefatomic mass, crystallographic orien- o ition near the surface, also results in a reduction in the
tation, and, albeit weakly,_ temperthmt_wtlvely it would .._number of atoms sputter ejected from the surface.

be expected that the fraction of incident ion energy deposne(g Following the quenching of ballistic collisions between

in this point spike would increase with ion energy and theatoms these remain effectively “hot” and this energy is then

ratio of the ion to substrate atomic masses. In this energy . = o . -
regime it is likely that few if any defects would be producedYed'SmbUted both _W|th|n_ the initial volume of _the_c_o_II|S|on
cascade and outside this volume. The effective initial tem-

below the substrate surface. . i
As ion energy is increased to above the order of hundregRerature of the cascade volume will be proportional to the

of eV and penetration occurs readily, an ion will be slowedatio of the ion energy deposited to the cascade volume and
down by a sequence of collisions with substrate atoms an#ill be largest for heavy ions and substrate atoms. For ion
will eventually stop in the bulk. The distribution of stopping €nergies not greatly in excess of those required for penetra-
positions will be statistical because of the randomness ofion, the initial thermal spike associated with this energy
initial and subsequent collisions with substrate atoms, an@eposition may be regarded as of spherical geometry cen-
the mean and higher moments of the stopping distributioriered at a point just below the surface, but as ion energy is
will increase with ion energy. For ion incidence close toincreased and penetration is deeper energy is lost more con-
channeling directions, a fraction of the ions will penetratetinuously along the ion path. In this case the thermal spike
more deeply than in the case of random incidence. At eachmay be considered as of cylindrical geometry with a line
ion-atom collision energy will be transferred to the atom, andsource, in which the maximum initial temperature is given

B. lon irradiation effects
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by the ratio of the energy deposition per unit length to the The rate of film growth is given by = (j,—j;Y)N 1 if it
cross section of the cascade produced by the ion transverseitbassumed that all arriving atoms condense on the film, and

its path. so the equilibrium fractional defect concentration is given by
A significant difference between the spikes described here .

and that discussed earlier for nonpenetrating ions is that the __mis )

former also occur together with defect production and it is ja— Y’

the different influences that these spikes exert upon defe(ﬁ only point defect production is considered thermay be

and surface atom migration and the resulting reorientation, i -+od from the Kinchin-Ped8equation as modified by
processes occurring between grains that will be analyzed i@igmund%

the following section. Initially, however, it is necessary to

estimate more quantitatively how channeling processes may 0.42f(Eg)

influence defect production and survival and, consequently, n= E—d’ (4)
can modify the bulk free-energy densities of grains when

these are growing continuously. where f(Ep) is the fraction of the incident ion enerdy,

It is initially assumed that an energetic ion fljixis inci-  deposited in elastic collision processes &ngis the energy
dent simultaneously with an atomic deposition fiponto a  required to effect a permanent atomic displacement. More
crystal grain; the ions sputter the film growing onto the graingenerally, the rate of defect production at depth given by
with a sputtering yieldY and penetrate the film and create
7n(x) defects per unit depth of the film at a deptibeneath = 0'_42af(E)

. . : . 7(x , €
the instantaneous film surface. Both the ion and atomic Eq X
fluxes are assume.d. to be incident normally to the_ substrate . e gf(E)/ax=Fp is the linear rate of elastic energy
upon which deposition occurs. If the film grows with a ve- deposition.
locity v in the —Oxdirection th'en ata tlmEafter the start of Although Eqs(3)—(5) are generally valid, when ion chan-
deposition the defect production rate at a fixed plane parallgle|ing occurs both the defect production rate and the sputter-
to and above the initial grain surface at a distance’ is  ing yield will be reduced, since the elastic energy deposition
given by n(x’ —vt). Consequently, as the film thickens, at densities in the bulk and at the surface will be reduced. As
this fixed plane the defect production rate varies and eventurery simple linear approximations these processes can be
ally a steady state is reached after the film has thickened taritten, in the presence of channeling with a probabititas
greater than the maximum depth of defect productkinrso 7= 7o(1—p)/(1—py) and Y=Yo(1—-p)/(1—py), where
that the defect density is proportional, at any depth from they, is the defect production rate for perfectly channeled ion
surface except the portion of the film within the deptirom  incidence with a probabilitypy<1 andY, is the sputtering
the initial grain surface, to the depth integral of the depthyield for perfectly channeled ion incidence. These linear
production rate function, i.e., to the total defect productionforms should be regarded only as useful approximations that
rate 7= [Xdx (x). In fact, it is readily shown by analogy allow for. facili;y of analysis. In fact, from studies by'Qen
with the saturating collection of implanted ion spefféd _and Robinsori! who assumed hard-sphere atomic collisions,
that the equilibrium fractional defect concentration over thelt M2y be deduced that a power-law relation of the form
majority of the film thickness is given byi=7js/Nv, 7~ 70o(1=2p)/(1—2po) is a more exact description. For
whereN is the atomic density of the film arglis the depth- P~ Po (perfect channelingthis leads to the same result as

independent probability for defects to survive annealing. above while, fom=0 (no channelingthe defect production

This model therefore assumes that, after production, de:ﬁéig larger than for any channeling conditions in both treat-

fects may migrate and mutual'ly annlhllatg or escape to S|.nks Under atomic deposition and film growth conditions the
such as the free surface, grain boundaries, and dlslocatlong

. . . eometric forms of each nucleus from which grains develop
This happens on a time scale much faster than the time o o) nected to be identical, although their crystallographic
grow a new surface layer and, after these processes are CoRfjantations on the substrate can be variable, and so the nor-
plete, only a fractiors of the defects survive and are stable. pai5 to the surfaces of each grain will possess different
The saturation of defect density at any depth below the inangles with respect to ion flux direction and the channeling
stantaneous surface then occurs when that depth exceeds f@babilitiesp for different grains will be different. Since the
maximum range over which defects are produced. In a morgyn flux will be incident upon different surface crystallo-
exact analysis it would be necessary to solve the equationgraphic planes for different grains, the preceding linear ap-
describing defect production, migration, and loss processgsroximation for the defect production rate will remain valid,
in @ moving boundarythe surfacesystem, which, although but that for the sputtering yield will be slightly in error since
can be accomplished readily for a stationary bounahas  this parameter is also dictated by the surface binding energy
not, to the author’s knowledge, been undertaken for a movef atoms, which will depend on the surface crystallography.
ing boundary. Consequently, in the present simplification,This perturbation will be ignored in the present analysis and
the survival probabilitys has been employed as an averagingthe linear approximations for both rates will be substituted
parameter, but it would be expected, from analogy with thento Egs.(3)—(5) to account for the channeling process.
static boundary system, thatwould be a function of such The bulk free-energy density of a crystal containing a
parameters as ion and atom flux densities, ion energy anfiactional defect concentratiom is given by*** u=G
species, and system temperature. +gn, whereG is the bulk free-energy density of a perfect,
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defect-free crystal and is the additional free energy per unit J

fractional defect concentration. From studies by Wilkes, VKVT=CE. 9
Liou, and LotP® of the similar problem of radiation-induced

phase instability, this free energy will be equivalent to the

enthalpy of point defecte.g., vacancyproduction, and this  \yhere both the thermal conductivity and the heat capacity
may be of the order of an eV or so. From the above d|scusr-nay be constant or temperature dependent.

sion the bulk free-energy density difference between neigh- 11,5 equation has been solved, for constant values of

boring grains upon which ions are incident in d|fferentd|rec—these thermal parameters, exaftlyand in a useful

tions W'.th respeqt to their major chanr_1¢_|mg directions, SOapproximation7;0 and for conditions where the ratio of the
that their respective channeling probabilities preand p,,

) . thermal conductivity to the heat capacithe thermal diffu-
is thus given by L . .
sivity) was assumed to be a simple power-law function of
(1-py) temperatur€-’? or where both parameters were assumed to
i (1=po) = Yo(1=p1) be independent and different power-law functions of tem-
Jal 27 Po) 71Tl L7 P1 perature. The rate per atom or defect at which a thermally
(1-p2) activated process occurs is given yexp(—Q/kT). Conse-
Ja(1=po)—JiYo(1—p2)

: (6) quently, in order to determine the equivalent to the factor
Pr=[voexp~Q/KT]/KT of Eq. (2) when thermal spikes
In the specific case where for two neighboring grains the iorpromote the reaction, it is first necessary to determine the
flux is perfectly channeled for one grain apg=po, while  temperature profilél(r,t) as a function of spatial coordi-
for the other grain the ion flux is completely unchannelednates and timet, then use this local and instantaneous value
(random incidencdeandp,=0, Eq.(6) simplifies to to determine the local and instantaneous reaction rate per
atom or defect, and finally integrate this rate over appropriate
.7 space and all time. Division of this integrated rate by the
total number of participant atoms or defects yields the de-
wherer=j,/j,, the ion:atom arrival rate ratio. sired factor. This type of calculation has been made for pro-

In Egs. (6) and (7) both denominators in the bracketed cesses not driven by chemical potential differences for
term must be positive to ensure net film growth rather tharfémperature-independent thermal  conductivity and heat

70 . - .
sputtering-dominated erosion, and if growth is rapid andc@pacity,” and for thermal d|ffu3|v7|£y assumed to be a
deposition is much greater than simultaneous erosior(/q. Power-law function of temperatufé,’ for both spherical-

Ap=9gsnoji

_gsmor | (1—po) 1

A= T o) [(T=1Y0) T=1Yo(1-py) °

can be further simplified to and cylindrical-geometry heat conduction. It has also been
made for the closely related problem of sputtering resulting

gsnor rYoPo(2—po) from thermal spikes for both spherical- and cylindrical-
Ap~~— (1-po) Po (1-po) . 8 geometry spike conditions and where the thermal conductiv-

ity and heat capacity were assumed to be independent power-
It is already clear that the intergranular bulk free-energy denlaw functions of temperatur€;’” and for grain-boundary-
sity difference in the ion-assisted deposition case is a nonlinsurvature-related interfacial free-energy-driven processes for
ear function of the ion-to-atom arrival rate ratio, although forthe case of cylindrical spikes.
relatively small values of this ratio and/or small values of the In the case of thermal-spike-induced sputtering, it is the
sputtering yield the deviation from linear dependence will beprofile of the temperature wave across the surface that is
weak. It is also clear that the bulk free-energy density differ-relevant, as it is in the present study for the case of nonpen-
ence is negative and increases with increasing channelirgfrating ions that can mediate surface atomic migration. In
probability, i.e., the free-energy density of the grain forthe case of ions that just penetrate the surface, a point source
which channeling is optimum is lower than that for the grainspike in an infinite medium is considered since, on the one
for which channeling is absent, which indicates that thehand, the dependence on the system parameters of the form
former will tend to grow into the latter in order to reduce the of the temperature profile is not modified by the initial posi-
system free-energy density. This was the behavior suggestdi@n of the source but only its magnitud¥,”” while, on the
qualitatively by Van Wyk and Smitf and Dong and other hand, it is difficult to include the effects of a boundary

Srolovitz>* in the case of temperature-dependent thermal constarts.
In this case also the reaction participants are considered, in
IIl. THE INFLUENCE OF THERMAL SPIKES ON ATOM ghef present W.Orka to.?f thﬁ egum;rflum d‘hensf'.tly of S‘]frV'V'”g
AND DEFECT JUMP RATES efects contained within the dep¥hfrom the film surface.

For higher-energy, more deeply penetrating ions, cylindrical

When the ballistic collisional phase of atomic interactionsspike geometry and the surviving defect population through-
has quenched and the deposited energy has equilibratedit the entire film thickness are employed.
throughout the initial volume of the cascade, a thermal wave In the present analysis similar calculations have been per-
spreads out from this initial energy or equivalent “tempera-formed for temperature-dependent thermal constants but, as
ture” profile and the subsequent temperature profile is deterin the previous studies indicated above, the variation of the
mined by the equation of heat conduction in an isotropicfactor P with the system parameters is weak and only the
uniform medium with thermal conductivity and heat ca- magnitudes are slightly changed, and so the results for
pacity per unit volumeC: temperature-independent values only are quoted here.
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For the case of low-energy, nonpenetrating ions which Q 1
deposit an energlgg in a point spike at the surface and from TC:E In«CB(K4j,) "(KEXQ 1) (11)
which a hemispherical thermal wave then spreads, i 0

This relation clearly indicates the dominant role of the sur-

KljiVO(kES)Mg face migration energy in determining the temperature at
PHSZW' (109 which spike processes will become dominant, and the much

weaker dependence of this temperature on ion flux density

For the case of low-energy, penetrating ions which deposignd the deposited energy per ion. For the values of the sys-

. : o tem parameters given above, this critical temperature is
k I h f f ) R
\?vr;‘ii?]e;gs%% vlar;igaﬁ)ct);lr;fr%l ?NJ;S; t:ﬁeo:v stpreezgrsace and from evaluated to be approximately 285 K, which implies that, for

the system parameters assumed, which are typical of many
ion-assisted deposition situations and material constants, the
(10b) effects of thermal spike processes, even with very low-
energy ions, will be observable near room temperature.
. o ) _ It should be reiterated that the role of thermal spikes in
For the case of higher-energy, penetrating ions which deposgkjs jon energy regime is to supplement any isothermal pro-
energy continuously throughout a film thickness at a lineagesses drives by free-energy density differences, so that any
rateFp in a line spike and from which a cylindrical thermal such process that tends to minimize total surface free energy

KojivokEg®
Pse™ e C?5QX

wave then spreads, will be accelerated by the operation of thermal spikes. On the
other hand, as ion energy is increased and penetration and

K3jiF% defect production occur, then the channeling effect will be-

CB:TQ?' (100 gin to assume importance. The system will then tend to be

driven toward a state of minimum volume free-energy den-
In these equations the constartsare calculable and are sity with major crystallographic channeling directions
related to the geometry and the spatial integration and are ailigned parallel to the incident ion flux direction. For fcc
in the region 103—1072. It may be noted that in these equa- Materials this will tend to orient crystal grains with their
tions a common value of the activation enei@yhas been Surfaces parallel t¢11Q planes, while for non-ion-assisted
employed but it is entirely possible that such values willand for low-ion-energy-assisted deposition grain surfaces
differ according to whether the process is one of surfacéVill tend to be oriented parallel til11 planes. _
atomic migration or bulk defect migration. In this higher-energy ion regime it is clear, from earlier
As an illustration of the probable importance of thermal comparisons o values, that for any given driving process
spike effects a system is considered at 300 K for which athermal spikes are likely to be even more dominant than
activation energyQ=1 eV is chosen and a local-mode fre- Purely isothermal effects. Equatioris0a—(100 reveal the
quencyr,= 101 is assumed, together with generic order-of-variations inP values as, for example, ion energy is in-
magnitude values for metals of=10%teVm 1K lsec? crr—_zased, but the energy at wh_|ch any transition from them_]gl
and C=10%°eVm 3K ! and a typical ion flux density of SPike effects supplementing isothermal processes to mini-
1 mA cm2~6x10ions m 2sec .. Appropriate values of Mize surface free-energy density to thermgl spike effects gnd
% Eo, X, andF, for the three spike geometries discussegsSimultaneous bulk defect producfuqn,. which compete with
above may be assumed to be of the order of 10 eV, 1 keV, urfape processes and tend to minimize volumg free-energy
nm, and 1 keV nm?, respectively. For these assumed valueJ€nsity, cannot be deduced from simple comparisorf,ef

the magnitudes oPr, P Pen. andPe. are 4x10°3 2  and Psg, since the driving free-energy difference will be
%«10-4  2x10-1 T'an'és' 5;?’04 (a(fl? in units of different in the two cases. It is therefore necessary, in the

jumps secteV!) respectively, when lower values of the next section, to evalqate the free—epergy difference betW(_aen
constantX are used. It may be remarked that the similarity_gralns V\_/hen channeling begomes important for penetrating
in the magnitudes of the final two values above arises rathdP"S, Using the results 'obtalned from Sec.:.' I, anq hence to
naturally, since the ratio of the initial ion energy to the depthobtaln_estlmates of grain 9r°_Wth rates. Inlfually th's is done

over which equilibrium defect concentrations are established! & SImple system of two neighboring grains which possess
for the lower-energy ion case is the same as the linear rate Gaximum channeling and zero channeling fractions, respec-

energy deposition density for the higher-energy ion case. tively. These results are then employed in the subsequent
Clearly, all of the spike-induced processes can be of simi

section to evaluate the rates at which grain reorientation oc-
lar or larger magnitude than isothermal processes for a sp

gurs for systems in which either surface or volume free-
cific driving force mechanism, and in the case of low-energy €M€'9% minimization is the driving r_nechamsm.
nonpenetrating ions in particular the spike process can domi- Fmglly, it may be noted_that the '”f'“ef.‘ce of the _substrate
nate the thermal mechanism if the ion flux density and/or thé“"jlterlal can be further refined by assuming, following Alex-
ion energy deposited and/or the activation energy for surfac"der and Wat] that the process activation ener@yand
atomic migration is increased or the system temperature i

e cohesive energy of the film materiaH ., are linearly
decreased. In fact, because of the largely exponential depeffated and substitution of this relation into E¢E0a—(100).
dence on these latter two parameters it is these whose mag-
nitudes largely condition the dominance of isothermal or
spike effects. Equalization dP; and Pyg leads to an ap-
proximate value of the temperatufig at which these two The volume free-energy difference between grains in

processes become of equal importance, given by which the optimum and zero channeling occur was derived

IV. THE INFLUENCE OF THERMAL SPIKES
ON GRAIN GROWTH RATES
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in Eq. (8), and it is useful, initially, to compare this value the rate of grain expansion for a bicrystal system in which
with that employed by Alexander and W#swho estimated the volumetric free-energy density difference is a maximum
the grain growth rate when cylindrical-geometry thermalas considered above, and when thermal spike processes in
spikes accelerated this rate under the driving influence ofhe bulk accelerate defect jumps. This rate of expansion of
interfacial free energy between a grain and its surroundingghe grain of lowest volumetric free-energy density into a
From the valuesy=3x10%eVm 2 Q=15x10"3m? neighbor grain of highest free-energy density may be calcu-
and a typical grain radiuB~ 108 m used by these authors, lated from the analog of Eq2) rewritten as

a value of the interfacial free energy of the order of 0.05 eV dRrR
per atom was deduced. If, in Edg) and(8), a value of the —=—PgéAp, (12
ion:atom arrival rate ratio of unity and a typical value of dt

Eq=25eV, are chosen together with a value of the initial ionyhere, for simplificationc is assumed to be unity arfel
energyE, of 10 keV (which is a reasonable order of magni- represents the® factor for either spherical or cylindrical
tude to be able to assume sufficiently deep ion penetratiogpikes generated in the bulkPg can be evaluated from
and to describe the spike as linear rather than of point geomither Eq.(10b) or Eq. (100. It is of similar magnitude for
etry), and if the effects of simultaneous sputtering erosion argne system parameters assumed earlier and of the order of
neglected in a first-order approximatigagain, this is rea- 10-1geclev-!in both cases. s will be of the order of a
sonable since the term in E(B) that describes this process feyy tenths of a nanometer and if, from the earlier discussion,
contains the additional channeling fractipg], and if this 5 yolumetric free-energy density differenceofi~0.1eV is
fraction is, again reasonably for heavy ions, assigned a valugssymed, the rate of grain expansion is of the order of
of 0.1, then for values of the defect survival probabilty 10-3nmsec?. Although slow, apparently this rate is com-

ranging from 10° to 10°* the free-energy differencAu  parable to the film growth rate that would occur with a net
between grains aligned so that channeling is optimum a”@eposition flux of atoms of the order of

. . . 3 _Mux ~at
those in which no channeling occurs ranges from0™°to 106 atoms m2sec?, which is somewhat small. In molecu-

0.4 eV per atom. The values of the point defect survivaligr gynamics studies of grain reorientation the pictorial evi-
probability are not well known and will certainly decrease gence given by Dong and Srolovitzof the occlusion of
with increasing system temperature as a result of thermallyonchanneling grains by channeling grains occurs at a rate
induced annihilation but, in addition, athermal annealing ef-sypstantially slower than the film growth rate, with which the

limit the maximum value of the fractional point defect con-  Given this reasonable qualitative and order-of-magnitude
centration to the order of I in metals’® This indicates agreement it is now justifiable, as in the next section, to
that a larger value of the defect survival probability chosengyajuate the rates at which grains reorient toward those of
above will represent a maximum value of this quantity rathefimaximum channeling probability from an initial random dis-
than it being constrained by the ratio of rates of defect proyipution of grain orientations. Before doing this, however, it
duction to film growth determined earlier. It is clear, how- js yseful to return to an assessment of the criterion for which
ever, that this free-energy density difference range encomtere js a transition between low-energy, nonpenetrating ion-
passes the free energy associated with grain-boundafyadiation-induced thermal spikes centered on the surface,
curvature(i.e., ~0.05 eV atom~), and as grain size and \yhich accelerate normal isothermal processes driven by sur-
radius increase the yolumetrlc fre_e-energy density dlffgr-face free-energy density differences, and higher-energy, pen-
ences may substantially exceed interfacial free energiegtrating ions, which generate bulk defects and thermal spikes
Since the factoP derived in Eq.(100 and the paramete¥  accelerating the grain reorientation process driven by vol-
are essentially identical to those derived by Alexander angimeric free-energy density differences. In order to determine
Was," it is clear that the rate of grain growth resulting from the jon energy at which this transition occurs, it is necessary
ion irradiation may be equally as plausibly explained by theyq compare the values @® given in Egs.(10a and (10b)
volume free-energy density differences arising from the dif\yhen each is multiplied by its appropriate free-energy den-
ferential channeling between grains as by that resulting fror@ity difference. As noted above, these free-energy density
the interfacial free energy of grains. This former mechanisnyitferences for both surface-driven and bulk-driven effects
is that advocated by Van Wyck and Snfittand Dong and  are likely to be of a similar magnitude, and so it is now
Srolovitz! and it is evident that the present estimates Ofacceptable to compare only Eq403 and (10b. When this

volumetric free-energy differences and the enhanced defegt yone and it is assumed that at the transition enBfgand
jump rates resulting from thermal spike processes demon: should be equal, it is readily shown that the transition
strate the reality of this mechanism. energy is given by

It is also worth noting that, in their analysis of thermally
driven grain growth and reorientation, Knugt al!’*8use a cQxd
value of the surface free-energy density difference between Eor~——- (13
grains of the lowest and highest free-energy densities of the
order of a fraction of an eV, i.e., of similar magnitude to thatFor the values of the parameteds=1 eV andX~1 nm as-
derived here for volumetric free-energy density differences.sumed earlier, this leads to a transition energy of the order of
Since the present analysis shows that the volumetric freet00 eV, which is clearly particularly sensitive to the assumed
energy density differences resulting from differential chan-value ofX. It is difficult to prescribe this distance accurately,
neling processes between grains are of similar magnitude tgince if the ion energy is just sufficient to allow penetration
those that arise from other sources, it is legitimate to evaluataend defect production the defects will be produced close to
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the surface and image forces may result in their loss to thés the maximum angle in the surviving angular range of co-
surface, thereby reducing the additional volumetric freedlumnar surface orientations at tinte This attrition of the
energy density difference as well as modifying faéactor.  angular range occurs because the columns of lower surface
Nevertheless, it is reasonable to conclude that this energgnergy density expand at the expense of columns of higher
will probably lie between tens of eV at which ion penetrationfree-energy density and so the latter are gradually occluded
becomes possible and 100 eV or so when stable bulk defefitom the depositing atomic flux. For small times the upper

production is feasible. limit of the above integral may still be assumed to be 2
of the initial random orientational distribution, and the maxi-
V. THE RATE OF GRAIN REORIENTATION mum rate of initial grain growth is obtained for grains with

o ) . o the minimum surface free-energy denslty growing into

As indicated earlier this phase of the analysis is baseghe surrounding random orientational columnar structure. For
upon previous investigations by Knugt al,'’**who deter-  their assumed functional dependencd’6p) for the specific
mined the rate at which grains of minimum surface free-cg5e of growth of TiN grains'% ~1.279",. It may be as-
energy density grew into a surrounding grain population ofgmed that for many systems the difference between the low-
higher surface free-energy densities and in which the initiabs; and the mean surface free-energy density planes is a simi-
population of the grains was uniformly and randomly distrib- |4y small fractione of the minimum surface free-energy
uted. It is therefore helpful to summarize the approach an@ensity plane, and so in general the maximum rate of initial

results of these authors in order to a1p7|:>1lg/ the approach to thg:ain growth from an initially randomly oriented population
present model proposals. Knugt al.”"*® assumed that a s grains can be written as

growing film was composed of cylindrical columns with

common crystallographic structure and with their planar in- dR,
terfaces with the external environment. The columns, how- ax
ever, were differently oriented with respect to the normal to dt
the mean surface and the initial substrate. Consequently, t
surface free-energy densities of individual columns were di
ferent, and it was argued that the columns with lower surfac
free-energy densities would expand into surrounding col
umns if the mean surface free-energy density of the imme
diately surrounding columns was higher. An initial popula-
tion of uniform columns of radiuR, was assumed, in which
the normals to each columnar surface were randomly distri
uted in polar angle with respect to the normal to a surface of,. . i . .
minimum free-energy density. These authors also assumed fferences in volumetric free-energy density resulting from

specific form for the variation of the surface free-energy den™" ferentla_l 'on chg.nnelmg_e.ffects between dnfferently ort-
sity with polar angleg with respect to the surface of mini- ented grains. Additionally, it is necessary to suitably modify

mum free-energy density, although their analysis was aIs{Pe effecti\{e valriatior? of grain free-energy density as a func-
undertaken for a general relationship of this function. At a- " Ofl g::;]un oneknta:ctllgn ‘OEfo?%?g_IOV the cha_lg)?eltlngdpro-
given timet during deposition a modified form of E@2) cestsJ. nth € Wofr 0 fnuy al, dl Wz.its possibie Ot' e
was employed, in which the free-energy density differenc cribe Ihe surface firee-energy densily as a conlinuous
Ap was replaced, as indicated above, by the difference b unction of the orientation of grain surfaces with respect to

tween the surface free energy of a specific giaand the the surfgce plane of ”“”‘”?‘.Jm free-energy density. In the
mean surface free-energy density of its immediately surfase of |on-a35|sted_dep03|t|on, whgre chann_elmg Processes
rounding grains, i.e modify the volumetric defect densities of grains and, as a

result, their volumetric free-energy densities, channeling is
dRi V05 F{ Q

~Psel,. (16)

r_]Tehis equation has been written in generalized form with the
éactorP since it is not only applicable to the isothermal grain
growth process discussed by Knwettal,'”*®but is equally
relevant when grain growth is influenced by the thermal
spike mechanisms under examination in the present work.
The above approach can be directly carried over into the
peresent study by replacing the driving process for grain re-
?rientation of differences in surface free-energy density with

confined to a restricted angular range < ¢ with respect
F TR _k—T)(Fi—Tm), (14 to the direction of maximum channeling, and outside this
range, ¢.< ¢p<m/2, channeling may be assumed to be ab-
where I', was determined from the relationl’,,  sent.
=3, I'MR /Z;M;R;, in which M; is the number density of Consequently, in an initially random population of grain
i columns. Equatioril4) was solved by both computational orientations, that part of the population with angular orienta-
simulation and approximate analytical methods for bothtions within the channeling angular range will develop a sin-
short and long deposition times with good agreement begular, common volumetric free-energy density, and that part
tween the two approaches. For short times, where it may bef the initial distribution outside the critical angular range
assumed that columns of all orientations are still present iwill develop a different common, angle-independent and
the total population, the analysis can be extended to showigher volumetric free-energy density, i.e., the free-energy
that density function will be discontinuous ap=d¢.. It is
straightforward to substitute this free-energy density varia-
i . tion function into the definition of the free-energy density
W%PT‘S(FO —T, (15 moments of Knuyet al1’'8We recall that, within the criti-
cal angular range for channeling, the channeled fractiqg is
whereI's = w1 /wo and thew values are defined from the and it is zero elsewhere. Then we evaluate the maximum
generalized momentsn=f§maxl“(¢)“sin¢d¢, where ¢nax  initial grain growth rate for this system. The final result is
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dRs max mum initial growth rate for grains oriented within critical
gt~ Psdcosdcdu (17 acceptance angle for channeling is as deduced in that earlier
discussion.

Next it may be noted that, using the above type of analy-

wheredRg g, /dt is the maximum initial grain growth rate, SIS, an approximate estimate can be made of the time re-

P. is the P factor appropriate to either spherical or cylindri- quwed, from an initial rand(_)m distribution _of_ grain orlenta-

cal geometry spikes in the bulk given by E¢&03 or (10b) tions, for all of those grains that were initially oriented

and the relevant free-energy density differedge is given ~ Within the critical channeling angular range to have ex-

by Eq. (8). Since the critical angle for channeling is usually Panded and occluded all other initially oriented grains. The

small, the cosine factor in Eq17) can safely be approxi- 'esultin a linear first-order approximation is

mated as unity. The presence of this term results from the

fact that, as the critical angle increases, a larger fraction of P S
. . . . Cs .. occ P5 A !

grains will be initially oriented within the critical angular COSpcAp

range, and any one grain in this range will be surrounded bythough in higher-order approximations the occlusion pro-
a higher fraction of grains also falling in this range, so thateegs is more gradual and tends to occur as a quasiexponential
the average driving free-energy density difference will begecay effect. This equation does illustrate, however, that the
smaller and the grain growth rate will be lower. greater the role of thermal-spike-mediated defect migration
Clearly Eq.(17) can be written in its full, cumbersome penyeen grains of maximum and zero channeling, the more

detail by insertion of these appropriate relations for spikes Ofapig will be the tendency toward grain reorientation close to
both spherical and cylindrical initial geometry, but, althoughcpanneling incidence conditions. The earlier discussions in-

giving completeness of analysis, it is unnecessary in view Ofjicate that this will be best achieved for large values of in-
the earlier discussions of the magnitudes of the diffefnt cjgent jon flux density and ion-to-deposit-atom arrival rate

factors corresponding to isothermal, surface spike, and bulkyiio provided that the congruent sputtering erosion does not
spike conditions, and of the magnitude of the volumetricyreyent net film growth, high-energy deposition densities per
free-energy density difference resulting from the channelings, 5o that the effective initial temperatures of spikes are
effect in comparison with surface free-energy density differ—high' and large values of the channeled fraction and the de-
ences between grains of different surface planar geometis i syrvival probability.

and interfacial free-energy density. In the latter case in par- Finally, it may be noted that Knuyt al 167 also derived

ticular it has been demonstrated that, for reasonable choiceg, expression for the surviving grain density, defined as the
of system parameters, which correspond to achievable exactional surface area of all columns with orientations be-

perimental conditions such as the ion to atom arrival rat%weenqﬁ and ¢+d¢ per unit solid angle in this range. The
ratio, the incident ion energy, the channeled fraction, and thﬁensity is given by D(¢,t) and is proportional to

ppint defect survival pr.ob'ability, thgse free-energy density R?M;, /M; since, initially for a randomly oriented grain dis-
_dlfferences can be O.f similar magnitude. Co_nsequently, Aftipbution, M; is proportional to the solid angle in this range.
!ndependent of any mfluence of therf”a' spike pr.'e.nomenaExtending the analysis of Knuyt al. to the present ap-
intergranular volumetric free-energy differences arising from roach leads to the result, applicable for small titasd for

d|fferentllall ch.annellng can be at Ie_ast as 5'9"!'“0‘"‘”‘ as the$rains oriented outside the critical angular range for channel-
other driving influences and potentially more important, an ng

could either supplement or compete with such processes in
causing grain reorientation. For low-energy, nonpenetrating D(,t) |2 P St

ions, where bulk defect production is absent, no such mecha- 1- (—_) ~Apu .
nism will exist but, according to the evaluations of the factor D(¢=01) Ro+POAp cosect

P for purely isothermal grain growth and for surface thermal-For larger times the denominator on the right-hand side of
spike-mediated growth, the latter mechanism will be domi+this equation becomes a power-law series in time with only
nant. This leads to enhanced growth rates of minimum suradditional terms of even index in time and odd index of the
face free-energy density grains for sufficiently large incidentpowers of the producPs, which are all negative. Conse-
ion flux densities and energy deposited per ion, and this emyuently, the fractional surface area of grains that are oriented
hanced rate will be determined by the valueRys in Eq.  outside the critical channeling angle is, as expected, a de-
(10a. For higher-energy, penetrating ions, evaluations of thesreasing function of time, and the larger the fackithe
magnitudes ofPg for either spherical or cylindrical spikes more rapidly will this fraction decrease. This rate of decrease
generated in the bulk showed these to be generally similaiill also be larger the greater is the free-energy density dif-

and to be substantially greater thRrvalues for either iso-  ference between grains for which channeling is a maximum
thermal(at room temperature for the surface atomic migra-and zero.

tion energy assumeédor surface-centered thermal spikes.

Therefore for such ion irradiation conditions the channeling
effect that led to differences in defect densities between
grains becomes the dominant process, and the system tendsThe preceding discussion has demonstrated analytically,
to develop toward one in which all grains are oriented so thaand by making order-of-magnitude estimates, that differ-
their major channeling directions are parallel to the incidentences in volumetric free-energy density between grains for
ion flux direction. In this case Ed17), with values of the which there are different ion channeling probabilities, and

system parameters used in Sec. 1V, indicates that the maxg¢onsequently different surviving point defect densities, can

R (18)

(19

VI. DISCUSSION
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be similar to both surface free-energy density differences andated in the first filled surface atomic plane, and the migra-
interfacial free-energy densities, and so can be, at leasion energies of these adatoms may not be too different from
partly, responsible for grain growth and reorientation phe-bulk interstitial migration energies. Furthermore, some ex-
nomena in ion-assisted deposition. Furthermore, the thermalerimental eviden&&®2indicates that even low-energy, pen-
spikes that follow the collisional stage of ion impacts canetrating ions generate interstitials, which escape vacancy
induce at least as many, if not far more, activated atomic ocapture, migrate to the surface, and become additional ada-
defect jumps than can purely isothermal processes alone, ait@ms. If, therefore, surface adatoms and bulk interstitials are
can either enhance the surface atomic migration rate and ledble species responsible for the differing grain growth pro-
to more rapid tendency toward minimization of surface freecesses, the values of the activation energies for these pro-
energy densityfor nonpenetrating low-energy ioner com- ~ Cesses may _be quitg similar a_nd the earlier comparisons of
pete with this mechanisnifor penetrating, higher-energy Jump rates will remain appropriate. _
ions) and lead toward a granular structure in which volumet-  EStimates were made above of the ion energy at which the
fic free-energy density is minimized and the channeling proiransition from supplementing surface migration to produc-
cess is optimized. It is now useful to examine, in somewhatnd bulk defect diffusion occurred, based on the premise that
more detail, the system parameters that favor one or the oth&HCh defects survived even when generated close to the sur-
process. face. As just indicated, thermal migration may denude the
First the basic assumptions of initial spike geometry are€ar-surface region of defects, while a thermal image forces
considered. In the derivation of EqEL08—(100), either a  May further contribute to thls d_enuqlatlon. Conse_quently_, the
point spike in which ion energy was deposited instanta{romotion of surface atomic migration may continue to ions
neously or a line spike along which energy was deposite(‘Pf hlgher_ energy than suggested earlier and the estimate of
instantaneously defined the initial geometry as in a numbethe transition energy should be regarded as a lower limit.
of previous studie®®79-74As indicated earlier, at the end of ~ Considering next the parameters that influence granular
the collisional stage following ion impact, energy will be Volumetric free-energy density differences in the ion chan-
equilibrated throughout the volume of the collision cascadeNeling process, the two variables critical channeling angle
and an effective maximum temperature of atoms in this vol&nd channeled fraction are of importance. For high-energy
ume can be assigned. This can form a different initial condiions the critical ~channeling angle scdlesas ¢,
tion from the point or line geometry defined above. If the *(Z1Z2/Eq)*% whereas for low energies the critical angle
cascade volume is small and/or the deposited energy is largécales as the square root of this parameter, wher@nd Z,
these two conditions are very similar, but if these require2re the atomic masses of the ion and film atoms, respec-
ments are not met the initial conditions, and the magnitude§Vely. Clearly, the critical angle is larger for heavier ions and
of the resulting temperature profiles and consequent jumflm atoms and for low-energy ion incidence. The channeled
rates, may differ substantially. Sigmund and Clau&and  fraction scales ap,=1—Ad; whereA is a constant depen-
Clausseff’” showed, for cylindrical and spherical spike ge- dent upon the crystal geometry agfl is the impact param-
ometries, that jump rates declined almost exponentially witteter between an ion and an atom at which scattering through
the reciprocal of the deposited energy density. This can bée critical angle occurs. For low-energy ions the critical
calculated analytically®° and, after a small initial decrease angle and impact parameter are approximately linearly re-
for low-energy ions, increases with ion energy and with in-lated, and for a fixed value of the former the critical impact
creasing film atom-to-ion mass ratio. Consequently, for lightparameter scales ago<In Z,Z,[(M{+M,)/M,Eq], whereM
ions incident onto heavy-atomic-mass films the average iniand M, are the atomic masses of ions and film atoms, re-
tial effective temperatures in cascade volumes will be lowspectively. For higher energies the critical angle and impact
and the point or line spike models may considerably overesparameter are approximately hyperbolically related and for
timate jump rates, whereas for heavy ions the approximafixed critical angle this impact parameter scales linearly with
tions will be more acceptable. The preceding analysis isthe term in the logarithm above. Thus, overall, the channeled
therefore, best suited to experimental conditions of the lattefraction will increase with increasing ion energy and decreas-
type. ing ion mass for a given film material, as discussed qualita-
Considering next the values of the activation ene€yy tively earlier. As a result of these two factors, when low-
employed in the calculations of atomic or defect jump ratesgnergy ion irradiation is used the fraction of grains initially
it was already noted that these may differ according to theriented within the critical channeling angular range can be
process involved. Since the molecular dynamics std@ifés large but the fraction of ions that can be channeled when
have not explicitly identified the nature of the migrating incident on such grains can be small, and there is a combined
point defect species responsible for grain growth and reorieffect, which is also a function of ion energy, on the overall
entation processes to minimize volume free-energy densityinfluence of channeling for a given film material, as is evi-
it is not possible to predict an appropriate value for the spedent from Eqs(17) and (18). It may also be remarked that
cies activation energy for this mechanism. In general, howthe above expression for the channeled fraction is only ap-
ever, in metals the migration energy for interstitials is muchproximate and does not account for the effect of increasing
lower than that for vacancies, and the former may thereforatomic thermal vibrations with increasing temperature. When
migrate more rapidly to fixed sinks such as nearby surfacethis is accommodated the channeling fraction becomes a de-
and indeed the grain boundaries to effect the recrystallizationreasing function of temperature.
process. On the other hand, during deposition, the migrating A further important parameter in determining volume
surface species will largely be deposited adatoms for whicliree-energy density differences is the point defect survival
energies of formation will not be required, unlike atoms lo- probability s. It has already been suggested that this will be
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composed of two parallel effects, an athermal mechanisrmproperties were better described in terms of independent
with probability s, and a thermal mechanism with probabil- functions of ion-to-deposited-atom arrival rate ratio and ion
ity st operating in parallel so thag=s,Sr/(sa+St). The  energy, in qualitative agreement with the present observa-
athermal mechanism will dominate at low temperatures butions.
as temperature is increased thermal annealing of defects will The present treatment of grain evolution assisted by ther-
become predominant. If it is assumed that this annealing pranal spikes that enhance defect jump rates between grains of
cess can be characterized by an activation en@gythen at  gifferent volume free-energy density was based on the as-
higher temperatures is replaced in Eqs(6)—(9) by st symption that equilibrium defect densities are established in
=S, exp(~Q*/KT). If the activation energieQ andQ* are  grains during growth by surface recession. If, on the other
similar, this has the effect, in Eq€l08—(10c), of reducing  hand, defect mobilities are so large that a fraction of these
the P values by only approximately-:2~™, wheremis the  immediately escape to grain boundaries, rather than being
relevant exponent d in these equations and is obviously a driven by free-energy differences, and the remainder escape
small perturbation. If, howeveQ* is much smaller tha®,  equally rapidly to other sinks such as the free surface, the
the P values are reduced by a factoQ*/Q, which may be  number of additional atomic or defect jumps per deposited
far more substantial and reflects the defect loss process. Ttetom will scale linearly withr, and the jump frequency per
consequence of this is that, as temperature is increased, noh will be given byP/j; where theP factor will be given by
only will surface atomic migration proceed more rapidly butthe appropriate Eq103—(10¢), but in which the indices of
there will be a reducing influence of volumetric processesk andQ are reduced by unity because of the absence of the
and the tendency will be for the minimization of surface driving factor A u/kT relevant to the specific ion energy re-
free-energy density mechanisms to dominate. If it were posgime. In this case the effect of channeling will be to directly
sible to assign known values to these activation energiesnodify the defect production and equal loss rates to common
then similar estimates to that for the transition ion energygrain boundaries where there are different channeling frac-
could be made for the process transition temperatures byons. Although a linear dependence of grain growthr can
comparison of thé® factor in Egs.(108 with that of (10b) be recovered in this way, the nonlinear dependence on ion
and(10¢). energy remains and neither current experimental results re-
The above discussion is based upon the assumption th&drred to in the Introductici™*® nor molecular dynamics
an average value o, which accommodates the effects of simulations®> are able, as yet, to distinguish which of the
rapid defect diffusion and loss, can be used to characterizgefect-related mechanisms is dominant.
the surviving point defect fraction that is saturated by the Finally, in their analysis, Knuytet all”*® employed a
moving boundarysurfacg process. As indicated earlier, this common, initial column radiuR, for the randomly oriented
may be a considerable oversimplification, and the survivingyrain population, since their studies were concerned with
point defect population will saturate when the processes ofirowth onto a polycrystalline substrate. More generally,
defect generatioriwhich will be curtailed by the moving growth may be initiated onto amorphous materials on which
surface and loss by recombination and to sinks are equalrandomly oriented grains first nucleate and then expand to
This will inevitably lead to more complex dependencies ofproduce a quasicolumnar structure, and it is only from this
point defect densities, and resulting volume free-energy derstage of evolution that the grain reorientation analysis be-
sities, on incident ion and atom parameters and system tencomes valid. The time, or effective deposited film thickness,
peratures. In turn this will lead to more complex dependenat which this will occur increases as the equilibrium areal
cies of grain growth rate on, for examplg, and j, than  density of nuclei decreases, and this density is known to be
would be predicted through use of Ed®), (8), and(12).  affected by simultaneous ion bombardnféfit-#284-84ue to
Consequently, tests of model validity would be to experi-a variety of processes. These include irradiation-induced
mentally measure single-grain growth rates as functions ofieneration of additional nucleation cent&&2 dissociation
both these fluxes and system temperature in order to estabf and modification to the surface diffusivity of nucleated
lish if the present simplifications require revision. Even if theislands®*®®and sputtering of surface adatoms and modifica-
assumption of an average survival probability is approxi-tion of their diffusivity ® It is not, as yet, easy to predict the
mately correct, important variables in determining the overwvariation of nuclei density with incident ion parameters such
all grain growth and reorientation are, to first order whenas energy and flux density, the depositing atom flux density,
simultaneous sputtering is neglected, not simply a functioror film parameters such as material type and temperature.
of the ion-to-depositing-atom arrival rate ratidut are lin-  Consequently, at present it is only possible to observe, quali-
ear functions ofj?/j,=];r. when the sputtering process is tatively, that an incubation time dependent on the system
included there is a higher-order correction term proportionaparameters is always likely to occur before grain reorienta-
to jir?. It is also evident from these equations that graintion processes will be observed, and this time should be sub-
growth and reorientation rates are not simple functions of théracted from experimental observation times when equations
energy delivered to the film per depositing atom in the pressuch as(16)—(19) are employed for comparison with these
ence of ion irradiation;E,/j , since the dependence &g is  measurements. Additionally, in order to make such compari-
a power-law function, the exponent of which increasessons, it will be necessary to measure the mean columnar
slowly with increasing ion energy. The energy per depositedadiusR, at the onset of columnar growth.
atom was suggested by Harpetral®3 to be a useful param- Although the above discussion has only been semiquanti-
eter to describe various properties of deposited films altative because of imprecise knowledge of many of the rel-
though Petrovet al?® subsequently demonstrated that thisevant system parameters and processes, it still remains plau-
single parameter was an inadequate descriptor and that filsible that, particularly for heavy ions and substrate atoms and
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medium-energy ions in the 10-100 keV range where buliclusive since, as Alexander and \ffebserve, this rate has
thermal spikes will be produced and where channeling fracbeen variously estimated to have a curvature dependence
tions will be significant, and for lower-energy ions where ranging from zero to between the second and third power,
surface-centered spikes will operate, the present analys&nd so no decision as to the more likely driving process can
gives order-of-magnitude estimates of the tendencies foyet be reached for the case of postdeposition ion-irradiation-
grain reorientation toward optimized channeling conditionsinduced growth or reorientation of grains. However, it is pos-
in the former case and a more rapid reorientation towargible that this range of exponents for the curvature depen-
grains of minimum surface free-energy density in the latterdence is indicative of the simultaneous operation of primary
It is therefore useful to compare the present approach witland secondary recrystallization mechanisms. In both model
both alternative models and experimental data although, aspproaches for this postdeposition system, an identical de-
will become apparent, in neither case is there a substantiglendence of growth upon ion flux density is predicted, as are
and comprehensive data base. dependencies upoRp and Q, so experimental variation of

It has already been indicated that the present estimates afy of these parameters and observations of changes in grain
the role of cylindrical-geometry thermal spikes in promoting growth rate alone will be unable to distinguish between the
grain growth are essentially identical to those of Alexandemmechanisms, whereas observations of grain reorientation
and Was'?® The essential difference in the determination ofrates will allow this distinction to be made.
grain growth rates between the two approaches is the as- The only other analytical approach to grain reorientation
sumption of volumetric free-energy density differences be+esulting from ion assistance during deposition appears to be
tween grains in the present case and interfacial free energy dfiat of Bradley, Harper, and Smifiwho assumed that the
curved grain boundaries in the work of Ref. 13. The magni-deposition process continuously produced randomized mate-
tudes of the effective driving forces were shown to be similarrial but the channeling effect resulted in a lower sputtering
and so it is possible that both effects may operate simultayield for aligned material, so that material oriented within
neously. It should be recognized, however, that Alexandethe critical channeling angular range grew more rapidly than
and Was implicitly assumed equal orientation of all grains sahat outside this range. The term “material” is used deliber-
that, even in the absence of ion irradiation, there would be nately here, since the analysis was not concerned with the
tendency for the growth of low surface free-energy densityevolution of specific grains as in the present and other analy-
grains at the expense of their surroundings. In the presences described above. Since the model assumes a competition
of ion irradiation the present treatment has demonstrated thaéetween randomization from the deposition process and ori-
for low-energy ions this surface free-energy minimizationentational selection due to differential sputtering rates, it was
mechanism can be augmented, while for higher-energy ionelear that the analysis should predict a time dependence of
volumetric free-energy density differences can also enhancihe orientational selection and that, in general, complete ori-
grain growth rates but, importantly, the surface orientationgentation uniformity would not result. The orientational order
of the grains will tend toward different planes in the two at any time or deposited thickness, including the final steady
cases. Since common grain habit was assumed in their agtate, was found to increase with increasing ion-to-
proach, the Alexander and Was mechanism alone cannot liepositing-atom arrival rate ratig provided that net depo-
employed to predict grain reorientation processes, only graisition still occurred and with the fraction of orientations for
growth rates. However, their estimates of the influence ofvhich channeling was allowed. The steady-state degree of
thermal spikes for higher-energy penetrating ions remairorientational order was determined to be a nonlinear function
valid and can be used, as in the current analysis, to determirad r and the relaxation time to approach this steady state
both grain growth and reorientation rates if the presentexhibited a peaked distribution as a function of increasing
grain-orientation-dependent, volume free-energy density difThe former prediction was in qualitative agreement with ex-
ference driving mechanism is employed. The same generglerimental studies by Yet al2®%° of azimuthal reordering
approach is also valid for lower-energy ions but eitherof Nb films deposited with 200 eV Arion assistance, but no
spherical or hemispherical spike geometries should be usedtudies were available to confirm the latter prediction. The
It is interesting to observe that in Alexander and Was'ssteady state of incomplete orientational order is clearly dif-
model the grain growth rate is predicted to be linearly deferent from the present analytical predictions, but it should
pendent upon grain curvaturB !, whereas the present be noted that under the low-energy ion irradiation conditions
model, through Eqgs(8), (10), (16), and (17), predicts no used in the experimental work there could be a distinct pos-
dependence of growth and reorientation rates upon curvasibility of competing surface migration effects, which could
ture. It may be observed that in the case of postdepositioattempt to drive the system to the minimum surface free-
irradiation there is no longer a simultaneous growth processnergy density configuration. This, in fact, will be generally
and, in the present model approximation, point defect satutrue even when high-energy ions are employed, since there
ration will still occur when the depth-integrated defect pro-will always be an energy deposition in the near-surface re-
duction rate is balanced by the loss of defects at the recedingion which can accelerate the tendency toward minimum
surface, i.e.j,=0 in Eq.(3) but the sign of the term;Y is  surface free-energy geometry and compete with mechanisms
reversed. Consequently, the point defect density and the dithat drive the system toward optimum channeling geometry.
ferential volume free-energy density between grains will be- The nonlinearity of the behavior of orientational order
come ion flux energy independent. Such flux density deperwith r is also predicted in the present work, but the experi-
dence of grain growth and reorientation rates will then onlymental data available are insufficient to allow comparison
result from the influence of thermal spikes. Experimentalwith either the present or the Bradley, Harper, and Sthith
evidence on the dependence on grain curvature is not coppredictions. Since their studies involved only differentials in
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sputtering yield as the cause of orientational reordering, anthore favored low surface free-energy density conditions. To
no influence of thermal spikes, there were no explicit depensome extent, therefore, this mechanism is not unlike the low-
dencies on ion energy or substrate temperature involved ianergy surface thermal-spike-mediated grain reorientation
these predictions. Consequently, a possible way of evaluaprocess considered here, but operating even before columnar
ing the merits of these approaches would be a systemat@owth commences. In the case of Cu deposition, it was
study of grain reorientation rates as functions of these paranfiuggestelf that a major effect of congruent ion irradiation
eters as well as more detailed investigation of the role of th&/as in the relaxation of misfit strain between the film and
ion-to-atom arrival rate ratio. substrate, again a process not included in this present ap-

Turning now to comparison of the present models withProach, and in addition as ion energy was increased to aboye
experimental work it is, unfortunately, the case that little 200Ut 50 eV thermal spike effects reduced the defect density

structured investigation has so far been undertaken. As indpy Ief‘ha”‘;]'”g (Ijefecft annter:]z_illrtl)g_ r?tes. f . tal
cated in the Introduction the ion-irradiation-induced grain t.'s rather clear, rom this briet summary of eéxperimenta
reorientation studies by Dobrand Van Wyk and Smith studies of preferred-orientation grain evolution with low-

led to the concepts of channeling-related defect productioﬁlnergy E)nhassstqng'e, thgt th? pr(tar?ent a}pprtoach 'Sf 'Qcom'
differentiation and thermal spike acceleration of grain reori-PIete and that, as indicated earlier, the early stages of atomic
; . rﬁuucleatlon before columnar growth starts may be influential,

eliggether with consideration of the effects of misfit and its

taken nor were explicit measurements of reorientation rate'é,e'f‘xat'on fbehtwee:n film an;j sm:bstract)e, n tgesﬁ”b'gg thle |n|(-j
made with which to compare the present work. These studigle! state of the columnar structure. Once this has developed,

were undertaken with relatively high-energy ions in the ten owever, It Is rgasonable to bellgve that the current ap-
of keV range, whereas the investigations by ¥ual232 proaches, even in the low-energy ion case, may become in-

used much lower-energy ion irradiation. Similarly, low- creasingly applicable,_and thgt investigations of all stages of
energy studies of the ion-assisted deposition of Ag filmgexture evqlutlon as_fllms thicken would be advantageous.
were undertaken by Kay, Parmigiani, and Parfsim which [ OF higher ion energies, on the other hand, these early-stage
it was observed that for films deposited without ion assisProcesses may become of increased significance, and the

tance the preferred texture was paralle{1a1} planes, those P’ esent analysis can be considered as a step forward in pro-
of minimum surface free-energy density. As the energy pe}/_ldlng a theoretical Ju_st|f|cz_it|_0n_ of _the concepts_of volumet-
deposited atom was increased there was, initially, an increas free—engrgy density minimization and the influence of
in the presence of more opgR0C planes, but for energies thermal spikes.
per atom above 42 eV the fraction of these orientations de-
creased. Although the increasing fraction of low-index
planes is consistent with the channeling-related effects dis-
cussed here, and the initial increase in this fraction with en- In summary, the study has developed a hierarchy of mod-
ergy per deposited atom is in qualitative agreement with thels to explain the tendencies of granular structures formed by
present analysis, the subsequent reduction in this fraction ign-assisted atomic deposition of films to exhibit preferred
not in accord with our analysis. However, the authors of Reforientation texture. For low-energy ions it was suggested that
32 note that the film thicknesses grown for different ion as-thermal spike effects would enhance the isothermal process
sistance conditions vary and that as thickness increases ref driving the system to one of the lowest surface free-energy
laxation of lattice strain, not considered in the present workdensity but, for higher-energy ions, differences in channeling
may be influential. fractions between differently oriented grains would lead to
Further low-energy studies have revedl®dthat in the surviving defect densities and the ensuing tendency to mini-
deposition of Al on SiQ in the presence of 2 keV Alion  mize volume free-energy density. It was shown that these
bombardment and a value of~0.01 an increased close- free-energy densities could, for reasonable experimental con-
packed texture resulted, and more recent studies of the sandé@ions, be comparable to other sources of free-energy den-
system but in which self-ions of Al were employed and sity, and that thermal spike processes could considerably en-
where both the ion energy amdwere varied independently hance grain growth and reorientation rates. A methodology
have been reportédf.In these studies the degree fi1}-  for predicting these reorientation rates was developed. It was
oriented texture increased continuously with increasing ioralso shown that a transition from low- to high-energy condi-
energy up to 120 eV andup to 0.68 for an ion energy of 34 tions may occur at which the granular evolution changes
eV. Subsequent studies of the self-ion-assisted deposition éfom surface- to volume-dominated effects and an estimation
Cu on Si and Ge substrat&showever, showed an increased of the transition energy was made. In practical terms
tendency for the development of preferr@@01 orienta- thermal-spike-mediated effects are expected to be of greater
tional texture when growth occurred on eithgdO0]- or  significance when medium energy and large ion and film
[110]-oriented substrates. Despite lattice mismatch in suclatomic masses are used. Reorientation rates are predicted to
cases there will be, of course, a tendency toward heteroepbe nonlinearly dependent on the ion-to-atom arrival rate ratio
taxial growth. Neither of these studies is fully compatibleand upon power-law functions of ion energy, and will in-
with the present analysis, and Kiet al®8 argued that, in the crease with increasing channeling fraction and defect sur-
low-energy ion range used in their work, a major factor wasvival probability. Additionally, system temperature will be a
the increased nucleation density and smaller island sizes reecisive factor in determining the dominant reorientation
sulting from ion bombardment, and that ion impact onto sucltprocess, since increasing this temperature will enhance
incipient grains could induce their recrystallization toward purely thermal processes relative to thermal spike effects and

ion parameter or substrate temperature variation was und

VII. CONCLUSIONS
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reduce differential channeling fractions and defect survivathere is no currently available systematic experimental data
probabilities, with the result of enhancing the role of surfaceset with which to compare these predictions, and it is sug-
related processes. Qualitatively, therefore, it may be anticigested that such investigations would be valuable, in which
pated that channeling-related mechanisms may be dominatite parameters identified here as being relevant are control-
for higher-energy ions at lower temperatures. Unfortunatelylably varied and the different reorientation regimes explored.
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