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Texture development mechanisms in ion beam assisted deposition
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Three-dimensional molecular dynamics simulations of ion beam assisted dep¢iBidin) are
performed to determine the mechanisms of crystallographic texture selection during the IBAD of
polycrystalline films. A face centered cubic bicrystal consisting1dfl] and[110] oriented grains

is grown while an ion beam bombards the growing film at normal incidence. As the film grows, the
grain boundaries delimiting th€l11] and [110] grains move towards each other, eventually
pinching off the[111] grain such that the film texture changes from equal densiti¢4 idf| and

[110] to purely[110]. Examination of single crystals grown in the presence of ion beams shows two
important effects: ion beam induced atomic sputtering from the surface and ion beam induced
damage are significantly reduced when the ion beam is oriented along channeling directions of the
crystals. The first observation suggests that grains with channeling directions aligned parallel to the
ion beam grow more quickly than those where they are not aligned. This leads to grain-to-grain
variations in the film thickness that increase in magnitude during growth. Variations in thickness
result in a shadowing effect that further slows the growth of the less tmickaligned grains—
eventually leading to pinch-off of these grains. The second observation suggests that the stored
energies within the grains with channeling directions aligned parallel to the ion beam will be lower
than that of the nonaligned grains. This difference in stored en@ngje form of crystal defecis

is shown to lead to grain boundary migration—a process equivalent to primary recrystallization.
Both of these effects can lead to changes in crystallographic texture during film growth and both are
observed in the bicrystal simulations. Which mechanism will dominate under a prescribed set of
conditions remains to be delineated. 198 American Institute of Physics.
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INTRODUCTION bce materials correspond to the most densely packed planes
in each lattice and, hence, to the lowest energy surfaces.
Polycrystalline thin films, grown by almost any method, Therefore, it is thermodynamically favorable to orient all of
exhibit at least some degree of crystallographic texture. Mosthe grains in the film such that their surface normal is per-
commonly, the observed texture corresponds to a fiber texpendicular to these highest density plafe$his idea was
ture, in which the surface normals of the grains @vearly  supported by recent simulatidisvhich showed a net sur-
parallel to a specific crystallographic directigie., out-of-  face diffusion flux of atoms toward grains with low energy
plane texturgand the in-plane orientations of the grains aresurfaces at the expense of their neighbors, leading to the
nearly random. The crystallographic orientation of the out-preferential growth of these grains. The variation of the bind-
of-plane texture of a given material can vary with film jng energy of surface atoms with surface orientation can also
growth method. lon beams have been employed to contrqkad to differences in sputtering rates when relatively high
the OUt-Of'plane teXtUrb_.B In the pl’esent artiCle, we examine energy species are present in the growth Char:l'fb'élnjs too
the effects of ion beam energy, orientation, and flux on the:an result in variations of growth rate with surface orienta-
development of out-of-plane texture and use these results fgon. This effect, coupled with shadowirt§can also affect
interpret the underlying mechanisms for texture developmente film texturet’
during the ion beam assisted deposititAD) of polycrys- lon beams can be used to modify the texture that nor-
talline films. mally develops during physical vapor depositiofi. Yu
Fiber textures are commonly observed in polycrystallinegt 534 ysed low angle ion bombardment during growth to
thin films grown by physical vapor depositiofPVD)  mogdify film texture. They argued that the texture was con-
techniques’** For example, face centered cuttfcc) metal  yqjjeg by the difference in sputtering yield between grains of
films often exhibit a(111) preferred orientation, while me- yifferent orientationswith respect to the ion beamThis
tallic body centered cubitbco) films commonly develop a gitference leads to higher growth rates for grains that sputter
(110 preferred orientation. The existence of these fiber texjags than the average. Bradleyal®1° developed a model
tures is usually explained in terms of surface energy argusor texture development based upon this variation of sputter-
ments.{111 surfaces in fcc materials afd1G surfaces in  jnq yield with grain orientation. In their model, the variation
of sputtering yield with grain orientation is associated with
dElectronic mail: srol@umich.edu the existence of channeling directions, i.e., crystallographic
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directions along which ions can penetrate relatively deeplyassisted film growth, rather than the detailed nature of any

into the crystal. For example, an ion beam oriented normal tarticularly material, we employed simplistic, but well un-

an fcc film will cause a shift in orientation from(a11) (i.e.,  derstood descriptions of the atomic interactions. The poten-

that favored by surface energy consideratjotts a (1100 tial energy describing the interaction between atoms was the

texture, since the easiest channeling directioqlitQ) for  classical Lennard-Jones pair potential,

simple fcc crystals. Experiments on many materials, includ- (|12
_0) ,
rij

ing diamond® and coppé” single crystals, have shown that  ((y, )=

the sputtering yield is indeed a strong function of the angle .

of incidence of the ion beam for ion beam energies as low aﬁ/hereU(rij) is the interaction energy between atonadj]

several hundred eV through more than 20 K&The sput- _ separated by distanag, € scales the strength of the inter-

tering yield commonly decreases by between two and fiv&ction andr, is the characteristic length of the potential.

tlmes.when the ion beam direction is parallel to a channelingrpig potential was smoothly cut off at=2.1r,. The present

direction of a crystal. , ) simulations were performed using parameters appropriate for
Van Wyk and Smith studied the development of pre- aj atoms and N& ions. The interactions between the atoms

ferred orientation in Cu films which were vacuum deposited, 4 ions and between the ions were described using the
and then bombarded with 40 keV Cions. Upon ion bom- purely repulsive Moliee potential*

bardment, these films changed from a stréhtyl) texture to

a (220 texture. They suggested that tiel0) oriented grains V(r )= Z,Z,€°
were damaged less by the ions than grains with other orien- 1] i
tations becausél10) is the easiest channeling direction in 60 fa

Cu. During the thermal spike associated with the ion bom- +0.1e >0, @
bardment, the relatively perfe¢t10) grains grow into their  \yhere a=0.468¢Y2+23% =23 is the Firsov screening
more damaged surroundings by a recrystallization procesength, andz, andz, are the atomic numbers of the ions and
thereby reorienting the more damaged material1@0.  fim atoms, respectively. We chose the atomic numizrs
DobreV? drew the same conclusions based on his observagndz, to represent Ne and Al, respectively. The Ne—Al and
tions of texture changes during 10 keV’Abombardment of  Ne—Ne interactions were truncatedrat2.1r, respectively.
vapor deposited fcc and hcp metal films. While ¥ual* The basic parameters describing the atomic interactions
and Bradleyet al'®**focused on the effects of low energy i this simulation are the atomic mab% the atomic poten-
ion bombardment during growth, Van Wyk and Smi#ind  +tia| well depthe, and the characteristic length. The veloc-
DobreV experiments investigated the effects of postgrowthjty of the deposited atomgions) is Vaome V2EL/M,

high energy ion bombardment. Takéntoto, these studies (Vions=V2E;/M;) and the basic unit of time ist

suggest that the crystal orientation dependence of ion beam \/M_arél_e whereE,(E,) is the energy of the beam of at-

effects is ass'ociated. with channeli.n.g, although the'mechebmS (ions. E, was fixed atE,=1le/atom throughout this
nism(s) by which the ion beam modifies texture remains Un-gy,qy The time step was variable and was determined such
certain. . ) i i that the maximum particle displacement at each time step
Several atomic-scale computer simulations of ion bean 45 Ar —ry/200=V,,At, whereV,.. is the velocity of
: e max ma ’ max
assisted deposition have been perforr(ea, .9., Refs. 23— ¢ fastest particle at each time step. In order to give a physi-

32). Both molecular dynggmgc?l\(lD)”‘_zg and binary colli- ¢4 feel for these parameters in terms of a real material, we
sion approximatioBCA)™ " simulations have been per- paye estimated these values for Al as follows:
formed to investigate the effects of ion bombardment on f”mr0=0.286 nm, e=0.565 eV, M,=4.48< 10 % kg, and r
densification, radiation damage, sputtering, ion mixing, and_5 0 10-13s. All of the results reported below are in
implantation. In the present study, we extend these earligfrms of the fundamental parametes €, andM .

atomistic simulation studies to examine the effects of ion 11 computational cell was three dimensional with zhe
beams on texture evolution. We perform a series of thrégjrection perpendicular to théflat) initial crystal surface.

dimension_al molecular dyna_mics simulati_ons on both bic_rySPeriodic boundary conditions were employed alongndy
tals and single crystals designed to clarify the mechanismgirections and opefor free boundary conditions were em-
for ion beam textL_lre control and to_ identify the ion beamployed in the+z direction. The incident ion beam was di-
parameters for which these mechanisms operate. rected onto the growing crystal at predetermined angles
Fig. 1) and the atomic deposition flux was oriented in Xhe
METHOD plane at 45° to the axis. The atoms in the initial crysteAl)
were arranged on an fcc lattice. The initial crystal consists of
A three dimensiona(MD) simulation program for ion a fixed number of atomic layers. The atoms in the bottom
beam assisted deposition has been developed based on faw layers of the initial crystal were frozen in space to pre-
MD simulation program described in earlier publicatiohd®  vent the crystal from translating through space due to the
Only a brief description is presented here. The MD simula-momentum absorbed from the deposition flux. Atoms in the
tions were performed by integrating Newton’s classicalnext several layers were “thermostated” in order to maintain
equation of motion for each atom forward in time using athe system at the desired temperattfré As the film grows,
fifth order Nordsiek, predictor-corrector method. Since, inthe thickness of the thermostated region was increased to
this study, we focused on the generic features of ion bearprevent excessive heating of the film due to the kinetic en-

ro\®
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influences the film texture during ion beam assisted deposi-

tion. We begin by demonstrating that the presence of an ion
y beam does indeed modify the film orientation during depo-
sition. To this end, we simulated the growth of a bicrystal
film. The bicrystal was 24.8, along the x direction,
15.59d, in they direction, and 6.5l in the z direction and
the grain boundaries lie along thez plane atx=0 andx
=12.4d,, whered, is the equilibrium lattice parameter at
the thermostated temperature (@M, wherekg is Boltz-
mann’s constant and the zero pressure melting temperature is

Free

“‘ | ~0.7¢/kg). One crystal is oriented with thel11] direction

: E,, B | Thermostated parallel to thez axis and th¢110] and[112] directions along

) *‘ the x andy axes, respectively. The other crystal is oriented

;‘\“))‘1 with the [110] direction parallel to the axis and theg110]

2 Ui 1 d[001] directions along the and tively. Th
@‘."«,0‘,;’\‘,‘1 Frozen an [001] direc ions along the& andy axes, respectively. The
.':“*‘6" - films were grown withE; =800¢/ion, R=1/2 and an average
0:1:{}‘/ atom deposition rate of 1.25 atom/The ion beam was ori-
;f‘\\?;?’ ented perpendicular to the nominal surfdte., the —z di-

rection). This direction is parallel to th€110] channeling
FIG. 1. Anillustration of the computational cell, depicting the initial crystal, fjlrec_non !n the[llO] oriented gralr(|.e., the easiest _Channel'
growing film, atoms impinging onto the surface, and bombarding ions. Theng direction for the fcc crystaland the nonchannelirid 11]
larger/darker particles are atoms and the smaller/gray ones are ions. Thfjrection in the[111] oriented grain°’.5

bottom few atomic layers of the initial crystal are frozen, the layers above - .
these are thermostated and the atoms in several layers near the free surface The temporal evolution of the atomic structure of the

are unconstrained. The thickness of the thermostated region increases as erystal is shown in Fig. 2. Figure(@ shows the bicrystal
film grows. before deposition: thEl10] and[111] grains are on the left

and right sides, respectively, and are separated by relaxed

ergy and bonding energy associated with incorporation ofjrain boundariegone on the far left, due to the periodic
vapor atom into the solid. The surface region was not therboundary conditions Following deposition and ion bom-
mostated in order to insure that the dynamical features of thbardment, some ionghe small, light gray particles are the
film growth process were not biased by the artificial dynam4ons) are embedded within the crystals and significant dam-
ics inherent in all thermostating procedures. While this mayage to the crystals is evidefgee Figs. th)—2(d)]. Clearly
lead to a temperature gradient, the large mass of the thermthe [111] grain suffers much more ion-induced damage than
stated region and the small thickness of the unthermostatetie[110] grain[Fig. 2(b)]. While the atoms in the top layers
region (15 ry) ensures that such temperature gradients aref the[111] grain are significantly displaced from their equi-
small. librium lattice positions, most of the atoms near {14.0]

The deposition flux and the ion beam were turned on andjrain surface remain on their lattice sites. Examination of
off alternatively in order to fix the ion-to-atom arrival rafi®  Fig. 2(c) shows that the crystal structure of thEL1] grain
(i.e., the ratio of the number of deposited ions to the numbehas recovered somewhat from the damage seen in Hy. 2
of deposited atomsSince the ions possessed relatively largeand that both grain boundaries have tilted toward the center
kinetic energies, they frequently reflected off the surface oof the [111] grain. As a result, th¢111] grain is much
ejected other surface atoms back up into the vapor. All suckmaller at the top than it was originally, thereby demonstrat-
atoms and ions were removed from the vapor. ing that the[110] grain grows at the expense of th&l1]

Since the MD time scale is, by necessity, very short, wegrain. It is also evident in Fig.(2) that the[111] grain is not
employed large deposition rates in the simulations. We preas thick(high) as the[110] grain. Figure 2d) shows that at
vented gas phase reactions from occurringbycollimating  late times, the two grain boundaries are touchjognearly
the deposition beam(2) switching on the ion beam only touching such that that th¢111] grain is effectively oc-
when all deposition atoms have reached the film surface, ancluded by thg110] grain. This series of images clearly dem-
(3) by removing atoms that were either ejected or reflectednstrates that110) oriented grains in fcc solids will grow at
from the surface. While high deposition rates do not allowthe expense of other grains that are not oriented in favorable
sufficient time for realistic atomic diffusion at typical depo- channeling directions during IBAD with the ion beam di-
sition temperatures, this was overcome, in part, by performrected normal to the nominal surface. This will lead to the
ing the simulations at somewhat elevated temperatures: notfyrmation of a(110 fiber texture.
there is an exponential increase in the surface diffusion Based upon the atomic structures shown in Fig. 2, it is
length with increasing temperature and only an inversebvious that channeling plays a key role in determining the
square root variation with deposition rate. texture of films grown by IBAD, at least in the energy range

of the present simulations. As mentioned briefly above, the

BICRYSTAL SIMULATIONS role which channeling plays in texturing may be associated

The goal of the present study is to use atomistic simulawith (i) sputtering induced differences in growth riteé®1°
tions to understand the mechanisms by which the ion bearand subsequent shadowlgr (i) the variation of ion dam-
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FIG. 2. (a) The atomic structure of the bicrystal viewed along yithrection
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FIG. 3. Sputtering yield fronj110] (open symbolsand[111] (filled sym-

bols) oriented single crystals with a normal incidence ion beam Bnd
=1/5. The ion beam is parallel to th&10] channeling direction of thgL10]
crystals and is not parallel to any channeling directions of #id] crystals.

The error bars represent plus and minus one standard deviation of the data
from three independent simulations.

age with crystal orientation leading to recrystallization-like
grain boundary migration. The present results show that
there is indeed a difference in growth rate between differ-
ently oriented graindsee Fig. Zc)], thereby supporting
mechanism(i). At the same time, Figs.(B)—2(d) clearly
show pronounced differences in the amount of damage with
grain orientation and grain boundary migration toward the
more damaged grain, thereby supporting mecharismin
order to distinguish between the two mechanisms, we per-
formed a series of simulations to investigate the mechanisms
separately.

SPUTTERING INDUCED THICKNESS VARIATION

In order to quantify the effect of crystal orientation on
the sputtering yieldconsistent with the bicrystal simulations
presented aboyewe performed a series of IBAD simula-
tions on[111] and[110] oriented single crystals. THd11]
oriented crystal dimensions were @§x 15.59dyx9.8d in
thex[110], y [112], andz[111] directions, respectively. The
[110] oriented crystal was 18,% 15.56d,X 10d, in the x
[110], y [001], andz [110] directions, respectively. We em-
ployed the following parameters during these simulations:
T=0.4e/kg, E;=1e/atom, and the atomic flux was oriented
45° from thez axis within thex-z plane.

We performed a series of simulations with different ion
beam orientations relative to the growing film. We first ex-
amined the case of a normal incidence ion b&amper our

at T=0.4e /kg . The atomic size is reduced to show the inner structure °fbicrystal simulation corresponding to the easy channeling

the crystal. The crystal on the left is oriented such tha{11i€)] direction is
normal to the free surface and the crystal on the right hpkla] surface
normal. Because periodic boundary conditions are employed ir #mely
directions, there are grain boundari{gsrallel to they-z plane in the center
of the figure and on the edgékeft and right edges are equivalgnfhe

kinetic energy of the deposition fluk,= 1e/atom and the atoms are depos-
ited at an angle oft=45° with respect to the nominal surface normal in the

direction for the[110] crystal and a nonchanneling orienta-
tion for the [111] crystal. In these simulations, the ion-to-
atom arrival ratio was fixed &= 1/5. The sputtering yieltf

(the ratio of the number of sputtered atoms to the number of
iong) versus ion energ; is shown in Fig. 3. The sputtering

x-z plane. The ion beam is oriented normal to the bicrystal surface, such thatield increases with increasing ion energy for bgtt1] and

it is aligned with the[110] channeling direction of thgl10] oriented grain
and no channeling directions of th&11] oriented grain. The ion-to-atom
arrival ratioR=1/2 and the energy of the ion bedfy= 800¢/ion. (b) Struc-
ture of the bicrystal during IBAD at=1229r. (c) Structure of the bicrystal
during IBAD att=1471r. (d) Structure of the bicrystal during IBAD 4t
=2148r.

[110] oriented films. The[111] sputtering yield is greater
than the[110] sputtering yield. The difference between the
[111] and [110] sputtering yield increases with increasing
ion energy. This is a clear indication thatl1) oriented films
should grow more slowly thafl10 oriented films during
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FIG. 4. Sputtering yield fronj110] (open symbolsand[111] (filed sym-  FIG. 6. The sputtering yield fromfi110] (open symbolsand [111] (filled
bols) oriented single crystals with the ion beam oriented at 35.26° withsymbolg oriented single crystals with the ion beam oriented normal to the

respect to the surface normal within thez plane andR=1/5. The ion beam  surface forR= 1/2 (squarey 1/3 (triangles, and 1/5(circles.
is parallel to thg110] channeling direction of thg111] crystals and is not

arallel to any channeling directions of thElLQ] crystals. . . . . .
P Y 9 (10 cry; sputtering yield for the two film orientations, as expected

based upon our channeling argument for sputtering yield.

ion beam assisted deposition when the ion beam is oriented All Of the data shown above was obtained for the case
normal to the film surface. During polycrystalline film Where the ion-to-atom arrival ratiB=1/5. Figure 6 shows
growth, this will lead to grain-to-grain variations in thickness that variations irR do not significantly effect the sputtering
(with (110 oriented grains thicker thalll) oriented ylelq. This removes one experimental variable from conS|d_-
graing. eration. We also examined whether the number of experi-

We performed two additional sets of simulation to con-mental variables could be reduced even further by plotting
firm the effects of relative crystal and ion beam orientationtN€ fraction of deposited atoms that are sputtered from the
on sputtering yield. In the first case, we oriented the ionsUrfaceYRas a function of the composite paramegR, the
beam at 35.26° to the axis within they-z plane, which {otal ion energy per deposited atdffig. 7), as is commonly
correspond to 110 channeling direction in thg111] ori- done experlmenta!ly. This redycﬂon in the number of vari-
ented film and a nonchanneling direction in 0] ori-  aPles appears valid fofl11) oriented crystals, but not for
ented film. Figure 4 shows that with this ion beam orienta<110 oriented crystals, with a normal incidence ion beam.
tion there is more sputtering from the10] film as compared ~ 1he origin of this effect may be found in the shape of the
with the [111] film and that this difference increases with VS Ei Plot (Fig. 6). Y is nearly a linear function of; for
increasing energy. This result demonstrates that any crystat 12 oriented films andy'is a substantially sublinear func-
orientation can be favored by the ion beam, depending on thfion of Ei for (110. YRvs E;R will only be independent of
choice of ion beam orientation. Finally, Fig. 5 shows thef if Yis alinear function of; for all R Therefore, plotting
[111] and [110] sputtering yield versus ion energy for the the dgta in terms of the.re_duced vanaple, total ion energy
case of an ion beam oriented in nonchanneling directions fof€Posited per atonk;R, is in general, inappropriate. The

both[111] and[110] films (i.e., at 30° to the axis in thex-z  °rigin of the difference in thé; vs R (and, henceYR vs
plang. In this case, there is essentially no difference in theEiR) behavior of the(111) and(110 oriented(with normal
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FIG. 5. Sputtering yield froni110] (open symbolsand[111] (filled sym- FIG. 7. The fraction of deposited atoms that are sputtered from the surface,
bols) oriented single crystals with the ion beam oriented at 30° with respectYR as a function of the total ion energy per deposited at6/R, The filled

to the surface normal within the-z plane andR=1/5. The ion beam is not  symbols correspond . 10] oriented crystals and the open symbols corre-
parallel to any channeling direction in either thEl1] or [110] oriented spond to[111] oriented crystals. The ion beam is oriented normal to the
crystals. surface andR=1/2 (squarey 1/3 (triangleg, and 1/5(circles.
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incidence ionsis likely associated with the difference in the

L)
effects of ion beams in channeling and nonchanneling direc- ﬁ
tions.

The sputtering yield difference between the grains
aligned such that their channeling directions are parallel to
the ion beam and those that are not aligned translates int1.
thickness differences between the grains that increase durin
growth. Therefore{111) oriented grains will be less thick
than(110 grains when the ion beam is oriented normal to
the nominal surface. This is consistent with our bicrystal .
observationgsee Fig. Zc)]. When the thicknesses of neigh-
boring grains differ, shadowing effects become important. X
While this is true when the deposition flux is normal to the
nominal surfacé! it becomes very pronounced for oblique @ @ @ @ @ Q.Q..‘......Q......
deposition(as in Fig. 2 and when the deposition fluxhas a  ® @ @ @ @ 08 @ @ @ ® e e e’’’
wide angular spreatf. Shadowing effectively decreases the

deposition atom flux to the less thick grains, thereby increas- (a)
ing the difference in growth rate between the thiida beam
aligned to channeling directipmand thin(nonaligned grains. e % 8 (1] L L)

This effect feeds back on itself since shadowing increases
growth rate difference which, in turn, leads to more shadow-
ing. This process will eventually lead to the aligned grains
overgrowing the nonaligned ones. For ion beams that are
normal to the nominal surface, this leads (til0) grains
dominating the texture at the expensgbfl) grains. This is
consistent with the argument put forward by Yiegall’
based on two dimensional MD simulations with an energetic
deposition flux(rather than with energetic ions, as in the Ses sl eoeeses sl o iorna® sl

present case

RECRYSTALLIZATION
0000009000000500000000000000000
The lattice images in the bicrystal simulatio(fsg. 2) 000000000000000000000000000000

show that thg111) oriented crystals were much more dam- @99 00000000000 0000000000000000
aged by the ion beam than were #i610) oriented crystals.

To quantify this observation, we performed a series of simu- (b)
lations in which we subjected 11] and[110] single crystals
to an ion beam and then characterized the resulting damageG. 8. The atomic structure of tie) [110] and(b) [111] oriented crystals,

The dimensions of the crystals are the same as those usedliﬁ’ after a pulse of 20 ions impacted the surface. The ion beam is oriented
normal to the crystal surfaces: i.e., aligned with fh&0] channeling direc-

StUd_Ymg sputtering y'eldv above. In these simulations, W&ion of the[110] single crystals and not aligned with any channeling direc-
equilibrated the crystals af=0.4e/kg, bombarded them tion of the[111] single crystals. The ion energy is 108@on.

with 20, normal incidence, ionsvith no deposition fluxand

then recorded the temporal evolution of the structure. Each

ion initially had a kinetic energy of 10@0 Figure 8 shows magnitudes of the peaks and valleys@fr) for the [110]

the atomic structure of thgl10] and[111] oriented crystals oriented crystal are much greater than those for [tHik]
att= 17 after the ion impact. Clearly tHd 11] oriented crys-  crystal. This indicates that the atoms in {id.1] crystal are
tal is damaged much more than tfiE10] oriented one. To displaced from their equilibrium positions much more than
quantify the degree of disorder wrought by the ions, we meathose in the[110] crystal. The damage created by the ions
sured the radial distribution functioB(r) within 5.1d, of ~ evolves with time, as shown in Fig. 10, where we plot the
the surfaceswhere the damage is the greajeae em-  height of the first peak i5(r), P,(t), versus timgnormal-
ployed the following definition of the radial distribution ized by the peak height of the perfect crystallat 0.4e/kg).

function: The peak height drops rapidly at very early times, while the
G(r)=4 B 3 kinetic energy of the ions are converted into heat and dam-
(r)=4mr[p(r)=pol, age, and then slowly recovers over a much larger time scale.

where p, is the average density ani(r) is calculated by While most of the damage heals relatively quickly, some
successively fixing the origin on each atom within the systenresidual damage or defects remain at long times. The mag-
and calculating the density of atoms at a distanfrem this  nitude of the initial damage is greater for thll] grains
origin. Figure 9 show&(r) for the[110] and[111] oriented  than for the[110] grains. At long times, the damage that
crystals corresponding to the structures shown in Fig. 8. Theemains within the[111] crystals is larger than that in the
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FIG. 9. Radial distribution function&(r) for the single crystals damaged FIG. 11. The average energy per atdE) within 5.1d, of the surface of
by the ion beam pulse shown in Fig. 8. The radial distribution function wassingle crystals following the ion beam pulésee Fig. 8 The average ener-
only averaged over atoms within 8lg of the surface. gies were evaluated after the crystals were quenchdd-=t0.

[110] crystals. Given sufficient time, all of the damage , o . .
should eventually anneal out. This time is much longer thargergies of the crystals rapidly increase with time following

is accessible by the present, very short MD simulations and"€ ion impact and then slowly decays to an energy which is

hence, a difference in defect density persists to the end of tH@gher than the initial crystal energy. This general form is
simulations. In IBAD experiments, the time scales are alsgonsistent with that observed for the radial distribution peak

not large enough to anneal out all of the ion beam induced!€ights(see Fig. 10 Figure 11 demonstrates that the ion
damage during the deposition. Therefore, {h&l) crystals beam inflicts significantly more damage on fi4.1] crystal

will exhibit a larger steady state defect density than will the(the channeling directions of which are not aligned with the
(110 crystals. ion beam than on the[110] crystal, where the damage is

In addition to determining the radial distribution func- minimal (aligned with respect to the ion beanThe total

tions, we also measured the ion beam induced damage ﬁ{npuqt of damagel t'o' the 10] crystal' is minimal, thereby
terms of changes in the energy of the crystal. We preparetfidicating that the initial large drop ifPy(t) for the [110]
and ion bombarded tHa 10] and[111] crystals in the same crystal is associated with large amplitude atomic vibrations
manner as described in the preceding paragraph and mednd not significqnt defect generation. The differen_ces be-
sured the average energy per atom in thel5layer adjacent Ween the energies of ti@10] and[111] crystals persist to

to the surface as a function of time. Since we are interestel'® longest times accessed in the simulations. As discussed

in the energy of the defected crystals and not the thermaﬁ"ith respect to the radial distribution function, these energy
energy, we quenched the samplesTte 0 K prior to each differences are expected to lead to steady state energy differ-

energy measurement. The resultant energy per d&gris ences between the grains with channeling directions aligned
plotted in Fig. 11 as a function of time following the ion with the ion beam and those which are not in constant ion

bombardment. Prior to the ion bombardment, the energy oM IBAD experiments. _ o
this layer is—6.371e for the [110] crystal and the—6.423 The significance of a difference in stored energies in
for the [111] crystal(the difference is due to the variation of crystals of different orientation is associated with the role it

surface energy with orientatipnThese data show that the plays as a driving force for recrystallization. In primary re-
crystallization, grain boundaries act as sink for defects: ab-

sorbing defects in front of them as they move and leaving
relatively perfect material in their wake. In classical theories
of grain boundary migration, the grain boundary velocity is
1 proportional to the difference in energy density between the
two sides of the boundarti.e., the driving forcg and the

=) ] boundary mobility(that varies with grain boundary crystal-
o | lography and material The difference in energy between
= adjacent grains in ion beam assisted depositamndescribed
o

. above may drive the grain boundary towards the more de-
fected (higher energy grain. In order to determine whether
this process actually occurs during IBAD of polycrystalline
| | . | . films, we performed simulations in which we damaged one

| 1
%0 10 20 80 %0 50 80 70 80 end of a[111] oriented crystal with an ion beam, rotated the

t (1) crystal and put its damaged surface in contact with an un-
damaged[110] oriented crystal(thereby creating a grain

P.(t), vs time following the ion beam pulseormalized by the peak height oundary, _and m(_)nitored the position of the grain boundar)_/
of the perfect crystal af =0.4e/kg). as a function of time. The resultant structures are shown in

FIG. 10. The height of the first peak of the radial distribution function,
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the ion beam is oriented along channeling directions of the
crystals. The first observation suggests that grains with chan-
neling directions aligned parallel to the ion beam grow more
quickly than those where they are not aligned. This leads to
grain-to-grain variations in the film thickness that increase in
magnitude during growth. Variations in thickness result in a
shadowing effect that further slows the growth of the less
thick (nonaligned grains—eventually leading to pinch-off of
the less thick grains. The second observation suggests that
the energies of the grains with channeling directions aligned
parallel to the ion beam will be lower than that of the non-
aligned grains. This difference in stored enefgythe form

of crystal defects was shown to lead to grain boundary
migration—a process equivalent to primary recrystallization.
Both of these effects can lead to changes in crystallographic
texture during film growth and both were observed in the
bicrystal simulations. It remains unclear as to which effect
will be dominant. Finally, we note that these ion beam in-
duced texture changes will compete with other mechanisms
that control texture evolution in the absence of an ion beam;
(b) namely, surface energy anisotropy induced grain boundary
migration (so called, secondary grain growthiand prefer-
ential nucleation.

FIG. 12. Atomic structure of the bicrystal formed by joining the ion beam
damaged end of f111] crystal with an undamageld 10| crystal at(a) t
=0.27 and (b) t=107. The solid line indicates the position of the central
grain boundaryanother exists at the edge of the bicrystal due to the use of

periodic boundary conditions in thedirection). The grain boundary clearly ACKNOWLEDGMENTS
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