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Shadowing effects on the microstructure of obliquely deposited films
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Two spatial dimension front tracking simulations have been performed to study the growth of
polycrystalline, faceted films from randomly oriented nuclei by varying the deposition angle of the
incident flux during physical vapor deposition. The orientation of grain columns, the porosity, the
crystallographic texture, and grain size are sensitive to the deposition angle. The origin of this effect
is widely believed to be associated with shadowing. In order to isolate the effects of shadowing from
other physical effectssuch as surface diffusion, deposition species size, flux divergence vetc.

have constructed a simulation where all of these effects are completely removed. These simulations
demonstrate that while many of the observed structural properties of obliquely deposited films are
controlled by shadowing, a few key properties cannot be attributed solely to shadowir200®
American Institute of Physics[DOI: 10.1063/1.1432125

INTRODUCTION continuum model, Lichteet al° derived a theoretical form

- . " __for the relationship between column orientation and deposi-
Designing novel techniques for the deposition of th'ntion angle

films with special structures is of significant interest. One

method to control the film microstructure is to deposit the tang= 2 tana

film using a collimated vapor flux of atoms and varying the anp= 3|1+ ¢ tanasina)’
angle of incidence of the flux with respect to substrate i i o
normall? The film microstructure depends sensitively on whereyis a function of the diffusion length, the vapor flux,

this angle of incidence. Obliquely deposited films exhibit aand the.amplitude of the .initialllsurf'ace profile. Based on
unique columnar structurelf the flux is incident on the geometrical arguments, Taét al, derived another expres-

substrate from an angle that is large with respect to the filnp'ON relating3 to « for the case of limited surface diffusion,

normal, the columns are commonly surrounded by a network 1— cosa
of voids. The material within the column can be either a ~ B=a—sin "} ——— Q)
single grain or polycrystalline. Columnar microstructures
typically lead to film with anisotropic electricAlpptical®>  In addition to increasing the column angbe increasing the
and magnetic propertiésand nonrandom crystallographic flux anglea also leads to increased porosity*
texture! At low growth temperatureg§.e., T<0.5T,,, where There have been many theoretical and simulation models
T, is the melting temperaturethese columns tend to tilt for the structure of obliquely deposited films. Since micro-
away from the surface normal, toward the incoming flux, asstructures of interest are typically on a scale much larger than
shown in Fig. 1. interatomic spacings, analysis based on continuum
Several empirical relationships were proposed to accourmodels®**is appropriate and have lead to some important
for this variation of the column anglé with the flux anglew  insights. On the other hand, inclusion of such important fea-
(see Fig. 1 based on a large set of experimental data orfures as the polycrystalline nature of the film, nonlocal shad-
amorphous and crystalline filni€. Nieuwenhuizen and owing, and faceting are difficult to incorporate into con-
Haanstr@ were the first to report a systematic set of micro-tinuum models. Many atomic scale computer simulations of
structure observations of column orientation based on mifilm growth been performed, using such methods as Monte
crofractographs of aluminum films. Based on their observaCarlo;*> molecular dynamic&$!’ and ballistic deposition

tions, they proposed the following empirical relationship: ~models®*® Interestingly, it has been argued that the forma-
tion of realistic columnar structures requires the inclusion of

the discretenesdinite size of the depositing species, which
is explicitly missing from the continuum models.

In this paper, we employ a continuum growth model to
which is often referred to as the “tangent law.” This relation- determine the role of shadowing in determining the micro-
ship provides a reasonable description of the microstructurstructure of obliquely deposited films. Our approach explic-
for the range of incidence angles@%<60°.>°Based on a itly includes nonlocal shadowing, a polycrystalline film, and

2

1

tanB=itana, (1)
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o° such as in diamond film growth or in cases where the stick-
ing coefficient is anisotropic. The focus of the present study
is on shadowing effects and, therefore, explicitly ignores
phenomena associated with diffusional interactions between
facets, grains or islands.
In the present model, the growth velocity of each facet
o depends upon the flux it receives
B v=~N-J, (4)
wherev is the velocity of the facef) is the facet normal, and
J is a vector parallel to the flux direction and with the units
of velocity (i.e., the product of the flux and an atomic vol-
ume. The dynamics of the surface is local, such that the
velocity of each segment of the surface depends on the flux it
receives. A natural consequence of this, is that when vertices,
where two facets meet, disappeais subsumed during
FIG. 1. Schematic showing the oblique deposition geometry, whésehe  growth) it will never reappear. We note that while this is in
an_gle the incident vapor flux makes with respect to the substrate normal angha \vith expectationgsince a surface that is buried well
B is the mean column angle. . . .
never again receive any flux and grovit is not reproduce
by the simulations performed by some other grougse,

crystal anisotropy(faceting, but includes neither finite size ©€-9- Ref. 22 which allow grains to grow through one an-

deposition species, surface diffusion or preferred orientationSther- In the present simulations, we track both grain bound-
of nuclei. The goal of this work is to separate the effects of2/1€S and free surfaces. A grain boundary is formed when two

shadowing from those of surface diffusion, discreteness c)gifferently oriented crystallites touch and the grain boundary

preferential nucleation, which are also thought to play a maXtends as the point of contact moves., as the surfaces of

jor role in determining the microstructure of obliquely de- the two grains meeting at the boundary continue to grow

posited films. The present simulation method is based upo;11-he gramn boundary location is, therefo_re, §|mply a tra_ce of
our earlier model for faceted polycrystalline film growf?®  the point on the surface where two grains interséuere is

We examine the microstructures produced as a function df© 9rain boundary migration in this mogeNo grain bound-
flux anglea, crystal symmetry, and attachment kinetics. ary migration is considered in the present simulations. New
surface facets may form during growthe., a grain bound-

ary can split into two surfaces
SIMULATION METHOD The simulation tracks the motion of each vertex. In the

The simulation algorithm employed in this study is Present two-dimensional model a vertex is:
based upon the principal of evolutionary selection, as suge1) An intersection between two facets of a single crystalline
gested by van der Driftt Paritoshet al?° have discussed a grain;
simulation algorithm that accounts for evolutionary selection(2) A point where two grains meet; or
in the growth of polycrystalline films. The model is based of (3) A point of intersection of part of a facet that receives flux
an array of faceted crystallites in which each facet grows  and part that is shadowed.
normal to itself. All of the crystal nuclei form simultaneously
on the substraté.e., no renucleation during growtin ran-  The vertex velocityspeed and directigrare calculated from
dom locations and with random orientations at the beginninghe velocities and orientations of the bounding facets. While
of the simulation. Experimentally, random nucleation seldonthe facet orientations are fixed by the crystallographic orien-
occurs in film growth(even on amorphous substrgtesving  tation of the grain, the positions and existence of individual
to the anisotropy of surface and interfacial energies andertices will change during the simulation. The simulation
atomic transport. While nucleation of islands with some pre{proceeds by integrating the equations of motion of the verti-
ferred orientation with respect to the substrate is often obees forward in time. The time step used for the finite differ-
served in experiment, such effects were explicitly neglecte@nce solution of the equations of motion for the vertices is
here such that the effects of shadowing during growth couldrariable and is chosen to be the time required for the next
be easily discerned, separate from other effects. Preferentimértex intersection in the entire system. Intersection times are
nucleation would clearly bias the evolution of the crystallo-precalculated for each vertex pair. When an intersection does
graphic texture and grain size. The simulations do model theccur, the facet between the intersecting vertices is removed
precoalescencéi.e., island growth stage of film growth, and the velocity and orientation of the new vertex formed is
however, this paper focuses mainly on the postcoalescenaketermined from the orientations of the new neighboring fac-
period of film growth. The present model also does not exets.
plicitly include diffusional interactions between grains or is- Several types of shadowing are considered in these
lands. This does not necessarily conflict with the assumptiosimulations. Shadowing arises wh&see Fig. 2
that the grains are faceted, since faceting readily occurs in (1) One or more facets of a grain prevents other facets of
film growth processes where surface diffusion is negligible the same grain from receiving flux; and
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FIG. 2. Schematic illustration of the surface at two times indicating regions
of no shadowing, self-shadowin@vhere one facet shadows an adjacent
facet on the same crystalljteand facet splittingwhere one crystallite shad-
ows a facet on an adjacent crystalité is the facet normal and is the
deposition flux vector.

:"""?%z'f’" e

3 2 e s

(2) one grain shadows or partially shadows facets on
other grains.

When a facet is shadowsdde., it receives no flux its
velocity is set to zero. This changes the velocity of the ver-
tices bounding the shadowed facet and, hence, modifies the
evolution of the microstructure. A section of the surface is
shadowed if it lies below a line parallel to the incident flux
drawn from any of the other vertices further to the right than
itself, assuming that the flux comes from the top rigde
Fig. 2. If a segment of a facet is shadowed, a new vertex is
introduced at the point that separates the segment with zero
velocity from that with finite velocity.

The crystal symmetry of all nuclei are fixed when the
islands are initially assigned a random orientation and no
evolution of the orientation of the individual grains occurs
during growth. The angles between facet normals were cho-
sen to begp=2x/n and the included angles between facets
themselves werd=7— ¢=m(1-2h), wheren is an inte-
ger that describes the crystal symmetry. While 3, 4, and 6 are
the only possible values aof based upon space filling condi-

&,
S

tions, we treatn as a general parameter here for complete- - $
ness and also consider additional values.o6ome simula- T a0, Z;S*:Q
tions were performed such that adjacent facets had different <= 0 SR
sticking coefficientsS.. The sticking coefficiens; is the 200 45 éfﬁi
probability that an atom, incident from the vapor, will react i G

with or adsorb onto the surface and become incorporated into
the film. S, commonly varies from unity to less than 10
(Ref. 23 and varies with surface crystallography. In cases
where all facets do not hav@-=1, the net growth rate of d
any facet(i) is adjusted, such that X (do)

V= SCi(ﬁi ). (5) FIG. 3. The microstructure of polycrystalline films with==/2 (n=4),

S.=1 deposited witha) «=20°, (b) «=40°, and(c) «=60°. The regular

Si | id f f bi i set of lines indicate the position of the surface at regular intervals of time.
Ince we only consider two types of facets, we arbitrari YThe lines that intersect this regular set of lines correspond to grain bound-

assign the sticking coefficient of one to be unity and vary thearies and free surfaces. The grain boundaries are not shown below

value of S, of the other.(Note: this approach only works for =20d,, where the number density of grain boundaries is extremely large.

even values of the symmetry facton Except as noted be- All lengths are in units of the mean spacing between the original crystalline
. . clei on the substrated().

low, we examine the microstructure and texture developmen')[u ! . 0

for the case where all surfaces have the same sticking coef-

0 100 200 300 400 500 600 700

ficient. R _ MICROSTRUCTURE DEVELOPMENT
In order to obtain statistically meaningful results, a large
number (1000 of nuclei are employed in each simulation. Figure 3 shows the temporal evolution of the microstruc-

The simulation data reported below were averaged over 1@ure and morphology of films deposited at several incident
simulations to improve statistics. All length scales are norflux angles @¢=20°,40°,60°), as described in the previous
malized by the mean spacing between the nuclei at the besection for the case ap=w/2 (i.e.,n=4) andS.= 1. In the
ginning of the simulationsj,. a=20° [Fig. 3(a)] case, the grains are columnare., the
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grains at the top surface extend down to the substeaid

the grains are tilted towards the direction of the incident flux
(however, B<a) and the grain size coarsens as the film
thickens. The increase in grain size with thickness is indica-
tive of the competition between neighboring grains during
growth, where the facets with larger velocitig. (4)] in-
creasingly shield their neighbors from the flux, eventually
leading to grain pinch-off. Upon close examination, we see
that true grain boundaries are rare and most grains are sepa-
rated by very narrow, columnar voids. Although the number
density of voids is high, the film is near full densitthe
voids are very narrow compared with the mean column s : :

width). Increasing the deposition angle do=40° [Fig. 3b)] 0 100 200 300 400 500 600 700
leads to notable changes in the microstructure. In this case, x (dy)

the grain size coarsens more rapidly and the grains are tilted
more than fora=20°. This is in line with experimental
observatiorfthat show that the higher the deposition angle,
the greater the angle by which the columns tilt away from the
substrate normal. We also observe that true grain boundaries
are rare, and individual grains are separated by readily vis-
ible voids that are considerably wider than in films grown at
a=20°.

Figure 3c) shows a microstructure grown witla
=60°. In this case, the column ang|g) is larger and the
film is even more porous than at the smaller deposition
angles. Additionally, the mean void size is larger and the
mean grain size is smaller than at smakefThere is a gen-
eral trend toward increasingly fibrous grain structures with 0 100 200 300 400 500 600 700
increasinga, with voids that extend all the way from sub- X (d,)
strate to surface. These general morphological features are in
agreement with a wide range of experiment res{dee e.g.,
Refs. 5, 13.

The effect of changing crystal structure, as represented
by changes in the facet angle, on the film microstructure and
morphology can be seen by comparing Figs. 3 and 4. The
simulations shown in Fig. 4 were performed for= /4 (n
=8) andS.= 1. Figure 4a) shows the microstructure evolu-
tion for «=20°. In this case, the film is of full density, i.e.,
there are no voids. The grain boundaries are nearly parallel
to each other and are oriented parallel to the deposition flux
(B~ a). Parallel grain boundaries imply no evolution of the
grain size with film thickness, which is consistent with the
microstructure in Fig. @) after some small thickness. We 0 100 200 300 300 500 600
observe similar behavior for deposition at=40° [Fig. x(do)

4(b)]. On the other hand, increasing the incident fluxato  FiG. 4. The microstructure of polycrystalline films with= /4 (n=8),
=60° results in a remarkably different microstructure thans,=1 deposited wita) a«=20°, (b) @=40°, and(c) @=60°.

seen at lowera. In this case, the microstructure is more

similar to those in Fig. 3¢p=n/2. In the «=60° case, the

grain size obviously increases with thickness, not all boundy4in houndaries or the side surfaces of the grains make with

aries are parallel to each other, voids between grains aiggpect to the substrate normal. The simulation data in Fig.
frequent andB<<«a. This suggests a link between the crys- 5(a), whereg= /2 (n=4) andS,= 1, shows that except for
tallography of the film material and the effectiveness Ofa:O°, B<a. Based upon the data in Fig(d, we can
shadowing. We return to this point below. compare the predictions of the widely used tangent[l&gy.
(1)] description of the column orientation versus angle of
deposition with thep=7/2 andS,=1 simulation data. The
agreement between the data and the tangent law is reason-
The variation of the mean column orientati¢) with able at low values of. As in most experiments, we find that
the angle of the incident vapor fluxy) is shown in Fig. 5. above 60° the deviations from the tangent law form becomes
The column orientation is defined as the average angle thsignificant. Haraet al?* speculated that the cause of this de-

COLUMN ORIENTATION
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FIG. 6. (a) The total void fractionV; vs the film thickness for different
FIG. 5. (a) Column orientation3 vs vapor incidence angle for ¢= /2 deposition angles fop=/2, S;=1. (b) As in (a) for ¢= /2, S;=1. The
(n=4), S,=1. The dashed line corresponds to the empirical tangent lawPredicted functional form of this daté;=tarf(«/2) is also shown.
[Eg. (1)]. Two straight lines are also shown correspondinggtea and 8
=al2. (b) As in (a) for ¢=m/4 (n=8), S;=1. The two straight lines here
have slopes of 1 and 1/2. Figure §b) shows the column orientation versus incident
angle for ¢=m/4 (n=8) and S,=1. We observe that for
0°=a=<45°, B=a, as seen in the microstructures in Fig. 4.
This is in agreement with the predictions of Taitall! at
viation is directional diffusion, which arises because of thesmall «, but in disagreement with the tangent law and the
component of the momentum of the incident vapor flux par-Lichter et al° prediction. However, for=45°, the column
allel to the substrate. However, since we observe deviationangle increasingly deviates from tife= « line with increas-
from the tangent law similar to that seen in experiment andng «. Examination of the data above=45° shows that in
because the deposition flux in our simulations does not carrthis rangeg is a linear function ofa [see the line in Fig.
momentum, we can rule out that parallel momentum as th&(b)]. Clearly the data for theb= #/4 and ¢=7/2 simula-
dominant cause for such deviations from the empirical tantions are fundamentally different. The break gnvs « ob-
gent law. served in the¢= /4 case does not occur in thg= /2
While the tangent law does fit the data at smallthe  case. However, the slope of thkevs g line in the ¢= /2
data appears to be better fit by a simple straight line of thease matches that for thie= /4 case aw=45°. We revisit
form, B=a/2. The only deviations from this line occur at this observation below.
extremely high angldi.e., «=85°). The agreement of the
linear fit and the tangent law prediction at low angle is not
surprising since an expansion of the tangent |Egy. (1)] for
small angle predict@= a/2. On the other hand, the predic- The microstructures seen in Figs. 3 andfdr «>45°)
tions of Lichteret al}°[Eq. (2)] and Taitet al}* suggest that  all exhibit some degree of porosity. Figuréashows the
B=2al3 and B= «, respectively, at smalk, in clear dis- evolution of the porosityvoid fraction at a fixed heightV; ,
agreement with the simulation results. We return to thesevith film thickness for¢= /2 andS,=1 for three different
points below. deposition anglesy. Following a short transient the porosity

VOID, COLUMN, AND GRAIN SIZES
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FIG. 9. The mean column siz&,, vs deposition angleg, for ¢= /2,

FIG. 7. The mean void siza/d,y, vs the film thicknessh/d,, f for ¢ S.=1 ath/dy=800.
=m/2, S;=1. The solid lines are fits to=Cd*2, whereC is a constant.

. i While the mean column size increases with increasing thick-
asymptotes to a fixedy-dependent value. The variation of . . .
ness, the rate of increase is greater for smaller deposition

the asymptotic porosity witlx is small at small and then angles. This is the opposite behavior from that seen for the

increases nearly quadratically with increasiag[see Fig. S : :
6(b)]. The microstructures also show that the mean void size, c o void sizdFig. 6@)], as must be the case since the

r, increases with increasing thicknebsThis is quantified in Ié:tiei?g';’ts;%ﬁg:ﬁ;':élliolﬁr%etrhgo:nlél;%eéo?ljergﬁsgfgi:?ng;:i'_
Fig. 7 for = /2 andS.=1 for three deposition angles, 9 9

These data confirm that the mean void size does indeed iﬁ°,_|t|ve to for small « it decays rapidly with at largea (all

crease with increasing thickness at a rate that increases Wif’H fixed film thickness This is consistent with the discrete

) . » . particle simulation data of Tagt al*
increasing deposition angle. A power law fit of the form The microstructures in Figs. 3 and 4 clearly show that at
=Ah?” showsy=0.5+0.1, whereA is a constant. gs. y

least some of the columns consist of single gréims, single

Since the porosity is independent of thickness at Iarg%r stal columngs Unfortunately, because many voids are
thicknesses and the pore size increases with thickness, e Y. y

data in Figs. 6 and 7 imply that the number of voids must /€Ty narrow, it is not obvious whether most of the columns

decreasing with increasing thickness. If this were true, th are single crystals or are polycrystalline. In order to clarify

mean column sizémeasured parallel to the substi ot thls point, we measured the mean number of grains per col-

increase with increasing thickness at the same rate that henn Ne as a function of film thickness fop=m/2 andS,

void size grows. Figure 8, where we plot column sizgvs :1 for threg deposition angles,(see Fig. 10 Following an
film thickness. confirms t,his deduction. A power law fit of initial transient where the columns are polycrystalline, the

the formD.=bh? showss=0.5+0.1, whereB is a constant.

o , , , , o=20°
@2
6=40°~" B o=40"
| // ] s
o — o
o=60 B
=z = Z [
a S
10 1 / 1 B
’/,- 1 L SR S T R DL SR
. a=60" .
o 1 ‘ . X 0 200 400
o} 200 400 600 800 1000
h/d, h/d,

FIG. 8. The mean column siz&., vs the film thicknessh/d,, for ¢ FIG. 10. The number of grains per colunm, , vs film thicknessh/d, , for
=2, S.=1. d=ml2, S,=1.
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FIG. 11. Void fraction,V;, vs deposition angley, for ¢= /4, S;=1.

number of grains per columns rapidly asymptote to unity,
implying that single crystal columns are the rule.

The microstructures obtained under low angle deposition
conditions @<45°) for ¢=m/4 and S;=1 appear to be
fundamentally different from those obtained at high angles
(a>45°) or those obtained for depositions wih= 7/2 and
S.=1 [cf. Figs. 4a) and 4b) with Figs. 3 and 4&)]. In the
low angle,¢= 7/4 case, the grain sizes and void sizes do not
significantly coarsen during growth and the films are nearly
full density (see Fig. 11 Above 45°, however, the grain size,
pore size, and porosity all follow the same trends observed in
the ¢= /2 films (see e.g., Fig. 11

CRYSTALLOGRAPHIC TEXTURE

We now examine the evolution of the crystallographic
texture during film growth. By crystallographic texture, we
imply the distribution of the orientations of the crystallo-
graphic axes throughout the material. In particular, we focus
on the distribution of those directions that are perpendicular
to the facets. For example, for tlfe= 7/2 films, we examine
the distribution of thg01) axes with respect to the substrate
normal, 6. Since the crystals posses a rotation axis, we only
consider the smallegjpositive angle that one of th€01)
directions make with respect to the normal. Kor 7/2, this
implies an angular ranges96< /2 and for¢=w/4, 0<6
<l4.

The probability distribution of the grain orientations,
P(6,h), as a function of both orientatiofl and film thick-
nessh is shown in Fig. 12 forp=m/2 andS;=1 for three
deposition anglesy. Since each simulation was started with FIG. 12. Orientation distribution functioR(¢) vs film thicknessh/d, for
randomly oriented nuclei on the substrate, the initial distri-¢= /4, S;=1 for films deposited ata) a=20°, (b) a=40°, and(c) «
bution of crystal orientation®(,0) is flat. The orientation =60°-
distribution develops a peak at small thicknesses that sharp-
ens with increasing growth and then asymptotes. The peak
position, 6,4, increases from 10.3° at=20° [Fig. 12a)] Since we defined the crystallographic texture in terms of
to 19.8° ata=40° [Fig. 12b)] to 30.2° ata=60° [Fig.  the angle between the facet normal and the substrate normal,
12(c)]. There is a general trend @f,,,, increasing with in- .« can be thought of as also describing the orientation of
creasinge. This demonstrates that shadowing strongly modi-the most common facet normals. These value®,gf, are
fies crystallographic texture. consistent with the facet normals on the upper surfaces of the
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FIG. 14. Column orientation3, vs vapor incidence angle, for S;.=1 and
different values of¢p=2m/n. The circled regions indicate the valuesaf
and the straight lines beyone. correspond t@3=(a+ a.)/2.

EFFECTS OF CRYSTAL SYMMETRY

Much of the microstructural and texture data presented
above showed that the film structure that develops during
growth is strongly influenced by the crystal structure. The
relationship of the grown microstructures to the crystal struc-
ture is through the relative facet orientations as represented
by the paramete, which indicates the rotational symmetry
of the crystal structurép=2=/n, wheren is the degree of
the rotation axis, e.gn=4 implies a fourfold symmetry and
¢=ml2). One key area where the crystal structure enters is
FIG. 13. Orientation distribution functioR(8) vs film thicknessh/d, for in the relationship between the column orientation and the
b= /8. S.—1 for fims deposited ata) a(:)20°, (b) a=40°, and&’:) , deposition angle. In Fig. 14 we sho@/vs « for the cases
—60°. ¢=2ml4, 2n/5, 2m/6, and 27/8. We note than=5 andn
=8 correspond to rotational symmetries that cannot occur in
two dimensional systems, but we include them, nonetheless,
to aid in discerning trends. The data for eaglfialls on two

grains in the microstructures in Fig. 3, which show an in-l. For the d iti e | th itical
crease in angle with increasirg Examination of the micro- ines. or the deposition angle fess than a critica angle (
<a.), the data is independent of (or ¢) and is well de-

structures and facets in Fig. 3 demonstrate that the relative " .
orientations of the facets at the growing surface and the suﬁc”b(Ed by the rele_ltloyi%:_ a. Fora>ag, the dz_ata for eaf:h

faces on the sides of the columns have the same orientatidl] ¢ fall @long a single linef=(ac+ a)/2. ac is a function
relationship as the normal crystal facets themselves,d.e., Of ¢ or n, such that the -daFa fm>.a° lie on parallel Imes.
— /2 in the present case. This implies that there should b& €aY: @c decreases with increasimg a. is well described
some relationship betwees and 6,,,,. In fact, comparison

of Figs. 5a) and 12 suggest thad,,,= 8.

Just as the microstructures for tile= w/4 case andx o :Z( _ f) 6)
<45° are markedly different from those at either 45° or © 2 n/’
¢=m/2, the texture in these cases are also fundamentally
different. Figure 13 showB(6,h) for ¢=7/4 andS;=1 for The type of microstructure and texture data observed

a=20° and 60°. Fora<45°, the orientation distribution (see abovechanges abruptly atv=ca.. For a<a., the
remains flat during the entire growth process. This indicategrain size is extremely small and the film is unstructured,
that the texture starts random and remains random. This ishile for a=«., grains and voids growth with increasing
consistent with the lack of microstructural evolutiomid or  thickness and a strong texture is formed. Unlike in the
column size during growth. On the other hand, fa® =8 (¢p=ml4) case, there are no abrupt changes in the be-
>45°, a peak in the distribution function forms at early havior of then=4 (¢= w/2) microstructure or texture data
times, sharpens as the film grows and then asymptotes, musimply becausea.(n=4) is identically zero, i.e., alla

as it does in thep= /2 case for alla. = .
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columns are typically single crystals. As the deposition angle
increases, the microstructure becomes increasingly porous
and the column tilt in the direction towards that of the depo-
sition flux. Both of these observations are consistent with
experimert® and other simulation$?® Above a critical
deposition angle, the mean void and grain sizes are propor-
tional to each other; both scale quadratically with film thick-
ness and, following an initial transient, the porosity is inde-
pendent of film thickness. The dependence of the column
orientationB on the deposition angle was found to be in
poor agreement with the empirical tangent law, which rea-
sonably describes a wide range of experimental
observation§. This suggests that while shadowing is a nec-
essary ingredient to obtain tangent lawlike behavior, by it-
self, it is insufficient. This supports the notion that a finite

deposition species size may be necessary to obtain such
behavio* We also observed that the relationship betwgen
ande, and the entire form of the microstructure, are sensitive
to the symmetry of the underlying crystal in systems that
exhibit faceting.

The relationship between the colungrand depositiony
angles seen in theR=1) simulations shows two distinct

The results of the last section demonstrated that the miregimes. Fo<a., B=a and fora<a., B=(a+ay). It
crostructure is sensitive to the relative orientations of neighig easy to see where the transition in behavior occag i
boring facets. In this section, we investigate what happensierms of the relative orientation of the facets and the depo-
if ¢ is fixed but the relative growth rates of neighboring sjtion flux. Consider the growth of amsided polygon(cor-
facets differ. This can happen in situations where ”eighborresponding to a grain witth=27/n, R=1) on a substrate in
ing facets have different sticking coefficien®; [see Eq. 3 flux of orientationa and ignore those facets that grow
(5)]. We define the ratio of sticking coefficients of adjacentigward the substratéas they disappear rapidlyAs a in-
faces asR=S;;/S; =<1, where the subscriptsandi+1  creases from zero, it will reach a value such that one of the
label adjacent facets. By makirig+ 1, we imply that the facets that used to receive flux, no longer receives any flux
crystal symmetry is lower by a factor of 2 compared with j e the flux direction is tangent to the surfaeed therefore
that theR=1 case at the same value wfi.e., an eightfold  stops growing. Simple geometry shows that this will occur
rotation axis reduces to a fourfold axidNonetheless, even st when a= (7/2)(1-4h), where one must consider all
whenR=# 1, the angle between adjacent facets remains fixeflossiple rotations of the polygon. This is exactly the expres-
at¢=2m/n. Therefore, allowing sticking coefficients to dif- gjon we found fora, based on the simulation daftaq. (6)].
fer from unity provides an intermediate case between afnerefore, the critical value of simply results from the
n-fold and (n/2)-fold situation. abrupt change in how many facets receive flux and grow.

Figure 15 showsB vs a for the case okp=m/4 andR For a<a, the simulations show thg8=«. We can
=1, 0.9, and 0.74. The data fét=1 is the same as that rationalize this result by considering the trajectories of the
shown in Fig. Bb); two straight line with a break at=ac  ingividual facet vertices in this case where shadowing does
=m/4. ForR<1, the data shows three regimes: one dor ot occur(a= a, is the onset of shadowing in faceted struc-
>ac, where=(ac+a)/2 anda, is described by Eq(6),  tyreg. Assuming each facet moves with the velocity given

an intermediate one wheyg=a+C,, whereC, is a con-  py Eq. (4), the slope of the trace of each vertew, , as it
stant, and a smatk regime whereB=C,a andC,<1. The  moyes in time is simply

slope (C,) in this smalla regime decreases with decreasing
R. m,=tana. (7)

FIG. 15. Column orientationB, vs deposition angleg, for ¢==/4 and
varying R. Also shown are best linear fits and the tangent law.

EFFECTS OF NONUNIFORM STICKING
COEFFICIENTS

This relation is valid for all moving vertices, independent of
the angle that the individual facets make with respect to the
We have performed a series of simulations designed tdeposition flux. Hence, each vertex moves directly parallel to
clarify the effects of shadowing on the evolution of the film the deposition flux. This implies that the microstructure does
structure in the absence of other factors that are thought to beot evolve at all during growth. This is consistent with the
important in determining film microstructure such as surfaceobserved microstructures in Figgapband 5b) and the thick-
diffusion and the discrete size of the deposition species. Theess dependence of the grain size, the column size, and tex-
simulations track the evolution of the two-dimensional, fac-ture [Fig. 12a)]. If each vertex moves parallel to the depo-
eted growth front during the oblique deposition of vapor at-sition flux, the columngwhich are obviously bounded by
oms to grow polycrystalline films. The simulations show thatvertices must also move with the same slope. Hence &an
that even in the absence of these other physical effects, thetana or 8=« for a<a., as observed in the simulations.
resultant films exhibit a columnar microstructure, where théNe have not found a similar simple explanation to account

DISCUSSION AND CONCLUSIONS
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columns are growing, but are not quite growing exactly par-
allel to each other, they will eventually impinge on each
other, thereby pinching-off the intervening void. Clearly, the
evolution of the void and column sizes is intimately related
with the evolution of the texturevhich controls how parallel
the growth directions ajeAn analysis of the evolution of
texture and grain size was performed based upon this
relationship?®28 This relationship shows that as the texture
sharpens, the columns become increasingly parallel and the
impingement of columns becomes less frequent, resulting in
D.=Ah%? (where A is a constant in agreement with the
present simulations. A simpler approach is simply to realize
that a column is pinched off when a column hits another
column. IfN is the number of columns in a finite width film,
FIG. 16. Schematic illustration of one grain shadowing its neighbisrthe this implies thatdN/dt=BN (whereB is a constant Since
void size,D is the column width, and=7— ¢. N is inversely proportional to the scale of the microstructure
(column or void width, this also implies thaD.=Ah"2
The fact that both the mean column and void width grow as

for the behavior of3 vs & for a=a, [i.e., the observed h¥2implies that the film density is independent of thickness,
relationshipB= (a+ a.)/2]. In the limit of nonfaceted films as discussed above.
(¢p#0,n#x), a.# w/2 and, henceB= «. This is consistent
with the conclusions reached by Tait all* in the no- ACKNOWLEDGMENTS
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