Void formation during film growth: A molecular dynamics simulation study
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Two-dimensional, nonequilibrium molecular dynamics simulations have been applied to study the
structure of thin films grown on single-crystal Lennard-Jones substrates. The principal
microstructural features to develop within these films are single vacancies and small voids which
tend to be slightly elongated and to be aligned in the growth direction. Both the void volume and
the mean surface roughness of the films are found to be decreasing functions of substrate
temperature and deposition kinetic energy. Voids are shown to form as a consequence of both
surface roughness and shadowing effects. The attraction between deposited atoms and the sides of
surface depressions lead to the formation of outgrowths from the sidewalls of the surface
depression. These outgrowths shadow the open void beneath them and continue to grow across the
voids by interaction with the depositing atoms until a continuous bridge is formed that closes off the
void. Since this bridging mechanism leaves behind a surface depression above the closed-off void,
new voids tend to form above it. This leads to the alignment of voids along the film growth
direction. The spacing of the resultant void tracks is correlated with the wavelength of the surface
roughness. Increasing temperature and deposition kinetic energy enhancing surface mobility leads to
an increase in the wavelength of the surface roughness and hence an increase in the spacing between
void tracks. Edge dislocations tend to form within voids as a natural consequence of the void
bridging process, however nondislocated voids are also observetP9® American Institute of
Physics[S0021-89706)03303-3

INTRODUCTION of thin film deposition. Simulations based on Monte Carlo
(MC), MD, and ballistic deposition have all been applied for
The mechanical and electrical properties of physical vathis purpose. Ballistic deposition simulations typically track
por deposited thin films are controlled, in large part, by theatoms emitted from a source along a straight line trajectory
microstructure, the state of stress within the film, and disloto the point where they strike a target. The atoms are as-
cations at the film/substrate interface. The nature of the misumed to either reflect from the surface, stick where they hit,
crostructure and the magnitude of the stresses within the filrar |ocally relax into the cradle site closest to the point of
are known to be sensitive to the conditions under which thémpact®“ This approach typically neglects the dynamics and
film was deposited. For example, films grown at very lowtransport of the deposited atom once it impinges upon the
temperature tend to be poro(ne | microstructurgsthose  surface. Liuet al2 have used the ballistic deposition treat-
grown at intermediate temperature tend to have a columnanent in thesiMBAD program to study several basic aspects of
grain structure and little porositzone Il microstructures  microstructural formation(e.g., grain size, orientationof
and those grown at elevated temperature have either a vefyms grown over topographical features such as grooves in
coarse or three-dimensional grain structuteone Il thin film metallization in integrated circuits.
microstructures™* Similarly, bombardment of the growing Kinetic MC simulations employ calculations of the rates
film with energetic species can lead to compressive stresses various types of atomistic events involving the atoms at
within the film, while film growth in the absence of bom- the surface and a MC algorithm to determine which events
bardment commonly leads to the formation of tensileactyally occur in any given time interval. This approach can
stresses. Therefore, control of film microstructure, stress a”‘ﬂ)rovide a more realistic, statistically valid picture of the
hence, properties must be predicated upon the judicious M@yolving surface that includes such effects as diffusion, sur-
nipulation of deposition conditions. The present study fo-face step migration, desorption, etc. Activation energies for
cuses on the development of voids within the film duringgitfusion and other processes must be estimated from exter-
film growth. In particular, we employ the molecular dynam- na| sourcegexperiment or other types of simulationgép-
ics (MD) simulation method to examine the effects of varia- pjications using this method often select initial sites for atom
tion of temperature and the kinetic energy of the depositingyenosition in much the same way as done in ballistic depo-
species on void formation. Our goal is the clear elucidationsjion studies, but once the atoms are attached to the surface
of void formation mechanisms and the factors that inﬂuencqin perfect lattice sits they are allowed to diffuse. Indi-
them. e vidual atomic jumps are attempted at random and succeed in
Several autho?s_ have demonstrated the value of ap- gecordance with a Bolizmann probability  distribution,
plying detailed atomistic computer simulations to the studypzexp(_ E/KT), where the migration energy for the jump is
estimated from the number and spatial arrangement of neigh-
dElectronic mail: rwsmith@engin.umich.edu bors surrounding the diffusing atom. Kinetic MC simulations
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have been employed to study surface roughening due to the vy o
nucleation and growth of islands® the deposition rate de- \l/ v =J2Eb
pendence of the transition temperature between columnar ym
and densely packed microstructufesiim growth on 3
quasicrystald® the formation of columns during two-
component depositiott, etc.

In MD simulations of film growth, the complete trajec-
tories of each atom in the system are calculated in a deter-
ministic manner by integrating Newton’s equation of motion

Free
forward in time. The trajectory of each atom is determined
by the instantaneous forces on it due to its interaction with Thermostated
all of the other atoms in the system and all external fields. Frozen

, ()

U(rij)=e

Therefore, this approach properly accounts for the full dy-
namics of thin f"m depOSItIOI’l. This is in contra(_jlstl_nctlon t(_) FIG. 1. Computational cell depicting initial substrate lattice and atoms im-
MC methods, which only represent the dynamics in a statiSpinging onto the surface. The bottom layer of the substrate is frozen, the two
tical sense and do not account for important collectivel- layers above it are thermostated, and atoms in subsequent layers are free of
tiatom) dynamic effects. All requisite information is com- e>§ternal forces. The range of the thermostated region increases with film
puted directly from the spatial arrangement of the atoms ang] ickness.
the interatomic potentials. The method is, however, limited
in the length of time over which processes may be simulated 1 5
because of the significant computational burden associated (r_o) o r_o)
with employing an appropriately small time stémsually of rij rij
the qrder of 102 times the vibrational period typical cal—. whereU(r ;) is the interaction energy between atormandj]
culations span only a few nanosecongls. MD Calcu@'onieparated by distaneg , € is the strength of the interaction,
have been used to St'“.'d.y acpommodatlon and _dlffu5|on 0 ndr, is a characteristic length scale. Although E#). ex-
adato”?s on flat and y|C|naI f_||m sqrfac’és_forr?fnon and tends over all atom pairs, for computational simplicity the
relaxation of columns in two-dimensional f|_|n’1§, develop- Rotential is usually truncated at a finite distance, beyond
ment of average susrface stresses due to high energy atom aflich the interaction is taken to be zero. We have chosen our
on bombarc_jmegﬂ, structure and segregation in tWo- o ¢ distancer; to be 2.1r,, and have multiplied Eq(1)
component f|lm§, the formation of amorphous films atop betweenr, and cutoff by a cubic polynomial chosen such
crystalline Si substrates,etc. , that both the modifiedJ (r) and its first derivative with re-
The burpose of the pre.sent w'ork IS to understand th%pect tor go smoothly to zero as approaches the cutoff
faptors affecting void for'matlon dqung film growth. Toward distance. These conditions are required to avoid discontinui-
Fh'.‘c’ end, t_he pre_sent artlcle_descnbes the results _Of an atc_’rﬂ'es in energy and force at the cutoff. Although the interac-
istic MD S|mulat|9n study._Smce the_ purpose _Of this stu_dy Stion potential has contributions from first, second, and third
to u_nderstand void formation generlcally, the interatomic PO hearest neighbors in the perfect crystal, the contribution of
tentials e_mploy_ed are of the simple Lennard-Jones type. F"%e second and third neighbors to the total energy are mini-
growth simulations were per_formed overarange Of.S.UbStratﬁwal. Hencer, may be regarded as the equilibrium, nearest-
temperatures and the kinetic energy of .the depos_mon ﬂuxneighbor atomic separation arwds half the bond energy at
The results., present(_ad below,. help identify the basic meChE{hat separation.
nism of void format_lon,. the mfluenc_e of temperature and The computational cell is two dimensional and lies in the
k'rTe“C energy on vo!d size ang_g(?ns'ty’ and the tendency OJ(Y plane. Periodic boundary conditions are employed along
voids to form in vertical track§: the X direction (i.e., along the substrate surfacend open
METHODS boundary conditions are employed in tNedirection_(i..ej.,
normal to the substrate surfac&ubstrate atoms are initially
The simulation technique employed in this work is thearranged on a triangular lattice and atoms comprising the
now standard MD method, which was developed for per-deposition flux impinge from above, along the negative
forming atomistic simulations in the late 1958sIn this  direction(see Fig. L In the simulations discussed below, the
method, the trajectories of each atom in a computational ceBubstrate consists of three atomic layers. The atoms on the
are followed through time by integrating Newton’s classicalbottom layer of the substrate are frozen in space to prevent
equations of motion. The integration is performed in a stepthe substrate from being distorted or dissociated by the inci-
wise manner over finite time steps using a fifth-order, Nor-dent atoms and to prevent the entire system from moving
dsiek, predictor—corrector methé@iThe forces driving the through space due to the momentum absorbed from the
motion of the atoms are computed from the gradient of theleposition flux. Atoms on the top two layers of the substrate
potential energy of the system with respect to the positions oére “thermostated” in order to hold the substrate at the de-
each particle. In this work, we express the potential energy ofired temperature. The velocities of the atoms on these layers
the system as a sum over all pairs of atoms of a pairwisare initially randomly chosen from a two-dimensional Max-
interaction energy given by the familiar Lennard-Jones powellian distribution corresponding to the desired tempera-
tential, ture, and then fictitious external forces are applied through-
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out the duration of the simulation to maintain the averagekinetic energy, they may reflect off of the surface or eject
temperature of these atoms at the desired [Evel. other surface atoms back up into the vapor. These reflected
As the film grows, it is necessary to increase the heighbor ejected atoms can interact with depositing atoms and de-
of the thermostated region to prevent excessive heating aftroy the collimation and monoenergetic nature of the flux
the film. The kinetic energy of the atoms from the deposition(leading to atomic clustering in the vapofThis becomes
flux and the sublimation energy liberated as these atoms cotincreasingly likely as the kinetic energy of the depositing
dense onto the crystal act as a surface heat source. In a matoms increases or the binding of an atom to the surface
tallic crystal, heat is conducted through the film to the sub-decrease¢e.qg., large roughness or high temperatuhe or-
strate and radiated from the surface. Both of these effects ager to prevent this phenomena from occurring, the atoms in
electronic in origin and hence are not present in these simuhe vapor above the film are searched for atoms with veloci-
lations. In deposition of metallic films, the temperature of theties differing from that at which the atoms are initially intro-
surface does not typically greatly exceed that of the subduced. All such atoms are removed from the vapor.
strate. In the present Lennard-Jones model simulations, heat Once the simulation is initialized, particle positions are
can be removed only by lattice vibrations which constituterecorded as a function of time and used to make MD “mov-
only a small fraction of the thermal conductivity in the actual ies” of the growing films. In addition to the positions, local
metallic solid. To compensate for this deficiency in thisstress tensors are also recorded for each atom in the system.
model, fictitious external forces are used to extract heat at &he stress, in dynamic simulations, is comprised of a static
rate more reasonable for metallic films and thus providderm reflecting the interatomic forces between particles and a
nearly constant temperature. In this study, all atoms lying<inetic term which depends on the velocity of the partiéis,
more than ten equilibrium lattice spacings beneath the lowest 1 /1
point on the film surface are thermostated, as described ai"‘ﬁz—ﬁ > > FirB+Mmveve|, )
above for the top layers of the substrate. As the film grows, i 171
the top of the thermostated region moves with it. This doesvhere,o?” is the stress tensor at the position of itteatom,
not greatly affect the dynamics since atoms in the thermog), is the atomic volume of thith atom,F{j is the ath com-
stated region still respond to forces from the atoms in theonent of the force on atoindue to atomj, rﬁ is the gth
nonthermostated region and each other. Furthermore, a®mponent of the vector distance from atono atomj, M,
shown below, most of the film growth dynamics occursis the mass of théth atom, andv{® is the ath component of
within one or two atomic spacings of the surface. the velocity of theith atom. The surface roughness of the
The atoms in the incident beam are all deposited alondilm R is also measured at several times during the deposi-
the negativeY direction(i.e., a collimated fluxwith a con-  tion. R is defined here, conveniently although unconvention-
stant velocity dictated by the desired deposition flux energylly, as the total length of the actual surface minus the width
(E,=mV?/2). The atoms are introduced at uniform time in- of the film in theX direction and then normalized by divid-
tervals at a constant height above the film at random posing by the width of the film. The arc length is measured in a
tions inX. Owing to the short times accessible with MD, the piecewise linear fashion with linear segments between neigh-
present simulations are performed using a very high deposboring surface atoms. A perfectly smooth surface, therefore,
tion flux. In order to diminish the effects of this high depo- corresponds t&R=0.
sition rate on the dynamics of the atoms when they impinge  In the present simulations, the physical parame(gyse
upon the substrate and to avoid unphysical gas phase dyna@ad M) were all set to unity. The velocity of the deposited
ics, the deposition flux is manipulated to ensure that the deatoms is V=2E,/M and the basic unit of timer
positing atoms do not interact with each other prior to im-= /M r%/e. The time step used in the integration of New-
pingement on the surface. This is achieved by assuring thabn's equation of motion was variable and was determined in
new atoms are introduced a distance greater than the inteferms of the maximum velocity at each time step
action cutoff distance from any other atoms in the depositiomt=r,/(200V,,,,). In order to give a physical feel for these
flux. This condition may be achieved simply by limiting the parameters in terms of a real material, we have estimated
deposition rate to rates such that a new atom is not introthese values for Ni. For Ni we find;;3=0.249 nm,e=0.74
duced until the previous atom has fallen a distance equal teV, M =9.7x10 ?° kg, and =1.6x10 *® s. This yields a
the interaction cutoff distance,. This procedure prevents surface energy of the order of 2 Finiwhile all of the results
interactions between the atoms even in the extreme case oéported below are in terms of the fundamental parameters
two subsequent particles being deposited at the sérfee  rg, €, M, andE,, the data can be converted to more physi-
cation. Under these conditions, the minimum allowed timecally meaningful numbers using the values for Ni quoted
between deposition events ig=r./V, whereV is the ve- here.
locity of the deposited atoms in th¥ direction. This mini-
mum time may be shortened by restricting the rangeXof RESULTS
positions at which a new atom may be introduced to those
values where the atom will not lie within the interaction Microstructures of films grown at substrate temperatures
distance of any of the previous atoms. Selection of Xhe of T=0 e/kg, 0.0625€/kg, 0.1250€/kg, 0.1875¢€/kg, and
position of each new atom is made at random from within0.2500 e/kg with a deposition kinetic energy dE,=0.80
this restricted range. elatom are shown in Fig. 2. The predominant microstructural
If the atoms in the deposition flux have sufficiently large features in these films are voids and vacancies. Both the
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FIG. 2. Typical microstructures for films grown at various substrate temperatures under a deposition kinetic eBgre9.80 e.

number of voids and the void volume fraction decrease withExamination of Fig. 2 also shows that the roughness of the
increasing temperature. While isolated vacancies are olgrowth front (top surfaceé decreases with increasing tem-
served at all deposition temperatures, no voids are observezkrature.

in the simulations at the two highest temperatures examined. Several of the qualitative observations of the evolution
At all temperatures where voids are observed, there is a terf the film structure with substrate temperature are made
dency for the voids to be elongated in the direction parallemore quantitative in Fig. 3. Figure(® shows the evolution

to the deposition fluxi.e., vertically. However, this is some- of the volume fraction of void¢including vacancies—single
what mitigated by the symmetry of the underlying crystalsite voidg, each averaged over three independent simula-
lattice. The voids tend to form in tracks parallel to the depo-tions. The decay of the void volume fraction with tempera-
sition direction(i.e., vertically, as may be seen most clearly ture is monotonic. As discussed above, the very small void
in Fig. 2c). The horizontal spacing between void tracksvolume fractions at the highest two temperatures may be
tends to increase with increasing temperature. The absensemewhat lower than is physically reasonable owing to the
of voids in the films grown at the highest temperatures igncreased void track spacing with increasing temperature and
likely attributable to the large void track spacing at highthe small, finite width of the simulation cell. Unfortunately,
temperature and the small, finite width of the simulation cell.we were unable to obtain adequate statistics on the variation
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( a) tion kinetic energy suggests that these two physical param-
eters play a similar role in the deposition process. The ten-
o100 [ ‘ ' dency of the voids to form in vertical tracks is especially
apparent in the low energy sample. Both the number of voids
and the void volume fraction decrease as the kinetic energy
of the impinging particles is increasggig. 5a)]. The mean
surface roughness of the films is also found to be a decreas-
ing function of incident kinetic energy as shown in Figbb
All of the films grown under the range of deposition
0.025 |- . conditions described above were crystalline and maintained
the crystallographic orientation of the substrate. In no cases
0.000 - il were well-defined new grains formed. Nonetheless, occa-
0.00 0.05 0.10 015 0.20 0.25 sionally dislocations were found in the lattice which locally
T(e/k) rotated the crystal structure. Close examination of the atomic
structure of the films, e.g., by sighting along the close packed
(b) direction (see Fig. 6, reveals that the vast majority of the
| dislocations lie within the voids. The presence of the dislo-
cations causes a stress couple to be set up such that material
surrounding part of the void is in compression and material
on the other side of the void is placed in tension. This may be
clearly seen in Fig. 6, where the spatial variation in the hy-
o drostatic component of the local stress tensor around several
voids is shown. The arrangement of atoms around the voids
0.50 - n show that the Burgers vectors are of the magnitude and di-
rection of nearest-neighbor vectors in the triangular lattice.
Examples of dislocations with Burgers vectors corresponding
0.00 L | ! j ! I to several of the allowed 60° orientations may also be seen in
000 0.05 010 015 020 025 Fig. 6 by consideration of the orientation of the compressive
T(e/k) and tensile stress couples around individual voids. While
FIG. 3. Substrate temperature dependenc&ovoid volume fractionV many of the voids in Fig. 6 ConFam dIS|OC.atlonS' many e.x_
and(b) mean surface roughneds, for films deposited aE,=0.80€. E’rrz)} amples ,may also be found_ in which the voids are c_hslocapon
bars on void volume data reflectlo for three independent simulations at free. This suggests that voids do not nucleate on dislocations,

each temperature. Surface roughness results reflect an average of ten meather that dislocations form on existing or incipient voids, as
surements per simulatiotspaced equally in timefor three independent discussed below.

simulations per temperature. Only one simulation was performed at

=0.25e/k.

0.075 -

& 0.050 |- -

DISCUSSION

During the course of the film growth simulations, we
of void track spacing with temperature to be more quantitarecorded a sufficient number of images of the atomic struc-
tive. The evolution of surface roughne$s (as defined ture to animate the growth process. Examination of these
above with temperature is shown in Fig(l3, based upon MD movies provided a means by which we could identify
measurements made at ten equally spaced time incremeritg void formation mechanism. This void formation process
during the deposition of three independent simulations. Likeproceeds as followsi) the surface develops some roughness
the void volume fraction, the mean surface roughness decayd a finite amplitude ii) deposited atoms falling into a de-
monotonically with increasing temperature. However, thepression in the film surface associated with this roughness
mean surface roughness decays more slowly than does tlaee attracted to the walls of the depression due to the attrac-
void volume fraction. tive part of the interatomic potenti@Fig. 7(a)], (iii) the at-

Microstructures of films grown at deposition kinetic en- oms deposited along the walls attract additional deposited
ergiesE,=0.10, 0.45, 0.80, 1.15, 1.50, and 3.8atom with  atoms and begin to form a bridge across the depre$5ign
a constant substrate temperaturelef0.125e/kg are shown  7(b)], (iv) continued deposition completes the bridge, form-
in Fig. 4. The dependence of the film microstructures onng a closed void beneath[iFig. 7(c)]. Because the range of
deposition kinetic energy shows a striking resemblance t@atomic interactions is relatively sho¢®.1r in the present
those seen in Fig. 2. Namelfi) no defects are observed at simulationg, void formation and the lateral growth of the
these values oE, other than voids and vacancig§, the bridge spanning a surface depression is essentially an atomic
voids are elongated in the direction parallel to the depositiorscale process. Earlier simulation studies that focused on the
flux, (iii) the voids occur in vertical void tracks, the distancefilling of trenches during the formation of integrated
between void tracks increases with increasing deposition kieircuits’ have shown the outward growth of trench sidewalls
netic energy, andiv) the void density decreases with in- by essentially the same mechanism as described here. In that
creasing deposition kinetic energy. The similarity betweercase, the tendency to form voids during the filling of trenches
the variation in microstructure with temperature and deposidecreases with decreasing trench sidewall spacing, decreased
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FIG. 4. Typical microstructures for films grown at various deposition kinetic energies onto a substrate at temperatus e/k.

trench depth, and increased mobility of atoms on the surfacanew void may be seen in Fig. 8 for a sample grown at
In the present study, the geometrical parameters describinf=0.125¢/k andE,=0.80e€.
the surface depressidor natural trenchare chosen by the As noted above, the observed mechanism for the forma-
growth process itself. tion of voids and void tracks requires the presence of surface
The growth of the bridges from the edges of the surfacalepressions or surface roughness. This explains the fact that
depression that lead to void formation generally occurs beboth the void volume fraction and the surface roughness
neath the average film surface. Therefore, when the bridgeshow very similar dependencies on film growth conditions
pinch-off a new void Fig. 7(c)], a surface depression above (i.e., substrate temperature and kinetic energy of the depos-
the new void remaingalbeit much more shallow than prior ited atom$. However, while the surface roughness scales as
to pinch-off). As the film continues to grow, this depression the square of the product of the amplitude and wave number
deepengrelative to the advancing average film surfades a  (inverse wavelengthof the surface roughness, the horizontal
result, a new void will likely be formed by the same bridging spacing between void tracks is expected to be associated
process immediately above a previously formed void. Thioonly with the wavelength of the roughness. Therefore, we
process is responsible for the vertical void tracks seen imow reexamine the film roughness in terms of its separate
Figs. 2 and 4. The correlation between a closed void, theomponents, wave numbét/\), and amplitude &). Figure
associated surface depression above it, and the formation offashows the substrate temperature dependence of the wave
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light tensile. The background gray level indicates zero hydrostatic stress.
0.500 1= 7 Maximum stresses in this example are within a factor of 2 of the theoretical
strength of the material.
| { i . .
0998 60 100 2.00 3.00 the type of surface roughness observed in the present simu-
Eife) lations, the basic mechanism of void formation likely re-

mains the same. Further, based upon their experimental ob-
FIG. 5. Deposition kinetic energy dependence(@fvoid volume fraction, ~ Servations, the authdfs speculated that the voids that
V¢, and(b) mean surface roughness, for films deposited at =0.125¢/k. ~ formed were originally deep, open grooves that decomposed

Error bars on void volume data refle¢tlo for three independent simula- into a series of smaller, more spherical voids as film growth
tions at each energy. Surface roughness results reflect an average of ten ds d he Ravleiah i bility. Th . |
measurements per simulati¢gpaced equally in timédor three independent proceeds due to the Rayleigh instability. e present simula-

simulations per energy. Only one simulation was performe,at3.0 e. tions suggests that the decomposition of the deep grooves
into voids is a result of shadowing leading to the formation
of bridges which pinch-off the void.
number and amplitude of the surface roughness. Each point Comparisons of Figs. 3, 5, 9, and 10 reveal a strong
on the plot represents surface roughness data taken from teimilarity between the dependence of void volume fraction
equally spaced film thicknesses of each of three films. Likeand the characteristic surface roughness on both the substrate
the overall roughness, both the wave number and amplitudeemperature and deposition kinetic energy. This suggests that
of the surface roughness decrease monotonically with inthe deposition kinetic energy and the substrate temperature
creasing temperature. A similar observation holds for theare modifying the physical process that controls void forma-
deposition kinetic energy dependence of the wave numbeion in the same way. As described above, the void formation
and amplitude of the surface roughnéBgy. 10. As men- mechanism is closely tied to the evolution of surface rough-
tioned above, the horizontal spacing between void tracks inness. The reduction in surface roughness and void volume
creases with increasing temperature and deposition kinetitaction with increasing temperature results from the en-
energy(although insufficient statistics are available to makehanced diffusivity of atoms on the film surface. The MD
this observation quantitatiye The similarity between the movies of the deposition process clearly show that the en-
void track spacing and the wavelength of the surface roughhanced atomic mobility on the surface increases the rate at
ness provides further evidence of the surface origin of thevhich depressions in the film surface are filled and hills lev-
void and void track formation mechanism. eled. Since the formation of voids requires the formation of
Vertical void tracks are a common feature of low tem- sufficiently deep surface depressions, any mechanism that
perature film growth in metals and ceramics. Recently, theskevels the film surface will decrease the occurrence of sites
types of void tracks have also been observed in Si thin filmsufficiently deep for the bridge development that leads to
grown via molecular beam epitaXy1°In this work, the void ~ void formation. Just as increasing the temperature leads to
tracks were found to be correlated to the presence of peakscreased atomic mobility on the surface, increases in the
and valleys in the surface formed as the result of the breakkinetic energy of the impinging atoms also increase the mo-
down of the{100 surface planes intfl11} facets. Although  bility of surface atoms. However, in the present simulations
the surface roughness associated with faceting differs fromwhere the atomic diffusion distances are relatively small, the
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FIG. 7. Schematic representation of near surface void formation mecha-
nism: (a) beam atoms are attracted to wall surfaces to form the nucleus of &'G- 9 Substrate temperature dependeno@ofvave number, ¥, and(b)
bridge; (b) additional atoms begin to complete the bridge) continued amplitude,A, of surface roughness. Results reflect an average of ten mea-

deposition forms a closed void with related surface depression above it. Surements per simulatiotspaced equally in timefor three independent
simulations per temperature. Only one simulation was performed at
=0.25¢€lk.

predominant mechanism for the deposited atoms to increase

o o o . o the surface atom mobility is through kinematic interactions
© o o % o ° . o of the atoms in the vicinity of the deposition event. Although
° ° o °, o 4 © the motion of the atoms near the site of the impact are not
%%%O%ooo s B, o %OO?@%% ° % behaving sufficiently incoherently to label this type of mo-
2903%8%%5 %%fgg%’ go . g O?;%Ofogogo oo tion as heat, the impacts do lead to very localized increases
%@%@o > OOO(%;% 0. oI ey in mobility. Therefore, increasing deposition energy and sub-
SOCLOS gsooé)oooo ooy . .
[¢e] O [}
e Ogggwmgg%gogo ene e OO%%% strate temperature both serve as methods for increasing the
ggf%ooggggfg%o R 55 O%%‘%ogcgg@googa& o surface atomic mobility, which decreases surface roughness,
%@%@%&o@o@%@ O@&?@?@%ﬁ%&? and thereby decreases the rate of void formation. For very
iciictics e sl e ek SN sttt large deposition kinetic energies, the impact of the deposited
OOOOO00 (9 [e]e] %%)C?OO(%OOO&)OOO OO O
go%é;ooggggcg e 08%8@%9 atoms is seen to disrupt the formation of hills on the surface,
@Ogooé%ééo OO 02308(%280%808&&08%%%8%% %83%808;8 thereby reducing surface roughness. A similar effect has been
%88053)&%780@02%%0%8% %Oo%’%%())goo%g@@oo%‘%% mﬁoo%bg%gé? proposed in the description of island dissociation during ion
5?@,‘%8@808@%@%%%@?9@%@0 %gc%%ﬁ’&% oaie assisted depositioff. This effect does not play a major role
%o&qgogooo@g ogoOoOoO@Oé;@ogoggggooo% 8 o%oog in modifying the surface roughness for the range of deposi-
Oog?%g%@%é;?%oo §8§§Oo§%0§o<§%o%2§)%§go§%&ogg tion kinetic energies where the void volume fraction is
I a0 changing rapidly.
ST %%@og.@go%%gﬁgogcg%g%%%g%&&gog%go fexiig As described above in relation to Fig. 6, dislocations
%;%%‘g%@i%ﬁé%@%%ggﬁe%%ozi%%OO%%O%O commonly form in thin films containing voids and these dis-
OO0 OO00O0OOOOUK OOT0K @] 1 1 1thi 1 1 1
(;;go 0 goo(%’oogo%@g‘%%?%?o%%%@g‘% 1 O?g)gogagogé'gog& locations usually lie within the voids. These dislocations are

all of edge charactdscrews cannot form in two-dimensional
FIG. 8. Snapshot of film during growth @t=0.125e/k andE,=0.10€. The lattices and are oriented such that the extra half-lihelf-

void track and correlation between voids and surface depressions are appeﬂla_me in three qimenSiohmf Qtoms lies either below the
ent. void or on the sides of the void and almost never above the
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single vacancies and small voids which tend to be slightly

(a) elongated and to be aligned in the growth direction. Both the
void volume and the mean surface roughness of the films are
found to be decreasing functions of substrate temperature

and deposition kinetic energy. Voids are shown to form as a
consequence of both surface roughness and shadowing ef-
28 o0s |- _ fects. The attraction between deposited atoms and the sides

< of surface depressions lead to the formation of outgrowths
from the sidewalls of the surface depression. These out-
growths shadow the open void beneath them and continue to

grow across the voids by interaction with the depositing at-

0.00 - - oms until a continuous bridge is formed that closes off the
0.00 100 2.00 2.00 void. Since this bridging mechanism leaves behind a surface

Ey(e) depression above the closed-off void, new voids tend to form

above them. This leads to the alignment of voids along the

(b) film growth direction. The spacing of the resultant void

15.00 tracks is correlated with the wavelength of the surface rough-
ness. Increasing temperature and deposition kinetic energy
enhancing surface mobility leads to an increase in the wave-
length of the surface roughness and hence an increase in the
spacing between void tracks. Edge dislocations tend to form

<C within voids as a natural consequence of the void bridging

process, however nondislocated voids are also observed.

0.10

10.00 |- 4

5.00 — —
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