
Embedded atom simulations of titanium systems with grain boundaries

T. Hammerschmidt,1,* A. Kersch,2 and P. Vogl1
1Physik-Department and Walter Schottky Institute, Technical University Munich, Garching, Germany

2Infineon Technologies AG, Memory Products, Munich, Germany
sReceived 13 September 2004; revised manuscript received 5 January 2005; published 25 May 2005d

The atomistic simulation of polycrystalline growth with an empirical potential requires an accurate modeling
of the atomic configurations at grain boundaries. We refine an existing embedded-atom potential for bulk
titanium to reproduce systems with small atomic coordination, namely, clusters of up to nine atoms, the
relaxation of thes0001d surface and the adatom diffusion on this surface. We find that simulating Ti growth can
be limited to thes0001d surface and the rather small class of grain boundaries with angles of coincidence-site
lattices. We determine the atomic structure of the Tis0001d S=7 grain boundary with molecular statics and find
exclusively pentagonal elementary structural units. The potential energy surface shows that this grain boundary
imposes a massive barrier on surface diffusion. We use the elementary cells of the coincidence-site lattice to
construct two periodic systems with grain boundaries: an isolated grain within an environment of different
crystalline orientation and two antiparallel grain boundaries. Molecular dynamic simulations show that this
isolated grain is not stable and that the growth evolution of the system with two antiparallel grain boundaries
depends strongly on the angle of incidence.
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I. INTRODUCTION

Computational methods for predicting the growth of mi-
crostructures are of growing importance in materials re-
search. The precise fabrication of nanoscale silicon structures
calls for a profound understanding of the growth processes
not only in the semiconductor layers but particularly in the
metallization layers the present paper focuses on. Indeed,
molecular dynamics and kinetic Monte Carlo methods1–3 are
widely used to simulate the growth mechanisms of materials
se.g., Al4d. The predictive power of such simulations depends
critically on the quality of the underlying many-body poten-
tials. A well established method that has been shown to ac-
curately reproduce a wide range of properties of metals is the
embedded atom model.5,6 In contemporary Si technology,
thin films of Ti and TiN are used as diffusion stoppers be-
tween the semiconductor and aluminum contact layers.8 The
morphology of thin metallic films obtained by physical vapor
depositionsPVDd depends strongly on the ratio of substrate
temperatureTs to melting temperatureTm and ranges from
single crystalline to granular.9 Furthermore, this temperature
ratio determines the minimum and maximum grain size. For
Ti films, one has specificallyTs=500 K and Tm=1600 K
which leads to grain sizes of 0.01 to 0.3mm.10–12 These
sizes are comparable to or smaller than the surface diffusion
length, in contrast to materials such as Al, where grain sizes
are much larger and therefore play little role in the growth
process. Consequently, an accurate simulation of Ti thin-film
growth requires a proper inclusion of finite grains. This im-
poses several difficulties for a simulation: neither does one
know the boundary conditions nor the atomic positionsa
priori . In addition, realistic molecular dynamics calculations
of grain boundaries and surfaces require a many-body poten-
tial that is adopted to the low atomic coordination in such
situations. For Ti, an accurate embedded atom potential has
been determined before,13 albeit only for bulk Ti and not
for clusters, surfaces, or interfaces with low coordination
numbers.

In this work, we have determined an accurate embedded-
atom potential that maintains the bulk properties of the
potential of Ref. 13, including its improvements by Ref. 14,
but additionally captures the known bond lengths and
binding energies of small Ti clustersscontaining 2–9 atomsd
and several properties of the Tis0001d surface accurately.
With this potential, we have determined the atomic structure
and the elementary structural units of the relaxedS=7
s0001d coincidence-site latticesCSLd grain boundary
and calculated the binding energies of adatoms near the
grain boundary, as well as the diffusion barriers within
and across the grain boundary. We have performed extensive
molecular dynamics studies of isolated Ti grains embedded
in a crystalline environment of different lateral orientations
and predict the stability of grains as a function of their
size and of temperature. In addition, the effect of atomic
deposition on the surface morphology near grain boundaries
is investigated. Generally, only few publications have
addressed polycrystalline growth so far. One type of
approach is based on the kinetic Monte Carlo method
that operates on a crystalline lattice but introduces an
arbitrary index to represent individual grain orientations.4

More realistic but very demanding computational schemes
allow arbitrary atomic positionsstermed off-lattice kinetic

TABLE I. Parameters for the atomic densityrsrd.

r i

fÅg
ai

f1/Å3g

5.09113442a 0.5476138534a

4.38171405a −0.5512656007a

2.7b 40.0b

2.5b −25.0b

aRef. 13.
bThis work.
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Monte Carlo methodsd and recalculate the possible atomic
diffusion paths in each time step. Presently, such methods are
still limited to idealized potentials or rather small
systems.15,16

In general, there is an infinite number of possible orienta-
tions of adjacent grains relative to each other. In the case
of Ti the number of relevant grain boundary arrangements
can be significantly reduced by focusing on PVD
growth. Experimental data show hexagonal close packed
structures dominated by growth in the hexagonalf0001g
direction.11,17,18 Furthermore, the energetically most
favorable19 grain-boundary angles are known to be
values that form so-called coincidence-site lattices.20–22

These are lattices that are formed by the common atomic
positions of two intersecting rotated crystalline lattices.23,24

In Ti thin films, the experimentally observed angles
of wCSL=21.8°,22 12.29°,25 and 69.43° sRef. 26d agree
perfectly with coincidence-site angles. Indeed, some of the
underlying atomic structures resemble symmetric
coincidence-site latticesfe.g., wCSL=21.8° sRefs. 27 and
28dg, whereas others indicate rather complex dislocation
networks.25,29

These findings allow us to assume in this paper that
many morphological effects of thin-film growth of Ti can
be captured by focusing onf0001g oriented grains that
are laterally rotated by certain CSL angles with respect
to each other. In Sec. II, we define the Ti embedded-atom
potential and determine its parameters. In the following
Sec. III, we discuss the microscopic geometry of theS=7
grain boundary and determine the binding energy of an ada-
tom near this grain boundary. In Sec. V, molecular dynamics
simulations of an isolated grain and a pair of antiparallel
grain boundaries are presented. The main results are summa-
rized in Sec. VI.

II. POTENTIAL

In this section, we define the embedded-atom potential5–7

model that we have optimized for various titanium
properties. The embedded-atom methodsEAMd treats
the individual atoms as embedded within the electron
density of the remaining system and is particularly suited

for metallic systems with delocalized valence electron
distributions.

A. Bulk embedded-atom potential

In the EAM, the atomic potential energyEi of atom i
located atxi is given by the embedding energyFsrid plus
the repulsive two-body interactionfsuxi −x jud with its
neighborsj

Ei = Fsrid + o
jsÞid

fsuxi − x jud. s1d

The total potential energy of the system is taken as the
sum over allEi.

5–7 The dimensionless atomic densityri at
atom i is written as

ri = o
jsÞid

rsuxi − x jud. s2d

In the previously published implementation of Ref. 13 for
titanium, the embedding function has been chosen to be
Fsrid=−ri

1/2 and the functionsrsrd and the pair interaction
fsrd have both been represented in the form

fsrd = o
i=1

n

aisr i − rd3usr i − rd. s3d

Here, usxd is the Heavyside function andn=2 for rsrd
and n=6 for fsrd, respectively. The parametersai and
the radii r i are listed in Tables I and II for later reference.
They have been determined in Ref. 13 to reproduce bulk
properties.

B. Reference data

For a proper simulation of grain boundaries, one needs to
reproduce systems of low atomic coordination and of low
atomic density, in addition to bulk systems. In this section,
we summarize the experimental and theoretical reference
data ssee Table IId that we have used for determining and

TABLE II. Parameters for the pairwise interactionfsrd.

r i

fÅg
ai

feV/Å3g

5.09113442a −0.7857149938a

5.00767320a 1.110966254a

4.67382832a −0.2994497740a

3.96440795a −0.1430612718a

3.33844880a 1.025367788a

2.950800645a 0.4942930559a

2.9b 6.0b

2.7b −3.41b

aRef. 13.
bThis work.

TABLE III. Parameters for the cubic spline representation
of the embedding functionFsrd for 0ørø48. Note that the
derivatives at the boundary values define the spline interpolation
uniquely.

r
fdim.lessg

Fsrd
feVg

F8srd
feV/Åg

F9srd
feV/Å2g

0.00 0.00 −0.3 2.324535081465755310−2

10.00 −2.45 −1.349070162931513310−2

20.00 −4.85 3.371745570260303310−2

30.00 −5.45 −1.337912118109709310−2

40.00 −6.30 4.799029021785401310−3

48.00 −Î48 −s2Î48d−1 −1.578195999192991310−5
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setting up the present EAM potential.
The Ti dimer bond length30–32 and its binding energy31–34

have been extensively studied both experimentally and
theoretically. For clusters with more than two atoms,
there are onlyab initio results available.31,32 These theoreti-
cal results show the overbinding effect that is typical for

local density functional calculations. Therefore, we have
shifted these published binding energies by a constant to
match the experimentally observed dimer binding energy.
The relaxation of the Tis0001d surface can be characterized
by the two topmost layer distances and is well
established.35–38

TABLE IV. Comparison of properties of Ti clusters, as obtained previously, with results calculated in this
work either with the published potential of Ref. 13 or with the potential developed in this paper. Here,l is the
average bond length andEb the binding energy in Ti clusters,Di j the relative change in the distance between
the top layersi , j of the Tis0001d surface with respect to the bulk distancedvol, g the relaxed surface energy,
andQi are the energy barriers for adatom diffusion on the specified surfaces. The precise meaning ofQ1 and
Q2 is explained in the main text.

Ti clusters and surfaces

previous work this work

theory experiment Ackland new potential

lsTi2d fÅg 1.94a 1.94b 2.55 2.00

lsTi3d fÅg 2.35a 2.68 2.30

lsTi4d fÅg 2.52a 2.75 2.63

lsTi5d fÅg 2.51a 2.77 2.71

lsTi6d fÅg 2.55a 2.78 2.75

lsTi7d fÅg 2.63a 2.80 2.81

lsTi8d fÅg 2.70a 2.79 2.82

lsTi9d fÅg 2.59a 2.80 2.83

EbsTi2d feVg 1.54a 1.54c 1.94 1.59

EbsTi3d feVg 1.99a 2.53 1.94

EbsTi4d feVg 2.57a 2.94 2.72

EbsTi5d feVg 3.02a 3.14 3.21

EbsTi6d feVg 3.35a 3.33 3.64

EbsTi7d feVg 3.60a 3.42 3.69

EbsTi8d feVg 3.62a 3.35 3.65

EbsTi9d feVg 3.83a 3.51 3.81

Dd12/dvol s%d −7.7d −4.9e −0.40 −1.7

Dd23/dvol s%d +2.8d +1.4e +0.41 +0.25

gs0001d fmeV/Å2g 137d 102.99f 62.28 73.99

gs21̄1̄0d fmeV/Å2g 74.12 63.67

gs011̄0d fmeV/Å2g 66.19 71.78

Q1 s0001d feVg 0.35–0.40g 0.17 0.38

Q2 s0001d feVg 0.35–0.40g 0.14 0.37

Q1 s21̄1̄0d feVg 0.71 1.06

Q2 s21̄1̄0d feVg 1.36 2.23

Q1 s011̄0d feVg 0.26 0.57

Q2 s011̄0d feVg 1.05 2.02

aRef. 31.
bRef. 30.
cRef. 33.
dRef. 36.
eRef. 38.
fRef. 46.
gThis work.
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A surface related quantity that is less well known is the
activation barrier for the Ti adatom diffusion on Ti surfaces.
While there are no direct measurements of this quantity,
there are extensive studies of Ti deposition on tungsten
substrates.39–41 It is well established that Ti forms a pseudo-
morphous s0001d surface on bcc Ws110d substrates.39,42

These experiments showed that the work function reaches a
stable value of 3.5 to 4.0 eV after a few monolayers of Ti
are deposited.39,41 There is an empirical relationQ<0.1Eb
between the work functionEb and the activation barrier
Q,43 that works well for Ti adatoms on other tungsten
surfaces.39,44 We therefore used this procedure to estimate
the activation barrier for surface diffusion of a Ti adatom
on Tis0001d to lie between 0.35 an 0.40 eV. This value
is significantly larger than the previous result of 0.04 eV
from a molecular dynamics simulation45 with the potential
of Ref. 13.

C. Development and validity of new potential

The Ti properties for low coordination numbers depend
critically on the EAM potential for radiir smaller than the
lattice constant and for atomic densitiesri lower than the
crystalline density. We have therefore developed a new EAM
potential that uses the form given in Eq.s1d, but with an
embedding function that is represented in terms of a cubic
spline for small atomic densities and is given byF=−r1/2

only in the limit of large densities. Concretely, we have used
this asymptotic expression forr.48 in view of the fact that
the hcp bulk density corresponds to a value ofr=48.84. In
addition, both the atomic densityrsrd and the two-body re-
pulsion termfsrd of the form of Eq.s3d have been extended
so that four termssn=4d are included inrsrd and eight terms
sn=8d contribute tofsrd, respectively. The parameters for
the presently developed potential are given in Tables I–III.
We note that the first two and six lines in Tables I and II,
respectively, are identical to the previously determined po-
tential values.13 This guarantees that the present potential
reproduces the established bulk Ti properties.

In Table IV, we compare previously calculated and ex-
perimentally measured properties of Ti with the results ob-
tained by the present model. The top section shows average
values for the bond lengthslsTiclusterd and binding energies
EbsTiclusterd of several relaxed clusters. The middle part dis-
plays the calculated and measureds0001d surface relaxations.
To be precise, we list the change in distance between the first
and second top layerDd12 and between the second and third
top layer Dd23, respectively, relative to the interlayer bulk
distancedvol. Finally, the table shows the surface energiesg
and the diffusion barriers for various Ti surfaces. For the
s0001d surface, there are two inequivalent stable adatom po-
sitions, namely, the hcp and fcc position. For the other
surfaces, there is only one stable position but the adatoms
may diffuse along an atomic row or perpendicular to it. For
all these cases, the corresponding diffusion barriers are
denoted byQ1 and Q2, respectively. The second and third
columns in Table IV show previously published results
whereas the fifth column gives the results obtained by the
present potential. For comparison, we have also calculated

all of these quantities in terms of the original bulk potential
of Ref. 13. The latter results are given in the fourth column.
As one can see generally, the present potential accurately
predicts the established cluster results as well as the surface
properties of Ti.

The predicted average bond lengths and binding energies
of the clusters differ by less than 10% from theab initio and
experimental results. The activation barrier for surface diffu-
sion that plays an important role for epitaxial growth, is also
very well reproduced. The relaxation of the two outermost
atomic layers of thes0001d surface and the energy of the
relaxeds0001d surface are only slightly improved compared
to the results obtained with the potential of Ref. 13. This is
probably due to the anisotropic bonding character near the
surface that is not incorporated in any EAM potential. Fi-
nally, we have repeated the calculation of the extrinsic stack-
ing fault ABABCABABon the basal plane that has been stud-
ied in great detail together with other stacking faults in Ref.
13. Since a stacking fault is predominantly a bulk property,
our potential yields virtually the same results: the stacking
fault energies on the basal plane are underestimated as com-
pared to experiment.47

Several previous theoretical studies of screw dislocations
and slip systems in titanium48–51 have revealed that stacking
fault energies as well as surface energies are sensitive to
the formation of directed covalent-type bonds which are
missed in isotropic potential schemes such as the present
EAM method. However, it was also found that the structural
and mechanical stability of titanium with respect to large
deformations is well reproduced by the EAM scheme.50,51

The present potential can be extended to describe high-
energy collisions by introducing additional short-range
terms.52

D. Numerical details

The initial geometries of the clusters have been taken
from previousab initio results31 and relaxed until the abso-
lute magnitude of the maximum forceFmax on each atom
was lower than 10−6 eV/Å. The resulting clusters have
higher symmetry than obtained byab initio calculations
which stems from the isotropic character of the EAM poten-
tial. The relaxation of the two outermost atomic layers of the
Tis0001d surface was calculated with a slab consisting of
eight atomic layers. The two equilibrium distancesd12 and
d23 between the three outermost layers were determined by
minimizing the total energy with respect tod12 and d23 si-
multaneously. The activation barrier for diffusion on the cal-
culated Ti surfaces was taken to be the difference between
the binding energy of an adatom in a stable position and at
the point of minimum binding energy on the straight path
between two stable positions. In the calculation of the bind-
ing energy for a given adatom positionsx,yd at a heighth
above the surface, we have relaxed all substrate atoms that
lie within twice the cutoff radius of the potential until
uFmaxu,10−6 eV/Å was reached. This procedure was re-
peated for several values of the heighth until the total energy
as a function ofh became minimal.

III. STRUCTURE OF GRAIN BOUNDARY

We have used this accurate EAM potential to investigate
systems with a given coincidence site latticesCSLd grain
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boundary. In this section, we analyze the atomistic structure
near this grain boundary, the Ti adatom surface diffusion
near and across it, as well as the epitaxial growth on top of
this grain boundary.

A. Ideal grain boundary

Ti films that are grown with PVD are dominated by the
s0001d facet and CSL grain boundariessSec. Id. Consider two
identical hcp crystal latticesA and B that are rotated with
respect to each other about the commonf0001g axis. For
certain azimuthal rotation angles, these two lattices share a
set of common lattice sites fromA and B. These common
sites form a periodic superlattice that is called coincidence-
site lattice.23 The quotient of the number of atomic sites
within the CSL superlattice cell and within the hcp crystal
unit cell is termed coincidence ratioS. Since an hcp lattice
contains two atoms per hexagonal unit cell, the number of
atoms within a CSL superlattice cell is 23S. An ideal CSL
grain boundary can be formed as follows. For a given value
of S, we consider superlattice cells that consist solely of
atomic sites of latticeA and superlattice cells with atomic
sites of latticeB. An ideal symmetric CSL grain boundary
can now be formed by putting these two types of superlat-
tices adjacent to each other. In Fig. 1, we show such an
ideal symmetric CSL grain boundary for the rotation angle
wCSL=21.79° which corresponds toS=7. The figure depicts
the atomssfull and empty circles, respectivelyd in two verti-
cally adjacent hcp layers. The supercells are marked by dot-
ted lines.

These ideal grain boundaries are mathematical constructs
that lead to configurations where atoms may lie too close to
each other. In order to determine the real atomic structure
near a grain boundary, one therefore needs to minimize the
total energy of a system and compare the energies per atom
for many configurations where some of the ideal positions
are initially left empty. Therefore, the ideal grain boundary
configuration shown in Fig. 1 only serves as a starting point
for such a calculation.

B. Real grain boundary

The initial geometry of the CSL grain boundary shown in
Fig. 1 was set up as a slab with twenty atomic layers in

f0001g direction. The interface was formed by three superlat-
tice cells on each sidessee Fig. 1d of the interface and peri-
odic boundary conditions in thes0001d plane were imposed.
We fixed the atomic positions in their ideal crystal position
for atoms more than 10 Å away from the interface and al-
lowed for arbitrary relaxation of the atoms within that dis-
tance. This distance of 10 Å is twice the typical width of a
grain boundary19 and was sufficient to reduce the maximum
force on any interface atom to a value below 10−6 eV/Å. We
considered several grain boundaries with different numbers
of atoms in the interface region, consequently relaxed their
positions, and calculated the average potential energy per
atom. In this optimization process, we additionally rejected
final configurations that contained morphological defects,
i.e., formed holes or led to an accumulation of atoms at the
surface of the slab. The former and the latter configurations
are caused by too few and too many atoms in the interface
region, respectively. The final relaxed structure with the
minimum average binding energy is shown in Fig. 2sad. Im-
portantly, we find the atomic configurations at the grain
boundary in all layers to consist of pentagons. We find this
result to be independent of the chosen initial configuration.
This result is somewhat at variance with previous publica-
tions that employed purely bulk-optimized empirical
potentials.27,28,53These authors found structural units consist-
ing of alternating pentagonal and tetragonal symmetry in ad-
jacent s0001d layers. We note that we obtain pentagonal
structural elements in all layers already with the original bulk
potential.13

In order to investigate the influence of the surface onto the
grain boundary, we repeated the calculations by imposing
periodic boundary conditions in thef0001g direction. It
turned out that the interface in an infinitely extended system
contains the same pentagonal elements as the slab with two
relaxed surfacesfas shown in Fig. 2sbdg. Only the atomic
positions differ by values of the order of 0.1 Å.

We have also repeated the slab calculations with another
EAM potential where we have redetermined its parameters
so that the binding energies of the clusters agree with the
original LDA values31 rather than with the shifted ones given

FIG. 1. The symmetric Tis0001d CSL grain boundary corre-
sponding toS=7 swCSL=21.79°d. The superlattice cells of the cor-
responding periodic coincidence-site lattice are indicated by dotted
lines. The thin lines marking the hexagons on both sides of the
interface are drawn to guide the eye.

FIG. 2. The symmetricS=7 Tis0001d CSL grain boundarysFig.
1d after relaxation.sad The surface layer shows a small region of
reconstruction and pentagonal structural elements.sbd In lower-
lying layers we find also exclusively pentagonal elements in con-
trast to previous workssRefs. 27, 28, and 53d. The elements of the
surface layer differ from those of a similar layer in an infinite sys-
tem by 0.118–0.169 Å.
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in Table IV. The remaining physical properties remained the
same. Interestingly, this potential does not lead to a stable
symmetric grain boundary, in contrast to what is observed
experimentally. This supports the accuracy of the present
potential.

IV. DIFFUSION NEAR GRAIN BOUNDARY

We have investigated the influence of the grain boundary
on the surface diffusion of an adatom by calculating its bind-
ing energy in various lateral positions near the grain bound-
ary. The computational procedure corresponds to the
determination of the diffusion barrier on thes0001d surface
as described in Sec. II D. The resulting potential energy
surface in the surrounding of the grain boundary is shown
in Fig. 3. The energy barriers for transitions from the
position A to B and fromB to C near the interface amount
to DEAB=1.11 eV and DEBC=1.21 eV, respectively.
These values are significantly higher than the barrier for
diffusion on an ideal Tis0001d facet which we find to be
DEs0001d=0.38 eV. Thus, the grain boundary is a massive
barrier for surface diffusion of adatoms.

This can be seen more clearly in Fig. 4 which shows the
adatom binding energy along the diffusion path from the hcp
to the fcc surface position on an ideals0001d surface as well
as along the trajectoriesA→B andB→C, respectively. The
activation energy increases from 0.38 eV on an ideals0001d
surface to 1.11 eV for diffusion along the grain boundary
and 1.21 eV across it. As can be deduced from Fig. 3, the
influence of the grain boundary vanishes more than 5 Å
away from the interface. This is in accord with the observed
width of about 10 Å of structural changes induced by a grain
boundary.19

V. GROWTH ON TO GRAIN BOUNDARY

The realistic prediction of epitaxial growth of Ti requires
an understanding of the influence of grains on the growth
mechanisms. Important questions include the size and stabil-
ity of grains, the type of epitaxial growth on top of and near
grain boundaries and the structural relaxations induced by
grain boundaries.

A. Stability of isolated grains

An isolated grain consists of a small region of crystalline
orientationA enclosed by an environment of a different ori-
entationB. We have simulated grains of various shapes and
sizes, and investigated systematically their stability with re-
spect to temperature and grain size.

First, we have investigated the stability of very small
grains. In particular, we have considered a grain that is
formed by a block of 6 CSL cellssFig. 1d of orientationA
surrounded by eight similar blocks of orientationB. This
isolated grain has dimensions of 13.56 by 7.83 Å. A slab
geometry consisting of 20 layers and periodic boundary
conditions in thes0001d plane has been used, similar to what
has been described in Sec. III B. The two surfaces of the
slab are sufficiently far apart that they do not influence each
other. Subsequently, we have relaxed all atoms that lie in a
distance of less than 10 Å from the interface area until
uFmaxu,10−6 eV/Å. In effect, this amounts to keeping both
the core of the grain as well as the outer surrounding at fixed
misorientation relative to each other. In other words, the
grain cannot decay in this simulation but it can change its
shape. The number of atoms has been varied until a low
energy and defect-free grain boundary is formed as discussed
in Sec. III B. As a result, we find the relaxation to alter the
originally rectangular shape of the isolated grain into a cir-
cular shape with a diameter of about nine lattice constants.
The upper ten layers of the final relaxed slab are shown in
Fig. 5.

Second, we studied the stability of this system by relaxing
the geometrical constraints and tempering the system. To be
precise, we froze the atomic grain configuration just dis-
cussed in the central six layers of the slab and allowed all
atoms in the remaining layers to relax freely. In addition, we
set the temperature to 300 K by performing molecular dy-
namics calculations with the thermostat of Berendsen.54

Snapshots of the initial configuration and another one af-
ter 20 ps are shown in Fig. 6. This figure shows cross sec-
tions of the seven layers above the fixed central layers in the
plane perpendicular to thef1000g direction. This direction

FIG. 3. Contour graph of the binding energy of a Ti adatom in
the neighborhood of the relaxedS=7 Tis0001d CSL grain boundary,
in eV. Here, A, B, and C are stable adatom positions near the grain
boundary and the diffusion paths between them are indicated by
thick lines. The thin line marks the grain boundary.

FIG. 4. Binding energy of a Ti adatom near the Tis0001d S=7
grain boundary along several trajectories. The positions A, B, and C
correspond to those shown in the previous figure. The two stable
adatom positions on an ideals0001d surface are denoted by hcp and
fcc, respectively.
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corresponds to the orientation of the outer region of the
simulated area. Their atoms appear as regular point lattice.
The misorientation of the atoms in the central region, on the
other hand, appears as a quasicontinuum of atomic positions
in this projection. The snapshots of Fig. 6 show that the
isolated grain decays rapidly in the sense that it changes its
crystalline orientation to match the one of its surrounding.
This reorientation causes an incomplete atomic filling of the
surface layer which therefore contains point defects. This
deviation from crystallinity is clearly visible in Fig. 6. The
layers beneath become filled and therefore form a regular
lattice.

As one might expect, the stability of an isolated grain
depends on its size and on the system temperature. We have
performed simulations of the same small grain as above,
consisting of six CSL cellssFig. 1d, but at lower tempera-
tures of 250, 200, and 150 K. In the former two cases, we
also find a decay of the grain, but the decay time is increased
to 50 ps and 100 ps, respectively. At 150 K, no significant
structural changes of the isolated grain were observed up to
1 ns.

The size dependence of the grain stability was investi-
gated by taking larger grains consisting of 12 and 24 CSL
cells sFig. 1d, corresponding to diameters of 33 and 44 Å,
respectively. At room temperature, these systems maintained
their misorientation and appeared to remain stable for at least
several hundred pssthe maximal simulation timed. This re-
sult is indeed plausible and corresponds to the well known
island formation of adatoms on surfaces which also requires
a minimum size of atomic conglomerates. In the present case
of Ti, we find the minimum diameter of a stable isolated
grain to be of the order of 33 Å. This value is comparable to
the minimum grain size of 100 Å that was found experimen-
tally so far.10

B. Growth on a grain boundary

We have investigated homoepitaxial growth of Ti onto a
surface that contains a tilt grain boundary, focusing on ques-
tions of crystallinity and its dependence on growth condi-
tions such as the angle of incidence of Ti atoms. A system
with a single tilt grain boundary has the lateral structure
A :B, whereA and B are CSL cells of a given crystalline
orientation as explained before. Obviously, such a system is
not periodic. Its simulation would therefore require us to use
fixed boundary conditions that would influence the result in
an uncontrollable fashion. We have therefore set up periodic
supercells of typesA :Bd`, sA :B :Ad`, or sA :B :B :A :Ad`

that contain two grain boundaries, albeit in a sufficiently
large distance from each other so that no noticeable interac-
tion influences the resultsssee Fig. 7d. The investigation of
supercells that are larger than the minimum periodicity cell
A :B is motivated by the fact that a tilt grain boundary may
cause longer range correlations that can only be seen in
larger periodicity cells. For the same reason, we included
two CSL cells also in the direction parallel to the grain
boundarysgiving a maximum of ten CSL cells in one plane
of the simulation celld.

We performed a series of molecular-dynamics simulation
of slabs containing two antiparallel grain-boundaries. There

FIG. 5. A slab of twenty layers with an isolated grain. The atoms
in less than 5 Å distance from the boundary planes have been fully
relaxed.

FIG. 6. The atomic positions of the isolated grain from Fig. 5,
viewed along thef1000g direction in the initial relaxed configura-
tion sad and after a molecular-dynamic simulation of 20 ps at 300 K
sbd. The isolated grain is seen to decay. The lower three layers were
kept fixed in the simulation.

FIG. 7. Two relaxed antiparallel grain boundaries in thes0001d
plane. We investigated deposition witha=20° and eitherb=0° or
b=90°.
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are 20 atomic layers in thef0001g direction sand therefore
two surfacesd and periodic boundary conditions in both lat-
eral directions, containing about 1650 atoms. An initial
atomic configuration of the slab system was determined by
relaxing the position of all atoms with less than 10 Å dis-
tance from the boundary planesssee Sec. III Bd. Based on
this configuration, we have subsequently analyzed epitaxial
growth onto this structure. To this end, we used only the
upper half of the slabsand therefore only one surfaced as
shown in Fig. 7. First, we fixed the temperature at 300 K
sRef. 54d and kept the atomic positions of the atoms in the
lower three layers fixed but allowed the remaining atoms to
move freely. We have verified that this structure is thermally
stable.

In the following step, we have deposited atoms with an
initial kinetic energy ofEkin and with impinging angles char-
acterized by two anglesa and b. The anglea is the angle
between the initial trajectory and the surface normal,
whereasb is the azimuthal angle relative to the grain inter-
face. The lateral positions of the impinging atoms were cho-
sen randomly, their initial height above the surface exceeded
the cutoff radius of the potential. We have focused our stud-
ies on incident angles and kinetic energies where we expect
large sticking coefficients, namely, a=20° and
Ekin=20 eV.14 In this way, 1000 atoms or approximately five
atomic layers have been deposited at a fixed temperature of
300 K. In Figs. 8 and 9, we show results for deposition par-
allel to sb=0°d and perpendicular tosb=90°d the boundary
planes.

In both cases, we have observed layer-by-layer growth
across the entire surface and not only above the crystalline
regions. However, we find that the grains induce a loss of
crystallinity, particularly for an incident angle parallel to the
interfacesb=0°d. The lateral extent of these amorphous re-

gions increases during deposition at the expense of the crys-
talline areas.

VI. CONCLUSION

We have developed an embedded-atom potential for Ti
that models not only bulk systems13 but also Ti surfaces,
clusters, and other low coordinated Ti structures. The new
potential reproduces the average bond lengths and binding
energies of clusters with up to nine atoms with less than 10%
error and accurately predicts diffusion barriers on Tis0001d
surfaces. We have employed this new potential to study ato-
mistically thin-film growth of Ti by physical vapor deposi-
tion, focusing on the structure and role of grain boundaries
during growth. Systematic insights could be gained by in-
voking the concept of coincidence-site lattices that allow one
to quantitatively characterize the geometry of the experimen-
tally dominant grain boundaries in Ti. We find tilt grain
boundaries to influence the surface geometry and binding
energy of an adatom only in its immediate vicinitys<5 Åd
and have no long-range effects, The energy barrier for ada-
tom diffusion across the grain boundarysDEGB=1.21 eVd is
much higher than the minimal diffusion barrier on the perfect
crystalline s0001d plane sDEs0001d=0.38 eVd. Thus, a grain
boundary forms a massive barrier for surface diffusion. In
addition, we find small isolated grains to decay by thermal
motion at temperatures above 150 K. At room temperature,
only grains with a diameter larger than 33 Å remain stable.
The deposition of atoms on grain boundaries shows layer-by-
layer growth, but the appearance of amorphous regions that
spread rapidly with deposition time around the grain bound-
aries.
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