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Molecular dynamics simulation of thin film growth on giant magnetoresistance
corrugated structures
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This paper presents the use of molecular dynamics~MD! in simulating thin-film growth on giant magne-
toresistance corrugated structures. The simulation model mainly concerns the deposition of Co atoms on a
V-shape Cu substrate. The many-body, tight-binding potential model is utilized in the MD simulation to
represent the interatomic force that exists between the atoms. The interface width is used to quantify the
variation of surface roughness at the transient and steady states. The paper investigates the influence of incident
energy on the deposited film surface property and on the growing mechanism, for both vertical and oblique
deposition. The results demonstrate how the growing characteristics are influenced by different incident ener-
gies and by different deposition directions. It is found that at relatively low incident energies the film growth
tends to be in a three-dimensional cluster mode and that a void track is formed, whose growing direction is
almost equal to the surface normal to the two inclined surfaces. The uneven thickness found along the base of
the V shape is mainly due to the deposited atoms that accumulate at the bottom of theV groove when the
incident energy is at a relatively high level. It is found that there exists an optimal incident energy that produces
the best film surface property. The film surface property can be improved by changing the incident direction
relative to the two inclined directions of645°. Smaller deviation angles yield better film surface properties for
low incident energy. Conversely, higher levels of incident energy result in worse film surface properties.

DOI: 10.1103/PhysRevB.65.195420 PACS number~s!: 81.07.2b, 83.10.Rs, 73.43.Qt, 52.65.Yy
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I. INTRODUCTION

Giant magnetoresistance~GMR! material has been widely
used in many applications, such as magnetic stor
systems1–4 and microsensors.5,6 In order to meet the increas
ingly rigorous requirements that are demanded in pract
much effort has been devoted to improving the magneto
sistance~MR! properties of thin magnetic films and mult
layers by pattering the multilayer into either a column7 or
into a corrugated structure.8 The advance of fabrication tech
nology for semiconductors, together with the ongoing
tempts to apply new fabrication technologies to the manu
ture of magnetic devices, has resulted in a dramatic reduc
in the size of such devices. This has made possible
applications of magnetic devices at the microscale
nanoscale, such as magneto-optic recording systems9,10 and
magnetic quantum devices.11 However, the practical fabrica
tion difficulties encountered also increase due to the ab
increase in the surface area to volume ratio of the device
devices of this scale, surface defects and poor surface ro
ness cannot be tolerated since they fatally affect the
property of the deposited film.

It has been reported in former literature that the surf
roughness of the deposited film influences its MR prope
Fullertonet al.12 concluded that higher interfacial roughne
is beneficial for the MR property. However, Uedaet al.13

stated that the MR property is better when the interfac
roughness is lower. It would appear, therefore, that the r
tionship between the GMR property and the structu
0163-1829/2002/65~19!/195420~11!/$20.00 65 1954
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properties,14 including the interfacial roughness betwee
Co/Cu multilayers, and the surface roughness of the Si s
strate, has not yet been fully understood.15 Different fabrica-
tion technologies that produce good quality film with a larg
MR ratio on a Co/Cu multilayer structure have been su
gested. These include ion-beam sputtering,16 dc magnetron
sputtering,17 oblique deposition,18 and vertical deposition8

techniques. Very little is known about the growing mech
nisms of deposited surface films and the relationship
tween the growing modes and the process parameters
different process techniques. An understanding of this re
tionship is essential if the desired film properties, which a
strongly connected to the final film roughness, are to
achieved by controlling the process parameters.

The small size of the features involved means that it
very difficult to observe film growth in the transient sta
during real experiments, and therefore it is difficult to obta
a complete understanding of the growing mechanism fr
experimentation alone. As a consequence, the understan
of film growth mechanisms must be investigated with the
of simulation methods, such as the Monte Carlo metho19

and MD simulation. Although MD simulation has been us
before to study the growing mechanism of film depositio
most of the research has been restricted to the case of ve
deposition on a flat substrate.20–23 Since vertical deposition
for a GMR corrugated structure~see Fig. 1! is equivalent to
oblique deposition for a flat substrate, the conclusions c
cerning growing mechanisms, which have been drawn fr
former studies of vertical deposition on a flat substrate c
©2002 The American Physical Society20-1
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not be applied directly to vertical deposition on a GMR co
rugated structure. Donget al.24 used two-dimensional MD
simulation to investigate the influence of process parame
including incident energy and substrate temperature on
film microstructure of an oblique deposition. The pairwis
Lennard-Jones potential method was employed to simu
the atomic force among the deposited atoms, as well as
substrate atoms. They concluded that void formation, ali
ment into tracks, and the columnar structure are all attrib
able to the shadowing effect. They also examined the em
cal ‘‘tangent law,’’ which defines the relationship betwe
the deposition angle and the angle of orientation of the
lumnar tracks. Zhouet al.25 also used two-dimensional MD
simulation to investigate vacancy concentration with th
working parameters, namely, substrate temperature, inci
energy, and incident angle. Juet al.26 employed the pairwise
Morse potential to investigate the influence of process
rameters on film roughness. Their study adopted a th
dimensional model, and focused upon oblique deposition
varying incident angles. They found that a rougher surfac
produced as the incident angle increases. Zhou and Wad27

FIG. 1. ~a! Schematic diagram of GMR corrugated multilaye
structure and~b! simplified model used in MD simulation.
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used three-dimensional MD simulation to investigate the
fects of incident angles, with a special emphasis on ato
reflection and resputtering. They analyzed surface dam
but did not consider film structures. While these studies
lating to oblique deposition were useful in providing a de
insight into the growing mechanism during the depositi
process, the growing mechanism of film deposited on
GMR corrugated structure is different from that of a fil
deposited on a flat substrate since the shape of a GMR s
ture ~a V shape! is obviously different from that of a fla
substrate. The GMR corrugated structure consists of m
grooves etched on the substrate, as seen in Fig. 1.

Fairly recently, the many-body, tight-binding potenti
model has been derived, which considers the long-ra
force acting among atoms.28,29 In contrast to the pairwise
potential model, the many-body potential method consid
that the interaction between two atoms depends on the l
environment around the atoms as well as just the two ato
themselves. The advantages provided by this method are
the Cauchy discrepancy of the elastic constant is well sa
fied, and that the surface relaxation, adatom diffusion can
appropriately modeled.30,31 It has been proven that thi
method is the equal of other many-body potential a
proaches, such as the embedded atom method~EAM!. In
fact, some material properties obtained using this method
superior to those obtained with pairwise potential method28

Moreover, its calculation methodology is straightforward.
Molecular dynamics is employed to simulate thin-fil

growth on a GMR corrugated structure. The simulati
model mainly considers the deposition of Co atoms on
V-shape Cu substrate. The many-body, tight-binding pot
tials approach is utilized in the MD simulation to model th
interatomic force between the atoms. The interface width
used to quantify the variation of surface roughness at b
the transient and the steady state. The influence of incid
energy on the deposited film surface property and on
growing mechanism is investigated for both vertical and o
lique deposition. Finally, the paper discusses the impac
different angle distributions on the deposited film proper
where these distributions are controlled by defined proc
parameters, namely, cutoff angle and deviation angle.

II. SIMULATION MODEL

The simulation model consists of four parts: the M
model of the Cu substrate of a corrugated structure, the s
ter deposition model, the atomic interaction model of Cu-C
and the roughness calculation.

The schematic diagram of a GMR corrugated multilay
structure and the corresponding simplified model used in
MD simulation are shown in Figs. 1~a! and 1~b!, respec-
tively. In practice, the GMR corrugated structure is fab
cated by etching many faceted grooves on a~Si! substrate.
As may be seen in Fig. 1~a!, the multilayer structure com
prises alternate layers of Co and Cu. A three-dimens
model is adopted to simulate thin-film growth on the corr
gated structure. A basic assumption of the simulation mo
is that a Cu film has been perfectly grown on the Co s
strate. As a consequence, the simulation starts with Co at
0-2
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TABLE I. Parameters used in tight-binding potential.

Parameters A ~eV! j ~eV! p q r0 ~Å!

Cu 0.0855 1.224 10.960 2.278 2.556
Co 0.0950 1.488 11.604 2.286 2.502

Co-Cu 0.0900 1.330 11.282 2.282 2.540
T

ris
n

or
he
lin
on
nc
C
a

T
om

l-

os
it
s
th
on
a

tr
th
l

an
u-
ti

th
nt
ci
y

on
in

rg
th
it
is
ra
d

he

nc

l is
end
the
by

M
hin
the
ng
mo-
ial

.
i-
ulk

t-
u-
in

-Cu
ex-
id

tor
he
ond
nd

in
ase
s is
ical
dth
the

d to
ce
deposited on an already grown Cu film, as a substrate.
periodic boundary conditions are applied in they and x
~depth! directions by considering the repeating characte
tics of the geometry. In this way, the simulation domain co
tains only one single groove.

The three lowest layers of the Cu substrate, hencef
referred to as the thermal layer, are used to control the t
mal state of the substrate. To be more specific, the sca
method is employed to maintain the thermal layer at a c
stant temperature. Therefore, the impact energy of the i
dent Co atoms can be transferred outward through the
substrate. Both the Cu substrate and the thermal layer
arranged according to their face-centered cubic~fcc!. The Cu
substrate and the thermal layer consist of 2770 atoms.
lowest layer is fixed to prevent the substrate atoms fr
shifting.

The velocity of the individual atoms is given by the fo
lowing expression:

Vatom5A2Eatom

M
, ~1!

where Eatom represents the incident energy andM is the
atomic mass. The simulation considers two types of dep
tion methods. These methods are based upon the depos
angle relative to the verticalz direction, and are referred to a
vertical deposition and oblique deposition. In practice,
angular distribution is controllable within several depositi
processes, e.g. collimated magnetron sputter deposition
ionized magnetron sputter deposition. It is possible to con
the angular distribution of the incident atoms such that
distribution lies within a cutoff angle. A rotatable cylindrica
magnetron system32 has recently been developed, which c
provide more flexibility in the spatial and angular distrib
tions by adjusting the rotation angle of the two magne
assemblies. In the simulation, the incident position of
atoms is generated by a random distribution that represe
uniform distribution of atoms over the substrate. The in
dent angle of the deposited atoms is also generated b
random function, which satisfies the Gaussian distributi
This is to appropriately model the situation that occurs
practice, i.e., the deposited atoms emitted from the ta
approximately satisfy the cosine angular distribution. In
simulation, the distance between two subsequently depos
atoms is set to be larger than their truncated distance. Th
to represent the fact that in practice the atoms rarely inte
with each other before reaching the substrate due to the
tribution of atoms in a vacuum.

The simulation employs the many-body potential of t
tight-binding second moment approximation~TB-SMA!
model to represent the interatomic force. The main differe
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between this model and the between-pair potential mode
that it considers the interaction between two atoms to dep
on the local environment around the atoms, as well as on
two atoms themselves. The prediction of some properties
the TB-SMA method is more accurate than the EA
method. Furthermore, the computing algorithm used wit
the TB-SMA method is simpler than the one used by
EAM method. The TB-SMA model commences by summi
the band energy, which is characterized by the second
ment of thed-band density of state, and a pairwise potent
energy of the Born-Mayer type30, i.e.,

Ei52H(
j

j2 expF22qS r i j

r 0
21D G J 1/2

1(
j

A expF2pS r i j

r 0
21D G , ~2!

wherej is an effective hopping integral,r i j is the distance
between atomi and j, and r 0 is the first-neighbor distance
The parametersA, p, q, andj are determined by the exper
mental data of cohesive energy, lattice parameter, b
modulus, and two shear elastic constants,C44 and C8
51/2(C112C12), respectively. The parameters of the tigh
binding potential related to Cu-Cu, Cu-Co, and Co-Co sim
lated in this study are drawn from Ref. 33 and are listed
Table I. It is to be noted that the cross parameters of Co
are obtained by applying a fitting procedure to a set of
perimental enthalpy data relating to the mixing of a liqu
alloy.

Finally, the interaction force on atomi can be expressed
as

F̄ i5(
j Þ i

S ]Ei

]r i j
1

]Ej

]r i j
D r̄ i j

r i j
. ~3!

The simulation uses the Gear’s predictor-correc
algorithm34 to calculate the trajectories of the atoms. T
potential cutoff radius has been extended up to the sec
neighbor distance for the interactions of Cu-Cu, Co-Co, a
Co-Cu in the calculation.

Calculation of the film roughness of the Co deposited
theV-shape substrate is slightly different from the usual c
of a film deposited on a flat substrate. The film roughnes
calculated along two inclined surfaces that are symmetr
about the vertical axis, as seen in Fig. 1. The interface wi
R,35,21,24is defined as the root-mean-square roughness of
surface atoms on the two inclined surfaces, and is use
quantify the variation of surface roughness. The interfa
width is given by the following equation:
0-3
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R25 (
j 50

j 5`

~Zj2Z̄j !
2Nj , ~4!

whereNj amounts to the net number of exposed atoms
layer j, and j 50 corresponds to the top substrate layer.Z̄j
andZj represent the mean height of the film surface and
height of the exposed atoms, respectively. The definition
the interface width given in Eq.~4! allows the calculation to
be performed at both the transient state and the steady s

III. RESULTS AND DISCUSSION

The simulation comprises two parts. The first part inv
tigates the effect of incident energy on the deposited fi
surface property, while the second part studies the effec
the incident angle on the deposited atoms. For the first
of the simulation, the incident angle is taken as zero deg
relative to the verticalz axis, i.e., vertical deposition. Th
second part of the simulation focuses upon oblique dep
tion. The simulation considers two different types of depo
tion in order to verify the influence of the incident angle
the deposited film surface property. Finally, an assessme
made as to how the surface property of the deposited
may be improved by controlling two defined process para
eters, i.e., cutoff angle and deviation angle.

The simulation is terminated when 1400 atoms have b
deposited on the substrate, this being equal to 8.7 mono
ers. The other parameters adopted in the simulation inclu
deposition rate of 5 atoms/ps and a substrate temperatu
300 K. These parameters are used throughout the e
simulation, unless noted otherwise.

1. Effect of the incident energy

The morphology of the film growth on the GMR corru
gated structure at four different levels of incident energi
i.e., 0.1, 0.5, 3, and 10 eV, is shown in Figs. 2~a!–2~d! at the
final steady state. A columnar structure is formed along
two inclined surfaces at the relatively low incident energy
0.1 eV, as shown in Fig. 2~a!. Since the surface free energ
of Co ~2.709 J m22! is larger than that of Cu~1.934 J m22!,36

at relatively low incident energy Co will not readily grow o
the Cu substrate in a layer-by-layer growth mode@Frank-ver
der Merve ~FM! mode#. Its tendency is to grow in a 3D
cluster mode@Volmer-Weber~VW! mode# instead. Gener-
ally, deposited atoms tend to grow in a FM mode on a s
strate with a large number of high-energy broken bon
~higher surface energy! rather than on one with small-energ
broken bonds~lower surface energy!.

In order to further investigate the growing mechanism
the columnar structure, seven more monolayers are depo
at a constant incident energy of 0.1 eV. Figure 3 shows
final morphology at an instant of 386 ps in the deposit
process. From a detailed observation of this growing m
phology, it is possible to identify the changes that take pl
within the void tracks. A comparison of Fig. 3 with Fig. 2~a!
shows that some void tracks have been filled by the su
quently deposited atoms. Figure 3 shows that the lowerm
19542
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columnar structures on either side of theV shape join at the
top, thereby trapping a void within the film at the bottom
the V groove.

Observation of the growing direction of the void trac

FIG. 2. Morphology of deposited film at final steady state
different incident energies:~a! 0.1 eV; ~b! 0.5 eV; ~c! 3 eV; ~d!
10 eV.
0-4
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MOLECULAR DYNAMICS SIMULATION OF THIN FILM . . . PHYSICAL REVIEW B 65 195420
evident in Figs. 2~a! and Fig. 3 shows that, apart from on
void track grown at the bottom of theV groove, the direction
of growth appears to be perpendicular to the substrate.
observation is borne out by analysis of snapshots take
many discrete intervals during the simulation. In a form
report, Dong et al.24 concluded that the variation of th
column/void track angle,b, with the deposition angle,a, fits
well with the tangent law, tana52 tanb, at low deposition
angles,a,60°. However, examination of Fig. 3 shows n
obvious connection between the void track direction and
deposition angle. It will be noted that vertical deposition f
a flat substrate corresponds to oblique deposition with
angle of 45° for aV-shape substrate. Thus, based upon
conclusions given in Ref. 24, the void tracks direction sho
be 26° relative to the inclined surface normal. However,
simulation results presented in Fig. 3 show this direction
be approximately zero degrees relative to the inclined sur
normal. On other words, this result is inconsistent with t
presented by Donget al.24 This may be explained by the fac
that the current simulation considers deposited atoms tha
of a different material from the substrate. In the form
research,24 the same material~Ni! is used for both the depos
ited atoms and the substrate atoms. Therefore, the grow
film and the substrate possess the same magnitude of su
energy~2.0 J m22!, and so the growing direction of the voi
track is mainly influenced by the deposition angle. Since
the current simulation the material of the deposited film a
the substrate surface are different, the difference in the m
nitudes of the surface energy of the two materials is lar
Therefore the deposited Co atoms tend to bond strongly w
each other rather than with the Cu substrate atoms. T
causes the influence of the deposition direction on the v
track forming direction to become insignificant.

Figure 2~b! presents the growing morphology at an inc
dent energy of 0.5 eV. It shows that the void tracks appa
in Fig. 2~a! disappear and are filled by atoms deposited s
sequently. This suggests that an increase of incident en
elevates the migration ability of deposited atoms, which
beneficial to the filling of the void tracks. In Ref. 36, it
reported that the self-diffusion activation energy of Co ato
on the fcc Co~100! surface is 0.49 eV. Furthermore, it
reported that a Co fcc structure is chosen as the refere
structure because the first few monolayers grown on this

FIG. 3. Snapshots of deposited film morphology at incident
ergy of 0.1 eV and elapsed time of 380 ps.
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face adopt the same structure configuration as Cu, rather
its original hcp structure observed by reflection high-ene
electron diffraction experiments. It seems that the disapp
ance of the void track at an incident energy of 0.5 eV
strongly connected to the self-diffusion activation energy
the Co atoms on the fcc Co~100! surface. This issue will now
be discussed and analyzed further.

Figure 4 shows the transient interface width for three d
ferent levels of incident energy, i.e., 0.1, 0.5, and 3 eV
close observation of the interface width variation for an
cident energy of 0.5 eV shows that the growing behavior
the deposited film on the substrate deviates more from
FM growth mode as more Co atoms have deposited on
substrate. This is demonstrated by the fact that the grow
morphology deteriorates after four monolayers have b
grown on the Cu substrate, i.e., a slightly higher rate of
terface width growth is observed after approximately fo
monolayers have been grown on the substrate. The phy
explanation for this phenomenon can be deduced from
experimental observations reported in Ref. 36. It was no
that the growing structure of the Co atoms deposited on
Cu substrate would gradually depart from the Cu fcc str
ture. This causes the energy barrier to exceed 0.49 eV. A
consequence, an incident energy of 0.5 eV is insufficien
overcome the energy barrier, and so FM mode film grow
for subsequently deposited atoms is hindered.

Referring once again to Fig. 4, it will be observed that t
transient interface width greatly decreases when the incid
energy increases from 0.1 to 0.5 eV. This improvement in
film surface property is greater than the improvement no
when the incident energy increases from 0.5 to 3 eV~later
results will show that the best film surface is produced at
incident energy of 3 eV!. This again confirms that an inciden
energy of 0.49 eV represents some kind of an energy ba
threshold, which must be overcome if a better film surfa
property is to be produced.

Figure 2~c! shows the growing morphology at an incide
energy of 3 eV. It will be observed that a smooth film

-

FIG. 4. Transient interface width variation at incident energ
of 0.1, 0.5, 3, and 10 eV.
0-5
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produced at this level of incident energy. This indicates t
an incident energy of 3 eV is sufficient to overcome t
energy barrier that results in the formation of islands dur
deposition, and therefore the film grows in a layer-by-lay
mode.

An interesting phenomenon is found when the incid
energy is continuously increased to a relatively high leve
10 eV, as shown in Fig. 2~d!. The deposited atoms accum
late at the bottom of theV groove and cause an uneven fil
thickness along the two inclined surfaces. The accumula
of the deposited atoms is strongly connected to the obli
deposition relative to theV-shape substrate as discussed
follows.

Figures 5 and 6 show the motion trace of specific ato
selected according to their deposition position in they direc-
tion, at an incident energy of 10 eV. Figure 5 considers
trace of an atom at an initial state during the deposition p
cess, while Fig. 6 presents the trace at an intermediate s
In Fig. 5, the motion traces indicated by~I! and~II ! demon-
strate that the atoms deposited near the top of either incl
surface have migrated a long distance, and have approa
the bottom of theV groove. As may be seen by motion tra
~III ! in Fig. 5, an atom with a deposition position locat
near the bottom of theV groove has migrated to the botto
of the groove, and has become trapped there. It is w
mentioning that the atoms jump above the substrate du

FIG. 6. Motion trace of three specific atoms deposited at th
different locations for incident energy of 10 eV at intermedia
stage of the deposition process.

FIG. 5. Motion trace of three specific atoms deposited at th
different locations for incident energy of 10 eV at initial stage of t
deposition process.
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the migration, as may be seen by the three motion trace
Fig. 5. The motion traces at the initial stage of the deposit
process show that the deposited atoms have the tenden
approach the bottom of theV groove due to their high inci-
dent energy.

Figure 6 shows three motion traces indicated as~I!, ~II !,
and~III !, which represent the trajectory of atoms deposited
an intermediate point during the later stage of the deposi
process. The motion traces represented by~I! and ~II ! show
that the deposited atoms have become trapped by the p
ously deposited atoms. As would be expected, their mig
tion distance is considerably less than the results show
Fig. 5, which show the initial state of the process, and wh
therefore involve a substrate free of deposited atoms.
shown by motion trace~III ! in Fig. 6, the deposited atom
reflects off the substrate. It will be noted that the incide
angle and the reflective angle are almost equal. Occurre
of reflection of the incident atom depends not only on t
incident energy, which is considered to be the main factor
this phenomenon in Ref. 27, but also upon the surface st
ture. Consider, for example, a coarse surface structure,
as the cluster gathering surface. This surface type will m
easily absorb the incident atom energy, and therefore
probability of atom reflection is smaller. This is the physic
explanation for the phenomenon that may be observed
motion traces~I! and ~II ! in Fig. 6, where the deposited a
oms do not reflect from the substrate. By comparison, mo
trace~III ! in Fig. 6 shows the case where a deposited at
hits a denser surface. On this type of surface the incid
energy is less easily absorbed and thus reflection takes p
Although, the probability of deposited atoms reaching t
bottom of theV groove is reduced during the later stages
the deposition stage due to their tendency to become trap
by previously deposited atoms on the substrate, the la
incident energy of the impact still contributes slightly to a
accumulation of the atoms at the bottom of theV groove.

The roughness of the film produced by atom deposition
characterized by its interface width. Figure 7 shows the
terface width at the final steady state for different incide
energies. The results indicate that a parabolic relations
exists between the interface width and the incident ene
As the incident energy initially increases, the produced fi
surface property improves, i.e., the interface width decrea
The figure shows that the optimal surface property is
tained when the incident energy is approximately equal t
eV, and that from that point on the surface property qua
deteriorates as the incident energy continues to increase.
confirms that there exists an optimal value of the proc
parameter of incident energy, which produces the best
surface property.

2. Effect of incident angle

This part of the simulation considers the influence of
cident angle variations on the deposited atoms. It provide
assessment of how the deposited film surface property
be improved by changing the deposition angle of the incid
atoms.
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Two types of incident angle distributions are simulate
bandwidth controlled by cutoff angles and bandwidth co
trolled by angle deviation. The first is given by a Gauss
distribution which is restricted such that it lies within a cuto
angle. The angle distribution function varies as different c
off angles are selected. The distribution bandwidth, wh
center is located at 0°, is controlled by the cutoff angle. T
simulation considers the influence of different cutoff angl
e.g., 45°, 50°, 55°, 60°, and 62.5°. The simulation of t
incident angle variation reflects the practical manufactur
process where the incident angle is controlled by collima
magnetron sputter deposition. It is noted that the selectio
a wide cutoff angle range, i.e., between 45° and 62.5°,
enable identification of the conditions under which the b
film surface property is produced.

The second type of incident angle distribution conside
is also given by a Gaussian distribution. However, in t
case the main deposition angle is concentrated around
inclined directions of645°, as shown in Fig. 8. The max
mum probability of the incident angle appearance is n
located at645° rather than that at angle of 0° as in t
previous case. The bandwidth of the angular distribution
controlled by the deviation angle from these two inclin
directions. The simulation considers the following deviati
angles: 5°, 10°, 15°, 20°, and 22.5°. As has been noted
viously, in practice the incident angle variation can be co
trolled by the rotatable cylindrical magnetron system. It is
be noted that the first type of incident angle distribution i
simplified case of the second type, only one maximum pr
ability of the incident angle appearance centered at 0°, ba
width controlled by the deviation angles,w, equal to half of
the cutoff angle.

Figure 9 shows the interface width at final state versus
cutoff angle, at incident energies of 0.25, 5, and 10 eV. T
interface widths for vertical deposition are plotted for co
parison purposes, and are indicated by the solid symbols
cated on the vertical axis. The results indicate that ther

FIG. 7. Interface width at steady state for different incident e
ergies.
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negligible improvement in the deposited film surface pro
erty over the cutoff angle range. This may be explained
the fact that the incident angle of the majority of the dep
ited atoms is still located in the vertical direction of 0°. It
also observed that the values of interface width for verti
deposition are close to those of oblique deposition contro
within a cutoff angle.

Figure 10~a! shows the final deposited film morphology
an incident energy of 0.25 eV with no incident angle var
tion, i.e., vertical deposition. Figures 10~b!–10~d! show the
final deposited film morphology at the same incident ener
but for oblique deposition with deviation angles of 5°, 15
and 22.5°, respectively. Comparison of Fig. 10~b! with Fig.
10~a! shows that the film morphology is greatly improved b
changing the incident angle to the two inclined directions
645°. The void tracks forming between two adjacent clu

- FIG. 8. Angular distributions of incident atoms of the seco
type; bandwidth controlled by angle deviation.

FIG. 9. Interface width at final state versus the cutoff angle
incident energies of 0.25, 5, and 10 eV.
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WENG, HWANG, CHANG, CHANG, AND JU PHYSICAL REVIEW B65 195420
ters apparently disappear. The forming of the void tra
shown in Fig. 10~a! is due to the self-shadowin
mechanism24 in which the forming clusters prevent the o
liquely deposited atoms from filling the void tracks. Obs

FIG. 10. Morphology of deposited film at final steady state
incident energy of 0.25 eV~a! vertical deposition, and oblique
deposition with different deviation angles;~b! 5°; ~c! 15°; ~d! 22.5°.
19542
s

-

vation of Figs. 10~b!, 10~c!, and 10~d! suggests that the pro
duced film surface property deteriorates as the devia
angle moves further and further away from the two inclin
directions of645°. It will be noted that the void track at th
bottom of theV groove does not significantly improve as th
deviation angle increases. In direct contrast to the case
vertical deposition, the area around the bottom of theV
groove is the location of the groove which is the most dif
cult to fill when using oblique deposition. The sel
shadowing effect is more significant upon the filling of th
bottom of theV groove than upon either of the two sides
the V-shape substrate. Any cluster formations on these s
will prevent subsequently deposited atoms from reaching
bottom of the groove.

Figure 11 shows the motion traces of three specific ato
indicated by~I!, ~II !, and~III !, at an incident energy of 0.25
eV, and with a deviation angle of 20°. Motion trace~I! con-
siders a deposited atom whose incident angle has a bias
145°. It shows that the atom is trapped by the substr
atoms. Similarly, as shown by motion trace~II ! in Fig. 11, a
deposited atom whose incident angle is close to145° is also
trapped by the substrate atoms. From these two results,
noted that the incident path becomes curved under the in
ence of the attractive force exerted by the gathering clus
Motion trace~III ! considers a deposited atom whose incide
angle is close to245°. It would be expected that this atom
be deposited on the left side of theV-shape substrate. How
ever, as may be seen in the figure, the atom is actu
trapped by the cluster of atoms located at the upper par
the right side of theV-shape substrate. This may be e
plained by the attractive force that is exerted on the atom
the forming cluster. From the results presented in Fig. 11
possible to conclude that when the incident energy is re
tively low, the motion of subsequently deposited atoms
significantly influenced by the initially grown film structure
The situation where atoms are deposited on an initia
grown film with a cluster structure yields film surfaces wi
the worst properties. The initially forming cluster wi
trap more incident atoms as the deposition process contin
and will become larger. This can be seen in Fig. 10~c!

t

FIG. 11. Motion trace of three specific atoms deposited at in
dent energy of 0.25 eV with a deviation angle of 20°.
0-8



e
in

e

-
n

d
g-
tl
th
th

m
o

as
e

side
e

at

e
lot-
ng
ent
sited
vel
eV,
the

gy
the
ate
in-
ent
ing
n
nd

oid
re

hip
ve
he
is
. It
ace
gle
of
erty
nt

a
e-

ent

MOLECULAR DYNAMICS SIMULATION OF THIN FILM . . . PHYSICAL REVIEW B 65 195420
on both sides of theV groove, and in Fig. 10~d! on the
right side of theV-shape substrate. The forming of larg
clusters also induces the self-shadowing effect, which h
ders the migration of deposited atoms to the bottom of thV
groove.

Figures 12~a! to 12~c! show the final deposited film mor
phology with an incident energy of 10 eV at three differe
deviation angles of 5°, 15° and 22.5°.@The film produced by
vertical deposition at this level of incident energy has alrea
been shown in Fig. 2~d!#. The results presented in these fi
ures indicate that the produced film morphology is grea
improved by changing the deposition angle, especially
reduction in thickness of the bulgy part at the bottom of
V groove.

Figure 13 shows the motion trace of three specific ato
at an incident energy of 10 eV, and with a deviation angle
20°. Motion trace~I! indicates that the deposited atom h
been resputtered27 by the other incident atoms. Motion trac

FIG. 12. Morphology of deposited film at final steady state
incident energy of 10 eV by oblique deposition with different d
viation angles:~a! 5°; ~b! 15°; ~c! 22.5°.
19542
-

t

y

y
e
e
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f

~II ! shows that the incident atom passes above the right
of the V-shape substrate and reaches the bottom of thV
groove. Motion trace~III ! shows the incident atom with a
bias angle from145° striking the substrate. It is noted th
the reference substrate of motion trace~III ! is thicker than
motion traces~I! and ~II !, thus, only the parts of substrat
atoms around the landing zone of the tracing atom are p
ted. In comparison with the former results of the growi
mechanism at a low incident energy of 0.25 eV, the incid
path is not affected by the substrate atoms, and the depo
atom remains on its straight-line path. In addition, its tra
distance is longer than when the incident energy is 0.25
and this enables the incident atom to reach the bottom of
V groove, as indicated by motion trace~II ! in Fig. 13. This
is comparable to the situation shown as the motion trace~III !
in Fig. 11 where an incident atom with a low incident ener
of 0.25 eV is trapped by the substrate atoms. Although
flight path of the incident atoms is close to the substr
atoms in both examples, the migration distance after the
cident atom has hit the substrate is longer when the incid
energy is higher. This may be clearly observed by compar
the motion trace~III ! in Fig. 13 with the results presented i
Fig. 11. Since the migration ability of a deposited atom, a
hence its ability to reach the bottom of theV groove, is
dependent upon its incident energy, the depth of the v
track for an incident energy of 10 eV is shallower than whe
the incident energy is 0.25 eV, as shown in Figs. 10~b! to
10~d!.

Figure 14 shows the statistical result of the relations
between the interface width and the incident energy for fi
different deviation angles of 5°, 10°, 15°, 20°, and 22.5°. T
interface width for vertical deposition is also plotted, and
indicated by the solid symbols located on the vertical axis
has been noted previously that in general, the film surf
property is improved by concentrating the deposition an
of the incident atoms around two inclined directions
645°. Figure 14 indicates the changes in surface prop
which occur for different deviation angles at three differe

t

FIG. 13. Motion trace of a specific atom deposited at incid
energy of 10 eV with a deviation angle of 20°.
0-9
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levels of incident energy. In the case of relatively low inc
dent energy, i.e., 0.25 eV, the film surface property dete
rates as the deviation angle from the two inclined directio
of 645° increases. At an intermediate incident energy le
of 5 eV, it is observed that there is an insignificant change
the film surface property as the incident angle is varied,
that in fact the film surface property may actually be wo
than that produced by vertical deposition. Analysis of t
final morphology for an incident energy of 5 eV suggests t
an increase of deviation angle is slightly beneficial in red
ing the depth of the void track at the bottom of theV groove.
However, there is no improvement in the roughness of
film surface property. Compared to the results observed
relatively lower incident energy, it is found that the film su
face property is greatly improved as the deviation an
increases for the high incident energy of 10 eV. Fro
the above, it is clear that the different influences of the
viation angle on the film surface property are strongly co
nected to the incident energy, and should be discusse
more detail.

It has been observed that the migration ability of the
cident atoms is limited when the incident atoms are dep
ited at a relatively low incident energy. Thus, in this case
film surface property depends strongly on the incident dir
tion. A smaller deviation angle indicates that the deposit
direction is closer to vertical deposition relative to the
clined substrate. On the other hand, as the atoms’ depos
angle deviates from the two inclined directions of645°, the
deposition tends to oblique deposition. These oblique de
sition atoms influence film growth and the film tends to gro
in a cluster mode. As a consequence, smaller devia
angles yield a better film surface property at relatively lo
incident energy.

For incident energy at a relatively high level, the migr
tion ability of the deposited atoms becomes an import
factor in determining the produced film surface property.

FIG. 14. Relationship of interface width to deviation angle
steady state for different incident energies.
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cident atoms with a variety of incident angles provide t
highest probability of momentum transfer occurring betwe
incident adatoms and film atoms in many directions. Th
the momentum of the incident atoms can diffuse uniform
to the surface atoms. This is beneficial in producing supe
film surface property. On the other hand, where the direct
of the incident atoms is more specific, the momentum of
incident atoms diffuses less uniformly to the surface atom
This results in the worse film surface properties observed
the smaller deviation angles.

IV. CONCLUSION

This paper has presented the use of MD simulation
investigating film growth on a GMR corrugated structure.
has been found that different growing characteristics exist
different incident energies as well as for different deposit
directions, namely, vertical and oblique depositions. Th
include the film growing in FM, VW, and Stranski
Krastanow~SK! modes for different incident energies. More
over, it has been observed that the incident direction also
a significant influence on the film surface property, and t
this influence strongly depends upon the incident ene
Several important conclusions may be drawn from this stu
These conclusions are summarized as follows.

~1! Film growth tends to be in a three-dimensional clus
mode at a relatively low incident energy. The void tra
forming direction is almost equal to the surface normal to
two inclined surfaces, and may be explained by the fact t
the deposited Co atoms possess higher surface energy
the Cu substrate atoms.

~2! There exists an optimal incident energy that produ
the best film surface property. In the case studies consid
within this current study, the optimal incident energy w
found to be 3 eV, which is far larger than the activatio
energy of the Co adatom on the fcc Co~100!, i.e. 0.49 eV.

~3! The film surface property is worse when the incide
energy is at a relatively high level. The uneven thickne
along theV shape mainly arises from the deposited ato
accumulated at the bottom of theV groove. This accumula-
tion may be explained by the fact that the migration distan
is higher for high energy incident atoms, and therefore ato
of this type tend to approach the bottom of theV groove.

~4! The film surface property can be improved by chan
ing the incident direction to two inclined directions of645°.
A smaller deviation angle away from these two directio
yields the better film surface property for small incident e
ergy. By contrast, small deviation angles result in worse fi
surface property for larger incident energy.

During investigation of the growing mechanism
has been found that reflection and resputter occurs
relatively high incident energy. In addition, it has be
observed that the incident path of atoms deposited at r
tively low incident energy becomes curved under t
influence of the resultant force exerted by the gather
cluster.

Several results obtained from the present simulat
have been compared with those published previou

t
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and which relate to either experimental or nume
analysis. For example, the current study explains the
improvement in the film surface property as the incid
energy increases to 0.5 eV, a fact noted in former experi
tal results. This also indicates the validity of the pre
study.
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