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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 dynarié®) 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\ofgtie®ve 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 af45°. Smaller deviation angles yield better film surface properties for
low incident energy. Conversely, higher levels of incident energy result in worse film surface properties.
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[. INTRODUCTION properties® including the interfacial roughness between
Co/Cu multilayers, and the surface roughness of the Si sub-
Giant magnetoresistan¢&MR) material has been widely strate, has not yet been fully understdodifferent fabrica-
used in many applications, such as magnetic storaggon technologies that produce good quality film with a larger
system$~* and microsensors® In order to meet the increas- MR ratio on a Co/Cu multilayer structure have been sug-
ingly rigorous requirements that are demanded in practicegested. These include ion-beam sputteffhgc magnetron
much effort has been devoted to improving the magnetoresputtering’ oblique depositiod® and vertical depositich
sistance(MR) properties of thin magnetic films and multi- techniques. Very little is known about the growing mecha-
layers by pattering the multilayer into either a colunor  nisms of deposited surface films and the relationship be-
into a corrugated structufeThe advance of fabrication tech- tween the growing modes and the process parameters for
nology for semiconductors, together with the ongoing at-different process techniques. An understanding of this rela-
tempts to apply new fabrication technologies to the manufactionship is essential if the desired film properties, which are
ture of magnetic devices, has resulted in a dramatic reductiostrongly connected to the final film roughness, are to be
in the size of such devices. This has made possible newchieved by controlling the process parameters.
applications of magnetic devices at the microscale and The small size of the features involved means that it is
nanoscale, such as magneto-optic recording sySt¢hamd  very difficult to observe film growth in the transient state
magnetic quantum devicésHowever, the practical fabrica- during real experiments, and therefore it is difficult to obtain
tion difficulties encountered also increase due to the abrum complete understanding of the growing mechanism from
increase in the surface area to volume ratio of the device. lexperimentation alone. As a consequence, the understanding
devices of this scale, surface defects and poor surface rougbf film growth mechanisms must be investigated with the aid
ness cannot be tolerated since they fatally affect the MPf simulation methods, such as the Monte Carlo metflod,
property of the deposited film. and MD simulation. Although MD simulation has been used
It has been reported in former literature that the surfacdefore to study the growing mechanism of film deposition,
roughness of the deposited film influences its MR propertymost of the research has been restricted to the case of vertical
Fullertonet al}? concluded that higher interfacial roughnessdeposition on a flat substrat®:?3 Since vertical deposition
is beneficial for the MR property. However, Ue@aal'®  for a GMR corrugated structur@ee Fig. 1is equivalent to
stated that the MR property is better when the interfaciabblique deposition for a flat substrate, the conclusions con-
roughness is lower. It would appear, therefore, that the relacerning growing mechanisms, which have been drawn from
tionship between the GMR property and the structuralformer studies of vertical deposition on a flat substrate can-

0163-1829/2002/68.9)/19542@11)/$20.00 65 195420-1 ©2002 The American Physical Society



WENG, HWANG, CHANG, CHANG, AND JU PHYSICAL REVIEW B65 195420

used three-dimensional MD simulation to investigate the ef-
fects of incident angles, with a special emphasis on atomic
reflection and resputtering. They analyzed surface damage,
but did not consider film structures. While these studies re-
lating to oblique deposition were useful in providing a deep
insight into the growing mechanism during the deposition
process, the growing mechanism of film deposited on a
GMR corrugated structure is different from that of a film
deposited on a flat substrate since the shape of a GMR struc-
ture (a V shape is obviously different from that of a flat
substrate. The GMR corrugated structure consists of many
grooves etched on the substrate, as seen in Fig. 1.

Fairly recently, the many-body, tight-binding potential
model has been derived, which considers the long-range
force acting among aton&?° In contrast to the pairwise
potential model, the many-body potential method considers
that the interaction between two atoms depends on the local
environment around the atoms as well as just the two atoms
themselves. The advantages provided by this method are that
the Cauchy discrepancy of the elastic constant is well satis-
! fied, and that the surface relaxation, adatom diffusion can be
appropriately modele®®! It has been proven that this
method is the equal of other many-body potential ap-
proaches, such as the embedded atom metk#dM). In
fact, some material properties obtained using this method are
superior to those obtained with pairwise potential mett8ds.
Moreover, its calculation methodology is straightforward.
8.664nm] Molecular dynamics is employed to simulate thin-film
growth on a GMR corrugated structure. The simulation

N model mainly considers the deposition of Co atoms on the

_‘zlm —p V-shape Cu substrate. The many-body, tight-binding poten-
z 14.44nm z tials approach is utilized in the MD simulation to model the
J;_v S _,J interatomic force between the atoms. The interface width is

(b) simplified model used in MD simulation used to quantify the variation of surface roughness at both

the transient and the steady state. The influence of incident

FIG. 1. (@ Schematic diagram of GMR corrugated multilayers energy on the deposited film surface property and on the
structure andb) simplified model used in MD simulation. growing mechanism is investigated for both vertical and ob-

lique deposition. Finally, the paper discusses the impact of
not be applied directly to vertical deposition on a GMR cor-different angle_dis_trib_utions on the deposited fil_m property,
rugated structure. Dongt al2* used two-dimensional MD Where these distributions are controlled py _deflned process
simulation to investigate the influence of process parameter@arameters, namely, cutoff angle and deviation angle.
including incident energy and substrate temperature on the
film microstructure of an oblique deposition. The pai_rvvise, Il SIMULATION MODEL
Lennard-Jones potential method was employed to simulate
the atomic force among the deposited atoms, as well as the The simulation model consists of four parts: the MD
substrate atoms. They concluded that void formation, alignmodel of the Cu substrate of a corrugated structure, the sput-
ment into tracks, and the columnar structure are all attributter deposition model, the atomic interaction model of Cu-Co,
able to the shadowing effect. They also examined the empiriand the roughness calculation.
cal “tangent law,” which defines the relationship between The schematic diagram of a GMR corrugated multilayer
the deposition angle and the angle of orientation of the costructure and the corresponding simplified model used in the
lumnar tracks. Zhowet al?® also used two-dimensional MD MD simulation are shown in Figs.(d and Xb), respec-
simulation to investigate vacancy concentration with thredively. In practice, the GMR corrugated structure is fabri-
working parameters, namely, substrate temperature, incidewated by etching many faceted grooves ofSa substrate.
energy, and incident angle. &ual?® employed the pairwise, As may be seen in Fig.(4), the multilayer structure com-
Morse potential to investigate the influence of process paprises alternate layers of Co and Cu. A three-dimension
rameters on film roughness. Their study adopted a threenodel is adopted to simulate thin-film growth on the corru-
dimensional model, and focused upon oblique deposition fogated structure. A basic assumption of the simulation model
varying incident angles. They found that a rougher surface iss that a Cu film has been perfectly grown on the Co sub-
produced as the incident angle increases. Zhou and Wddleystrate. As a consequence, the simulation starts with Co atoms

(a) Schematic diagram of GMR corrugated multilayers structure

| | 1 %0.722nm

'y 1.805n
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TABLE |. Parameters used in tight-binding potential.

Parameters A (eV) £(eV) p q ro (A)
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

deposited on an already grown Cu film, as a substrate. Thieetween this model and the between-pair potential model is

periodic boundary conditions are applied in thieand x  that it considers the interaction between two atoms to depend

(depth directions by considering the repeating characterison the local environment around the atoms, as well as on the

tics of the geometry. In this way, the simulation domain con-two atoms themselves. The prediction of some properties by

tains only one single groove. the TB-SMA method is more accurate than the EAM
The three lowest layers of the Cu substrate, hencefortmethod. Furthermore, the computing algorithm used within

referred to as the thermal layer, are used to control the thethe TB-SMA method is simpler than the one used by the

mal state of the substrate. To be more specific, the scalingAM method. The TB-SMA model commences by summing

method is employed to maintain the thermal layer at a conthe band energy, which is characterized by the second mo-

stant temperature. Therefore, the impact energy of the inciment of thed-band density of state, and a pairwise potential

dent Co atoms can be transferred outward through the Cenergy of the Born-Mayer typ®, i.e.,

substrate. Both the Cu substrate and the thermal layer are

arranged according to their face-centered cufuic). The Cu 5 Fij 12

substrate and the thermal layer consist of 2770 atoms. The Ei= —|2 & eXF{—ZQ(r——l)H

lowest layer is fixed to prevent the substrate atoms from ! 0

shifting. i

The velocity of the individual atoms is given by the fol- +2 AEXF{ - p(r——l)}. v

lowing expression: ! 0

5E where ¢ is an effective hopping integrat;; is the distance
aton= \/ l\;“’m (1)  between atoni andj, andr, is the first-neighbor distance.

The parameterd, p, g, and¢ are determined by the experi-

where E represents the incident enerav aMiis the mental data of cohesive energy, lattice parameter, bulk
atom P 9y modulus, and two shear elastic constan®s, and C’

atomic mass. The simulation considers two types of deposi- B . .
tion methods. These methods are based upon the depositignllz(cll C,2), respectively. The parameters of the tight-

angle relative to the verticaldirection, and are referred to as Ia:?edclini% F:r?its;egiﬁlclj re;?faegrt;wiuf_rgm g:}cgé a;nnd dilcr)éclic;tse:(rjmijl;
vertical deposition and oblique deposition. In practice, th y :

angular distribution is controllable within several deposition&rable I It is to be noted that the cross parameters of Co-Cu

processes, e.g. collimated magnetron sputter deposition afic. obtained by applying a f|tt!ng procedurg o a set (.Jf ex-
ionized magnetron sputter deposition. It is possible to contro‘aﬁr'mental enthalpy data relating to the mixing of a liquid
the angular distribution of the incident atoms such that th oy. v, the i ion f .
distribution lies within a cutoff angle. A rotatable cylindrical Finally, the interaction force on atoincan be expressed
magnetron systet has recently been developed, which can
provide more flexibility in the spatial and angular distribu-
tions by adjusting the rotation angle of the two magnetic E:E (
assemblies. In the simulation, the incident position of the e
atoms is generated by a random distribution that represents a
uniform distribution of atoms over the substrate. The inci-The simulation uses the Gear’s predictor-corrector
dent angle of the deposited atoms is also generated by algorithn?* to calculate the trajectories of the atoms. The
random function, which satisfies the Gaussian distributionpotential cutoff radius has been extended up to the second
This is to appropriately model the situation that occurs inneighbor distance for the interactions of Cu-Cu, Co-Co, and
practice, i.e., the deposited atoms emitted from the targe€o-Cu in the calculation.
approximately satisfy the cosine angular distribution. In the Calculation of the film roughness of the Co deposited in
simulation, the distance between two subsequently depositdtie V-shape substrate is slightly different from the usual case
atoms is set to be larger than their truncated distance. This ©&f a film deposited on a flat substrate. The film roughness is
to represent the fact that in practice the atoms rarely interaatalculated along two inclined surfaces that are symmetrical
with each other before reaching the substrate due to the distbout the vertical axis, as seen in Fig. 1. The interface width
tribution of atoms in a vacuum. R3%2124is defined as the root-mean-square roughness of the
The simulation employs the many-body potential of thesurface atoms on the two inclined surfaces, and is used to
tight-binding second moment approximatiofi B-SMA) quantify the variation of surface roughness. The interface
model to represent the interatomic force. The main differenceavidth is given by the following equation:

JE  OE,
&rij (9rij

i} 3

195420-3



WENG, HWANG, CHANG, CHANG, AND JU PHYSICAL REVIEW B65 195420

j:oo
R2=j§0 (Z,-Z)™N;, (4)

where N; amounts to the net number of exposed atoms in

layer j, andj=0 corresponds to the top substrate laygr. (
andZ; represent the mean height of the film surface and the
height of the exposed atoms, respectively. The definition of :
the interface width given in Ed4) allows the calculation to i s

be performed at both the transient state and the steady state. ki 5

IIl. RESULTS AND DISCUSSION (2) 0.1-eV

The simulation comprises two parts. The first part inves-
tigates the effect of incident energy on the deposited film :
surface property, while the second part studies the effect of e
the incident angle on the deposited atoms. For the first part e i ]
of the simulation, the incident angle is taken as zero degrees S

relative to the verticak axis, i.e., vertical deposition. The , R
second part of the simulation focuses upon oblique deposi-
tion. The simulation considers two different types of deposi-
tion in order to verify the influence of the incident angle on

the deposited film surface property. Finally, an assessment is -
made as to how the surface property of the deposited film il
may be improved by controlling two defined process param- (b) 0.5-eV

eters, i.e., cutoff angle and deviation angle.

The simulation is terminated when 1400 atoms have been
deposited on the substrate, this being equal to 8.7 monolay-
ers. The other parameters adopted in the simulation include a
deposition rate of 5 atoms/ps and a substrate temperature of e
300 K. These parameters are used throughout the entire izt
simulation, unless noted otherwise. ‘ i : i

1. Effect of the incident energy

The morphology of the film growth on the GMR corru-
gated structure at four different levels of incident energies,
i.e., 0.1, 0.5, 3, and 10 eV, is shown in Figéa)22(d) at the (©)3-ev
final steady state. A columnar structure is formed along the
two inclined surfaces at the relatively low incident energy of
0.1 eV, as shown in Fig.(d). Since the surface free energy
of Co (2.709 Jm?) is larger than that of C(1.934 Jm?) %
at relatively low incident energy Co will not readily grow on S
the Cu substrate in a layer-by-layer growth m$Beank-ver 8 iZ%
der Merve (FM) modsd. Its tendency is to grow in a 3D e
cluster mode[Volmer-Weber (VW) modg instead. Gener- S
ally, deposited atoms tend to grow in a FM mode on a sub- %
strate with a large number of high-energy broken bonds S
(higher surface energyather than on one with small-energy
broken bondglower surface energy

In order to further investigate the growing mechanism of
the columnar structure, seven more monolayers are deposited FIG. 2. Morphology of deposited film at final steady state at
at a constant incident energy of 0.1 eV. Figure 3 shows théifferent incident energiesta) 0.1 eV; (b) 0.5 eV; () 3 eV; (d)
final morphology at an instant of 386 ps in the depositionl0 V.
process. From a detailed observation of this growing mor-
phology, it is possible to identify the changes that take placeolumnar structures on either side of tieshape join at the
within the void tracks. A comparison of Fig. 3 with Figla2  top, thereby trapping a void within the film at the bottom of
shows that some void tracks have been filled by the subsehe V groove.
quently deposited atoms. Figure 3 shows that the lowermost Observation of the growing direction of the void tracks

%E%:
o

(d) 10-eV
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FIG. 3. Snapshots of deposited film morphology at incident en- 0 ——TT T
ergy of 0.1 eV and elapsed time of 380 ps. 0 2 4 6 8 10

. - . Monolayer
evident in Figs. Pa) and Fig. 3 shows that, apart from one v

void track grown at the bottom of thé groove, the direction FIG. 4. Transient interface width variation at incident energies
of growth appears to be perpendicular to the substrate. Thigf 0.1, 0.5, 3, and 10 eV.
observation is borne out by analysis of snapshots taken at

many discrete intervals during the simulation. In a formerface adopt the same structure configuration as Cu, rather than
report, Donget al?* concluded that the variation of the P g ’

column/void track angleg, with the deposition angley, fits its origina[ hcp ;tructure .observed by reflection high—energy
well with the tangent law, tan=2tang, at low deposition electron d|ffract_|on experiments. IF seems that the dlsappegr-
angles,a<60°. However, examination of Fig. 3 shows no ance of the void track at an |n.C|de.nt ene'rgy.of 0.5eVis
obvious connection between the void track direction and th&Tongly connected to the self-diffusion activation energy of
deposition angle. It will be noted that vertical deposition for the Co atoms on the fcc CH00) surface. This issue will now
a flat substrate corresponds to oblique deposition with aRe discussed and analyzed further. _ _
angle of 45° for aV-shape substrate. Thus, based upon the Figure 4 shows the transient interface width for three dif-
conclusions given in Ref. 24, the void tracks direction shoulderent levels of incident energy, i.e., 0.1, 0.5, and 3 eV. A
be 26° relative to the inclined surface normal. However, theclose observation of the interface width variation for an in-
simulation results presented in Fig. 3 show this direction tecident energy of 0.5 eV shows that the growing behavior of
be approximately zero degrees relative to the inclined surfacthe deposited film on the substrate deviates more from the
normal. On other words, this result is inconsistent with that-M growth mode as more Co atoms have deposited on the
presented by Dongt al?* This may be explained by the fact substrate. This is demonstrated by the fact that the growing
that the current simulation considers deposited atoms that areorphology deteriorates after four monolayers have been
of a different material from the substrate. In the formergrown on the Cu substrate, i.e., a slightly higher rate of in-
researci? the same materidNi) is used for both the depos- terface width growth is observed after approximately four
ited atoms and the substrate atoms. Therefore, the growingonolayers have been grown on the substrate. The physical
film and the substrate possess the same magnitude of surfaggplanation for this phenomenon can be deduced from the
energy(2.0 Jm ), and so the growing direction of the void experimental observations reported in Ref. 36. It was noted
track is mainly influenced by the deposition angle. Since irthat the growing structure of the Co atoms deposited on the
the current simulation the material of the deposited film andCu substrate would gradually depart from the Cu fcc struc-
the substrate surface are different, the difference in the madure. This causes the energy barrier to exceed 0.49 eV. As a
nitudes of the surface energy of the two materials is largeconsequence, an incident energy of 0.5 eV is insufficient to
Therefore the deposited Co atoms tend to bond strongly witlevercome the energy barrier, and so FM mode film growth
each other rather than with the Cu substrate atoms. Thi®r subsequently deposited atoms is hindered.
causes the influence of the deposition direction on the void Referring once again to Fig. 4, it will be observed that the
track forming direction to become insignificant. transient interface width greatly decreases when the incident
Figure 2b) presents the growing morphology at an inci- energy increases from 0.1 to 0.5 eV. This improvement in the
dent energy of 0.5 eV. It shows that the void tracks apparerfilm surface property is greater than the improvement noted
in Fig. 2(a) disappear and are filled by atoms deposited subwhen the incident energy increases from 0.5 to 3(klter
sequently. This suggests that an increase of incident energesults will show that the best film surface is produced at an
elevates the migration ability of deposited atoms, which isncident energy of 3 e)/ This again confirms that an incident
beneficial to the filling of the void tracks. In Ref. 36, it is energy of 0.49 eV represents some kind of an energy barrier
reported that the self-diffusion activation energy of Co atomghreshold, which must be overcome if a better film surface
on the fcc C0100 surface is 0.49 eV. Furthermore, it is property is to be produced.
reported that a Co fcc structure is chosen as the reference Figure Zc) shows the growing morphology at an incident
structure because the first few monolayers grown on this suenergy of 3 eV. It will be observed that a smooth film is
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o (m the migration, as may be seen by the three motion traces in
\ Fig. 5. The motion traces at the initial stage of the deposition

i a process show that the deposited atoms have the tendency to

- approach the bottom of thé groove due to their high inci-

|| dent energy.

y, Figure 6 shows three motion traces indicatedlas(Il),

» and(lll), which represent the trajectory of atoms deposited at

: an intermediate point during the later stage of the deposition
S process. The motion traces representedibyand (1) show

: that the deposited atoms have become trapped by the previ-

ously deposited atoms. As would be expected, their migra-

tion distance is considerably less than the results shown in

FIG. 5. Motion trace of three specific atoms deposited at thre(%Fhlg' 5f Wh'.c h slhow the IQ tial sta;te of t?% procgssd, and Whl(r

different locations for incident energy of 10 eV at initial stage of the erelore invo _Ve asu Strgte _ree 0 eposne_ atoms. As

deposition process. shown by motion tracélll) in Flg. 6, the dep05|ted_ atpm

reflects off the substrate. It will be noted that the incident
produced at this level of incident energy. This indicates thagngle and the reflective angle are almost equal. Occurrence
an incident energy of 3 eV is sufficient to overcome theof reflection of the incident atom depends not only on the

energy barrier that results in the formation of islands duringncident energy, which is considered to be the main factor for

de%osition, and therefore the film grows in a layer-by-layefiis nhenomenon in Ref. 27, but also upon the surface struc-
mode. .
An interesting phenomenon is found when the incidenture. Consider, for example, a coarse surface structure, such

energy is continuously increased to a relatively high level of2S the cluster gathering surface. This surface type will more
10 eV, as shown in Fig.(®). The deposited atoms accumu- €asily absorb the incident atom energy, and therefore the
late at the bottom of th¥ groove and cause an uneven film probab|I|f[y of atom reflection is smaller. This is the physical
thickness along the two inclined surfaces. The accumulatiof*Planation for the phenomenon that may be observed for
of the deposited atoms is strongly connected to the obliquéotion tracesl) and(ll) in Fig. 6, where the deposited at-
deposition relative to th&/-shape substrate as discussed am$s do not reflect from the substrate. By comparison, motion
follows. trace(lll) in Fig. 6 shows the case where a deposited atom
Figures 5 and 6 show the motion trace of specific atomshits a denser surface. On this type of surface the incident
selected according to their deposition position in yidirec- ~ €Nergy Is less easily absorbed and thus reflection takes place.
tion, at an incident energy of 10 eV. Figure 5 considers thé\lthough, the probability of deposited atoms reaching the
trace of an atom at an initial state during the deposition proPottom of theV groove is reduced during the later stages of
cess, while Fig. 6 presents the trace at an intermediate staf#® deposition stage due to their tendency to become trapped
In Fig. 5, the motion traces indicated by and(Il) demon- Dy previously deposited atoms on the substrate, the large
strate that the atoms deposited near the top of either inclineicident energy of the impact still contributes slightly to an
surface have migrated a long distance, and have approach@gcumulation of the atoms at the bottom of ¥igroove.
the bottom of the/ groove. As may be seen by motion trace ' "€ roughness of the film produced by atom deposition is
(I in Fig. 5, an atom with a deposition position located characterized by its interface width. Figure 7 shows the in-

near the bottom of th¥ groove has migrated to the bottom terface width at the final steady state for different incident
of the groove, and has become trapped there. It is wort§nergies. The results indicate that a parabolic relationship

mentioning that the atoms jump above the substrate during\XiStS between the interface width and the incident energy.
s the incident energy initially increases, the produced film

am o surface property improves, i.e., the interface width decreases.
9 H The figure shows that the optimal surface property is ob-
tained when the incident energy is approximately equal to 3
eV, and that from that point on the surface property quality

) deteriorates as the incident energy continues to increase. This
° ¢ confirms that there exists an optimal value of the process
i : parameter of incident energy, which produces the best film
o surface property.

Pl

=
]

® ——
f

N
¢l

2. Effect of incident angle

This part of the simulation considers the influence of in-
cident angle variations on the deposited atoms. It provides an

FIG. 6. Motion trace of three specific atoms deposited at threéissessment of how the deposited film surface property may
different locations for incident energy of 10 eV at intermediate be improved by changing the deposition angle of the incident
stage of the deposition process. atoms.
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FIG. 7. Interface width at steady state for different incident en-  FIG. 8. Angular distributions of incident atoms of the second
ergies. type; bandwidth controlled by angle deviation.

Two types of incident angle distributions are simulated:N€dligible improvement in the deposited film surface prop-
bandwidth controlled by cutoff angles and bandwidth con-E"Y OVer the cutoff angle range. This may be explained by
trolled by angle deviation. The first is given by a Gaussiar{[he fact tha_t the_ incident gngle of th_e majority of the dep‘.’s'
distribution which is restricted such that it lies within a cutoff ited atoms is still located in the ve_rt|cal dlrect_|on of 0°. It_|s
angle. The angle distribution function varies as different cut8lso o.b.served that the values of mterface W'qt.h for vertical
off angles are selected. The distribution bandwidth, Whoséigppsmon are close to those of oblique deposition controlied
center is located at 0°, is controlled by the cutoff angle. Th(—:y‘”th'_n a cutoff arr:gle. he final d ited fi hol
simulation considers the influence of different cutoff angles, Fi9ure 1@ shows the final deposited film morphology at
e.g., 45°, 50°, 55°, 60°, and 62.5°. The simulation of the@n quent energy of 0._2_5 eV Wlth no incident angle varia-
incident angle variation reflects the practical manufacturin ion, 1.€., vc_aruca_l deposition. Figures (Ii)—lO(d) .ShOW the
process where the incident angle is controlled by collimate malfdepct))?lted fd'lm mc.)(pholo_ghyéit the_ same |InC|defnt Szner%y,
magnetron sputter deposition. It is noted that the selection ut for Oo Ique eposlltlon wit _ewatm;n angies '0h5 N 15%,
a wide cutoff angle range, i.e., between 45° and 62.5°, wil@nd 22.5°, respectively. Comparison of Fig(@0with Fig.
enable identification of the conditions under which the bestm(a) S_hOWS that _the film morphology is _gre_atly |m_pr0\{ed by
film surface property is produced. changing the |_nC|dent angle_to the two inclined q”ectlons of

The second type of incident angle distribution considered=4°"- The void tracks forming between two adjacent clus-
is also given by a Gaussian distribution. However, in this 30
case the main deposition angle is concentrated around two
inclined directions of+45°, as shown in Fig. 8. The maxi- L — A
mum probability of the incident angle appearance is now A — A
located at+45° rather than that at angle of 0° as in the

28 — Vertical Deposition

. . s . . x J * 5.00-eV
previous case. The bandwidth of the angular distribution is S s 106V
controlled by the deviation angle from these two inclined T .6 o 0256V
directions. The simulation considers the following deviation < ’ O —5
angles: 5°, 10°, 15°, 20°, and 22.5°. As has been noted pre- @ . o
. ) . G A Qo Oblique Deposition
viously, in practice the incident angle variation can be con- ® 4 : 0.25-0V
trolled by the rotatable cylindrical magnetron system. It is to E ———em 5:00-eV
be noted that the first type of incident angle distribution is a e T — A—  10-eV

simplified case of the second type, only one maximum prob- 223K b TP S IR TR < s
ability of the incident angle appearance centered at 0°, band-
width controlled by the deviation angleg, equal to half of

the cutoff angle. 20 — T T T T T
Figure 9 shows the interface width at final state versus the 40 a5 50 55 60 65
cutoff angle, at incident energies of 0.25, 5, and 10 eV. The Cutoff Angle

interface widths for vertical deposition are plotted for com-

parison purposes, and are indicated by the solid symbols lo- FIG. 9. Interface width at final state versus the cutoff angle at
cated on the vertical axis. The results indicate that there igcident energies of 0.25, 5, and 10 eV.
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FIG. 11. Motion trace of three specific atoms deposited at inci-
dent energy of 0.25 eV with a deviation angle of 20°.

vation of Figs. 10b), 10(c), and 1@d) suggests that the pro-
duced film surface property deteriorates as the deviation
angle moves further and further away from the two inclined

i directions of£45°. It will be noted that the void track at the
&1 bottom of theV groove does not significantly improve as the
(b) oblique deposition with deviation angle 5° deviation angle increases. In direct contrast to the case of

vertical deposition, the area around the bottom of the
groove is the location of the groove which is the most diffi-
‘ cult to fill when using oblique deposition. The self-
ci shadowing effect is more significant upon the filling of the
bottom of theV groove than upon either of the two sides of
the V-shape substrate. Any cluster formations on these sides
a will prevent subsequently deposited atoms from reaching the
- bottom of the groove.
] Figure 11 shows the motion traces of three specific atoms,
indicated by(l), (Il), and(lll), at an incident energy of 0.25
eV, and with a deviation angle of 20°. Motion trad¢ con-

i siders a deposited atom whose incident angle has a bias from
(c) oblique deposition with deviation angle 15° +45°. It shows that the atom is trapped by the substrate
atoms. Similarly, as shown by motion tradé) in Fig. 11, a
deposited atom whose incident angle is close-#5° is also
trapped by the substrate atoms. From these two results, it is
noted that the incident path becomes curved under the influ-
ence of the attractive force exerted by the gathering cluster.
Motion trace(lll) considers a deposited atom whose incident

& angle is close to-45°. It would be expected that this atom
' be deposited on the left side of tMeshape substrate. How-
ever, as may be seen in the figure, the atom is actually
trapped by the cluster of atoms located at the upper part of
the right side of theV-shape substrate. This may be ex-
plained by the attractive force that is exerted on the atom by
the forming cluster. From the results presented in Fig. 11 it is

FIG. 10. Morphology of deposited film at final steady state atPOSSibIe to conclude that when the incident e_nergy is rel.a-
incident energy of 0.25 e\(a) vertical deposition, and oblique tively low, the motion of subsequently deposited atoms is

deposition with different deviation angled) 5°: (c) 15° (d) 22.5°. signifiqantly influenced by the initially grown film structure.
The situation where atoms are deposited on an initially

ters apparently disappear. The forming of the void trackgrown film with a cluster structure yields film surfaces with
shown in Fig. 10a) is due to the self-shadowing the worst properties. The initially forming cluster will
mechanisrff* in which the forming clusters prevent the ob- trap more incident atoms as the deposition process continues,
liqguely deposited atoms from filling the void tracks. Obser-and will become larger. This can be seen in Fig(cl0

(d) oblique deposition with deviation angle 22.5°
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(a) oblique deposition with deviation angle 50 ~ o\ /
e
— i i 25
I
@ u% i FIG. 13. Motion trace of a specific atom deposited at incident
i § § energy of 10 eV with a deviation angle of 20°.
3 (I shows that the incident atom passes above the right side
% of the V-shape substrate and reaches the bottom of\the
(b) oblique deposition with deviation angle 15". groove. Motion tracglll) shows the incident atom with a

bias angle fromt+45° striking the substrate. It is noted that
the reference substrate of motion traék) is thicker than
: motion traces(l) and (Il), thus, only the parts of substrate
- 5| atoms around the landing zone of the tracing atom are plot-
St ted. In comparison with the former results of the growing
o% mechanism at a low incident energy of 0.25 eV, the incident
path is not affected by the substrate atoms, and the deposited
atom remains on its straight-line path. In addition, its travel
distance is longer than when the incident energy is 0.25 eV,
i and this enables the incident atom to reach the bottom of the
A S B - V groove, as indicated by motion tra¢k) in Fig. 13. This
(¢) oblique deposition with deviation angle 2.5 is comparable to the situation shown as the motion t¢Hte
in Fig. 11 where an incident atom with a low incident energy
FIG. 12. Morphology of deposited film at final steady state atof 0.25 eV is trapped by the substrate atoms. Although the
incident energy of 10 eV by oblique deposition with different de- flight path of the incident atoms is close to the substrate
viation anglesia) 5°; (b) 15°; (c) 22.5°. atoms in both examples, the migration distance after the in-
cident atom has hit the substrate is longer when the incident
on both sides of thé/ groove, and in Fig. 1@) on the energy is higher. This may be clearly observed by comparing
right side of theV-shape substrate. The forming of large the motion tracdlll) in Fig. 13 with the results presented in
clusters also induces the self-shadowing effect, which hinFig. 11. Since the migration ability of a deposited atom, and
ders the migration of deposited atoms to the bottom ofthe hence its ability to reach the bottom of thé groove, is
groove. dependent upon its incident energy, the depth of the void
Figures 12a) to 12(c) show the final deposited film mor- track for an incident energy of 10 eV is shallower than where
phology with an incident energy of 10 eV at three differentthe incident energy is 0.25 eV, as shown in Figs(bl@o
deviation angles of 5°, 15° and 22.5The film produced by  10(d).
vertical deposition at this level of incident energy has already Figure 14 shows the statistical result of the relationship
been shown in Fig. @)]. The results presented in these fig- between the interface width and the incident energy for five
ures indicate that the produced film morphology is greatlydifferent deviation angles of 5°, 10°, 15°, 20°, and 22.5°. The
improved by changing the deposition angle, especially thénterface width for vertical deposition is also plotted, and is
reduction in thickness of the bulgy part at the bottom of theindicated by the solid symbols located on the vertical axis. It
V groove. has been noted previously that in general, the film surface
Figure 13 shows the motion trace of three specific atom@roperty is improved by concentrating the deposition angle
at an incident energy of 10 eV, and with a deviation angle ofof the incident atoms around two inclined directions of
20°. Motion trace(l) indicates that the deposited atom has+45°. Figure 14 indicates the changes in surface property
been resputterédby the other incident atoms. Motion trace which occur for different deviation angles at three different
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30’ J' cident atoms with a variety of incident angles provide the
Vertical deposition ~ highest probability of momentum transfer occurring between
Mi ‘ ;Dz:\:v incident adatoms and film atoms in many directions. Thus,
Y * 5.00-0V the momentum of the incident atoms can diffuse uniformly
x to the surface atoms. This is beneficial in producing superior
< 4 film surface property. On the other hand, where the direction
T of the incident atoms is more specific, the momentum of the
=2 - incident atoms diffuses less uniformly to the surface atoms.
) This results in the worse film surface properties observed for
8 22 * the smaller deviation angles.
t
2 A IV. CONCLUSION
E Oblique deposition
20 — A—10.0ev This paper has presented the use of MD simulation in
J —O—0.25-eV investigating film growth on a GMR corrugated structure. It
—Fd—=-5.00-eV has been found that different growing characteristics exist for
18 different incident energies as well as for different deposition
et directions, namely, vertical and oblique depositions. These
0 ° 10 15 20 25 include the film growing in FM, VW, and Stranski-
Deviation Angle Krastanow(SK) modes for different incident energies. More-

] ] ] ) o over, it has been observed that the incident direction also has
FIG. 14. ?e'at,'f‘?“smp_Of_'“terface width to deviation angle at 5 significant influence on the film surface property, and that
steady state for different incident energies. this influence strongly depends upon the incident energy.

levels of incident energy. In the case of relatively low inci- Several 'mpo”?‘”t conclusions may be drawn from this study.
These conclusions are summarized as follows.

dent energy, i.e., 0.25 eV, the film surface property deterio-
rates as the deviation angle from the two inclined directions (1) Film growth tends to be in a three-dimensional cluster
of 45° increases. At an intermediate incident energy levelyode at a relatively low incident energy. The void track
of 5 eV, itis observed that there is an insignificant change iforming direction is almost equal to the surface normal to the
the film surface property as the incident angle is varied, angy inclined surfaces, and may be explained by the fact that
that in fact the film surface property may actually be worseyhe deposited Co atoms possess higher surface energy than
than that produced by vertical deposition. Analysis of theihe cu substrate atoms.
final morphology for an incident energy of 5 eV suggests that (2) There exists an optimal incident energy that produces
an increase of deviation angle is slightly beneficial in reducthe pest film surface property. In the case studies considered
ing the depth of the void track at the bottom of Me@roove.  ithin this current study, the optimal incident energy was
However, there is no improvement in the roughness of th@ound to be 3 eV, which is far larger than the activation
film surface property. Compared to the results observed fOénergy of the Co adatom on the fcc (@60), i.e. 0.49 eV.
relatively lower incident energy, it is found that the film sur-  (3) The film surface property is worse when the incident
face property is greatly improved as the deviation angleanergy is at a relatively high level. The uneven thickness
increases for the high incident energy of 10 eV. Fromgong theV shape mainly arises from the deposited atoms
the above, it is clear that the different influences of the dexccumulated at the bottom of thegroove. This accumula-
viation angle on the film surface property are strt_)ngly CONtion may be explained by the fact that the migration distance
nected to the incident energy, and should be discussed ig nigher for high energy incident atoms, and therefore atoms
more detail. o o _of this type tend to approach the bottom of ¥Megroove.

It has been_ obsgrved that the migration ability of the in- 4y The film surface property can be improved by chang-
cident atoms is limited when the incident atoms are deposing the incident direction to two inclined directions 6#5°.
ited at a relatively low incident energy. Thus, in this case thea smaller deviation angle away from these two directions
film surface property depends strongly on the incident direcy;g|qs the better film surface property for small incident en-

tion. A smaller deviation angle indicates that the depositiorprgy By contrast, small deviation angles result in worse film
direction is closer to vertical deposition relative to the in-gyrface property for larger incident energy.

clined substrate. On the other hand, as the atoms’ deposition

angle deviates from the two inclined directionso45°, the During investigation of the growing mechanism it
deposition tends to oblique deposition. These oblique depdias been found that reflection and resputter occurs at
sition atoms influence film growth and the film tends to growrelatively high incident energy. In addition, it has been
in a cluster mode. As a consequence, smaller deviationbserved that the incident path of atoms deposited at rela-
angles yield a better film surface property at relatively lowtively low incident energy becomes curved under the
incident energy. influence of the resultant force exerted by the gathering

For incident energy at a relatively high level, the migra- cluster.

tion ability of the deposited atoms becomes an important Several results obtained from the present simulation
factor in determining the produced film surface property. In-have been compared with those published previously,
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