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Molecular-dynamics studies of defect generation in epitaxial Mo/W superlattices
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An investigation of defect generation at the interface during growth of epitdk@®) oriented Mo/W
superlattices by ion-assisted deposition has been carried out using molecular-dynamics simulations. The influ-
ence of the impact parameter within the irreducible bcc unit[@8L] surface and the incident ion energy on
the energy accommodation, the dynamics of energy transfer, and energy dissipation are discussed. A detailed
model of the generation of point defects is presented and the influence of materials upon the type and the
number of defects as well as the energy accommodation of the superlattice is revealed. It is shown that the
behavior of the superlattice as a whole is largely dominated by the material in the surface mohSlad@8-
182996)03627-3

[. INTRODUCTION the authors was that the different mass ratios between the
incoming ion and the two metallic species will affect the way
The synthesis of metallic superlatticé8L) with desired in which energy is exchanged with the target surface.
mechanical, optical, and electrical properties depends ulti- In this paper we report a classical molecular-dynamics
mately upon the profound understanding of the fundamentdMD) study of interfacial defect generation in Mo/W super-
phenomena governing the growth of these structures. Intefattices. In conjunction with experimental observations, com-
face roughness, interdiffusion, the generation of point defectButer simulations generally, and MD especially, give the op-
and grain boundaries, stress levels, and relaxation are pr@ortunity to analyze the full dynamics of given phenomena
cesses that will greaﬂy affect the use of super|attices in apand thus assist in formulating new theoretical models. The
plications such as magneto-optical media, magnetic recordeason for choosing the Mo/W structure was that this is a

ing heads, wear protective coatings, and electroni@o0d model system, as is characterized by a much better
semiconductor devices. It is a well-known fact that today,lattice match between the two atomic species, while the two

due to technological requirements, most metallic superlathass ratios of interest, Ar/Mo and Mo/W, are almost equal.

tices are grown by dc magnetron Sputteﬂ—ﬁaa process that AlSO, in this structure, Mo is the |Ighter metal Constituent;
requires a sputtering gas, and as such, a process in which thg-, this system seemed well fit to probe the previously pro-
bombardment with energetic particles plays an essential role0sed model. For the same reasons, experimental'fvbrk
during the growth process. During the deposition procesd)as started on the same system, thus allowing for a direct
inevitably, gas atoms will be backscattered from the sputtercomparison between MD and experimental results. We in-
ing targets and will impinge on the growing surface, thusvestigated the influence of incident energy, material proper-
influencing various phenomena such as adatoms mobilityti€s, and impact parameters on the creation of residual point
local temperature, generation of interfacial point defects, andlefects. The motivation behind our work was the need for a
many others. detailed, at the atomic level, description of the mechanisms
The generation of interfacial point defects represents on&esponsible for these phenomena and their dependence on
of the critical phenomena occurring during the growth ofthe above-mentioned parameters.
metallic superlattices, as well as of ion-assisted thin films in
general. The type and/or c_oncentration of poir]t defects yviII Il. METHODOLOGY
affect the physical properties of thin films, while at the in-
terfaces in superlattices, the generation of point defects can The simulations of ion-induced effects during growth of
result in interfacial mixing of the two atomic species, a pro-metallic superlattices were carried out for two different con-
cess that ultimately leads to rough interfaces and/or irregufigurations at 1000 K. The first configuration consisted of a
larities in physical properti€s.l° These effects have been bulk portion of one metallic species with a single monolayer
studied extensively in Mo/V superlatticés*3grown by dual ~ of the alternate material placed on top. Typically, the first
magnetron sputtering, and the results show that the interfasonfiguration contained 3024 atoms placed in 21 layers of
cial defect generation processes are strongly connected to idr2xX 12 atoms each. In the second configuration the mono-
energy, dose and type, growth temperature, and materiddhyer was shaved off, leaving 2880 atoms of the bulk mate-
properties such as atomic mass, lattice, and/or elastic comial arranged in 20 layers. The materials in the structures will
stants. The material properties are shown to be especiallyenceforth be referred to &8Y whereX is the atomic spe-
important in the sense that if the growing monolayers arecies in the top layer an¥ is the bulk metal.
formed by the heavier metal, they will exhibit a lower sput- The free surfaces were simulated by holding the two bot-
tering yield, as compared with its reported bulk values¢tom layers fixed. The two layers directly above were used as
whereas the situation is reversed when the lighter meta heat bath in which the velocities of the atoms were scaled
forms the growing monolayer. The explanation proposed byo the desired temperature of 1000 K in each time step. The
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TABLE I. Experimental constants used in fitting of the analyti-
cal forms of the interaction potentials for the two met&s.is the
cohesive energya the lattice parametef) the atomic volumeB
the bulk modulusG the Voight average shear moduldsthe an-

isotropy ratio, ancE}Y, is the unrelaxed vacancy formation energy.
Mo w

E. (eV) (Ref. 3] 6.810 8.66

a (A) (Ref. 30 3.150 3.16475

OB (eV) (Ref. 32 25.68 30.65

QG (eV) (Ref. 32 12.28 15.84

A (Ref. 32 0.78 1.01

ELY (eV) (Refs. 33-35 3.1 3.95

whereE, is the cohesive energy arf), is the unrelaxed

FIG. 1. lllustration of the bce unit cell surface with the geo- Yac@NCy formation energy. Note that the pair potentifjs
metrically irreducible part marked by the dashed line. The six dif-2r€ the effective pair potentials since the slope of the embed-

ferent impact points are marked by their numb@s.surface atom; ding function is zeroF’(pe) =0, at the equilibrium electron
O, bulk atom. density,p.. The pair potential was taken as a cubic polyno-

mial with an interaction range extending over nearest and

atoms in the remaining layers were allowed to move freely€Xt-nearest neighbors. For distances less than the nearest-
according to the interaction potential. Initial oscillations N€ighbor equilibrium distance,,., the pair potential was

were damped out and the box size was adjusted so as to gafiened using®
a zero mean pressure. Periodic boundary conditions were . 2
employed in the two directions parallel to the surface layer. ba(1)=(r)+k[p(r)— ¢(f1e)]<——1) , 3)
The simulation of atom bombardment was rendered by le
introducing single Ar atoms into the simulation box above
the free surface, at a distance slightly larger than the cutoff k=4 5( 1+ ) @
distance of the gas-metal interaction potential used. The in- a— ™ A—0.1)"
coming atoms were normally incident on the six impact ) _ _ )
points chosen within the geometrically irreducible part of thewhereA is the anisotropy ratio. The parameters in the ana-
[100] surface unit cel(Fig. 1). Kinetic energies of 50, 100, lytical forms of the potentials are obtained by fitting the ex-
150, and 200 eV where chosen for the incident Ar atom. APerimental data given in Table'f. ' _ .
variable time step with the upper limit of 1 fs was used so The interaction between _dlfferent _metalll_c atomic species
that no atom in the simulation moved more than 0.01 A /stepWas modeled using the weighted arithmetic mean of single
in order to achieve relatively short simulation times without SP€CI€S potentiafs’
affecting the energy conservation.
The metal-metal interactions were modeled using the em- b :m Md’ (5)
bedded atom methd®(EAM), which is based on density- XY Yoy

(0 TR
functional theory. The total energy for the system is approxi-
mated by y gy 4 PP wherefy y(r) is the electronic density at a distancdrom

atom X and ¢x_x, ¢y_y are the pair potentials for two
atoms of typeX and typeY, respectively. For computing
i (13)). (1) efﬁciency t_he electronic density functidnand the effective

jZi pair potentials were tabulated in the code and actual values
computed as needed using cubic splines.

HereF(p;) is the embedding function angl; is the effective Interactions between the noble gas atoms and metallic at-

two-body interaction potential. The electron dengifys ap- oms were described using a Lennard-Jones—type potential.

proximated as a linear superposition of atomic electronid®arameters were obtained from data for the pure materials

densities, computed from Hartree-Fock expansion$ the  using the Lorentz-Berthelot rulés:

atomistic wave functions.

N| -

Emt=2i Fi(pi)+

s

In this work two bcc metals, Mo and W, were studied oxy=7 (oxt+ay), (69)
using the special form of the EAM as developed by Johnson
and Oh!® which has been shown to be equivalent to the Exy= V ExEy. (6b)
original form proposed by Daw and Bask&sThe form of , )
the embedding function is taken to be The computed values as such are listed in Table II.

To avoid a discontinuity at the cutoff of the interaction, a
18 18 cubic spline was used betweep=r,,+0.9(r3.— ) and
1—In(£) }(ﬁ) ’ 2) rs=roet0.5(r3.—r,e) for p and ¢, wherer,, andry, are

F(p)=—(E.~E%y 0-92(ge ™ 1d s
Pe the equilibrium distances to the second and third neighbors.

Pe
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TABLE I1l. Lennard-Jones interaction parameters computed

from the cohesive energ¥,. (Ref. 18, and the lattice parameter,

ay (Ref. 18, considering nearest and next nearest neighbors only.

a 0.02ps b 0.07 ps

ceoeed soe0e o0, ®eee
. S000000000 00000 000
Interaction o (A) € (eV) P g 090000009
Ar-Ar 3.37 0.019 000000000 000000000
Mo-Mo 2.49 1.11 100]
W-W 2.50 1.42
Ar-w 2.94 0.130
Ar-Mo 2.93 0.115 ¢ 0.19ps CE 11 d 0.44ps
® o0° [ X ) T ) L X Y
The simulation code was written in stand@ORTRAN-77 g g 8 8 g Og 8 8 © 88 8 8 g 8 8 8
. - ! ! S o
and the simulations were carried out on a CRAY Y/MP-EL. 06006048000 5600600000

One time step typically used 1-2 CPU seconds to complete.
Dynamics of the simulation were visualized using an inter-

. : FIG. 2. The dynamics of surface roughening due to impact at
:Sil%/grszgzraphlc tool package developed by one of thepoint No. 3 by a 200-eV Ar atom on a Mo/W structure. A thin slab

To study the effect of the simulation cell size, the numberhas been cut out of the three-dimensional simulation box and a time

. . sequence of snapshots is shown. Note that three of the surface at-
of atoms in each layer was mcree.lse(.j fro”_‘XﬂZ to oms from the top monolayer are sputtered. The arrows show the
?TGX 36 for a total of 27_21_6 atoms. This simulation was Car-girection some atoms move, but are not scaled to the veld@ity.
ried out for Mo/W and incident atom energy of 200 eV. We 15 atom:0, W atom: O, Ar atom.
found that, for the chosen configuration, qualitatively there
were no differences in the results as obtained for the corre-

sponding smaller system. As a further check of the quality mer:’ entf? tot o?cur 1S apptr%X|tr:1Natelyt0.4 pts. F|gfure 3tr|lllustrates
the simulation, the mean square displacements were mo jne efiect of an impact between two atoms from the mono-

tored for each material simulated. From these, bulk and su ayer but straight on one of the atoms in the first bulk layer

face Debye temperatures were calculated. The values ob-
tained are in good agreement with experimental datble

I a 0.02ps b 0.05ps ¢ 0.08 ps

' O

ll. RESULTS .OOQQOO °o° oo ooo o °

Typical defect generation events in the Mo/W structure oooogog oooégoo 050¢ 050
due to bombardment with 200-eV Ar atoms are shown in gogoooo gogooog gog gog
Figs. 2 and 3. Each sequence of snapshots depicts the atoms Ooooooo 0% OOOO OoooooO
participating in the process within a single layer cross section ooooooo ooooo 04 ooooo Oq
of the simulation cell. Figure 2 reproduces the effect of an :ooooooo ooooooo ooooooo
impact between two atoms of the monolayer and between gooooooO ooooooo ooooooo
two atoms of the first bulk layer, i.e., impact point No. 3. The 0°6%:%05 0256%5°%6 02595%4
initial impact[Fig. 2(a)] has the effect of pushing the two 0%6%6°0 0%°6°%0 0°5°5%0
atoms from the monolayer slightly downwards, towards the [011]

bulk layers, but mostly laterally, beneath their nearest neigh-

bors in the monolayelFig. 2(b)]. At this time, the forward d 0.12ps e 0.15ps f 0.41ps
(downward momentum of the initially affected monolayer

atoms is reversed, and this results in sputtering one of their

nearest neighbors in the monolayer. This is followed after oee oo e oo e ® 0o o
; ; ; o} e} 0 o} O o
~0.19 ps by the sputtering of the other nearest neighbor in oofozo o ofogo 050 ooo
the monolayer and one of the initially affected monolayer ogo ooo ogo 'o)e) ooo ooo
atoms|[Fig. 2(c)], resulting in a final structure with three 050¢ 050 ooo ogo 05040950
atoms missingFig. 2(d)]. The total time for this sequence of 0090~ 0 o’choro opgel feR(e)
O O @) o o) e}
OOOOOOO 0509050 OOO ooo
TABLE lll. Debye temperatures. OOOOOOO OOOOOOO O OO O OO
OOOQOOO OOOOOOO OOOO o0
Bulk Surface Experimental bulk value&) OOO oOOO OO 0 OOOO Ooo oogo
Material ~ (K)2 (K)P (Ref. 23 0o"0’0"0 0 000 0-0 070
Mo 400 332 380 FIG. 3. Generation of an intrinsic residual defdet Frenkel
W 330 270 310 pair during the simulation for impact point No. 6 on the Mo/W
structure and for the Ar atom having the kinetic energy of 200 eV.
&Computed in this work. The line drawn through some atoms marks the atoms involved in

®Computed in this work. Figure is an average over three top layershe process®, Mo atom;o, W atom;O, Ar atom.
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(direct hiY, i.e., impact point No. 6. In this case, the initial
impact[Fig. 3(a)] has the effect of pushing the atom from the
first bulk layer straight downwards, almost without affecting

‘—__

any of the atoms in the monolaygFig. 3b)]. The down- 2007
ward momentum transferred to the atom in the first bulk 3 150-
layer following the initial impact is transmitted in turn to 2 /\
atoms lying directly underneath in a billiard-ball-like se- © 4001 /‘
quence[Figs. 3c), 3(d), and 3e)]. The final result of the e — ‘////\'
impact is an interstitial, in the 14th bulk layer, i.e., ata dis- £ 50 /%%%%%}éf%é%
tance of about 20 A7 unit celly from the initial impact /%gggg%//’
point[Fig. 3(f)]. The total time elapsed during this sequence 0.0’
of events is roughly the same as for the impact at point No. %%f%f%;%;%:%%
3, i.e., approximately 0.4 ps. 0.1 %;%:%fg%

In order to analyze the contrasting behavior of the impact Time [ps] = 0
points, we have examined the dynamics of the kinetic energy 0.2 %%f@f%%”/ 5

)

transfer to the individual layers of the superlattice. Figures 4
and 5 present energy dissipation as a function of time and(a) 15
depth in the superlattice for impact points 3 and 6, respec-
tively. By examining Figs. @) and Fa) it can be seen that Moo
the superlattice absorbs the impact energy in the same time, 125 — — Bulklayer 1
approximately 0.20 ps. However, the mechanism of dissipa- « | k== Bulklayer 2
tion is totally different for the impact points. Following the
impact at point 3, the energy is diffused mainly within the
first four layers whereas for the other impact point a rapid
energy transfer from the monolayer to the deeper layers of
the superlattice is observed. This is due to the fact that at
impact point 3, most of the energy is transmitted via the
parallel componentl44 eV) and very little(44 eV) via the
normal component as shown in Figgb¥and 4c). The situ-
ation is exactly the opposite at impact poinftfgs. 5b) and
5(c)], 9 and 94 eV for the parallel and normal component, 0.00 0.05 0.10 0.15 0.20 0.25 0.30
respectively. The mechanism of energy dissipation described®) Time  [ps]
above confirms the importance that the impact parameter has
in the growth process. At impact point 3 the Ar atom strikes
between two nearest-neighbor surface atoms thereby pushing 125 4
them apart, giving the parallel energy transfer. On the con-
trary, at impact point 6, the Ar atom strikes between two next
nearest neighbors in the surface and directly on an atom in
the first bulk layer, which has the effect of mostly normal
energy transfer. Our results show that impact point 1 behaves
as point 6, while 2, 4, and 5 exhibit intermediate behavior
between the two extremes of impact points 3 and 6. Based on
the energy transfer mechanism observed in our simulations,
we conclude that, during growth, direct hits will most likely 0 badam - TezEenE T e =
produce deep lying residual defects while in-between hits , : , :
will most likely create residual defects in the growth surface. 0.00 0.0 0.10 0.15 0.20 0.25 0.30

A summary of the different types of defects obtained from (© Time  [ps]
our simulations, of Mo/W and W/Mo with Ar energies be-
tween 50 and 200 eV’_'”d,exed as intrinsic fand_eXtr'n$'C PoiNt k1. 4. (a) Time evolution and depth profile of the total kinetic
defects, is presented in Fig. 6. The classification of intrinsiGnergy transferred to the superlattice struck by 200-eV Ar atoms at

and/or extrinsic defects refers to defects involving atomsmpact point No. 3. Layer 0 is the monolayéb) Normal compo-
combined with interstitials and/or vacancies of the same manent of kinetic energy transferred to the superlattice due to impact

terial, while the latter involves atoms of two different atomic gt point No. 3.(c) Parallel component of kinetic energy transferred
species> Mo and W in this case. For the pure materials, theto the superlattice due to impact at point No. 3.

distinction between extrinsic and intrinsic defects is possible

in MD by labeling the atoms of the surface layer. Only de-combination of point defects. Thus, at lower incident ener-
fects residing in the surface monolayer and the two layergies (less than 150 ey only single point defects are gener-
immediately below the surface are considered, as this is gerated, namely, intrinsic-Schottky-likgFig. 6(a)], extrinsic
erally viewed as the interface region in a growing superlatsubstitutional[Fig. 6(b)], and intrinsic[sputtering from the
tice. The results point to the fact that both intrinsic and ex-monolayer, Fig. &)]. As the incident energy increases
trinsic residual defects are generated either as single or asadove 150 eV, combinations of point defects occur as shown
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FIG. 6. Different types of residual defects as obtained from our
simulations.(a) Intrinsic, Schottky-like.(b) Extrinsic, substitional.
(c) Intrinsic, sputtering(d) Extrinsic, substitutional, and Schottky-
like. (e) Extrinsic, 2 substitutional, and Schottky-likd) Extrinsic,
substitutional, and Schottky-like. For the pure materials, the distinc-
tion between extrinsic and intrinsic defects is possible in MD by
labeling the atoms in the surface monolayer.

examining extrinsic defects onlyFig. 8).

In order to explain the different trends exhibited by the
two structures, we have examined the transfer of energy from
the incoming atom to the superlattice. A useful quantity in
measuring the transfer of energy in gas-surface interactions

is y2t?e energy accommodation coefficigBAC) as defined
b

@ =t ol @)

Where?ot,f is the total energy for the atoms and/or mol-
ecules scattered from the surfakg,; is the total energy for
the incoming particles, whil& ¢ is the energy per atom of
the surface. In this work EAC was calculated for single in-
coming Ar atoms using only Ed7), andEy s was consid-
ered negligible as compared By, ; . This is consistent with

FIG. 5. (a) Time evolution and depth profile of the total kinetic
energy transfered to the superlattice struck by 200-eV Ar atoms at
impact point No. 6(b) Normal component of kinetic energy trans-
ferred to the superlattice due to impact at point No(d.Parallel
component of kinetic energy transferred to the superlattice due to
impact at point No. 6.

in Figs. 6d), 6(e), and &f). It should also be noted here that
several different types of residual defects can occur in the
same simulation, for example, the types shown in Fig¢s), 6
6(d), and &e). Analyzing the curves of the total number of
defects, Fig. 7, one can observe that for both Mo/W and
WI/Mo there is generally an increase in the number of defects
as the incident energy increases from 50 to 200 eV. How-

——Mo/W
—o—W/Mo
200 ——Mo
——W
150 | i
Q
3
s 100} E
a
50 | -
0 1 L 1
50 100 200
Energy (eV)

FIG. 7. Total number of intrinsic and extrinsic residual point

ever, this trend is more evident for the Mo/W structure asdefects, summed over the full bce unit cell surface for the different
compared to the opposite one, and even more apparent wheraterial combinations used in this study.
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——Mo/W ——P1
—o—W/Mo —e—P2
A 1 ——P3
70 —+—P4
60l - 0.9 ‘9‘_._52
[
§ 50 | ] 08} Ny
g 40} -
X 20f E 06} — m———
10 | E 05
0 L ) ! ’ > _ _
50 100 150 200 0.4 Lu T e
Energy (eV) "~ 50 100 150 200

Energy (eV)
FIG. 8. Total number of extrinsic residual point defects only,
Summed over the fu.” bc_c unit cell surface for the dlf_ferent mat_er_lal FIG. 10. EAC values for the different impact parameters and
combinations used in this study. For the pure materials, the distinc; :
. o S . N energies for the W/Mo structure.
tion between extrinsic and intrinsic defects is possible in MD by

labeling the atoms in the surface monolayer. The predicted values of the energy accommodation using Eq.

(8) are 0.73 for Ar/Mo and 0.51 for Ar/W, whereas our simu-
the simplified lattice modét for EAC in the limit of large  lations give 0.74 and 0.61. The higher value of EAC for Mo
kinetic energies of the incoming particles. as compared to W translates into more energy transferred to

The dependence of the EAC’s for the different materialthe lattice. This means that more defects are expected to be
combinations, as a function of incident energy and impactreated in Mo, which is indeed consistent with our results
point, can be seen in Figs. 9 and 10. From these figures it i&ee Figs. 7 and)8
evident that the transfer of energy is much more sensitive to |t is interesting to note that for both the Mo/W and W/Mo
the impact parameter in the case of the Mo/W structure, astructures, the values of the EAC are drastically changed by
compared with the W/Mo case. As there is basically no dif-the addition of the alternate material monolayer. This has the
ference between the atomic radii of Mo and W and theireffect that the value of the EAC for the respective structure
elastic properties exhibit relatively small differences, this ef-gets shifted towards the value of the same material as the
fect must be attributed to the different mass ratios of themonolayer when freely exposed to bombardment. In other
atomic species, namely, 0.42 for Ar/Mo as compared withyords, in terms of EAC, the elastic and mass properties of
0.22 for Ar/W. This effect is emphasized in Fig. 11, wherethe surface monolayer are largely determining the behavior
the EAC's, averaged over all impact points, are plotted an@f the whole structure.
compared with the EAC average values obtained for the However, in contrast to the single metal cases, the behav-
single metal cases. The results are consistent with predictionsr of the values of the EAC does not translate directly into
of the hard-spheres mod&h;?° which gives the EAC as a the number of defects generated for energies below 150 eV
function of only the mass ratip and the angle of incidence (Fig. 7). This effect is even more pronounced when examin-
0,: ing the extrinsic defects onlgFig. 8. The W/Mo structure
consistently exhibits more extrinsic defects, pointing to the
fact that the generation of this type of defect is not affected

- 2 . . . .
ae~3.5u €O /(1+p)”. (8 in the same manner by the atomic mass ratio. Another dif-
——P1
—e—P2 —{—Mo/W
—<—P3 1 —e—W/Mo
1 —P4 —<—Mo
—&=—P5 0.9 ——W
0.9} —+—P6 )
] A 0.8 1
08} + + |
—< —
o o7  07fo— . -
6 . o e -
s * 06| o A . °
06| o ] —
— - S 0.5 ]
05 1
04 1 1 ! !
0.4 L ' ' ' 50 100 150 200
50 100 150 200 Eneray (eV)
Energy (eV)

FIG. 9. EAC values for the different impact parameters and FIG. 11. EAC values for the different material combinations
averaged over the full bcc unit cell surface.

energies for the Mo/W structure.
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structures;(3) both intrinsic and extrinsic defect generation

a b are accompanied by Schottky-like and/or Frenkel-like pair
OOO;Y’).@OOXOOOO .o.x.o. formation; (4) there is no evidence in our simulations of
O 0O 0 © e 0 0 o 0io o interstitial extrinsic defect generation; i.e., no atom from the
Ogogogoi‘égogo Ogogogo monolayer ends up as an interstitial in the bulk of the super-
o600 0% o o 0% Ca lattice. \_Nh.ole sequences of events occur only for high
eJcie)e) enough incident energies(150 eV), when more defects are
OOOOOOO formed due to a single incoming atom. Figure(_a)ahows a
© 00O process for impact point 1 where the atom hit by the Ar is
¢ ° ° pushed down into bulk layer two. The bulk accommodates
0 o>=<o O this by moving the resulting interstitial along a close-packed
OOO?OOO A’ direction,.finally expe!ling an atom on the surfac_e. In Flg
OOOQOOO d ) 12(b), an impact at point 3 results in a deep-lying interstitial
0 G 0 T, in the same manner as shown in Fig. 3. The dynamics are the
= 00 o o 00 X X0 o g g- 3. y :
3 o Q@?O 00 o000 o same in Fig_. 1), but_ m_thls case t_he impact is at point 1
= 040,9,° ©5965°695°:9:° and results in an extrinsic substitutional defect as well. The

process shown in Fig. 1@) is typically occurring for impact
points 2, 3, 4, and 5 at energies of at least 100 eV. Generally

[110] only parts of the sequences shown in Fig. 12 will be ob-
served at lower energies, and a smaller number of defects
will be generated.

FIG. 12. Proposed models of residual point defect generation.
IV. CONCLUSIONS

ference is that the Mo/W structure exhi_bits_ an increasing e report an investigation of the mechanisms responsible
number of defects generated Wl'th increasing incident energyy, residual point defect generation in Mo/W superlattices
while for the W/Mo structure this increase is much weaker.; 4 the role played in these by the impact parameter, mate-
A probable explanation for these findings is the following 5| compinations, and incident energy. In a growing super-
one. In order to produce an exirinsic defect, for a given iNqagice  the situation where several monolayers of the same
cident energy, an atom from the surface monolayer has t,5eria| have been grown can be regarded as a single metal
break the bonds between several bulk atoms and the bondSqe For these cases, we find that the number of residual
with its surface neighbors, a process considerably more ex5,int defects created is well mapped by the values of the
pensive energetically compared with breaking the bonds bg=pc_ This means that the process of generating defects un-
tween the surface atoms and creation of an intrifsicface o these conditions is a mass-effect-dominated phenom-
in this casg defect. In the case when tHg; of the bulk  onqn |n contrast to this situation is the case when the growth
atoms is larger, as compared to that of the monolayer atomg¢ 1 L, of the alternate, has been completed. Even though
the extrinsic defect formation energy is greater as comparefhe yajue of the EAC of the whole structure is close to the
to the opposite case. Thus, in our case study, when theac pylk value of the monolayer, the same pattern is not
monolayer consists of W atoms, the energy required o gensyended into the number of defects. This is especially true
erate an extrinsic residual defect is considerably less thap, ihe extrinsic defects. which are the types of defects
that required to produce the same damage when the MONgsainiy accountable for the intermixing of the interface. We
layer consists of Mo atoms. However, as shown by th&inq that at low enough energies, below 150 eV, for the
anal_y5|_s of the EAC as a functlon_ of the atomic mass ratiop;ony and W/Mo systems, the whole structure is influenced
the incident energy plays its role in these processes, and $fre by the bulk properties of the metal beneath the surface
when the incident energy becomes sufficiently large, thengnolayer. By bulk properties we specifically refer to the
metal with a higher EAC value will be the more likely can- caracteristic defect formation energy of the metal, which is
didate of generating extrinsic defects, in our case Mo. OUtgated to the cohesive enerdfyAt higher energies the mass
results suggest that this occurs somewhere between 150 apgact will become predominant again and the whole struc-

200 eV for the Mo/W system. This is in agreement with y,re will have defect formation properties similar to the
experimental x-ray diffraction studies of the Mo/W systém monolayer.

showing that the W/Mo interface is broader by a factor of 2
thqn the Mo/W interface, for SL grown with Ar as the sput- ACKNOWLEDGMENTS
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