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Abstract— A simple model is presented to describe quantitative the isotropic and anisotropic atomic
transport in thermal spike induced ion mixing. The ratio of atomic transport depends on the
activation energies of constituents for the impurity diffusion. The mode! predicts fairly satisfactory
the trend of experimental observations for the bilayer systems which have near zero heats of
mixing and relatively high spike activation energies. The systems which have large difference
in activation energies of constituents for the impurity diffusion show the anisotropic atomic trans-
port, while the systems having similar activation energies for the impurity diffusion reveal the
isotropic atomic transport.
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1. Introduction

Recent rapid progress in using ion beam tech-
niques has been attracting a great attention in view
of surface and interface modification of materials.
This modification can be achieved by introducing
suitable impurities using ion beam mixing tech-
nique, which has advantages to produce some meta-
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stable compositions and structures not existing in
the equilibrium state. The atomic mixing due to
ion bombardment at low temperature was proposed
to arise mainly from collisional effect[1] and/or
thermal spike effect[2]. However the basic mech-
anisms of ion beam mixing is not fully under-
stood because of complicity of mixing phenomenon.
Especially, it is not well known about the atomic
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transport of consituents across the interface in bi-
layer or multilayer system.

Recently, Auner et al[3-5] have presented ex-
perimental results for the isotropic or anisotropic
atomic transport in ion beam mixing at low tem-
perature, and developed a qualitative model to un-
derstand the experimental observations, which is
related with the difference of the cohesive energy
of each side in a bilayer, and the fractal geometry
for the thermal spike formation; that is, a preferen-
tial atomic transport from the high cohesive energy
side to the low cohesive energy side is arisen due
to the thermal spike contribution to ion mixing, an
isotropic atomic transport in bilayers consisting of
similar and 16w cohesive energy is also due to the
thermal spike effect because of its high probability
of spike formation, and a preferential inward atomic
transport in bilayers consisting of elements of simi-
lar and high cohesive energy is result of the cas-
cade collisional contribution. However their model
can predict only qualitatively the isotropic or the
anisotropic atomic transport. It cannot determine
the absolute amount of atomic transport or the ratio
of atomic transport across the interface in ion beam
mixing at low temperature.

In this study, we present an experimental result
for the isotropic atomic transport in Pd/Co bilay-
er due to thermal spike induced ion mixing, and
develop a model to predict the absolute ratio of
atomic transport of constituents in bilayer systems,
which is based on the Vineyard’s thermal spike
model(6] and the impurity diffusion in solid by
a vacancy mechanism[7].

2. Experimental Procedures

The amounts of atomic transport flux were mea-
sured from the movement of a marker embedded
at the interface between the Pd/Co bilayer. A thin
layer of Au(10 A) was used as a marker for Pd/Co
bilayer study,because it has[8] zero heat of mixing
with Pd and a positive heat of mixing(+ 11 kJ/g.
at.) with Co. Pd/Co system was chosen due to their
larger mass difference, near zero heat of mixing[8]
(—2kJ/g: at.), and their similar and low cohesive
energies[9] (3.89eV for Pd and 4.39eV for Co).

This structure (Pd/Au/Co) is well suited for study-
ing the isotropic atomic transport in absence of
thermo-chemical driving force associated with the
heat of mixing.

Pd (300 A, top layer)/Au (10 A, marker)/Co (1000
&, bottom layer) samples were deposited on single
crystal Si substrates by sequential electron beam
evaporation, at a base pressure of less than 21077
Torr and a pressure of 8 X1077 Torr during depo-
sition. The depth of the marker was chosen to
match with the mean projected range of 80 keV
Ar* ions in the Pd layer. Ion beam mixing was
carried out with 80 keV Ar™ ions at 90 K in order
to avoid radiation enhanced diffusion; the critical
temperature[10] for radiation enhanced diffusion
in this system would be about 400 K. The ion dose
ranged between 1X10' and 2X10% Ar*/cm® at a
typical flux of 1.5 uA/cm® The amounts of inter-
mixing of Pd and Co atoms and the movement of
Au marker were evaluated with Rutherford back-
scattering spectroscopy(RBS). For RBS observation,
the target was tilted to an angle of 60° from the
incident 2.425 MeV He® beam, and the energy of
the backscattered He* was analyzed at a laboratory
scattering angle of 170° with a detector of 14 keV
nominal energy resolution.

The composition profiles of Pd and Co atoms and
the amount of atomic transport were determined
using the computer simulation for RBS spectra[11].
The atomic transport across the marker layer from
the top layer (Pd) to the bottom layer (Co), J4, and
vice versa, Jp, were evaluated using computer simu-
lation with considering the sputtering effects.

3. Results and Discussions

3.1. Experimental Results for Pd/Co Bilayer

Fig. 1 shows the RBS spectra of Pd and Au layer
for the as-deposited and 1.2X10% Ar*/cm? irradi-
ated samples. After ion bombardment at 90 K, the
portion of low energy edge of Pd signal shifts to
lower energy, and the shape of the marker signal
becomes broader. The broadening of the marker
signal and the shift of the low-energy edge of Pd
signal are enhanced progressively with inceasing
ion dose, which demonstrate the atomic transport
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Fig. 1. Rutherford backscattering spectra of the Pd
and Au layer for the as-deposited (—) and 1.2
X10" Ar*/cm? irradiated (---) Pd/Au/Co sys-
tem.

has occurred by ion bombardment. But the marker
position remains almost stationary. The shift of
marker position is opposite to the direction of the
atomic transport. Thus the stationary movement of
marker in Fig. 1 indicates that the atomic mixing
of Pd and that of Co across the marker layer is
nearly same amount, or the isotropic atomic trans-
port has occurred in Pd/Co system during ion mix-
ing at 90 K.

The atomic transport across the marker layer
were determined at various ion doses by fitting the
computer simulated curves to the experimentally
observed RBS specta. Fig. 2 shows the atomic
transport of Pd and Co at various ion doses. The
ratio of the atomic transport of Pd to that of Co,
J4/Js, is found to 0.86+ 0.08. Thus the Pd/Co system
shows nearly isotropic atomic transport by ion mix-
ing at low temperature.

3.2. Model for Atomic Transport in Ion Mixing
at Low Temperature

In order to interpret our experimental results
and develop a model to predict the value of Ja/J3,
we introduce the Vineyard's thermal spike model
[6] and normal impurity diffusion in solid[7]. Vi-
neyard’s model assumes that the atomic jumping
rate in the thermal spike region is given by
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Fig. 2. Movements of Pd and Co atoms across the Au
marker at various ion doses.

n=A exp(—Q/kT) o))

where A and Q are the temperature independent
preexponential factor and the activation energy for
the thermal spike, respectively, and T is the spike
temperature evolved in space and time according
to the laws of classical heat conduction. The total
number of atomic jumps in one spike per unit
length of spike can be obtained by integrating the
eq. (1) over space and time,

Fd n
=0 o] @
where C, is constant associated with the thermal
conductivity for lattice heat conduction and the
specific heat of the target, F, is the energy depos-
ited per unit ion path length at the interface, and
n is the power factor. The value of n is 2 for the
cylindrical thermal spike, and 5/3 for the spherical
thermal spike. The total number of jumps per target
atoms in the material after being irradiated with
ion dose ¢ is n¢/p, where p is the average atomic
density of target materials. The effective diffusion
coefficient can be expressed[12] as D=mo/pt) 2,
where t is the irradiation time and r, is the char-
acteristic atomic jumping distance. r. can be assu-
med to be related to p, r.=s p~ %, And the atomic
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transport (atoms/cm?®) across the interface is given
[13] by J=Dtp 0f(x)/dx, where f(x) is the stoichio-
metric fraction of atom at a depth of x. Thus the
atomic transport becomes
Fd )" ¢ 6
— | =5 o0 3)
Q

p2/3 a X

1=y

where C; is a constant.

In eq. (3), the atomic transport across the inter-
face is related to the thermal spike activation para-
meter[6] x=F,/Q. When the activation energies for
the thermal spike of constituents in bilayer are dif-
ferent, the degree of atomic transport should corre-
late with the difference in y of each side in the bi-
layer as like as the normal impurity diffusion in
solid. Moreover Kim ¢f al[14] observed a correla-
tion between ion mixing at low temperature and
the normal impurity diffusion. Thus the thermally
activated diffusional process in the thermal spike
region could be assumed to be related with the
normal impurity diffusion in solid.

For a given pair of impurity and matrix, the ac-
tivation energy for an impurity atom A to diffuse
into a matrix atom B, Qug* can be expressed as

[15]
Q*4p=Qs+AQ €Y

where Qp is the activation energy for the self diffu-
sion of the matrix element, and AQ is the differ-
ence between Qug* and Qp. The activation energy
for self diffusion is[15]

Qz=ES+ES, 5)

where EP and EB, are vacancy formation and va-
cancy migration energies of the matrix element, re-
spectively. The difference of the activation energy,
AQ, can be expressed as[7]

AQ=AE,+AE,—C ®)

where AE; and AE, are the difference of vacancy
migration and formation energies, and C is the cor-
relation correction term, which is usually small[15]
compared with the first two terms in eq. (6). Neu-
mann and Hirschwald[ 7] proposed a model for the
impurity diffusion, and derived a relation between
AE,, and melting points of impurity and matrix ele-

ments,

AE

:@’E_m.( T, 1) @

2 \ T2
where T2 and TZ are melting points of the impurity

and matrix elements, respectively. And also they
derived a relation between AE, and AE,,

AE=0.17 AE,, ®

Using the relation[15] between the E?, and Qs
(B8, =047 Qu), eq. (7), and (8), eq. (6) becomes,
neglecting the correlation correction term,
TA
AE=0275 Q; (——’"——1)

T8 )

The melting point of material has been derived[ 16]
to be scaled with its cohesive energy, T,=0.032
E.x/k. Thus eq. (9) becomes

AE=0275 Qs (E3° -1) ©
Eln

where E!, and E2, are the cohesive energies of

the impurity and the matrix element, respectively.

Furthermore, for self diffusion in metals, there is

an established correlation[17, 18] between EZ, Qa

and ES,, E5=055 Qz=029 EZ,, that is,

Q=053 E2, (11

Combining eq. (4), (10) and (11), the activation en-
ergy for the impurity diffusion becomes

Q*1»=038 E2,+0.15 E, 12)

In a bilayer system composed of A and B atoms,
the activation energy Qug* for A atoms to diffuse
into the matrix of B atoms should be different from
Qsw®, when the values of EY, and the E2, are dif-
ferent. Ma[12] has shown that there exists a scal-
ing relationship between the activation energy for
the thermal spike induced diffusion and that for
vacancy self diffusion, and recent molecular dyna-
mic computer simulation results[19] show that
melting have occurred in a thermal spike. There-
fore, it is reasonable to assume a scaling relation-
ship between the activation energy in a thermal
spike, Q, and that for the normal impurity diffusion
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in solid, Qug* The value of F; in eq. (1) varies
smoothly on each side of the interface when the
mean projected range of ion and its standard devia-
tion (R,+AR,) spread in a larger region around
the interface[20]. Thus we assume that the value
of F, is constant at the interface. When we assume
that the values of F; and p are constant, the ac-
tivation energy for the thermal spike scales with
the activation energy for the impurity diffusion, and
the concentration gradients of constituents in a bi-
layer, 0f(x)/0x, are approximately equal on each
side of the bilayer interface, the ratio of the atomic
transport of A and B atoms across the interface
in the thermal spike region can be expressed app-
roximately as, from eq. (3),

%&Z(%%ﬁy (13)

From eq. (13), one can easily recognize that the
ratio of atomic transport depends on the activation
energies for the impurity diffusion, and the system
having large difference between Qu@* and Qsw)*
shows an anisotropic atomic transport, while the
system which has similar Q* values of constituents
reveals an isotropic atomic transport.

3.3. Comparison between the Experimental and
Calculated Results

The above model is compared with experiment-
ally determined ratio of atomic transport in low
temperature ion mixed bilayer system. The thermal
spike shape can be identified[21] by the value of
y; that is, the cascade collisional mixing region has
a low value of x (<22 A1), the spherical thermal
spike region has a relatively high vlaue of y (22
10\’1$X<75 A1), and the cylindrical thermal spike
region has a extremely high value of y (275 10\’1).
When we define x~F,/Q* the value of x for the
Pd/Co system is found to be roughly 45 IQX", since
the valus of Qpaco™ Qcopay* and F, are 2.25 eV,
214 eV and ~100 eV/[gx, respectively, where the
value of F, at the interface of the Pd/Co system
was obtained using dynamic Monte-Carlo simula-
tion program[22] containing not only cascade colli-
sion but also sputtering effects. Therefore our ex-
perimental result for the Pd/Co system might be

ghax-garslx], A2 4135, 1993

FET - AHT AT T -

A - A - RS

arisen due to the spherical thermal spike induced
diffusion. Using the values of Qpyco*, Qcoray® Pra=
6.80X10% cm 3, pe,=8.97X102 ¢cm™? and n=5/3,
we found that the value of J4/Jp is 0.92 from eq.
(13). These value is in good agreement with the
experimental results of J4/Jz=0.86% 0.08. This iso-
tropic atomic transport in the Pd/Co system is an
expected result, since the constituents (Pd and Co)
of this system have similar activation energies for
the impurity diffusion.

In order to clarify the validity of the present
model, we compare the Auner et al’s experimental
results[3] with the predicted values from the pre-
sent model. Auner et al[3] introduced a dimension-
less atomic transport defined by J*=J/p?® (i=A
or B), then the ratio of dimensionless atomic trans-
port becomes from eq. (13) as,

Regmer o

In table 1, we tabulate the measured and calculated
values of J4*/Jg* for various systems, along with
some parameters required for eq. (14). Fig. 3 shows
the comparison between the measured and calcul-
ated values of J4*/Jz*. We use the value of n=2
for the systems in Ref. [3], because they have ex-
tremely high values of xy (>100 &-Y). The linear
line in Fig. 3 indicates calculated values using eq.
(14). It can be seen that the agreement between
the experimental results and the calculated ones
are fairly satisfactory except for the W/Pd case. We
suppose that the disagreement in W/Pd system
might be arisen due to its high chemical driving
force because of its relatively high negative value
of heat of mixing (—11kJ/g. at)[8] compared to
other systems in Fig. 3.

The present model can be used to calculate the
transport of marker element in the consitituents
of the bilayer. The shift of mean position of the
marker layer is related[23] with the heat of mix-
ing of the marker element in the constituents of
bilayer. When the heat of mixing of marker element
in the constituents is near zero as like as this study
or Auner[3] ef al’s study, the shift of mean position
of the marker layer can be described only by the
unbalanced transport of the constituents across the
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Table 1. System geometries, cohesive energies (E.»)', atomic densities (p)®), activation energies or impurity
diffusion (Qua™®)"’, the experimental and the calculated values of the ratio of dimensionless fluxes

a*/3Me™, Ua*/16")e)-

System configuration E4. EZ, Q™ Pa o 0o O/l
(A/B) (eV/atom)  (eV/atom) (eV/atom) (X10%/cm® (X10%/cm?) ~* 0/« A lEUe
W/Pd 8.90 3.89 2.81 6.30 6.80 118 2.09
Pd/W 3.89 8.90 397 6.80 6.30 0.73 0.48
Nb/Cu 757 349 2.46 5.56 8.45 2.78 2.53
Cu/Nb 3.49 757 341 845 5.56 048 0.39
V/Ag 5.31 2.95 1.92 7.22 5.85 154 143
Ag/V 2.95 531 2.46 5.85 7.22 050 0.70
Ni/Pd 4.30 3.89 2.12 5.14 6.80 118 1.33
Pd/Ni 3.89 430 222 6.80 5.14 0.96 0.88
Pd/Co 3.89 4.39 2.25 6.80 8.87 1.032 1.11%

tal from Ref. [9].

IW. K. Chu, J. W. Mayer and M. -A. Nicolet. Backscattering Spectrometry (Academic Press, New York, 1978) p. 344.

tl calculated using eq. (12).

) from Ref.[3]

ll calculated using eq. (14).

U this study.

¥ n=5/3 is used for the eq. (14).
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Fig. 3. Comparision between the measured and calcul-
ated ratio of atomic transport in bilayered sys-
tems. The line is the calculated values using
eq. (14) (n=2 for the systems from Ref. [13]
and n=5/3 for the Pd/Co system).

interface. However, even in this case, the mean
spread of Gaussian profile for the marker element

is related with the activation energy, Q, in eq. (1).
Ma[12] described the Gaussian spread (0?2 of
marker elements in noble metal matrices using
similar relation with eq. (12); that is, the ratio of
the spread of Au marker in Pd and Co can be desc-
ribed by eq. (13). The value of Q%upa/Qauco iS
found to be 1.16 using n=5/3, which mean that
the shape of Au marker distribution is a symmetric
Gaussian profile as shown in Fig. 1. We estimate
also the ratio of spread in Gaussian profile of Ta
marker layer for the Cu/Ta/Nb system in the Ref.
[3]. The value of Q%pcu/¥ram is found to be
2.59 using n=2 for the eq. (13). This means that
the shape of Ta marker distribution reveals an
asymmetric Gaussian profiles having a wider spread
in Cu side than in Nb side, which is in good agree-
ment with the experimental result(5]. Thus the
present model can be used phenomenologically to
determine the shape of Gaussian distribution of
marker layer in the thermal spike induced ion mix-

ing.
4. Conclusions

Thermal spike mechanism dominates at low
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temperature ion beam mixing in bilayer systems
which have near zero heats of mixing and relatively
high spike activation parameters. And the ratio of
atomic transport of constituents due to thermal
spike is related with the effective energies of cons-
tituents for the impurity diffusion. For instance, the
Pd/Co bilayer system shows an isotropic atomic
transport because of its relatively high spike activ-
ation parameter and similar activation energies of
its constituents for the impurity diffusion. A model
to describe the ratio of atomic transport in thermal
spike induced diffusion, which is based on the
Vineyard’s thermal spike model and the normal im-
purity diffusion, correctly predicts the trend in ex-
perimental observation and agree fairly well quanti-
tatively with the measured ratio of atomic transport
in bilayer systems which have nearly zero heat of
mixing and relatively high spike activation parame-
ter.
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