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(ABSTRACT)

Metallic bilayer samples of Mo(400 A)/Al(substrate) were characterized using
Rutherford Backscattering Spectroscopy after first being irradiated with Xe ion beam having
an energy of 1.8 MeV. The computer code RUMP was then used to simulate the RBS spectra.
The interdiffusion at the interface was considered in terms of thermal spike induced atomic
migration. It was found that the coupling of the chemical effect with spike is significant with
regard to mixing of the bilayer samples. Furthermore, in addition to the initial contamination
of carbon atoms on the surface and at the interface, more carbon atoms were found to be
picked up by the surface, this carbon was from the vacuum pumps and tended to migrate into
the surface once irradiation dose exceeded 11 x 10'S/cm?.

A semi-empirical model was developed for ion beam mixing taking into account
collisional mixing and thermal spike effects, as well as the thermal spike shape. The colli-
sional mixing part was accounted for by the Kinchin-Pease model, or, alternatively dynamic
Monte Carlo simulation. For the thermal spike, the ion beam mixing parameter Dt/® was de-
rived to be proportional to ( — Fp/AH,,,)***, where F, is the damage energy deposited per unit
path length, AH_,, is the cohesive energy of the target materials, and p is a constant depend-
ent on the spike shape and point defect density in the spike regions. The thermal spike in-
troduces a nonlinear effect in the mixing process, distinguishing itself from the linear effect
of ballistic mixing. The shape of the thermal spike that best fit the experimental results de-
pends on the magnitude of the cascade density. For relatively high density collisional cas-
cades, where thermal spikes start to be important, it was found that a spherical spike model

was more consistent with experimental measurements at low temperatures. However, for ex-



tremely high density collisional cascade regions, a cylindrical shaped spike gave better re-
sults.
The atomic migration energy in the spike regions is scaled by a factor of one out

of 8.6 of cohesive energy. The migration mechanism was recognized to be interstitial-

dominated one.
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1.0 INTRODUCTION

1.1 Applications of lon Beam Mixing Techniques

lon beam mixing is a unique method of modifying and fabricating advanced mate-
rials and devices, and in recent years has been used in an increasing number of applications.
This has stimulated the interest of many researchers and has caused an increase in the
number of studies in this area. Common area of application includes: (1) Microelectronics,
(2) Surface and vacuum technology, (3) Synthesis of artificial materials from the multilayer
targets, (4) Materials characterization by ion sputtering. An understanding of the mechanism
of ion beam mixing is necessary in order to optimize ion beam mixing methods in these areas
of application. In addition, the interesting phenomena which occur during the ion mixing
process offer new information concerning the interaction between charged particles and sol-
ids, as well as defect-induced effects in the cascade damage region etc. Knowledge of
Solid-State Physics and Materials Science is involved in explanations of the experimental

results.
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1.2 lon Mixing Aspects

Averback([1] outlined the different aspects of ion beam mixing at both low and high
temperatures. Computer modelling of ion beam mixing by the Monte Carlo method has been
carried out in dealing with the binary collisional mixing, and also molecular dynamics simu-
lation has been used in the many body interactions. It has been recognized that ballistic mix-
ing, thermal spike induce diffusion, chemically driven migration, and radiation-enhanced
diffusion, are distinct mechanisms which play significantly roles during ion beam mixing. Two
different stages have been recognized during ion beam mixing process, and has been termed
the prompt region and the delayed region by Johnson [2].

Another comprehensive investigation has been carried out by Pain and Averback
[3]. They surveyed the experimental work concerning ion mixing of marker layer systems and
bilayer systems carried out in the last few years. Ballistic mixing was recognized as having
a significant effect on ion beam mixing, but other mechanisms, e.g., thermal spike, also play
an important role under certain mixing conditions. In fact, consideration of ballistic mixing
alone is not enough to explain a lot of tabulated experimental resuits even if the displacement
energy E, in the ballistic mixing modelling is adjusted. The changing of E, can not alter the
result of mixing by a factor of 2. As an example of this kind of discrepancy, it was determined
that the average mixing efficiencies were greater than the collisional mixing theory by factors
of 13 and 110 for the marker layer mixing in matrices of Si and Ge respectively [3]. This result
can not be accounted for even by the most sophisticated collisional mixing model developed
by Sigmund [4]. Pain and Averback[3] also concluded that the advantage of the elimination
of a chemical effect in ion mixing of marker layer systems can fail to occur, at least for many
semiconductor systems. On the other hand, since no correlation exists between the mixing
efficiencies of different marker layers and their heat of mixing, Kim et al [5] concluded from
their experiments on metallic marker layer mixing by use of ion beam that there was no sign

of existence of a chemical effect.
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it should be emphasized that the importance of marker layer ion beam mixing rests
on the testing of the degree of ion mixing of bulk materials. Fenn-Tye and Marwick[6] con-
ducted ion beam mixing of metallic marker layer Pd(200 A)/Pt(5 A)/Pd systems using different
incident energetic ions at low temperatures. Their results showed that the mixing efficiency
was a step-like variation when the mixing efficiency was plotted against the energy deposited
per unit path length. This means that different mechanisms become dominant as F,. in-
creases. In fact as the author developed in the following parts, their results come from ther-
mal spike related nonlinear effects in the high cascade region. Similar experimental work of
marker layer mixing by ion beam was also carried out by Bottiger et al [7] with a marker layer
sample of Ni(400 A)/Au(10 A)/Ni. The nonlinear effect of the deposited energy per unit path
length on the mixing efficiency clearly exists, however, a quantitative description is difficult
to derive due to the large deviation in the experimental results.

As early as 1974, Andersen and Bay[8] found out from their sputtering experiments
involving use of a Au target, that the nonlinear effect caused by heavy-ion implantation is
accompanied with the mixing process. Unfortuhately. the collisional mixing model is not able
to account for their result. In other work carried out by Thompson and Walker [9], the defects
generated in a cascade volume was studied experimentally by subjecting Si and Ge targets
to heavy-ion bombardment respectively. A semi-empirical formula was developed for de-
scribing the density of defects created in the high cascade regions of the two targets respec-
tively. There are two components in the formula, one is the energy spike related defects in
the high cascade regions, the second is the defects created by the collisional process. The
result indicates that the existence of nonlinear effects originates from many-body interactions
of atoms in the liquid-like regions. This will be discussed more in Chapter 5.

In other work done by Kim et al [10], an investigation of the ion beam mixing of
metallic markers in matrices of Cu and beta-Zr was conducted. It was found that the impurity
mechanisms for atomic migration in the thermal spike regions could be important. In the Cu
matrices, the migration of marker species occurs as a result of a substitutional mechanism,

however, in beta-Zr matrices, it is either substitutional or interstitial.
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1.3 Other Relevant Work

Rapid migration of marker layer in certain elemental matrices have been found by
many research groups. The marker layers of Au and Pt in polycrystalline Al matrices were
subject to ion beam irradiations in work carried out by Barcz and Nicolet [11]. It was found
that the rapid migration of Au and Pt inside Al matrices is similar to grain boundary diffusion.
Similar results were also observed in the migration of Carbon through TiFe alloys [12] and this
was considered to be due to chemical effects in this systems. Computer modelling of these
experiments have been carried out successfully [13].

Tao et al. [20] conducted twin marker layer ion beam mixing experiments. From
this work relative shifting was found after RBS data of the as-deposited samples and irradiated
samples were analyzed. A comparison was then made between ion beam mixing and thermal
annealing. It was found that an inverse-Kirkindall effect occurred in the damage regions, and
that effect played an important role during mixing.

Rao and Houska et al [22,23] used an X-ray technique to characterize the defect
forms in irradiated samples. The samples they analyzed were Nb and Mo films which had
been subjected to N irradiation at two different temperatures. It was found that the implanted
N atoms were in the form of a single defect at low temperatures. This suggested that the ion
beam mixing for this specific case has nothing to do with the long range relaxation of point
defects since these point defects are immobile at low temperatures. In addition, it is not
feasible in this case to rule out atomic migration in the short-term range, the phenomenon
being induced by the spike in the damage regions. This is consistent with the assumption
made by Peak [28]. On the other hand, defect-cluster formation at relative high temperatures
demonstrates that the radiation-enhanced diffusion starts to play an important role in the
atomic migration process in the damage regions.

Summary:
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(1) Mixing mechanisms, excluding collisional mixing mechanism, are responsible
for the atomic transport processes which occur during ion beam mixing.

(2) The existence of nonlinear effect of damage deposited energy on the mixing
efficiency is beyond what the ballistic mixing model can predicted.

(3) The rapid migration of impurity atoms through some host media is similar to a
grain boundary mechanism. This may alternatively be accounted for by a chemical assisted
migration mechanism.

(4) The damaged volume may produce some new phenomena, which can be dif-
ferent from those suggested by traditional theory, e.g., the energy damage gradient can gen-
erate an inverse-Kirkindall effect.

(5) Defects were found to be of either single or cluster types and these vary under

different experimental conditions.
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2.0 REVIEW

2.1 lon Mixing Mechanisms

2.1.1 Ballistic Mixing

The atomic transport of recoiled atoms and the subsequent series of cascade col-
lisions constitute the ballistic mixing effect. Extensive theoretical studies have been done by
Winterbon [29], Sigmund [4], and Anderson [34]. Ballistic mixing was found to have a
diffusion-like process and this can be expressed in an analytical way. If the cascade mixing
process is considered to be near ideal random mixing, and the atomic diffusion is taken to
occur in an elemental cubic volume with isotropic randomness, then the effective diffusion

coefficient for ballistic mixing can be expressed as:

D, =%r§P @-1
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where
r. = the root-mean square jumping distance and related to the ballistic
mixing process; It is also defined r, as the root-mean square jumping dis-
tance relevant to thermal épike induced migration, different from r,

P = the number of displacements per target atom per unit time.

P can be expressed by

0.42 ® Fp
p=—2c2 D -
Pt Ey @-2)

where
¢® = the incident ion dosage
t = the irradiation time

p = the atomic density of the target (A-%)

Thus the mixing parameter obtained is

2

Dyt 042 rc
=E—=—"f— 2-3
L= 6p CE, @=3

The mixing parameter L, is independent of time and temperature in the ballistic
mixing process. Experimental work has been carried out involving the ion beam mixing effi-
ciency L, in different temperature ranges in the bilayer of Nb/Si and Cr/Si systems [37]. It
was found that the mixing efficiency is weakly dependent on the temperature below certain
critical temperature points. Therefore the ballistic mixing was suggested for some time to be
the dominating mechanism in the ion beam mixing process. However, the experimental re-

sults are always much greater than the ballistic mixing prediction even after using adjusted
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values of some parameters, such as E,; is about 30 eV, r_ is several lattice constants. Suffi-
cient experiments have carried out to suggest that thermal spike induced diffusion also plays
an important role during heavy bombardment of high energetic incident ions ( E> 100 KeV )
penetrating a heavy target ( Z>20 ). In fact thermal spike induced diffusion can also be

temperature-independent, and this will be discussed further in Chapter 5.

2.1.2 Thermal Spike

The high density collisional cascade generates a lot of displaced atoms in a very
localized volume. While these atoms cannot displace other atoms further, they can impart
some of their energy to neighboring atoms through a many-body interaction. Thus most of
their neighbor atoms are thermalized or energetically equalized in accordance to the
Boltzmann-Maxwell distribution, and this results in a liquid-like spike region in which the av-
erage characteristic energy of each atom is around 1 eV. This corresponds to a temperature
of the order of ten thousand K. The spike dimension is around 100 angstroms, i.e., ten lattice
constants [9]. So localized volume and so much difference in temperature with the bulk, the
spike will quench rapidly that the spike region becomes metastable or even amorphous state.
Normally the spike time last from 10~ s to 10-" s.

.Vineyard developed a phenomenological model which assumes that the spike
shape is cylinder-like. The initial condition of the spike is an energetic line described by the

damage energy density Fp,6%r), where

T(r,0_)=0 2-49

and
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T(r,0,) = %az(r) 2-5)

where
r is the radical distance from the initial energetic line.
c is the specific heat of the target material.

o%(r) is the two dimension delta-function.

The initial bulk target temperature is simply taken to be zero since at low temper-
atures radiation enhanced diffusion is suppressed, and the mixing efficiency is only weakly
dependent on temperature. Assuming that the heat conduction coefficient x and specific heat
capacity ¢ are temperatbre-independent constants, for isotropic and chemically homogeneous

media the heat conduction equation is given by

oT(r, t)

KAT(r, t) =c¢ = (2-6)
The infinite boundary condition is
T(r )l ,4e, =0 @-7)
The solution to the above equation is
T(r. t) = 4:’( n e—i_ft' (2-8)

Assume the number of thermally activated jumps per unit volume per unit time is

given by

Ae~AT

where

A is temperature-independent constant,
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Q is the defect thermal migration energy, and also is temperature-

independent

Then the total number of thermally induced jumps in one spike per unit length of

spike n., isgiven by

oo %) Q
Ne = J. 2rnrdr| Ae” T1(r, pdt 2-9
0 0
Using
2
=Cr_
X = axt

instead of the integral variable r, we can then solve the integral easily, namely

AF2
ne=—"7 (2 - 10)
8rxcQ
In the next chapter Vineyard’s idea will be followed, with the spike shape and

thermally activated defects covered in more details since some of the most recent exper-

iments make this improvement directly comparable with.

2.1.3 Thermochemical Effect

Johnson et al [2] studied the thermochemical influence on the ion beam mixing
process. They combined the Vineyard cylindrical spike model with consideration of
chemically biased random walking, and this modified model was expressed by multiplying the
effective jumps with the Darken term (1 —2AH,,/T), where AH,, is the heat of mixing of the

target materials. Thus, a phenomenological model of chemical effects coupied with the en-
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ergy spike was reached in a qualitative way. Therefore, the previous consideration in the
Vineyard model, the total number of jumps for one spike per unit length of the spike were

calculated after modifying the number of jumps per unit volume per unit time into the form of

-Q|T AH,
A -
e (1 -2
i.e.,
oo o0 _ AH
e = f 2nrdr| Ae~UT(1 — 2——T)gt @ —11)
0 o] T

the integral can be completed as in the previous case, see equation (2-9)

AF2 AH
Me=——"5(1-4—") (2-12)
8rkcQ
The total number of jumps in the spike region, after being irradiated up to the dose

®, can be expressed by n.®/p, where p is the atomic density of the target material (A-?).

The typical jumping distance ry can be related to p by

-1/3
r=ap""

The cohesive energy of the material is equal to the energy difference between free
atom and the atom in the crystal position. The cohesive energies of pure elements can be
found out from ref. [19]. The activation energy, Q, should be scaled by the cohesive energy,

i.e.,
Q= —q8Hcon

Here q4 and q, are positive constants. Eventually the chemically aided spike in-

duced mixing can be expressed as
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DSt K,F2 AH
(; =5 o ~(1 + Ky=™) (2-13)
4 (AHcoh)

where
K 4 can be considered approximately constant and is dependent on «, c,
and A;

K ; is a constant related to q,.

The experimental work [16] which was first published in 1984, demonstrates the
good consistency with later developed phenomenological model [14]. Equation (2-13) was

derived in Y. T. Cheng et al’s paper [14].

2.2 Numerical Methods in lon Mixing Modelling

Two ion beam mixing mechanisms have been described using analytical and nu-
merical techniques. The first is the collisional process of mixing: binary collision process in
ballistic simulation and molecular dynamics simulation in many-body invoived collisional
process. The second deals with the thermal spike induced diffusion mechanism in which a

partial relaxation of defects occurs in the high cascade volume.

2.2.1 Collisional Cascade Induced Atomic Transport

The damage energy deposited per unit path length, F,, is one of the most useful
parameters in the characterization of the ion beam mixing process. The Monte Carlo com-

puter simulation code TRIM reported in 1980 [24] is the commonly accepted program for an-
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alyzing recoil collisions and collisional cascade processes, and offers a way of calculating a
value for F,. Though the assumptions made in TRIM, such as, the amorphous target, the se-
lected value of sublimation energy and displacement energy, are not very suitable for specific
simulation cases, they do not influence the final obtained damage energy distribution since
these parameters do not play such a significant role in the high density cascade region. TRIM
gives the damage energy profile as one of the outputs.

The computer code TRALL[27] is modified from TRIM and is used for obtaining the
concentration prdﬁle induced by ballistic mixing. The accuracy of the program itself depends

on the number of particles simulated and the dose step of each run of the program.

2.2.2 Energy Spike Induced Atomic Migration

By considering the energy spike as a locally hot zone, Peak and Averback([28] at-
tempted to use a numerical technique to analyze the thermally activated atomic diffusion
process. In their modelling, a spherical hot zone is assumed, and its radius is obtained from
the mean straggling and transverse straggling parameters given by Winterbon[29]. Vacancies
created in the collisional process are distributed uniformly in the sphere spot, the number of
these point defects is calculated from the modified Kinchin-Pease formula [30]. The results
of this analyses suggest that the of thermal spike has a signiﬁcént effect in ion beam mixing.
Unfortunately this analyses are not suitable for characterizing the explicit formulation of the
mixing efficiency with certain descriptive parameters of the target materials, such as the co-
hesive energy, the heat of mixing, and the damage energy deposited in the cascade regions.

The Vineyard model[32] simplified the mathematical model by making some as-
sumptions ( see in the following sections ). Though some of the assumptions seems too
simple, such as the delta-function approximation for the initial condition of the heat conduct-

ing equation, this model serves as approach of keeping the general trends. It is a good
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semi-quantitative model on certain aspects. However, the point defect density, as an impor-
tant factor, is not considered in the model. This makes the Vineyard model inadequate to be

used for practical analyses.

2.3 Damage Regions in Collision Process

2.3.1 Damage Energy Distribution

The damage energy is characterized by the damage energy line density, i.e., the
energy deposited by elastic collisions per unit path length. Basically F, depends on four pa-
rameters determined by the target material, namely, atomic density, atomic number, atomic
mass, and displacement energy of the target material. The computer simulation code TRIM
[24] provides a method of obtaining the energy damage parameter, F,. For bilayer systems,
however, the damage energy distribution can have a sharp change at the interface in the case
of ideal bilayer samples, depending on the four parameters of the bilayer elements as men-
tioned above. The way it is used to obtain the damage energy line density at the interface is

as follows:

5
Fo=[- > FB)1" (2 - 14)
i==5

where the average is determined over eleven points in the vicinity of the interface of the
bilayer system, that is, in a range of 100 A to 200 A normal to the interface. The eleven points
Fo(x;) (i=-=5,—4, =3, ..., +5) are the deposited energy at each point of x; with depth interval (

X, — x,_,) from 10 A to 40 A. Equation (2-14) is a good approximation which can be used to
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calculate F, in most cases where the bilayer samples are subjected to the ion beam
irradiation. The energy damage gradient, however, can induce an extra effect as described
in the previous section. This makes the mixing analysis more complicated. Fortunately this
effect is not significant and can be neglected for most of the studies which have been carried

out to date.

2.3.2 Cascade Shapes and Sizes

When the energy spikes are considered to have a dominant effect on the ion beam
mixing process, the cascade shapes and sizes become a considerable influencing factor in the
mixing mechanism study since they are involved in setting up the boundary conditions and
initial conditions -of the spike temperature for the heat conduction equation. For example, in
the Vineyard spike model [32] or Peak and Averback [28] numerical calculation of spike in-
duced diffusion, the spike was assumed to be cylindrical and spherical respectively in the
models used. The main difference of this result rests on the fact that for different spike shape,
the mixing parameter will have different dependence on the damage energy deposited.

Heinisch [33] has studied the high energy collisional cascade by computer simu-
lation, and in his studies cascade shapes and sizes in Fcc metals were displayed for particles
with two different energies penetrating a metallic target. It was found that when the incident
energy of the particle is greater than a certain value, the overlapping of cascades along the
sub-tract of recoiled atoms will be so large that closely-spaced cascades chains are formed,
i.e., a cascade shape transition occurs from an isolated compact one to closely linked chains.
This is an interesting result when compared with the thermal spike analysis to be developed

later in the present work ( see Chapter 4 and Chapter 5 ).
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Figure 1. Simulation of vacancy distribution following recombination, the incident ener-
gies are 20 KeV and 200 keV. The length of this cascade is 278 lattice pa-

rameters ( 100 nm ) [33].
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Figure 2. Distribution of vag, jes and interstitial after subsequent recombination. The
tngidant energy is 200 KeV. The cube side is 125 lattice parameters ( 45 nm )
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2.3.3 Atomic Displacement Caused by Collision Cascade

After the collisional process ends, a very high density of point defects are created
in the cascade region. Since many interstitials lie within the recombination volumes of nearby
vacancies, (defect pairs separated distance normally is of several lattice parameters), these
Frenkel pairs then recombine with each other spontaneously, i.e., immediately after the
cascade collisions end. Finally the number of point defects is reduced to a number of dis-

placed atoms N, and this number can be predicted by Kinchin-Pease formula [30]

_ 0.42E,

N
Eq

(2 - 15)

where

E

the damage energy.
E, = the displacement energy of the target atom. This value is taken to be

13 eV to 30 eV in most of the published results involving ballistic mixing.

These defects play an important role during the spike induced diffusion process.
As a binary collisional approximation the Kinchin-Pease model is suitable for low and rela-
tively high density cascade regions. In the case of extremely high density cascade regions,
the spike region becomes liquid-like, and the binary-interaction model may no longer be valid.
Molecular dynamics, an analytical tool used to treat many-body interactions in the collisional
mixing process, holds the promise as a mean of describing the ion beam mixing in solids.

Displaced atoms in the cascade region was also studied experimentally and
semi-theoretically by Thompson and Walker{3]. A semi-empirical formulation was developed
for energy spike induced defects in the cascade regions of silicon and germanium, semicon-
ductor materials. They proposed that the defects generated by high-Z bombardment is

comprised of two components, namely, the defects created in the collisional cascade process,
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and the defects induced by the energy spike. The following semi-empirical formulation was

then obtained for the number of defects created in the cascade region:

Np=K(1—e ot 1N (2 — 16)

where
K is a constant, which corresponds to the saturation number of defects in-
duced by the energy spike.
v is an energy related constant.

A is the characteristic dimension of collisional cascade volume.

The term F,4 is the damage energy in a characteristic cascade volume. The two
constants in this model, namely, K and v, are variables related to materials with different
physical properties. This makes the semi-quantitative analysis of ion beam mixing process

complicated if the Thompson-Walker model is used.

2.3.4 Fractal-Geometry Approach

A number of problems have links with the idea of fractal geometry. As example,
this approach has been used in the studying of natural framework of the coastline geometry,
disorder materials, and galaxy formation. The idea might also be of interest in atomic colli-
sions in solids. The fractal-geometry approach in the studies of cascades and spikes was
recently employed by Y. T. Cheng [38]. Figure 4 shows the two-dimension fractal trees which
demonstrates the idealized collisional framework. The collisional cascade and the subse-
quent spike are characterized well in this way. The results obtained correlate to those worked
out with some other ways. Since this approach seems to be able to display a clear physical

picture of collisional cascade and its relationship with the subsequent spike, it appears that
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the method holds promise for providing an insight into the cascade phenomenon and spike
effects. However, the information obtained in this way is a result of statistical averages.
Consequently, it can only show the general trends, and as a result some other aspects re-

lated to the target-material properties are lost.

2.4 Experimental Work

2.4.1 Marker Layer Mixing Experiments

Marker layer samples are composed of a thin elemental layer (around 10 A or even
less) embedded in a matrix, which is otherwise a homogeneous, isotropic material. In the
case of a marker layer inserted into a metallic matrix, the marker layer region can be re-
garded as a dilute solid solution in which any chemical effects can be neglected in the ion
beam mixing process. The elimination of chemical effects is an advantage in the marker layer

system, since unlike the bilayer system, as mentioned in the previous section, the chemically

biased diffusion may dominate.

Rutherford Backscattering spectroscopy (RBS) is normally used to determine the
broadening of the marker layer profile. Since the RBS signals of the marker layer are
Gaussian-like before and after the irradiations, the broadening of the Gaussian-like damage
energy profile, due to ion beam mixing, is measured from the signals yielded by both

irradiated (QZ,) and unirradiated samples (Q2,,,), i.e.,

Q= Ql'2rr - Q5nirr (2=17)

REVIEW 20



Figure 3.
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Fractal tree for analyzing an idealized collisional cascade [38].
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where
Q,,, is the yields of RBS signals after being subjected to ion mixing,

Q... is the yields of RBS signals for as-deposited samples.

Then the standard deviation of the marker layer profile, ¢ , can be calculated from
o = Q[Nge (2-18)

where
No is the atomic number density of the target material (cm?),
¢ is the stopping cross-section factor which He ions are back scattered by

the marker layer atoms embedded in matrices.

Now that the parameter has been determined, the effective diffusion length Dt can

be easily obtained, i.e.,

Dt = ¢2/2

2.4.2 Bilayer Mixing

Bilayer samples are directly related to the materials surface modification prob-
lems. They are fabricated by depositing one layer onto a substrate followed by deposition of
the second layer. The top layer thickness is normally 200 A to 500 A, depending on what de-
gree of energetic damage is preferred. Since the interdiffusion of a bilayer is also governed
by chemical driving forces, the coupling of the chemical effect with thermal spikes may pro-
vide a way of investigating the chemical biased diffusion effect.

RBS is generally employed in the determination of the concentration profile. The

computer simulation code RUMP provides a powerful analytical way of determining the con-
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centration profile, and it is very sensitive to the energy spectrum when the bilayer elements
have high mass (Z> 20), and the difference in mass between the bilayer elements are large.
Finally the concentration profile can be analyzed using the Boltzmann-Matano method for the
interdiffusion case. Then the approximate effective diffusion parameter, Dt, can be obtained
from an error-function least square fitting. The small departures from the erfc-shape are a
result of either the chemically biased interdiffusion or the large energy damage gradient at the
interfaces [20]. This will be considered in the following section.

Recently, a series of ion beam mixing experiments using metallic bilayer samples
were carried out at Cal Tech [15,16,17]. Their experimental work showed that thermochemical
effects play an important role in bilayer mixing cases involving both heavy incident ions and
heavy metal matrix (Z>20) atoms, especially for systems with a large chemical characteristic
parameter AH,/AH.,, where AH.,, is the cohesive energy of the target materials, AH,, is the
heat of mixing. The latter was obtained in work by Miedema 18], and it can be approximated
for binary alloys of 1-1 composition at the interface of bilayer samples. The cohesive energy

of the binary alloys AgBs, is then calculated from
1 0 0
AH op = ?(AHA + AHg) + AH, 2-19

where
AH) is the cohesive energy corresponding to element A,

AHJ is the cohesive energy corresponding to element B [19].

2.4.3 The Effect of Energy Damage Gradient

Experimental evidence has revealed that the damage energy gradient at the inter-
faces of metal-semiconductor, metal-metal and semiconductor-semiconductor bilayer sys-

tems, is attributable to movement of certain species as a consequence of being subjected to
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high dose ion implantation [20]. In the experiments carried out by Tao et al [20], a twin marker
layer sample of Ge(1160A)/W(5A)/Mg(1770A)/W(5A)/Ge(substrate) was irradiated by 360 Kev
Ar+. The Rutherford backscattering spectra revealed that the relative shift between the twin
marker layers of W was caused by the damage energy gradient, since the damage energy in
the Mg layer region is greater than than that of Ge. The atomic transport from the low damage
region to the high damage region is analogous to the inverse Kirkendall effect observed in the
interdiffusion experiment of some of the metallic systems.

It should be emphasized here that the chemically biased diffusion at the interface
also plays an important role in the species W shifting of twin marker layer sample when being
subjected to the high dose ion implantation. If the ion implantation damage-controlled mi-
gration is in the same direction of the thermochemical induced interface shifting, the total
shifting of the marker layer will be increased, otherwise the total shift will be decreased.

It is pertainal to mention that the influence of the steady state defect profile might
be more important than the instantaneous damage profile calculated by the computer simu-
lation code TRIM. If the binding energy between metal atom and vacancy is small, then the
metal atom will be easier to move and this may result in position exchange with the semi-

conductor elements.

2.5 Temperature Influences on lon Mixing

lon beam mixing process is temperature-dependent. Two distinguished mixing
mechanisms exist at different temperature regions. At low temperatures, below a certain
value Tc, a numbver of recent experiments [36,37] have demonstrated that the mixing efficiency
has only a weak temperature-dependence. Figure 4 is the bilayer Cr(200 A)/Si(substrate) [37]
which was subjected to 45 KeV Cr ion irradiation, and the mixing result was plotted for the

mixing efficiency with temperature. Normally, the critical temperature T, is around the room
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temperature for metal-semiconductor systems, and may be as low as the liquid nitrogen
temperature for metallic systems.

At high temperatures (above the critical point) the radiation enhanced diffusion
dominates and increases rapidly with the temperature. Here the research focuses on ion
beam mixing study at low temperatures in which the radiation enhanced diffusion is sup-

pressed.
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Figure 4. The ion beam mixing efficiency of Cr/Si bilayer samples under different tem-
peratures {37].
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3.0 lon Beam Mixing of Mo-Al Bilayer Systems

3.1 Introduction

Rutherford backscéttering spectroscopy ( RBS ) is a frequently used technique in
ion beam mixing analyses. As an analytical method, the RBS technique involves light-
bombardment ( usually H*, He +, or He** ) but at very high energy ( 0.5 MeV to 3.0 MeV
). The energy spectrum in RBS is the energy diﬁtribution of the backscattered projectile ions.
The attainable composition profile can be up to 1um, depending on the energy of the incident
ion beam.

As the incident ion passes through tvhe target material it loses energy to the
outer-shell electrons of the target atoms. The sensitivity of the RBS technique depends on the
atomic mass of impurity elements and the atomic mass of the matrix elements in which the
impurity element is embedded. High mass impurity element in a low mass matrix would ex-
hibit higher sensitivity. However, the sensitivity is poor to resolve light mass elements with
atomic weigh close to or less than 10 a.m.u. Furthermore, the RBS technique is suitable for
metallic bilayer systems in which two metallic elements are well separated in atomic mass.

The Mo/Al bilayer system is ideal in this respect of considerations.
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3.2 The Computer Code RUMP

The computer code RUMP is a software package obtained from Cornell University.
It was developed by Larry Doolittle and Mike Thompson [40,41]. The program RUMP was used
to analyze the RBS data presented in this thesis.

RUMP basically provides a means of simulating the RBS spectra in an iterative
way. The composition profile can be obtained automatically when the compositions of each
layer are set up, and the spectrum relevant to this profile is then compared with an exper-
imental spectra. These steps are followed continuously until a desired fitting matches up al-
most completely with the experimental spectra. RUMP can generate spectra for both H and
He atom beams or their respective ion beams, and claims to be able to produce recoil spectra
as well. It includes its own tables containing isotopic abundances, masses, and elemental
density. The package also allows for Bohr straggling, pulse pileup, nonuniform thick layers,
and interdiffusion of bilayers. Spectral files on the VAX are read into RUMP where a header
is attached to them. The header contains the experimental parameters to be used for data
acquisition. Default values are assigned by RUMP, but they can easily be changed by the
user. As an example, the scattering factor has a default value which is set up by RUMP, but
it is readily altered in the SIM mode. RUMP can also provide considerable interactive ma-
nipulation and interpretation of RBS spectra. For example, elemental edge positions are
easily identified by using the cursor.

Two papers were reported [40,41] on the different fundamental aspects which are
the basis of RUMP. The outline described in these publications makes us aware of what we

are operating while doing the simulation routine.
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3.3 Description of Experimental Work

The metallic bilayer samples Mo/Al were fabricated at Naval Research Laboratory
( NRL ). These samples were Al disks on top of which Mo films having a thickness of about
400 A were deposited. They were then intermittently subjected to Xe ion beam irradiation
having an energy of 1.8 MeV. The irradiation dose ranged from 1 x 10%/cm? to
4.02 x 10'%/cm?. RBS analyses were done with 1.8 MeV He*, without breaking vacuum. The
runs were performed over two days. Energy calibration standards were run on both days.
The parameter CONVERS used for ADC calibration were 3.879 and 10.551. The sample tilt
angle THETA was 37 ( sometimes -22.5 ). The beam to detector angle PHI was 45. The de-
tector solid angle Omega was 1.33. The detailed description for each of the specific analyzed
spectrum is attached to each of the figures of the following pages. The obtained composition
profiles are shown on the next pages of each of the figures.

In order to correct the nominal charge values to account for analyzer dead time,
the CORRECT factor in RUMP was used instead of correcting the nominal charge values di-
rectly. The reason for doing this lies in the fact that the charge acquisition in this case seemed

to be out of way.

3.4 Analyses

All of the RBS data recommended for analyses have been characterized by using
RUMP. The data are classified in three groups. Group no. one includes the as-deposited
samples for the calibration of RBS analyses. Group no. two are the samples subjected to

relative low doses ( 1 x 10'/cm? to 17 x 10'/cm? ) of Xe ion irradiations. Group no. three in-

lon Beam Mixing of Mo-Al Bilayer Systems 29



cludes the samples subjected to high dose ( 30.2 x 10'S/cm? to 40.2 x 10'%/cm? ) irradiations.
The following lists the files that each of the classified Groups include.

Group no. 1 files: run104 and run133 ( Al disk ), run105 and run130 ( Mo standard
film ), run103 ( as-deposited Mo/Al sample ).

Group no. 2 files: run107 and run108 ( irradiated with dose of 1 x 10"%/cm? ),
run110 ( irradiated with dose of 3 x 10'%/cm?), run113 ( irradiated with dose of 7 x 10'S/cm? ),
run118 ( irradiated with dose of 11 x 10'S/cm?), run120 ( irradiated with dose of 17 x 10'®/cm?
).

Group no. 3 files: run127 ( irradiated with dose of 30.2 x 10'/cm? ), run129 (
irradiated with dose of 40.2 x 10'%/cm? ).

In Group no. one, the Al disk ( run104 and run133 ) which was used as the
substrate for the bilayer Mo/Al samples, was found to contain a high concentration of oxygen
within the top layer of 100 A. This is due to the formation of Al,O, once the pure Al disk is
exposed to the air. In contrast, the Mo films had a tendency to pick up carbon atoms within
the top layer of 100 A. However, the migrating ability of carbon atoms within the Mo film is
higher than that of oxygen into the Al disk. While the Al,O, layer on the top of the Al disk acts
as a strong diffusion barrier and prevents the diffusion of oxygen atoms, the Mo-C layer on the
top of Mo film does not provide such an effective barrier and carbon atoms can still diffuse into
the material.

Figure 8 shows the as-deposited sample. In order to fit the Al-edge part, carbon
atoms must be taken into account at the interface of Mo/Al bilayer samples. The reason for
this is due to the fact that carbon atoms are easily picked up on the top of Al disk once the first
few layers of Mo atoms are deposited layer by layer onto the Al disk in the vacuum. Inside
the Mo film, well away from the surface and interface, no carbon was detected. This tendency
for carbon pick-up at the Mo/Al interface and on the Mo film surface is often found when me-
tallic films are fabricated by deposition in vacuum. Since RBS is not sensitive to light-mass

atoms, such as carbon, so the carbon atom profiles in the analyses presented in this thesis
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are not very accurate. Nevertheless, the RBS characterization of the carbon profiles does il-
lustrate general trends and are therefore of considerable use.

For the samples irradiated with relatively low doses ( 1x10%cm? to
17 x 10%/cm? ), the interfaces of Mo/Al were increasingly mixed with increasing the doses.
As the dose reached a value of ~11 x 10'/cm? , the carbon atoms absorbed on the surface
of the Mo film tended to migrate inwards. This was indicated by the appearance of the inward
region of the spectra corresponding to the Mo edge. In the dose range of 11 x 10'S/cm? to
17 x 10'%/cm? , the concentration of carbon atoms on the surface increased with the irradiation
dose.

As the irradiation dose is increased even more ( 30.2 x 10'8/cm? to 40.2 x 10"%/cm?
), the fitting became more complicated since more and more Xe atoms remain inside the
samples. In other word, the neglecting of the presence of Xe atoms is no longer valid,
however, but the general trends can still give the right information. As shown in the table 9
and table 10, the amount of carbon atoms which migrated inside increased with the increase

of doses. Some of Al atoms already reached the surface.
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Figure 5. Al disk ( used as the substrate for the metallic bilayer Mo/Al).
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Table 1. Al disk ( used as the substrate for the metallic bilayer system of Mo/Al).

#  Thickness Sublayers Composition ..

1 50.00 A auto Al 0.400 0 0.600
2 50.00 A auto Al 0.630 0 0.350
3 50.00 A auto Al 0.820 0 0.180
4 50.00 A auto Al 0.960 0 0.040
5 50.00 A auto Al 0.980 C 0.020
6 4000.00 A auto Al 1.000
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Figure 6. Mo film as-deposited.
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Table 2. Mo film as-deposited.

#  Thickness Sublayers Composition
1 50.00 A auto Mo 0.460
2 50.00 A auto M 0.600
3 50.00 A auto Mo 0.730
4 50.00 A auto Mo 0.820
5 50.00 A auto Mo 0.880
6 80.00 A auto Mo 0.920
7 80.00 A auto Mo 0.950
8 200.00 A auto Mo 0.980
9 4000.00 A auto Mo 1.000
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Figure 7. The metallic bilayer system Mo/Al as deposited.
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Table 3. The metallic bilayer system Mo/Al as deposited.

#  Thickness Sublayers Composition ..
1 50.00 A auto Mo 0.900 C
2 50.00 A auto Mo 0.950 C
3 200.00 A auto Mo 1.000
4 50.00 A auto Mo 0.940 Al
5 50.00 A auto Mo 0.700 C
6 50.00 A auto Mo 0.180 o
7 50.00 A auto Mo 0.120 C
8 50.00 A auto Mo 0.070 C
9 100.00 A auto Mo 0.040 C
10 100.00 A auto Mo 0.020 Al
11 100.00 A auto Mo 0.015 Al
12 400.00 A auto Mo 0.010 Al
13 800.00 A auto Mo 0.007 Al
Al 1.000

14 6000.00 A auto

ion Beam Mixing of Mo-Al Bilayer Systems

oo
g8 28

BEELY
EEERE

o5}
wn

coooo00000

.

O O O WO
S8



Energy (MeV)
0.6 0.8 1.0 1.2 1.4

1.6

0 I T I T

W +
8 (@} Q
L T I

Normalized Yield

—
o
I

| 1 |
150 200 250 300 350
Channel

Current File: [RANGASW.SHENG]RUN107.RBS;1
Identifier: Mo/Al irradiated with dose lel5
Date: September 18, 1987

1.800 MevV 40.00 uCoulombs

Channel Energy Constants: 3.8790 10.5510
Correction Factor: 0.7300

Angles (Theta, Phi, Omega): 37.0000 45.0000
Livetime text:

Channel number of first data point: 0.0
Number of data points: 513

Detector FWHM: 20.0 kev Beam: He+
RMS Beam current: 25.0 nA Geometry: IBM

Figure 8. Mo/Al sample irradiated with dose of 1x10'® /cm?
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Table 4. Mo/Al sample irradiated with dose of 1x10'* /cm?

#  Thickness Sublayers Composition ..
1 50.00 A auto Mo 0.800 C

2 50.00 A auto Mo 0.900 o

3 50.00 A auto Mo 0.960 C

4 160.00 A auto Mo 1.000

5 50.00 A auto Mo 0.920 Al
6 50.00 A auto Mo 0.700 C

7 50.00 A auto M 0.350 C

8 50.00 A auto Mo 0.150 C

9 100.00 A auto Mo 0.070 C

10 100.00 A auto Mo 0.035 c

11 200.00 A auto Mo 0.020 C

12 300.00 A auto Mo 0.015 Al
13 830.00 A auto Mo 0.010 Al
14 3000.00 A auto Al 1.000
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Figure 9. Mo/Al sample irradiated with dose of 3x10'® /cm?
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Table 5. Mo/Al sample irradiated with dose of 3x10'® /cm?

Thickness Sublayers Composition

coao’

i#
1 50.00 A auto Mo 0.800
2 50.00 A auto Mo 0.900
3 50.00 A auto Mo 0.960
4 160.00 A auto Mo 1.000
5 50.00 A auto Mo 0.920
6 50.00 A auto Mo 0.820
7 50.00 A auto Mo 0.480
8 50.00 A auto M 0.250
9 100.00 A auto Mo 0.100
10 100.00 A auto Mo 0.0%0
11 100.00 A auto Mo 0.032
12 100.00 A auto Mo 0.025
13 100.00 A auto Mo 0.017
14 100.00 A auto Mo 0.016
15 300.00 A auto Mo 0.014
16 630.00 A auto Mo 0.013
17 3000.00 A auto Al 1.000
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Figure 10. Mo/Al sample irradiated with dose of 7x10'S /cm?
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Table 6. Mo/Al sample irradiated with dose of 7x10'S /cm?

i Thickness
1 50.00 A
2 50.00 A
3 50.00 A
4 110.00 A
5 50.00 A
6 50.00 A
7 50.00 A
8 50.00 A
9 50.00 A
10 100.00 A
11 100.00 A
12 100.00 A
13 100.00 A
14 100.00 A
15 100.00 A
16 300.00 A
17 630.00 A
18  3000.00 A
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Channel Energy Constants: 3.8790 10.5510
Correction Factor: 2.8600
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Livetime text:
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Number of data points: 513
Detector FWHM: 20.0 keV Beam: He+

RMS Beam current: 15.0 nA Geometry: IBM

Figure 11. Mo/Al sample irradiated with dose of 7x10'® /cm?
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Table 7. Mo/Al sample irradiated with dose of 7x10'® /cm?

#  Thickness Sublayers Camposition

1 50.00 A auto Mo 0.800 c 0.300

2 50.00 A auto M 0.900 c 0.230

3 50.00 A auto Mo 0.960 Cc 0.050

4 60.00 A auto Mo 1.000

5 70.00 A auto Mo 0.950 Al 0.050

6 50.00 A auto Mo 0.910 c 0.160 Al 0.09
7 50.00 A auto Mo 0.700 c 0.200 Al 0.300
8 50.00 A auto Mo 0.480 c 0.200 Al 0.650
9 50.00 A auto Mo 0.250 c 0.280 Al 0.850
10 100.00 A auto Mo 0.115 c 0.230 Al 0.885
11 100.00 A auto Mo 0.050 c 0.180 Al 0.950
12 100.00 A auto Mo 0.027 c 0.100 Al 0.973
13 120.00 A auto Mo 0.022 Al 0.978

14 100.00 A auto Mo 0.018 Al 0.982

15 100.00 A auto Mo 0.014 Al 0.986

16 300.00 A auto Mo 0.012 Al 0.988
17 630.00 A auto Mo 0.010 Al 0.99%

18  3000.00 A auto Al 1.000
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Figure 12. Mo/Al sample irradiated with dose of 17%10'® /cm?
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Table 8. Mo/Al sample irradiated with dose of 17x10'$ /cm?

#  Thickness
1 50.00 A
2 50.00 A
3 50.00 A
4 50.00 A
5 50.00 A
6 50.00 A
7 50.00 A
8 50.00 A
9 50.00 A
10 50.00 A
11 50.00 A
12 100.00 A
13 100.00 A
14 100.00 A
15 100.00 A
16 100.00 A
17 100.00 A
18 300.00 A
19 630.00 A
20 3000.00 A
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Figure 13. Mo/Al sample irradiated with dose of 30.2x10'® /cm?
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Mo/Al sample irradiated with dose of 30.2x10'* /cm?
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Figure 14. Mo/Al sample irradiated with dose of 40.2x10'® /cm?
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Table 10. Mo/Al sample irradiated with dose of 40.2x10'® /cm?
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4.0 Thermal Spike Induced Mixing and Related

Nonlinear Effects

4.1 Introduction

Thermal spike, energy spike, or the high density cascade region are terms which
usually mean the same thing, although they are used to describe and interpret various mixing
mechanisms and physical models. Here it will be referred to as “spike ”. As early as 1956
Seitz and Koehler [31] suggested that the local "hot spot” concept existed in a lattice, which
is in fact similar to the cascade picture. Recently after an extensive study of ballistic mixing,
researchers realized that it is the spike that plays the dominating role in most o_f the heavy
bombardment mixing cases. In these cases, the ballistic mixing always underestimates the
ion beam mixing results, even with the more sophisticated ballistic mixing theories [4]. Good
quantitative or semi-quantitative analysis of spike induced atomic transport has been behind
the experimental work. The Cal Tech group, Cheng et al [16], recognized that the
thermochemical effect was significant in metallic bilayer samples which had been subjected

to heavy bombardment. From similar research work [15,17], it was found that Darken’s
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chemically driven diffusion analysis was still suitable for thermally activated atomic transport
in the spike region. However, their adopted Vineyard’s spike model is very rough and a more
detailed analysis is necessary.

The ion beam induced atomic transport is composed of three different mech-
anisms, namely:

(i) ballistic mixing: in the first stage of ion beam bombardment, atoms in regular posi-
tions are displaced from their original position via recoil collisions and cascade collisions;

(ii) Thermal spike induced short-range diffusion: immediately after the ballistic mixing
there is a partial annealing phase located in the spike region which lasts up to 10-'°s. During
this phase the contribution by the short-ranged radiation-induced diffusion is significant;

(iii) Radiation enhanced diffusion: after the thermal spike process ends the assembly
of agitated atoms is still in a non-equilibrium state. Consequently, the point defects will move
towards sinks where they annihilate their anti-particles. This process continues until an
equilibrium state is achieved.

In order to gain a better physical understanding of spike and spike related phe-
nomena, many attempts have been made to characterize spike-induced atomic transport. The
ideas which will be developed in the following are:

(i) the improved formulation of Vineyard cylindrical spike model,

(ii) the suggested spherical spike,

(iii) spike shapes with different extents of collisional cascade as compared with the ex-
perimental data,

(iv) point defect creation in the spike region,

(v) thermochemically activated diffusion in the spike region, and

(vi) point defect partial annealing in the spike volume during the spike periods.

Thermal Spike Induced Mixing and Related Nonlinear Effects 55



4.2 The Modified Vineyard’s Cylindrical Model

Thermal spike is normally described as a limited volume with the majority of atoms
temporarily in motion as a result of collisional cascades, i.e., thermal spikes only occur in a
limited region in which high density cascades or overlapping of subcascades exist. It has
been estimated that the characteristic kinetic energy in the spike region is of the order of a
few electronvolts per particle [38], and its equivalent temperature is of several thousands
Kelvins. As a phenomenological analyses of the thermal spike diffusion effect, a suggested
model is based on the Vineyard’s spike idea [32]. In addition, the point defect partial
annealing is considered to occur in the thermal spike region. Here some of results introduced
in section 2.5, chapter 2 will be used directly in order to save space.

The number of point defects created by collisional displacement is an important
factor. This quantity can be estimated using the Kinchin-Pease formula [30], equation (2-15).

The short-term partial annealing will cause annihilation of some of the migrating
point defects. Let 7, , 7, denote the vacancy and interstitial point defects lifetimes respectively
in the irradiated materials. Here the lifetime of the point defect refers to the time period which
begins as the thermal spike begins and ends once the point defects have either annihilate
with their anti-particle or to be trapped by their sinks (e.g., grain boundary, dislocation et al).
7, , 7, depend on both the density of sinks and the density of anti-particles around them. We
assume the latter plays an important role, especially for the high density cascade cases. As
a rough estimate, 7, or r, may be taken to be about 10-"' s or 10-'? s [26]. Then the number

of jumps per unit volume per unit time can be expressed by

-t 0.42Fp Q

A _t 0.42F, Q
vAt—F e Ty tae T(A+
d

- 4—1
E, e Tt ( )

F=aye

where

a, is vacancy-jumping frequency per unit cross section in the spike region.
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a; is interstitial-jumping frequency per unit cross section in the spike re-
gion.

A, is the number of vacancies per unit path length in the cascade area
which initially existed in the as-deposited material,

A, is the number of interstitials per unit path length in the cascade area
which initially existed inside the as-deposited material,

Q, and Q; are migration energies for the vacancies and interstitials re-
spectively. This quantities can be scaled by the cohesive energy of the

materials as assumed by Johnson et al [2].

it is convenient to consider the cases when there is only one dominating mech-

anism, either a vacancy mechanism or an interstitial mechanism. This procedure clearly re-

tains the generality of the diffusion mechanism, so I', can be expressed as:

where

_042Fp _t __Q

I E, e T 4-2)

« is jump frequency per unit cross section in the spike regions.
t is the lifetime of the point defect,

Q is the migration energy of the point defect.

In equation (4-2) we neglect the contribution coming from the point defects which

initially existed at low temperatures in the as-deposited sample, since their number is much

smaller than the number of point defects produced in the collisional cascade process. Next

the total number of jumps induced in one spike per unit length of the cylindrical spike cab be

can be calculated and is denoted by n,
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e = f 2nrdr f I dt (4-73)
0 0

042aF
ne=———2—L—In(1 + H) - —+H1+1] (4—4)
47TKQ CEd HC c
where
Fp
- 4-—5
He 4nQxt ( )

The parameter H, is dimensionless. It characterizes the short-term annealing
process which is due to the point defects migration and annihilation with their anti-particies
in the thermal spike periods. H. will be increased when the lifetime r is decreased, which
means the point defect annihilating process are more significant. When the damage energy
parameter increases, the H.-parameter also increases, which not only means that thermal
spike effect increases as a result o.f increased cascade density, but also the spike triggered
point defect annealing effect is increased. As a rough estimate take F, = 100eV/A for the
typical thermal spike dominated ion beam mixing and x =0.1 to 10 Wecm-'K-! for metal ele-
ments, the estimated parameter H,=10-' to 10-* . After performing the Taylor expansion

up to the fourth order of F, term, the equation (4-4) becomes

0. 42aF
(1= 2H) (4-6)
4mQ CEd
The total number of jumps in the materials after being irradiated with dose ® s
then n.®/p, p is the atomic density of the target material ( cm~?). The typical jumping distance
r. can be related to p, < r? > =gq,p%2. Moreover the migration energy Q may be scaled
by the cohesive energy of the matrix, i.e., Q =— q,AH,,,. According to the definitions of dis-

placement energy and cohesive energy of materials, it can be assumed that the displacement

energy of the target E, can also be scaled by AH_, , E;=— q,AH.,. Then the diffusion
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characteristic parameter Dt/® is proportional to n.< r2>/p, or the mixing parameter can be

characterized by the following equation

(D7 +Da)t By - Fp 4

where
Ds is the effective diffusion coefficient corresponding to thermal spike in-
duced atomic migration,
Dg is the effective diffusion coefficient corresponding to short-term partial
annealing inside the cascade volumes,
B, is a constant related to x, c, and qy4, g2, Qa.

If H.< <1, then

._Dit _ 8,

Lf= (——2

3
= - ) (4-18)
® 537 AHcon

Here Lf is defined as the thermal spike-induced mixing parameter. For the more

general case, the ballistic mixing should also be included and is characterized by L,

_ Dt 042 < rf;’ >

— - 7 4 - g
P70 6pEy b =9
where D, is the effective diffusion coefficient corresponding to ballistic mixing.
or
L= 02,50 T2, (4-10)
6 AHcon
where B, is a constant and is related to qs, q,.
The total mixing parameter can be written as
L=L,+Lf+L5 (4-11)
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where

) 4-12)

or
L§=—-3—HCL$ (4 —13)

where
B, is a constant, and is related to c, «, 7, q4, g2, and qs.
Lg is the mixing parameter related to the short-term partial annealing of the

point defects during thermal spike period.

This effect suppresses the thermal spike-induced diffusion process and thus attri-
butes a negative value to the thermal spike inducing ion mixing. But this contribution to the
whole ion mixing is normally much smaller than the spike-induced diffusion efficiency, then it
may be neglected in usual cases. In the following data comparison we no longer consider the
mixing parameter L5 induced by the short-term annealing, this is suitable to experimental
data we used. Only in the extreme cases when H. is nearly equal to one or even greater than
one, the short-term annealing induced mixing is significant, i.e., the thermal spike induced

diffusion is suppressed greatly by the point defect partial annealing.

4.3 The Spherical Spike

From the cascade shapes and sizes simulation in FCC metals [33], and the analysis

of cascade and related spikes by a fractal-geometry approach [14], it is more reasonable to
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assume that the spike is shaped like the superposition of spherical spike component and cy-
lindrical spike component. The spherical model may be a suitable estimate in the normal ion
beam mixed metallic systems.

To derive the spherical spike formula the similar procedure was followed as above.
Suppose a single isolated cascade dimension is 4, and A is a constant for a similar series of
metallic targets. From Kinchin-Pease formula we obtain the number of displaced atoms per

unit path length n at the spike site

0.42€,
n=——2=~ (4 — 15)
AEq4
The initial conditions for the heat conduction equation (2-6) are
T(R,0_)=0 (4 — 16)
_Ep s
T(R,0,) ———c—é (R) 4-17)

where
6%(R) is the three dimension ¢-function in spherical coordinate,

R is the radius of spherical coordinate.

The environment temperature is taken to be zero as assumed in cylindrical model

above. The boundary condition is

TR, ) gaoo =0 (4 — 18)

The solution to the heat conduction equation is
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c3? _cR?

E
T(R, t)=—-—D——3—2—e ant (4 —19)
8(nxt) /
The number of jumps per unit volume per unit time [, in equation (4-2) can be
used for the spherical spike model by substituting F, with E;/A. Then the total number of

jumps induced by one spike per unit path length of the spike for spherical model is

0.42aE, _t __Q
ns = f 2anRf ——-a—D— Te” T(R,pdt (4 —20)
0

Here we consider the diffusional jumps in the circle area with radius R parallel to
the surface plane, and the direction of the atomic jump in this area is perpendicular to this

area. Then

1o 213,

Ns
4n c”"'xEd " 120mxQ

where I'(x) is the gamma-function. The thermal spike mixing parameter for spherical-shaped

spike is

Dit G F 1

® 5B AHcon

L,s's

where G, is a constant and is related to c, x, 4, q4, 2, and q,.

The point defect partial annealing induced mixing parameter L} is
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X (4-23)

where G, is also a constant similar to G,

or

La=—Hd7 (4—24)
where

12/301/3 (_50—)2/3
Bnrxr(%) Q

(4 — 25)

S

As an estimate of H, take 4=100A, c = 1 Jem=K-' to 10 w cm—K-',
t=10""s , F,=500eV/A, then H,=10"' to 10-3 . Clearly, the point defect partial
annealing gives little influence to the ion induced mixing process, and is neglected in. the
normal cases. This is the same as the cylindrical model.

In reality the spike shape is neither ideally cylindrical or ideally spherical, they
may be in between. In another word, the spike shape should be the superposition of the
spherical component and the cylindrical component.

From the cylindrical and spherical spike model developed above, we proposed that
the parameter (— Fp/AH,,,) is suitable to characterize the spike process and related phe-
nomena. In fact, (— F,/AH,,,) is proportional to the number of point defects per unit path
length in the damaged region, referred to as the point defect line density parameter (
x = — Fp/AH.,,). For the ballistic mixing the mixing parameter L, is linear-dependent on yx; for
the thermal spike induced diffusional process the mixing parameter D,t/® is proportional to
¥+ (u will be determined in the following). Obviously, the thermal spike gives the nonlinear
effect on the total mixing parameter. This nonlinear effect comes from the coupling of large

number of point defects in the cascade region and the thermal spike field { described by the
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temperature distribution ). In another sense, the induced diffusional term can be regarded

as the interaction between the ballistic mixing and thermal spike.

4.4 Chemical Effects

For the irregular solid solution, chemical interaction plays an important role.
Johnson et al [2] expressed the chemical biased random walk process by muitiplying the
Darken term, which means the random walking is also driven by chemical forces in the non-
ideal solutions. Thus the number of jumps per unit volume per unit time in equation (4-2) for

cylindrical shaped spike becomes

= 0.42aFD -t —-Q[T(r, t) AHm
[=——¢ e N1 - 22— 4 — 26
c E. L T ] ( )
where AH_, is the heat of mixing of the target materials.

If we do not consider the point defect partial annealing effect the derived formula

for cylindrical model characterized by the number of jumps per unit length for one spike is

~  0.424F3 AH
He=——— (1= 4—5") (4-27)
4rxQ°cEy

Similarly as before, the mixing parameter can be expressed as

(——1o )3(1+J——AH”’) (4—28)

LS = -
T p5/3 \ AHCOh ¢ AHCOh

~ E?t _ B1
0]
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where J. is a new constant and related to g, only.
For spherical spike model, the chemical driven diffusional process can be similarly

described by 7,

4,,4/3
- _ 0.42M()4 4 88
=
8nc'PrE,Q*? 3Q

) (4-29)

Then the mixing parameter for the spherical spike diffusional process aided by

chemical biased diffusion is

~ Dt G F 1 AH

where J, is a constant similar to Jc, and related to q, only.‘

Compare equation (4-28) and (4-30) these mixing parameters have similar driving
force-induced diffusion contribution for the cylindrical spike model and spherical spike model.
The two constants, J, = ?42- for the cylindrical spike, J, = Squ for the spherical spike, does not
make much difference to the phenomenological analysis. The formulae derived here are
similar to the original development suggested by Johnson et al [2]. The only difference be-
tween the modified cylindrical spike model, or the spherical spike model, and the original
Vineyard’s cylindrical model lies in the power dependence of (— Fo y2*+e . u = 0 is the

AHCOh
Vineyard’s original cylindrical model, u = 1 is the modified cylindrical model, u = 1/3 is the

spherical model suggested here.
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4.5 The Density of Displaced Atoms

In the binary collision approximation the point defects created in the collisional
cascade process can be expressed by the Kinchin-Pease model (equation (2-15)). But this
formula is only valid in low density cascade region. In the case of extremely high density of
cascades, the cascade region becomes liquid-like, and the molecular dynamics dominates the
physical processes, such as the collective motions of neighboring atoms. Thus the Kinchin-
Pease model will no longer sufficient to characterize the point defect density in the high den-
sity cascade region. A semi-empirical formulation was developed by Thompson and Walker{9]
in studying thermal spikes in Silicon and Germanium. They suggested that the defects gen-
erated by high-bombardment be comprised of two components, point defects generated by
collisonal cascades and thermal spike related defects component. A semi-empirical formu-
lation was obtained for the number of defects created in cascade region, as described in

Chapter 2, equation (2-16).
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Figure 17. The log-plot to find out the power factor u in metallic bilayer ion mixing. The

plot is in the form of In(4L;p%%) to In(—F,/AH.,) . The data are from ref.
[15,16].
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are from ref. [15,16].
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The spherical model was used in correlating data for metallic marker layer
experiments. The plot is 4L;p%3/F3? to F,(eV/A). The data are from ref. [6].
The data point Ne was ommited since the spike effect is not as dominant as
the ballistic mixing in the case of Ne ion irradiation.
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The plot of chemical related mixing effect during ion beam mixing for the
metallic bilayer system. The spherical spike model was adopted in this plot.
The horizontal axis is AH,,/AH.,,. The vertical axis is 4L;p33( — Fp/AH )%

Figure 21.
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Figure 22. The damage energy line density distribution is plotted with depth after using
the TRIM code program. This figure shows the typical plot to obtain F, used
in the spike model developed in the Chapter 4.
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Table 11. Metallic bilayer system subjected to the heavy-bombardment of 600 KeV Xe
jon [15,16].

This data was used for the Log-plot in figure 17, that is, In(4L;p%% to Iny

system —AH, —AH_, Fo P 4L, Iny In(4L;p%7?)
(ki/g.at)(eV/atom) (eV/A) (A-%) (A%
Pt/Ni 7. 5.21 582. 0.0788 0.45 4.7159 6.4797
Hf/Ag 31. 5.02 415. 0.0519 0.41 4.4148 5.6906
Pt/Ru 2. 6.31 570. 0.0699 0.27 4.5035 5.7691
Au/Co -1 3.99 539. 0.0743 0.45 4.3060 7.3950
Pt/Pd 0 4.87 554, 0.0671 0.45 4.7341 6.2118
Hf/Zr 0 6.34 355. 0.0440 0.26 4.0252 4.9599
W/Mo 0 7.86 519. 0.0636 0.16 4.1901 5.0884
Ta/Nb 0. 7.84 445, 0.0556 0.14 4.0388 4.7309
Au/Ag 0 3.38 480. 0.0588 2.37 4.9559 7.6531
Au/Cr 0 3.96 498. 0.0712 0.78 4.8344 6.8607
Hf/Zr 0 6.35 355. 0.0441 0.23 4.0237 4.8411
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Table 12. Metallic marker layer Pd(200 A)/Pt(5 A)/Pd mixed with different incident ions
at low temperatures(6].

Incident lon Q; Fy AL;p%3( — AH, ) *F543
A%ev)  (eV/A)  (Awev)

Ar (200 KeV) 0.9 100 0.857

Ni (200 KeV) 2.5 220 1.87

Kr (200 KeV) 27+06 260 1.87 4+ 0.2

Kr (400 KeV) 2.7 320 1.74

Ag (200 KeV) 2.2 380 1.34

Sn (200 KeV) 2.1 400 1.26

Xe (400 KeV) 584025 450 3.35 +0.15

Sm (400 KeV)  6.1+06 530 3.33 +0.33

Here the atomic density for Pd is p =6.77 x 10-2 A-3, the cohesive energy of Pd is

— AH,,, = 3.89 eV/atom,
TRALL[27] is Q,=7.0 A%/eV,

lated by Q; = Q, —

the ballistic mixing efficiency obtained by the computer code

and then the spike-induced mixing efficiency was calcu-
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Table 13. Metallic bilayer systems subjected to heavy-bombardment of 600 KeV Xe
ion[15,16].

( Here Y = 4L;p%3y~713)

system —AH, —AH_, Fo ) 4L, AH,|AH . Y
(kj/g.at)(eV/atom) (eV/A) (A3 (A% (A4

PY/Ti 122.  6.60 445, 0.0614 128 01917 0.0661
PYV 68.  6.27 491 0.0692 0.68  0.1125 0.0302
Pt/Mn 43. 482 531. 0.0740 0.73  0.0925 0.0164
PY/Cr 3. 534 530. 0.0747 0.45  0.0699 0.0131
PYNi 7. 521 582. 0.0788 0.45  0.0139 0.0108
Au/Ti 84. 520 414, 0.0578 163  0.1675 0.0517
Au/Co -11.  3.99 539. 0.0743 0.45  -0.0286 0.0063
PY/Zr 151,  7.61 480. 0.0546 121 0.2058 0.0600
Hf/Pd 122. 643  440. 0.0566 147  0.1968 0.0510
PY/Nb 104. 7.78 515. 0.0609 079  0.1387 0.0420
Hf/Ru 77.  7.39 450. 0.0594 0.50  0.1081 0.0310
Pt/Mo 2. 677 540. 0.0652 0.37  0.0643 0.0143
Hf/Ag 31. 5.02 415. 0.0519 0.41  0.0641 0.0099
PY/Ru 2. 6.31 570. 0.0699 0.27  0.0033 0.0087
Pt/Pd 0 487 554, 0.0671 0.45  0.0000 0.0080
Hf/Zr 0 6.34 355. 0.0440 0.26  0.0000 0.0119
W/Mo 0 7.86 519. 0.0636 0.16  0.0000 0.0092
Ta/Nb 0. 784 445. 0.0556 0.14  0.0000 0.0092
Au/Ag 0 3.38 480. 0.0588 2.37  0.0000 0.0200
Au/Cr 0 3.96 498. 0.0712 0.78  0.0000 0.0120
Hf/Zr 0 6.35 355. 0.0441 0.23  0.0000 0.0106
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Figure 23. Marker layer Pt embeded in Pd matrices is mixed by 200 KeV Ni. This is at

low temperatures and is predicted by the computer code TRALL. The ex-
perimental data is from the ref. (6]. The doses are 0.1 x 10'/cm? and
0.15 x 10'%/cm?.
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Figure 24. The profile of marker layer Pt embeded in Pd matrices after being mixed by
200 KeV Ni. This is at low temperatures and is predicted by the computer
code TRALL. The experimental data is from the ref [6]. The doses are
0.2 x 10'%/cm? and 0.25 x 10'%/cm?,
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Figure 25. The composition profile of bilayer syster Cr/Si implanted with 45 KeV Cr.
This is the plot predicted by the cor juter code TRALL for dose of
0.3 x 10'¢/cm?. The experiment is from re [37].

Thermal Spike Induced Mixing and Related Nonlinear Effects 78



* Cr Profile
x Si Profile

Concentration

100 200 300 400
Depth ( A)

9

Figure 26. The composition profile of bilayer system Cr/Si implanted with 45 Ke\
This is the plot predicted by the computer code TRALL for dos.

0.6 x 10'®/cm?. The experiment is from ref. [37].
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Figure 27. The damage energy profile for Cr/Si implanted with 45 KeV Cr. This is the
plot predicted by the computer code TRIM. The Cr film thichness is 200 A

See ref. [37].
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5.0 Discussion

5.1 MolAl Bilayer System

In the case of heavy-bombardment, it is well known that the collisional mechanism
always underestimates the ion beam mixing results. For the ion mixing of Mo-Al system here,
the atomic transport was dominated by thermal spike mechanism. In figure 15 the effective
diffusion coefficient D;t was plotted as a function of doses. The linear relationship exists, as
demonstrated by the straight line. The mixing parameter was then found to be

D;t
L= d; =1.75x 10* (A%. Here D;t was calculated by using the formula [37]

Dyt =5 (5-1)

where
A=A, + Ay .
Ano = Cyo — Cllo -
Cw, and Cg, are concentration integral in the concentration range of 0.95

to 0.05 for the irradiated samples and as-deposited samples respectively.
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Ay=Cy—0Cy .

C, and Cj, are concentration integral in the concentration range of 0.95
to 0.05 for the irradiated samples and as-deposited samples respectively.
N, is the atomic density.

It should be noticed that in figure 15 the interdiffusion for the smallest dose point,
1 x 10%/cm?, was less than the linearly fitted curve. This phenomenon might be due to the fact
that the Al oxide acted as a barrier at the interface of Mo/Al, protecting both Mo atoms and
Al atoms from migrating through. However, for the higher doses these phenomenon no longer
existed.

In figure 21, the Mo/Al bilayer mixing point was collected, as shown by the star
point. The atomic density used p = 0.06215A-%. The damage line density obtained from the
TRIM F, is 407.1 eV/A. The relevant chemical parameters are: the heat of mixing
AH,, = —24.3 Kcal/mol, the cohesive energy

AHgon = %AHcoh(A’) + —;—AHCO,,(A/) + AH,, = — 6.16eV/atom

Eventually the Mo/Al bilayer mixing data showed very good correlation with the model devel-

oped in Chapter 4, as shown in figure 21.

5.2 Thermal Spike Shapes

The experimental data from references [15,17] were used to make a comparison
with the model suggested in this Chapter 4. Table 12 lists the data in which the bilayer sys-
tem has small chemical effect ( with — AH,, <31 kJ/g.at). The data point Au/Co has been
subtracted the chemical driving force induced diffusion. The plot of In(4L;p%%) with Iny is

shown in figure 19. The least square fitting in the abscissa range of 4.0 to 4.7 is given in the
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plot. The slope is 2.24. So we take, u = 0.33, which follows the spherical spike model. For
Inx>4.8, the data were not used for the fitting since they showed a much rapid increase
of mixing thereafter. This prompts us the possible existence of another mixing mechanism
behind what had been considered. We attribute this to the point defect density formula
adopted here, i.e., the Kinchin-Pease formula. This formula is good only for the case of rela-
tively high density cascade regions in which thermal spike related defects do not play an im-
portant role. When the characterization parameter y reaches certain value, the spike related
point defects can dominate the random walking in the spike region. In figure 19 at the first
stage (0 < In x < 4.7) the defects random jumping in the spike region is attributable to the point
defects created by collisional cascade; at the second stage (In y > 4.7) the defects random
jumping is dominated by the spike related point defects. A formulation is suggested here.
At low temperatures after the collisional cascade process ended, there are many agitated at-
oms in the spike region. Though they do not possess enough energy (their energy is less than
the displacement energy) to knock down another atom, they can still have short term move-
ment in the high cascade region and give out some of their energy to their neighbor atoms
so that most of the atoms in the spike region becomes equalized energetically. In this ener-
getic equalizing process, some of atoms absorb large amount of energy from more than two
of their neighbor atoms by chance, and jump out of their regular position to become point
defects. Thus in the liquid-like spike region a lot of additional defects are created by the col-
lective atomic interaction, especially for the extremely high density cascade regions (i.e., high
x ). Since the above calculated number of jumps per unit spike length (i) is equal to the
number of point defects per unit length (n.) times the number of jumps for each defect per unit
time. So for the cylindrical spike model the spike related point defects number per unit length

n. can be deduced from equation (4-6)

Fp

3 5-2
AHcon) ( )

Ne=p(—

where p_ is a constant. After some manipulation as before the mixing parameter appears as
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Fp
AHcoh

s =p'(~ )y G-=3

where p’. is a constant similar to B,. Similarly, for the spherical spike model

F
ns=Ps(_’A—HD'7)7/3 Chalt))
co
and
ash = pr(—fo 13 5_&
T =P AH n) ( )
co

where p’, is a constant similar to G,

The second stage in Figure 17 corresponds to the case when the spike related
point defects play an important role. The cylindrical spike model and spherical model are
plotted respectively in the position of the best fit. The good fitting of the cylindrical spike
model with the experimental data revealed that the cylindrical spike model dominates the
second stage. In another word the spike is shaped like a cylinder in the extrerﬁely high den-
sity cascade regions.

In the Figure 18 the plot of 4L,p3%°F;** with F, was given in order to demonstrate
the possible data fitting of the nonlinear effects caused by spikes. The least square fitting line
is close to the spherical spike model. The data come from reference [6] in which the marker
layer sample Pd(200A)/Pt(5A)/Pd were irradiated by different ions with certain kinetic energy.
The data were listed in Table 13. The ballistic mixing efficiency was obtained to be 7.0
A?/eV by the computer code TRALL [27] which was modified from the computer code TRIM.
Nonlinear effect of mixing efficiency clearly exists and is beyond what can be explained by
ballistic mixing model. The spike related point defects may have already played an important

role for the data point Xe and Sm in figure 20.
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5.3 Migration Mechanisms in the Spike Regions

Table 14 is the data from references [15,17]. Figure 19 is the plot of

4L, p%3( — A’,:'zoh )23 with  AH_,/AH.,,, which follows the spherical spike model. The reason to
use the spherical spike here is because more than eighty percent of the data used here follow
the spherical spike. The deviation of the data point Au/Ag, Au/Co, Au/Cr from the fitting line
is‘due to the effects caused by the spike related point defects in the extremely high density
cascade regions as discussed above. The four data points around AH,,/AH,,, = 0.08 obviously
deviated the general trend, so they were omitted in the least square fitting in figure 21.
Finally, the results gave G, =0.29 x 10-2 A3, and J, =22.7.

Substitute this result into equation (4-30), it was then found Q = — —S—%AHCO,,. itis
noticed that in the traditional annealing experiment the thermal activation energy of vacancy
diffusion mechanism is approximately the same as the cohesive energy for metallic samples. -
Some people have conducted both ion beam mixing and thermal annealing work in metal-
semiconductor bilayer samples and metallic samples, and found out that the activation en-
ergy in the ion beam mixing experiment was reduced by a factor of three to fifteen compared
with thermal annealing[37,54,55,56,57]. These experimental results are consistent with the
semi-empirical analyzing here. Furthermore, in our previous assumption of equations (4-1)
and (4-2), two diffusion mechanisms were considered: vacancy mechanism and interstitial
mechanism, and either of them dominates the atomic migration process in the spike regions.
It is obvious that vacancy mechanism could be eliminated by the result of reduction in mi-
gration energy. Thus it is concluded that the interstitial mechanism dominates the atomic
migration in the spike regions, and the atomic migration energy induced by spikes is equal
to one out of 8.6 of the cohesive energy. This phenomenon might lie on two facts. One is the
existence of high density of point defects in the cascade regions, the number of defects can
be more than ten percent of atoms in that regions, much higher than the traditional number

of defects ( 10-*) of thermal annealing process. The other fact is because of the character-
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istics of thermal spike, in which the equivalent temperature is so high ( ten thousand K ) and
the region so localized.
The data of Mo/Al bilayer mixing is a little below the fitting line. Its interstitial mi-

gration energy is estimated about one out of 7.7 of its cohesive energy.
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6.0 Conclusions

From the work developed above it can be concluded that

(i) Thermal spike is shaped like sphere in the relatively high density cascade re-
gions, characterized by the line density parameter x. For the metgllic bilayer samples used
in the above discussions, x < e*’, is the turning point in our data analyses. Then the formula

obtained is

4D7t -2 -5/3 Fp 233
=1.05x 10 - 6—1
q, v (6-1)
But in the extremely high-density cascade case, i.e., x> e*’, in the above data
which we analyzed, the cylindrical spike gave better fit. The obtained formula for this region

is

4D7"t F
3 vl (6-2)
coh

=3.4x10"%p73 ~

(ii) The chemical effects has a significant influence on the whole mixing. The for-

mula obtained is
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45;’ —2 —5/3 Fp 233 AHp,
=0.97x10"% (———)""(1+227 ) 6—-3)
Y AHcoh AHcoh
and the thermally activated migration energy can be scaled by a factor of one out of 8.6 of the

cohesive energy, that is,
Q=--1AH 6 —4)
= 8.6 coh

Clearly, there is good consistency in the coefficients between the equation (6-1) and equation
(6-3).

(iii) The Kinchin-Pease formulation does not hold in the case of the extremely high
dense cascade region since the spike related point defects also come to play an important
role.

(iv) Due to the collective interaction in the high dense cascade region the nonlinear
effect, as the power factor (2 + u) determined above, obviously exists in the atomic random
walking process, and is beyond what the ballistic mixing canA account for.

(v) In the case of heavy-bombardment the interdiffusion of a metallic bilayer sam-
ple Mo/Al correlates the equation (6-3) very well. The atomic migration energy was reduced
by a factor of 7.7.

(vi) The atomic migration mechanism in the spike region is an interstitial-
dominated one, at least for metallic systems and metal-semiconductor systems.

(vii) The short-term partial annealing of point defects in the spike region was sug-
gested to exist in some special cases, when the dimensionless parameter H. for cylindrical

spike or H, for the spherical spike is close to one.
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7.0 Further Work

1. Inert gas atoms are usually used as ion mixing source in ion beam mixing
technique. The inert gas atoms should be rejected from the target materials and come out
of the materials in the common sense, since their electronics structure does not keep them
binding together with the target atoms favorably. In reality, however, the inert gas atoms
were found inside the target materials, especially in the case of high dose irradiationﬁs. This
arises the problem of how to evaluate the additional effect produced by the existence of a
small amount of the inert gas. Based on the previous work and the work pioneered by Drs.
Rao and Houska, it was suggested here to characterize the existence of Xe atoms inside the
samples of Mo(3000A)/Si(substrate), or Nb(3000A)/Si(substrate), or Si substrate after being
subjected to Xe irradiation with dose of =~1x 10'%/cm? 4 x 10'®%/cm?, 7 x 10'€/cm?,
10 x 10'/cm?. RBS can achieve the accurate Xe composition profile under the condition of
different doses of irradiation. The x-ray technique may find out the form of Xe atoms as a point
defect inside the target materials at two characteristic temperatures, liquid-nitrogen temper-
ature and room temperature.

The accuracy of RBS analyses can be trusted except the top layer of thickness

~100A due to the possible contamination of carbon’s picking up. The x-ray technique may
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be very reliable depending on the fabrication conditions of the samples. The single crystal
films and substrate are preferred.

2. The model and the semi-empirical formulation were testified with the metallic
bilayer systems. Further experimental work is needed to extend the system possibly to
metal-semiconductor bilayer systems. Different regions of high density cascade are of high
possibility to exist, which may be similar to the metallic systems. This investigation may
provide more information of the cascade damage-induced effects as well as the nonlinear
dependence of ion beam mixing on the parameter y.

3. The inverse-Kirkendall effect during ion beam mixing is of great interest to the
author. Further investigation is needed both experimental and theoretical. The author thinks
that this effect may be related to the coupling of atomic migration induced by thermal spike
with the chemically-biased walking. To solve this problem lies on two important facts. One
is the determination of instantaneous distribution of point defects after spontaneous recombi-
nation of very near ( about the length of the Frenkle pair ) point defects following the collisional
cascade. The other is the characterization of preferred jumping process of certain atoms in
the matrices material into vacancies created by the collisional cascade. Twin marker exper-
iments is hopeful to provide more quantitative information of the inverse-Kirkendall effect ini-

tiated by ion beam mixing.
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Appendix A. The Important Mathematics Symbols

Used in the Thesis

A = the temperature-independent constant assumed by Vineyard’s model[32]. See
page 9.
c = the specific heat of the target material.

D, = the effective general diffusion coefficiency in ion beam mixing.
D,t = the effective diffusion coefficiency related to collisional mixing.

D;t = the effective diffusion coefficiency related to thermal spike induced diffusion.

Dst = the effective diffusion coefficiency related to cylindrical spike induced diffusion.

Dist = the effective diffusion coefficiency related to spherical spike induced diffusion.

5§t = the effective diffusion coefficiency related to the coupling of chemical effect with cylin-
drical spike.

15;! = the effective diffusion coefficiency related to the coupling of chemical effect with
spherical spike.

Dght = the effective diffusion coefficiency related to cylindrical spike in the extremely high

density cascade regions.
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Ds"t = the effective diffusion coefficiency related to spherical spike in the extremely high

density cascade regions.

o
[

the atomic displacement energy.

&
I

the damage energy.

F, = the damage energy deposited per unit pass length.

H. = the parameter characterizing the short-term annealing process for the cylindrical spike.

H, = the parameter characterizing the short-term annealing

L E% = the general mixing parameter in ion beam mixng.

L= Dq’it = the mixing parameter related to the short-term partial annealing of the point
defects in the cascade regions with cylindrical spike.

L= C(le)t = the mixing parameter related to the short-term partial annealing of the point
defects for spherical spike.

L, =:=—D(-l'-;t— = the mixing parameter related to ballistic mixing in the collisional processes.

L= L:I;t = the mixing parameter induced by thermal spikes.

L= elit = the mixing parameter related to the cylindrical spike-induced atomic transport
in the relative high density cascade regions.

L= int = the mixing parameter related to the spherical spike-induced atomic transport in
the relative high density cascade regions.

Lgh= D(’:t = the mixing parameter related to the cylindrical spike-induced atomic transport
in the extremely high density cascade regions.

L= D(i:t = the mixing parameter related to the spherical spike-induced atomic transport

_ in the extremely high density cascade regions.
~;E Lz;t = the mixing parameter related to the cylindrical spike-induced atomic transport
: in the extremely high density cascade regions.

} = zit = the mixing parameter related to the spherical spike-induced atomic transport in
the extremely high density cascade regions.

N = the number of point defects predicted by Kinchin-Pease formula.

No = the line density of point defects in the extremely high density cascade regions.
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Q = the migration energy of point defects.

Q= d?l—f = the general ion beam mixing efficiency.

Q,= g"’f = the ion beam mixing efficiency caused by collisional mixing.

Qr= (g,’:i = the ion beam mixing efficiency induced by thermal spikes.

ry = the root-mean square jumping distance relevant to spike-induced atomic mi-

gration.

r. = the root-mean square jumping distance relevant to the ballistic mixing process.

o the jumping frequency of point defects cross unit section in the spike regions.

X = - F,/AH.,,, Which characterizes the line density of point defects in the cascade
regions.

AH_, = the cohesive energy, that is, the difference between free atom energy and crystal

energy.

AH,, = the heat of mixing.

n. = the total number of jumps of_point defects induced in one spike per uni; length of the
cylindrical spike.

n, = the total number of jumps of point defects induced in one spike per unit length of the
spherical spike.

n. = the total number of jumps of point defects induced in one spike per unit length of the
cylindrical spike, coupled with chemical effects.

n, = the total number of jumps of point defects induced in one spike per unit length of the

spherical spike, coupled with chemical effects.

I, = the jumps per unit volume per unit time related to cylindrical model.

I', = the jumps per unit volume per unit time related to spherical model.

l~‘c = the jumps per unit volume per unit time related to cylindrical model and enhanced by
chemical effects.

f‘, = the jumps per unit volume per unit time related to spherical model and enhanced by
chemical effects.

K = the heat conduction coefficient.
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A = the dimension of a single cascade.

u = the power factor. See page 66.
= the dose of incident ions.

P = the atomic density.

T = the lifetime of point defects.
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