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A Computational Model for Thin Film Formation during

Ion Beam Mixingt

Qiang PANG*,

Yasuo TAKAHASHI* and Katsunori INOUE***

Abstract

A computational model for thin film formation during ion beam mixing is described in detail on the
basis of the binary collision approximation (BCA). A new approach for the effect of residual gas on the
growing thin film is also presented. This model has been applied for simulating AIN thin film formation
under the condition of nitrogen ion energies of 0.25~1.5keV and Al/N transport ratios of 0.5~2.0. The
calculated results show that ion energy plays an important role on the composition of the bulk film and the
formation of the interface between the film and the substrate. The calculated results are also compared with
experimental ones to demonstrate the abilities of the model. A fine agreement is shown for the transport
ratio Al/[Nz1. On the other hand, adiscrepancy exists in the range of the transport ratio AI/N<1, the reason

for which is discussed.

KEY WORDS: (Thin film) (Ion beam mixing) (BCA) (Monte Carlo Method) (Computer simulation)

(Aluminum nitride)

1. Introduction

Ion  beam - mixing .- (vapor deposmon plus
snnultaneous ion 1mplanla110n) techmques have been of
growing interest in thin film research and application
owing to their flexible control_ of thm, film composition
and properties. In general, the composition and structure
of thin films formed durmg ion beam mixing are
determmed by a complex mterplay of collisional and
chémical effects. It is widely accepted that ions mady act
physically through collisional effects such as
implantation, sputtermg or recoil 1mp1antahon and they
may also promote chemical reactions, or enhance thermal
diffusion at both the surface anid the insidé of a thin film.

Insufficient knowledge about the mechanisms of
these effects makes it difficult to create a complete model
for the formation of thin films during ion beam mixing;
Nevertheless, if chemical effects are neglected and only
pure collisional effects are taken into account, the growth
and composition changes of thin films may be described
as resulting from vapor deposition plus the collisional
effects of ion implantation. In such a case, it becomes
possible to build a model for the growth of thin films.
The calculated results can help us to understand the
dynamic composition changes of thin films caused by

pure collisional effects. Moreover, in comparison with
the experimental results, they can indicate whether other
mechanisms are important. _

Several analytical models 1.2) have been suggested to
describe: the growth of thin films. But each of these
models requires a number of restrictions and
simplifications. It is also difficult to apply them when
short of basic data on collisional effects, such as
sputtering yields, reflected yields and depth distribution of
implanted ions. On the other hand, Monte Carlo
computer simulations. based on the binary collision
approximation have been effective in obtaining data
relative fo collisional effects 3-7). The simulation code-
TRIM 3-5) and its updated code-TRIDYN 6,7) have been
widely accepted and applied for studies of ion
implantation, sputtering and atomic mixing. The latter
can adjust the target composition dynamically. Therefore
it is a better way to modify dynamic simulation codes for
representing the growth of thin films during jon beam
mixing. Severdl examples of such works have been
given elsewhére 8-11). With the use of modified TRIDYN,
Mbller 8) and Bouchier 11) have performed simulations of
boron nitride film formation on Ag substrate during ion
beam mixing.

In the present paper, a simplified model based on the
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BCA for the growth of thin films during ion beam
mixing and its computer simulation algorithm will be
given in detail. The simulations of aluminium nitride
(AIN) film formation on a silica (SiO,) substrate are

performed under different nitrogen ion energies and
transport ratios of AN (the ratio of Al and N atoms
arriving at the substrate per unit time) . On the basis of
such calculations, the effects of nitrogen ion energy and
the transport ratio of AI/N on the formation of the films
will be discussed. In addition, for the effect of residual gas
(oxygen) on the formation of AIN films, a new approach
will be also described. Several examples of computer
simulations will be compared with experiments to
demonstrate the abilities of this model.

2. The computational model

2.1 Modelling the growth of thin films during
ion beam mixing

It is known that the formation of thin films during
ion beam mixing is a complex process. Even when
considering collisional effects only, some assumptions
are necessary to build a model to represent the formation
of thin films. The main assumptions in the present model
are described as following. The actual ion beam mixing
process in a minimal time is assumed to be replaced by
two independent and successive  processes(vapor
deposition and ion implantation) for the convenience of
the calculation. The adsorption yield is assumed as 1.0
for each of evaporated atoms. The substrate and the
deposition layers are assumed to be amorphous substances
since the BCA is used to simulate ions' transport. The
composition of the substrate and the deposition layer is
assumed to be determined by pure collisional effects.
Because local expansions or contractions must be caused
inside the substrate, while the defects such as vacancies
and interstitial atoms are generated from ion implantation,
the substrate relaxation should be taken into account. It is
assumed to be realized in minimal time by means of
adjusting the local densities in terms of the local
composition.

According to the above assumptions, the growth of
thin film is illustrated in Fig.1. The differential flux
AD (about 1013 atoms/cm?2) is defined as the number of
evaporated atoms and ions arriving at the surface of the
substrate within a minimal differential time At. The
corresponding differential flux AD,,,. of evaporated

atoms or differential flux AD,,, of ions is determined by
the transport ratio Rf and the given AD. As shown in (a),

the surface region of the semi-infinite substrate is
initially subdivided into M thin slabs of equal thickness
which is chosen to be close to that of one monatoric
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Transport Ratio: Rf=Evaporated Atom Flux/Ion Flux
Differential Flux: A D

Flux of lons: ADoa=AD/(1+R )

Flux of Evaporated Atoms: A Daan =R A D/(1+R )
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(@) Dividing substrate into M thinslabs of equal thickness.
(b) Deposition of evaporated atoms.

(©) Implantation of ions.

(d) Generation of vacancies and additional atoms.

(e) Substrate relaxation.

Fig.1 Schematic illustration of the growth of
thin film and substrate relaxation. Thin film is
assumed to grow up stepwise as the procedures
from (b) to (¢) are repeated.

layer of the substrate (2~3A) according to Moller 11). The

evaporated atoms with a flux of AD,, , are deposited at

the surface of the substrate as seen in (b). Ions with a
flux of AD,,, are bombarded on the substrate in (c). After

this stage, defects such as vacancies and additional atoms
are generated inside the substrate, which is shown in (d).
Due to these defects, the substrate relaxation occurs to
adjust the thickness of the slabs as seen in (e). These
steps (b) to (¢) are produced only in a differential time,
i.e., thin film is assumed to grow up through the iterative



steps from (b) to ().

The computational procedure involves three parts,
i.e., the evaporated atom deposition, the ion
implantation, and the substrate relaxation. For the
evaporated atom deposition (step(a) in Fig.1), the
evaporated atoms are adsorbed on the first thin slab of the
substrate to form a thin layer because their energies are
very low and can be neglected in comparison with any
initial ion energy. On the other hand, for the ion
implantation, the Monte Carlo Method based on the BCA
is employed to simulate transport of thousands of ions
and the cascades to obtain necessary data such as depth
distribution of implanted ions, sputtering yield and
atomic mixing. For the substrate relaxation, the thickness
of each slab is adjusted according to the change of its
local atomic density.

The basic principles and main computational
equations used in the present model are given below in
detail on the basis of the references 3-7) .

2.2 Basic principles and computational
equations
2.2.1 Transport of energetic atoms in a solid

In the binary collision approximation, the movement
of any energetic atom (ion or recoiled atom) in a target
substance is described by sequential elastic collisions with
the target atoms. The energy losses of the energetic atom
result from both elastic and inelastic collisions, and the
movement direction is changed by elastic collisions. The
path of an incident ion in a solid is shown partly in
Fig.2. The ion moves into the solid along its incident
direction. After a straight free flight, it will collide with a
target atom, and then lose part of its energy and change
its direction. The ion will then move with its new
direction until it collides with another target atom. Such
elastic collisions will occur repeatedly until the ion has
lost its energy or escaped from the solid. The species and
the position of a target atom for each elastic collision are

A :Mean free flight distance
&': Deflection distance

i —
J»LL

Target
Atom 1

Fig.2 Path of an incident ion and sequential elastic
collisions with target atoms in a solid.
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determined randomly.
Except for the first collision(described in 2.2.4 ), a
straight mean free path between two sequential collisions
is determined by the local atomic density of the substrate,
and its length A\ is given by
A=n-1/3 )]
where n is the local atomic density of the substrate. If
the locus' of an atom is given by its position (x,y,z) and
its directional angles o,Band y in a fixed Cartesian
system immediately after a collision, then the position
(x'y',z" )after the subsequent collision is given by
x'=x+(A-é)cosa,
y'=y + (A~ d)cosp, @
z'=z+() — S)cosy
where § denotes the distance of the asymptotic deflection
point from the plane which is determined by the original
position of the target atom and described below. If a-
scattering angle 1 and an azimuthal angle ¢ (as shown in
Fig.3) are used to describe each collision, then the new
direction of the energetic atom is obtained by
cosq'= cOSyCos + Sinycosgsing ,
sinyy
o

COSf'=CoSYCoSf— (cosgcosqcosB—singcosy ),

siny

COSy "= COSYCoSy —

(cosgcoscosy +singcosp),

and its new energy is given by

E‘= E— AE'nucl - AEnlel - AElel (4)
where E is the kinetic energy of the energetic atom before
the collision, and AE_ ,, AE , and AE, are the elastic

energy loss, nonlocal electronic energy loss and local
electronic energy loss, respectively. Any of these energy
losses is caused by the elastic collision or the inelastic
collision, and is described below in detail.

nucl ? nlel

2.2.2 Elastic collisions

The elastic collision occurs between the two nuclei of
an energetic atom and a target atom. After collision, the
energetic atom not only transfers part of its energy to the
target atom but also changes its direction.

As shown in Fig.3, the target atom within a disc of
radius P is chosen for each collision. We assume that

only one collision occurs in the volume with a cylinder
of length A and radius P_, . At that stage, the radius P_

can be represented as

P, =) /2. ©)
The actual impact parameter P is determined randomly
according to

p=pP, r, ©)
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Moving atom's path Target atom

N N A
i

\ L N
[ ‘ v
|/ %

Fig.3 Definition of the target atom position,
determined by the impact parameter P and
azimuthal angle &.

where 7, i a random number between O and 1. In our

present model, any random numbeér is generated by calling
up a rand_om function in the computer. The azimuthal
angle of the target atom ¢ is given by

- ¢=2ar, @)
where r,is a random number between 0 and 1. The species

Jj of the target atom is determined randomly from the
local composition according to

j=min(k: i fizry) ®)

where 7, is a random number between 0 and 1, and f, is
the conceniration of atomic species i.

Fig.4 illustrates schematically, elastic collisions
between two atoms in different reference systems (a) and
(b). The relation of the scattering angles between the two
systems is given by
sing ‘

tangp=———————, 9.‘
v m,/m,+cosg ©
and
sing
tany =—— . 10
_ ¥ 1-cosg . , o 0
A screened Coulomb interatomic potential
ZIZ2€2 b3
V@)= o(-) (11)
TTENL a

with the 'Kr-C' screening function 16)
D(0)=0.191¢ "2+ 0.474¢ 0 +0,335¢ 7 (12)
i§ chosen as the interatomic potential. In formula (11),
Z, and Z, denote the chatges of the scaftered atom and
target atom, e the charges of one electron, ¢, thie eleciric
inductivity, r the distance between two atoms, and a the
Firsov's screening distance which is given by
- 0.8853a, .
with the radius of the first orbit, 4,=0.0529nm. The

closest distance r, between two atoms is determined from
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(b) In a center of mass coordinate System.

Fig.4 The elastic collision diagram of two
particles in different reference systems.

V(r
1- Y8 Py g (14)
EC Ilc
with the center of mass energy
E-—2 | 15)
¢ m,+m, (

where m, and m, denote the atomic masses of the

scattered atom and the target atom. Equation (14) can be
solved by Newton's method. After obtaining the value of
1, , the scattering angle 9 in the center of mass system can

be calculated according to
- V@) P, d ‘
=g—-2P[[1-—=-(—)]—. 16
o= rf[ E, il (16)

The offset of deflection point is calculated in an hard
sphere approximation according to

5= rcsing- . a7
The elastic energy loss, i.e. the energy transferred to the
target atom, is given by
AE 4m ;m E

nuel

., 0 o
sin’—. 18
5 (18)

(m1+m'2)2

2.2.3 Inelastic collisions

The inelastic collisions are defined as the collisions
between the energetic atom's nucleus and the target atom's



electrons. Due to an electronic mass much less than that
of a nucleus, any inelastic collision has been assumed not
to change the moving direction of the energetic atom.
At low ion energies ( E<25KeV/amu ), Lindhard
and Scharff's formulal?)
1.21221/°Z,

Se (Z2/3 Z2/3)3/2 1’ (CVAZ)

is used for the calculation of the electronic stopping cross
section. So the nonlocal inelastic energy loss is given by

19)

AEnlel = (A'_ 6)nse 4 (20)
and the Jocal inelastic energy loss is given by
OO4SSe -0.3r1 /a
AB =——F—e ° @1
d

according to Oen and Robinson 18).

2.2.4 Initial conditions of incident ions and recoil atoms

The X axis of a fixed Cartesian system is chosen to
be perpendicular to the substrate surface. For the given
incident angle o, (the angle of incident direction and X
axis) and initial energy E;, an incident ion is assumed to

start to move towards the substrate according to the

directional angles determined by
COSq,=COSq,),
cosB,=sin g ,cos(2xr,), (22)
oSy ,=sin ¢, Sin(2zr1,)

with a random number 7, between 0 and 1 if the substrate

rotates upon the X axis during ion implantation. If the
substrate surface is assumed to be rough on the scale of a
monatomic layer, and the starting position is given by

(x,, 00) where x

surface, then the first posmon of collision is determined
by

s is the position of the substrate

X, =xwf+ AFsCOS Qs
Y= ArsCosg,,
Z,= AFCOSy,

where r; is a random number between 0 and 1.

@3)

After an elastic collision, a new recoil may be caused
if the elastic energy transfer is larger than the bulk
binding energy E, .. Its start energy is given by

E AEnu 1 b,) 4 (24)
its start posmon by
X =X+Ac0Sq — Pcos¢sma )
=y+ xoos,3+ (cos gcosacosg— singcosy),
no
z,=2Z+ A€08y +———(COS ¢COS.COSy + singcosp)
Sing
...... 25)

where x, y and z are equivalent to those described in
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2.2.1 , and its direction by
COS o, = COS1y,COS o — Sinyy COSgSin e,

S
COS 3, = COS1y,COS G+ b (cosgcosqcosg-singcosy),

sin

COSy, = C0S1y,COSy + = (cos gcoScosy +Singcosf).

2.2.5 Stopping conditions of moving ions and recoil
atoms

An incident ion or a recoil atom is judged to stop its
movement when it has been slowed down to an energy
below a given cutoff energy inside the substrate, or it has
moved outside the substrate with the normal fraction of
its energy larger than its surface binding energy E

‘sbe, i
Ecos’a>E,, . (27)

The latter corresponds to an ion's reflection or a target
atom's sputtering. The cutoff energy of any species is
chosen equal to the surface binding energy of this species
in order to obtain reflection and sputtering yields
correctly.

2.2.6 Surface binding energies

The surface binding energies determine the sputtering
yields of the elements in the substrate. A method for
obtaining the surface binding energies is described in the
following.

In the case of a monocomponent substance A, its
surface binding energy is given by

Esbe,A= A HA (28)
where AH, is the sublimation heat of the
monocomponent substance A.

In the case of a compound (Am B ), as atoms A and B

exist in a molecular form, any atom needs an energy
larger than the surface binding energy of its
monocomponent substance to escape from the surface.
According to W. Eckstein et al.5), the surface binding
energies of atoms A and B are determined from

E,, o=AH+AH,,

E,.z;=AH+AH,

sbe, B

29

where AH; is the formation heat of compound A_B,_, and

mn?

AH, or AHy is the sublimation heat of pure substance A

or B. When compounds and monocomponent substances
exist together in a target substance, a numeric
interpolation method is used to calculate the surface
binding energies according to the composition.

2.2.7 Substrate relaxation
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The composition of the substrate is changed as
additional atoms and vacancies are generated inside the
substrate after ion implantation. So local expansion or
confraction may be caused inside the substrate in order to
accommodate the change in the local composition. A

schematic diagram of the substrate relaxation is shown in "

Fig.1. The substrate is initially divided into a number of
thin slabs of equal thickness. The thickness of each slab
is chosen close to the thickness of a monatomic layer
(about 2~3A) according to Moller 67). The substrate
relaxation is arranged to be performed after the
implantation of ions with a given differential flux AD, .

The computational method for the substrate relaxation is
described in the following.

If the change of the number of atomic species j in
slab i is represented as AC; for one ion bombardment,
the new area density of the atoms of species j in that slab
is given by

A, =fnAX+AC.AD,, (30)
where n; is the atomic volume density of slab i , AX, is
the thickness of slab i., and f; is the fraction of species j

in slab i and satisfied with ) f,=1. Therefore, the
j=1
thickness of slab i

— -1
AX, ‘]E]A iets

is adjusted according to
€Y

where . is the effective atomic volume density, which

may be set as the atomic density of the pure components,
or chosen to fit the correct atomic density of a given
compound.

The thickness of each slab during the simulation is
limited between 0.5AX and 1.5AX where AX is the
initial thickness of each thin slab. When the thickness of
each slab goes out of this range, that slab will be
combined with its next slab or be split into two thin
slabs.

2.2.8 Approach for the residual gas mixed into the
growing film

In some special cases, residual gas in the vacuum
chamber may affect the composition of the film formed
during ion beam mixing. In the case when an easily
oxidized substance is used as an evaporated substance, the
oxygen of the residual gas seems to be deposited at the
substrate surface as well as the evaporated substance. The
experimental result given below has demonstrated this
phenomenon. The reason for it is explained as follows.

According to gas molecular thermodynamics, the flux
of molecules through a unit area per umit time is
represented as
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A=l717= p

A 28mkT
where # is the atomic density of the residual gas, v is
the average speed of gas molecules, P is the pressure of
residual gas, m is the mass of one molecule, &k is
Boltzmann's constant (1.3807x10-23), and T is the Kelvin
temperature of the gas. In the case of the vacuum pressure
P=2x10"%Torr and the temperatore T=300K, the
amount of oxygen atoms through a unit area per unit
time is about 7.2x1014 atoms/cm?2 according to formula
(32), providing that half of the residual gas is assumed as
oxygen gas. On the other hand, if pure aluminum is
chosen as the evaporated substance and its deposition rate
is set in the range of 4~12A/s, the ratio of oxygen and
aluminum atoms arriving at the surface may vary from
0.1 to 0.3. Therefore, aluminum may be partly oxidized
on the deposited layer by the oxygen of the residual gas in
experiments.

In order to simulate the effect of oxygen mixing into
the film during ion beam mixing, oxygen was assumed to
deposit on the substrate surface simultaneously with
aluminum at a given atomic ratio of O/Al in the present
paper. So this oxygen deposition can be treated in a
similar way to aluminum deposition in the computer
simulation program.

(32)

2.3 Computer simulation program

With the use of the model described above, a
computer simulation program for thin film formation
during ion beam mixing has been made in Fortran 77
language. The flow chart of the program is shown in
Fig.5.

As shown in (a), necessary data including ion
energy, ion incident angle, the ratio of the evaporated
atom-to-ion flux, and the relative material constants are
entered. The substrate is divided into a number of thin
slabs of equal thickness in the direction normal to the
substrate surface. N is defined by N = D/AD where D
and AD are the given total flux and differential flux of
ions and evaporated atoms, respectively. A variable
Counter is used to count the number of the program's
executing a loop, and its initial value is set to 1. After

. the above preparation, the flow enters a loop which will

be run N  times repeatedly to simulate thin film
formation. The evaporated atoms with the differential flux
of ADyqp, are first deposited on the substrate surface. The

movement of 1000 incident ions and the recoiled atoms
caused by these ions' implantation is simulated by the
Monte Carlo Method in order to obtain statistical results
such as the sputtering yields and the distribution of the
implanted ions and atomic relocations. The flow chart for
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(b) The movement of an ion or
arecoiled atom in solid.

Fig.5 Flow chart for the simulation of thin film formation during ion beam mixing.

the simulation of the movement of a particle(ion or
recoiled atom) is shown in (b), in which an incident ion
or a recoiled atom undergoes sequential binary elastic
collisions until it is satisfied by stopping conditions
described in 2.2.5 . For the implantation of ions with the
differential flux AD;,,, the change of the composition in
each slab is calculated by the use of the above statistical
results. After evaporated atom deposition and ion
implantation, the thickness of each slab is adjusted
according to the change of the composition. At the end of
the flow, data including the thickness and all atomic
densities of each slab are generated.

3. Results and discussions

The computer simulations were performed for AIN

39

film formation on a silica substrate at N ion energies of
0.25, 0.5, 1.0 and 1.5keV and AI/N transport ratios of
0.5, 1.0, 1.5 and 2.0. The main input parameters were
given as follows. The silica substrate was divided into a
number of thin slabs with the same thickness of 2.5A.
The surface binding energies of Al, N, Si and O were
chosen 3.36, 3.30, 14.14 and 9.44eV respectively
according to equations (28) and (29). The differential flux
of aluminum atoms and nitrogen ions was set 2.0x1013
atoms-cm-2. On the other hand, all of the films were
prepared experimentally under the conditions of room
temperature, a vacuum pressure below 2.0x10-6 Torr, a
fixed ion current density of 0.4mA/cm2 and aluminum
deposition rates of 4~12A/s.

At a fixed AN transport ratio of 1.0, the
composition-depth profiles obtained from the computer
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Fig.6 Composition-depth profiles obtained from the
computer simulations at the same AVN transport
ratios of 1.0 and Al flux of 1017 atoms/cm2 and
different N+ ion energies of 0.25(a), 0.5(b), 1.0(c)
and 1.5keV(d).

simulations are shown in Fig.6. It is found that thin
films are composed of three layers, i.e., the surface layer
enriched with aluminum, the bulk layer with a constant
composition(Al and N) and the mixing layer between the
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Fig.8 Relationship between the amount of aluminum
and nitrogen deposited in the film and the nitrogen
ion energy.

bulk layer and the substrate. Nitrogen always appears
deeper inside the substrate than aluminum, and aluminum
is always enriched in the surface. This is obviously due to
the higher energy of incident ions compared with that of
evaporated aluminum atoms. It is also noticed that both
the surface layer and the mixing layer become broadened
as the ion enérgy increases. This results from an increase
in the ion range and straggle. Thealuminum concentration
in the bulk layer decreases with an increase of jon energy.
This is mainly due to an increase in aluminum sputtering
yields.

The sputtering yields of Al and N corresponding to
Fig.6 is shown in Fig.7. With an increase in the ion
energy, the Al sputtering yield increases, but the N
sputtering yield decreases. The reason for this difference is
the decrease of nitrogen content in the surface layer,
which has been shown in Fig.6. By subtracting the
sputtered amount, the amount of Al and N deposited in
the film can be found. Fig.8 shows the relationship
between the amount of deposited Al and N and the
nitrogen ion energy. The deposited amount decreases little
as the ion energy increases.

It is well known that the properties of a thin film are
greatly dependant on the composition of the bulk layer,
so it is of interest to investigate the effects of ion beam
mixing conditions on the composition of the bulk layer
by means of the computer simulation. Fig.9 shows the
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Fig.9 Effects of A/N transport ratio and nitrogen
ion energy on the composition of AIN bulk film.
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Fig.10 The comparison between experimental and
calculated results of the composition of AIN bulk
films under the condition of 0.25keV ion energy.

relationship between the composition and the AI/N
transport ratio at different nitrogen ion energies. The AI/N
composition ratio is nearly proportional to the AIN
transport ratio at the same ion energy. It is close to the
AV/N transport ratio at the lower ion energy and decreases
at the higher ion energy.

Several experimental results obtained by Ogata 12)
and the authors have been compared with the computer
simulations in Fig.10. A good agreement is found in
the case of an AN transport ratio larger than or close to
unity(stoichiometric AN composition ratio of AIN
compound), and a large discrepancy exists in the case of
an AI/N fransport ratio much less than unity. It follows
that the pure collision model is suitable for the case of
the AI/N transport ratio larger than or close to unity. On
the other hand, when the AI/N fransport ratio is less than
unity, an ion-induced superfluous nitrogen release
becomes effective besides pure collisional effects.
However, the mechanisms are still unknown.

AES measurements have been used to obtain the
composition-depth profiles of AIN films in order to make
a comparison between the experimental results and
calculated ones. One of the experimental results is shown
in Fig.11, in which the film was prepared at a nitrogen

41

Trans. JWRI, Vol. 26 (1997), No. 1

1.0
AN transport ratio =1.0
0.8F N* ion energy =0.5keV
5 E
E 0.6 ;— Al O‘
g F
5 04}
< F Si
0.2
0:4A111|l.1-||||||
0 500 1000 1500 2000

Sputtering time (sec.)

Fig.11 The composition-depth profile of an AIN
film obtained from AES measurement.
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Fig.12 The calculated result of a composition profile
by taking account of oxygen mixing into the film
0.18 O/Al ratio was used in computer simulation.

ion energy of 0.5keV and an Al/N transport ratio of 1.0.
Besides oxygen mixed into the film, the composition-
depth profile is also found to be composed of three layers
the same as those in Fig.6 where oxygen was not
considered to be mixed into the film. The oxygen
concentration in the surface is near to 0.2, and much more
than in the bulk region which is almost a constant. The
oxygen content of the film is derived from the residual
gas in the vacuum. The explanation for this oxygen
mixing into the film has been given previously. Fig.12
shows the composition-depth profile simulated at the
same Al/N ftransport ratio and nitrogen ion energy as
those in Fig.11, and an O/Al deposition ratio of 0.18. By
comparing Fig.12 with Fig.11, a good agreement is
found, except for the distribution of aluminum and
nitrogen near to the substrate. This is believed to result
from the previous deposition of evaporated aluminum
before the ion beam mixing experiment. The authors have
already verified experimentally this previous deposition of
aluminum.

4. Conclusions

A computational mode] based on the BCA has been
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described in detail. It has been demonstrated to be effective
in the simulation of the formation of aluminum nitride
films during ion beam mixing at a transport ratio of AI/N
larger than or close to the stoichiometric ratio of the AIN
compound, i.e., the composition of the bulk film is
mainly determined by pure collisional effects. At a lower
transport ratio of AI/N, the additional ion-induced
superfluous nitrogen release must be incorporated into the
present model in order to obtain correct results.

Concerning the effect of residual gas on the formation
of the films, a new approach has been added into the
present model, and proved to be an effective method to
produce more reasonable calculated results.
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