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In this thesis results are presented relating to sputtering co-
efficients of Kr on anodic oxides, high-dose depth distributions of Kr in
A1203, Nb205, and w03, and amorphization in crystalline wo3.

The comparison of the experimental sputtering data with Sigmund's
theory permits the surface binding energy to be estimated. Possible con-
tribution of volatility to sputtering will be discussed for the case of vo-
latile oxides with stable gaseous multimers, namely MoO3, V205, and W03.

The pronounced "range shortening" has been studied in detail
for high doses of Kr in A1,03, Nb20s5, and W03, and is shown analytically
to be reasonable whenever there exists an appropriate spatial variation
in the diffusion activation enthalpy. Effects of prebombardment and
post-bombardment on depth distributions, as well as information on the
migration of implanted dopants near room temperature, are argued as pro-
viding a self-consistent explanation for the above-mentioned "range shor-
tening”.

Depths of amorphization due to ion impact have been measured

with wo3. They are then used to deduce the critical fraction of atomic
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displacements leading to amorphization, the mean size of discrete dis-

ordered regions, and estimates of the damage mean range for Kr-w03.
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CHAPTER 1
INTRODUCTION

This work is concerned with various aspects of ion bombardment
of oxides, such as sputtering, depth distributions, diffusion of inert-
gas ions, and bombardment-induced disorder.

In order to be able to estimate the loss of target material and
to obtain depth-profiles of implanted Kr ions in oxides after high-dose
(3_1015 1ons/cm2) bombardment, sputtering coefficients for Krt on various
oxides must be determined. So far, several works on sputtering of metals
have been published, the major ones being those of Wehner et a].(1), and
of Almén and Bruce(z). On the other hand, for the sputtering of oxides,
the experimental results were very few and only concentrated on a limited
number of oxides (3'8). The study of sputtering of oxides is, however,
very important, and has useful applications into ionic cleaning of sur-
faces, space research, and plasma containment (hence work on nuclear
fusion). Furthermore, the comparison of the experimental results with
Sigmund's theory(g) permits a rough estimate to be made of the otherwise
elusive quantity, the surface binding energy.

Measurements of depth distributions of ijons injected into solids
are of interest firstly in themselves, because of the information they
supply on the nature of atomic collisions. In addition, they play a
basic role in determining the depths of p-n junction in implanted Si or

Ge and in deducing depths of damage in reactor components.



There is increasing evidence that diffusion phenomena in ion-
implanted solids do not follow normal diffusion kinetics at high doses.
For example, ion depth profiles are sometimes found to move towards the
surface after heavy-particle post-bombardments(6'10']22 The pronounced
“range shortening” for high doses of Kr in A1203, Nb205. and wo3 will
be argued to be a diffusion effect, and will be shown analytically to
be reasonable whenever there is an appropriate spatial variation in the

(]2). Moreover, migration of implanted

diffusion activation enthalpy
Kr has been demonstrated to occur near room temperature with a wide
variety of solids, and can be argued as providing a self-consistent
explanation for the decrease of ion range, i.e. the out-diffusion.

Many oxides and diamond-type materials amorphize when bombarded
with heavy ions. The depths beneath the surface at which such amorphiza-
tion ceases has been estimated for the particular case of crystallized
N03 using appropriate techniques which are in general based on bombard-
ment-enhanced solubility. Depths of disorder have then been used to
deduce the critical fraction of atomic displacements leading to amorphiza-
tion of crystalline wo3.

This dissertation can conveniently be divided into two parts. In
the first part, important concepts in treating atomic collisions (Chap-
ter 2), theoretical analyses of sputtering of amorphous solids (Chapter
3), depth distributions of ions and damage (Chapter 4), and diffusion
in ion-implanted solids (Chapter 5) are reviewed. The second part is

concerned with experimental procedures (Chapter 6), techniques, results,

and discussion on sputtering (Chapter 7), on depth distributions of Kr



in oxides (Chapter 8), and on bombardment-induced disorder in w03 (Chap-

ter 9). A summary will be given in Chapter 10.



CHAPTER 2
RESUME OF ATOMIC COLLISION THEORY

2.1 THE INTERATOMIC POTENTIAL

2.1.1 Why is the Atomic Interaction Potential Important?

During the past twenty years, interest in radiation damage work
has led to many calculations of the dynamics of moving atoms in solids.
These calculations obviously depend on the nature of the potential which
is used to describe the interaction between colliding atoms. A full
knowledge of the interaction potential is therefore essential to a pro-
per description of all the problems of radiation damage science, e.g.
formation, nature and extent of damage. Without such a knowledge we are
- not able to describe the regimes of energy loss for a charged particle,
we cannot estimate the average number of displaced atoms produced by a
primary knock-on, and we cannot determine the mean free paths for the
moving atoms. Moreover, we cannot proceed with either the analytical or
numerical analyses of focusing, channeling, and ranges of ions and damage
in solids.

A Tlarge number of analytical and semi-empirical potentials has
been proposed in the past (for detailed reviews, see references 13-15).
Before considering the theoretical treatments of sputtering and of spa-
tial distributions of ions and damage, it is useful in this chapter to
make a short review of the more important potentials.

Consider two atoms with masses M] and M2, nuclear charges Z]e

and Zze, and nuclear separation x. Provided one can assume two-body



interactions alone, the force between them can be described by a potential
energy V(1) which arises from interactions involving the electrons and
the nuclei.

2.1.2 The Born-Mayer and Inverse-Power Potentials

The relation which best describes the atomic interaction of
o
identical atoms at relatively large separations (between 0.5 A and inter-
atomic spacing) is the Born-Mayer equation or any other function having

similar analytical form. For example, one possibility is:
V(r) = Aexp (- ) (2-1)

where A and B are constants to be determined from the equilibrium

lattice spacing and from tne elastic moduli. This potential function
may be shown to be approximately valid for separations in the vicinity

of the equilibrium separation of nearest neighbours in the crystal.
Abrahamson(]s) has recently listed values for A and B which he considered
best suited to fit the approximately exponential tail of his Thomas-
Fermi-Dirac potentials for nearly every e]ement(]7).

2.1.3 The Hard-Sphere Potential

The interaction between two atoms might in some cases be likened
to that between two billiard balls of fixed radius xo. The potential
V(n) is zero, or constant, until the two atoms "touch", it then rises

abruptly, becoming essentially infinite in a very small distance:

V(n)
V(r)

@ at n < 2)1.0 (2_2)

0 at & > 21,

This model does not demonstrate the basic "softness" which charac-

terizes the behaviour of atoms in nature, and there is the further



limitation of adopting a constant value of n, for an atom, irrespective
of its energy.

The energy-dependent (or modified) hard-sphere model, on the
other hand, is possibly something of an improvement since, although the
hard sphere limitation is retained, the radius of the atom does at least
vary continuously with energy. Consider the collision between a moving
atom with mass M] and kinetic energy E, and a stationary atom with mass
M2. In a centre_of_mass system (G-coordinates) the total kinetic energy
of the system is equal to EM2/(M] + M2), so that in a head-on collision

we have:
M,E

V(2r,) = '('M_lzﬂ'z-y (2-3)
Now, if the Born-Mayer potential (equation (2-1)) is used for V(21,),
then the atomic radii can be shown to be dependent on energy in the
following relation:

g, (M + M)A

)‘Lo(E) = ?' £n —MEE——— (2-4)

2.1.4 The Simple Coulomb Potential

This is the well-known relation which describes the interaction

of two atoms at very small separations (0 to 0.03 A):
2,262

V(n) = - (2-5)

At larger distances,when there is a possibility of electrons
entering the internuclear space, the electronic screening becomes impor-
tant and the validity of this potential is therefore profoundly reduced.
One then refers to a Screened Coulomb potential, of which there are many

forms.



2.1.5 The Screened Coulomb Potential of Bohr

When the Coulomb field of the nucleus is screened by the orbital
electrons, the interaction potential will, for certain distances of
separation, take the form: 2

LZ,Z,e
V(r) = LE—exp (- D (2-6)

where a is the screening radius which is related to the Bohr radius of

the hydrogen atom a, = 0.529 R by the relation:

0.8853 ao
a= (2-7)
(212/3 N Z22/3)172

Values of a for various Z] - Z2 combinations have been tabulated by
winterbon(lg).

The Screened Coulomb potential is valid for small separations
between 0 to 0.3 A (or %-= 0 to 1). As the incoming ion of very high
energy is slowed down by interactions with the lattice atoms the effect
of the electron screening becomes more and more pronounced, until the
collisions are best described in terms of an alternative screened poten-

tial.

2.1.6 The Thomas-Fermi-Firsov Potential

The TFF potential, which takes into account the change in elec-

tron energy connected with the mutual approach of the nuclei, has been

(19-20)

formulated by Firsov using the Thomas-Fermi model of the atom.

The potential may be written as:

7 2

Z,e
L2 doty) (2-8)

where the argument y used by Firsov is:

V(r) =




q>°(y) is the Thomas-Fermi screening function, of which values have
been tabulated by’Gombas(Z]).

The TFF potential is valid in the separation range from 0 to
1.3 R (or %-= 0 to 8). This potential is very useful because its validi-
ty range covers the range of application of the Simple Coulomb, Screened
Coulomb (Bohr), and Inverse Square potentials (to be discussed).

2.1.7 The Thomas-Fermi-Dirac (or Abrahamson) Potential

The large uncertainties which remained over the range of inter-
mediate atomic separations (from 1 to 1.5 R) prompted Abrahamson(zz) to
calculate a new potential, using the Thomas-Fermi-Dirac statistical model
of the atom.

The fundamental distinction between the TF and TFD atomic models
is that the latter takes account of exchange effects whereas the former
does not.

The potential is determined as follows:
z
1

2
Z,e
2 terms for electron
7 <b°(y) L rearrangement 1 (2-10)

V(n) =

This potential cannot be expressed in a simple analytical form,

since the quantity in square brackets on the right side is complicated,
involving a set of integrals.

The TFD potential was shown to be valid for separations between

0 and 1.5 A (or %-= 0 to 10), though it has been emphasized recently by

Wedepoh1(23) that Abrahamson's work contains many errors, and the poten-

tial in reality offers little improvement.

2.1.8 Inverse Power Potentials

For analytical purposes it is very convenient sometimes to ex-



press V(n) as some inverse power n of n. This is possible by fitting a
function (constant)z™ to one of the more exact potential functions
(normally the TFF).

One of the advantages of inverse power potentials is that, for
several integer values of n, there are simple exact scattering formulae,
so that it becomes easy to estimate the accuracy of approximate solu-
tions.

For example, for screened Coulomb interaction between an ion
and an atom or between two atoms, Lindhard et a1.(24) derived the

following approximate form of the differential cross section:

2 dt 1/2
do = na 377 it ") (2-11)
2t
where a = screening radius, given by equation (2-7),
2 .2

= X
t e Sin 5 s

vy = scattering angle in the centre-of-mass system
(G-coordinates)
e = a reduced parameter of energy, defined in equation
(2-40),
f(t]/z) = a function that depends on the assumed form of the

screening function.
The function f(t]/z), which has a complicated analytical form,

has been calculated numerically by Lindhard et a1.(24)

1/2 (25).

As an analytical approximation, f(t'/“) can be written as

£2(t172) = W MO0 & (21 £2/3)2/3773/2 (2-12)

where A o= 1.309
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It is seen, in Figure 2-1, that the two curves agree to well within the

accuracy of the Thomas-Fermi-Firsov approximation.

At small t equation (2-12) goes over into f(t]/z) =X t]/s,

which is a special case of the power approximation(24):
£(t1/2) =5 ¢l/2-m (2-13)
where m= 1
n

Three examples of the above equation for m = %3 %3 and 1 are also shown

in Figure 2-1, with

=1 =
A]/3 -‘ }\ = ].309
Ay =0.5 |

It is found that the case m = %-is an excellent approximation
at small values of t, m = %-is a reasonable over-all approximation, and
m = 1 is appropriate for t >> 1.

In general, equation (2-13) describes approximately the scatter-
ing from an inverse power potential of the form V(1) « n™™. The cross
sections of equation (2-13) for several values of m have usually been
used in radiation-damage work since they allow simple analytic solution

of the integral equations for range and damage distributions.
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Figure 2-1 Reduced differential cross sections calculated from the
TFF potential. Thick solid 1ine: Lindhard's numerical
result; dashed line: equation (2-12); thin solid lines:
power cross sections gguation (2-13) (after Winterbon,
Sigmund, and Sanders (2 1«

2.1.9 The Nielsen Potential (or Inverse Square Potential)
2

If we fit an inverse square function V(x) « 2~ ° to the Screened

Coulomb potential of Bohr at « = a obtaining the same ordinate, slope,
and curvature, then we have the functicn:
2,2,e°
V(1) = = (7me) -
This relation is called the Nielsen potential though is really

equivalent to an inverse power potential with m = %—as described in the
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preceding section. For a limited range of » = 0.08 to 1.3 R (or %-= 0.5
to 8), this can be used as an appropriate potential.

2.1.10 The Wedepohl Potential

Recently, Nedepoh1(]5) has shown that the TFF potential is given

to good accuracy by the simple analytical form:

V(r) = C exp (-an/%) (2-16)
where C=1.55x 104 2122201/3 eV
. a=80982,/12 pV/4
an
7= 1,12+ 1,1/2)2

The r.m.s. difference between equations (2-16) and (2-8) is
only 1.5% over the range 0.3 <y < 16. This includes the whole range
of validity of the TFF potential with the exception of extremely small

separations which are not of interest in radiation damage work (at

least that involving heavy ions).

2.2 BASIC APPROACHES TO STUDY ATOMIC COLLISIONS

In this section the primary event,which is the collision between
a charged particle and an atom of the lattice, will be considered. We
shall assume that collisions are elastic and two-bodied (the chance of
correlation effects due to neighbouring atoms being assumed to be very
small) and, further, that velocities are small enough for non-relativis=
tic mechanics to apply.

Our aim here is to review the four basic approaches to calculate
the scattering angle vy, which determines the collision orbits, and the
scattering cross sections, which are the important parameters in radia-
tion damage calculations. Thus, knowing these, we can deduce the mean

recoil energy, stopping powers, specific energy loss, rate of displacement,



average square fluctuation in energy transfer, total range, etc....

2.2.1

The Exact Solution

13

By considering the conservation of energy and angular momentum

in a collision in G-coordinates (as illustrated in Figure 2-2) and

assuming the interatomic potential V(x) appropriate for the chosen

nuclear separations, one can have a time-independent equation for des-

cribing the orbit

where

and

(26)

My + M
%%__ {%2 [1 - Véul ] - 2] - u2}1/2
p = impact parameter
_ 1
s
v = angle, described in Figure 2-2.

\ /

Figure 2-2

____________ AV L4

7\

e o o S —— — —
S - —— —— —

Collision orbits in G-coordinates

(2-17)
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The scattering angle y is found from the above equation by

integrating dy from vy/2 to 1n/2:

1/
P 1 vw) MtM o212
Yy =1 -2 {=, (1 - ‘ifl . > ) = u“}" ' %du  (2-18)
P M .
0
where p = distance of closest approach

Explicit evaluation of the integral in equation (2-18) is only
possible for simple potentials such as the Coulomb (equation (2-5)) and
Inverse Square (equation (2-15)). In nearly all other cases difficulties
may be involved and numerical methods must be employed.

The distance‘of closest approach P» in the upper limit of u, is
the value of x when ¢ = /2. Since %% = 0 when y = 11/2, P is given,
from equation (2-17), by:

M,E

V(p)  _ 2
]_(5}9)2 W W, (2-19)

The relation between y and p can therefore be obtained, just by
combining equation (2-19) with equation (2-17). For example, in the

case of the Inverse Square potential, we have:

y = 11 - (1 + a%/2.718p%) %} (2-20)
with €, which is proportional to the energy, given by equation (2-40).
The transferred energy is determined by:
E, = AE sin® (v/2) (2-21)
where 4M]M2
A= My M2

From equation (2-20), it follows that for an Inverse Square potential:

(2-22)
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E, = AE cos? (1/2(1 + a%/2.7180%) /2 (2-23)
Expressing p2 in terms of E2, differentiating, and using the

relation:

do = 2npdp (2-24)
we obtain:

2
do = 4a”q (2_25)
Ey  aee(] - 42)2 [x(1 - x)1V/2
with x = E,/AE and Mo = cos']VGT

For small x, equation (2-25) can be reduced to:

H2a2(AE)]/2

(2-26)
8(2.718)eE,>/ ¢

do _
dE,
The total cross section for collisions with E2 anywhere in the

range EZ to AE is therefore:

_ d
o -Vin H%E dE,, (2-27)
2
ra’(E) (2-28)
4(2.718)¢E, /2

v
where E2 is the minimum recoil energy which is just capable of producing

damage, and AE is the maximum possible energy transfer.
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2.2.2 The Impulse Approximation

Consider a glancing collision, shown in Figure 2-3, between an

atom of mass M] and energy E and a stationary atom of mass M2'

_dV(r)

dr \ i,

ISR | S ——

1 "
P
i s i o i S S s il (- ——————————-—
I
|
g : dxg \\\\\‘\
| dVir)
' L
| dr
I
|
I
|
I
Figure 2-3 Glancing collision in G-coordinates.

For this type of collision y must be small enough such that
the velocity of either particle does not alter substantially throughout
the collision. The orbits are then approximately straight lines running
parallel at a separation p. The deflection of the moving atom can be

approximated by the ratio of the transverse momentum to the momentum along
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the original path:

AP, AP, ( )
y = = 2-29
LN A

The momentum transferred perpendicular to the trajectory of an
atom in a glancing collision is in turn given by the impulse approximation

as: Foo

_ dv(r) pdr
AP, = —f {- } (2-30)
; I ar (42 i} pz)T/z

-0

where Uy is the velocity of the incident particle before collision in
laboratory (L) coordinates.

The transferred energy E2 is finally found as:

2
(AP_L) 1
E2 = _ZMZ—_ a« F (2-3])
where we have used:
Mou,

A characteristic of the approximation is that E2 is a1way§
proportional to E'], irrespective of the potential used.

2, or between p2 and E2

Knowing the relations between y and p
we are therefore able to compute the scattering cross sections, using
equations (2-24) and (2-27).

2.2.3 The Hard-Sphere Approximation

In collisions which are closer to head-on (p = 0 and y = I) the
hard-sphere approximation is often applicable. This approximation is
clearly a drastic simplification, but has proved a very useful one in a
number of rudimentary calculations on atomic collision phenomena. The

interaction of two atoms is likened to that between two billiard balls
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of radii R] and R2 such that in any collision their centers are separated

by a distance Po = R] + RZ’ as illustrated in Figure 2-4.

[
I
N
Pi
{
|
—_—t
| f
Figure 2-4 Hard-Sphere scattering in G-coordinates.

The potential energy at the moment of collision V(9°) will be

equal to asymptotic kinetic energy in G-coordinates given by:

M2E
V(Qo) = TM;—;—MES (2-33)

This relation defines the distance of closest approach, Po-

From Figure 2-4, if Po is known we have, by a simple geometrical

argument:
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P = Po cCOs v/2 (2-34)
Differentiating equations (2-34) and (2-21), we obtain:
2 dE,
do = 2mpdp = Mpo" T~ (2-35)

Alternatively, integrating over the range of E2’ one gets:
2
o = Tgo (2-36)
This approximation becomes worse for small values of y and to

some extent it is complimentary to the impulse approximation.

2.2.4 Power-Law Scattering

If we use an inverse power potential of the form:

V(r) = SOOSEANE  yith 0 <m < (2-37)
o

to describe the interaction potential between the incoming ion and the

target atom, then the scattering cross sections can be written approxi-
(24,27-28) .

mately as
CdE2
do = = e (2-38)
E” E,
and g B (2-39)
myY m
mE Ez
where C is a quantity dependent on the value of m. In the reduced para-
meters of Lindhard et a1§27):
aM2
€ = E 2 (2"40)
Z]Zze (M] + M2)
2 MMy
p = RN4rma P E— (2-41)

(M1 + M2)
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the quantity C in equations (2-38) and (2-39) can be expressed as:
I 2/:E\2m m
C= > Ama (e A (2‘42)

with A defined in equation (2-14) and A given by equation (2-22).

The nuclear stopping power is therefore defined as follows:
E

s, (E) =.[ Eydo = Tgﬁ. Al-m gl-2m (2-43)
0

Equations (2-38) and (2-39) are used, with good accuracy, for
a power potential, but can also be employed to describe scattering by the

(24). In general,

TFF potential within certain limits of projectile energy
if ~20% accuracy in both stopping and path length (to be discussed) is

required for the power cross sections to be acceptable we obtain the

following ranges of va]idity(zs):
m = %- for e < 0.2
m = for 0.08 ¢ ¢ < 2

AV o

At very high energies, ¢ >3, m = 1 could be used.



CHAPTER 3

THEORETICAL ANALYSES OF SPUTTERING OF AMORPHOUS SOLIDS

3.1 QUALITATIVE PICTURE OF SPUTTERING

When a solid is bombarded with energetic particles, many
phenomena can arise. Which ones are possible or predominate depends
largely on the kinetic energy of the incident particles. At energies
exceeding roughly 25 eV,the dislodging of atoms and their ejection into
the gas phase begin to play a decisive role. This process is called
physical sputtering.

As shown schematically in Figure 3-1, the impinging ion pene-
trates the surface of the target and travels its mean free path before
undergoing a series of collisions with target atoms. Atoms that recoil
with sufficient energy suffer secondary collisions, thereby creating

another generation of recoiling atoms:

Target atom

T ® lon
rd \
>
/
L~
-

Figure 3-1 Collisions leading to sputtering process.

21
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Both the ion itself and energetic recoil atoms have the possi-
bility of getting scattered through the surface‘by a series of collisions
from a depth that may be a certain fraction of the total ion range. The
slowing-down paths of both the ion and all energetic recoils are surroun-
ded by clouds of higher-order recoil atoms with very low energy. These
atoms have small ranges and therefore can only get sputtered if they
are located originally within a couple of atomic layers from the surface.
Note that high-order recoil atoms account for the major portion of the
number of sputtered atoms, because, according to Thompson(zg), the energy
distribution of sputtered atoms peaks heavily at very small energies.

The sputtering coefficient, which is the number of ejected
atoms per incident ion, depends on the nature of the ions, their energies,
the nature of the target, and the angle of incidence.

3.2 EARLY THEORETICAL MODELS

Various works on the incident-angle dependence of the sputtering

(1,30-33) and on the energy distribution of ejected atoms(29’35'37)

coefficient
have clearly demonstrated that sputtering is indeed a momentum-transfer
process. However, the formulation of this concept in an adequate theory
which would explain these experimental results as well as many others such
as the dependence of the sputtering coefficient on the nature of target,
mass and energy of the bombarding ion, and direction of ion impact re-
lative to crystallographic directions is a highly complicated problem.
Since 1955, several theoretical treatments of the sputtering
process have been developed. The most important theories, which use the
concept of momentum transfer from the incident particle to the lattice
atom, are possibly those of Keywe11(38), of Goldman and Simon(39), of
Pease(40), of Rol et a].(32'33), of Odintsov(4]), of Onderdelinden et a1542'44),
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of Martynenko(45), and of Sigmund(9’46).

In the following sections, we are going to review several theore-
tical analyses of the sputtering of amorphous (and polycrystalline)
materials, excluding the dependence of the sputtering coefficient on the
direction of impingement relative to crystallographic axes, i.e. anisotropy
of the energy transfer within the lattice.

3.2.1 Keywell's Theory

One of the earliest theories of sputtering employing many con-
cepts taken from radiation damage theory was described by Keywell(38).

He modified a neutron cooling theory so that it could be used to calculate
how the incident particle transfers its energy in successive collisions

to the target atoms. He assumed that the collisions are of the hard
sphere type and that the number of sputtered atoms could be related to
that of displaced atoms.

The number of displacements, ngs produced by the nth collision
was assumed to be related to the average energy, Eh, transferred to the
lattice atom in the form: ___
ng = ( -E—:— i (3-1)
where Ed is the displacement energy. The total number of displaced atoms,
ND’ was found by summing over all collisions. In addition, the probability
that the incident particle penetrates into the target, the probability
that it rebounds on the first collision, and the probability that an
atom displaced from a distance x below the surface might be captured in

the lattice before it could escape from the surface have also been

taken into account.
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From such considerations, Keywell derived the following ex-

pression for the sputtering coefficient S:
s= ()% Fea) (3-2)
d

where F(P,n) is a semi-empirical quantity which depends part]y on the
above-mentioned probabilities and the possible number of collisions that
an ion can make with the lattice atoms.

According to equation (3-2) the sputtering coefficient S varies

172 in first approximation. This relation was found to be approxi-

as E
mately correct in some cases and certain energy ranges. The theory
ignored energy losses due to electronic excitations and assumed a random
target, so that crystallographic effects obviously could not be explained.
It should be noted that Keywell used the erroneous relation nd=(E'm/Ed)]/2

(47). However, for ions

instead of the E/2Ed derived by Kinchin and Pease
incident at very low energies the difference between these expressions is
not too large. In addition, the assumption of hard-sphere collisions and
the non-analytical form of equation (3-2) can involve drastic limitations
in the application of the theory.

3.2.2 Theory of Rol, Fluit, and Kistemaker

In 1960 Rol et a].(32'33) proposed that only the collisions be-
tween ions and lattice atoms which take place near the surface are res-
ponsible for sputtering. The sputtering coefficient is therefore propor-
tional to the average energy dissipated by the impinging particle in the
first few atomic layers by elastic scattering events. The probability
that collision will take place near the surface is inversely proportional

to the mean free path, A, of the ion, so that the coefficient can be ex-
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pressed as:

, M.M
K 172 é
S = o (3-3)
A COS V¥ 2
- (M1 + M2)

where y is the angle of incidence and K, which is a different constant
for each target material, can be adjusted to fit the experimental data.

When Almén and Bruce(z)

examined their sputtering coefficient results in
terms of the theory of Rol et al. for 10 to 65 keV Ne+, Ar+, and Xe'
which were normally incident on a wide variety of metals, they reached

the following conclusion:

K = A exp[-B M]]/Z Ey/(My + My)] (3-4)

where A and B are constants and Eb is the surface binding energy of the
target atoms.
The mean free path, A, is given as usual in terms of the target

atomic density, N, and the total scattering cross section, o:
A = 1/No (3-5)

Rol et al. have calculated A from the hard-sphere approximation, in which,
as we have seen in Section 2.2.3, o = neoz where Po is the distance of
closest approach, which is, however, determined from the screened Coulomb
potential of Bohr. This approximation obviously has a very small range

of applicability. The model also fails to take account of the effects of
electronic excitation in the high-energy region and of anisotropy of the
energy transfer within the lattice of a monocrystal. Moreover, the con-
stant of proportionality K in equations (3-3), and (3-4) is empirical and
possibly varies with interatomic potentials used(48). The theory is there-

fore not analytical. However, for amorphous (or polycrystalline) materials
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and low energies, the theoretical estimates were found to be in good
agreement with the experimental resu]ts(32'33).
With the present availability of theories and results for ion
ranges in solids, we would suggest here, however, to either use powef—
law approximation to calculate A or replace A by experimental (or theoretical)
values of jon ranges.
(a) Using a power scattering cross section, equation (2-39),we have:
mE" E m
NC

A (3-6)
where EZ’ which is the minimum recoil energy just capable of producing
damage, can be given a value of 25 eV, and C is determined by equation
(2-42). The value m = 1/3 is to be preferred for the work reported here
(e < 0.2), though m = 1/2 would be used for higher energies.

For the case of normal incidence, the sputtering coefficient

can therefore be written as:

gl-m (3-7)

where Ka is a constant.
(b) The use of range parameters also gives a possibility to re-
express the theory of Rol et al.. Thus, if Rm is the experimental median

range of an ion in a random target, we can write:

S T meem 8 et c— . E (3-8a)

where Kb can be adjusted to fit the sputtering data.
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If the experimental values of R are not available, the theore-

tical estimates of Lindhard et a].(27) can be used. In that case, we
have:.
K M.M
S = <l§> L2 v E , (3-8b)
(M] + M2)

where K. is again a constant.

3.3 SIGMUND'S THEORY

3.3.1 General

A completely analytical approach to sputtering has recently
been formulated by Sigmund(g), using the methods of transport theory and
considering a random target with a plane surface. A Boltzmann-type integro-
differential equation was employed together with the power approximation
to the Thomas-Fermi-Firsov cross section and a planar-potential barrier
at the surface.

The calculation consists of a number of steps: (1) to determine
the amount of energy deposited by energetic particles (ion and recoil
atoms) near the surface; (2) to convert this energy into a number of Tow-
energy recoil atoms; (3) to determine how many of these atoms come to the
very surface; and (4) to select those atoms that have sufficient energy
to overcome‘the surface binding forces. There will be needed only one
basic equation, not four. The eésentia] input quantities will be the cross
sections for scattering of high-energy ions and atoms, the cross section
for scattering of low-energy atoms, and the surface-barrier energy. Two
main stages of the collision cascade must be distinguished: first, the
slowing down of the primary ion and all recoiling atoms that have comparable
energies - these particles determine the spatial extent of the cascade;

second, the creation and slowing down of low-energy recoils that constitute
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the major part of all atoms set in motion. The separation of the cascade
into two distinct stages has the consequence tﬁat two characteristic depths
are important for the qualitative understanding of the sputtering process.
First, the high-energy scattering events that eventually lead to sputter-
ing take place within a certain layer near the surface, the thickness of
which depends on ion mass and energy and on jon-target geometry. In the
elastic collision region, this thickness is a sizable fraction of the ion
range. Second, the majority of sputtered particles originate from a very
thin surface layer, because small energies dominate. High-energy col-
lisions are characterized by Thomas-Fermi-Firsov type cross sections,
while a Born-Mayer-type cross section is applied in the low-energy region.
The electronic stopping is included when needed for high-energy scattering.

3.3.2 Basic Equations

Consider an arbitrary ion starting its motion at a time t = 0

in a plane X = 0 with a velocity Vo, @S shown. in Figure 3-2.

¥

g — dx ——
§§§”,,—" Vb

M,
X

o - - e cr e e — . ——— - ——- —t
t= t=t
X=0

Figure 3-2 Geometry of sputtering calculation.
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The average number of atoms with velocity (V, d3v) penetrating,
as a consequence of the ijon impact, the plane at x in a time interval dt
is given by:

G(X,Vo,sV,t) d3v |vx|dt

where L is the x-component of v, and G(x,Vo,V,t) is a function that must
be defined.
The sputtering coefficient for backward sputtering of a planar

target at x = 0 is then:

©0

Sy =f]vx|d3vf G(04Vo sV, t)dt (3-9)

0
where the integration over d3v extends over all V with negative x-compo-
nemts large enough to overcome surface binding forces.

In an isotropic and homogeneous medium, the function

G(X,Vo,V,t) will satisfy Boltzmann's equation. Consider a particle moving

at t =0 in a plane at x = 0. After a time 6t, it may or may not have
made a collision. Figure 3-3 shows the geometry of a scattering event

in the laboratory system where V' is the velocity of scattered particle,
V" is the velocity of recoiling atom. Let N be the atomic density of the
target , do = do(Vo,v',v") be the ion-target differential cross sec-
tion, and n be v,4/v,. By a standard argument used by Lindhard et a]§27)

(49)

and Sanders , the function G(x,Vo.V.t) can be expressed as follows:

G(x,Vo,V,t) = (probability of creation of a scattered particle
at x with v') + (probability of creation of a re-
coiling particle at x with V") + (probability of ap-

pearance of a non-colliding particle at x with V)
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<{

2{/

Figure 3-3

Single-scattering event in L-coordinates
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= Nvatfdo[e(x,v',v o) + G(x,V",V,t)
+ (1-Nvatfdo) G(X-nVEt,Vo sV,t-5t) (3-10)

Expanding this equation in powers of &t and taking the first order terms,

it is straightforward to conclude:
- ‘1_'8—%- G(X,vo ,V,t) - N 'é'% G(X,VQ ;v,t) = Nde[G(X,vo ,—v>,t) -
G(x,V',V,t) = G(x,V",V,t)] (3-11)

In view of equation (3-9), one is only interested in the function:

o

F(XsVo,V) =/ G(XsVo,V,t)dt (3-12)
0

F(x,Vo,V)|vX|d3v will be the total number of atoms that penetrate the
plane x with a velocity (V,d3v) during the development of the collision

cascade. From equation (3-11), we immediately get:

-nﬁwuxmw=ﬁfwnuﬁuw-Fuﬁuw-Fuﬁhﬂl (3-13)

This equation is rather comprehensive but is not easy to solve, since
there are seven variables. According to equations (3-9) and (3-12), the
sputtering coefficient follows from equation (3-13) by integration over

V, so that we can immediately get rid of the three variables t, vy, and v.

Introduce the function:

H(X Vo) =f“’x| a3V F(x,Vo V) (3-14)

where the integration over V obeys the following conditions:
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\
o = < 0 (3-15)

1

-1 2
E = 2 szo

z_U(Y‘lo) (3‘]6)

U(no) is the surface binding energy that, in general, depends on the direc-
tion of ejection, characterized by the directional cosine no.

Equation (3-13) can now be written as:

-n 5 H(x, Vo) = Nfdc[H(x,Vo) - H(x,V') = H(x,v")] (3-17)
where Vo, V', and V" may be expressed in terms of the energies E], E]-Ez,
and Ess and the directional cosines n, n', and n" of the incident ion,
scattered ion, and recoiling atom, respectively.

The standard procedure for solving this type of equation is
firstly to expand the angular dependence of H in terms of Legendre

polynomials, Pﬂ(n):

H(X,Esn) = T (22 + 1)H,(x,E)P,(n) (3-18)
£=0

Secondly, one introduces the moments:

o

Hzn(E) =f anz(x,E)dx (3-19)

co

(27)

Finally, using the scheme of Lindhard et al. » we can have the follow-

ing equation, with separation of elastic from inelastic collisions:

nLen, " (E) + (e+)H,MTT (B)] = (2201)Ns_(E)gE WD (E)
AE

+ (2€+1)Nf do(E,Ez)[HE(E)-PZ(cos y')H?,_(E-EZ) - P, (cos y")Hz(Ez)] (3-20)
0
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where y' and y" are the laboratory scattering angles of scattered and re-
coil atoms (Figure 3-3), Se(E) is the electronic stopping cross section
and do(E,Ez) is the differential cross section for elastic scattering.
The above equation can therefore be solved if we know the input quantities:
Se(E), do(E,Ez), and surface binding energy U(n.).
Considering only backward sputtering, the coefficient will be

given by:

Sb(E) = Ho(x=0, E) (3-21)

3.3.3 Analytical Solution

We are now going to specify the necessary input quantities and
consider the analytical solution for backward sputtering coefficient.

Electronic Stopping Cross Section:

When the incident energy E £ 214/3M1.25kev we use Lindhard's
expression(27):
- 1 ,dE _ 1/2
Se(E) = - N'(Hf)e = KE (3-22)

where K is a constant that depends on the atomic numbers Z], Z2 and
masses M], M2 of ion and target.

Note that, in a reduced form, we have:
sele) = - (ijf)e = ke'/? (3-23)

The constant k is of the order of 0.1 to 0.2 except for Z] << Z2 where

k can become larger than 1. Thus, for ¢ < 1 electronic stopping is
usually a minor correction, unless Z] N 1022, when it may not be neglec-
ted(so).

When the jon energy becomes extremely high, the electronic
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stopping cross section can be approximated as:

_ constant '
Se(E) = (3-24)

where the constant depends on Z;, Z,, M;, and M,.

Nuclear Stopping and Scattering Cross Section:

A standard procedure in solving equation (3-21) is to make
a series development in powers of E, (provided E, << E) for the first-
moment equation which is deduced from eguation (3-20). In doing so,

we shall arrive at the integrationvf Epdo. The nuclear stopping
0
power is therefore needed.

A useful choice is the power approximation of the Thomas-Fermi-
Firsov cross section, where, as mentioned in Section 2.2.4:

CdE2

m +m
E"E,

do

Apart from the differential cross sections, we need the nuclear stopping

powers, as defined in equation (2-43):

E
- - C T-m _1-2m
Sn(E) —J Ezdc s Y A E
0

We can also compute Sn(E) using Lindhard's expression(24)

, calculated
by assuming Thomas-Fermi-Firsov interaction:

4nZ.2.,e2aM
- 172 1 -
Sp(E) = ——— 3 sp(e) (2-25)
1 2
where the reduced nuclear stopping cross section sn(e) is the universal
function tabulated by Lindhard et a]ﬂ24), and reproduced here in Table

3-1:
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TABLE 3-1

Reduced Nuclear Stopping Cross Section sn(e)
for Thomas-Fermi-Firsov Interaction (after
Lindhard et a1124)).

0.002 0.120

0.004 0.154

0.01 0.211

0.02 0.261

0.04 0.311

0.10 0.372

0.15 0.393

0.20 0.403

0.40 0.405

1.0 0.356

2.0 0.291

4.0 0.214

10.0 0.128
20.0 0.0813
40.0 0.0493

Surface Binding Energy:
Sigmund assumed that the most realistic expression for U(no) is:

U(no) = Uo/rlo2 (3-26)

with U, equal to the measured sublimation energy. Equation (3-26) is ob-

tained from the planar potential barrier or work-function model.
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With the preceding quantities, equation (3-20) can be solved.
Sigmund(g) obtained the following analytical solution:
aS _(E)

s, (E) = 0.0420——3—-—— (3-27)
for the coefficient of backward sputtering of a random target under normal
incidence of keV heavy or medium-mass ions.

o is a factor that depends, in the elastic collision region, on
M2/M], as illustrated in Figure 3-4.
Sigmund's theory therefore does not require a computer. The

sputtering coefficients over a wide range of ion energies can be rather

quickly calculated, with the aid of a graph and a table.
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CHAPTER 4

DEPTH DISTRIBUTIONS OF IONS AND DAMAGE

4.1 INTRODUCTION

An energetic ion entering a target will, through collisions with
nuclei and electrons of the lattice, lose its energy, slow down, and final-
ly come to rest. The total distance that the ion has travelled in
coming to rest is called its range, denoted by R. Because the number of
collisions and the energy transferred in each collision are random vari-
ables , all ions of a given type with given initial conditions will not
have the same range. Rather, the ions will form a distribution which

must be characterized by quoting an ion mean range, <R>, a standard de-

viation in ion range, <AR>, and perhaps higher moments of the distribu-
tion function, <R">. Another interesting quantity is the projection of

the range on the direction of incidence, that is,the projected range,

Rp. These quantities are defined in Figure 4.1.

Figure 4-1 Definition of ranges.
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tely from the theories of Lindhard et a1ﬂ27)

(25)

and of Winterbon, Sigmund,
and Sanders In the former of these both electronic and nuclear
stoppings are taken into account while in the latter the comparatively
simple case of a heavy ion or atom slowing down by elastic collisions

is considered. The distribution profiles of ions and damage follow from

(49’5]'52). We shall review

 the ranges by using the Edgeworth expansion
these important theories in the following sections.

4.2 PENETRATION THEORY OF LINDHARD ET AL.

4.2.1 Energy Loss Mechanisms:

The distance travelled by a particle in a solid before coming
to rest, can in principal be directly estimated from the rate of energy
loss. Two physical mechanisms are responsible for most of the energy loss

of ions: (1) nuclear stopping due to elastic collisions of the ion with

the nuclei of the substrate and (2) electronic stopping due to inelastic

interactions between the ion and electrons in the solid. The nuclear
stopping accounts for part of the energy transfer, and essentially all
‘of the angular scattering, whereas the electronic stopping appears much
as a viscous damping effect and does not cause appreciable angular
deviations. To a good approximation, the two mechanisms may be treated
as independent events. Recently, they have been developed into a compre-
hensive unified theory of atomic stopping by Lindhard and his collabora-
tors (27) (referred to as LSS).

By using a differential scattering cross section based on
a TFF - potential (equation (2-8)) between the atoms, LSS derived
a universal relationship for nuclear stopping,(-de/dp)n,in terms of re-

duced parameters, ¢ and p, as already mentioned in Section 2.2.4:
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To obtain the stopping contribution due to electronic collisions,
LSS have derived a velocity-proportional electronic stopping power,

(-de/dp)e,given by:

so(e) = (- §§ )g = ke'/? (4-1)
g, 0.0793 211/222]/2(M1+M2)3/2
Where k= 22322, 3T, 112 (4-2)
1 2 1 2
. 1/6
with ge = Z]

The electronic-stopping calculations therefore do not give a universal
(-de/dp)e curve, but rather a set of curves each characterized by a
particular value of k which depends on ion-target combinations.
(-de/dp)n and (-de/dp)e are plotted in Figure 4-2. We see
that nuclear stopping is the more important process at low energies,
that it reaches a maximum value around ¢ = 0.35, and then falls off.
Electronic stopping, on the other hand, increases linearly with energy
over a wide range, passes through a maximum, and subsequently falls off
as e-]. The quantity (-de/dp)e therefore becomes the dominant process

at very high energies (e > 2).
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Figure 4-2 Theoretical nuclear and electronjc_stopping-power
curves (based on Lindhard et a1.2273)

4.2.2 Approximate Range-Energy Relationship

To a first approximation, the range measured along the ion path

is related to the total stopping power by the relation:
E

<R> =/ JE dE IF (4-3)
0 ('Hi)n * ('Jf)e

or in a reduced form:

de
P =j d de
A (‘af,‘)n + ('a;)e
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At low _energies, the nuclear stopping is dominant, and the ion

range will therefore be:
E E

<R> J - dt - (4-5)

For power-law scattering, Sn(E) is given by equation (2-43),

namely:
. L 1-m _1=2m
Sn(E) = Tm A E
and it follows that:
2m
<R> = A1 _5 (4-6)
2mCA™ N
or
2m
TJ-m ¢
o=l (4-7)
m -

For the case of an inverse square potential, m = 1/2 and M2 T
0.327 (Section 2.1.8), we have:
p = 3.06 ¢ | (4-8)

This equation is Nielsen's formula of range-along-path which can be used
in the energy region where elastic collisions are dominant.

At very high energies, the nuclear stopping becomes negligible

compared with the electronic stopping power (Figure 4-2). The range

equation is then approximately written as:

E E
. dE
P -
0 dx’e 0
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From equation (3-22), <R> follows immediately:

2p1/2
<R> = T— (4-]0)
or in a reduced form:
2€]/2
p B S (4-11)

When both nuclear and electronic stoppings are simultaneously
taken into account, or when a TFF potential is used, the general equation
(4-3) or (4-4) must be considered. The resulting p versus e relationship
is shown in Figure 4-3. The curve marked "Th-F" shows the limiting case
where the electronic stopping has been neglected. The inclusion of a
relatively large electronic stopping term into p = p(e,k) is shown by the
curve marked "k = 0.4". Nielsen's formula (equation (4-8)), which cor-

responds to the inverse square potential,is also included for comparison.

318+ s
10}
0 051 ThF 2 kD4
02r 7
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4,2.3 Exact Integral Equation for the Projected Range

In most experiments in ion bombardmeﬁt, it is the penetration
depth measured along the normal of the surface that is of interest.
This distance is the projected range Rp defined in Section 4.1.

In deriving projected range statistics, we have to consider
the angular deviations of the impinging particle as well as its energy
loss. Again, the projected range theory of Lindhard et a1.(27) will be
discussed here. The basic approach taken was to write an integral equa-
tion describing the conditional probability p(E,Rp)aRp that a particle
with initial energy E entering a target would have a projected range be-

-6 :
tween Rp Rp and Rp

p(E,Rp) = (probability of creation of a scattered particle at
Rp-aRp with E-E2) + (Probability of appearance of a non-
colliding particle at Rp-GRp with E)
AE AE
= N def do p(E-E2. R-SR) cos v + (1-N GRU[ do)p(E,Rp-GRp) (4-12)
E2=0 E2=0
where y = scattering angle in L-coordinates,

and E

2 energy lost in nuclear and electronic stopping in a single

collision,

In the 1imit of &R - O:

ap(E,R.)

-———Trjl- -)r do[p( E—EZ,R) cos y - p(E,R )] (4-13)

The solution of this equation has been described by Schigtt, in

Appendix of his artic]e(sz), using the <R">-moment concept of LSS(27):
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AE
m<Rpm']> - Nf do[<Rpm> - <Rp'" (E-Ep)> cos v] (4-14)
)
where m is the order of the moment. By means of this equation we may
successively derive the first, second, etc., moments of the projected
range.

For m = 1, for example,equation (4-14) yields:
AE

1= l‘ff do[<Rp> - <Rp (E-E2)> cos vJ (4-15)
o

By assuming that E2 << AE we can introduce the dependence upon E2 by a
series expansion of the function in powers of E2. The simplest case
utilized only the first order term. Equation (4-15) now becomes:

<R > d<R >

=——L L | -
1 v + “a'l'—.'L NSy, (4-16)
where Agp is the transport mean free path, given by:
AE
Kl' = er do (1 - cos y) (4-17)
tr
()

and Str is a transport stopping cross section, defined as:

AE
Str = f do (EZ cos vy) (4-18)
0
14 MMy E e
with  cos y = (1 - —52—t . 20y (7 . 2n)y-1/2 (4-19)

where Ez(n)is the energy lost only to the nucleus.

The solution of equation (4-16) is written as fo]]ows(sz):

E
dE* dE"
<R > = f 4-20
P .£ NS (E') e [E Ay () NSy TET) ] (4-20)
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Values of projected range <Rp> and projected standard deviation
<ARp> for a wide variety of jon-target combinations have recently been
tabulated by Schi¢tt(53) at the University of Aarhus (Denmark).

In the energy region where nuclear stopping dominates and for

M] > M2, the expression of LSS(27)-
M
—Z% = 1+—32W (4-21)

is a fair approximation. This relation is actually derived for power.
law scattering with m = 1/2.

4.2.4 Range Straggling

In ion-bombardment studies, we are interested in the entire
depth distribution, and therefore need to know something about the range
straggling. In a random target, the range distribution is approximately
Gaussian in shape, and so requires at least one extra parameter, namely,
the standard deviation AR_ in projected range. Again, LSS(27) have

P
developed a useful theoretical framework for treating this problem.

<AR >
Provided M] > M2’ the difference between <AR> and ——ﬁﬂ— is
quite small. In such cases, and for ¢ < 3, LSS find that the pred1cted
range straggling, expressed in terms of the reduced parameter:
<Rp> 2(M] M2)1/2

approaches an a1most‘con$tant value of 0.35.
Range straggling can readily be estimated from recent tabula-

tions by Sch1¢tt(53)
<AR >

The 1large values of E for light ions might be anticipated

from the fact that <Rp> is now much smaller than <R>. The decrease in
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<AR >
_?RE; with increasing energy is due to the increased contribution of
p

electronic stopping.

4,3 THEORETICAL ANALYSES OF SPATIAL DISTRIBUTION OF ENERGY DEPOSITED

"INTO ATOMIC COLLISIONS
4.3.1 General

As the incident ions lose their energy in penetrating the solid
they transfer energy to electrons and atoms of the target, resulting in
atomic motion or displacement. The structural damage will depend on the
energy which ultimately resides in the atomic processes, regardless of
the measurement chosen to quantify the damage. For example, the theore-
tical depth distribution of vacancy production. which was calculated
by Pavlov et a1!54) using a Monte Carlo technique, has been shown to be
proportional to the depth distribution of energy deposited into atomic
processes for 60_keV B incident on Si, calculated by Brice(ss).
Similarly, the total neutron damage in Si, as measured by carrier removal
has been shown experimentally to be proportional to the total energy
deposited into atomic processes(ss). Even the depth distribution of more
complex forms of damage such as small point-defect clusters has also
been shown to be comparable to the distribution of energy deposited into
atomic processes for 400.keV ot incident on 51(55’57'58). The deposited
energy is therefore a basic quantity which is accessible to precise

quantification and which correlates well with other experimental and

theoretical measures of damage in a solid.
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Sigmund and Sanders(za) have presented an integro-differential
equation which governs the spatial distribution of energy deposited by
atomiq particles in elastic collisions with a random solid, using a power
law approximation to the TFF potential. A minimum number of assumptions
have been incorporated into this equation and its solution therefore
represents the most accurate estimate of the spatial distribution of
damage available to us at the present time. Recent work of Sigmund and
his colleagues is based on the TFF potential; however, there is no re-
sult published yet. Likewise, the work of Brice is less rigorous’than
that of Sigmund and Sanders.

In the following paragraphs, we are going to have a Took on
these important theoretical treatments of the spatial distribution of
deposited energy: Brice's theory and theory of Sigmund and Sanders.

4.3.2 Brice's Theory
(55,59)

Brice anaiysed the damage process using a method which
consists of two steps. First, he determined the spatial distribution of
the ions in the target as they slow down and come to rest. That is, he
determined the spatial distribution of the ions at energies E', inter-
mediate between the initial energy E and the final energy 0. Then, from
the ion locations, a knowledge of the interaction cross section, and the
experimentally measured values of the partition of the transferred
energy into electronic and nuclear processes, he calculated the initial
spatial distribution of the energy deposited into atomic processes. If
the energy transport through the recoil of struck target atoms is neglec-
ted (1.e. the deposited energy does not move), and the effects of radi-

ation -enhanced diffusion, annealing, and saturation are negligible, then



50

the resultant spatial distribution is the final spatial distribution of
damage in the solid. ‘
We define the functions:
P4(E,E',r) d°r = probability that an incident ion with
initial energy E on a random target
will be found in the volume element

da3p about r when its energy is E'.

P](E,E',x) =~fﬁ’]” P3(E,E',r) dy dz (4-22)

-00 =00

and

where x represents a coordinate parallel to the initial direction of mo-
tion of the incident ion, and y and z are orthogonal axes perpendicular
to x.

Let the incident ions and target atoms interact with some energy
dependent cross section dcq to produce some quantity of interest Q, of

which the average amount produced in d3r is then given by d363

d36'= (probability of the appearance of a particle at
r with E') X (number of target atoms in 1xIxdR) X

(energy loss per target atom over unit distance).

E
=f [P3(E,E',r)d3r{§§.} NS, (E)] dE' (4-23)
o

where dR is the average distance moved by an ion of energy E' in loosing

3

dE'. Since d”r is not a function of the energy E', it can be carried out-

side the integration to yield Q;g; the spatial distribution of the produc-
d r
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tion of Q. The depth distribution of Q is therefore determined as:
E
g%- = ,I‘ [P](E.E',x){géf}NSn(E)] dE’ (4-24)
o

In order to evaluate d367d3r or dQ/dx in equations (4-23) and (4-24), one
must determine the distribution functions P3(E,E',r) or P](E,E',x). In

the Gaussian approximation, Brice obtained:

Py(ELE" ,x) = (2n<ARp>2)‘”2 exp[—(x-<Rp>)2/2<ARp>2] (4-25)
and | Py(ESE" 1) 2 o )
P3(E,E"r) = ————— exp [-(y™+27)/<aR >"] (4-26)
H<ARl>
where Rp and Ri_are already defined in Figure 4-1.

In our specific applications, the quantity Q represents the
energy deposited into atomic processes. Since it is not convenient to
illustrate the depth-distribution profiles for more than a few different

(59) presented the results in form of graphs, in

incident energies, Brice
which the contours of constant damage density, dQ/dx, are plotted as
functions of incident energy,E, and penetration depth into the solid, x.
Damage depth-distribution profiles can therefore be constructed for any
incident energy by plotting the contour values, corresponding to that energy,
as a function of penetration distance.

Comparison of calculations by Brice's method with exact nume-
rical solution for the moments of the damage distribution show that

Brice's theory is only valid for incident ion energies in the range cor-

responding to the dimensionless energy ¢ being greater than perhaps three.
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4.,3.3 Theory of Sigmund and Sanders

As we have seen in the preceding sect%ons, the distribution of
jon ranges in a random medium is determined by an integro-differentia]
equation of the transport type. The same is true for the distribution of
deposited energy. Integral equations have therefore been used by Sigmund

and Sanders(zg)

to describe the spatial distribution of structural damage
in a bombarded medium.

Thus, we define the function:

f(?,Vo)d3r = average amount of energy deposited in
nuclear motion by‘a foreign projectile and
recoil atoms in the volume element (?,d3r)
at the end of the slowing down process.

The normalizing condition will therefore be:

ff(?,vo)d3r = u(E) (4-27)

where v(E) is the amount of energy spent in nuclear motion. The func-
tion f(¥,Vo) must satisfy the integral equation, which is similar to equa-
tion (3-13). In order to calculate spatial averages over the distribution
function, f(¥,V,) is expanded in terms of Legendre polynomials. Further-
more, by introducing moments and using power-law approximation, Sigmund
and Sanders obtained results for the first, second, and third order mo-
ments of the range and damage distributions (see Tables la-2d of reference
28). Recently, Winterbon, Sigmund, and Sanders(zs) have put their re-
sults, obtained by computer instead of by desk calculator, in form of
graphs up to fourth order moments. Figures 4-4a-c are reproduced from

reference 25 for future use, in Chapter 9. These figures show the variation
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Figure 4-4 First, second, third, and fourth order averages

over damage and range distributions. Dashed
line:'m = 1/3; solid line: m = ]éf (after
Winterbon, Sigmund, and Sanders{(25))
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of first, second, third, and fourth order averages over damage and range
distributions as functions of mass ratio M2/M1. Note that <y2> = <22>,

where y and z are coordinates perpendicular to the incoming direction, and
E

R =vf” dE/NSn(E) = (l-m)Ezm/ZmCA]'mN, equation (4-6), is the approximate
o :
path length of the travelling ion.

Figures 4-5a‘and b, which are also taken from reference 25, show
the comparison of range moments with the corresponding damage moments. In
Figure 4-5a, we see that the mean damage depth is consistently smaller
than the mean projected range. The difference is small except for M2/M1 <% 1
and m = %3 i.e. low energies. This is a consequence of the fact that for
M] >> M2 the incident-particle track is relatively straight, the range
straggling is small, and therefore the ion comes to rest essentially at
the far end of the damage clound. For Tight ions (M] < M2), large-angle
scattering of the primary beam can occur, and so both the defect and range
distributions averaged for many ions, are comparable in shape. Figure
4-5b shows that the damage distribution is much broader than the range
distribution for M2 << M], and the opposite is true for M2 2 M]. In the
last case, the ion undergoes large deflections, but mainly those in the
beginning, where the fon still has much energy to share with its collision
partners, determine the region where the energy is located, while those
collisions undergone by the ion toward the end of its slowing down still
may contribute to range straggling, but not to a broadening of the damage
distribution.

4.,3.4 Use of the Edgeworth Expansion

In a random target, the distribution profiles of ions and damage
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distributions.
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are similar to a Gaussian. Therefore, one can approximate the distribution

function by the Edgeworth expansion(49'5]) in terms of spatial moments:
Fix) = (2mi,)" /2 exp (-£%/2) f(z) (4-29)
with — f(g) = 1-(1/6)(ug/uy”’ %) (35 - €3) +
(1/28) (ug/uy2-3) (3-66% + &%) -
(1/72) (ug?/u,®) (15-45¢% + 15" - ¢°)
where = x> = <(x=<x>)"
and £ = (x - <x>)/u?_]/2

If only the first term of f(g) is taken into account one has a simple

1/2

Gaussian with the width My s centered around.x = <x>. The second term

introduced the "skewness", and the third one gives the "excess" of the
distribution.
For our specific applications, x is the penetration depth, <x>

= 1/2
represents <Ri> = <Rp> or <Rd>, and Mo

is <AR1> = <ARp> or <ARd> of
ions and damage. These values including values of U3 and Hgs Can be obtained

from Figure 4-4,



CHAPTER 5

DIFFUSION IN ION-IMPLANTED SOLIDS *

5.1 INTRODUCTION

With most types of diffusion in solids, the behaviour is clas-
sed very simply as either intrinsic or extrinsic. Intrinsic behaviour
is said to arise when the point defects, or other means giving rise to
the diffusion, exist in their equilibrium concentrations, while extrin-
sic behaviour involves the point defects, or other diffusion carriers,
being present in excess owing to such factors &s radiation damage, doping,
quenching, or cold work. The study of implanted-atom diffusion has con-
firmed the general view that both intrinsic and extrinsic processes occur,
though it has led to the recognition of a muchkwider role for the latter.
One reason for this is that the introduction of foreign atoms into a
solid by implantation necessitates a violent téchnique such as ion bom-
bardment or nuclear reaction and excess defects due to radiation damage
are unavoidable. This should not be interpretéd, however, to mean that
the phenomena found will be more complex than normal . In fact, the
connection between excess defects of all types and implanted-atom dif-
fusion is such as to make the experimental results sometimes easier to
interpret than in other work on, for examp]e,:inert-gas diffusion since,

by suitable choice of bombardment energy and dose, it is possible to vary

*  This C?agger is largely based on the publication by R. Kelly and the
author(12),

58
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almost at will the roles played by unperturbed diffusion, damage, trap-
ping, and bubbles. (Effects due to pre—existiﬁg dislocations, grain-
boundaries, and cracks are normally negligible due to the short dif-
fusion distances.) The motion of implanted atoms in ion-bombarded solids
has been proposed as a solid-state probe for defects.

We are now going to discuss two cases of diffusion in ion-im-
planted solids: diffusion with uniform parameters and diffusion with non-
uniform parameters.

5.2 DIFFUSION WITH UNIFORM DIFFUSION PARAMETERS

Diffusion in jon-implanted targets is a relatively simple pro-
cess to treat when the diffusion parameters are uniform. Many authors
have shown that there is no difficulty in obtaining solutions for normal
diffusion with a constant diffusion coefficient(so’ﬁl), for diffusion in

(60,62)

the presence of permanent traps with uniform spacing » or even for

diffusion in the presence of reversible traps provided both the spacing

(62’63). A characteristic feature of diffu-

and trap depth are uniform
sion with uniform diffusion parameters is found to be what might be cal-
led the "rotation effect", such that a diffusion profile will, as a re- |
sult of the target being heated after implantation, seemingly rotate

about the original position, as illustrated in Figure 5-1,
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9ffect

Integral concentration

0.01F
5 1
0.001 Pa—
0 4 6
Depth_units of x/Rp
Figure 5-1 Rotation effect in diffusion with uniform parameters.

5.2.1 Diffusion with a Constant D

For most types of impurity or self-diffusion, the usual dif-

fusion equation is adequate:

oC, o,
R = D—a—x-z- . (5-1)

where C] (in fractional units) is the concentration in the absence of
trapping, and D is a constant diffusion coefficient.
In a random target, where the ion distribution is generally

compact due to the absence of channelling, the diffusing material is con-
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centrated in the vicinity of Rp, the most probable range, or Rps the
median range (Rp = Rm for this case), and the use of the plane source

is allowed. The integral-concentration solution for a plane source at
(60).

= Rp in a semi-infinite medium {s given by

-

C int =uJﬁ diff dx = - £ £ 52
. X E{er —552?77 + er E%B;;T77 (5-2)

X

This solution gives results as in Figure 5-1. Experimental examples of

64)

the rotation effect have been reported by Kelly and RuedI( » and by

Matzke(ss).

5.2.2 Diffusion in the Presence of Permanent Traps

with Uniform Spacing

When permanent trapping is considered, the motion of diffusing
species becomes complicated and the modified diffusion equations are re-

quired. The mathematical consequences of trapping have been discussed

by Hurst(sz) and Gaus(ss). For the particular case of true diffusion
where only permanent trapping is important, the proposed equations were(eo):
2 :
aC 3°C DC
-t = —% - = (5-3a)
X L
DC
o - —L§ (5-3b)

where C2 is the concentration in the presence of permanent trapping,
m (in fractional units) is the trapped concentration, and L is the trap-
ping length.

The concentration expressions for diffusion of a plane source
60) .

at x = Rp have been obtained by Kelly and Matzke(
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¢, = exp (-Dt/L?) ¢, "t (5-4)
and m 1t . (D/LZJ cz“’tdt ~ (5-5a)
0

= 'l--e‘Rp/L cosh (x/L) [x g_Rp]
(5-5b)
= o~X/L

sinh (Rp/L)‘ [x 3_Rp]
int is the high-temperature limit of mint; the full, i.e. time
int

where m_
dependent , expression of m is somewhat cumbersome.

The solutions of equations (5-3) for the other types of dis-
tribution, such as e and xe™*, have also been derived in reference 60.
The graphical representations of equations (5-4) and (5-5) still show
the rotation effect.

5.2.3 Diffusion in the Presence of Reversible Traps with

Uniform Depth and Spacing

When a large number of trappings takes place, a more realistic

form for the diffusion equation is probably that with trapping terms as

described by Hurst(sz):
2
3C _ n3°C DC -
'a't"D_Tax - -L-z+bm (5-6a)
- DC _ -
_g_l'ﬂ = ['2- bm (5 Gb)

where C,D,L, m have the usual meanings; and b is the detrapping rate

constant. These equations are solvable as they stand provided D,L, and
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b are constants: for example, Gaus(63) has developed solutions for a
semi-infinite medium. The integral-concentration solutions for a plane

source at x = Rp in a plane sheet of thickness £, such that:

C = 0 at x =0
aC _ _
> - 0 at x = ¢
and o0 att=o0
have been derived in reference 12:
int _ 4 ] .
cint . ﬁ;m cos (ax) sin (aR ) (D,L,b,2,t) (5-7a)
mint h‘lnz"??]fﬁ cos{ax) sin (aRp) FL(DsLeb,t,t) (5-7b)

where a stands for (2n+1)n/2£, and FC and Fm are functions of D,L,b,Z,
and t, as stated in reference 12. The corresponding solution for dif=
fusion without trapping follows by letting L » «:

int _ 4 ] , 2
C ..Iléi:zﬁﬁﬁ-cos (ax) sin (aRp) exp (-Da“t) (5-8)

The overall diffusion (Cint + mint) in the presence of rever- (
sible traps was argued to consist of two parts: one part is governed

by un-diffusion-1ike parameters (namely ~ DAt/LZ) and the other is gover-
ned by diffusion-like parameters almost equivalent to D being replaced
by bL2 (namely ~ bL2a2t/A), (where A stands for 1 + a2 2).

5.3 DIFFUSION WITH NON-UNIFORM DIFFUSION PARAMETERS

Diffusion when the parameters are not uniform with depth cons-

titutes @a variant of particular interest in this work, Several situ-

(66)

ations have been envisaged. Fairfield and Crowder , and Meyer and
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Mayer(67) have treated the diffusion in a composite target with D being
larger near the surface than deeper in, though the solutions obtained
are incorrect. (They neglected the boundary.) Kelly anvaghi(lz) and

Pronko and Kel]y(ss)

considered the target being composite in the con-
verse sense, due to D being smaller in the surface layer than inside.
This could arise from there being a higher damgge concentration in the
~vicinity of the damage mean range than beyond it, a situation which is
shown to be fairly realistic from the truncatef Gaussian shape of the
damage distribution profiles. Both the above situations will be noted
to correspond to an idealization of target which consists of the sequence
surface/damage/no-damage. As an alternative tke target may be regarded
as having either a continuous fall-off in damage concentration, thence
an increase in D, from the damage mean range to the interior, or else,
a continuous decrease in the trap depth, thence an increase in D, from
the damage mean range to the interior. Most ideally, of course, D would
be given a Gaussian variation, but analytical solutions cannot then be
obtained.

On the atomic scale, the diffusion barriers that would be seen
by a diffusing entity may be represented in three ways as in Figure 5-2.

Here (a) corresponds to the case of Meyer and Mayer(67). (b) to the case

(12)
of Kelly and Nghi » and (c) to the case of a continuous decrease in

trap depths.
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(a)

(b)

(C)

DEPTH ——

Figure 5-2 Schematic representation of the atomic-scale barriers
that would be seen by an entity diffusing (a) near a
boundary £ described by equation (5-9), (b) near a
boundary at £ described by equation (5-11), and (c)
when there is a continuous decrease in trap depth
(equation (5-16)).

5.3.1 Solutions for Damage/No-Damage System

We first examine the two cases (a) and (b) where a region with

deep traps adjoins a region with shallow traps.

Carslaw and Jaeger(sg) discuss a situation very close to this,
involving an infinite solid with a boundary at ¢ separating regions with

different D. The conditions obeyed at the boundary are:
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0T ‘ (5-9)
5-9
1 3x 2 X

and the boundary might be represented as in Figure 5-2a.

The total amount of diffusant in region 2 has been found to be:

. -~

C ot =f C ix = #25 (0, t/m1/2 (5-10)

where f stands for (D2/D])1/2. This result shows that for D, << Dy,
int

which is similar to the model used in references 66 and 67, C,_, " tends

to become zero and this could explain occasional instances(66'67) in
which the rotation effect was absent.

The above treatment is not quite correct when the difference
in D is due to trapping effects. When traps are being considered,
D, >> D] becomes physically more realistic, and a more correct treatment

would be based on the following boundary conditions:

D€y = Dyt
(5-11)
aC al
1 _ 2
D]ax " DZ aX

This situation can be represented, on an atomic scale, by Figure 5-2b
where the boundary at £ separates two regions of different types of
traps. For example, the traps might be respectiveTy multiple and single

vacancies(70) (7]).

or the presence and absence of dislocation loops
The total amount of diffusant in region 2, calculated with the

boundary conditions (5-11), has been shown to be:
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¢, 0t - Er (ogt/m 2 (5-12)

The result is very similar to what was obtained before, except that
Cxiﬁt now approaches zero for D, >> Dy,

A boundary between regions with different D thus sometimes
acts as nearly impermeable interface provided D2/D.I takes on the appro -
priate value,

5.3.2 Solutions for Surface/Damage/No-Damage System

We now consider a more detailed case involving boundary (5-11)
namely C=0 at x=0 while at x=£ (where £ would in practice be related to
<Rd>) the trap depth decreases abruptly in accordance with Figure 5-2b.
Such a model would be applicable both at Tow bombardment energies or
high doses, whence the sequence surface/damage/no-damage, and to a lesser
extent, at high energies or low doses, whence the sequence surface/no-
damage/damage/no-damage.

The total build-up of diffusant in region 2 has been determined

as:

Clht = iy (1= 2 derfe(1/n) + gy derfe (2/7)
I
. 2(F<1

FoU jerfe(3/e) - 252 derfc(d/q) +...)  (5-13)
(f+1)

1/2 int

Cy=p 1s plotted as a function of

where t is equal to 2(D,t/£%)
temperature in Figure 5-3.

The interesting result is that the possibility that the rota-
tion effect may sometimes be absent, as already alluded to in the pre-

ceding section, is evident for AHZ/AH1.§ 5/6. Real implantation geometries
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Figure 5-3 The build-up of diffusant in region 2 (x > £). Based on (5-13)
with Do = 0.3 cm@/sec, t = 300 sec, £ = 10~%cm, and aHy = 60,000 cal/mole
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could, in principle, be treated as in this part.

5.3.3 Solutions for Yariable Trap Spacing

It may in some cases be an oversimplification to regard a
damaged target as consisting of two regions; each with a different trap
depth. A possible alternative would be to allow for continuous variation

of trap spacing, ie. to write:

1+ ¢x) (5-14)
where L, is the value of L at the surface. From section 5.2.3 it follows
that the problem becomes one of solving :

2 %

'3C 3C
3F ° blLg 5;—[(1 + CX)SY (5-15)

Solutions to an equation similar to this have recently been obtained by
Kelly (unpublished) and show that the rotation effect, as in Figure 5-1,
not only still occurs, but is even more prominent than usual.

A system in which the trap spacing increases from the surface
to the interior, though it certainly represents a possible description
of a bombarded target, thus does not lead to significantly deviant be-
haviour,

5.3.4 Solutions for Variable Trap Depth

Sti11 a further approach for describing diffusion in ion-im-
planted solids is to allow for a continuous variation in the trap depth

as shown in Figure 5-2c:

AH =aHe (1 - gx) - {5-16)
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hence, b = bo exp(-[aHo/RTI[1-gx]) (5-17)
where AH, is the value of aH at the surface, and b, is a pre-exponential
15:1 sec™1(72) | The problem to solve may

term probably similar to 10
therefore be written approximately as:

3% = (bol? exp[-aHo/RT]) 2 (exp[aHogx/RTIES (5-18)

R

Substituting s = exp(-AH.gx/2RT), one can obtain the equation:

2
oC _ 2 C oC
3t 5'(352 = 8os (5-19)

where D = b°L2(AH°g/2RT)2 exp(-AHo/RT), subject to the boundary conditions
C=0 at s=1 and C definable as s -~ 0.
The'integra]-concentration solution for a plane source at

x=Rp, i.e. s=sp, has been derived in reference 12:

cnt 25,5 —%-(———{1-J°(ans)}J](ansp)exp(-ﬁuﬁt) (5-20)
QnJo (!n

where a; = 3.83 and J;(aq) = 0 (73)

The numerical examination of equation (5-20) has been done in
reference 12. It is found that a surprisingly modest value of ng, i.e.
what is in effect a small fractional reduction in AH over the range of
the implanted ions, has been sufficient to eliminate the rotation effect
of Figure 5-1. Figure 5-4 is taken as an example to show the surface-
directed motion of the implanted ions, assuming AHo/RT = 40 and an initial
plane-source distribution. The curves which are normalized to begin

at C1nt = 1, may be interpreted as showing that rotation occurs for

, ng < 1/40, while motion toward the surface takes place for ng > 1/40.



71

Integral concentration

36 Yo ) || SO S S, T T
o 2 4 6

Depth_units of x/F\’p

Figure 5-4 Integral-concentration curves obtained from equation
(5-20) with s=exp(-20gx). Curves are normalized to
begin at Cint=1, and correspond to gR,=1/80, 1/40,
and 1/20.
Real implantation geometries are not quite as simple to treat,
except for the particular cases of rectangular and e'x-type distributions.
It was suggested that a useful approximation to equation (5-20) would be

the following relation, normalized to yield unity for x=t=0:
¢ = 0,713[1~do (ay expi-aHogx/2RTH]exp(-Day>t) (5-21)

This relation is reasonably exact for Dt sufficiently large that the frac-

tion of the diffusant remaining is < 0.80.

As a word of caution, it should be emphasized that equation



(5-20) involves an unrealistic situation in which the trap depth con-
tinues to decrease indefi{nitely. The conclusions should, therefore, be

regarded as tentative.
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CHAPTER 6
EXPERIMENTAL PROCEDURES

6.1 MATERIALS

The anodic oxides of Al, Mo, Nb, Si, Ta, Ti, V, W, and Zr were
used during the course of this work. The metal substrates were high-
purity polycrystalline foils of dimensions 20x20x0.1 mm. A1l specimens
were chemically polished before the anodizing step. In addition, Al, Mo,
Nb, V, and W were given a pre-anodizing treatment, which consisted of the
successive formation and dissolution of several anodic oxide layers ap-
proximately 1000-2000 K thick. This pre-anodization helps remove sub-
microscopic irregularities, thus giving a reproducibly flat clean surface

of constant area.

6.2 ANODIZATION
The anodic oxidations were all carried out at constant current.
Table 6-1 summarizes the electrolytes, conditions of anodization, and thick-

nesses of oxide films formed on metals used:

TABLE 6-1

Information on Anodic-Oxide Formation
Electrolyte and

Metal Oxide Conditions of Formation Oxide Thickness Ref.
Al A1,04 Aqueous solution of C.P. Am- x=0.472(V+1.8) (74)
\ monium citrate (30g/liter), (ug/sz)

room temperature,

cathode: Al

time: 10 min. 9
current density: <10 mA/cm
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Mo

Nb

Si

Sn

Ta

Ti

Mo0
(assuﬁed)

Nb,0

Si0
(assuﬁed)

Sn02

Ta205

Ti0o

v,0
(asguaed)

Solution of 2M HZO and
0.02M NayBgQ7 in~acetic
acid, room- temperature,
cathode: Pt

time: 15 min. 9
current density: 2 mA/cm

(1) Aqueous solution of
0.25% KF, room temperature,
cathode: stainless steel
time: 10 min. 5
current density: <20 mA/cm

(2) Solution of HpSO4 (80 parts)
and HNO,; (20 parts),
temperature : < 30°C,
cathode: Pt
time: 5 min. ?
current density: 10 mA/cm

Solution of ethylene glycol
(96 m1), Hp0 (4 ml1), and
KNO3 (0.4 g),

room temperature

cathode: Pt

time: 20 min,

current density: 10 mA/cm2

Solution of ethylene glycol
(90 m1) and ammonium pent-
aborate (30 g),

room temperature,

cathode: Pt

time: 1 hour

current density: 10 mA/cm@

Aqueous solution of 0.2% KF,

room temperature

cathode: stainless steel
time: 3 min.

current density: < 20 mA/ cmé

Aqueous solution of 1% KOH
room temperature

cathode: Pt
time: 3 min,
current density: 10 mA/cm?

Same electrolyte and condi-
tions as for anodizing Mo

x=1.40+1.78V
(ug/cmz)

x=1.4+1.41V
(ug/cmz)

x=1.4+0.69V
(ug/cmz)

x = 5,75V
(R)

1.42 ¥
ug/cm)

.4
[}

74
(75)

(7)
Fig.6-1

(76)
Fig. 6-2

(77)
(78)

(79)

(80)

(6)

(75)
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W W04 Aqueous solution of 0.4 M x=3+1,28Y (81)
KNO5 and 0.04 M HNO3, Fig.6-3
room temperature
cathode: Pt
time: 1 min, 2
current density: 2 mA/cm

Zr Zr02 Aqueous solution of ammonium x = 27V (82)
pentaborate (30g/liter), (R)
room temperature,

cathode: Pt

time: 3 min.

current density: 10 mA/cm2

For thick films formed at > 10 volts, the relation between the
oxide film thickness and the anodic voltage was determined by the conventional
weight-change method. In the case of W, specimens wereweighed,with a micro-
balance, before (i.e. after anodization) and after dissolution of W03. For
Nb, however, the weight change of Nb foils before and after anodization has
been measured, the weight gain (due to oxygen) being then converted to oxide
thickness using a simple stoichiometric relation. The specimens used were
in all cases large enough to give meaningful weight-change measurements
(i.e. > 50ug).

Figure 6-1 shows the variation of the thickness of an Nb205 film
formed by anodizing in 0.25% KF for 10 min. as a function of anodization
voltage. In agreement with the case of Ta205(83), the thickness of Nb205
does not depend on the history of the Nb substrate; in fact, we have the
same calibration curve for non-preanodized and preanodized specimens. We
can also anodize Nb in H2504 - HNO; solution (Table 6-1), the thickness-

voltage calibration being given in Figure 6-2.
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Figue 6-1 Thickness-voltage calibration of Nby0g film formed in
0.25% KF, 10 min.o: preanodized specimens, @: non-
preanodized specimens .
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Figure 6-3 Thickness-voltage calibration of W03 film formed
in KNO3-HNO3 electrolyte. O : non-preanodized
specimens, anodized for 3 min; @: non-preanodized

specimens, 1 min; and A: preanodized specimens,] min.
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The thickness of anodic wo3 formed in KNO3 - HNO3 electrolyte is il-
iustrated in Figure 6-3, as a function of anodization voltage. In contrast
to Nb205, the final thickness of a wo3 film is influenced by the history of
the W substrate: in particular, preanodization (Figure 6-3) and cold
work(84). Around 80 volts, the anodization in KNO3 - HNO3 electrolyte be-
came difficult and in order to reach higher voltages (up to ~250V), the

electrolyte for ahodizing Mo and V (Table 6-1) must be used(75).
6.3 DISSOLUTION OR STRIPPING OF OXIDES

The anodic oxides can be removed from the metal substrates by dis-
solution or stripping, depending on the oxide. Solvents used and conditions
of oxide removal are summarized in Table 6-2. The oxides anodically formed
on Al, Mo, Nb, V, and W can be dissolved completely, using solvents which
do not attack the underlying metals. The oxide-metal interface therefore
corresponds to an end-point of the oxide dissolution. This characteristic
property has an important application in the study of depth distributions

of ions in metals and oxides, and will be discussed again in Chapter 8.

TABLE 6-2

Information on Removal of Anodic Oxides

Oxide Solvent and Conditions Remark Ref.

A1203 Dissolved in aqueous solution of H3P04 Dissolution end- (74)
(50g/1iter) and Cr03(30 g/liter); point occurs at
temperature: >90°C oxide-metal inter-

time: 2 min. face
M003 Dissolved in dilute solution of KOH Dissolution end- (75)
time: < 1 min. point occurs at

oxide-metal inter-
face



Nb205

Si0
Ta20

5

Ti0,

V205
WO

ZY‘OZ

(1) Film formed in KF solution can be
stripped mechanically using a 2%
solution of Parlodion in amyl acetate

(2) Film formed in HpSO4-HNO3 solution
can be dissolved in azeotropic sol-
ution of 68% HNO3, boiling at 120°C

(3) Nby0; can also be dissolved in a
so]ut?on of 40% HF saturated with
NH4F

Dissolved in aqueous solution of
IN HF,
time: 2-3 min.

(1) Film formed in KF solution can
be stripped mechanically using a
2% solution of Parlodion in amyl
accetate.

(2) Tag0g5 can also be dissolved in a

solution of 40% HF saturated with
NHgF

Dissolved in dilute HF

Same solvent as for MoOj3
Same solvent as for Mo0,

Dissolved in a 5% solution of HF

80

(7,80)

Large decrease in (76)

the dissolution rate Figs.8-3
occurs at oxide- & 8-6
metal interface.

Very large decrease (85)

in the dissolution Figs.8-2
rate occurs at oxide- & 8-5
metal interface

Large decrease in (86)
the dissolution

rate occurs at oxide-
metal interface

(7,80)

Large decrease in (87)
the dissolution

rate occurs at oxide-
metal interface

No end-point (6)

Dissolution end- (75)
point occurs at
oxide-metal inter-

face

Dissolution end- (81)
point occurs at Figs. 8-1
oxide-metal & 8-4
interface

No end-point (88)
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6.4 ION BOMBARDMENT

In this work all the bombardments have been performed with either
Kr or 02 jons, and for most of them, using an ion accelerator which can
operate within the energy range from 2-40 keV yielding currents up to 100 yA.
This ion accelerator does not allow for mass separation, though it per-
mits suppression of secondary electrons. The lack of mass separation
should not be a serious problem provided only heavy ijons are used, since
impurity ions, which are always of low mass, would create less damage
than one predicts from their abundance.

Figure 6-4 shows a general view of the ion accelerator which
we have in our laboratory. The gas to be implanted is stored in a small
pressurized container located near the ion source. The gas is bled into
the discharge vessel at a controlled rate through a variable leak. Be-
fore entering the ijon source, however, the gas passes through a liquid-
nitrogen trap, where water vapor and other condensable impurity gases
are eliminated by condensation. The detail of the accelerating column
is shown in Figure 6-5. The ions are produced in a discharge vessel,
which is a radio-frequency-type ion source (A), they are then extracted
through a small aluminum canal, focused by means of a series of electro-
static lenses (B), and accelerated by an electrical field. The energies
beyond those which are necessary to the extraction (2-5 keV) were ob-
tained by rendering the target negative (0-35 keV) with respect to the
extraction canal.

Figure 6-6 shows the target arrangement (C) used in room-

temperature bombardments. A Faraday cage in two parts (a and a') floating
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Figure 6-5 Accelerating column. A: RF ion source;

B: focusing electrodes; and C: target
arrangement
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Figure 6-6 Target arrangement.a and a': Faraday
cage; b: shutter and electron suppres-
sor; c: fluorescent screen and electron
suppressor; and d: target holder

84



85

at -800 volts with respect to the target is used to prevent the escape
of secondary electrons, which would give false jonic~current readings.
An intermediate shutter (b) for either stopping temporarily the bombard-
ment or shaping the beam and a fluorescent screen (c) for observing the
ion beam, are negatively biased at -400 vp1ts so that they also yield
true currents. The target (d) is connected to the negative terminal
of a high-tension power supply. For room-temperature bombardments, the
target arrangement 1is quite simple; in the case of low- and high-tempera-
ture implantations, however, the target holder must be modified in such
a way that we can cool or heat the specimens (Figures 8-17 and 8-22).
During the bombardment, the pressure in the accelerating

column was = 10‘6torr. corresponding to an ion mean free path of = 104 cm.

6.5 DESIGN FOR GAS-RELEASE EXPERIMENTS

In these experiments, specimens were Tess]a-]abe]ed(ag)with
n 1-keV Kr85 at liquid-nitrogen temperature and were heated first to
room-temperature and then (after a short unavoidable interruption) beyond.

The experimental design is shown in Figure 6-7. This system,
which was used for both low-energy bombardment and gas release, consists
of two large pyrex tubes, 1 and 2, separated by a valve (B). Before the
bombardment, the two chambers 1 and 2 were evacuated and immersed in
liquid nitrogen. With valves A,B,C, and D being closed and a low pressure
of Krd (tenths of a torr) being established in the tube 1, which con-
tained the specimen, a Tessla discharge was produced by connecting a planar
electrode placed externally on the bottom of the tube 1 with the high-

voltage terminal of a 1.6 MHz high-frequency generator which could be
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Figure 6-7 Experimental arrangement for gas release.
A,B,C,D: valves; E: thermocouple; F:
aluminum electrode; and, G: specimen.
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actioned for a preset time of 0.1 to 7.5 sec. by means of an.electronic

14 Kr85 i‘ons/cm2 was'imp1ahted in the specimen,

timer. A dose of ~ 8 x 10
The radioactive gas was then removed. With the valve B opened, the
specimen was brought to the chamber 2, and the valve B was then re-closed.
The transfer of specimen from tube 1 to tube 2 must be very fast (1-2
sec.) in order to avoid warming up the sample, phe reason for this trans-
fer being to exclude all possible Kr desorption‘from the electrode and
glass walls. The specimen was linearly heated, in He, to room tempera-
ture,, and the first part of gas-release spectrum was recorded.

The second part of the spectrum was obtained with the specimen
transferred to another gas-release chamber, in which the specimen was

linearly heated from room temperature to 1000°C.



CHAPTER 7

SPUTTERING COEFFICIENTS OF OXIDES *

7.1 TECHNIQUES

The sputtering coefficient, S, due to Kr bombardment of amor-
phous anodic films of Nb205, Ta205, and wo3 has been determined for ion
energies of 2-30 keY. Three methods were employed, based respectively
on (a) the change of interference colors due to ion bombardment, (b)
the perforation of a film of free oxide by an intense ion beam, and (c)
the loss of weight of the target.

(a) The first method to determine S consists of bombarding,
with Kr ions, specimens anodized at 60 V (W) and 150 V (Nb and Ta) and
observing the change of interference color of the anodic film. This
technique has been discussed by Nielsen and Shepherd(go) and Ke]]y(s).
The doses used were generally between 100 and 250 uA min. A color-vol-
tage calibration helped interpret the final color, and deduce the appa-
rent variation of the anodization voltage (AV), thence the oxide thickness

(x) removed by sputtering. One could finally calculate S (atoms/ion)

using the equation:
x(in ug/cm?) = (sMBt)(6.21 x 107%) (7-1a)

or x (in A) = (SMBt/p)(0.0621) (7-1b)

* This Cha tgr is largely based on a publication by the author and
R. Kellyl7),
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where M is the mean atomic mass of the target, Bt is the bombardment
dose (pA m1n/cm ), and p is the density of the target (g/cm ). The
forms taken by equations 7-la and 7-1b after substitution of M and re-
lation between x and AV are given in Table 7-1,
(b) In the second method, which is only applicable to Nb205
and Ta, 0, one bombards a "free" anodic film of about 2700 R thick until
it perforates. After its stripping, the film, still covered with parlodion,
was placed on a Ti foil anodized at 23V so as to have a deep blue color.
The whole system was then put in amyl acetate where the parlodion was
dissolved rapidly. Figure 7-1 illustrates a target system which is ready

for bombardment.

ion beam

ll

Parlodion-——-—--
Ti foil~"

-

Figure 7-1 Target arrangement in the second method.



TABLE 7-1

Parameters used to Calculate S

Substance Density x = f(aV) S = f(aV)
_(g/cm3) (aV in volts) (S in atoms/ion,
Bt in uAmin/cmz)

Nb,0; 4.7820  (29.6)av AP (59.5)(aV/Bt)

Ta 0, 8.0482  (16.7)av AS (34.3)(aV/Bt)

d

WO, (non-preanodized) 6.8 (1.70)aV png/cm® ©  (47.3)(aV/Bt)

2 f

(1.43)aV ug/cm (39.7)(av/Bt)

d 2 f

W0, (preanodized) 6,8 (1.28)aV ug/cm (35.5)(av/Bt)

24

(1.34)AV ug/cm (37.2)(av/Bt)

d 2 h

A1,0 3.12 (0.472)aV  ug/cm® (37.2)(av/Bt)

a Schrijner and Midde]hoek(g])

Figure 6-1
(80)

(92)

Pawel
Young
Figure 6-3 anodization for 3 min.
Figure 6-3 anodization for 1 min.
g McCargo et al.(sl), anodization for 1 min.

Davies et a].(74)
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The anodized Ti served to determine the dqse necessary for a total per-
foration of the oxide fi1m.(genera11y; the dose was ~ 2200 ﬁAmin/cmz).
As the Nb205 or Tazo5 became thinner and thinner; the b1u¢ of the Ti be-
came more and more eVident; until, with the onset of perforation, the Ti
abruptly began changing color, and the bombardment was terminated. The
sputtering coefficient S has been calculated as indicated in Table 7-1,
except that AV was identified as the original anodic voltage. We note
that forward sputtering did not play an important role in these experi-
ments since the oxide films were ~ 45 times thicker than the median
range of Kr ions.

(c) The third method, the conventional one, is based on
the loss of weight of a target anodized at 200 V, the specimen having
been weighed with a microbalance before and after a prolonged bombardment.
The typical doses were around 500 pAmin. |

7.2 RESULTS FOR Nb205, Ta205, AND WO,

Figures 7-2 and 7-3 show the variation of S for Nb205, Ta205,
and'wo3 as a function of energy of Kr ions. The results obtained using
the first method (color change) are considered as well verified by the
third one (weight loss). The second method (perforation) gives slightly
varied measurements, however, probably due to the fact that the removal
of matter by bombardment was not uniform on the bombarded area and that
the determination of the time necessary for a total perforation there-
fore became a 1ittle arbitrary. However, the results are acceptable and
reasonably verify the others._

Each point on Figures 7-2 and 7-3 represents an average of at

least four measurements, the specimens having been, moreover, bombarded
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with different doses of Kr jons. Figure 7-4 shows that, with the methods
used, the sputtering coefficients for the three oxides were dose-indepen-
dent after averaging over all random fluctuations.

The general characteristic of S for these oxides is that S in-
creases with the augmentation of E, but the rate of increase is smaller
and smaller. This is, in effect, exactly the same behaviour as what one
observes in the sputtering of meta]s(1’2’32).

We also note that the values of S for Kr-Nb,0g and Kr-Ta,0g are
similar to those obtained for sputtering with Kr of A1203(6), T102(6), and
U02(4). Only w03 is out of step, having value of S about three times lar-

ger.

7.3 RESULTS FOR OTHER OXIDES

The third method (weight loss) has been used to determine the
sputtering coefficients for 10-keV Kr bombardment of M003, 5102, V205,
and Zr0,. The results are summarized in Table 7-2. We see that Mo0
and V205 can be classified in the same group,along with wo3, which has
a very high sputtering coefficient, whereas S1’02 and Zro2 behave similarly
to A1203, Nb205, Ta, 0 and Ti0
7.4 DISCUSSION

2-

7.4.1 Comparison with the Theory of Rol et al.
](32—34)

The sputtering theory of Rol et a is based on the
assumption that S is proportional to the energy dissipated in collisions
near the target surface. As discussed in Section 3.2.2, Rol et al. have
suggested treating the ion mean free path, A, theoretically from the hard-

sphere approximation. We would regard this as clearly incorrect for the
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TABLE 7-2

Sputtering Coefficients for 10-keV Kr *

Oxides 1 S{atoms/ion)

+
A0, 20 1.6
MoO, 36 9.6
Nb,0, 38 | 3.4
510, 20 4.2
Ta,0, 63 2.5

. +
Ti0, 26.6 1.9
V.0, 26 12.7
WO, 58 9.2
Zro, 41 2.8

* Determined generally by the third method
(weight loss).

* After Ke]ly(s).
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bombardment energies as used here, Rather one should use either power-
law scattering with m=1/3 or else, as we shall employ here; range para-
meters as determined experimentally. Therefore, from equation (3-8a),

the sputtering coefficient, S, can be written in the form:

S=%E 7-2
R (7-2)

where « is an empirical constant and Rm is the experimental median range.

In order to demonstrate whether equation (7-2) can reasonably
describe the sputtering process in Nb205, Ta205, and wo3, as well as in
A1203 and TiO2 (Ke]1y(6)), the values of « have been calculated. These
values are included in Table 7-3 and we note that a good agreement be-
tween experimental results and equation (7-2) is demonstrated by virtue
of the uncertainty in « being small.

7.4.2 Comparison with Sigmund's Theory

As we have seen before, in Section 3.3, Sigmund's theory per-
mits the sputtering coefficient to be calculated analytically. Equa-

tion (3-27) can be written as:

82aZ]ZZM]Sn(e)
(212/3+ 222/3)1/? (M1+M2)Uo

where o is taken from Figure 3-4, sn(e) is the reduced nuclear stopping

S = = aF(1,2)/Us (7-3)

cross section given in Table 3-1, and U, is the surface binding barrier
in units of Kcal/gram-atom. The dimensionless parameter e, which is de-
fined as in equation (2-40), can readily be obtained using Winterbon's
tabu]ation(]e). |

In order to apply this theory to oxides under study, we make

the approximation, as suggested by Sigmund (private communication), that



TABLE 7-3

Evaluation of « in Equation (7-2)

98

Target K (R/kev) Ranges
A1.0 13 £ 1
23
Rm for Kr - A1203 *
Nb205 25 = 1
Ta,0; 13 £ 1 R, for Kr-Ta,0 and Rb-Ta,0; *
T1'02 15.5 = 1.5 Rm for Kr - A1203 *
N03 48 + 10 Rm for Kr - W03/
* Domeij et a1ﬁ93)
Pring]e(gs)

Y this work (Table 9-2, column 2)
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o can take the value appropriate for M, equal to the mean mass of the
target (Table 7-2). The group of terms F(1,2) can be evaluated approx-
imately by weighting the atomic fractions: for example, with A1203 we
have:

F(1,2) = & F(kr,AT) + 2 F(kr,0) (7-4)

Finally, since U, is in general not well defined for an oxide, we con-
sider it as an unknown. The values chosen for U, are included in Table
7-4 .,

The values of U, are comparable to within a factor of two to
those typically found for atomization (Table 7-4), at least for the case
of A1203, Nb205, 5102, Ta205, T102, and ZrO2 which have Tow sputtering
coefficients. There is, however, no agreement between U, and heat of
atomization for the other oxides: M003, V205, and w03, whose sputtering

coefficients are in the order of three times larger.

7.4.3 Possible Contribution of Volatility to Sputtering

The large discrepancy in the values of S for the two groups of
oxides can be rationalized in a simple way, using an argument based on
the volatile nature, together with the stability of gaseous multimers,
in the case of MoO3, V205, and wo3.

The contribution of evaporation from thermal spikes to the

(96), could be very

sputtering process, as suggested by Thompson and Nelson
important in the case of volatile oxides with multimeric gas molecules.
Thus, the loss of target material might have resulted from both a single-
atom-ejection process, which was due to momentum transfer, and from an

evaporation process due to local heating by ion impact. The formation



TABLE 7-4

Evaluation of U, in Equation (7-3)

a Uo Heat of Atomization
Target a (Kcal/gram-atom) (Kcal/gram - atom)
A1,0, 0.19 225 - 275 146°
Mo, 0.21 40 - 55 1409
Nb,0, 0.21 100 - 150 160°
si0, 0.19 70 - 95 1729
Ta 0, 0.25 200 - 250 166°
Ti0, 0.20 200 - 250 151%
V,0; 0.20 25 - 35 1319
WO, 0.24 45 - 60 1464
Zro, 0.22 150 - 200 173¢
@ Taken from Figure 3-4.
b Calculated from sputtering coefficient for
10-keV Kr but allowing for 15% errors.
¢ after vijh(%¥) .
d

Calculated according to Vijh's suggestion

(94)

using(gg?rmodynamica1 parameters of Kubaschewski

et al.

100
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of polymolecular species has been reyealed by mass spectroscopy, to be
dominant in the evaporation of Mo0;, V205, and W0;. For example, the
tendency to associate was found to be very strong in the case of MoO4 and
WO, where the trimer (i.e. (M003)3 and (wo3)3) represents more than 80%
of the vapor species(97).

Although local heating by ion impact has a minor effect on the
sputtering of metals at room temperature(gs), one should not neglect its
contribution to the sputtering of these oxides, which have considerably
lower thermal conductivity. Further study on the temperature dependence
of the sputtering coefficient of oxides would therefore be required in
order to clarify the above-mentioned influence of the evaporation process
on the sputtering mechanism.

7.4.4 Effect of an Oxide Layer on a Bombarded Metal

A comparison between S for Ta205 and wo3 and S for the corres-
ponding metals is given in Figures 7-5 and 7-6. We note, in case of
oxides, that S, when expressed in units of atoms/ion, is larger than S
of metals which are bombarded with the same ions (Kr). At first sight,
one might think that an oxide layer would enhance the rate of removal of
metal. This conclusion, however, is not correct. When we express the
sputtering coefficient S in units of atoms of metal per ion (see solid
lines indicated by "Kr-Ta205 x 2/7" and "Kr—wo3 x 1/4"), we clearly see
that S for the oxide is smaller than the value for the corresponding
metal, and that, in reality, the presence of an oxide layer (Ta205 or wo3)
constitutes a protective action against sputtering. This conclusion is
similar to that obtained for A]203 on Al or Ti0, on Ti(s); the protective

action, however, is not as large as previously be]ieved(gg).
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CHAPTER 8

HIGH-DOSE DEPTH DISTRIBUTIONS IN ANODIC
A1203, Nb205, AND WO3
8.1 TECHNIQUES

8.1.1 Depth-Distribution Experiments

In brief, the experimental method consists of:
(a) formation of thin oxide films of known thicknesses;
(b) bombardment of the oxide films with radioactive Kr
ions at different doses;
(c) counting the target activity after bombardment;
(d) removal (partial or complete) of the oxide layers; and
(e) counting the residual target activity after removal of
oxide.
The technique is, in general, therefore closely similar to that developed
previously by Domeij et a1ﬂ93).

Oxide Preparation: Al, Nb, and W foils were anodized in suitable

electrolytes at different voltages from 1 to 12 volts, with 1-volt incre-
ments. The forming electrolyte and the thickness of A1203 films have been
mentioned in Table 6-1. The Nb205 was formed in electrolytes (1) or (2)
of Table 6-1 and the oxide thickness can be estimated from Figures 6-1 or
6-2. The thickness of wo3 films formed in KNO3—HN03 electrolyte is given
by Figure 6-3.

Bombardment: Most of the bombardments were carried out at 10

keV with Kr containing Kr85. The ion dose was determined by measuring the

104
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the ionic current, bombardment time, and implanted area.

Activity Counting: The target activity was measured using a

g-counter which consists of a Philips GM probe PW 4351 and a Philips
PW 4237 scalar with high voltage supply PW 4290. The GM probe had a
halogen gas as quenching agent and a mica end-window; The penetration
depths involved in these range studies are much less than 1 mg/cmz.
For such a thin layer of absorbing material; the absorption corrections
to the observed g-counting rate were found to be less than 1% and could

therefore be neg]ected(sl).

Transmission Technique: After bombardment and activity counting,

the oxide layer (A1203 and w03)was completely removed, and the activity
was then counted again. The ratio of two activities determines the frac-
tion of the incident ions which was transmitted through the thin anodic
film of known thickness. For high-dose bombardments, data points have
been corrected by means of equation 7-1 for the reduction of the oxide-
film thickness which necessarily results from sputtering during labeling.

Typical values of the correction are shown in Table 8-1.

TABLE 8-1
Examples of the Correction for 10-keV Kr Sputtering
Oxide Thickness Oxide
thickness Bombardment removed thickness

Subs- Anodic before dose by sputtering after
tance Voltage bombardment (from eq(7-1b)) bombardment
A1,0, 6 volts 118 A 4 x 10]51'0ns/cm2 6 A 112 A
Nb 05 6 208" 4 x 101° 17 191
Wy 6 157 4 x 101 48 109

* From Figure 6.1
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Slow Dissolution Technique: Anodic films of Nb,Or can be
slowly dissolved, step by step if desired, in a solution of 40% HF satu-
rated with NH4F (or in 68% HNO3 solution), while anodic N03 dissolves
controledly in an aqueous solution of 0.1 g/1liter KOH (see Table 6-2).
After each dissolution step, specimens were immediately washed in distilled
water and cleaned with alcohol, and the dissolution time and the residual
activity were carefully noted. Since the oxides dissolve in these solu-
tions faster than the metals, the activity-versus-time curves present a
"knee" and then a plateau (with wo3) or region of reduced slope (with
Nb205), corresponding to the end of the dissolution process. Equation
7-1 has again been used to correct the oxide thickness for sputtering and
determine the thickness of the oxide film remaining after high-dose bom-
bardment. Knowing the total thickness and the time required for dissol-
ving it, we could therefore estimate the rate of dissolution.

Figures 8-1 to 8-3 show typical activity-versus-time curves for
w03 and Nb205 bombarded with 10- keV Kr, the "knees", which correspond
to the oxide-metal interface, serving to calibrate the dissolution rate of
the oxides.

Figures 8-4 to 8-6 illustrate the variation of the rate of dis-
solution of anodic WO, and Nb205 in the above-mentioned solvents, as a
function of 10-keV Kr doses.

A characteristic of the dissolution of these oxides is that the
dissolution rate decreases with increasing bombardment dose, 1.e. there is
a radiation-retarded solubility. Such a retardation has also been ob-

served in case of A1203 and Ta,0; bombarded with energetic-e]ectrons(]OG),

though is not the usual pesult. Normally, bombardment enhances the
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solubility(106-111),

8.1.2 Gas-Release Experiments

Thick films of A1203, Nb205, Ta205, wo3 and Zr02, which were
formed by anodizing at ~ 100 velts, foils of polycrystalline Au, Si, and
Pt, and KC1, which was prepared by cleavage from large boules, were Tessla-

labeled with ~ T-keV Kr85 using the apparatus as described in Section 6-5.

Gas-release spectra were obtained with the usual technique(]]2'113)
the basis of which is that He flowing at a constant rate is passed over the
sample and through a G.M. counting chamber while the sample is heated
linearly at 25°C/min. The specimen was heated first, in the chamber 2
(see Figufe 6-7), to room temperature, and then; with the specimen trans-
ferred to another gas-release chamber, to 1000°C.

The rate of gas-release and the temperature of the specimen were
recorded simultaneously by a 2-channel recorder.

8.2 RESULTS

8.2.1. Room-Temperature Bombardment

Figures 8-7 to 8-12 show Kr depth-distributions in A1203, Nb

and w03. Distribution profiles in Figures 8-7 and 8-12 were obtained

2°5”

using the transmission technique. The slow-dissolution technique, on

the other hand, was used to get the other curves. Figures 8-8 and 8-9

show a typical agreement between results obtained for Nb205 bombarded

with 10-keV Kr, using two different solvents. However, the solvent con-
taining HF and NH,F was preferred in this work because of clearer appearance
of a dissolution end-~point at oxide-metal interface and the more reasonable

rate of dissolution it gives. Similarly, Figure 8-10 shows that the
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agreement between the two techniques used in the case of NO3 is excellent.
High dose effects will be seen to be eyident in all three oxides under
study, in all cases being such that penetration depths are shortened.
Effects of pre-bombardment (implantation of non-radioactive
Kr prior to bombardment with active Kr) and post-bombardment (bombard-
ment with either non-radioactive Kr or 02 after implantation of active
Kr) are shown in Figures 8-13 to 8-16 for WO, and A1203. The main,
though not unique, effect is again that penetration depths are shortened.

8.2.2 Low-Temperature Bombardment

Figure 8-17 presents the target arrangement which was used for
low-temperature bombardment. The specimen holder has been connected to a
liquid-nitrogen container, so that specimens to be bombarded could easily
be cooled to -75°C.

Depth distributions of 10-keV Kr implanted in Nb205 and wo3 at
-30°C and -75°C are reported in Figures 8-18 to 8-21.

8.2.3 High-Temperature Bombardment

The target arrangement for high-temperature experiments is
shown in Figure 8-22. Specimens to be bombarded were heated by a 6-ohm
Kanthal filament which was connected to a 25-volt power supply. The power
supply itself was powered via a 1:1 insulating transformer and could there-
fore be floated at the target potential.

Figures 8-23 to 8-26 show the distribution profiles of 10-keV
Kr implanted in A]203 at 200, 400, and 500°C and in Nb, 0 and W0, at
200 and 300°C. Depth distributions in Nb205 and wo3 could not be obtained

at higher temperatures because of the reduced solubility of the oxides which
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target to a high-tension power supply.
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was probably due to the onset of crystallization.

8.2.4 Gas-Release Spectra

The rate of Kr release from a wide variety of materials (A1203,
Au, KC1, Nb205, Pt, 81; Ta205, wo3, and Zr02) is shown in Figures 8-27
to 8-29. Note that the decreased release rate near room temperature is
mainly an artifact of the heating schedule.
8.3 DISCUSSION

8.3.1 Depth Distributions at High Doses (Room Temperature)

The work on radiation-enhanced diffusion in Si and Ge by Pfister(114)

and Bre]ot(]]s) has revealed that post-bombardments with Tight particles
(protons) cause the expected deep penetration of various dopants (B, Ga,
P, Sb), this being formally equivalent to the rotation effect as described

in Section 5-2. In the work of Ke]]y(ﬁ’]]s)

and the present investigation
(Figures 8-7, 8-8, 8-11, 8-12, and 8-14 to 8-16), which are essentially post-
bombardments with heavy particles, the converse has been found: the ion
depth distributions tended to approach the surface at high doses. This is
brought out also by examining Table 8-2 where the theoretical and experi-
mental values of median and mean ranges of Kr in A1203, Nb205, and wo3
are summarized. The observed values of Rm for high doses of 10-keV Kr
in these oxides are a factor of 2 to 3 lower than those obtained for Tow
dose.

These systems are of special interest in that the oxides were
initially amorphous and the change in distribution cannot therefore be attri-
(118)

buted to amorphization as in the work of Whitton and Matzke In addition,

it can be shown that the increase in target stopping power is unimportant.
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TABLE 8-2

Values of the Median Range, Rm, and thg Mean Range,
<R1> for 10-keV Kr

Dose, jon-target Rm(i) <Rs> (R) Reference
Low-dose Kr-A1,04 (exper.) 72 86* Fig. 8-7
68 81* (6)
77 92* (93)
Low-dose Kr-A1,03 (theor.) 65 (53)
High-dose Kr-A1203 28 Fig. 8-7
29 (6)
n* (6)
Low-dose Kr-A1203 + post-bombard. _
with 0, 26 Fig. 8-16
Low-dose Kr-Nb205 (exper.) 55 66* Fig. 8-8
Low-dose Kr-Nb20g (theor.) 61 (53)
High-dose Kr-Nb0s (exper.) 37 Fig. 8-8
Low-dose Kr-W03 (exper.) 38 45x Fig. 8-10
37 44* (93)
Low-dose Kr-WO3 (theor.) 59 (53)
58v (117)
High-dose Kr-W05 (exper.) 23 Fig. 8-11
High-dose Kr-W03 (prebombard) 34 Fig. 8-13
High-dose Kr-WO3 (post-bomb. with Kr) 22 Fig. 8-14
Low-dose Kr-WO3 + post-bomb. with 02 21 Fig. 8-15

Deduced from Ry by multiplying by 1.19 as wou]d be true for a distribution
which can be described analytically by xdx/R2 mp exp(-x/Rmp)

Obtained by sputtering technique.

v 2/3

Calculated using the formula <R1> = 0.85576 E withm = 1/3.
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An attractive explanation for data as giscussed above is that one is
in all cases dealing with radiation~enhanced diffusion, whether due to exéess
vacancies(]]4‘]]5), due to thermal spikes(]]g), or due to the implanted atoms
being promoted into high mobility sites(6’120'122).

For Tight-particle post-bombardments, the implanted atoms would
diffuse according to normal diffusion solutions such as equation 5-2. For
high-dose bombardments with heavy particles, however, the damage which is
created is very intense, and the ions would diffuse according to the mo-
dels described in Sections 5.3.2 or 5.3.4. These models also predict that
there would be a limiting diffusion profile for high enough doses with
Cint proportional to either cos(ax) or exp(-aHo,gx/RT). Though neither of
these functions really fits the data exactly, the existance of a Timiting
profile is in good agreement with the experimental findings (Figures 8-7
to 8-9, 8-11, 8-12, and 8-14 to 8-16).

Erents and Carter(]ZB) have had evidence that post-bombardment
of W with Xe ions brought initially implanted Ne atoms closer to the tar-
get surface and caused the Ne release to occur at lower temperatures.

This phenomenon has been considered as involving enhanced diffusion of the
gas atoms in the thermally disturbed region near the point of ion impact.
A slightly different mechanism has also been envisaged by Ke]]y(G), Nel-

(120) (121) (]22), in which enhanced

son , Kelly and Jech , and Matzke and Jech
diffusion in other systems is again proposed but is assumed to arise owing
to the knocking of the gas atoms into positions of high diffusivity, for

example, interstitial sites. In addition, various authors have noted that

the apparent sputtering yield of an inert gas in a metal, as caused by
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impact of a different inert gas, is much too high(]24']252 We would regard
this as still a further example of surface-directed motion.

One crucial experiment in helping to elucidate the problem of
"range shortening" concerns the effect of post-bombardment with heavy ions

on the distribution of Kr85

in W05 and A1,0, (Figures 8-14 to 8-16).
Post-bombardment with Kr of the same energy caused a "range shortening"
similar to that found for high-dose bombardment (Figure 8-11). However,
post-bombardment with 02, which has a 4-fold longer range than Kr at the

85, and then,

same energy, first, at low doses, lengthened the range of Kr
at high enough doses, the "range shortening" set in. This would there-
fore be an expected result, for according to our model for describing the
out-diffusion of implanted ions one is in all cases dealing with radiation-
enhanced diffusion, though with details which differ completely depending
on the dose.

Another crucial experiment is that shown in Figure 8-13, which
concerns the effect of pre-bombardment with inactive Kr on the range of
85

subsequently implanted Kr The variation in the median range is seen to

be very small, the reason for this presumably being as follows. The se-

B jons came to rest either in normal target material or in

condary Kr
damage sites created by the primary Kr; they are subsequently immobile in-
stead of being "stirred up" many times into high-diffusivity positions.
Their depth distribution, therefore, does not show their surface-directed
motion, though there was probably an out-diffusion of inactive gas during
the pre-bombardment stage. A related effect of pre-bombardment has been

(123)

observed by Erents and Carter who found that the trapping of low

energy He in W was greatly enhanced by the prior bombardment of the surface
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with a more massive ion. We note, however, that with the heayy inert
~gases, the mobility is normally sufficiently low that it is not necessary
to presuppose trapping effects for the gas to remain stationary.

A third crucial experiment for giving evidence of the "range
shorteningf due to out-diffusion concerns the rate of Kr release from
various materials, as shown in Figures 8-27 to 8-29. The argument is es-
sentially the following: whenever radiation-enhanced diffusion seems to
occur, then it should be possible to confirm in conventional gas-release
(or similar) experiments a diffusion component which is rate controlling
at the bombardment temperature. The evidence to date suggests that surpri-
singly  large amounts of diffusion occur near room temperature with a wide
variety of materials, including A1203. Nb205, Ta205, w03, and Zroz. Such
diffusion is apparently a low-temperature extension of the already well-
documented stage-IA-type behaviour(]21']22). Stage IA is most simply des-
cribed as any gas-release process which occurs well below the temperatures
of volume self-diffusion and, at the same time, cannot be attributed to the
annealing of bombardment-induced disorder. It has been explained in terms
of gas which is fortuitously located in high mobility sites, for example,
interstitial sites, though the exact explanation is unimportant in the
present context.

In summary, the point being made here is that whenever a primary

implanted atom, which came to rest in a heavily damaged medium, is promoted,

by secondary incoming ions, to a high-mobility site, then it should start

to diffuse toward the surface. But the same type of promotion in a Jesse~

damaged medium causes diffusion to greater depths;
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The ideas of this section should apply equally to the case where
a depth distribution is obtained by alternately counting and sputtering a
target under conditions when the sputtering energy is comparable to the

labeling energy(6’1]6).

In effect, these experiments do not give true
range parameters.

8.3.2 Depth Distributions at High Doses (Low Temperatures)

Figures 8-18 to 8-21 show the Kr depth distributions in Nb205
and wo3 for implantations at -30 and -75°C. The main result is that the
low-dose 1imit persists to significantly higher doses than in room tempera-
ture dimplants. This would again be a natural result, however, if the
range shortening were due to radiation-enhanced diffusion.

A major difficulty might seem to arise at first sight with this
explanation: why does the usual motion towards the surface not occur fol-
lowing implantation when the specimen is brought up to room temperature?
The reason is probably as follows. A 10-keV Kr bombardment of wo3, for
which <Ri> is 45 3 (Table 8-2), is characterized by a non-correlated trans-
verse damage straggling, i.e. (<y20>)]/2, of 15 3(28) thence by an impact

]51ons/cm2,

area of about 700 Rz/ion. This means that for a dose of 8 x 10
90 per cent of the ions are'stirred up'about 500 times. In room-tempera-
ture or high temperature implants the ions will therefore have repeated
opportunity to diffuse the trapping length L towards the surface.

In a Tow temperature implantation followed by heating to room
temperature, on the other hand, a given ion has only one chance to diffuse
the distance L.

A high~dose effect leading to "range shortening” in low-tempera-
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ture bombardment was also observed by Davies(lze) for 1-MeV B implanted
in Si at 78°K.

8.3.3 Depth-Distributions at High Doses (High Temperatures)

Depth distributions of 10-keV Kr implanted in A1203 at 200,400,
and 500°C have been plotted in Figures 8-23 and 8-24. Distribution pro-
files of Kr in A1203 held at 200°C are not different from those obtained
for room-temperature implantation; only in bombardments at 400 and 500°C
is there a significant change. The tails of the low-dose curves show a
rotation effect corresponding to normal diffusion solutions, as discussed
in Section 5.2, whereas the high-dose profiles consistently approach the
surface. We recall at this point that bombardments at room temperature
revealed only surface-directed motion. These results would suggest
that the bombardment-induced traps (e.g. vacancy clusters) created in an
A1203 substrate by low-dose bombardment at 400 and 500°C in part annealed
out, whereas those created by any dose at room temperature as well as by
high doses at 400 and 500°C still remained at these temperatures. As a
result the implanted atoms could diffuse according to the mechanisms
described in Sections 5.3.2 or 5.3.4. An electron-microscopy study,
which we will not take the space to discuss, revealed that A1203 was
still amorphous after 500°C implantation with high doses of Kr(127).
Note that the crystallization temperature of amorphous A1203 is quite
high, 730°¢(113),

We have no explanation for the slight differences between the
400 and 500°C curves.

Figures 8-28 and 8-26 show the concentration profiles of 10-keV

Kr implanted in Nb2_05 and N03 at 200 and 300°C. The appearance of the
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rotation effect can be seen on the Tow-dose curyes of both cases. The
high-dose depth distribution of Kr in Nb,0; does not show any remarkable
change at 200°C, from which we conclude (as with A1203 at 400 and 500°C)
that 200°C is still too Tow a temperature for annealing the large trapping
centers produced by bombardment with high doses. We would therefore con-
firm still again that whenever there exists a spatial variation in the
diffusion activation enthalpy, the migration of implanted Kr becomes sur-
face-directed. In fact, as an evidence, reflection-electron-diffraction
(Figure 8-30a) showed that anodic Nb205 still retained its amorphousness

15 ions/cmz. Depth distribution

after bombardment at 200°C with 64 x 10
of Kr implanted in Nb,05 at 300°C and high dose could not be obtained due
to the reduced solubility, which in turn makes the dissolution end-point
unclear.

The high-dose profiles of Kr in wo3 (Figure 8-26) are of special
interest in that, in distinction to A]203 and Nb,Og, long diffusion tails
can be observed even at high doses. In addition, as shown in Figures 8-30b
and c, reflection-electron-diffraction revealed an amorphous-crystalline con-
version of anodic W03 bombarded at 200°C with 12 x 10° and 24 x 1015
ions/cmz. A new phenomenon is therefore observed here, involving the oc-

currence of inward diffusion in spite of the high bombardment dose. Perhaps
it is due to the ordering of the amorphous lattice, thence a removal of the

traps which would ordinarily form; however, other explanations are also possible
so it is unwise to insist on any particular one. Also, the subject of bombard-

ment-induced crystallization is beyond the scope of this thesis¥*.

The tobic of bombardment-induced crystallization will be discussed in
Naguib's thesis (McMaster University, 1971).
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(a)

(b)

(C)

Figure 8-30 Reflection-electron- d1ffract1on of ( anodic Nb20g bom-
barded at 200°C with 64x1015 1ons/cm gb) anodic W03
bombarded at 200°C with 12x101% 1ons/cm and (c) anodic
W03 bombarded at 200°C with 24x1015 ions/cm2.



CHAPTER 9

BOMBARDMENT-INDUCED DISORDER IN WO,*

9.1 TECHNIQUES
9.1.1 Preparation of Crystalline wo3

Figure 9-1A shows a typical gas-release spectrum from a 65-volt
anodic wo3 film after labeling with 10-keV Kr, the peak at 475°C suggest-

(111, ]30), that crystalli-

ing, by analogy with other amorphous materials
zation is complete at this temperature. To confirm this, a series of 65~
volt specimens was heated to various temperatures for 15 min. in air. Re-
flection-electron-diffraction at 100 keV revealed that specimens heated

to 200 and 350°C were only partially crystalline (Figures 9-2 a and b),
whereas crystallization was virtually complete in specimens heated to

450 and 500°C (Figure 9-2c). The crystalline films were in a good
physical state as demonstrated by scanning electron microscopy. As far

as interference colors are concerned, specimens heated to 350°C showed

no change, those heated to 450°C had colors implying increases in the ano-
dization voltage of a factor of 1.15 + 0.03, while those heated to 500°C

had colors unrelated to the original thicknesses.

9.1.2 Amorphization of wo3

Tt was established by both gas-release (Figures 9-1 B and C)
and electron diffraction (Figure9-2d) that Kr bombardment of crystalline

* This Chapter is based on two papers by the author and R. Ke]1y(128-129)
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(a) (b)

(c) (d)

Figure 9-2 Reflection-electron-diffraction from W03: (a) heated to 200°C, (b) heated to 350°C,

(c) heated to 450°C, and (d) heated to 450°C and then bombarded with 4x1014 jons/cm2.
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W03 restored an amorphous form. In general, amorphization was significant

(corresponding to a fractional gas release greater than 0.1) for doses

013 1'ons/cm2 (Figure 9-3); it tended to be lost, how-

16

greater than 2 x 1
ever, for doses greater than ~ 1.5 x 1000, probably due to preferential

loss of oxygen. We recall that an analogous effect was found in Sections
8.1.1 and 8.3.3, in those cases as the tentative explanation for bombardment-
induced solubility changes; the problem of oxygen loss, is however, beyond
the scope of this thesis.

9.1.3 Methods of Measuring the Depth of Amorphization

Four different approaches were used to measure Ra’ the depth of
the amorphous-crystalline interface, for Kr-bombarded wo3:

(a) Interference Colors: The most powerful approach was one

which made direct use of the brilliant wo3 interference colors. Unbom-
barded W05 which had been heated to 350 or 450°C was found to retain its
original interference colors even after 5 hours exposure to 0.1 g/liter
KOH, whereas the 10-keV Kr-bombarded regions took on colors characteristic
of reduced thicknesses in less than 60 sec. Ra therefore follows as
either:

Ra

(A-B) = C (films heated to 350°C)

or R (A-B)/1.15 = C (films heated to 450°C)

a
where A is the thickness inferred for the unbombarded region, B is the
thickness inferred for the bombarded region after dissolution, 1.15 is
the factor mentioned in Section 9.1.1, and C is the thickness of W0,
removed by sputtering. C can be estimated for each ion dose with the sput-
tering parameters previously deduced (Chapter 7); see Table 8-1 for

examples of C.
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(b) Time for Dissolution: An alternative estimate of Ra was

Q
made involving the direct use of the dissolution rate of 5.5 # 0.1 A/sec.
for bombardment doses < 1 x 10'% ions/cm2 and of 3.2 + 0.] R/Sec. for a

15 2; as given in Figure 8-4. Various 65-volt

dose of 3.5 x 10"~ fons/cm
specimens were bombarded with 4- to 35~keV Kr and were then immersed in
dilute KOH. Those which were either unheated or heated to 200°C (Figure
9-4A) yielded, as would be expected, what is simply an integral ion

depth distribution, the observed mean ranges being summarized in column

2 of Table 9-2. Specimens exposed at 300°C (Figure 9-4B) showed a slight
tendency for the dissolution rate to change after about 25 sec., but may
be concluded to have retained most of the natural disorder associated

with amorphousness. Specimens exposed at 350 or 450°C, on the other hand,
gave markedly different behaviour as in Figures 9-4C, D,and E. The dis-
solution is seen to stop abruptly after 18-49 sec., at which point (as
argued previously by Jech(]os)), the disordered surface layer may be as-
sumed to be completely removed. Such removal was confirmed by scanning
electron microscopy as in Figure 9-5 and enabled Ra to be deduced simply

from the known dissolution rates.

(c) Residual Kr Activity After Dissolution: A variation of the
(108)

above approach, previously used by Jech in a study of mica, is to
match the "knee" activities in dissolution curves (e.g. Figures 9-4C, D,
and E) with the corresponding activities in integral ion distributions
(e.g. Figure 9-4A). This approach has the advantage of being independent
of bombardment-induced solubility changes.

(d) Residual Kr Activity after Thermal Annealing: The simple

gas-release spectra of Figures 9-1B and C make possible still a further
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Figure 9-5 ‘
Surface topography after dissolution of disordered W03 in 0.1 g/liter KOH.

5
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TABLE 9-1

The Depth of Amorphization (Ra) for
wo3 following 10-keV Kr Bombardment

Ry from Ry from

Preparation - Ry from Ra from Activity Activity

Temperature Interference Time for After After

of W03 (°C) (ions/cm®) Colors Dissolution Dissolution Annealing <R_>
350 3 x 1014 105 A 105 A 100 A 100A 103
450 105 100 85 100 98
350 1x 101° 115 110 15 110 13
450 115 105 105 120 111
350 3.5 x 101° 130 155 154 130 142

450 130 147 140 140 139
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estimate of Ra' Thus the residual activity left after the annealing stage
at 550°C but before the onset of normal diffusijon at ~ 650°C (e.g.
Figures 9-1B and C) can be matched to an integral ion distribution. An
important assumption here is that the crystallization process should
involve unidirectional motion of the underlying crystalline wo3 towards
the surface with resultant expulsion of the inert gas when crystallization
is complete. Since it is not self-evident that this would be so, we would
regard the gas-release based estimates of Ra as the least reliable.
9.2 RESULTS

Table 9-1 shows the detailed results for 10-keV, while Figure
9-6 summarizes the values of Ra as obtained for a variety of energies.
Agreement amongst the different techniques to within about # 10 R is in-
dicated, even the gas release estimates of Ra being satisfactory.
9.3 DISCUSSION

9.3.1 Description of Amorphization by Particle Impact

The formation by particle impact of an amorphous phase can be
described in several ways. For example, (a) it may be attributed to the
random impingement of discrete disordered regions, perhaps the same en-

(131)

tities as those observed by electron microscopy » such that, for a

fractional coverage near unity, a planar amorphous-crystalline interface

(]32). (b) A second model, closely

results at depth x = R, (Figure 9-7a)
related to the preceding, is one which attempts to describe how, as in
Figure 9-7b, the random impingement of discrete disordered regions leads
to amorphization which is continuous with the surface(]33). This mode]l
is of interest in connection with experiments which measure, instead of

the depth of amorphization, the extent to which disorder causes the re-
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(111)

lease of an inert marker by dissolution or thermal annealing (our
methods b,c, and d). (c) Again, similar to the preceding, several authors
(82,134) have visualized amorphization as being due to the opposing ten-
dencies of disordering due to displacements and crystallization due to
thermal effects. The main differences were that Kelly and Naguib(82) con-
sidered thermal spikes as the source of heat and crystal growth as the

(134), by contrast, emphasized

annealing phenomenon; Morehead and Crowder
the motion of point defects at the bombardment temperature. (d) As an
alternative to these three models, amorphization might be described as
occurring whenever the initial fraction of atoms which are displaced in

any small volume element exceeds a critical value. Here the term "initial"
means "present before thermal and athermal annealing". This model, which

(129)

has been discussed by Kelly and the author » should Tead to the usual

planar interface at x = R, (Figure 9-7c). (e) Finally, one can envisage
the formation of an amorphous phase as depending on whether the final
fraction of displaced atoms, i.e. which remain after annealing, exceeds
a critical value which is probably rather less than unity. This model
is essentially equivalent to that discussed elsewhere in connection with
51(1%8), 540,(136) | ang a1,0,, c, and 2rsio, ("1,

Models (a) to (c) will, for the present purposes, be described
as involving discrete disordered regions. Likewise, models (d) and (e)
will be said to be characterized by homogeneous damage accumulation.

9.3.2 Comparison of the Depth of Amorphization,R,, with Damage Moments

The most direct basis of comparison of the estimates of R, for

Kr-wo3 is with either the damage mean range, <Xg> 5 Or with the sum

;/2 2> = <(X-<x>)2>. Since the maximum

Xg> oy’ Ty where Ho stands for <ax
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Figure 9-7 Formation of bombardment-induced amorphization
in the near-surface region of a solid.
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TABLE 9-2

Parameters Relating to Sections 9.3.2 and 9.3.3

Experim. mean <Xd> “2d]/2 R/ 1/2 Fa(Ra)
. <X
E range, §R1>+ [from e§.(9-]ﬂ [ from QQ-(Q‘Z)] a ]5d> Ra/(<xd>¥g2d / ) [eq.(9-5)]
(keV) (A) (R) (A) (for 10'°jons/cm?)  (for 10'°jons/cm?)  (for all doses)
25 26 18 2.5 1.5 0.09

7 36 38 26 2.3 1.4 0.12

10 45 48 33 2.5 1.5 0.13

15 85 63 43.5 2.6 1.6 0.12

20 118 76 53 2.8 1.7 0.09
25 143 88.5 61.5 3.0 18 0.08
35 196 110.5 76.5 3.3 1.9 0.06

+

The conversion from ug/cmz to R was made by assuming

a density of 6.8 g/cm3 for WO3. Median ranges were
converted to mean ranges, <Rj> by multiplying by 1.19.
This factor applies for an xe X-type distribution,
which can be shown to be much better than a Gaussian
for describing our experimental results.

091
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energy that we used was 35 keV, which corresponds to e = 0.11 < 0.2, the
power-law approximation with m = 1/3 can be employed with accuracy(25).
The damage moments can in principle be deduced from Figure 4-4; far
simpler, however, is to use the following formulae which were kindly
supplied by w1nterbon(]]7):

xg = 0.702 g2/3

1449

+ 0.00787 E ...(in ng/cmé) (9-1)

u2d/<xd>2 = 0.482 + 0.00591 ES/9 +.... (9-2)

where E is the Kr energy in keV. Partial results are given in columns
3 to 6 of Table 9-2.

We conclude, by considering all results, that Ra/<xd> lies be-
tween 2.5 and 3.3, depending on the energy and dose, while Ra/(<xd>+“2;/2)
is also distinctly greater than unity. The damage mean range, as well as

the sum Xy + uz;/z

» are thus not realistic estimates for the depth at
which the massive damage, which leads to the amorphization of wo3, ceases.
Rather, amorphization extends to a somewhat greater depth, the value de-
pending upon the energy and ion dose.

9.3.3 Evaluation of Fd(Ra)' the Initial Displacement Fraction at

X = Ra

The failure of a simple identification of Ra with <Xg4> or
<xg> + uz;/z suggests that the detailed damage distribution must be taken
into account. One way of doing this is to consider Fd(Ra), the fraction
of atoms which is initially displaced at x = Ra' The details of estimating
Fd(Ra) for W05 are as follows: One first evaluates Cd(Ra)’ the initial

deposited-energy concentration at x = Ra’ on the basis of a differential
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Edgeworth expansion (Section 4.3.4):

Cx)dx = (dx)(2mu))" "/ ?[exp(-2%/2) 15 (z) (9-3)

with F(g) = 1= 1/6(ug/uy 2) (3¢ - £%) +
g%(u4/u§ - 3)(3 - 5% + £ -

2/u3) (15 - 4562 + 15e% - 65 (9-4)

where £ stands for (<x>/u;/2)(x/<x> -1). <xq> and “23/2 are evaluated

as in equations (9-1) and (9-2), <xd>/112(]1/2 is given the value 1.44

(independent of the energy), while “3d/“23/2 and “4d/“2§ are assigned the

values 0.82 and 3.73 (approximated by adding 1/4 of the corresponding

quantity for Kr-W to 3/4 of the value for Kr-0, both values having been

taken from Figure 4-4b and c). With Cd(Ra) known, Fd(Ra) follows as:
0.8Btv(E) Cd(Ra)

Fa(Ry) = 1 - expi- } (9-5)
2E N

Here the exponential form serves to correct for repeated displacement of
the same atoms, 0.8 is Sigmund's correction to E/ZEd(]37)’ Bt is the ion
dose, v(E) is that part of E leading to nuclear collisions (estimated
from Figure 3 of reference 138), Ed is the displacement energy (which

140 and

may be taken as roughly 50 eV for wo3, et . A1203(]39) and Si02(
N is the atomic density.

Average results yalid for all doses are given in final column of
Table 9-2.

We conclude that Fd(Ra) is best described as being constant, i.e.
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as lying within a factor of two of 0.]1. Similar constancy was suggested

(129) to be characteristic also of the bombardment of Si, and

elsewhere
there is reason to expect this to be true of other substances. A possible
general conclusion is that models for amorphization based on homogeneous
damage accumulation (i.e. models (d) and (e)) are self-consistent.

9.3.4 Evaluation of the Mean Size of Disordered Regions

A second way of taking the detailed damage distribution into
account is based on the postulate that the formation of an amorphous
phase results from the random impingement of discrete disordered regions
(models (a) to (c)). Such an approach is obviously not quite "assumption

free", though still has good precedent. On its basis it is possible to

1/3
a

is a simple matter to argue that each ion impact will disorder a volume Va

estimate V_ 'Y, the mean size of the assumed disordered regions. Thus it

distributed according to equation (9-3). (In fact, this is not strictly
correct. A correlated distribution function, as discussed by Westmoreland
and Sigmund(]4]), would be preferable.) The fractional amorphization at

depth Ra is accordingly:

Fa(Ra) =1 - exp[-BtVaCd(Ra)] (9-6)

which allows for random impacts as in equation (9-5). The resulting es-
timates of V;/3, deduced from equation (9-6) with Fa(Ra) set somewhat
arbitrarily equal to 0.5, are given in column 2 of Table 9-3.

The constancy of Fy(R.), as shown by the use of equation (9-5),

implies that V. has an energy dependence:

Va a v(E)  E (9-7)
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TABLE 9-3

Parameters Relating to Sections 9.3.4 and 9.3.5

v 173 y /3

E [equation(9-6)] -jlﬂﬁf “dexp. “Xd” theor.
(keV) (for all doses) E [equation(9-10)] [equation(9-1)]
4 14 A 8.8 23 A 26
7 15 7.9 27 38
10 17 7.9 36 48
15 20 8.1 48 63
20 24 8.8 61 76
25 27 9.2 78 88.5

35 34 10.4 100 110.5
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while this can also be shown by dividing V;/3 by E]/3 as in column 3 of
Table 9-3. Interestingly, a similar energy dependence follows from the
ideas of Morehead and Crowder(]34), which lead to the result:
dE
va Q <xd> . -a—x— (9_8)

By substituting power-law values of Xy and dE/dx, namely:

<Xd> o R.i
« 1-mm E2m
2mCA N
%E(- a S, (E)
cal-m £1-2m
¢ Tom

we find Va o E for all m.
This is not the only possible description of Va' however, a
reasonable alternative being:

2

V. o uzl/z <y§> o E (9-9)

a

where m = 1/3 is used and <y§> describes damage straggling perpendicular
to the incident direction.

In conclusion, a description of the amorphization process based
on the random impingement of disordered regions cannot be justified as
convincingly as the model of Section 9.3.3. The corresponding models,
(a) to (c), therefore rest on shakier ground.

9.3.5 Evaluation of <X 4>

The essence of Sections 9.3.3 and 9.3.4 was to take theoretical

]/3.

5 Note-

estimates of <X4> and then deduce the parameters Fd(Ra) and V
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worthy was the fact that Fd(Ra) tended to be nearly constant. This would
suggest that the procedures could have been revefsed so as to yield <x,>
explicitly. Thus we will postulate that Ra occurs at that depth where the
displacement fraction achieves a critical (but otherwise unspecified)
value. Then, it follows that for a series of estimates of R, for different

doses, though the same energy, the following quantity must remain constant:
v = (Bt) exp (-£%/2) (z) (9-10)

Since equation (9-10) is a function of four independent moments or moment
ratios, we will simplify the problem by giving <xd>/u2(]j/2 and the higher
moment ratios their power-law values for m = 1/3. Equation (9-10) can
then, by trial-and-error methods, be used to deduce Xg> with results as
in the column 4 of Table 9-3.

We conclude that the experimental <Xg> values are, for all ener-
gies, surprisingly similar to those deduced from the theory of Winterbon,
Sigmund, and Sanders(zs), as reproduced in the final column of Table 9-3.
Apparently, measurements of Ra constitute a particularly sensitive means
to estimating <X4>3 moreover, had a wider range of doses been used, or
the data been of higher precision, one could probably have obtained both

<Xg> and IJZJJ/Z-



CHAPTER 10
SUMMARY

1. The sputtering coefficient, S, due to Kr bombardment of
the amorphous anodic oxides Nb205, Ta205, and w03 has been determined for
ion energies of 2-30 keV. Three methods were employed, based respectively
on (a) the change of interference colors, (b) the perforation of a film
of free oxide by an intense ion beam,and (c) the loss of weight of the

target.

2. The sputtering coefficients of 10-keV Kr on other anodic

oxides, A1203, MoO3, Si02, T102, V205, and Zr02, have also been estimated.

3. The values of S for Kr on A1203, Nb205, S$i0,, Ta205, T102,
and Zr'O2 were small, ranging from 1.6 to 4.2 atoms/ion at 10 keV. S for
Kr on MoO3, V205 and wo3, on the other hand, was a factor of three larger,
e.g. 9.2 to 12.7 atoms/ion at 10 keV.

| 4. The interpretation of the experimental results in terms of

the recently formulated theory of Sigmund, which is completely analytical,
permitted the surface binding energies to be defined with the oxides studied.
The calculated surface binding energies were comparable to the heat of
atomization for normal oxides; a factor-of-three difference, however, was
found in the case of the oxides M003, VZOS’ and w03. We would propose

that the deviant behaviour of the latter three oxides is due to their

volatility, i.e. the volatility has apparently made an important contribu-

167
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tion to the sputtering process.

5. A pronounced "range shortening" for high doses of Kr in

A1203, Nb205, and w03 has been observed for room-temperature bombardments.

6. Migration of implanted dopants has been demonstrated to
occur near room temperature with a wide variety of materials, including
A1203, Nb205, Ta205, wo3, and ZrOz, and this suggests that "range shor-

tening" may be a diffusion phenomenon.

7. The effects of prebombardment and post-bombardment have
been studied with Kr and 0,. Post-bombardment with 0, caused first a
"range lengthening" at low dose, then, at high enough doses, a "range
shortening". This experiment is important in emphasizing the dual effects
of high-dose bombardments on range profiles, i.e. both deepening and

shortening can occur.

8. High-dose bombardment at low temperatures (-30 and -75°C)
also showed the "range shortening"; the effect was postponed, however,
until significantly higher doses than in room-temperature implants. This

is further evidence (besides the experiment mentioned in 6) that a dif-

fusion effect may be involved.

9. The distribution profile for low-~dose bombardments at
high temperatures (200,300,400, and 500°C) revealed the "rotation effect"

corresponding to normal diffusion, whereas the high-dose profiles still
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showed the surface-directed motion of implanted Kr.

10. The above-mentioned "range shortening” has been shown
analytically to be reasonable whenever there is a spatial variation in the

diffusion activation enthalpy.

11. Putting the results summarized in 5 to 10 together, we
have concluded that "range shortening" is a diffusional phenomenon. It
is analogous to ordinary radiation-enhanced diffusion, except in so far

as it is governed by spatially-varying diffusion coefficient.

12. Depths of amorphization due to ion impact have been
measured with anodic w03 (crystallized at 350 or 450°C) using four tech-
niques based on the bombardment-induced solubility and thermal annealing

of the disordered surface layers.

13. The depth was found to vary linearly with energy, with

14 ions/cmz) bom-

bardment with 4-keV Kr to 395 ¢ 15 A for a high-dose (3.5 x 10'ions/cm?)

values ranging from 50 + 15 A for a medium dose (3 x10

bombardment at 35 keV. The amorphization thus extends to about 2.3 to
3.3 times the damage mean range, the latter being taken as essentially

that from the theory of Winterbon, Sigmund, and Sanders.

14. A more detailed application of damage~distribution theory
permits, firstly, the fraction of atoms initially displaced at the amor-

phous-crystalline boundary to be estimated. It was found to lie within a
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factor of two of 0.1, and it was therefore concluded that models for
amorphization based on homogeneous damage accumulation are self-consis-

tent.

15. Secondly, if it may be assumed that amorphization is due to
the random impingement of discrete disordered regions, damage-distribution

theory yields values for the mean size of the regions (14 to 34 A).

16. Thirdly, and most important, damage-distribution theory
enables an explicit evaluation of the damage mean range for Kr-W03. The
values for 4,10,20, and 35 keV Kr-wo3 are 23,36,61, and 100 R, as com-
pared with theoretical predictions of 26,48,76, and 110 R. These are
probably amongst the more accurate damage ranges that have been measured

to date.
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