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This investigation is primarily concerned with the development of
a suitablz high-precision sectioning technique to be employed in studies
of cepth Zistributions of energeiic icons in Mo and V. It consists of
two main parts.

In the first part, uniform anodic oxide films of controlled thick-
nesses have been grown on poiycrystaliine V, Mo, and W (the latter, pri-
mariiy, for comparison with earliier works on W) in acetic acid-sodium
i

tetradborate solutions containing smali quantities of water. These anodic

films, which show bright characteristic interference colours when formed

at >10 voits,are shown to be rapidiy soluble in a dilute solution of

[e]
XCH whereas tne underiying metal is attacked at a rate of less than ~100A



per day. The thickness of the anodic films per volt has been established
using ellipsometry and conventional weight-loss measurements.

Kinetics of anodization have been studied at constant-current and
constant-voltage. An analysis of these data shows the composition of the
films on Mo and W to be close to MoO4 and WO, respectively while those on
VY were intermadiate between VZO4 and V205. The density of the films on
Mo and the differential field strength, Ed, for films on Mo and W have
also been determined.

zn the second part, a theoretical background consisting of an
outline of the theory of Lindhard, Scharff and Schigtt, has been provided;
in the absence of experimental data, this theory is generally used to
estimate the depth distribution of ions in amorphous targets. Experimen-

tal range profiles have been determined for 5-30 keV Kr85

in polycrystal-
line Mo using the technique developed in the first part and the results
obtained show a large discrepancy when compared with Lindhard theory.

The extent of disagreement with theory is similar to that obtained by
previous workers with targets such as Al or W.

Evidence is presented to show that this large discrepancy may be
attributed to crystal-Tattice effects {i.e. channelling). For example,
it is shown that the discrpency is not due to the anodizing-stripping
sequence being sensitive to bombardment. Also, it is demonstrated that
the Mo used had a pronounced preferred orientation such that the open
directiors <i00>, <211>, and <111> were normal to the surface.

An important part of future work will be to extend techniques

such as those described here to the metal Be, for Be is the lightest

target material that can be conveniently worked with.
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CHAPTER 1

Introduction

A great deal of attention has been devoted in recent years to
studying the interaction of energetic charged particles with matter.
In particular, a knowledge of the depth of penetration of such particles
injected into solid materials is of interest in interpreting radiation
damage and sputtering phenomena, in preparing targets for nuclear re-
search, and in fabricating solid-state semi-conductor devices. From
a theoretical viewpoint, such an investigation is of fundamental inter-
est in the estimation of screened-interaction potentials and in the
elucidation of the mechanism of energy transfer in elastic and inelastic
scattering of charged particles. However, in the energy range below 1
MeV, experimental data have been obtained on the depth of penetration

of heavy ions only in a Timited number of target materials.

The current Tack of experimental data may largely be attributed
to the difficulties encountered in trying to measure extremely small

137 jon in ajumi-

capths of penetration. 7The mean range of a 45 KeV Cs
num, according to the Bohr-Nieisen theory (1), is about 5 ug/cmz, or
185 io {sviously, for ions of such short range, it would be difficult
if not impossible to prepare sufficiently thin foils for studying the
depta of penetration by conventional stacked-foil techniques. To over-

come such problems, Davies et ai. (2) developed an extremely sensitive

nc reliable radiochemical sectioning technique, the so-called "peeling



method". It consisted of electrochemical oxidation of aluminum at con-
stant voltage in aqueous ammonium citrate, followed by removal of the
oxide film in a phosphoric acid - chromic acid solution. Due to the
highly protective nature of the aluminum oxide film, this two-step pro-
cess enabled very uniform surface layers of metal, as thin as 1 ug/cm2
(i.e. 37 E), to be removed. Since their pioneering work on aluminum,
similar techniques have also been developed for tungsten, silicon and
gold (3-22), and much work has accordingly been done in the region of
mass 30 (A1, Si) and mass 190 (W, Au). This leaves a great deal of work
to be done with extremely 1ight targets, such as Be, and in the region
between Si and W. For the present work, two metals,V (mass 51) and Mo
(mass 96), were chosen in an attempt to extend the spectrum of masses
from 1ight to heavy ones. Since sufficiently sensitive and reliable
sectioning techniques were not available, they had to be developed be-
fore the actual work on the depth-distribution studies could begin.

“his thesis is, therefore, in two parts. The first part, Chap-
ter 2, deals with the anodic oxidatiorn of V and Mo, in which "peeling"
methods are developed, calibrated, and compared with that previously
established for W. The second part, Chapter 3, describes the prelimi-
narvy use of these techniques in studying the depth distribution of

Kr8b in Mo.



CHAPTER 2

Anodic Oxidation Studies with V, Mo, and W

Z.i Theory of Anodic Oxidation

The growth of anodic films is basically a problem in the ionic
conductivity of oxides at high field strengths, complicated by the pro-
cesses occurring at the metal/oxide and the oxide/electrolyte interfaces.
Some of the classical theories are discussed below, all of them being
based on an idealized, homogeneous, parallel-sided film which is free

from flaws.

2.1.17 Verwey's Model

Verwey (23) made the following assumptions:

i) Me*el ions at interstitial sites are the mobile entity (this is a
highly artificial assumption, though is not critical since a similar
equation is obtained for any other mobile point defect).
i1) Al1 interstitial ions are equivalently placed as regards their ease
of movement (this is only an approximation since there must be a range
of site types, jump cistances, and potential barriers due to the amor-
phous nature of most anodic oxides).

iii) No dinterstitial blocks the path of another.
iv) Concentration of the mobile species has value corresponding to

electroneutrality (i.e., value in the bulk oxide).
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Fig. 1 Potential Energy (P.E.) of mobile jons vs. distance

with and without field.

The governing equation is derived by picturing the ions as ac-
quiring sufficient energy from thermal agitation plus the applied field
to jump the potential energy barrier, as shown in Figure 1, and thus
reach the next site.

In the absence of an electric fieid, the number of ions jump-

ing in any direction is given, in units of 1ons/cm2—sec, by

i = 2anv expE-(E¥)]

=
=
W
-3
({°]
f=4]
1]

activation distance, equivalent to half-jump distance

frequency of vibration of interstitial ion, including a

<
il

factor of the type exp(é%)

n

number of mobite fons per unit voiume

In the presence of an electric field, the flux of mobile ions
will pe creater in the direction of the field, due to the lower potential
barrier, as compared to the fiux against the field. This will result in
& net Tiux of ions in the diraction of the applied field. Expressing

.y . 2 \
current in terms of ions/cm -sec., we have for the observed current



-> <
i=1 - i
where -
i = 2anv exp[-(ﬂi%égoj (1)
<
i = 2a{n + 2a(§59}v exp[-(H-i¥93E9];
X kT
%£-= concentration gradient of the mobile ions;
q = charge of each jon.
Then > <«
i=9 -1
= 4anv exp[—(E¥0]Sinh(9§%Q - 4a2v§§-exp[—
W + gaE
( )] (2)
kT
Suostitute A= Zanvexp[-(E%b]; B = %%-1n equation 2 to get
i = 2ASinhBE - diffusion term
At very low fields, i.e.,for §$ << i
For qat/kT << T,we have
..gaE  gaE | W+ gabE | W
SIS = 5 8 —r— 1T
and therefore
i = Constant.t - Constant-%%
= 6F - Dol (3A)

oX
where o = Ohm'’s Taw conductivity

1

Do = diffusivity as per Fick's first law.



At very high fields, i.e., for 9%% >> 1

At the other extreme, we have qabE/kT >> 1, so that

> <«

i becomes much greater than i, to the order of ]0]0 times, and so
>
i~
= A exp BE (3B)

It is of interest to examine the Verwey model numerically and
determine whether one of 3A or 3B is always valid under anodic oxidation
conditions. Rewriting equation 2, we have for the general expression

for ionic current,

—do
i

= 4av exp[- () Jinsinh[LE] - a exp[-(325) R

C{n S1nh[ ] - a exp[- (gﬁgﬂ——&

where C = Zav exp[- (—7$J, two terms wiil be recognized:

Tield-assisted term = C-nSinh[9E$J (4)
diffusion term = C-a exp[-(gﬁgﬁ]gg- (5)

“o maximize the diffusional term, we assume that there is the

maximum possible concentration gradient, i.e.,

n at x = 0 (at the metal/oxide interface)

3
[H

0 at x

2a (one atom layer away)

2An_n
Then, v

and the relative contriobution to the current due to the field-assisted

and diffusional terms is given by



2 sinh(%E)
Diffusion term exp[-(gf%J]

Under typical operative conditions of anodic oxidation, we can assume

Field-assisted term _

values for the various parameters as follows:

E23x 106 volts/cm

a=1,5%A
g = 2 if oxygen mobile

> 2 if cation or both species mobile
kT = 1

v.16) eV at room temperature

The estimate for E is based on the common observation that anodic oxide

films have a thickness which is less than ~ 35°A/ volt. Then

Field-assisted term _ 2Sinh(3.6)
Diffusion term ~ exp(-3.6)

= 1360

i.e., field-assisted migration always dominates over the diffusional
term due to concentration gradient and hence the ionic current according
to Verwey's model will always be the same as for high field, i.e.,

i = A expBE (3)

This point has not been fully appreciated in previous work (e.g. 23)

2.1.2 Mott and Cabrera's Model (24-25)

“his model takes into consideration the surface space charge at
the meta’-oxide interface. The field-strength in the oxide will change,
acccrding to Poisson's equation, only if volume space charge is present

and tnis change is given,in e.s. units, by

3E | dmp
ax £



where p = volume space charge density

dielectric constant

fi

£

The net volume space charge is due to the inequality between the
positive space charge due to the mobile jons and the negative space
charge due to the conjugate non-mobile species (electronic space charge
would tend to be swept away at such high fields).

:f the volume space charge density is not too great, then the
change in field across the oxide, a function of the total charge present
in the oxide, must be small for a thin enough film, i.e., the field in
the oxide film is a constant to a first approximation. Moreover, the
current will then be controlied only by the rate of entry of ions into
the oxide provided, as assumed by Mott and Cabrera, that the first

1
!

i ; site
Fig. 2 _ A
Potential Energy 2 oxide
vs, distance for -
jon entering oxide © w
from the metal, withyj .
appiiec field. o s:;s [
mete! : =t /
! %] 1 a
H Y} {
i 92 / o
Distance

barrier to be surpassed by ions entering the oxide is sufficiently higher
than Gater barriers, as shown in figure 2.
The current across the entrance barrier is given by
i=n'v' expl-{ ~;+a-—,] (6A)

where n' = concentration of jons per cm2 at the interface and primes

ars usec -¢ identify parameters associated with the entrance barrier.



The concentration, n, of ions within the oxide is not fixed; it
adjusts itself (in the steady state) until the current within the cxide,

assuming high-fields, namely

i = 2anv exp[-(ﬂ'k%i)] (68)

Just equals that across the entrance barrier, i.e.,
equation 6A = equation 6B

This gives n = n,, where

[ a/a' w"‘a'b# (1_3)
no = B0 el Ty 4 2 (7)

The question as to whether this model could be ever expected in

practice will be considered in connection with the following model.

2.1.3 Young's Model (26)

This is a general treatment with the above two models as the
1imiting cases.

Assume that the concentration of mobile metal ions in the
electrically neutral oxide is p. The space charge due to the conjugate
non-mobile species is thus (-pq) where q is the charge on metal ions.
Then, Poisson's equation gives

9E _ 4mg
axX € (n-p)

where (n-p) is the number of mobile ions in excess to those required for
electrical neutrality and n = n(x) is as before the actual concentration
of mobile metal ions in the oxide during anodization.

The current at point x in the oxide is

i = 2anv exp{-(Egﬁ] eXP[%%E] (8)



10

Under steady-state conditions, it follows that i # i(x); however, we

must anticipate that both n and E vary with x. Writing B = %%3

él—a(an nBéE- = 0

Substituting for g%-from Poisson's equation yields

an 4 -
=t nB—EQ(n -p)=0

Integrating, we get
n(x) = p[1 - (1-2) exp(-2REX) -]

where n, is the value of n(x) at x=0, given by equation 7. Substituting

for n(x) in equation 8, we get
E(x) = Eo + [ 10g(p” ' [no=(no=p) exp(- 412951)]} (9)

where Eo, equal to — q

; 1092an -, is the value of E(x) at x=0 and
given by esquation 6A. n(x) and Z{x) are thus both determined.

Equation 9 reduces to Mott's relation (i.e.,E = Eo) for small
x and to Verwey's relation for large x (i.e., E = ag-+%iog§5%30. The
field thus changes with thickness at first but eventually becomes cons-
tant at Verwey's value.

it might be suspected that the physical iimitation that a film
cannot pe iess than one unit ceil thick may mean that the film may never
be thin enough for Mott's model to be applicable. We have confirmed
this by essuming values for the various parameters as follows:

q=2 e =10

14 30 x 1078

10 ions/cm3 X

[

p

a = 1.5°A
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Then, 4ngng = 27,000

and exp(-—ﬂgEEEJ becomes extremely small to give Verwey's value for the
field. Since the values assumed for various parameters are all conser-

vative, it may be said that Mott's case never holds in practice. For

14

exampie, a value of 10 ions/cm3 for p corresponds to an impurity con-

8

tent of 107" atom fraction, which is inconceivably low for an oxide.

2.1.4 Field Production of Frenkel Defects in Steady State.

This model was proposed separately by Bean, Fisher and Vermilyea
in 1956 {28) and by Dewald in 1957 (29).

At high field strengths, ions may be pulled out of lattice posi-
tions into interstitial positions, creating Frenkel defects. This model
assumes that the vacant cation sites are immobile and that only the inter-
stitial ions move (rather an artificial assumption since if field is
strong erough to create a Frenkel defect, it should be more than enough
to move & lattice ion into an adjacent empty site, i.e., AE for lattice
site » interstitial is greater than AE for lattice site > next lattice
site). Tne essential features of this model are that p now becomes field-
dependent and that n=p at all times, i.e., the oxide is always electrical-
1y neutrai.

The rate of production of Frenkel defects and hence of vacant

cation sites, which contribute to p, is assumed to be

(No-m)vy exp[=(—pg—)]
where No = concentration of lattice sites

m = concentration of Frenkel defects
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Subscript 1 refers to the process lattice jons - interstitial jons.
Subscript 2 refers to the mobility of interstitial ions.

The vacant sites are filled by their capturing interstitial
ions meving through the oxide. Assume that rate of filling is given by
(flux of ions)(concentration of vacant sites)(cross-section of vacant

lattice sites) = imo. Then,

M= (No-m)vy expl- (J-—-—n - iom

The further important assumption is now made that m = p, i.e.,
there is no source of immobile space charge other than vacant cation
sites, whence n = m, where n is as usual the total concentration of
mobiie metal ions. Then,

is= 2a2mv2 exp[-(!-gg;EKE ]

In the steady state, %%-= 0, and for N, >> m, we get,

vaNo - W q(aq-a,)
n = (geg) /2 expl- ( L)1 expl——ppr= E1
vqlNo W, +W g(a +a,)
- — .i 2 r .g 2 = ]
= 2"’2"2(2oa2 2) /2 expl-(—gD)] expl—ppr*— E]
= A' expB'E (10)

where A' and B' are the appropriate parameters.

2.1.5 Generalized Model

Writing down the expressions for jonic current thus far discussed,

we have:
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Verwey's model: i = 2anv exp[—(H:%%E)] equation 1

= 2anhv exp(-—%) eXp(g'E%)

= A expBE
Mott and Cabrera's Model: 1 = n'y' exp[-(wi:%%lgaj equation 6A
= A expBE
Young's model: i = 2anvexp[-E¥J exp(QE%O equation 8
= A expBE
Bean et al's model i= 2a2v2(;l§:-—9]/2 exp[—(!l;!gﬁ] exp[
Tayv, 2kT
q{a;ta,) _
— E] equation 10
= A expBE

We note that all these models result in the same form for the

reiation bSetween i, E and T, i.e.,
i = A expBE

Fance, the experimental data are independent of the model for
the particular models discussed and shouid give a simple voltage vs.
time behaviour at constant current. This in turn means that there is no
valid experimental distinction between the models though this conclusion
does not exclude other models (e.g. one where there is a range of & or

[ - . .
W vaiues) from being important.

2...6 Conseguences of the Amorphousness of the Anodic Oxide

Ions moving through the film will encounter not a series of



14

jdentieal barriers but a series of barriers with a range of activation

distances 'a' and heights 'W'. Assuming a gaussian distribution for them,
3E  _ kT . . .

Young (30) found that the Tafel slope, i 6331ncreases with field

instead of remaining constant. This is a conclusion of particular

importance in view of the demonstrated lack of difference between the

earlier models.

2.1.7 Certain Inadequacies of the Above Models

i) 411 the above models predict for the steady-state current

i=1i, exp(- E#J exp(gﬁ%)

This relation leads to the conclusion that the Tafel slope,

5%%;~, is independent of E at a given T and proportional to T. Vermilyea
(31), however, found that in the case of Ta, the Tafel slope was indep-
endent of T. Later experiments of Young (30) were fitted by replacing
(W-qaE) 2y (W-|alE + |8]E?).

Vermilyea (32) also carried out transient experiments. He
changed the field rapidly from a given initial value, under which steady-
state conditions had been set up, and observed the immediate value of
the ionic current at the new field. He assumed that in this case the
change in current was due solely tc a change in the mean velocity of
whatever mobile species are present, no change occurring in their con-

oF
ni

centration. He found that under these conditions the relation (3375)¢pan-

sient @ T, which is expected from the above models, was not observed,
this slope actually decreasing with increasing temperature under the
conditions used. Later measurements by Young (33) could, once again,

be cescripbed by the substitution W(E) = Wo - |a]E + |8|E2 in the



equation for ion mobility. This implies that the Tafel siope depends on
E at constant T. This substitution is based on a Schottky-type law in
which the ions move freely along channels in the oxide except where they
become trapped by Coulombic attraction for local excess negative charge.
Due consideration of the amorphous nature of anodic oxides also tends to
fit the data better.

ii) In all the above models, it was assumed that only the metal ions
are mobile. However, the tracer work of Davies et al (34) indicates
that with Ta, Nb, Al, W,both ions are not only mobile, but the metal

and oxygen ions also travel right through the film. This observation

that both ions are mobile during the ordinary growth process to compar-

15

able extents over a wide range of currents presents considerable difficul-

ties to these models. The chief one is that any model with independent
metzl and oxygen ion currents would be expected to display a rapid
change with field in the ratio of the two currents unless one had a for-
tuitously close similarity between values of activation energies and ac-
tivation distances, which is quite unlikely to occur with more than one

metal.

2.2 Structure of Anodic Films

The structure of anodic oxide films on Mo, V and W may be des-
cribed as glassy or amorphous (35, 36), hence with short-range order.
The normzl oxides on Mo and W are found to have structures intermediate
between the types ReO3 and T1‘O2 (rutile)(Fig. 3). ReO3 has a structure
in whicn Mos octahedra are joined by sharing corners. The rutile

structure also consists of MO6 octahedra but these are linked by sharing
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edges to give extended chains. In between these two extremes, a whole
series of structures can be envisaged, of stoichiometry M U5 ., in
which oxygen is progressively economized by allowing slabs of corner-
linked octahedra to be joined to identical slabs by edge-sharing; the
smaller the n, the greater the economy of oxygen.

The lower oxides on V show similar behaviour of having inter-
mediate shear phases, but in this case the rutile structure is the parent
phase and the general formula is MnOZn-T‘ The geometrical basis for the
sequence is the increasing face-sharing of oxygen between MO6 octahedra
rather tnan the edge-and corner-sharing.

The pentavalent V has a structure quite different from those of
lower oxides; in this case, the V atoms have a rather irregular type
of 5-coordination; there are chains formed of tetrahedral groups linked
through corners and these chains are so placed together that each V has
a fifth 0 neighbour in the other chain (Fig. 3c). The bond lengths in
V205 for various oxygen sites are 1.54 R, 1.77 3, 1.88 E (2 atoms),

2.02 E; the next nearest C neighbour of V in V205 is in the adjacent
layer at a distance of 2.81 X, and witn other five, this completes a

very distorted octahedron,

2.3 Ellipsometry

Ellipsometry (37) is the measurement of the effect of reflection
on the state of polarization of iight, It can be used to yield the op-
tica: constants of the refiecting materials, or when the reflecting
material is a film-covered substrate, both the thickness and the optical

onscants of the fiim. The main advantage of ellipsometry is its appli-

3

cant ity to strongly absorbing media. The refractive index, n, the
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extinction coefficient for the absorbing media, and the thickness of the
film can be determined over the whole range of thickness from the mono-

atomic to microns,

2.3.17 General Principles

Eilipsometry is concerned with reflection of monochromatic, col-
iimated, polarized light. The state of polarization is completely de-
fined by the amplitude and phase relationships between the 'p' (parallel
to the plane of incidence) and 's' (perpendicular, "senkrecht", to the
plane of incidence) components of the electric field oscillations. If
'p' and 's' are in phase (i.e., have phase difference of mn), then the
resultant wave is said to be plane-polarized; otherwise, it corresponds
to eliiptical polarization. In general, reflection causes a change in
the relat-ve phases of the 'n' and 's' waves and a change in the ratio of
their amp.itudes. The effect of reflection is therefore characterized by
the angie A, defined as the change in phase, and the angle y, the arctan-
gent of the factor by which the amplitude ratio changes. Symbolically,
it the amplitudes of the incident and refiected beams are designated E
ana R, respectively, and the phase angies g, then

b= (Bp - 8s)r‘ef'lected - (Bp - Bs)incident

<
]

R E
S
arctan (ﬁﬂ E—J (12)
S p
Ellipsometry is the measurement of A and y.

2.3.2 Measuring Procedure

Tnz incident monochromatic beam is transmitted through the

seguence of a collimator, a polarizer, and a quarter-wave plate. The
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azimuthal orientations of these devices determine the relative amplitudes
and phase differences between the 'p' and 's' components of the incident
beam. These orientations are adjusted se that the difference in phase
of incident beam just compensates that which results from reflection,
giving rise to a plane-polarized reflected beam. A is thus measured.

The plane-polarized reflected beam is then transmitted by the
analyzer to a telescope and a detector. Provided the polarizer and the
compensator are oriented as described above, the analyzer can be oriented
to extinguish the reflected beam. This extinction setting thus measures
R

The actual procedure consists of fixing the orientation of the
quarter-wave plate so that the fast axis is inclined at 45° to the plane
of incidence. With the fast axis thus oriented, the relative phases and
ampiitudes of the 'p' and 's' components of the beam transmitted by the
quarter-wave plate depend just upon the orientation of the polarizer,
and any phase difference, 0° to 360°, can be achieved. This dependence
has been derived by Archer et al (38) and Winterbottom (39),as given
below.

The measuring procedure consists of adjusting the polarizer and
anaiyzer so that the detected beam is extinguished. Such extinction is
not a sharp point and hence its determination requires an iterative
process. Both the polarizer and the analyzer are adjusted as close to
extinction as possible by trial and error; then, keeping the polarizer
setting fixed, the position of the analyzer is varied and 2-3 pairs of
observations are taken on both sides of extinction. The analyzer is then

fixe< at <heir average and the position of the polarizer is next changed,

agatin to takz 2-3 paired observations on both sides of the maximum
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extinction. Next step is to fix the polarizer at the average of the
last observations and the process repeated with the analyzer once again.
This iterative process of fixing the analyzer or the polarizer at its
last observed average and adjusting the other is repeated till self-
consistent angles for both are obtained. Generally it takes 2-3 itera-
tions with each to get the desired results, i.e., with an uncertainty in
A and ¢ of 20.02°.

There are two orientations of the polarizer which lead to plane-
polarized, extinguishable reflected light, namely,

A = A

-A + 180°

and Al
Designating the former of these extinction settings as P, and the latter
P; and following the treatment of Archer (38) and Winterbottom (39) for

a quarter-wave plate compensator, we get

PL = P, £ 90°
90° - 2P, = 270° - 2P,

A

1

Y Ao = A,

There might thus appear to be an ambiguity as to the value of A. But vy
can vary only between 0 and 90°; from this fact the sign of the analyzer
extinction setting determines whether the setting corresponds to the

“primed" or "unprimed” case.

2.3.3 Interpretation of Ellipsometric Measurements

Trie relationship between A and y and the properties of a reflec-

ting system are expressed by the Fresneil reflection coefficients. The
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Fresnel reflection coefficient, r, of an interface is the ratio of the
electric field vector, R, of the reflected wave to that, E, of the inci-
dent wave; in terms of the amplitudes of the incident and reflected
waves E and R, respectively, and:the phase change, 8, accompanying re-

flection, we thus have,

r=§e (13)
The coefficient depends upon the orientation of the wave relative to the
plane of incidence, and the reflection of a wave of any polarization is
described by the two coefficients, r_ and rp, for the component waves.

S
The ratio of the reflection coefficients is

R E (3
= ( §E'- =) e P
S

P

-8,)

I

-sl_o-s
w

= tan ¢ ° eiA

The above equations relate y and A to rp/rs. Finally, to com-
plete the argument, we must introduce the indices of refraction. For an
optically isotropic substrate with a clean surface the Fresnel reflection
coefficients are

" n,Cos@, - n,Cos0,
12 n]Cos(D2 + nzcosQ]

s n]COS¢i n2Cos(D2
12 n1Cos®] *+ n,Cos0,

whers @1 is the angle of incidence and QZ the angle of refraction and
subscripts 1 and 2 refer to the surroundings and the substrate respec-
tively. for an optically absorbing medium, the complex index of refraction

of the substrate

I

no- ix

{5
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is substituted for n, in the above equations and the value of n and k
may be derived therefrom with a minimum of two independent measurements
of ¢ and aA.

In case of reflection from a film covered substrate, the corres-

ponding expression is

P b ,-2i8 s s _=-2i¢
in _ M2"23° IRREPAPES
tany e'© = TorD P21 LN IEATS (16)
ATl 12"23¢
where subscripts 1, 2 and 3 refer to the surroundings, film, and

substrate respectively. Here, the number of independent measurements
needed is so great that one normally assumes prior knowledge of the sub-
strate censtants; in the present case of Mo, the substrate constant was
assumed to be 3.14 - i3.60*,

In equation 16, the real and the imaginary parts may be separated
to yield equations for A and y; these are then plotted using a computer
for given values of the angle of incidence, vacuum wavelength of light,
and opticail constants of the film and the substrate, plots for different
cptical constants being unique. Thickness in the plots is given in terms
of &, the relation being

§ = §-gg-d(n

2
i

2¢)1/2

- $in degrees (17)

film thickness in R

Q.
1

A typical pliot is shown in Fig. 4. In practice, A and y are
determinec from experiments and compared with the computed plots to

obtain the actual n and the thickness of the film.

Private Communication from Mr. Colin Rowe (McMaster University)
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2.4 Anodizing Procedure

2.4.17 Materials

High-purity polycrystalline foils, 0.1 mm thick, were used as
specimens throughout the work. They were degreased using petroleum ether,
rinsed with distilled water, etched in dilute nitric acid and again rinsed
with distilled water; they were then anodized at 80-100 volts several
times and the anodic oxide films thus formed were dissolved in dilute po-
tassium fhydroxide solution (to be discussed later). This preanodizing
treatment may be assumed to reduce the effective surface area of the foils
{2), presumably by removing submicroscopic irregularities, and give a
reproducibly flat clean surface of constant area. It is thus analogous

to electropolishing but more controlled.

2.4.2 PAnodizing Step

It has been shown in previous work (4) that W can be anodized in
an agueous solution of potassium nitrate (0.4M) and nitric acid (0.04M)
at room temperature. Mo has not been stuccessfully anodized before where-
as V can apparently be anodized up to nigh voltages in electrolytes
based on acetic acid (40). It was found in the present work, however,
that anodic films on V, formed as in reference 40, were unstable in the
atinosphere and so wouid not be of great use in experiments such as study-
ing the depth-distributions of energetic ions in V.

Two electrolytes were finaily selected and used throughout this

work, poth containing acetic acid and 0.02M sodium borate, but with

water contents of 1.0 anc 2.0M respectively. (The Tatter electrolyte,
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with 2.0 M water, is that of Keil et al (40)). Higher amounts of water
(>2.0 M) resulted in excessive dissolution of the films on V and Mo uuring
anodizing, with the films also being rather difficult to stabilize. Spec-
ifically, with 5.0 M water in the electrolyte, fresh films tended to be-
come non-uniformly thinner in 20 seconds (for V) or 25 seconds (for Mo)
when exposed to the surrounding air; even when dried using compressed

air immeciately after formation, they were then found to be non-uniform
and became even more so with time. Films formed in 1.0 M water electro-
lyte were not affected up to 45-50 seconds (in the absence of compressed
air drying) and were found to be particularly stable when dried with
compressed air immediately after formation. They could then be preserved
in air for more than 1 day and in a desiccqﬁé})fcr more than 2 weeks.
Films formed in 2.0 M water electrolyte showed an intermediate behavior,
being closer to that of 1.0 M electrolyte. Water contents of less than
1.0 M resulted in non-uniform anodic films, presumably due to the iow
conductivity of the electrolyte (cf. 41) These conclusions are all based
on the observation of interference colours.

A3l the experiments were carried out at 25:1°C. Due to the
hygroscopic nature of acetic acid, the conductivity of the electrolyte
changes w-th time due to its exposure to the atmosphere. This change in
conductivity became significant, however, only after eight to ten anodiz-
ings; therafore, the electrolytes were discarded after every six anodiz-
ings. A planar platinum foil acted as cathode. A calomel reference
electrode was occasionally inserted into the bath during anodizing to
measure the true voltage drop across the oxide film on the anode. However,

except at the start of a run, this voltage was similar to the total
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applied voltage; 1in general, the anodic voltage was thereforeassumed to
be identical with the total applied voltage.
E11 the specimens were anodized for six minutes, by which time

the current had dropped to an almost Timiting value of 0.1-0.4 ma/cmz.

2.5 Results

2.5.1 General

Newly grown films on V and Mo were found to dissolve readily in
distilled water and were also, as stated in section 2.4.2, unstable when
kept in the atmosphere. However, by drying these films with compressed
air, they became quite stable, i.e., there was no change in the unifor-
mity of their interference colours for up to one day in the laboratory
air, and only a slow rate of dissolution in distilled water. A1l the
Tiims on V and Mo were, therefore, stabilized by drying them with com-
pressed air immediately after anodizing and the specimens were then
olaced in a desiccator. Similar difficulties did not arise with W and
no such precautions had to be taken.

Above 10-15 volts, the presence of the oxide films on the anodi-
zea specimens couid be detected visualiy and their uniformity verified

oy means of the characteristic interference colours that occur.

2.5.2 Ca ibration of Method

For thick films formed at 2 10 volts, the relation between the
oxide fiim thickness and tne anodic formation voltage was determined by

tne convertional weight-Toss methoa. The specimens used were large

2]

ncegh to get meaningful weight-io0ss measurements, a minimum of 100 ug

¢
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being considered a reasonable weight difference. For thin films, formed
at < 10 volts, ellipsometry was used to get the film thickness. All

2 £i11 the desired

specimens were anodized at a current density of 2.0 ma/cm
voltage wes reached and then the current was allowed to drop; total time
of anodizing in each case was six minutes. Results of the calibration
are shown in Figures 5 - 7 and analytical expressions for thickness per

volt are given in Table I.

TABLE I

Water Content of THICKNESS OF OXIDE FILM ug/cm?

Electrolyte V* Mo W

1.0M ? + 1.10 volts 1.40+1.61 volts | 3.0 + 1.85 volts
up to 15 volts;
10.0 + 1.40 volts
above 15 volts

2.0 M ? + 1.38 volts 1.40+1.78 volts | 3.0 + 1.92 volts
up to 15 volts;
10.0 + 1.40 volts
above 15 volts

In order to study the depth of penetration of radioactive ions in
metais, it is necessary to know the total amount of metal removed in the
anodizing plus stripping operation. The above experiments give only the

amount of metal that is removed during the stripping process alone, i.e.,

* The intercept, which relates in part to the natural oxide, is still
not established with V. The problem is that ellipsometry could not:
be used here due to lack of knowledge of the substrate constants.
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that contained in the oxide film. However, it is possible that some metal
jons may escape into the solution during anodizing. This would cause the
total metal removed to be somewhat greater than that indicated in Table

I. Therefore, a series of runs was carried out with Mo to investigate

the existence and importance of this effect and the results are shown in
Fig. 8. It is seen that the dissolution is most significant at low volt-
ages and its relative significance decreases at higher voltages. Analyti-
cal expressions for the total metal removed and the metal removed as a

part of the oxide film alone, are given as follows:
Total Mo removed = (7.5 + 1.0 volts) ug/cm2 above 7 volts
Mo removed via film = (0.94 + 1.07 volts) ug/cm2

The water content of the electrolyte is here 1.0M.

2.5.3 Stripping

Anodic films on V and Mo, 1ike those on W (4), were found to dis-
soive readily in a dilute solution of potassium hydroxide. The stripping
was complete within one minute and, of fundamental importance, did not
continue into the metal. This was confirmed by implanting radioactive

Kr85

at 15 keV into the specimens,then anodizing them at 10 volts, and
finally exposing the specimens for various time intervals to 0.1 g/liter
potassium hydroxide solution. The results thus obtained are given in

Table II {cf. 4)
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TABLE II

Time Normalized-Activity

v Mo
Initial 100 100
15 sec. 57.7 67.6
30 sec. 55.0 59.7
1 min. 50.6 52.5
3 days 49.8 52.6

2.5.4 C(Constant-Current Film Growth

The growth curves obtained at 25£1°C using various formation
current densities and with an anode-cathode separation of 1.0 cm. are
shown in Fig. 9 - 11. When film growth commenced, the anode potential
increased sharply and this initial transient, which varied with current-
density and the anode-cathode separation, was attributed to the ohmic
potential drop across the anodizing solution. After the initial trans-
ient, the potential of the anode increased slowly with time due to the
growth of the film. The data of Fig. 9 - 11 may be interpreted in the
oresent context as showing that the anodizing current should be 2 1.5ma/
cm2 in order to minimize the ancdizing time.

' Ideally, the voltage shouid rise linearly with time under constant-
current conditions. But the experimental current consists of ionic as
well as eiectronic contributions. In the event that the ratio of the
electronic current to the total current increases with voltage, the

curves will be concave down. In tne converse case, they would be con-
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cave up. In the present work, both situations can be recognized: e.g.,
in Fig. 9b the 1.0, 1.5 and 2.0 ma/cm2 curves can be understood in terms
of an increasing proportion of the electronic current, while the 0.5 ma/
cm2 curve suggests mainily a decreasing proportion of electronic current.
In an attempt to understand results of this type, we have re-
sorted te further use of ellipsometry. Preliminary measurements show
that the density and the stoichiometry of the film may be changing with
time; the films seem to become less dense and more non-stoichiometric
(i.e., higher k where n = n-ik) as they grow thicker. This result can

2 and it certainly

explain the initial slow rise of voltage at 0.5 ma/cm
accords well with the concave-down behavior found at 1.0, 1.5 and 2.0 ma/
cmz. Further investigations are being carried out.

During the constant-current conditions of film growth, the poten-
tial of the anode increased until certain film thickness was attained.
At that potential, filim~breakdown began. The breakdown voltages are
given in Table III. Note that the breakdown voltage for W using the
present eljectrolyte is 190 volts (~275 ug/cmz) while it was found to be
about 80 volts (~87 ug/cmz) by McCargo et al (4) using a‘nitric acid-
potassium nitrate electralyte. The present electrolyte is thus ideally

suited for range studies with ions of MeV energies, this being previously

not possible.
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TABLE 111
T ¥ ;
dater Content Breakdown Oxjde Thickness ;
of Electrolyte voitages, volts ng/ cme °A |
1
v 1.0 M 140 154 3540 |
2.0 M 110 152 3500 |
Mo 1.0 M 235 380 8360 |
% 2.0 M | 215 384 8500 %
LW 1.0 M 190 275 4040 |
| 2.0 M } 190 275 4040
L L

2.5.5 Analysis of the Constant-Current Data

During the film formation at constant ionic current, each new

‘1ayer of thickness dx requires an extra potential dV to be added across

the film to maintain the field in the oxide and hence the current. The
quantity dV/dx or E4 may be called the differential field strength. If
the potential fall in the already existing part of the film is not chan-
ged during further growth,ldV/dx is the actual field strength in the new
layer just being laid down. We will assume in what follows that dV/dx
does not vary with increasing thickness of oxide at constant ionic cur-
rent density, nor with the ionic current itself. In partial support of
this, we would point out that Young (27) has suggested that E4 varies
quite stawly with ionic current, usuaily less than 10% for a tenfold
cnange ir the ionic current.

The relation between the rate ¢f rise of potential and the ionic

current density is cerived as follows. The rate of increase of thick-
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ness is given by

dx . 1M

T T (To)
where X = thickness, cm
t = time, sec,.

—ls
H

jonic current density, amp/cm2

z = number of Faradays (F) required to form
the formula weight of oxide M,
o = density of the film, g/cm3

Tne rate of increase of potential is therefore
v _ g .dx _ iMEg 19
In equation 19, for a given composition of the oxide, only E4 and
o are truly unknown, so that knowing one (for example p), the other (Eq)
may be estimated. These estimates may be checked independently using
the weight-loss measurements given in Figs. 5 - 7 and Table I. Thus,
knowing the thickness in g/ cmé per volt from these data and using the

relation

W 100 | op {20)

we can verify the correctness of Z; or o, The probiem, however, becomes
more complicated when the composition of the oxide is not known with

any greet certainty. In that case, use may be made of the fact that
E¢/o is essentially independent of o and M/z may then be determined
using £gr.. 19. This then Jeads to the identification of the oxide com-
position. Eg and o can then be determined separately only by having

scme indejendent measurements such as eliipsometry.
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Only the data using the electrolyte containing 1.0 M water have
been analyzed.

We know that the experimental current density has two components,
ionic and electronic, defined by

I=1+e

where I = Total current density

i jonic current density

il

e = electronic current density

Essuming that under constant-current conditions of oxide formation,
the ratios Eg/p and M/z are independent of thickness and the current den-
sity, we find from Eqn. 19 that

-g—Y:-a i=k{(I -e)

Using the constant-current characteristic plots given in Figs.

9 - 11, we find the following for 'e' at 25 voits and 50 volts.

TABLE IV
§ Metal i ‘e! ma/cml
fL ! 25 50 v
§ v £.32 0.30
| Mo | 0.16 0.24
W 0.14 0.33
L L

Thus, 'e' is a significant part of I, i.e.,of the experimental current
density.

-—

ine following data are also avaiiable:
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MoOy: %¥-= Eq = 2.86 x 106 volts/cm corresponding to 35°A/volt

as determined directly by ellipsometry*; composition as-
sumed to be Mo0O3, thence z = 6.
WOX: p = 6.80 g/cm3 ( 27); composition assumed to be W0j,
thence z = 6.
Then, using equation 19 and the estimates of the electronic current ‘e at

25 volts, we get the following, where known quantities are underlined.

TABLE V
£ ! - | 1 dx ?
Metal Z P ying Ed . i
' | ?ﬁ;ge i volts/cm x 108 Hd LU N Figs 5-7 |
: 9 ; | °A/volt | *Hd |
. T ‘ JE B Tt o ‘
Mo 6 :4.52 : 2.8 |  35.0 35.0 |
- e B e e e —
W 6 ;6.80 | 4.81 . 20.8 20.6 §

It is seen from the above Tabie that there is good agreemant be-
tween the constant-current data and the weight-loss measurements for Mo
and W. Such a result would therefore seem to confirm the assumed com-
positions, densities and differential field strengths for anodic films
on Mo and W. Since 1ndependentlvaiues of E4 or o were not available for
the oxide film on V, such calculations could not be made. However, it
was still possible to take advantage of the fact that Ej/p may be as-
sumed to ve a constant. The ratio M/z was accordingly estimated for V,

anc was found to be 18.1 as compared to 18.2 and 20.75 for VZOS and V0,

*  Private communication from Mr. Coiin Rowe, McMaster University, Hamilton.
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respectively. The implication is that the oxide formed on V by anodizing
is V,05.

dowever, these calculations were based on the estimations of 'e
from the slopes of V-t curves given in Figs. 9 - 11; these slopes involve
a possible error of up to 10-15% which leads to an error of 3 - 5% in

the values of i and hence in those of M/z. An uncertainty of 5% in the
value of M/z = 18.1 means that M/z might have been 19.0, corresponding

to z = 4.61. This means that there is some ambiguity in the composition
of the anodic oxide films on V; it seems to be somewhere between VO and

Vo05. More definite values for z, Eq and p cannot be ascertained from

the avai:able data.

2.5.6 Constant-Voltage Film Growth

Anodic films were also grown under constant voltage conditions,
the anode-cathode separation being again 1 cm. Typical characteristic
curves, cdbtained at 50 volts, are shown in Figs. 12-14. The initiaily
large current density across the eiectrode surface as the film growth
cemmencec decreased rapidly until it reached an almost limiting vaiue
of 0.7-0.4 ma/cm?,

We would first of ail point out that the limiting currents agree
in general with the vaiues established in section 2.5.5 for the elect-
renic current. Such agreement is important in showing the seif-consis-
tency of the interpretation.

Tae constant-voltage curves aiso lead to a tentative identifica-
tion of trne anodic film compositions, just as was possible with the con-
stant-current curves in section 2.5.5. Thus, the area under these

curves gives the total charge passed in forming the films at 50 vclts;
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by assuming various film compositions, coulombic charge calculations give
the thickness (in ug/cmz) of the films, which can be compared with the
film thickness obtained from weight-loss measurements. In making such
calculations, it was assumed that the remaining current after six minutes
of anodizing is due to electrons and that the continuing contribution
from fonic current is nil. This assumption tends to make Tower Tlimits

of the film thicknesses obtained from the coulombic charge calculations.

Results are given in Table VI.

TABLE VI

Electrolyte: 1M H20
0.02 M Sodium Borate in Acetic Acid

Voltage: 50 volts

Film Thickness, ug/cm2
Coulombic charge calculations Weight-loss measurements

v VO, > 55.6 55.2
V205 > 50.6

Mo MoO2 > 104.0 81.6
MoO3 > 77.5

W WO > 111.5 80.0
W03 > 80.0

We conclude once again that anodic films should be respectively

Mo0O3 and K03 for Mo and W, but that for V there is a basic uncertainty.
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2.5.7 Conclusions

In summary, anodic films formed at either constant current or
constént voltage are known to be extremely uniform (42) and since, in
the cases of Mo and V, a dilute solution of potassium hydroxide dissolves
only the anodic films without affecting the targets, it has thus become
possible to remove uniform layers of known thicknesses, up to an accuracy
of 210°A, from the surfaces of Mo and V. This technique will now be
used in determining the depth-distributions of energetic Kr ions in poly-

crystalline Mo.



55

CHAPTER 3

85

Depth Distributions of Energetic Kr™” in Polycrystalline Mo

3.1 Theory

3.1.1 General

As mentioned earlier, due to experimental difficulties, depth-
distributions are known only for a relatively limited number of energetic
ion-target combinations. In the absence of measurements, the most gen-
erally accepted way of obtaining range data is by means of the theoreti-
cal treatment of Lindhard, Scharff and Schigtt (43). This is based on a
model in which the energy loss occurs by nuclear and electronic stopping
(treated as additive) and where the arrangement of atoms in the target
is assumed to be random. Because the role of crystal structure is ig-
nored, their results apply strictly only to amorphous targets and not to

crystalline materials, whether polycrystalline or single-crystalline.

3.1.2 Stopping Processes

When energetic ions, 5-200 KeV, are injected into a solid, there
are two main competing energy-loss processes: elastic collisions between
the incident ions and the target nuciei, also called nuclear collisions;
inelastic collisions between the incident ions and the target electrons,

also cailed eletronic excitation.

Nuciear Cnllisions Incident ions may be scattered in the screened
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coulomb fields of target nuclei and the momentum imparted to the struck
atoms is often sufficient to permanently displace them from their equili-
brium positions. As seen in Fig. 15% the stopping cross-section for nu-
ciear collisions is large for low ion velocities and therefore nuclear
stopping can be expected to be the dominant stopping process near the

end of the incoming ion's range regardless of its initial velocity.

Electronic Excitation The injected ion may also lose energy by ionizing

or exciting target electrons. This process is important at the higher
energies (cf. Fig. 15) where incident ion and target electrons have
similar velocities and is therefore most significant for light and fast-

moving ions during their initial slowing down.

3.1.3 Range Concepts

The Tocal Range:

The total range, R, is defined simply as the sum of the path
iengtns between successive coiiisions. Owing to the statistical nature
of the ccllision processes, however, there is a spread in total ranges
and an average total range, R, may be defined as the arithmetic average
as would be observed with a large number of incident particles.

The Projected Range:

R is the average penetration depth as projected along the

aroj.

normal to the target surface. It is Rproj rather than R which is ob-

servec exzerimentally.

The Mcst Probablie Range:

R is the most probable projected penetration depth, i.e.,

prob.
the ceak, if any, in the differential range profile.

p ang ¢ in Fig. 15 are defined on p. 67.
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The Median Range:

Rmed is the median projected penetration depth, i.e., the range
within which 50% of the ions are brought to rest.

The Maximum Range:

Rnax. 1s the upper limit for ion penetration as observed for the
small fraction of ions which suffer no nuclear collisions due to motion

in crystallographically open directions (channelling).

In amorphous substances, the range profile resembles a gaussian

distribution, so that R s R and R 4 are nearly equivalent (to

proj.> "prob.
within roughly 20%). The occurrence of channelling in crystalline solids
causes the profile to broaden asymmetrically towards deeper penetration
(i.e. towards Rmax.)’ and significant deviations between the three types
of ranges can then arise. Where channelling is minimal, however, an ap-
preciable departure from the amcrphous case is expected only for Rproj.'
Consequently, range estimates derived from the work of Lindhard (43) et al
for use with crystalline targets are most meaningfully identified with

Rprob. or Rmed.‘

3.1.4 The Theory of Lindhard, Scharff and Schigtt (43)

This theory assumes the collisions to be two-bodied, classical,
and non-relativistic, and employs a Thomas-Fermi interaction potential
for predicting energy-loss during collisions. The energy loss per unit
path length for a moving ion can, in accordance with what we have said
before, be split up into two contributions which are, to first approx-

imation, additive:
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g€ _ (dE
dx’e

+ (), (21)

~-N[Sg(E) + Sp(E)]

= -NS(E) (22)
where Se(E) = stopping cross-section for energy loss to
electrons
Sn(e) = stopping cross-section for energy transformed

to nuclear motion

N = number density of atoms in the target

The quantity S(E) is in turn related to do, the differential

scattering cross-section, by the integral:

AE
S=/Tdo
(o]
where T = transferred energy
_ M,
h=—="3
(M1+M2)

M

],Mz mass of incident ion and of target
respectively
This description by stopping and scattering cross-sections is
adeguate for random media, i.e., when crystal lattice effects (channel-

ling} can be ignored. It leads immediately to a direct estimate of the

mean total range, 3
= _ dE
) E
o Ydx'e T ‘dx’n (23)

whicn takes on a particuiariy simpie fcrm in the limits of low and high

m

nergy.
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At Low Energy

Since, according to Ref. 7
1/2

dE _
(Hi)e = KE (24)
electronic stopping is quite small as compared to nuclear stopping at
iow enough energy (cf. also Fig. 15), and so,
E
Rf dE (25)
[,
For a power law type of differential scattering cross-section, we have
(44)
do = CE™ Mg
and therefore, AE
S =] Tdo
"%
TE_ /l-m 1-2m (26)
where C= %- 2(E)Zm/\'n
0 <m<1
Me * 0.327, A3 " 1.19
a = Thomas-Fermi screening parameter (45)
e = defined below
Supstituting equation 26 in 25 yields
R = (1-m E2m
2mC AN (27)

wriie multiplying both sides by (%&, where p is defined below, gives

sy 2m
(I-W/E R (

2m
— 5
2mC /\ N



o

(]-m) 2m (28)

and so, o =

Here o ard ¢ are the dimensionless range parameters of Lindhard, namely,

aM2
e = E 5 (29)
Z]ZZe (M]+M2)
2
NM24na M]
= R‘”"""i? (30)
(M]+M2)

where Z]9 22 = atomic number of incident ion and of target, respectively.
For a tabulation of ¢ and p, see Winterbon (45). The significance of the
o-e notation is seen clearly in Eqn. 28, in that all parameters restricted
to a particular ion or target have cancelled out, leaving a result which
is essentially universal.

According to Winterbon et ai (44), m = 1/2 (corresponding approx-
imately to an inverse-square potential) is a satisfactory approximation
for 0.08 < ¢ < 2,thence over almost the whole keV range, while m<1/3
is appropriate for lower energies and m=2/3 for very high energies (e was
not here specified (44)).

Ecuation 28 becomes, for m=1/2, the well known universal range-
energy eqguation of Nielsen (1)

o = 3.03¢ (31)

At Very High Energy

Since electronic stopping tends to dominate over nuclear stop-

ping at very high energy, we can write

~pri

. ¢/ 4E
; TS
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E dE
- { KEV/2

1/2
- §EFT__ (32)

In p-e units, equation 32 becomes

231/2
PETER T (32A)
where
0.0793 z$/3 z;/z (M]+M2)3/2

(Z$/3+Z§/3)3/4 M?/Z M;/Z

We note that equation 32A is not quite universal since it depends upon k
and so on Z] and 22; the values taken on by k for most useful ion-target
combinations tend,nevertheless, to lie in the narrow interval of 0.1 to

0.2.

General Case

At intermediate energies, where both types of stopping are impor-

tant, one must write

= 2 de -
= - T g, T ele (33)

and o is accordingly neither universal nor has a simple form. Equation
33 has been tabulated extensively by Winterbon (45) for a Thomas-Fermi
differential scattering cross-section though has, apparently, never been
treated for power-law scattering.

We have stated in section 3.1.3 that the experimentally measured

quantity is R rather than R. Lindhard (43) has given an approximate re-

proj.

lation between R and Rproj for pure nuclear stopping governed by a

oower-law cifferential cross-section with m=1/2, namely



2
3M] (34)

R
Rproj.

[}

1+

This relation gives good agreement between theory and experiment up to

MZ/M1 = 2 and should therefore be vaiid for the present jon-target com-

binationsof Kr-Mo and Kr-V.

3.1.5 Depth Distribution Profiles Using Edgeworth's Expansion

We define f(x) such that f(x)dx is the probability for a pro-
jectile to come to rest in a layer of thickness dx at a depth x from the
starting point. In calculating f(x), we assume that f(x) can be approx-
imated with successively increasing accuracy by the use of Edgeworth's
expansion in terms of spatial moments over the true range distribution;
this expansion converges best when the distribution under consideration

is similar to a gaussian, which is the case for amorphous targets with

Mo>M. .
We use the dimensionless parameter &, where
- X < X>
V3
2
with up = <(xeexo)™s N=2,3,4,----

f{g) is then approximated by’N terms in Edgeworth's expansion
' N

where
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3 3 2
a,(g) = - ——377 (3g-£7) exp(-£°/2)
Thus, altogether one can write for the first two terms,

f(g) = —l—-eXP(-'gz) [1- 3 (3g-2°)] (36)
SEI_'I K 611272 ’

where Ha would be zero if the distribution were truly Gaussian (44).

Equation 36 can be integrated from £(x) to - to give

-] o 2 U 2
_ —£¢/2 1 ¥ -£%/2
f(g)de = — e dg - — —7> ge de
J Jon J 2[2n u 2
£(x) £(x) 2 e
1 M3 [ 3 2
T
2 g(x)
- Jerrelt¥y . L 3 et /22 (37)
Jé- 6 121 M5

Equations 36 and 37 give the theoretical differential and integ-
rai concentration profiles, respectively, for energetic ions incident
onto amorphous targets. We note that equation 37, being based on an as-

sumed infinite medium, is not quite normalized for a semi-infinite med-

ium, Figure 16 shows the typical form taken by equations 36 and 37.

3.2 Experimental

3.2.17 General
In brief, the experimental method of determining the depth dis-

tributions of radioactive ions in solids consists of:
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(a) Bombardment of the targets with radioactive ions of chosen energy;

(b) Removal of successive layers from the surface of the target by the
two-step process of anodic oxidation (in electrolyte containing
7.0 M water) and film stripping (as described in Chapter 2); and

(c) Counting the target activity both initially and after each anodizing-

stripping sequence.

We recall, at this point, that the result of the anodizing-
stripping sequence is to remove a thickness of Mo, given by

Thickness of Mo removed = (7.5+1.0 volts) ug/cm2

3.2.2 Bombardment and Counting Techniques

A1l the bombardments in this work were carried out using an ion
accelerator constructed in our laboratory by Dr. R. Kelly. It was de-
signed to produce heavy gas jons, such as O;, Ne+, Kr+, Xe+, etc., at
energies up to 45 KeV, and at currents varying from 1-100LA. This ion
accelerator has no mass separation though it permits suppression of sec-
ondary e.ectrons. (The lack of mass separation is to some extent com-
pensated by the exclusive use of heavy ions, since impurities would be
of Tow mass, and would create less damage than what one predicts from
their abundance). Fig. 17 shows the target arrangement and Fig. 18 the
design of the ion source of radio-frequency type. In this ion source,
the anode (aluminum) is designed to dissipate up to 100 watts of electron
energy, and a cathode (nickel) with a 1.5 mm canal allows for the extra-
ction of nositive ions. The discharge vessel is of pyrex glass and the
catnode insulator is sapphire. The purpose of the canal insulator is to

shape the plasma boundary, thus causing the emitted ions to be effectively
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focussed into the cathode entrance (47).

The radio-frequency excitation voltage, which is applied exter-
nally to the source, originates with an 80 watt, 80 mega-cycle rf oscil-
lator. The rf field within the coil of the oscillator causes electrons
to move from wall to wall with the result that the gas in the jon source
is partially ionized (48). In addition, a magnetic coil provides an
axial magnetic field of 600 gauss near the extraction canal of the cath-
ode. The magnetic field is used firstly to intensify the discharge, by
increasing the electron path length so that the electrons are used more
efficiently; secondly, it pulls the plasma towards the extraction canal.

Below the discharge vessel, there is a series of focussing elec-
trodes with 14 mm holes which are used to shape the ion beam. A variable
positive focussing potential is applied to the focussing electrodes in
accordance with whether a small or large beam is required. Though the
exact arrangement of the focussing electrodes is somewhat arbitrary, one
normally strives to have the sequence of potentials zero-positive-zero
as proposed by Pierce (49).

A Faraday cup floating at -850 volts w.r.t. the target is used
in order to prevent secondary electrons, which would give current read-
ings too high by a factor of 2 to 3, from leaving the target (an electron
leaving the target is electrically indistinguishable froma positive ion
striking it). The target is connected to the terminal of a high tension
power supply; the particular model used, produced by SAMES (Grenoble),
has an internal capacitance of <100 pF and a maximum current of 760 uA;

it thus presents virtually no health hazard.
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An important component of the {on accelerator system is the vac-
uum pump used to evacuate the accelerator column. For this purpose, a
4" o0il1 diffusion pump preceded by a liquid nitrogen trap has been chosen,
the alternative of ion pumping being unsatisfactory for inert gases. In
order to operate properly, the pressure in the accelerator column should
be 5_]0"5 torr, corresponding to a mean free path of > 750 cm. If the
pressure is higher, the beam will not be properly focussed and will also
be contaminated because of scattering from the residual gas molecules.

The radioactive isotope, Kr85

, was obtained from Oak Ridge Nation-
al Laboratory (Oak Ridge).

The amount of radioactive material in each target was measured
using a Philips scalar and GM probe. The particular GM probe had a halo-
gen gas &s quenching agent and a mica end-window with a thickness of
3.5 - 4.0 mg/cmz; it was thus idealiy suited for the 675 keV betas emit-

ted by Kr85.

3.3 Results and Discussion

3.3.1 General

The results for a typical range experiment are presented in Table
VII. 1Initial results were found to be anomaious when thick anodic oxide
layers were removed from the target surfaces; to circumvent that, oxide
layers of smaller thicknesses, formed at up to 3 volts were removed
from the targets. Later experiments showed that there was a sign:ficant
amount of target dissolution during ancdizing which resulted in loss of

activity to the electrolyte. When this metal dissolution during anodizing



Distribution of 10 keV Kr

Amount of Mo removed

Dose

TABLE VII

12.5 uA min/cmé

ons in Polycrystalline Mo

Kr85 activity per layer
calculated from column 4

Residual
Layer Per layer Total Activity
No. ug/cmé* ug/cmé  in %arget % % per %%2 Mo
1 2 3 4 5 6
- - 100 - -
1 6.75 6.75 71.2 28.8 4,27
2 6.75 13.50 55.3 15.9 2.36
3 6.75 20.25 42.6 12.7 1.88
4 19.1 39.35 20.4 22.2 1.16
5 19.1 58.45 10.45 9.95 0.52
6 19.1 77.55 5.77 4.68 0.245
7 19.1 96.65 2.41 3.36 0.176
8 19,1 115.75 1.62 0.79 0.041
9 19.1 134.85 '1.06 0.56 0.029
10 19. 152.95 0.65 0.41 0.022
i1 19.1 173.05 0.51 0.14 0.007
12 19.1 192.15 0.39 0.12 0.006
13 19.1 211.25 0.29 0.10 0.005
14 19.1 230.35 0.24 0.05 0.0026
15 38.2 268.55 0.18 0.05 0.001
16 38.2 306.75 0.105 0.085 0.002

* The three values for layer thickness, 6.75, 19.1 and 38.2 ug/cmz,
correspond raspectively to 2 volts (5 min.), 3 volts (12 min.), and

3 voits (24 min.).

or equation 38.

They thus involve a calibration different from Fig.

71
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was correctly taken into account (see Section 2.5.3), the results were
found to be quite consistent; and, in particular, it was not necessary to
restrict oneself to low-voltage layers as in Table V11.

Typical distribution curves of residual target activity (column 4,

Table VII) for KrS>

ions injected into polycrystalline Mo at various
bombardment energies and doses are illustrated in Figs. 19 and 20 respec-

tively.

3.3.2 Comparison with Theory

Comparisons of the ranges obtained from these experiments with
the theoretical ranges based on Lindhard's theory (section 3.1) have
been made both on Figs. 19 and 20 and also in Table VIII. We note a large
discrepancy, somewhat similar in extent to that reported for Al and W
targets. Significantly, previous observations of the discrepancy in-
clude results for Rn injected into W (21), where the mass ratios are

similar to Kr in Mo.

TABLE VIII
2
Energy R s (ug/cm®)
Experimental Theoretical
(Eq. 33 and 34)
5 6 2.4
10 14 3.8
20 20 6.1

30 28 8.3
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The theoretical ranges are based, as we have seen in Section 3.1,
on the assumption that the target is amorphous; the large difference be-
tween the experimentai and the theoretical ranges is therefore tentatively
attributed to the crystal lattice effects (cf. 50). Thus, a fraction of
the energetic ions when incident upon a crystalline target can get into
the open spaces between the rows of atoms and penetrate deep into the
solid without encountering as many random collisions as the other ions.
These open spaces between the rows of atoms are called "channels" and

the phenomenon of deep penetration is called "channelling".

3.3.3 Evidence for Channelling: A

Effect of bombardment on anodizing

A crucial experiment is to determine if the supposed channeiiing
is simply a result of the anodizing-stripping procedure being dose-sen-
sitive. Thus large ranges could indicate merely a reduction in the amcunt

i

r

of metal removed for a given anodizing voltage. Therefore, about 4x10'°

23 corresponding to 100 uAmin/cmZ, were implanted in three Mo

jons/cm
specimens at 10 keV; when these specimens were anodized at 40 velts and
then stripped,it was found that the total amount of Mo removed was 48
ug/cm2 as compared to 47.5 ug/cm2 for similar but non-bombarded specimens
(cf. equetion 38). This suggests that the anodizing-stripping behaviour

is not affected by implantation of energetic ions.

3.3.4 Evidence for Channelling: B

Crystalli+e Orientation

Since the Mo specimens used were polycrystalline in nature, it is

obvioustiy essential to determine the dominant crystallite orientations,
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if any, of the specimens. Results of such an investigation for two
specimens carried out on an X-ray diffractometer are summarized in Table
IX.
W

LAl

note from Table IX the striking result that <100>, <211> and
<}11> are virtually the only orientations; in the case of Mo, which has
a b.c.c. structure, these are also the most open directions (i.e., least
closed-packed). This large extent of openness of the structure may be
one of the main reasons for the great discrepancy between the predicted

and the observed ranges.

3.3.5 Evidence for Channelling: C

Dose Effect

We have argued above that when energetic ions are incident upon a
crystaliine target, they will partly undergo nuclear collisions and wiil
partly get into channels and penetrate deep into the target. The initial
incident ions have a greater probability of finding open channels since
the target is initially devoid of any disorder; after these initial in-
cident ions have undergone nuclear collisions, however, some of the tar-
get atoms will have been displiaced and, therefore, any further incident
ions will find this lattice disorder along their trajectory and shouid
have a smailer probability of channelling. This effect was sought by
carrying out the following two types of experiments.

In the first experiment, Mo targets were bombarded with radio-
active Kr85 jons at 10 keV and at doses varying from 0.1 uAmin/cm2

13 2) 16 2).

(v 4 x 10" ions/em“) to 100 uAmin/cm2 (~ 2 x 10'" jons/cm Compar-

isons of results from such experiments with theory can be made in two
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TABLE IX

Radiation = Cu

o O o

Filter = Ni
A = 1.5405 °A
28 Observed Peak Strength
expected observed I/I] Ab§o1ute §.1027 NormaTizg@ %
i ii i ii
40.5 41 100 1.1 3.4 - -
58.5 57-61.3 21 860 720 58.3 62.5
73.5 72.5-75.0 39 630 410 22.8 19.2
87.4 89 1 - - - -
98.2 100 17 - - - -
115.2 114.5-117.0 7 93 70 18.9 18.3

132.0 131.0 26 - - - -




ways. The integral curves of Fig. 20 reveal significantly greater penet-
ration than predicted from theory, though do not readily indicate the
actual fraction of ions which so deeply penetrate. The differential cur-
ves of ‘Fig. 21, obtained from the former by stepwise differentiation, per-
mit a direct estimate of the extent of deep penetration. In fact, the
total areas under the curves correspond to the total activity in the spe-
cimens. By subtracting the predicted profiles for amorphous targets
from the observed profiles, the fraction of ions that are channelled,
are deduced. It is seen that ~90% of the jons are channelled at low
doses and that this fraction reduces to ~75% at higher doses, tentatively
confirming the fact that the initial incident ions have a higher prop-
ability of channelling.

In the second experiment, one specimen was bombarded with 10 keV

85

radiocactive Kr”” jons (12.5 uAmin/cmz) and the depth-distribution was

agetermined. Then the same specimen was first prebombarded with inactivs

85

10 keV Kr™™ dons (12.5 uAmin/cmZ) so as to create defects in the struc-

ture along the path of the trajectory, and finally with radioactive

10 keV Kr®

jons (12.5 uAmin/cmZ). The results of these two experiments,
expressed as integral concentration profiles, are shown in Fig. 22 and

it is seen that prebombardment nas moved the experimental curve towards
the predicted Lindhard curve for amorphous targets. This further supports
our initial postulate that the discrepancy between the experimental and

the theoretical range profiles is due to crystaldattice effects (channei-

1ing).
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CHAPTER 4
Summary and Future Work

The work described in this thesis may be summarized as follows:
(1) V and Mo have been, for the first time, successfully anodized under
controlled conditions. W has been anodized to obtain a much thicker
oxide fiim (~275 ug/cmz) than was previously possible (~87 ug/sz).
(2) A technique has been developed and calibrated for removing thin
uniform iayers of known thicknesses from the surfaces of V and Mo. In
essence, controlled anodizing, as in (1), is combined with dissolving
the anodic oxides in 0.1 g/1 KOH.
(3) The anodic films on Mo and W have been identified as being close in

their composition to MoO3 and WO3. A similar definite conclusien weas

not possisle with V, where compositions may range from V204.6 Lo V50,

85 in polycrystaliine Mo were

(4) Deptn distributions of energetic Kr
determined at various energies and doses. The results show thac the
ranges are much larger than those predicted by Lindhard’s theory ior
amorphous targets. To confirm whether this discrepancy was due tc crys-
tal-lattice effects, i.e., channelling, additional experiments were
carried out and their results are:

{a) High doses of jon-implantation do not affect the anodizing

behaviour of Mo.

(b) The orientation of the specimens were mainly <100>, <211.
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and <111>, these being also the directions most favourabie
to channelling,
(c) The fraction of jons channelled was ~90% at Tow doses and
~75% at a dose of 12.5 uAmin/cmZ.
(d) Prebombardment studies showed less penetration in specimens
which had received preliminary bombardment with inactive Kr.
(5) Quantitatively, the results obtained are somewhat similar to those
obtained for W by other workers. The significance of this is that the
behaviour of W with regard to ion impact is well understood and may be

extended to that of Mo.

Further investigations are required in the following areas:
(1) To deduce impact parameters, thence the critical angles for chan-
neliing, from the experimental results and to compare them with the
values predicted from Lindhard theory.
(2) To extend this work to single crystals of Mo of known orientat ons.
Such work will be in part done cooperatively with Dr. J.L. Whitinn
(Chalk River) in an effort to characterize Rmax.‘
(3) To study the depth-distributions of ke in polycrystaliine ¥ and
single crystals of V.
(4) To attempt to develop techniques for working with Be to trui, com-

plete the spectrum of accessible target masses.
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