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1. Introduction

Anodic films have a low electronic conducti-
vity and a high ionic conductivity and hence, at a
high electric field strength, ionic conduction is
the predominant mode of charge transport. If
barrier films can be assumed to be completely
non-porous, the films continue to grow as long as
ionic currents continue to flow, the ionic current
being dependent on the electric field strength
present across the anodic film, i.e., the voltage
drop across the film divided by its thickness, the
metal, and the anodic film parameters, e.g., the

activation energy for ion motion. The ratio of

the thickness of the anodic film to the voltage
drop across the film, is usually quoted to as the
‘formation ratio’. This ratio depends upon the
value of the certain electric field E, i.e., the value
of the minimum ionic current, to which the films

are formed,

2. Theories of Ionic Conduction

Guntherschultze and Betz") found that the
ionic current density (i) was related to the elect-
ric field strength (E) according to equation (1),
where A and B were temperature. dependent

constants,
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i= A exp (BE) (1)

The mathematical form of equation (1) has been
explained in terms of ionic transport through the
anodic film, either via interstitial or vacancy
defects. The mobile ions can be regarded as hat-
monic oscillators distributed amongst the posi-
tions of minimum potential energy in the anodic
film lattice. The separation of adjacent minima
is called the jump distance (2a), which corres-
ponds to twice the activation distance (a) for
ionic motion. On the application of an electric
field (E), the height of the energy barrier (W)
retarding ionic movement is considered to be
lowered by an amount qak, where g is the charge
carried by a mobile ion. Thus, ionic transport in
the direction of the applied field is enhanced and
this induces a net ionic current in the field direc-
tion. In addition, the energy barrier for iomic
motion against the field direction is increased
by the same amount.

lonic transport through the anodic film is
referred to as high field conduction when the
electric field strength is sufficient to make ionic
jumps against the field unlikely; this occurs at
field strengths of 10% to 107 V em™ . Alterna-
tively, in low field conduction, ionic motion
against the electric field is significant, leading to
the deveiopment of space charges in the film.
This accomulation of charged :ons in the anodic
fiim tends to cause a net reduction of the applied
field. The icnic current density (i) during high

field jonic conduction is given @ by;
i=72anrgexp [ -(W-qaE)/kT] (2}

where n js the concentration of mobile ions at
the metal side of the metal/{ilm interface, ¥ is the

vibration frequency of a surface metal atom

SaMEAd A2zd 35 1989

about a mean position, k is the Boltzman cons-
tant, T is the absolute tmeperature (K), and W is
the energy barrier at the metal/film interface(s)_

Comparing with equation {1) gives;

A =2anyq exp [ -W/kT] {3)

and B =qa/kT (4}

The assumptions of this model are;

{a) Film growth is due to the transport of metal
cations across the anodic interface where they
react with electrolyte species;

(b) The rate-limiting step for film growth is the
emission of metal cations from the metal into the
film at the metal/film interface;

{c) Negligible amount of ions are moving against
the direction of the electric field. The implica-
tion of these assumption 1is that the number of
ions in transit through the film is very small, and
hence the space charge is negligible,

Verwey )

considered that the energy bar-
rier for ion movement through the bulk anodic
film, which is assumed to be electrically neutral,
is the rate-determining step. The relationship
between the ionic current density and the elect-
ric field strength is similar to (1} to (4), but the
meaning of parameters in Verwey's equations are
related to bulk anodic film properties instead of
metal/film interface properties. In both cases,
the ionic current density is given by equation (2),
and (W - qaE} is the activation energy for the rate
controlling process. However, equation (2} has
been found in some cases to provide an in-
adequate description of the dependence of the
ionic current density on the electirc field streng-
th; plots of Un i versus B were found  to be
non-linear, indicating that the parameter B is

field dependent. This was expiained by postulat-
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ing that the activation distance (a) decreased as
the applied field was raised. Furthermore, the
value of B has been reported to be either inde-
pendent of temperature (6'7), to increase with

(8)

temperature *~/, or to vary in an ill-defined man-

ner with temperature (9).

Dewald @10 concidered that these changes
in the activation distance (a} were due to a tran-
sition in the rate determining step for anodic film
growth, from metal/film interface control to
bulk film control. If the activation energies for
ionic transport at the metal/film interface and
in the bulk film at zero field are W and U, respec-
tively, then these are lowered to (W - gaFE) and
(U - ga'E) on application of the electric field,
where a and a' are the activation distances in
each case. Clearly, if a and a’ are not equal, each
energy barrier will vary in a different manner
with the field, such that a dual-barrier control
mechanism could exist. As the film grows, the
transition from metal/film interface to bulk film
control would be expected when (U - aq'E) <
(W - qaE). However, since the energy barrier at
the metal-film interface is then lower than that
in the bulk film, ionic movement against the
applied field is possible and a space charge layer
may be established.

The Dewald dual-barrier control model has
been found to apply in several anodizing systems
including tantalum1? in 40% sulphuric acid (up
to 423K), zirconium®® in 0.25M sodium sul-
phate, and niobium ¥ in aqueous borate elect-
rolyte., However, neither this theory nor those of
Cabrera-Mott

and Verwey, can adequately

account for the ‘overshoot’ phenomena observed

t (15,16) 17

on ionic curren or voltage transients

{18)

Bean, Fisher and Vermilyea suggested

that the concentration of mobile ions is field-
dependent, The model proposed by these
authors involved the removal of metal ions from
network forming sites in the amorphous anodic
film by ordinary field-assisted thermal activation.
Each such event would create an interstitial
metal ion and a vacant cation site, i.e., a Frenkel
defect, and the cation vacancies were supposed
to be negatively charged. This was expected for
a neutral oxide before the creation of the
vacancy-interstitial pair. The interstitial ions
were assumed to be mobile unlike the vacancies.
Bean et al.(18) tacitly assumed that the two com-
ponents of the Frenkel defects would remain in

d(19)

equal concentrations, Dewal showed expli-

citly that this would occur on the assumption of
electron neutralily and equal charges on the two
components of the Frenkel defects. Interstitial
ions were supposed to be destroyed through
capture by vacancies. A steady state concentra-
tion of mobile jons would exist for any given
electrostatic field. When the field was changed,
the concentration of the mobile interstitials
would not immediately jump to its new value
and, consequently, various fransient phenomena
would be expected for step changes in either
field or current.

However, it was later found by Young(s)
that a relatively large and constant field is
applied to films prepared in such a way. [If the
theory is correct, they would contain a2 low
concentration defects but  the ion current
increases in accelerating fashion. The results
were fiest observed by Young(s) for tantalum,

but similar experiments

(19}

on aluminium by

Dignam and Ryan
20

yielded similar results.

Dignam originally proposed a set of equa-
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tions for ionic conduction in an electrically
neutral fitm, but later modified them to describe

rate control by the oxide/electrolyte interface(ﬂ‘

22). In the original Versionuo) the amorphous
oxide was conpsidered to be composed of relative-
Iy small erystailites or polymeric units {dielectric
mosaic model}, with the principal rate-controll-
ing step being ion transport between such units.
The field strength in such regions is a function
of the polarization of the oxide. Dielectric rela-
xation processes can accordingly give rise to ion-
current transients. In order o account quantita-
tively for the transients, it was assumed that the
dielectric polarization relaxes to its equilibrium
steady-state value at a yate that is proportional to
the lon current density (provided that i = 0}. This

assumption was rationalized in terms of the large

amount of energy dissipated per jon jump, this
energy effectively bringing about local polariza-
tion eguilibrium. The model on which the
equaticns were developed must be rejected, since
it cannoft possibly be valid for films only a few
tens of angstroms in thickness. However, Dignam
(21,22 recast the same equations in terms of a
model involving interfacial control, retaining the
essential features of the earlier model, namely,
that ion-current transients arise as a result of
dielectric relaxation processes in the film. The
basic physical idea of this model was that the
motion of the ions sweeps out a volume in which
the oxide approach to an equilibrium polariza-
tion is expedited. In order to complete the model
Prignam has to assume that the activation energy
for ionic transport is non-linear in the effective
field.

Dignam’s theory has been questioned(za)

because the large increase In current in constant

field transients could be explained only by posiu-
lating an unreasonably large amount of slow

polarization. Young(s)

suggested that a momen-
tum transfer process causes moving ions to
gexterate further Frenkel defects (a sort of ionic
zvalanche effect) and, under constant field condi-
tions, the number of mobile defects increases
toward its steady-state value at a rate propoi-
tional to i?. A further observation of Young,
that plots of the electric field strength against
the log ioni¢c current density were slightly non-
linear, led him to propose that the results could
be explained by taking the activation distance as
a = o BE, where o and § are both positive cons-
tants and E is an electric field strength.

Recently, Young (24,25) 4 reported that
ancdic films have usually been considered to be
glassy in nature; therefore, such 2 structure
would appear to have ample possibilities of
showing history effects of the kind observed.
These history effects might be conveniently

described in terms of variations in the concent-
rations of mobile species or variations in activa-
tion energies. The basic physical idea was that
the extent of the variation of the ionic current,
which is produced by a given field in the film, is
s0 large that to attribute it entirely to a variation
in the concentration of some mobile species
could be questionable., Because of this, Young
has stressed the need to take a general approach
by assuming that the structure of the oxide is
characterized by some parametfer %, the nature of
which need not be specified. Young proposed
that the activation energy (W) for ionic transport
is then a function of § as well as an electric field
strength (E). The ionic current density (i} is at ali

times given by
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i=ioexp [ - (W (S,E)KT) ] (%

In addition, Young has assumed a linear depend-
ence of S on E in the steady state and this would
correspond to the simplest linearization approach
for the variation of W. He stressed that the de-
pendence on current density implied that each
moving ion catalyzed the adjustment of the
structure as it swept out a volume determined by
some area of influence attached to the ion.

All the above theories for the growth of
amorphous barrier films may be criticized
because they are theoretically based upon the
transport of ions through their assumed lattice
structure and by their assumed jonic motion
without any clear evidence. Particularly, it is not
entirely clear whether the film material is amor-
phous, glassy, or considsts of microcrystallites
held together by relatively diffuse iniercrystallite
regions and whether such regions may coexist.
Thus, this information, ccupled with knowledge
of the precise nature of jonic transport in barrjer-
type films and the barrier layers of porous films
may aid the development of a universally valid

theory for ionic ¢conduction in oxide films,
3. The Nature of the Migration Processes

Two basic questions arise in connection with
the atomic migrations leading to anodic film
formation on a metal surface. First, how much
do the cations and anions move during anodizing
{i.e. the determination of cationic and anionic
transport. numbers)? Secondly, what is the
nature of the transport step (e.g. a stepby-step
movement “or” movement across the total film
thickness)?

To answer the first question, a marker

experiment is required, in which the relative

migration of cations and anions is determined
from the position of an inert immobile marker,
The principle of this technique is shown sche-
matically in Figure 1. To answer the second
question, tracer experiments are required, in
which the nature of the migration process is
determined from changes in the concentration

profile of the tracer.

marker .-
injected in metal . Torsd
T

anodized to
low volrage
{marked layer
conversion to
oxide)

ancdized to
high voltage

Final positicns,

of marked
: (IO NN
migrates ol \
N

layers

e
* 0 Marxer atoms o;;:;" and migrace
B Metal alone exygen metal
8 ) migrates migrate in
h&\\\- Oxide 9 : electrolyte

Fig. 1 Schematic representation of final positions
of inert markers in anodic oxides caused

by the effct of metal ion and/for oxygen
ion migration during anodizing™

The determination of cationic or anionic
transport numbers in the anodic oxidation of
metals has widely used implantation of noble
gases near in the surface regions of the material.
Locating the final position &f the marker after
anodization and thus extracting transport num-
bers can be achieved either by using radio emit-
ters (26,27 or stable isotopes(29’30’ M) The first
case, which is often associated with chemical
sectioning, has the advantage of requiring low
implantation doses (typically 1013 atoms em?)
while the second, which is based on Rutherford
backscattering analysis (RBS), neceds at least a

ten times larger value, All these experiments are



150 THEVHEY

A2zA  A3E 1989

interpreted by assuming that the noble gas
markers are immobile during anodic oxidation,
whereby transport numbers for metal and
oxygen can be drived. Evidence for immobility
of noble gas markers, in experiments on anodic
oxidation of tantalum, has been discussed in
detail by Pringle(%)’ Inert gases, such as Xc¢ and
Rn, are usually chosen as the ideal marker which
should be {a) vncharged, so that it does not mig-
rate under the influence of the applied electric
field; (b) large in size, so that they do not diffuse
significantly within the oxide lattice; (¢} present
in frace amounts, o that the macroscopic
properties of the tagged oxide remain unaltered;
and (d) such that their depth beneath the surface
can be determined in situ, without damag-
ing or destroying the oxide layer.

Farly experiments on the anodic oxidation
of aluminium and tantalum in agueous solution
by Davies, Pringle, Graham and Brown'2®
reported that the Kel2$

AL, O3 remained very close 1o the outer surface.

markers in anodic

They also noted that an appreciable amount of
aluminium went into solution during anodizing,
which suggested that aluminium ions might be
mobiie but were not building oxide at the outer

(30,31} showed

surface. Subsequent experiments
that the final location of the marker atoms
within the aluminium oxide layer depend-
ed markedly on the current density used and also
on the nature of the electrolyte. Later research

by Davies, Domelj, Pringle and Brown(sz)

, using
beta-ray spectroscopy and radiotracer techni-
ques, proved that in most cases both oxygen and
metal ions are mobile during oxide film growth
on the Al, Nb, Ta, and W, but in Zr and Hf only
oxygen transport is observed. Radiotracer mea-

surements showed that the amount of metal dis-

solving in the electrolyte was usually less than 1%
of the total oxidized, but that for Al it could be
as high as 40%, depending on the current density
and electrolyte used.

The wvaluen of the {ransport number of
oxygen-containing species, to, and aluminium,
tar obtained so far are variable. The reported
ty, vares from 0.24%9) 033549, 04269 i
boric acid and borate elecirolytes; 0.54 to 0.63
32 in a2 mixture of 530g/1 sodium tetraborate
in 95% ethylene glycol and 5% water; 0.38 -
.47 in ammoninum pentaborate electrolytes(%),
0.46 - 0.68(36) in ethylene glycol clectrolyte.
Ft has been claimed that the transport number is
current density dependent, e.g. in 3% aqueous
ammonium citrate electrolyte, t Al increases with
the current density, changing from 0.33 - 0.41 at
1 Am™ t0 0.72 at 100 Am™? 63D,

Recently, transmission electron microscopy
of ultramicrotomed sections of an aluminium
substrate and the attached anodi¢ film has been
employed to teveal clearly an implanfed xenon
marker layer within the film*”’ The position of
the marker layer can be determined directly and
relatively precisely, without the need for any
indirect analytical technigues. From the position
of the xenon marker layer in the preformed and
final 300V films, a value of about 0.44 was
obtained for the apparent transport number of
aluminium. This value showed good agreement
with the transport number of aluminium, 0.41%
(.04, obtained by Brown and Mackintosh‘3®
using the Rutherford backscattering technique.

Marker experiments require careful xenon
implantation in the specimen, The larger doses
must impart greater radiation damage to the
outer layer and inevitably interfere with the ano-

dizing process. The dose of the radicactive
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species can be as low as 1012 to 10*3 atoms cm
equivalent to an atomic fraction of 20 to 200
ppm 32 Thomas, Fallavier, Spender and Fran-
c0is®® found anomalous behaviour, including
the formation of xenon bubbles and the detec-
tion of two xenon peaks, for influences of about
105 atoms cm? at a cal energy of 30 KeV.
Anomalous behaviour was also observed in the
distribution of the implanted xenon atoms
within the anodic film in the case of implanta-
tion into the meta1(37), These were the extensi-
vely flawed film development over the
area and the anomalous distribution of the xenon
bubbles in the lower regions of the anodic film,

Only one type of tracer can be used in tracer
experiments, and that is an isotope of the species
being traced. In the first such experiment re-
ported for anodic oxides, Amsel and Samuel 9
used 180 as a tracer for oxygen during the for-
mation of barrier layers on aluminjum, and were
able to show that the oxygen order is largely
conserved, ie., the oxygen atoms incorporated
later remain nearer the oxide surface than those
incorporated earlier, They then tried the cor-
responding experiment for metal migration, by
depositing a layer of aluminium on a tantalum
substrate, In effect, this was an attempt to use
one metal, aluminium, as a tracer for another,
tantalum, but that is logically impossible. If
the migration of the metal being traced is
unknown, there is no way of proving that the
metal vsed as tracer migrates in the same way.

Some years later, however, Rigo and Sie-
jka(‘m) performed a similar experiment with
niobium and tantalum, Using Rutherford back-
scattering, they were able to show that the
metallic order was conserved during the anodiza-

tion of a niobium layer deposited on a tantalum

substrate, i.e., the anodic niobium oxide formed
first remained superimposed over the anodic
tantalum oxide formed later., They then pro-
ceeded to the reverse experiment, the anodiza-
tion of a tantalum layer deposited on a niobium
substrate, and found that the order was not con-
served; instead, it was partially inverted. Later
work by Perriere, Siejka and CrosetD showed
that it is possible to anodize metallic substrates
such as Al, Ta, or Nb covered with calcia stabi-
lzed zirconia (CSZ) thin films. They suggested
that if oxygen and cation transport events are
not distinct, there would be only one transport
event implying the simultanecus movement of
cations and anions, The other extreme assump-
tion is that the oxygen and cation transpori
events are distinct, oxygen transport events have
to exist in the whole oxide and the current
continuity, and the continuity of oxygen fluxes
imply that a cationic charge Mt has to be
created at CSZ/oxide interface. Most recently,
Perrier and Siejka(42'43) used 180 as a tracer for
investigation oxygen and cation movements
during the anodization of Nb on Ta and Ta .on
Nb superimposed layers. They reported that all
results were consistent with a short-range migra-
tion for oxygen, as well as for cation transport,
and a strong correlation appears between oxygen
and cation migration.

One concept of a correlated motion of
cations and anions has been proposed by Sato
and Cohen™ o explain their experimental
observations of the logarithmic growth of anodic
oxide films on iron. They visualized simultane-
ous place exchanges of this type along an entire
line of atoms exfending through a three dimen-
sional layer. The activation energy for individual

place-exchange events deduced by comparison of
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this model with experimental data was about
0.15 eV, Later Busic(%) pointed out that this is
probably too low by about an order of magni-
tude. Recently, Fromhotd“® proposed that
there was an alternative to the simultaneous
placecxchange mechanism of Sato and Cohen
which led to a more realistic value for the activa-
tion energy. This alternative was a non-simul-
taneous place-exchange {(or hop-on) mechanism,
in which individual place-exchange events occur
sequentially in time along a chain of dipoies
extending through the medium. Conservation
mechanisms for the growth of amorphous
barrier films may be criticized because they are
ideally based upon the transport of ions through
an essentially crystalline lattice, and can not
explain the ‘overshoot’ phenomena  erved on
ionic current or voltage transients.

Recently, the growth mechauisms suggested
by Thompson et_al.(47) have been refined in light
of results obtained by Shimizu et al.(48’49’37),
using ultramicrotomy allied with both ion im-
planied xenon marker layers and electron beam

induced erystallization, and Skeldon &t a’ {50.51.

52 using RBS. Films formed in a range ¢’ cni
elecirolytes developed at nearly 100% ..rent
efficiency, with At egress and 02',’01-‘{“ ingress
to produce new film at tho flm/solut’ca and
metal/air formed film interfaces.

ciencies under the conditions ap: ol
doubt on the previously described dissolution/
precipitation model for their conditions, with
solid film growth by the AI®* egress occurring
at the film/solution interface being preferred.
The resuits pointed to a real cationic transport
number of about 0.4. Interesting results concer-
ning incorporated anion mobilities were also pre-

sented. Borate was found {0 be essentially im-
mobile, phosphate mobile inwards, and tungstate
and molybdate or their transformation products

were mobile outwards.
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