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Para o caso de crescimentos transientes de filmes de passivagéio em condigdes gal vanostéticas
foram formuladas e resolvidas, por método numérico, equagtes diferenciais descrevendo avariagdo
das concentracdes de defeitos em filmes ultra-finos. Nas equacOes |evou-se em contaainjecéo de
defeitos, arecombinacdo de alguns destes e o aumento na espessura do filme. Nos resultados das
simulagdes as concentrages passam por um maximo durante o crescimento, com este maximo
aumentando com acorrente e tornando-seindependente damesmaparaaltosva oresdesta. Paraque
se obtenham val ores razoaveis da concentragdo de defeitos nos filmes, o trabalho mostra que nem
todaacorrente deve ser utilizadaparaageragdo de defeitos. Nessas condigoes, os cal culos mostram
gue a resistividade idnica especifica nos filmes passa por um minimo com o aumento de sua
espessurae o sobrepotencial nelesvariaquase linearmente com amesma. A andlise dostransientes
leva aidéia de que a constante de velocidade de recombinacdo de defeitos poderia depender da
densidade de corrente utilizada. Todos estes dados s&o analisados e discutidos do ponto de vista
fisico.

Differential equations describing the evolution of defect concentrationsinside ultra-thin films
are developed and numerically resolved for the growth of passivating films under transient
galvanostatic conditions. For this, the injection and recombination of defects together with the
increase of thefilm thicknessaretakeninto account. Inthe simulation, the defect concentrations pass
through amaximum during the growth and increase with the current, becoming independent of it for
higher values. To obtain reasonable values of defect concentrations the work shows the need to
consider that only apart of the current is used in defect generation. For the film, the specificionic
resistivity passesthrough aminimum and the overpotentia increasesalmost linearly with thickness.
Analysis of the transientsleads to the idea that the recombination rate constant can depend on the
current density. All these aspects are analyzed and discussed from aphysical point of view.
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Introduction

There are practically no works published in the
literature with respect to simulation of differential
equations related to the growth of passivating films under
transient conditions, before coming to stationary or quasi-
stationary situations.>? One of the problems is that, often,
the differential equations are non-linear and, as a
consequence, have no analytical solutions. The other
problem is that under transient conditions there are sound
reasons to think that the film parameters are not constant.
Perhaps these are the two problems wich explain why no
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differential equations have been proposed for this
phenomenon, except those of D’ Alkaine and co-workers.>®
The present work is the first of a series in the theoretical
area making simulations through numerical calculations.
It will be dedicated to show the evolution of the defect
concentrations, ionic specific resistivity and overpotential
inside a passivating film growing under transient
galvanostatic conditions. The fact that some defects can
recombine will be considered.

For transient conditions, which have not been
discussed theoretically in the literature, two cases® are
possible: &) the ultra-thin film model, in which it is not
conceivable that there are concentration gradients inside
the film, due to its very thin thickness and high field;
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b) the thin film model, in which the thickness of the film
makes it necessary to consider that the injection of defects
in both interfaces (the metal/film and the film/solution
interfaces) generates concentration gradients in opposite
directions inside the film. The present paper is related to
the first model.

The Equations

Considering a metal/initial film/solution interface
through which an anodic gavanostatic current density igl
will pass, with theinitial film homogeneously covering the
metal with an initial constant thickness |.° and having an
initial defect concentration c?, theig will introduce into the
film during growth, for example, interstitial metal ions
(M2+i,(0x)) at the metal/film interface and metal ion vacancies
(V#,,) a the film/solution interface, this latter due to the
introduction of O in the anionic lattice of the oxide.

The related reactions at the film interfaces can be
described as:

M¥m = M%) + Vi (@8]

HZO (sal) < 02-(ox) + 2H+ (sol) (2)
where the second one can be considered at equilibrium, if
the superficial pH of the solution in front of the growing
oxide is constant,* M*_is a metal ion inside the metal,
V., isametal vacancy inside the metal and H,O and H*
are considered at the solution side in front of the oxide
surface.

Under these circumstances the variation of any defect
concentration (c) inside the film, considering the case of
ultra-thin films, will be done by:

de;\ 1 dn; n; dq,

(%) - 75 (8 -7 () @

where V, isaconstant giving the volume per unit charge
of the film, g, is the charge density of the film, t is the
elapsed time from the beginning of the experiment and n,
is the number of moles of the defect i inside the film per
unitarea(c, =n/V q,). Thefirst term on theright hand side
of equation 3 is related to the increase in defect
concentration due, in first approximation, to the passage
of i,. The second term is related to the decrease of i
concentration with the increase in film thickness. Under
galvanostatic conditions, g, is given by:

G = G + it @
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where g, correspondsto|,° whichisequal toV, q,.
Inside the film, the recombination reaction can be
considered, which can be given by:

k

r

M2+ -+ —— lattice (5)

i,(ox) (ox)

d

where k. and k, are the recombination and dissociation
rate constants, respectively. k , correspondsto theformation
of a Frenkel pair. The reactions in both directions will
contribute to the variation of c.

Asaconsequence, (dn/dt) will begiven by theinjection
of defects, the formation of Frenkel pairs and the
recombination of them. Therefore, this term must be
expressed by:

[[Z’j = zl;" + k, n° - n) — k. nn, (6)
where z is the charge of the i defect, n° is the moles of
nodes of cations or anions in the lattice per unit film area
and n and n, are the concentrations of interstitial and
vacancy defects, also per unit film area. From equations 3,
4 and 6 it is possible to deduce the final differential
equation for the variation of the defect concentrations c,
with q:

de, 1 k 1 k k. V
Ll o (= T - (— 4 Ty, - L g,
dq, 4q; lg 4q, lg lg

where c° isthe lattice concentration of the cation or anion
nodes of the film (equa to 6/M, with 6 the density of the
filmand M itsmolar mass). Inequation 7, ¢ hasbeen made
equal to ¢ and is represented as c. Equation 7 is non-
linear and has no analytical solution, but its resolution
would givethe evolution of ¢ with film growth, expressed
as g,. The integration will be done numerically.

M ethods

For the numerical approach the Maple applicative
(Maple V, Release 4) and the Runge-Kutta method was
used. From this applicative the possibility to represent
direction fields and vector fields of the differential
equation to detect qualitatively the behavior of the
solutions was aso considered.

For the calculations the corresponding values of the
constant parameters were: g, of 0.44 mC cm?, ¢ of 0.069
mol cm®; ¢ of 6 x 10 mol cm® (about 10% of ¢°); z equal
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to2, V. of 7.52x 10°cm*C™. Thetheoretical valueof ZnO
and, consequently, 6 and M were selected® as 5.61 g cm?
and 81.38 gmol?, respectively. Inthisway, theinitial film
thickness was 0.33 nm and the simulation experiments
were run up to amaximum thickness of about 3.0 nm (g, of
4 mC cnr?) so that the calculations correspond to ultra-
thin film situations.

The values of ig, k. and k, will be varied to study their
influence, as will be pointed out in each simulation
experiment.

Resultsand Discussion

When equation 7 isintegrated, the ¢, values aways pass
through apeak dueto thefact of injection and recombination
of defects, together with the increase of the film thickness’
(see Figure 1). The problemis that for normally acceptable
values of the parametersthe results give avery high ¢ peak,
practically of the order of c®. ThisisshowninFigure 1 curve
(@ for k, 0.3s% k 10* cm?mol*s* and ig 0.1 mA cm?,
Reasonable variations of ig or of ¢°do not permit to resolve
the appearance of these high values of ¢, at the peak.
Mathematical analysis shows that the high values come
from the high value of ¢® which influences the first term of
equation 7, and which can not be changed to resolve the
problem without loosing the physical meaning of the
description (the true value of ¢® must be of the order of 6/M
for the bulk values). Evenif inthefirst term of equation 7k ,
isreduced to the point at which it hasno more effect (Figure
1 curve (b), k,reduced to 3 x 107 s7), the problem can not
be eliminated. Another way to resolve the problem is to
increasetherecombination rate, which will increasethethird
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Figure 1. Theoretical defect concentration as a function of the charge
density of the film during simulated transients for different k. and k;:
(@ k, = 10* cm?mol* s* and k, = 0.3 s*; (b) k. = 10* cm?mol*s* and
k,=3x10%s" (c) k = 10° cm?mol*s? and k, = 3 x 10° s*. Constant
parameter values: ¢® = 0.069 mol cm?; ¢® = 0.006 mol cm?; q, =
0.44 mC cm? i, = 0.1 mA cm?
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term of equation 7, but thiscase quickly arrivesat asituation
in which the maximum happens at very low thicknesses or
times (see Figure 1 curve (c), for k  equal to 3x 10°® s* and
k_equal now to 10°cm?mol™s?), being contrary to general
normal experimental results’ for different systems. This
means that the only possible way to come out from these
contradictions is to consider that not al the current must
inject defects inside the film. Some of the current produces
point film defects and the rest directly gives the normal
constituents of the film. This means introducing a factor K
in equation 7, corresponding to the fraction of ig which is
used to produce the point defects. Thisconstant will multiply
thetermon 1/q, in thefirst term on theright of equation 7. In
the following a hypothetical value of K of 0.1 will be used
to explore this idea.

In Figure 2 the evolutions of the defect concentrations
given by equation 7 are plotted with the introduction of a
K factor equal to 0.1, for different i . There are several
interesting theoretical points which can be indicated. The
first one is that now the defect concentrations are
acceptable values even at the maximum. The second one
is related to the fact that the increase of ig has, as a
consequence, an increase of the c, values as must be
qualitatively expected. Thethird oneisthe fact that higher
the i g the higher the thickness for the recombination to
have an effect producing the maximum. This is an
unexpected result. In general, experimental galvanostatic
results’ have shown that the increase of ig awayshasasa
consequence a decrease of the thickness for which this
maximum or its experimental equivalent is obtained. The
equivalent experimental fact” is the inflection point in the
E/t or E/q, transient.
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Figure 2. Theoretical defect concentration as a function of the charge
density of the film during simulated transients for different igin mA
cm? (a) 0.1; (b) 1.0; () 10; (d) 20 and () 40. In these cases equation
7 was corrected in one of its terms by a constant K of 0.1 (see the text).
Congtant parameter values: ¢® = 0.069 mol cm?, ¢® = 0.006 mol cm?,
g, = 0.44 mC cm?, k = 10° cm*mol*s* and k, = 0.3 s™.
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This result shows the importance to go from qudlitative
explanations to simulations to see if the “qualitative’
thinking is followed by the mathematical formulations. In
relation to the topic under analysis, the problem is to make
a conclusion between evolution of defect concentrations
and evolution of potential vs. charge density, or ionic
specific resistivity vs. charge density curves, as will be
discussed further. The fourth interesting point is that there
isaways aregion of high current densities for which the c
resultsbecomeindependent of i . For a long time attention*®
has been called to the existence of at least two kinds of
stationary or quasi-stationary statesin relation to passivating
film growths. One would exist for long time experiments
(the stationary situation related in most of published papers).
The other would exist for high rates of growth, where aging
has no time to happen and, consequently, the film is aways
practically the same. The latter appearsin the smulations at
very highi_, aspractically anindependent curve for ¢ vs. g
(Figure 2 curves(c), (d) and (g)).

From the calculations of ¢ given above it is possible
now to obtain the evolution of the specific ionic resistivity
p, inside the film for different g. p, will be given by

1
PTF ZZJ Hi € ®

where 4 corresponds to the ionic mobility of the defect j.
For the present calculations all C and all 4 will be taken
thesamefor dl j's.

In Figure 3 are plotted the results of p, versus g, for the
different transients of Figure 2 using a u, value? of 8 x
102 cm?2V-1st This Figure can be compared with
experimental results and even the parameter values can be
selected to make that the theoretical and experimental plots
become compatible, but this will be the objective of a
forthcoming work.2 Hereit isimportant to point out that the
p, values pass through a minimum and that this minimum
decreaseswiththeincreaseof i . Bothresultsarein agreement
withwhat isfound experimentally.®"8 Nevertheless, in Figure
3, asfor the case of the ¢ vs. g, plots, theincrease of ig shifts
theminimumto higher g, against the experimental results.”®
From the point of view of the present description thisis a
clear indication that the variation of i ] in equation 7 must
be followed by avariation in k , the only mathematical way
in the equations to make the experimental facts found
possible (the minimum must shift to lower g, values for
higher i ). Variations of 4, or k, can not lead to compatibility
of the theoretical and experimental results. This will be
shown in detail in aforthcoming work.® The variation of k.
with ig is possibly related with a variation of the film
characteristicswith ig, for example, thehydration level. This
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new result shows for the second time (the first was the
introduction of K) the importance of the simulation
technique for the development of theoretical analysis and
not only for the interpretation of experimental results.
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Figure 3. Representation of r, vs. g, calculated from equation 8 using
the parameters indicated in Figure 2 with F = 96487 C mol™ and m =
8 x 10*2 cm? V1 st. Simulated transients for different i) in mA cm? (a)
0.1; (b) 1.0; (c) 10; (d) 20 and (e) 40. In these cases equation 7 was
corrected in one of its terms by a constant K of 0.1 (see the text).
Constant parameter values: ¢® = 0.069 mol cm®, ¢® = 0.006 mol cm?3,
g, = 0.44 mC cm?, k. = 10° cm?mol?s* and k, = 0.3 s™.

A final fact which is possible to be theoretically
obtained is the overpotential through the film (»,). This
dependent variable correspondsto the potential dropinside
the film and is a component of the total potential (E) since
thisisasum® of theoverpotential at the metal/filminterface
(., Plusny, and E_ (the Flade potential) for cases in
which the pH of the solution is constant and the system is
in the passivity region.®

E=nutn+E ©)
The, is given in an Ohmic mode! by>*

n,=p VG (10)

The results calculated from equation 10 for the variation
of », with g, are shown in Figure 4 for the same conditions as
for Figure 2. Thefirst point isthat all the curves extrapolate
to zero, as must be expected physically and from equation
10. The second point is that with the increase of ig, for the
same ¢, (the same film thickness) there are higher fields
(higher »,). The last point is that for low g, there is some
curvature which decreases with the increase of i. Thisis
related with the weighting of variation of p,, as shown in
Figure 3. These facts are in agreement with a general
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understanding of the Ohmic model,® considering that the
model defining parameters (in this case only p,), at low ig,
will havetimeto present aging, before coming to the quasi-
stationary situation. At high ig there is no time for aging.
The aging here must be understood fundamentally in terms
of the recombination process.
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Figura 4. Representation of 5, vs. g, calculated from equation 10
using the parameters indicated in Figures 2 and 3. Simulated tran-
sients for different igin mA cm?_ (@) 0.1; (b) 1.0; (c) 10; (d) 20 and
(e) 40. An expanded plot of curves (a) and (b) is shown in the insert
Figure.

Conclusions

Using differential equations to describe the evolution
of the point defect concentration inside a passivating film
growing galvanostatically under ultra-thin film conditions,
it was possible to obtain the general physical description
of the process, the evolution of the defect concentrations,
the ionic specific resistivity and the overpotential through
the film.

The results show that during the transients the point
defect concentrations pass through a maximum and that
this maximum increases with the current density, as must be
expected. Nevertheless, to obtain reasonable values for the
point defect concentrations at the maximum it is necessary
to consider that not all the current is used to produce point
defects.. The major portion of the current, for this situation,
isused to directly produce the normal lattice of thefilm. On
the other hand, the defect concentration maximum shifts
higher thicknesses when the current density is increased,
differing from prior experimental results.”® This is
interpreted in terms of the model, as a demonstration that
the recombination rate constant of some of the point defects
considered needs to change with the current density,
possibly due to changes in the structure of the film and a
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future work will specifically discuss this problem. Finaly,
the theoretical existence of a quasi-stationary situation for
the point defect concentrations at very high rates of growth
isshown, as must be expected for the case in which thereis
no time for normal aging.

In relation to the specific ionic resigtivity it is shown
that it passes through aminimum and it decreases with the
increase of the current density, as must be theoretically
expected and was previously found experimentally. Due
to the fact that, in the present work, the variation of the
recombination rate constant with the current density was
not considered, for the case of the specificionic resistivity,
and opposed to prior experimental results, the minimashift
to higher thicknesses for higher current densities.

Finally, with the mathematical description of the model
it was possible to calculate the overpotentials through the
film which qualitatively follow the expected theoretical
results of the Ohmic model with no constant parameters
(transient conditions).
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