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INTRODUCTION

The first experimental report on the then unknown
‘semiconducting’ properties of passive films on metals can
be traced to Becquerel’s study of photoeffects at metal/
electrolyte interfaces dating from the first half of the 19th
century.! However, there is no doubt that a systematic
semiconductor based approach to the properties of passive
films is attributable to the seminal papers of Mott?> and
Schottky® on the rectifying properties of metal/semicon-
ductor contacts (copper/cuprous oxide).

However, apart from the pioneering work of Garrett and
Brattain* in the mid 1950s, the systematic use of semi-
conductor theory for interpreting the kinetics of electron
and ion transfer reactions (ETR and ITR) at passive metal/
electrolyte interfaces dates back to the advent of the
Gerischer’s theory.®

In this short historical excursus, the classical papers of
Dewald® deserve particular mention. These demonstrated
the validity of Mott—Schottky (M —S) analysis of the
impedance data at a single crystal ZnO/electrolyte interface
for the location of the characteristic energy levels of a
semiconductor/electrolyte (SC/El) junction. This work will
be discussed further in the following pages owing to its
tremendous impact on the promulgation of M-S analysis
for characterising the semiconducting passive film/electro-
lyte interface.

As for the state of the art in studies of the electro-
chemistry of semiconductors during the mid 1960s, an excel-
lent presentation can be found in the classical book by
Myamlin-Pleskov.” From the point of view of passivity
studies, it is interesting to recall a sentence from the appendix
of another such book: ‘The important problem remains
of extending the theoretical concepts and experimental
investigation methods to polycrystalline semiconductors, in

DOI 10.1179/147842203225009029

CES (gamma) CES36636.3d

particular, oxide films on so-called barrier metals and to
oxide and sulfide electrodes and also to use the concepts of
the electrochemistry of semiconductors for investigating the
phenomena of the passivation of metals’.?

This last task was initially undertaken by Oshe and
Rozenfel’d® who proposed characterisation of the nature of
passive films on metals and alloys by using a photopotential
method initially proposed by Williams'® for bulk semi-
conductors. Some applications of such a method in passi-
vity studies can be found in Refs. 11 and 12 and in other
references therein. The inadequacy of Oshe and Rozenfeld’s
method in characterising complex metal/oxide/electrolyte
interfaces was first shown by Hackerman ez al.'> This fact
and the onset of more refined theories of photocurrent
generation at illuminated semiconductor/electrolyte inter-
faces in the mid 1970s'* rendered obsolete Oshe and
Rozenfeld’s method of characterisation of passive metal/
electrolyte interfaces.

In fact as a result of an intensive research effort on the
photoelectrochemical behaviour of semiconductor electro-
des, aimed at harvesting solar energy by photoelectrochem-
ical solar cells, different electrochemical techniques started
to be exploited as analytical tools for in situ characterisation
of semiconductor/electrolyte interfaces.!>~!7 In many cases
the investigated photoelectrodes were oxides so that it was
evident to electrochemists that passive films and corrosion
layers having semiconducting or insulating behaviour could
be scrutinised by using the same techniques as those used for
studying semiconductor/electrolyte interfaces.!®2° Against
this background, impedance and photoelectrochemical
techniques, such as electrochemical impedance spectroscopy
(EIS) and photocurrent spectroscopy (PCS), have gained
much support for investigation of the physicochemical
properties of passive layers.?! ~2* The combined use of these
techniques allows, in principle, the acquisition of informa-
tion on the electronic properties of passivating layers as well
as on the energetics of passive film/electrolyte junctions.

This paper reviews some older and some more recent
results that help to provide a critical appraisal of the use of
techniques and theories valid for crystalline semiconductors
to characterise very thin passive films. Some inconsistencies
arising from the extension of the theory of bulk crystalline
semiconductors to amorphous or microcrystalline thin passive
films will be discussed and it will be demonstrated how, in
some cases, a different theoretical approach can provide a
better answer or deeper insight into the semiconducting
behaviour of passive films. Finally, both recent and older
pitting models based on the theory of semiconductors will
be presented and discussed briefly on the basis of the authors’
own experimental results and data from the published
literature.

THEORETICAL BACKGROUND

The physicochemical characterisation of passive films and
corrosion layers is important for comprehension of the
corrosion behaviour of metals and alloys. More importantly
the location of characteristics energy levels of metal/passive
film and passive film/electrolyte junctions is a preliminary
task for understanding the kinetics of ITR and ETR at
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1 Schematic galvanic potential distribution across an n
type semiconductor/electrolyte interface in the absence
of specific absorption of ions in solution

passive film/electrolyte interfaces. In fact both ITR and
ETR are controlled by (i) the energetics of the metal/film
and film/electrolyte interfaces; and (ii) the electronic pro-
perties of the passive film.

With very few exceptions, most passive layers grown on
metals and alloys behave like semiconducting or insulating
materials. Accordingly, widespread use has been made of
the theory of crystalline semiconductors to discuss the
behaviour of passive film/electrolyte junctions. Such an
extension is not always critically checked by taking into
account whether the hypotheses underlying the theory of
crystalline bulk semiconductors are also valid in the case
of thin passive films often displaying behaviour typical of
amorphous or poorly crystallised materials.?®

For a better understanding of the different behaviours of
crystalline and amorphous materials separate discussions
will follow on the impedance and photoelectrochemical
behaviours of selected systems which help in the derivation
of a unified approach to the electrochemical and photo-
electrochemical behaviour of crystalline and amorphous
semiconducting passive films.

Figure 1 shows the schematic galvanic potential distribu-
tion across an n type semiconductor/electrolyte interface in
the absence of the specific absorption of ions in solution.
According to Fig. 1 the total potential drop across the
interface is given by

ADgc /g1 = {hsc(00) = Psc(0)} +{hsc(0) —dsc(—o0)} (1)

where the term in the first brackets of equation (1)
represents the galvanic potential drop from the bulk (zero
electric field) to the surface of the semiconductor/electrolyte
junction, and the term in the second brackets is the galvanic
potential drop occurring into the compact and diffuse
double layer (if any) of the electrolytic solution. In the
presence of concentrated electrolyte the diffuse double layer
is missing and the previous equation can be rearranged as

A(DSC/EI=ACDS(3+A(DH P )

where A®gc and Ay represent the potential drop into the
semiconductor and the Helmholtz double layer, respec-
tively.

The region of semiconductor necessary for screening the
potential drop A®gc defines the space charge region: Xgc.
The width of the space charge region in crystalline
semiconductors changes with the potential drop according
to the following equation

kT 05
Xsc = Xoc (|A(DSC|—7> N )

where X 2. represents the space-charge width into the
semiconductor electrode at 1 V of band bending and its
value depends on the concentration of mobile carriers into
the semiconductor. In the hypothesis of completely ionised
donors (for n type) or acceptors (for p type) the expression
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2 Schematic diagram of energy versus distance for an n-
type semiconductor/electrolyte junction

for such a characteristic length is given by

0 28600'5
XSCZM N ()

where Np (or N,) is the donor (or acceptor) concentration
in cm ™2 and ¢ and ¢, are the dielectric constant and vacuum
permittivity of the semiconductor, respectively. By assum-
ing as typical values for passive films a dielectric constant
equal to 10 and a donor concentration of 10'® cm ™ a value
for X3 of about 100 A V™7 is obtained.

Figures 2a and 2b show schematic diagrams of an n-type
semiconductor/electrolyte junction in energy-distance coor-
dinates under slight depletion (Xsc>0) and at flat band
conditions (Xsc=0). An anodic A®gc>0 (n type semicon-
ductor) polarisation corresponds to the conditions depicted
in Fig. 2a while A®sc=0 (no potential drop within the
semiconductor) corresponds to the special flat band con-
dition, Ug= Up,, shown in Fig. 2b. In terms of electrode
potential Ug for a semiconductor that is not heavily doped,
and in the absence of an appreciable density of electronic
surface states (SS)

AdDSC:UEfob(ref). e e e e e (5)

where Upy(ref) represents the flat band potential measured
with respect to a reference electrode in the electrochemical
scale.

LOCATION OF CHARACTERISTIC ENERGY
LEVELS IN CRYSTALLINE PASSIVE FILM/
ELECTROLYTE JUNCTIONS

The determination of the flat band potential is a preliminary
task in determining the locations (energetics) of character-
istic energy levels (Ec, Ey, Ep) of any semiconductor/
electrolyte interface. Once the Up, value is known with
respect to a reference electrode, it is possible to locate the
Fermi level of the semiconductor in the electrochemical
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3 Mott-Schottky plots for two crystals under exhaus-
tion conditions; the dotted lines represent the theore-
tical slope. At potentials more negative than —0-3V,
the capacitance increases exponentially. The intercepts
of the linear plots afford a quantitative measure of the
electrode potential at the flat band condition (from
Ref. 6)

scale, E(El), by means of the relationship
ENED=—eUp(ref) . . . . . . . . . . . (6

The Fermi level in a semiconductor under electronic
equilibrium will be located by assuming Ep=E—|e|ADgc,
at any potential different of Ug,.

The Up location is usually determined by means of
differential capacitance measurements of the semiconduc-
tor/electrolyte junction or from photocurrent versus poten-
tial curves. This last method is the only one available in the
case of insulating films.

For semiconducting films, determination of the flat band
potential is frequently based on the use of Mott—Schottky
analysis of differential capacitance measurements of the
junction. The validity of M —S theory has been tested rigo-
rously for several crystalline semiconductor/electrolyte
interfaces®2°~3! since the very seminal work of Dewald
on the ZnOlelectrolyte interface, which greatly influenced
the subsequent literature on semiconducting passive films
(Fig. 3 and Table 1).

In the case of passive films, further complications can
arise in the use of the classical approach owing to the
possible presence of lattice disorder; the extreme thinness of
the passive film; the extremely high donor/acceptor
concentration; and geminate (i.e. twinned) recombination
effects.

However, in the presence of crystalline films, as tacitly
assumed without any further experimental support, the use
of simplified M-S analysis can give rise to some incon-
sistencies with the simplifying hypothesis underlying the
derived final equation.® It is perhaps not obvious to recall
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that the simplified Mott—Schottky equation
1 2 kT
—=— (ACDSC — 7) N )

Ci. &8ND

frequently used to derive the flat band potential and donor
(or acceptor) density in passive films is obtained under a
number of assumptions not always supported by the results
derived by using the starting equation. It should be recalled
that equation (7) is based on the following simplifying
assumptions:

1. The semiconductor is homogeneously doped and the
donors are completely ionised in the bulk.

2. The semiconductor is not degenerate so that Max-
well — Boltzmann statistics hold. This implies that the Fermi
level in the bulk of the semiconductor is sufficiently far in
energy (> 3kT) from the conduction band edge (or from the
valence band edge for p type semiconductors).

3. The electrode potential is quite anodic so that
ADg>>kTle.

Where the previous conditions are satisfied the location
of the remaining energy levels of the junction can be
determined from the relationships valid for crystalline
semiconductors

N
Ec=E)+kT In (N_C> for n type semiconductors (8a)
D

Ev :Eg —kT In (x—Z) for p type semiconductors (8b)

Eg=Ec—Ey . . . . . . . . . . .. .0

where Ec and Ey the conduction and valence band edges,
respectively; Nc and Ny are the effective densities of states
at the bottom of the semiconductor’s conduction band and
at the top of the semiconductor’s valence band; Np and N
are the donor and acceptor concentrations in the semi-
conductor; and E, is the band gap of the semiconductor.

For heavily doped semiconductors the first two assump-
tions are not valid so equations (7) and (8) cannot be used
so straightforwardly without contradictions. In order to
highlight this point it should be noted that the effective
density of states (DOS) at the conduction (valence) band
edge for n type (p type) semiconductors is given by>>

2um*k T\ *?
T ) (10)
where M is the number of equivalent minima (maxima) in
the conduction (valence) band, m* is the effective mass for
the DOS in the corresponding band, #=Planck’s constant
and the other symbols have their usual meanings. By
assuming Mc=1 and m* is equal to the mass of a free
electron my, we get Nc=2-5x 10'° ecm™* at room tempera-
ture. This last value must be compared with the usual values
reported for donor density Np in passive films.

In the case of passive iron, from the analysis of Mott—
Schottky plots, values of N ranging between 5 x 10*° and
2 % 10*! are often reported in the literature.>*~3’ In order to

Nc=2Mc (

Table 1 Frequency dependence of capacitance
relating to single crystal ZnO electrodes
in contact with aqueous borate buffer 1 N
recrystallised KCI (pH=8-5)

Frequency, Slope of C"2 vs V plot, Flat band potential,

Hz cm* uF2y~? V/SCE

100 626 —0-471

200 626 —0-471

1000 628 —0-470

5000 625 —-0-483

10000 629 —0-441

Source: Ref. 6.
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assume as valid the M-S analysis previously outlined it is
necessary to hypothesise an effective DOS at Ec in the order
of 1x10% cm 3. From such a figure we can derive a value
of effective mass for DOS of passive films on iron ranging
from 60 to 20 for 1 <Mc<5. A value of effective mass
around 20 is not unusual for bulk semiconductor oxides of
transition metals,3® but it should be taken with some cau-
tion in the absence of direct measurements of such a
parameter in passive films on iron and by considering that
this still high value corresponds to a rather high value of
M.

More importantly, in the presence of such a large donor
density, it is not excusable to neglect the shift of flat band
potential and the influence of the potential drop in the
Helmoltz double layer. Both effects have been discussed in
the literature®®~#! and they should be taken into account for
the correct location of the characteristic energy levels and a
better understanding of the kinetics of charge transfer at the
passive film/electrolyte interface.

As for the location of the flat band potential, the
assumption of neglecting the contribution of Helmoltz
capacitance to the measured capacitance values can seriously
affect the value of flat band potential. In fact, the relationship
between the intersection of the M —S plot with the potential
axis, Uy, and the flat band potential value is as follows

kT  egeNp
Up=Uy— —
=t

The required correction in the Up, value remains negligible
as long as the dielectric constant ¢ and donor density Np are
small but it becomes important as both ¢ and Np increase
close to values such as those reported previously for passive
iron. By substituting the value of dielectric constant usually
reported for passive iron (¢=15) and an average Np value
of 5x10% between those (1x10%°—1x 10*") reported in
Refs 33—37, a difference between the flat band potential
and the intersection voltage ranging between 0-13 V and
0-53 V is obtained for Cy values ranging between 20 and
10 pF cm ™2

Moreover at high donor density the assumption, impli-
citly included in equation (5), that the potential drop in the
compact Helmoltz double layer is constant as a function of
the electrode potential and negligible with respect to the
potential drop within the semiconductor is not tenable. The
variation in the Helmoltz potential drop becomes an
important fraction of the total potential drop and it
could account for the non-linear M-S plots at lower
band bending. At such high donor (acceptor) density the
behaviour of the passive film electrolyte interface parallels
that of a metal/electrolyte interface so that the assumption
of fixed band edges must be relaxed.*%*!

A second critical point in the application of classical M —
S analysis to passive films comes from the strong frequency
dependence usually observed in the differential capacitance
values of the junctions which considerably affects both the
slope (Np, N4) and the flat band potential values (see Fig. 7
of Ref. 37). As for the origin of the frequency dispersion
in crystalline semiconductor/electrolyte junctions, a detailed
analysis of possible sources has been performed in
Refs 42,43 and in references contained therein and, there-
fore, it will be omitted here. However, it must be mentioned
that frequency dependent capacitance values are anticipated
in the case of amorphous semiconducting materials.?> This
aspect will be revisited later.

(11

Photocurrent spectroscopy (PCS) location of
U, and Ej in crystalline semiconductor/
electrolyte junctions

In view of all these complications, data for the characteristic
energy levels of junctions of passive films grown on iron,

@,n)° / pA?x 10°

Ug / V(MSE)

4 (Iph)2 versus Ug plots recorded for a WO; film grown
at 8mAcm 2 in a 01 N H;PO, electrolyte at up to
100 V and crystallised for 3 h at 350°C under an argon
atmosphere. Electrode surface area: 0-053 cm?. Irradiat-
ing wavelengths =300 nm and 380 nm. (Solar Energy
Materials, 1985, 11, 419)

chromium, nickel and their alloys (stainless steels) must be
regarded with great caution. In these cases it may be
reasonable to get an estimate of the flat band potential value
of the junction by using photocurrent vs potential curves at
different wavelengths. This last method is the only one
available for insulating films but it can also be useful for
semiconducting films in the presence of strongly variable
Up, values derived from M-S analysis at different AC
frequencies.

In fact according to the generalised Gartner— Butler
equation it is possible to write the following expression for
the photocurrent I, at illuminated crystalline semiconduc-
tor/electrolyte junctions

(12)

1 St

TS S,
In this equation: @ is the photon flux (cm 2 s~ !) entering
the semiconductor after light reflection losses; « is the light
absorption coefficient at the impinging wavelength; and S/
(Sy+S;) accounts for the ratio between the minority carriers
transfer reaction rate S; and the total recombination rate S,.
At high band bending such a ratio goes to 1 and it is
possible to obtain the flat band potential by extrapolating to
zero photocurrent a plot of Iph2 versus Ug under a high
depletion regime (Fig. 4). In the presence of a low recom-
bination rate the onset photocurrent potential V* could
provide a close estimate of the flat band potential. This last
value is expected to be coincident or more anodic (cathodic)
than the Up, value of an n type (p type) semiconductor/
electrolyte junction.

As for the semiconducting passive film/electrolyte inter-
face (Ref. 25 and references therein) it has been shown that
by irradiating the junction with photons having energy
higher than the optical band gap of the film the measured
photocurrent can be interpolated by a power law (/)"
versus U whose intercept with the potential axis provides
an approximation of the Up, value. Moreover, frequently
the onset photocurrent potential is not very far from the Up,
value obtained by M —S analysis.

This is evident in Fig. 5, which shows the Iy, versus Ug
plot for an iron passive film grown potentiostatically in
borate buffer solution. From such a plot it emerges that the
onset photocurrent potential is not very far from the Up,
values®” measured from M —S plots after correction for the
potential drop in the Helmholtz double layer capacitance.
An expression for the photocurrent, valid both for insu-
lating and semiconducting materials, which takes into
account possible geminate recombination effects in low

kT 1/2
ey X2, (UE — Up, — T)

2
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5 I versus Ug plot for an iron passive film grown
potentiostatically in borate buffer solution to V=
0-6 V(SCE). 1=380 nm; V,can=5mV s’

mobility materials has been previously published®® and will
be omitted here for sake of brevity.

The findings of Figs. 4 and 5 should encourage more
confident use of photocurrent spectroscopy data for testing
flat band potential values derived from M-S analyses of
crystalline passive film/electrolyte junctions. Moreover PCS
techniques provide an alternative way to locate the flat band
potential in those cases where the behaviour of capacitance
versus potential curves is not amenable to the simple (see
also below) M-S analysis, or in the case of insulating
passive films.

At constant potential, equation (12) also provides a
direct proportionality between o and I, so that band gap
values for semiconductor and passive films can be deter-
mined, thus allowing the complete location of energy levels
of the junction.

LOCATION OF CHARACTERISTIC ENERGY
LEVELS IN AMORPHOUS PASSIVE FILM/
ELECTROLYTE JUNCTIONS

The analysis of the impedance data outlined above is not
valid in the case of amorphous or strongly disordered semi-
conducting passive films. It was shown some years ago that
a different approach based on the theory of amorphous
semiconductor (a-SC) Schottky barriers is able to explain
the complex impedance behaviour of amorphous semicon-
ducting passive film/electrolyte junctions.**~4¢ According to
the theory, the main difference in the impedance behaviour
of amorphous semiconductor/electrolyte junctions stems
from the difference in the electronic density of states (DOS)
distribution occurring between amorphous and crystalline
semiconductors. Figure 6 presents a schematic DOS distri-
bution showing the presence of a large number of electronic
states lying within the forbidden mobility gap (Ec— Ey) of
the semiconductor. As a consequence, most of the electronic
charge is now located below the Fermi level in localised
states quite distant in energy from the conduction band
mobility edge separating the extended states region from
localised ones. According to the theory, 47~52 at variance
with the case of crystalline semiconductors, the filled elec-
tronic states within the gap (Fig. 6b) do not instantaneously
follow the imposed AC signal, but need a finite response
time. This response time depends on their energy position
with respect to the Fermi level and can be much longer than
the period of the AC signal having an angular frequency .
In fact the relaxation time t for the capture/emission of
electrons from electronic states E below Ef is assumed to

(a)

10° 10° 10* 102
N/ evV'em?®

6 a Schematic density of states distribution in an amor-
phous semiconductor; b energetics at an amorphous
semiconductor/electolyte junction

follow the relationship

T=Ioexp<E3€;E) B &)

where, at constant temperature, 7 is a constant characteristic
of each material, usually ranging between 10~ *and 107'% s.
According to equation (13), by decreasing the energy of the
localised state in the gap, t increases sharply so that deep
states (for which wt>1) do not respond to the AC signal.

By assuming a full response for states satisfying the
condition wt«1 and a null response for states having
wt>1, a sharp cutoff energy level E,, separating states
responding from those not responding to the signal, can be
defined from the condition: wt=1.

The location of the cutoff level is found by imposing in
equation (13) wt=1 for E=E,, which gives

Ec—E,=—kTIn(wt)). . . . . . . . . . (14

This condition occurs at some position within the barrier
(X=Xc), which is a function of band bending and AC
frequency (Fig. 6b). The intersection of the cutoff level £,
with the Fermi level allows the point within the barrier X¢
that separates two regions of the amorphous semiconductor
to be located (Fig. 6b). The first one is for X > X, where all
electronic states fully respond to the AC signal (wt<« 1), and
the second one is for X < X, where they do not respond at
all (wt>1). The corresponding band bending at X is given
according to Fig. 6b by

lelyc=lely(Xc)= —kT In(wrg) —AEr . . . . . (15)

with AEE=(Ec— Ep)pui. It must be stressed that X is now
a distance in the barrier which changes with changing fre-
quency w and band bending 5. In particular X¢ increases
with increasing frequency, at constant polarisation, or with
increasing polarisation at constant frequency. From the
theory it emerges that the total capacitance is the sum of
two series contributions coming from the X<Xc and
X> Xc regions of the amorphous semiconductor. The
contribution to the conductance comes mainly from the
region around X= Xc dividing the total response and null
response regions. In the hypothesis of a constant density of
states, the total capacitance is given by the sum of the two
contributions

S SR (&
Cr(fs.0)  CWc,0)  eeo

(16)
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7 Equivalent circuit used to fit the impedance data. C, is the Helmholtz capacitance and R, the electrolyte resistance

(see text for other symbols)

where, for a density of states parameter N

ek Vs

C(Yc,0)=+/egpeN and Xc= 2N !//—C

After substitution the following relationship is obtained for
the total capacitance in the low band bending regime

-1
Crpp(s,0) =V eoe2 N (H—ln %) N (V)]

C
while the parallel conductance of the junction is given by

-2
GLp(fg.0) = (%]‘T |e|¢c) Vet N (1+ In %) (18)
C

The analytical solutions for the admittance components of
the junction have been derived under conditions that
Ys>Wc>3kTle and at not too high band bending (low
band bending regime, el//s<Eg/2).44’46

It has been shown that G(ys,w) has a spectroscopic
character with respect to the distribution of electronic states
within the gap, while variations in DOS cause only minor
changes in the C(i/,, ) versus potential plots provided that
the DOS varies little over an energy range of k7. In previous
equations ¢y is the vacuum permittivity, e the electronic
charge, ¢ the film dielectric constant and i, the potential
drop inside the amorphous semiconductor, as above.

At variance with the M-S analysis, in the case of an
amorphous semiconductor, a fitting procedure is required
to obtain the flat band potential and density of states
distribution around the Fermi level. As reported in previous
works*#> the fitting must be carried out on both com-
ponents of the admittance of the junction, after the cor-
rection of the measured quantities for the equivalent circuit
shown in Fig. 7. The fitting procedure must be performed
under the condition that at any employed AC frequency
both the 1/Csc versus s and the Ggc versus s plots give
the same Uy, value, within an assigned uncertainty (in the
present case, 0-05 V). Moreover an additional constraint
arises from equation (15) requiring for Y a variation of
59 mV per decade of frequency at room temperature (see
below and Refs. 44, 45 and 53).

As previously reported***> equation (15) must be used
for locating the mobility edge, Ec (n type), or Ey (p type)
once the ¢ parameter and flat band potential Uy, have
been obtained. With this aim an average 7, value of 10”12 s
can be assumed in the absence of further information. The
ability of previous admittance equations, in the low band
bending approximation, to fit the experimental curves of
different amorphous semiconductor passive film/electrolyte
junctions has been tested in previous works. 44

More recently the present authors have tested the ability
of amorphous semiconductor Schottky barrier theory to fit
the admittance data in a larger range of electrode potentials

including the high band bending region when a deep
depletion region at the surface of amorphous semiconduc-
tor/junctions appears.> In order to include the deep
depletion region the previous equations have been modified
as follows

: : <ln‘”0+ 1+2<wswe)> (19)

Cupp(w,g) - Veepe2 N Ve YG

T
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(m¥er fiv 2 ws—ve)) @0
Ye 128

Equations (19) and (20) have been derived under the same

conditions valid for the LBB expression and they coincide

with the previous ones for yg<yg.

Figure 8¢ and b present the experimental admittance
curves and their fits according to equations (19) and (20) for
a thin (=25 nm) anodic film grown at a low scan rate
(10 mV sfl) on Nb in 1 M H3PO, solution, while Fig. 9
shows the density of states distribution derived from the
fitting of G and C as a function of the distance from the film/
electrolyte interface (Xsc=0). In order to perform the
fitting procedure a constant value of yg=1-6+0-1 eV was
assumed, in agreement with the measured band gap value,
while a value of Uy, around —0-05+0-025 V(NHE) was
assumed for the junction.***®>* As for the fitting para-
meters Up, and /¢, the same values were imposed for fitting
the two components of the admittance with an uncertainty
of 0-05 V in Up, and less than 0-01 eV in yc.

In order to expedite the fitting procedure, both compo-
nents of the admittance were fitted initially in the LBB
region then the fitting parameters were refined by a trial and
error procedure, which assured the best fitting in the largest
potential range covering the HBB region. In this second step
the density of states parameter N was left to vary
independently for the two components of the admittance.
Account had to be taken of the fact that, according to the
theory, a density of states value averaged over the space
charge region is derived from the fitting of C, while the
density of states that appears in the expression of G is that
measured at energy level (Eg—eyc) near the point Xc. The
two density of states values apart, any possible source of
inaccuracy, such as leakage currents through the junction
which could affect the conductance values, are expected to
coincide only in the hypothesis of constant and spatially
homogeneous density of states within the gap and along the
film. Location of the conduction band mobility edge was
performed using equation (15) at a frequency ¢ within the
investigated range and the corresponding Y value was
derived from the fitting process (AEr=0-35 eV with a 1,
value of 10712 g).
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8 Fitting experimental admittance curves of a-Nb,Os
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f=10 kHz; scan rate=100 mV s~ . Fitting parameters:
Yc=0-085 V and Uy, =—0-025 V(NHE)

PHOTOCURRENT SPECTROSCOPY (PCS)
APPROACH TO THE LOCATION OF Ugg OF
AMORPHOUS PASSIVE FILM/
ELECTROLYTE JUNCTIONS

As previously mentioned for crystalline materials, a
different way to locate the flat band potential of amorphous
passive film/electrolyte junctions is based on the use of the
photocurrent versus potential curves. Such a method allows
an approximate estimation to be made of the Uy, value of
the junction by determining, in a suitable way, the zero
photocurrent potential of the junction.

In previous works it has been shown that in the case of
amorphous materials, owing to the low mobility of injected
photocarriers and the presence of electric fields that are not
too high, the photocurrent versus potential curves become
both field and wavelength dependent due to the presence of
geminate recombination effects.?® In these cases it has been
shown that the zero photocurrent potential can be derived
by fitting an expression of the photocurrent as a function of
the photon energy and electric field that also accounts for
the geminate recombination effects.?> It has been shown
that under steady state conditions the following general
expression can be written for the photocurrent in an
amorphous semiconductor as a function of the space charge
region width, Xgc, and electric field?®

14oalL,
{l—exp (—Xsc I d)} Ne(ro,Fav) (21)

where ny(ro, Fay) is the efficiency of generation of free
carriers in the presence of geminate recombination effects;

oLy
14+aly

Iph = e(I)()
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9 Spatial dependence of density of states derived from
the fitted curves of Fig. 8. D, is the film thickness
(~25 nm)

Ly is the drift length of the photocarrier ensemble in the
average field approximation

Lo=wtFyy . . . . . . . . . . . . . (22

with p and 7 representing the drift mobility and the lifetime
of the photocarrier ensemble respectively, and F,, the mean
electric field in the amorphous superconductor.?

From equation (21) it is possible to derive the photo-
current for the amorphous insulator/electrolyte junction by
substituting the film thickness d; for the space charge region
Xsc and by using the usual expression for the electric field in
an insulator, F,,=(Ug— Up,)/d;, in the absence of charge
carrier trapping phenomena.?

The variation of the efficiency of generation with the
electric field and photon energy, through r(, can account for
the dependence on the incident photon energy of the photo-
current versus potential curves. This last aspect has been
discussed in depth both for semiconducting (a-WO;3; and
a-Ti0O,) and insulating (a-Ta,0s) anodic films in previous
work? and it will be omitted here.

BREAKDOWN AND PITTING OF PASSIVE
FILMS

The mechanism of failure of passive films is one of the most
investigated issues in the electrochemistry of metals and in
corrosion science.>® This is due to its practical importance in
determining the final film thickness during the anodising
process of metals in solutions, as well as for improving the
corrosion protection of metallic structures in different
environments.

With regard to the mechanism of failure during the
anodising process it is widely accepted that different
mechanisms can operate depending on the nature of the
anodising metal and the electrolytic solution. In spite of a
risk of oversimplification, the term ‘breakdown’ (mechan-
ical or electrical) will be used for any film failure occurring
in the absence of typical pitting morphology, while the term
‘pitting’ will be used for any failure of the passive film
associated with the occurrence of pitting events.

The mechanical breakdown of a passive film displays
some typical features in the potential versus time curves at
constant current density, which differentiates this mechan-
ism from electrical breakdown.’®>” It seems reasonable to
exclude, as a first approximation, any direct influence of the
semiconducting properties on the mechanical failure of
passive films, although some interference between the elec-
trical and mechanical breakdown phenomena can occur, as
shown by the present authors some years ago for amor-
phous WOs. Very recently, the possibility of void formation
within the passive film, with oxygen trapping inside such
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10 Growth curves of WO; anodic films in different solu-
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voids during anodising process, has been suggested so that
an electromechanical mechanism of breakdown could be
invoked in some cases.>®

As for the electrical breakdown mechanism, there is wide
agreement on the influence of both the solid state properties
of the passive film and electrolytic contact on the occurrence
of such events. This is not surprising because the onset of
this phenomenon is sustained by the presence of an electron
injection current at the film/electrolyte interface. Thus, it is
evident that the understanding of this process, strongly
dependent both on the solution composition as well as on
the electrical and solid state properties of the passive film on
metal electrodes, is preliminary to a quantitative description
of the electrical breakdown.

The above mentioned influence is encapsulated in a
phenomenological relationship reported many years ago by
Gunterschultz and Betz*®

Ve=a+blogp . . . . . . . . . . . . (23

where V}, is the breakdown potential, p the electrolyte
resistivity, and a and b are two constants characteristic of
the metal —electrolyte couple.

The breakdown potential, also referred to as the first
spark voltage V7, is usually defined as the electrode potential
at which large oscillations occur in the growth curve at
constant current density, sometimes also accompanied by
light emission (sparks) and local crystallisation of the
passive film. The phenomenology of this event has been
described previously in the literature and will be omitted
here.®°

The prominent role of the solid state properties of the
passive film in determining the phenomenology of electrical
breakdown rests on the theory of the electronic avalanche
mechanism of multiplication of electronic carriers proposed
initially to explain the breakdown phenomena in dielec-
trics.>® According to this hypothesis, free electron carriers
injected into dielectrics are accelerated by the internal
electric field and can generate new carriers by impact with
ions in the lattice provided that a minimum film thickness
pertains. According to this hypothesis, Ikonopisov also
suggested that for anodic films the breakdown potential
occurs when the electronic current reaches a critical value ig
given by®!

iB=ieeXp(rij> e 22
m

where V7, is the breakdown voltage, ey, is a threshold energy
for impact ionisation and r is a recombination constant of

Passivity and passivity breakdown of metals and metallic alloys
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11 Growth curves in 1 M HCI solution (—) after previous
anodisation in 0-5M H,SO, solution (------ ) at the

same anodising current density of 8 mA cm 2 to dif-
ferent voltages Vg,

electronic carriers. The term i, represents the electronic
injection current at the passive film/electrolyte interface and
it embodies any dependence of V3, on the nature of the
electrolytic contact.

As to the nature of the species injecting electrons into the
film, several hypotheses have been suggested by different
authors and in previous publications,?”-%? the limitations of
each one have been discussed by the present authors. In the
same work the dependence of V3, on the electrolyte resis-
tivity p was explained by taking into account the structure
of the passive film/electrolyte interface and the influence of
such an interface on the mechanism of oxygen evolution in
aqueous solutions. It should be stressed that the proposed
model was also able to explain qualitatively some of the
reported dependence of V', on the solution composition and
physical parameters. More importantly, the proposed model
was able to account for the pitting behaviour of WO; in
chloride solutions, which was shown to present a depen-
dence on anodising parameters slightly different from that
observed for electrical breakdown in solutions not contain-
ing chlorides.

Figures 10 and 11 show the influence of various halide
jons and an Fe?*”** redox couple on the breakdown
mechanism of an amorphous WOj; passive film, as well as
the absence of any influence of a preformed oxide on the
pitting potential of amorphous WOs;. The experimental
findings can be summarised as:

1. Pitting of an amorphous WO3; film during growth at a
constant current density occurs only in the presence of a
solution containing chloride ions.

2. Electrical breakdown occurs in electrolytic solution
containing bromide or iodide species. In the latter case it
was necessary to pre-form an anodic oxide film in halogen
free solution because of the rapid oxidation of iodide ions
occurring at the bare metal electrode.

3. The addition of Fe’* species (as FeSO,) in a limited
amount (0-05 M) to 1 M HCI solution shifted the pitting
potential significantly (by about 10 V) in the anodic
direction, which was anticipated by a phenomenology
typical of the onset of an electrical breakdown.

4. The pitting potential of an amorphous WO; passive
film does not change if an anodic film of variable thickness
is preformed in a solution not containing chloride ions, but
it pits immediately in solution containing chloride if the film
thickness formed in the non-pitting solution is higher than
the thickness corresponding to the pitting potential in
solution containing chloride (Fig. 11).

All of these findings provide insight on the pitting
mechanism of passive films and have been explained by
taking into consideration the energetics of the amorphous
WOg/electrolyte interface shown in Figs. 12 and 13. In
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12 Schematic representation of the electron energy
levels of amorphous WO3; and of different redox cou-
ples in aqueous electrolyte

Fig. 12 the characteristic energy levels of tungsten oxide at
pH=0 as well as the Fermi level in solution for different
halide redox couples in their standard state are shown.

According to Gerisher’s model of electron transfer at a
semiconductor/electrolyte junction, under anodic polarisa-
tion no appreciable direct electron injection from halide
ions (occupied electronic state in solution) to n type
amorphous WOj is expected. This is due to the negligible
overlapping between full electronic states in solution and
vacant extended states in the conduction band of the oxide.

This interpretation is confirmed by the absence of any
influence on the electrical breakdown potential of passive
films grown in HNOj; solution containing a small amount
(0-05 M) of Fe?*3+ redox couple (E°=0-77 V/NHE). It is
at variance with the observed decrease of V3, on the addition
of the same amount of Fe(CN)¢*™*~ redox couple (E°=
0-358 V/NHE) having a Fermi level in solution nearer to the
conduction band of amorphous WO;. In the latter case, a
partial overlapping of filled electronic (red) levels in solution
with empty electronic states of the amorphous WO; film
occurs so that an increase in the electron injection level at
the oxide/electrolyte interface owing to the oxidation of
Fe(CN)¢*~ species favours the lowering of ¥}, by increasing
the i, value in equation (24).

In this frame a rationale for the direct oxidation of I~
species (E°>0-54 V/INHE) across the very thin initial
amorphous WO;_ film could be that the initial film on
W has a metallic like behaviour or that a direct tunnelling
process occurs across this very thin semiconducting oxide.
All other halide redox couples having more anodic redox
potentials are unable to inject electrons into the conduction
band, so allowing the growth of an anodic film with good
efficiency.

The growth of amorphous WOj; in the presence of HBr
and HCI solutions is compatible with the electronic pro-
perties of the passive films formed in these acids and the
good chemical stability of WO; against these aggressive
anions before the onset of electrical breakdown.

The different behaviour at high potentials, where the
breakdown phenomena occur, can be rationalised once
again by taking into consideration the energetics of the

A
CB E
—— O0V(NHE)
Enc
EF ______________ / HZOIOZ
— CI/Cl,
dec
Ep
a‘WO3
(1) WO, + 2HCI —» WO,Cl, + H, + 0.50,
En,v

AG
Egec = % =1.67 V(NHE) atpH=0

13 WO; decomposition level and Fermi level in solution
for ClI"/Cl, and H,0/0, redox couple in standard con-
ditions

junction as well as by introducing some consideration of the
kinetics of the oxygen evolution reaction (OER) in the
presence and in absence of halide ions. Figure 13 shows, for
clarity, only the anodic decomposition level of tungsten
oxide in the presence of chloride by the formation of soluble
tungsten-oxychloride as well as the solution Fermi level for
water oxidation. From such a figure it emerges that, in the
presence of holes in the valence band of amorphous WOs,
both water oxidation and tungsten oxy-chloride formation
are possible anodic reactions competing for hole capture.

On this basis, and by taking into consideration detailed
kinetic mechanisms for the oxygen and chlorine evolution
reactions it has been suggested® that the pitting phenom-
enon is strictly related to the electrical mechanism of
breakdown. In fact the same initial step for electron injec-
tion was assumed to be the triggering process for electron
avalanche multiplication whilst different reaction pathways
are responsible for the onset of electrical or pitting break-
down. The proposed model was able to rationalise the
experimental findings including the different dependence of
Vpic on the experimental parameters.

The beneficial effect of Fe,SO,4 additions in increasing the
pitting potential of WO in 1 M HCI solution is probably
related to a scavenger action of Fe®™ species towards
the generated holes or towards some intermediate in the
chloride reaction. The large increase in V4, (about 10 V) in
spite of the small addition of sulphate seems to exclude as
the source of this effect the possible inhibiting action of
sulphate anions. If this suggestion is correct, the effect of the
redox couple on the pitting potential value deserves more
attention from corrosion scientists with a view to the
possible practical application of such effects.

The results described above also rule out the chloride
penetration mechanism as a possible explanation for the
initiation of pitting on passive tungsten and seem to support
a mechanism of local dissolution favoured by the electronic
avalanche mechanism of multiplication of electronic carriers.

A local dissolution mechanism involving the formation of
soluble Ti** oxy-halides has also been suggested to account
for the different pitting behaviours of TiO, passive films in
halide-containing solutions.® In that work it was suggested
that the anomalously low pitting susceptibility of TiO, in
the presence of Br ™ ions could be traced to the strong inter-
action between these anions and the TiO, surface. Such an
explanation, although reasonable, suffers from the fact that
a regular trend was reported in the pitting behaviour of
Zr and Hf parent metals® (V;>1">Br~ >Cl"), and is at
variance with the finding reported for Ti that the pitting
potential increased on going from Cl™ to 1.
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By neglecting the difference in methods for obtaining the
pitting potential, the lower pitting potential values reported
for these latter metals could be explained along the same
lines of reasoning by assuming that a still stronger adsorp-
tion of halide ions occurs on insulating ZrO, and HfO,
oxides. Such an assumption could be supported by the
hypothesis recently suggested for Al-valve metal alloys
that higher concentrations of adsorbed species must be
expected at constant potential for passive films having more
negative flat band potentials.®

The role of Uy, values in determining the onset of
aggressive halide ion adsorption has also been stressed
recently by McCafferty® for Al—valve metal alloys on the
basis of an indirect correlation between Uy, and pHy,. (or
isoelectric point) of semiconducting oxides proposed years
ago by Butler and Ginley.%” According to this approach
higher pitting potentials should be observed for oxide films
having lower pHp,. values or higher Uy, values. In this
frame the lower pitting potential of Zr<Hf<Ti passive
films should agree with the trend in Uy, values reported for
such passive films (see Table 2 and references therein). Such
an approach seems reasonable if the adsorption of pitting
promoting anions is controlled by the surface charge at
the oxide/electrolyte interface, regardless of whether the
triggering mechanism for pit initiation is the local dissolu-
tion or the chloride penetration stage.

The generalisation of such a model to the case of Al—
valve metal alloys as well as to all semiconducting passive
films appears untenable for different reasons. The correla-
tion between oxide electron affinity and flat band potential
proposed by Butler and Ginley appears rather limited to a
restricted number of oxides. In fact according to the
McCafferty data’ there is no correlation between the flat
band potential of TiO,, ZrO,, and HfO, and their pH,,.
values unless some arbitrary correction for the flat band
potential values of insulating films or semiconducting ones
is invoked.

As for the case of Al-valve metal alloys, the suggestion
of semiconducting oxide formation® by alloying Al with Ta
(known to form insulating oxide like Al;O3) or Nb at such
low contents is rather surprising. The authors’ own data on
Al alloying with about 25 at-%Nb or 34 at-%Ta show that
anodic films formed on such alloys display insulating
behaviour with inversion photocurrent potential values of
around —0-64 V(SCE) and —0-50 V(SCE) (at pH=28) for
Nb and Ta alloying, respectively. In the case of insulating
films the inversion potential can be assumed as a measure of
the flat band potential in the absence of charge carrier
trapping phenomena. It must be mentioned that the present
authors’ data pertain to films thicker than that investigated
in Ref. 65 and used by McCafferty for his correlation.®®

Moreover, as for the proposed correlation between the
band gap of the passive film on Al alloys and V,;; in Ref. 66,
it must be mentioned that the band gap value (x=3-0 eV)
reported in McCafferty’s paper for passive aluminium is
much lower than that reported in the literature for
amorphous Al,Os, and has been attributed to the presence
of an hydroxide on the aluminium surface formed after
mechanical polishing.”! This last hypothesis is further
supported by the fact that anodic films grown on Al-
34 at-%Ta and Al-25 at-%Nb alloys display band gap

Table 2 Flat band potential (at pH=8) of amor-
phous passive films grown on different

metals
Metal Uss, VINHE) Ref.
Ti —0-37+0-05 53
Zr —1-1940-1 68
Hf —0-60+0-20 69

values approximately 4-30 eV and 3-85 eV higher, respec-
tively,”? than that measured on mechanically treated pure
aluminium.

CONCLUSIONS

There is no doubt that some meaningful steps toward a
better comprehension of the breakdown initiating events
have been taken in recent years owing to new experimental
and theoretical approaches. It must be concluded, however,
that a complete understanding of the breakdown mechan-
isms is still lacking and that this is particularly true for the
pitting initiation mechanism at a microscopic level and its
correlation to the solid state properties of the passive films
on metals and alloys. However, a deeper understanding of
the electronic properties and semiconducting behaviour of
passive films will provide new insights into their possible
failure mechanisms and the possibility of controlling such
catastrophic events.
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