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I. INTRODUCTION

The stabilization of metallic surfaces against corrosion processes
in natural and industrial environment rests on the onset of passivity
condition with a subsequent drastic reduction of the corrosion rate
of the underlying metallic substrate. In spite of a longstanding con-
troversy it is now universally accepted that a passive metal is
usually covered by a thin or thick external layer the whose physi-
cochemical properties control the evolution of corrosion process as
well as the possible reactions occurring at metal/oxide and
oxide/electrolyte interfaces.'” In many cases of practical impor-
tance, passivity of metals is reached in presence of very thin (few
nm thick) layer which makes the complete physico-chemical cha-
racterization a very complex task requiring the use of different
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powerful in situ and/or ex situ techniques. This is particularly true
if we want to get information pertaining to the chemical composi-
tion, morphology, crystalline or disordered nature and solid-state
properties of the passive layers.

Many useful information on the film composition can be ga-
thered from ex situ techniques (Auger, ESCA, XPS, SIMS, RBS,
GDOES) although they suffer some limitations and drawback spe-
cially when investigating very thin films, owing to the risk of
changing structure and composition of the passive film on going
from the potentiostatic control in solution to the vacuum. Accord-
ing to this a large agreement exists on the advantages of passive
film characterization based on in situ techniques or controlled
transfer under inert atmosphere on going from electrochemical cell
to analytical equipment.® "

Besides more traditional (and mainly optical) techniques (dif-
ferential and potential modulated reflectance, ellipsometry, interfe-
rometry, Fourier transform infrared spectroscopy, Raman and
Maossbauer spectroscopy), new in situ techniques have been intro-
duced in the last years, which are capable of providing useful in-
formation on structure, composition, morphology and thickness of
passive films, such as: EXAFS, XANES, EQCM, STM and AFM.
The use of these analytical techniques has improved our under-
standing of the structure and composition of passive films grown
on metal and alloys." ™

As for the study of solid state and electronic properties of pas-
sive films and corrosion layers differential admittance (DA) and
photocurrent spectroscopy (PCS) techniques have been largely
used by electrochemists and corrosion scientists during the years.
Both techniques take advantage from the pioneering works of Gar-
rett and Brattain in the mid 1950s and from the advent of Gerisch-
er’s theory and its systematic use for interpreting the kinetics of
electron and ion transfer reactions (ETR and ITR) at the semicon-
ductor/electrolyte interface.'” > We have to mention that both ITR
and ETR are involved in determining the kinetics of growth and
the breakdown processes of passive films."***** In many cases the
combined use of both DA and PCS techniques is able to provide
the information necessary to locate the characteristic energy level
(flat band potential, Uy, conduction and valence band edge E¢, Ey)
of the passive film/electrolyte junction.
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The location of characteristics energy levels of the
metal/passive film and passive film/electrolyte junctions is a pre-
liminary task for understanding the kinetics of ion and electron
transfer reactions at passive film electrolyte-interface. In fact, both
the ITR and ETR are controlled by the:

e energetics of the metal/film and film/electrolyte interfaces
e clectronic properties of the passive film.

In the case of differential admittance technique apart the se-
minal papers of Mott** and Schottky®® on the rectifying properties
of metal/semiconductor contacts (copper/cuprous oxide) there is
no doubt that the classical papers of Dewald on the
ZnO/electrolyte interface,”® showing the validity of Mott-Schottky
analysis for the location of characteristic levels of the semiconduc-
tor/electrolyte junction, opened up a new route for a deeper under-
standing of the structure of SC/electrolyte interface.

If we take into account that in the case of passive films the ex-
treme thinness and their disordered or amorphous structure adds
further complications to the possible interpretative models of DA
data, it is not surprising that in spite of the numerous studies on
passive film/electrolyte interfaces an unambiguous picture or gene-
ralized acceptance of interpretative models is still lacking.

Together with differential admittance studies and among other
optical methods, PCS has gained a large consideration in the last
decades as in situ technique for the characterization of photocon-
ductive passive film able to provide information not only on the
location of characteristic energy level of passive film/electrolyte
junction and internal photoemission threshold (£,) at the met-
al/passive film interface, but also as a possible analytical tool for
identifying the nature of passive film and corrosion layers.””* The
attractive features of PCS are due to the fact that it is a non-
destructive technique based on the analysis of the electrochemical
response (photocurrent or photopotential) of the passive elec-
trode/electrolyte interface under irradiation with photons of suita-
ble energy and intensity. Often the choice of a potentiostatic con-
trol is preferred, by taking into account the prominent role of the
electrode potential in the establishment of electrochemical equili-
brium involving different metal oxidation states and reactivity of
the passive films.*!



220 F. Di Quarto, F. La Mantia, and M. Santamaria

It is in the aims of this work to stress the limitations of a tradi-
tional approach, based on the theory of ideal crystalline semicon-
ductor, to the study of semiconducting behavior of passive films
and to provide, possibly, a more general interpretative frame for a
deeper understanding of the semiconducting properties of passive
films. At this aim after an initial introduction to the theory of Mott-
Schottky barrier valid for ideal single crystal SC/electrolyte junc-
tion a more extended introduction to the theory of amorphous sem-
iconductor Schottky barrier will be presented. In this frame some
inconsistencies usually encountered in literature of thin passive
films will be discussed and possible alternative explanations sug-
gested in agreement with the more realistic model of the solid state
properties in disordered and amorphous materials.

In the second part of the work a short introduction to the opti-
cal properties of crystalline semiconductor/electrolyte interface
will be presented as preliminary to a more extended discussion on
the influence of lattice disorder on the optical properties of semi-
conductor and insulating materials. New features related to the
extremely thin thickness of passive films will be presented and
discussed. Finally the use of PCS as an analytical tool for identify-
ing the possible nature of corrosion and passive film will be dis-
cussed on the basis of a semi-empirical correlation between optical
band gap of oxides and composition of passive films grown on
metal and alloys.

II. IMPEDANCE MEASUREMETS FOR PASSIVE FILMS

1. Semiconductor/Electrolyte Interface

With very few exceptions, most of passive layers grown on metals
and alloys behave like semiconducting or insulating materials.
Accordingly, widespread use of the theory of crystalline semicon-
ductors has been made to discuss the behavior of passive
film/electrolyte junction. Such an extension is not always critically
checked by taking into account whether the hypothesis underlying
the theory of bulk crystalline materials are also valid in the case of
the thin passive films investigated. Moreover, in spite of the exist-
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Figure 1. Galvani potential distribution across an n-type SC/EIl interface in absence

of specific adsorption of ions in solution and surface states.

ing evidence that in many cases the passive films are amorphous or
strongly disordered such an information is not usually taken into
account to explain the admittance behavior of the junction neither
to modify the traditional approach to the study of the interface by
using the more pertinent theory of amorphous semiconductor
Schottky barrier. For a better understanding of the influence of
amorphous nature on the differential admittance and photocurrent
spectroscopy measurements a brief introduction on the structure of
semiconductor/electrolyte interface will be given to derive some
equations usually employed to investigate the structure of such
interface.

With respect to the metal/electrolyte interface in the case of
SClelectrolyte interface the main differences stem out from the
different electronic structure of the electrode.'®? In fact, different-
ly than in a metal, owing to a much lower density of free carriers
in the conduction band of semiconductor a much larger screening
length in SC electrode is necessary to neutralize the excess of
charge lying in the solution side.

In Fig. 1 we report the schematic Galvani potential distribu-
tion across an n-type SC/El interface in absence of specific absorp-
tion of ions in solution. According to Fig. 1 the total potential drop
across the SC/El interface is given by:
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AD e ={0s5c(00)— 05 (O} +105c(0) -0 (=)} (D)

where the first term in the bracket of Eq. (1) represents the Galvani
potential drop from the bulk (zero electric field) to the surface of
SC/El junction, whilst the term in the second bracket is the Gal-
vani potential drop occurring into the compact and diffuse double
layer (if any) of the electrolytic solution. In presence of concen-
trated electrolyte the diffuse double layer is missing and we can
rearrange the previous equation as:

ADgc/p = ADgc +ADy )

where A@gc and A®y represent the potential drop into SC and the
Helmholtz double layer respectively. In equilibrium conditions the
potential drop inside the semiconductor can be calculated by solv-
ing the Poisson equation (see below) under the same conditions
used for an ideal semiconductor/metal Schottky barrier and by
taking into account that the potential drop within the semiconduc-
tor is only a part of the total potential difference measured with
respect to a reference electrode. Moreover, by assuming that in
presence of a sufficiently concentrated (> 0.1 M) electrolytic solu-
tion the potential drop in the diffuse double layer is negligible, the
measured differential capacitance of the interface, C,, in electro-
chemical equilibrium can be defined as:*®

| 00sc |_| 00sc ondge | _ col1-Em 3)
OAD IAD - IAD U ¢
| SC/El| | SC SC/EIl | H

where Cgc is the capacitance of the space charge region in the sem-
iconductor, and Cy is the capacitance of the Helmholtz compact
double layer. In terms of equivalent electrical circuit the interface
can be represented by two capacitors in series:

R SR S O @)
C, Csc¢ Cpy
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The value of Cyc changes with the width of space charge re-
gion within the semiconductor, Xsc, and it is a function of the po-
tential drop, A®gc, within the SC whilst a constant value (10-30
UF cm?) is usually assumed for Cy.

The region of SC necessary for screening the potential drop
A®Dgc defines the space charge region The width of the space-
charge region in crystalline semiconductor (c-SC) changes with
the potential drop according to the following equation:

0.5
ij )

Xsc = XgC[|A(DSC|_7
where X’gc represents the space-charge width into the SC electrode
at 1 V of band bending (A®@sc = Ysc = 1 V) and its value depends
on the concentration of mobile carriers into the SC. In the hy-
pothesis of completely ionized donors (n-type SC) or acceptor (p-
type SC) the expression for such a characteristics length is given
by:

) 0.5
€,y €
ch :[ 0x°0 j (6)

eNp/y

where Np,, are the donor (or acceptor) concentration in cm™ , €ox
and g, are the SC dielectric constant and the vacuum permittivity,
respectively. By assuming for the passive film dielectric constant
the typical value of ~ 10 and a donor concentration of 10"’ cm > we
get for X’sc a value around 100 A V7.

In Figs. 2a and 2b we report the schematic diagram of an n-
type SC/electrolyte junction in energy-distance coordinates at flat
band conditions (Xsc = 0) and under slight depletion (Xsc > 0).
A®Dgc = 0 (no potential drop within the SC) corresponds to the spe-
cial flat band condition reported in Fig. 2a whilst an anodic ADgc >
0 (n-type SC) polarization corresponds to the conditions depicted
in Fig. 2b. In the case of p-type material a space charge layer de-
velops inside the SC for ADg¢ < 0.
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In terms of electrode potential, U, for not heavily doped SC
and in absence of an appreciable density of electronic surface
states (SS), we can write:

Ao =Ug —U y(ref) @)

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

2. Location of Characteristic Energy Level in
c-Semiconductor/Electrolyte Interface

The first task in the location of the energetics of a semiconductor/
electrolyte interface is to derive the flat band potential of the junc-
tion, corresponding to the condition of zero Galvani potential drop
inside the SC. A common practice in electrochemistry is to get
such a parameter by measuring the differential capacitance of the
junction defined as above:

N

RN ®
Cn  Csc

by assuming 1/Cy << 1/Cy. In order to get the expression of the
differential capacitance Cgc it is first necessary to solve the Pois-
son-Boltzmann equation for the band-bending in the SC and then
calculate the charges from Gauss's law.*® ¢ ™5 it [pder the
simplifying assumptions of:

e crystalline semiconductor electrode homogeneously doped
under depletion regime;

e fully ionized single donor (or acceptor, for p-type SC) level,

e absence of deep lying donor (acceptor) levels in the forbid-
den gap of the SC;

e negligible contribution of surface states and minority carri-
ers to the measured capacitance;

e absence of Faradaic processes at the SC/El interface;

e width of space-charge layer much lower than the semicon-
ductor thickness;
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it is possible to get a simplified expression for the space charge
capacitance, which coincides with the well-known Mott-Schottky
equation:

2
| 2 kT
= AD _ 8
[ Csc J [on€0|e|N D J[ X J ®

where AQgc = (Ug — Up,) and Npp is the density of ionized donors in
the n-type SC. The previous equation holds for a p-type material,
with the minus sign in front of A®, and N, instead of Np. The
extrapolation to zero of the first term in M-S equation provides the
value of the intercept with voltage axis Uy, whilst from the slope of
Eq. (8) it is possible to derive the concentration of donor (or accep-
tor) in the SC. A more general equation taking into account the
degree of dissociation of donors (acceptors) has been reported*®
but rarely employed in the study of passive film.?®

The assumption of neglecting the contribution of Helmholtz
capacitance to C,, can seriously affect the value of flat band poten-
tial. In fact we recall that the following relationship exists between
the intersection of the M-S plot with potential axis, Uy, and the flat

potential value:****

kT + €,x€0¢Np

Up=Uyg—— for n-type SC  (9a)
P e 20}

U, =Up +k—T—M for n-type SC  (9b)
- e 20}

The required correction in the Uy, value remains negligible as
long as the dielectric constant value and donor density are small
but it becomes important as €,, or Np (or both) increase close to
values as those sometimes reported for passive films (see below).
The location of the Fermi level of the c-SC, in the electrochemical
scale, is carried out by means of the equation:*’

E(EN=—dU 4 (ref) (10)
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According to the theory at any other electrode potential the Fermi
level of the SC, in the hypothesis of electronic equilibrium trough
the space charge region, will be located by assuming £, = Eof—
le|ADy,.

The location of the remaining energy levels of the junction is
performed by means of the usual relationships for n- and p-type
semiconductors:

Ec=EX+kT 1n[&J for n-type SC (11a)
Np
By = E%—krin| M2 f
vy =EFp n or p-type SC (11b)
Ny
E,=Ec—Ey (11c)

where N¢ (and Ny) is the effective density of states (DOS) at the
bottom (top) of the SC conduction (valence) band, Ec and Ey the
conduction and valence band edges, respectively, and E, is the
band gap of the SC. The simplified method reported above and
based on the use M-S theory for locating the energy levels at the
SC/El interface is very popular among the corrosion scientists.
However, we have to mention that, although the validity of Eq. (8)
has been tested rigorously for several SC/EI interfaces,” > since
the seminal work of Dewald*® on single crystal ZnO electrodes, in
many cases a misuse has been made of such equation.

In order to highlight this aspect we come back to the limita-
tions included in the use of the above reported equations. As for
the effective DOS at conduction (valence) band edge for n-type (p-
type) SC it is given by:

o N\
2mm kTJ (12)

Ne=2M C[ 2
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 and the other symbols have their usual
meaning. By assuming M¢ = 1 and m* equal to the mass of free
electron, m,, we get Ne = 2.5 x 10" cm™ at room temperature. By
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taking into account that Eq. (11) on the hypothesis that the follow-
ing relationship:

(E,+ 3 kT) < Er< (E. -3 kT) (13)

holds, we can estimate for an hypothetical donor (acceptor) density
equal to 10"cm™ an effective mass of electron (holes) in the con-
duction (valence) band m* > 7 . Such a value of m* is not unusual
for transition metal oxides so that we can also estimate the corre-
sponding space charge thickness of the semiconducting oxide by
means of Eq. (6) reported above. According to the previous calcu-
lations and by assuming A®gc = 0.5 V a value of space charge
length of ~ 9 nm for iron oxide (€,x = 15) and ~ 8 nm for nickel
oxide (€, = 12) are estimated. Both these values are larger than the
oxide film thickness usually reported for passive iron (3 ~ 5 nm),
nickel (2 ~ 3 nm), chromium and stainless steels (2 ~ 3 nm) in dif-
ferent solutions before the onset of the transpassive region,”' > so
that the hypothesis of SC space charge width much lesser than the
thickness of SC could be untenable and the electrical equivalent
circuit of the junction should be modified by adding a further ca-
pacitance in parallel with the Csc term which accounts for the
metal contribution to the total stored charge.”’

On the other hand donor or acceptor concentration larger than
10% ~ 10*' cm® for passive films on iron, nickel and stainless steel
have been reported™ ® and up to 10” cm™ in some chromium
carbon steel.” At such high level of donor or acceptor concentra-
tion the applicability of classical M-S theory to the study of a de-
generate (or strong impurity metal®®) semiconductor/electrolyte
interface is open to serious doubts. By considering that in this case
the Fermi level should be located well above (below) the conduc-
tion (valence) band edge, the passive film/electrolyte interface
becomes now more similar to a semimetal/electrolyte interface for
which a different theoretical approach has been suggested.*"* "

In presence of such large density of donor (acceptor) concen-
tration the experimental data should be taken with caution and the
electrical equivalent circuit, employed to extract the space-charge
capacitance data, carefully scrutinized in order to verify if the re-
strictions underlying the simple M-S analysis are satisfied special-
ly in absence of ideally polarizable interface. Moreover at such
high donor (acceptor) concentration, neglecting the contribution of
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the capacitance of the Helmholtz double layer to the measured
capacitance is no more acceptable whilst the assumption of a po-
tential independent Cy value, at negative potentials with respect to
the flat band condition, should be tested.’' For highly doped mate-
rials, as previously mentioned, the values of Uj, can differ consid-
erably from the intercept value U,. By substituting the value of
dielectric constant usually reported for passive iron (g€,x = 15) and
an average Np value of 10*' cm™ we obtain (see Egs. 9a,b) a dif-
ference between the flat band potential and the intersection voltage
U, ranging from 0.26 V up to 1.06 V by assuming for Cy values
ranging between 20 and 10 pF cm™.

Further limitations in the application of classical M-S analysis
to passive films come out from the strong frequency dependence
usually observed in the differential capacitance values of the junc-
tions affecting considerably both the slope (Np N,) and the flat
band potential values. As possible explanations of such a behavior
the presence of deep lying donor (acceptor) level and/or the pres-
ence of surface states has been frequently invoked in the case of
crystalline semiconductors and semiconducting passive film.
However, the apparent measured density of donor (acceptor) car-
ried out trough the M-S equation is meaningless whilst the location
of characteristics energy levels of the junction performed by means
of Egs. (11) may be misleading as discussed in the specialized
literature several years ago.”"’? In the case of ¢-SC the possible
physical cause of such frequency dependence has been also attrib-
uted to the presence of an external (disordered or amorphous)
layer, which after chemical etching of the surface of c-SC could be
removed to restore the expected behavior.”

In the case of thin passive film the presence of a frequency
dependent differential capacitance is intrinsic to the formation of a
layer having an amorphous or strongly disordered nature requiring
the use of interpretative models accounting for such a specific fea-
ture. According to this it appears preferable to afford such a com-
mon aspect in the study of passive film/electrolyte interface by
using a more general theoretical approach based on the theory of
amorphous semiconductor Schottky barrier which is able to pro-
vide a better physical description also for the behavior of crystal-
line semiconductor junction containing a distribution of donor (ac-
ceptor) level in the forbidden energy gap of the SC.
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On the other hand semiconducting passive films in a large
range of thickness (2 ~ 200 nm) can be grown on different valve
metals (Ti, Ta, Nb, W) with donor density values of 10'7 ~ 10*
cm°, measured according to M-S equation. For these systems a
thickness dependent, as (d,,x)’z, donor concentration changing with
the growth conditions, initial surface treatment, post-anodizing
annealing and nature of investigated metal has been reported by
different groups.®™ ™ Also for these systems a systematic de-
pendence of the measured capacitance values from the frequency
of ac signal has been observed. Usually at constant frequency a
transition from semiconductor-like to insulating behavior was re-
ported with increasing film thickness at not too low estimated do-
nor concentration (Np > 10" cm),”* whilst at large film thickness
the same transition may occur with increasing ac signal fre-
quency.”’78

In this frame the theory of amorphous semiconductor Schottky
barrier provides a unified approach to the theory of electrical ad-
mittance of electrode/electrolyte junction including as limiting
case the ideal SC/electrolyte junction on which the traditional M-S
approach is based. The theory and the results of such studies will
be presented and discussed in the next Section.

3. Differential Admittance in Semiconductor/Electrolyte
Junction

In order to understand the main differences in the behavior of a-SC
Schottky barrier with respect to the case of crystalline semiconduc-
tor it may be helpful to compare preliminarily the density of states
distribution in both materials. We stress that usually amorphous
materials maintain the same short-range order than their crystalline
counterparts and that the main differences come out from the ab-
sence of the long-range order, typical of crystalline phases.”™ It
is now generally accepted that the band structure model retains its
validity also in absence of the long-range lattice periodicity. This
means that the long-range disorder perturbs but does not annihilate
the band structure: its main effect is the presence of a finite DOS
within the so-called mobility gap, Ec — Ey, of the amorphous semi-
conductor (a-SC) or insulator.

In Fig. 3 we report the model of DOS distribution vs. energy
for generic crystalline and amorphous material. Although the gen-



*(9) [opow SIAB(I-1IOJA U3 SUIMO[[0] 10jonpuodruds snoydiowe pue (q) [9powr ASUIYSIAQ-OYISZILI]
-uay0) Ay} SUIMO[[0} 103oNPUOITWAS snoydIowe ‘(e) J0}ONPUOIIWAS JUI[BISAID B 10J dINJONNS OIUOIIII[D ) JO [OPOJA "€ 2InT1]

(e

© @
(DN ;@z (DN
TTTA /Aﬁ\/m ||||||| A qaA
“q
< =<
& & 2
= .y = A
< qd < Q
i\ R
. . s, om ..... a
v




232 F. Di Quarto, F. La Mantia, and M. Santamaria

eral features of DOS distribution are preserved, especially if we
compare Fig. 3a with Fig. 3c, some differences are evident and
they strongly affect the response of a-SC/EI junction under ac elec-
trical as well under light stimulus (see below). The DOS distribu-
tion of Fig. 3b, initially proposed by Cohen-Fritzsche-Ovishinsky
(CFO model),” takes into account the possible existence of lattice
defects inside the semiconductor which originate a continuous
distribution of electronic states within the mobility gap (like in a-
Si:H). On the other hand the DOS distribution of Fig. 3c, due to
Mott and Davis,' has been proposed for an ideal amorphous mate-
rial in which only the long-range lattice disorder is taken into ac-
count. Other models have been suggested for explaining the be-
havior of different classes of amorphous materials, but they in-
volve only minor modifications to those of Fig. 3, when the exis-
tence of specific defects in the investigated material is considered.

As evidenced in the Fig. 3, the general features of the DOS of
crystalline materials are preserved also for disordered phases, but
some differences are now evident with respect to the crystalline
SC and these can be summarized as follows:

(a) Existence of a finite DOS within the mobility gap, defined
by two mobility edges, £c and Ey, in the conduction band
(CB) and in the valence band (VB), respectively.

(b) For energy levels below E¢ or above Ey, the free electron-
like DOS, N(E)e< E"* is no more generally valid. In these
energy regions the presence of a tail of states, exponen-
tially* or linearly®' decreasing, has been suggested by dif-
ferent authors for explaining the optical properties of differ-
ent amorphous materials.

(c) Different mechanisms of charge carriers transport are in-
voked in extended (below E.- or above Ej) or localized
(within the mobility gap) electronic states. A free carrier-
like mechanism of transport is involved in the first case,
whilst a transport by hopping (thermally activated) is as-
sumed in localized states.

These differences between the distributions of electronic states
in crystalline and disordered materials have noticeable influence
on both the impedance and the photoelectrochemical behavior of
the a-SC/EI junction. In order to highlight such differences in the
impedance behavior of the a-SC/EI junction, we will derive some
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of the most important results of the theory of Schottky barriers
which are relevant for a better understanding of the difference in
admittance behavior of c-SC/electrolyte and passive film/ electro-
lyte junctions.”®’*8%

It was shown by different authors that the existence of deep
electronic states in the mobility gap of the material influences both
the shape of the space-charge region and the frequency response of
the barrier to the modulating ac signal.**° As for the first aspect,
the potential distribution inside the SC can be obtained by solving
the one dimensional Poisson equation with the suitable boundary
conditions:

2
e

where y(x) represents the band bending at a point x within the bar-
rier (the galvani potential has opposite sign), and p(x) the volumet-
ric density of charge at x. p(x) is strictly related to the local poten-
tial so that Eq. (14) can be integrated by changing the variable x
with y:

oy 2 2
d(a—) =———p(y)dy (15)
X onﬁo

If the space charge region is very small with respect to the total
thickness of the semiconductor, the usual boundary conditions for
infinite length semiconductor holds:

y=0 and dy/dx=0 for x — oo;
Y =Visc for x = 0.

The first integral of Poisson Eq. (15) gives:

oy

D)
= [ pay| =+ H(y) (16)
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where + is used if y is negative and — if y is positive. By further
integration we can find the value of x for different values of band
bending in the semiconductor yy:

\l’[SC dw
x(Wse.wo)=7F I —_— (17)
v (¥

2 ,
I pdy
0 €ox€0

The integration of Eq. (17) in the hypothesis of a constant DOS
distribution, N, has been carried out in reference® and it provides
the dependence of band bending on the distance from the semi-
conductor/electrolyte interface as:

yix)= \Vsce_x/ o (18)

where x, = (80X80/62A7) and N is the DOS in cm 2 eV .
The charge per unit area stored in the semiconductor, Oy, is
equal to:

a"" (19)

axly

T 7,9
Osc = jpdx = EOXSOJ‘da_\:CI =—€ux€0
0 0

The general expression of the steady state space charge capaci-

tance of the junction is given by:
2 olws)
d — €,x€0 |2 plyg
C 0)=—€,,60—— =7 —x=0
sc(Wsc:0) ox Od\lfs[ oj ( 5 j T

Ll
ox
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As expected, the response of the semiconductor is dependent
on p which is a function of the band bending and charge distribu-
tion into localized states within the forbidden gap (mobility gap) of
the crystalline (amorphous) semiconductor.

The dependence of the density of charge on the band bending
for a n-type c-SC with deep traps, behaving as donor-like levels,
can be written as:

ET,i +|e|\|I—EF]

m, eXp( kpT
ply)= |e|z Nr i >

i= 1+exp(ET’i +|e|W_EFJ

kyT
Er;—|dw—Ep
exp| ———————
kgT
21
! Eri—Ep
+exp| —r——
kyT

where E7; is the energy level of the i-th deep trap and N7, the con-
centration of deep traps at E7; in cm . It can be easily shown that
the previous equations give, as particular case, the M-S equation
once the expression of the volumetric density of charge for crystal-
line SC as a function of the band bending is substituted in Eq. (20).
In fact for a single donor-like level completely ionized (Er; — Er
>>0) Eq. (21) reduces to the Mott-Schottky case:

p(y)=[dN {l—exp[—mﬂ (22)

kT

By using Eq. (22) in Eq. (20), after simple algebraic manipu-
lation, the M-S equation, previously reported (Eq. 8), is obtained.
In this last case the frequency dependence in Eq. (20) is absent
owing to the fact that there is no delay in following the ac signal
by the electrons staying in extended states of the conduction (or
valence band), whichever is the chosen frequency of the modulat-
ing ac signal.
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On the other hand by using Eq. (21) together with Eq. (20) the
static space charge capacitance for an n-type semiconductor with
multiple deep donor levels is obtained as reported in a previous
work.”" Such an expression does not take into account the finite
time of answer of electrons lying in deep trap’"’* so that a new
model which accounts for the frequency dependence of the a-SC
Schottky barrier containing deep donor levels and/or a distributed
density of states within the mobility gap of a-SC was successively
put forward by the same authors in agreement with the theory of a-
SC Schottky barrier.”

4. Static Differential Capacitance in a-Semiconductor with
Constant DOS

In Fig. 4 the energetics of n-type a-SC/EIl interface is reported,
under the simplifying hypothesis of a spatially homogeneous a-SC
having a constant DOS distribution in energy into the mobility
gap. Both the assumptions (homogeneity and constancy in energy)
are necessary to get an analytical solution for the general expres-
sion of Cs¢ in a-SC Schottky barrier.*° Both these assumptions
will be relaxed in discussing the admittance behavior of passive
film/electrolyte junction.

Owing to a large density of localized states within the mobil-
ity gap we can assume as negligible the contribution of the free
electrons in the conduction band (E¢ —Er > 3kT) to the density of
charge p(y). Moreover an abrupt change in the electron occupancy
of the localized states at the Fermi level is assumed.*® The electric
charge density for a-SC can be written, within the given assump-
tion, as:

EF
p(w)=|d J N(E)E =|d Ny (23)
EF—‘e‘\u

The contribution of minority carriers to the density of charge
is assumed negligible, whilst the electron quasi Fermi level is as-
sumed flat throughout the semiconductor as long as the band bend-



9dejIUl [g/DS-B 2dA1-u ue ssoloe (q) uonnquysip Surpuaq pueq pue () 9I1nonns Juonod[q f 2In31

9141013939 10)INPUOITWIS WD LA / N

>”W é

A/ H



238 F. Di Quarto, F. La Mantia, and M. Santamaria

ing is not too high (see below). Under these conditions the static
capacitance (see Eq. 20) can be calculated as:

12
Csc(wsc.0)= (80x80|€|2 N) (24)

It may be useful to compare the results for Cyc obtained for a-
SC with those reported by Gerischer® for graphite as well as the
extension of space charge layer in amorphous semiconductor with
constant DOS: N(E) = N. By assuming the space charge region as
the distance inside the a-SC where the band bending is in the order
of kT/e we can derive from Eq. (17) the extension of Xy as:

X =Xo h{%] for elysc > 3kT (25)

By assuming a DOS at Eg around 10% eV cm™ we get for
Csc a constant value of 3.8 uF cmand a space charge length Xgc
= 5.4 nm for a band bending around 0.25 V with g, = 10. We like
to stress that in the case of base metals like: Ni, Fe, and Cr the
value of Xsc at 0.25 V of band bending results higher than the
thickness of passive film reported in literature for such metals. If
we take into account that the value of Cgc is of the same order of
the Helmholtz double layer and that small changes in Cy as well as
in the value of dielectric constant of the passive film can occur
with changing potential during the capacitance measurements it is,
once more, necessary to be aware that the rather unusual donor
(acceptor) density measured on these systems could be affected by
different pitfalls in the assumed physical model.

In order to evidence the main differences in the admittance
behavior of a-SC with respect the crystalline counterpart it is nec-
essary to derive, however, the expression of differential admittance
in a-SC-Schottky barrier as a function of the frequency of ac sig-
nal.
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5. AC Response of a-Semiconductor Schottky Barrier

According to the schematic DOS distribution reported in Fig. 4 the
most part of electronic charge is now located below the Fermi
level in localized states quite distant in energy from the conduction
band mobility edge separating the extended states region from
localized ones. According to the theory,” * at variance with the
case of crystalline SC, the filled electronic states into the gap (see
Fig. 4b) do not follow instantaneously the imposed ac signal, but
they need a finite response time. This response time depends on
their energy position with respect to the Fermi level and it can be
much longer than the period of the ac signal having angular fre-
quency ®. In fact the relaxation time, T, for the capture/emission of
electrons from electronic states £ below Ef is assumed to follow
the relationship:

=1, exp( ECk; E] (26)

where, at constant temperature, T, is a constant characteristic of
each material usually ranging between 10" ~ 10'% s. According
to Eq. (26), by decreasing the energy of the localized state in the
gap, T increases sharply so that deep states (for which @t >> 1) do
not respond to the ac signal.

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

The location of the cut-off level E, is found by imposing in
Eq. (26) ot =1 for E = E, which gives:

Ec —Ey=—kTIn(wty) (27)

This condition occurs at some position within the barrier (X =
X¢) which is a function of band bending and ac frequency (see Fig.
4b). The intersection of the cut-off level, £, with the Fermi level
allows to locate the point within the barrier, X, which separates
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two regions of the a-SC (see Fig. 4b). The first region (for X > X()
represents the region where all electronic states fully respond to
the ac signal (ot << 1), the second one (for X < X¢) where they do
not respond at all (wt >> 1). The corresponding band bending at
X is given according to Fig. 4b by:

lefwc =—kTIn(wty)- AER (28)

with AEr = (Ec — Er)oux- We like to stress that X is now a distance
in the barrier which changes with changing frequency, ®, and band
bending . In particular X¢ increases with increasing frequency,
at constant polarization, or with increasing polarization at constant
frequency. From the theory it comes out that the total capacitance
is sum of two series contribution coming from the X < X¢ and X >
X regions of the a-SC. The contribution to the conductance comes
mainly from the region around X = X¢ dividing the total response
from null response regions. In the hypothesis of a constant DOS
the total capacitance is given by the sum of the two contribu-
tions’"7*7** (see Fig. 5):

1 _ 1 ﬁ 29
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(WC )XC(WSC:(‘))

| L |
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—— NN\

G(WSCa(D)

Figure 5. Equivalent electrical circuit of an ideally polarizable a-SC/electrolyte
interface in absence of surface state contribution.
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where C(y,0)=/egpe’N coincides with the static space charge

capacitance of a-SC previously derived and it is frequency inde-

pendent whilst X = ‘{% In¥5C s the distance from the surface
e Ye

of the barrier at which the Fermi level crosses the cut-off energy
level E,, inside the space charge region. After substitution the fol-
lowing relationship is obtained for the total capacitance:

-1
Crps(Wse, 0)= w/.ggoezzv[l +1n“’iJ (30)

Ve

while the parallel conductance of the junction is given by:

=)
onkT
GLBB(\VSC@)=( 5 |€|\UC)\/€80e2N(1+ln%J (3D
c

The analytical solutions for the admittance components of the
junction have been derived under conditions that ysc > yc >
3kT/e| and at not too high band bending (Low Band Bending re-
gime).76778

It has been shown that G(ysc, ®) has a spectroscopic character
with respect to the distribution of electronic states within the gap,
whilst variations in DOS cause only minor changes in the
C(Ysc,) vs. potential plots provided that the DOS varies little
over an energy range of k7. At variance with the M-S analysis in
the case of a-SC a fitting procedure is required for getting flat band
potential and DOS 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. For an ideally polariz-
able a-SC/electrolyte interface and in absence of surface state con-
tribution to the measured admittance the electrical equivalent cir-
cuit of such an interface is shown in Fig. 5. Such an equivalent
circuit has been used by the authors for fitting both the compo-
nents of space charge admittance, Ysc, at high frequency when the
contribution of surface state admittance, Y5, is negligible with
respect to Ygc. The fitting procedure must be performed under
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condition that at any employed ac frequency both the 1/Csc vs. Ysc
and the Ggc vs. Ysc plots give the same Uy, value, within an as-
signed uncertainty (in our case, 0.025 V). Moreover an additional
constraint arises from Eq. (28) requiring for y¢ a variation of 59
mV for decade of frequency at room temperature.’® %%

As reported previously’®”® a very meaningful difference with
respect to the use of M-S analysis is the procedure for locating the
mobility edge, E¢ (n-type) or Ey (p-type), by considering that now
the most part of electronic charge is located into the localized
states below the Fermi level. At this aim instead of Eq. (11) valid
for c-SC we can make use of Eq. (28) once the ¢ parameter and
flat band potential Uy have been obtained. In order to perform
such a task we need to know for each material the constant t,. For
our purposes an average T value of 1072 s can be assumed in ab-
sence of further information. This choice could affect the location
of the mobility edge (Ec or Ey) by a quantity equal to 0.12 eV
which is not too bad if we take into account the absence of a sharp
boundary between localized and extended states region.

The ability of previous admittance equations, in low band
banding approximation, to fit the experimental curves of different
amorphous passive film SC/electrolyte junctions has been tested in
previous works.”® " It is in our opinion that such an approximation
could be generally employed for analysing the admittance behav-
ior of thin passive films on base metal (Fe, Ni, Cr) where it is ex-
pected that the space charge region reaches the metal interface at
rather low values of band bending (see above for estimates of Xg¢)
for reasonable values of DOS (10 ¢cm™ eV™') near the Fermi
level.

In the case of thicker films like those grown on valve metals
(Ti, Nb, W, Ta, etc.) may be of interest for a better understanding
of the mechanism of growth of the film and for deriving informa-
tion on the DOS distribution inside the a-SC to investigate the ad-
mittance behavior of the passive film/electrolyte junction in a lar-
ger range of band bending values. At high band bending a para-
bolic potential distribution will appear in the deep depletion region
at the surface of a-SC/EI junctions where the quasi-Fermi level of
the a-SC is now pinned, due to the equilibrium of the emission rate
for electrons and holes from localized states to the respective band
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electrolyte semiconductor
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Figure 6. Band bending distribution across an n-type a-SC/EIl interface under the
conditions of high band bending (HBB).

edge. It is possible to define a band banding , (see Fig. 6) corre-
sponding to the equilibrium of emission/capture process:

Eq kgl [V
ewe =7g+%ln[v—”]—AEp (32)
p

The point at which the band bending of the semiconductor is
equal to \, is x, and it can be obtained from Eq. (17) by imposing
Yy = ,. In order to include the deep depletion region the previous
equations have been modified” *® as follows:

1 - £ 1+i(‘lfsc—\lfg) (33)
Crgs(Wsc,0) \/85092]\/ Ve Ve
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Figure 7. DOS distribution for a-WOs obtained from Eq. (33) as a function of the
position inside the passive film at different frequencies.

. kT
Gupp(Wsc.0)=1"f e eege’ N

-2

X ln&+ l+i(WSC_Wg) (34)
\ e Wg

Equations (33) and (34) have been derived under the same
conditions valid for the low band bending (LBB) expression and
they coincide with the previous ones for ygc = y,. The first test on
the ability of Egs. (33) and (34) to fit the two components of the
differential admittance in a relatively large range of band bending
values was carried out for passive film on WO; and Nb,Os about
25 nm thick.”* It was noticeable, in the case of WO;, that from Eq.
(33) an almost constant average DOS equal to about 10 eV "' cm™
was derived for a-WO; in agreement with previous results, ob-
tained in the low band bending approximation.”® However a more
close inspection of the admittance behavior at different scan rates
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and ac frequencies suggested the possible presence of a more
complex dependence of localized DOS both from energy as well
as from the spatial coordinate (metal/oxide interface distance) (see
Fig. 7).

In more recent papers’> ' a study aimed to get information on
the possible spatial and energy dependence of DOS near the Fermi
level of a-SC has been carried out trough a detailed investigation
of a-Nb,Os passive films anodically grown. The choice of a-Nb,Os
was dictated by its long term stability in aqueous solution of vari-
able pH and by the fact that anodic film of Nb,Os are amorphous
and easily prepared in a wide range of film thickness, from few to
hundredths of nanometers. These aspects make a-Nb,Os an ideal
candidate for testing any proposed model of a-SC/electrolyte junc-
tion. From such studies it comes out the importance of the choice
of the equivalent circuit to be used to subtract from the measured
admittance the components of the admittance depending on the
electrochemical reactions at the a-SC/electrolyte interface by in-
cluding also the presence of intrinsic surface states which could
result from the amorphous nature of the material (see Fig. 8).

ZSC

Zel GSS

CPE
R,
Rel CSS
-— AN

GSC
| |
, ]
CSC

Figure 8. Equivalent electrical circuit of an a-SC/electrolyte interface, considering
the contribution of an electrochemical reaction occurring through electrons/holes
exchange with the surface states.
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Figure 9. DOS distribution for a-Nb,Os obtained from Eq. (36) as function of the
position inside the passive film at different frequencies. Reprinted from F. Di
Quarto, F. La Mantia, and M. Santamaria, “Physicochemical characterization of
passive films on niobium by admittance and electrochemical impedance spectros-
copy studies.” Electrochim. Acta 50 (2005) 5090, Copyright (2005) with permis-
sion from Elsevier.

Moreover it came out that in order to fit the EIS spectra of the
junction in the overall investigated range of frequency (0.1 Hz—
100 kHz) as well the two components—C,(®,), G,(®,y)—of the
admittance curves in a wide range of frequencies (10 Hz—10 kHz)
and electrode potentials (~ 5 V) a DOS distribution slightly chang-
ing with energy and along the spatial coordinate was necessary
(see Fig. 9 and 10).

As for the spatial dependence of DOS a fitting of the admit-
tance curves, Csc(®, W¥s) and Gso(m, Ys), at different frequencies
(10 Hz < £ < 10 kHz), was carried out”®’ by using Eqs. (33) and
(34) modified as:

1 1
B fo 35
Csc (v, ysc,0) Clyge,o) (x(wsc)) (35)

GsclxWse. 0) =Gy e, 0)ge(x(wsc)) (36)
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where fi,(x(ys)) and g, (x(\ys)) are respectively two different trial
functions depending only on the electrode potential but changing
with employed frequency. The term multiplying the two trial func-
tions can be considered as coincident with the expression of (Csc)
" and Ggc in absence of spatial variation in DOS (homogeneous
film) but averaged in energy (M(E) = N,,).

By using the spectroscopic character of the conductance in a-
SC Schottky barrier,’”® the DOS at xc, N(Er—eyc), was obtained
by using the following equation:”

2 Gse(Wse,o)/o

N(Ep -[ehyc )= T Coolyoen0) fo(x(Wsc))C(w.0)
EF
x IN(E)dE 37)
EF_‘E‘\VC

and by substituting to the integral the term ey.N,,. As first ap-
proximation for N,, that one derived from the fitting of Cgc at the
same ® and xc have been chosen. As mentioned in previous
work,”*?7 the choice of the other fitting parameters U, Yo We)
could be carried out through an educated guess procedure by tak-
ing into account that:

e as for the ¢ parameter the constraint of a decrease of 0.06
eV for decade of frequency has to be introduced in the fit-
ting procedure. A check of the acceptability of the ¢
choice is the prediction of flattening of capacitance curves
at a frequency corresponding to Y= 0;

e in absence of further information the y, parameter can be
calculated by assuming an equal emission-capture time con-
stant for electrons and hole in the conduction and in valence
band (Eq. 32) and by using the measured mobility gap for
passive film (a mobility gap equal to 3.40 eV was used for
a-Nb205 ﬁlm),

e the Uy value derived from fitting the Csc(x, o, ys) and
Gsc(x, o, ys) curves should have to differ no more than
kgT/e volt.
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The DOS distribution in a-Nb,Os grown in different electro-
lytic solutions as a function of energy and distance from the
film/solution interface are reported in Fig. 10a. The results suggest
that the DOS in anodic film is changing with distance in energy
from the Fermi level but such a distribution of DOS is largely in-
dependent from the nature of the electrolytic solution®®”’ (see Fig.
10b). It was worth to note that almost coincident values of DOS, as
a function of the energy distance from the Fermi level, were de-
rived from EIS analysis and DA measurements thus confirming the
spectroscopic character of the admittance measurements as a func-
tion of the ac signal frequency. We like to stress that, at variance
with the simple M-S approach, in the frame of the theory of amor-
phous Schottky barrier the frequency dependence of the differen-
tial admittance curves is explicitly taken into account and the study
of such dependence is able to provide further information on the
DOS distribution in energy. As for the spatial dependence it seems
that a DOS distribution steadily increasing on going from the ox-
ide/electrolyte interface toward the metal/oxide interface is com-
patible with the experimental results. Such a finding seems quite
reasonable if it is assumed that the DOS distribution is related to
the anodizing process and in particular to some specific mobile
defects becoming frozen when the anodizing process is stopped.
An exact quantitative analysis of these aspects needs to solve the
problem of taking into account the effects of a finite film thickness
on the measured values of admittance particularly in the case of
thin films where the space charge region could reach the total film
thickness. However if carefully used the DA measurements can
provide useful information, also in a quantitative way, on the elec-
tronic structure of passive film beside the ordinary estimate of the
flat band potential which in dubious cases should be confirmed by
other technique like photocurrent spectroscopy (see below). This
last technique in presence of insulating passive film is a possible
route to the estimation of the flat band potential of the passive
film/electrolyte junction and a complementary way to get informa-
tion on the solid-state properties of passive film as will be dis-
cussed in the next Section.
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III. PHOTOCURRENT SPECTROSCOPY IN PASSIVITY
STUDIES

The first experimental report on the interaction between light and
passive films on metal can be traced to the Becquerel’s study of
photoeffects at metal-electrolyte interface dating back to the first
half of 19™ century.” Earlier studies on photoelectrochemical be-
havior of oxidized metals were summarized in a review of the ini-
tial 1940s'™ but the beginning of photoelectrochemical science is
marked by the work of Brattain and Garret in the mid-1950."
However, the first attempt to use photoelectrochemical technique
in passivity studies dates more recently to the end of 1960s when
Oshe and Rozenfeld'”' proposed to characterize the nature of pas-
sive films on metals and alloys by using a photopotential method
initially proposed by Williams'* for bulk semiconductors. Some
applications of such a method in passivity studies can be find in
Refs. [103, 104] and in references therein. The inadequacy of Oshe
and Rozenfeld’s method in  characterising complex
metal/oxide/electrolyte interfaces was initially evidenced by
Hackerman et al.'” This fact and the onset of more refined theo-
ries of photocurrent generation at illuminated semiconduc-
tor/electrolyte interface in the mid-1970s'""'"” made obsolete the
Oshe and Rozenfeld’s method of characterisation of passive
metal/electrolyte interface. In fact, as a result of an intensive re-
search effort on the photoelectrochemical behavior of semiconduc-
tor electrodes, aimed to harvest solar energy by photoelectro-
chemical solar cells, different electrochemical techniques started to
be exploited as analytical tools for in situ characterisation of semi-
conductor/electrolyte (SC/El) interface.'” "'’ 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 behavior could be scrutinised by us-
ing the same techniques used for studying SC/El interface.””*°

It is worth to note that photoelectrochemical techniques were
practically absent in the passivity meeting held in Airlie’ but they
gained importance since the fifth Symposium on Passivity of Met-
als and Semiconductors held in 1983.* Since this last symposium
PCS technique became a constant presence at passivity meetings
and workshops around the world. This is due to the fact that PCS
is able to provide information on:
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(1) the energetics at the metal/passive-film/electrolyte inter-
faces (flat band potential determination, conduction and va-
lence band edges location, internal photo-emission thresh-
olds);

(2) the electronic structure and indirectly (through the optical
band gap values) chemical composition of passive films in
situ and under controlled potential in long lasting experi-
ments.

With respect to other optical techniques PCS offers the further
advantage that the photocurrent response of the passive film is
directly related to the amount of absorbed photons. This means
that the technique is not demanding in terms of surface finishing so
allowing the monitoring of long lasting corrosion processes, where
changes of surface reflectivity are expected owing to possible
roughening of metal surfaces covered by corrosion products. As
for the risk of electrode modifications under illumination, it can be
minimised by improving the sensitivity of the signal detection by
using a lock-in amplifier, coupled to a mechanical light chopper,
which allows scrutinizing very thin films (1-2 nm thick) also un-
der relatively low intensity photon irradiation. More details on the
use of Lock-in technique to measure photocurrent signal can be
found in Refs. [39, 40] and references therein. PCS presents limita-
tions owing to the following aspects:

(1) the technique is able to scrutinize only photoactive passive
films and corrosion layers;

(2) the investigation of surface layers having optical band gap
lower than 1.0 eV or larger than 5.5 eV requires special set-
up or they are experimentally not accessible in aqueous so-
lutions;

(3) structural information and chemical composition of the lay-
ers are not accessible directly and complementary investiga-
tion based on other techniques can be required.

The first two limitations are rather apparent than real. With the
exception of noble metals (Ir, Ru, etc.) which are covered by con-
ducting oxides only at high electrode potentials, most of metals are
thermodynamically unstable by immersion in aqueous solution,
and they become covered by oxide or hydroxide films having often
insulating or semiconducting properties. Moreover, with the ex-
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ception of very few oxides grown on metals of lower electronega-
tivity, the most common base metal oxides have band gap values
largely lying within the optical window experimentally accessible
by PCS.**%

The third limitation is the principal one but it has been shown
by different authors in the last years that PCS can provide indi-
rectly compositional information once some interpretative model
of the photo-electrochemical behavior of passive film/electrolyte
interface is introduced which accounts also for the complex elec-
tronic structure of amorphous materials.*> >’ Complementary in-
formation accessible by other in situ and ex situ techniques can
help this task and may be unavoidable for very complex systems
(see below). The aim of this Section is to:

(a) provide a general interpretative framework of the photoelec-
trochemical behavior of passive metal electrodes by dis-
cussing some features which are related to the extreme thin-
ness and/or amorphous nature of the passivating layers;

(b) highlight the more recent quantitative use of PCS for char-
acterising the chemical nature of passive films and corro-
sion layers.

A very short theoretical background on the photoelectrochem-
istry of crystalline semiconductors will be provided for readers not
acquainted to the subject, in order to evidence the differences be-
tween the photoelectrochemical behavior of passive films and bulk
crystalline semiconductors. More extensive and detailed introduc-
tion to the principles of photoelectrochemistry of semiconductors
can be found in classical books and workshop discussions pub-
lished on the subject.'**'#**%19%%1% Theoretical interpretations of
the experimental results will be presented on the basis of simple
models developed initially for passive films grown on valve-
metals (Al, Ta, Zr, Nb, Ti, W) and their alloys. In order to show
the ability of PCS to scrutinise also complex systems we will dis-
cuss some results pertaining to passive films grown on base metals
and alloys (Fe, Cr, Ni, stainless steels, Mg). Moreover recent re-
sults of a quantitative use of PCS for the chemical characterization
of passive films on metallic alloys and conversion coatings will be
presented.
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1. Semiconductor/Electrolyte Junctions under Illumination:
the Gértner-Butler Model

The modelling of photocurrent vs. potential curves at fixed irradi-
ating wavelength (photocharacteristics) for a crystalline SC/EIl
junction has been carried out by several authors.'”"''""''"* starting
from the seminal paper of Girtner'"> on the behavior of illumi-
nated solid state Schottky barrier.

In Fig. 11 the absorption process of incident light in the bulk
of a SC is sketched: ®, (in cm * s ') is the photon flux entering the

NN
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Figure 11. Schematic representation of a crystalline n-type
SC/El interface under illumination, showing the electron-hole
pair generation (a) and the change of light intensity due to the
absorption process within the semiconductor (b).
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semiconductor (corrected for the reflections losses at the SC/El
interface), which is absorbed following the Lambert-Beer law. The
number of electron-hole pairs generated per second and unit vol-
ume at any distance from the SC surface, g(x), is given by:

gx)=dyoe™ (38)

where o (in cm "), the light absorption coefficient of the semicon-
ductor, is a function of the impinging wavelength. It is assumed
that each absorbed photon, having energy 4 v > E, originates a free
electron-hole couple. In the Gértner-Butler model the total photo-
current collected in the external circuit is calculated as sum of two
terms: a migration term, /qq, and a diffusion term, yg. The first
one takes into account the contribution of the minority carriers
generated into the space-charge region; the second one accounts
for the minority carriers entering the edge of the space-charge re-
gion from the bulk field free region (x > Xy¢) of SC. No light re-
flection at the rear interface is assumed, so that all the entering
light is absorbed within the SC. Moreover, it is assumed that mi-
nority carriers generated in the space- charge region of the SC do
not recombine at all, owing to the presence of an electric field
which separates efficiently the photogenerated carriers. The same
assumption is made for the minority carriers arriving at the deple-
tion edge from the bulk region of the SC. In order to calculate /g,
Girtner solved the transport equation for minority carriers, which
for a n-type SC is:

2
P _p, LD _P=po 39

dt P a?

with the boundary conditions: p = p, for x—o and p = 0 for x =
Xsc. In Eq. (39), p is the hole concentration under illumination, pj
the equilibrium concentration of hole in the bulk of the (not illu-
minated) SC and D, the diffusion coefficient of the holes. The zero
value for p at the boundary of the depletion region comes out from
the previous assumption that all the holes generated into the space-
charge region are swept away without recombining. According to
Girtner, for the total photocurrent we can write:
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X dp(x
Ton =Largn + Lay = e, g(x)dx+er[ - (x)

} (40)
X dx=x

—sc

where e is the absolute value of the electronic charge. By solving
Eq. (39) in the steady-state approximation for getting out the dis-
tribution of holes in the field free region, and by substituting Eq.
(38) for g(x) in the integral of the drift term, we get finally the
Girtner equation for a n-type semiconductor:' "

exp( —aX D
Ly = e @ [1- S5O gy Z0 (1)
l+al, L,
where L, is the hole diffusion length. The same equation holds for
p-type SCs, with D, and L, (electron diffusion coefficient and dif-
fusion length, respectively) instead of D, and L, and n, (electrons
equilibrium concentration) instead of py.

2. PCS Location of Uy, and E,; Determination in
c-Semiconductor/Electrolyte Junction

For wide band gap SCs, where the concentration of minority carri-
ers into the bulk is very small, Eq. (41) can be further simplified
by neglecting the last term. In this case, by using also Eq. (5) for
Xsc, Butler derived the following expression for the photocurrent
at a crystalline SC/El junction:'”’

/ kT
exp( —aX §¢ [ADsc ——)
Iy =ed|l- ¢

1+aLp (42)

In this equation, X’ represents the space-charge width into
the SC electrode at 1 V of band bending, and ADgc = (Up — Up). It
is easy to show'" that if olXge << 1 (slightly absorbed light) and

oL, << 1 (small diffusion length for minority carriers), the photo-
current crossing the n-type SC/El interface can be rewritten as:
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1/2
Iphzeq)o(xch (Ue—Uﬂ?—ij\J (43)

Equation (43) foresees a quadratic dependence of the photo-
current on the electrode potential, which can be used for getting
out the flat band potential of the junction. In fact, by neglecting the
term kT/e, a plot of (Ip;,)2 vs. U should intercepts the voltage axis
at the flat band potential, Uy, regardless the employed A as long as
0X5c << 1 condition is obeyed. Apart from the initial assumption
of Gértner of an ideal Schottky barrier, we have to mention that
several hypotheses underlie to the use of Eqgs. (41)—(43) for inter-
preting photoelectrochemical data. Other authors have introduced
the possible existence of a kinetic control at the SC surface or
within the space charge region''"""*""*!'7 showing that:

(a) in presence of strong surface recombination effects the on-
set photocurrent may occur at much higher band bending
than that foreseen by the Girtner-Butler equation;'"!

(b) a square root dependence of the photocurrent on the elec-
trode potential is still compatible with the existence of some
mechanism of recombination (first order kinetics) within the
space charge region,'"” so that the determination of the flat
band potential from the square of the photocurrent vs. elec-
trode potential plot must be taken with some caution.

According to this it is possible to write a generalized Gartner-
Butler equation for the photocurrent at illuminated crystalline
SC/EI junction as :

1/2
S 0 kT
I,=—l X’ |U; — U, —= 44
ph S, +8, 0 sc( E b ej (44)

In the previous equation the S, /(S; + S,) term accounts for the
ratio between the minority carriers transfer reaction rate, S,, and
total recombination rate S,. At high band bending such a ratio goes
to 1 so that in presence of low recombination rate the onset photo-
current potential, U*, could provide a close estimate of the flat
band potential''®. This last value is expected to be coincident or
more anodic (cathodic) than Uj, of n-type (p-type) SC/El junction.
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These aspects must be carefully considered when the photocurrent
vs. potential curves are used for deriving the flat band potential of
SC/E] junctions, especially in the case of corrosion layers which
are far from the ideal behavior of crystalline semiconductors pre-
viously assumed. Finally we have to remark that all previous equa-
tions pertain to the steady-state values of the dc photocurrent. The
equations derived for steady-state remain valid also for chopped
conditions provided that the lock-in measured signal remains pro-
portional to the steady-state chopped value.*’

A second important aspect embodied in Eq. (44) is the direct
proportionality between the measured photocurrent and the light
absorption coefficient. By considering that in the vicinity of the
optical absorption threshold of the SC,*' the relationship between
the absorption coefficient and optical band gap of material, £, can
be written as:

)"

o=d4—8 /1
. (45)

it is possible to derive the following expression:

om= (w-£g'|"? (X.?c

U, —Uﬂ,‘) (46)

0O = (I,,)/e®, represents the photocurrent collection efficiency and
EZ" the optical threshold for the onset of photocurrent at the illu-

minated electrode. Eq. (46) shows that, at constant electrode po-
tential, it is possible to get the optical band gap of the material
from the dependence of the photocurrent on the wavelength
(shortly referred as the photocurrent spectrum of the junction) of
incident light at constant photon flux. In fact by plotting (Qhv)>"
vs. hv at constant electrode potential (Ug — Uy, = const.) we get a
characteristic photon energy hvo= E" . For an ideal SC/El junc-

tion E coincides with the minimum distance in energy between

the filled states of VB and empty states of CB (band gap, E,) and n
can assume different values depending on the nature of the optical
transitions between states of the VB and states of the CB.
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Optical transitions at energies near the band gap of a crystal-
line material may be direct or indirect. In the first case no interven-
tion of other particles is required, apart the incident photon and the
electron of the VB; in the second case the optical transition is as-
sisted by the intervention of lattice vibrations. By assuming a
parabolic electronic density of states distribution, DOS, (M(E) o<
E") near the band edges, in the case of direct transitions n as-
sumes values equal to 1 or 3, depending on whether the optical
transitions are allowed or forbidden in the quantum mechanical
sense.”' In the case of indirect optical transitions the value of n in
Eq. (45) is equal to 4. It will be shown in the case of amorphous
materials that the measured optical band gap does not necessarily
coincides with the band gap of crystalline material but it can be
still related to the material composition and morphology.

3. Passive Film/Electrolyte Interface under Illumination

On going from crystalline thick SC electrodes to very thin insulat-
ing or semiconducting corrosion films on metals, new experimen-
tal features are observed which require the extension of previous
interpretative models and the introduction of new theoretical con-
cepts in order to account for novel results not observed for crystal-
line bulk materials. In the following we discuss the main differ-
ences in the optical properties of amorphous and crystalline mate-
rials”*? and how they can affect the photoelectrochemical behav-
ior and band gap values of passive films.

(i) Electronic Properties of Disordered Passive Films

The electronic properties of disordered passive films described
in previous Sections affect the generation and transport process of
photocarriers and then the photoelectrochemical answer of the a-
SC/EI junction. The main differences in the photocurrent response
of disordered thin films with respect to the case of bulk crystalline
semiconductors arise from the following facts:

(a) the optical band gap of an amorphous material may coincide
or not with that of the crystalline counterpart, depending on
the presence of different types of defects which can modify
the DOS distribution;
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(b) at variance with crystalline materials, the generation process
of free carriers by the absorption of photons having energy
equal or higher than the optical band gap of the film may
depend on the electric field, owing to the presence of initial
(geminate) recombination effects;

(c) the small thickness of passive film makes possible the opti-
cal excitation at the inner metal/film interface. This allows
injecting photocarriers from the underlying metal into the
VB or CB of thick film (internal photoemission), or directly
into the electrolyte (external photoemission) in the case of
very thin films (1-2 nm thick);

(d) the presence of reflecting metal/film and film/electrolyte in-
terfaces makes possible the onset of multiple reflections,
even for photons having energy higher than the optical ab-
sorption threshold. This fact originates interference effects
in the photocurrent vs. film thickness curves. This last as-
pect will be not treated here for brevity; but interested read-
ers can make use of previous published works.*** In the
following we derive an equation for the photocurrent in
amorphous SC and insulators by taking into account the in-
fluence of the amorphous nature on the electronic properties
of materials.

(ii) Amorphous Film/Electrolyte Junction under Illumination

Due to the low mobility of carriers in amorphous materials it
is reasonable to assume that a negligible contribution to the meas-
ured photocurrent arises from the field free region of the semicon-
ductor. In this case it is quite easy to derive an expression for the
migration term in the space-charge region of the a-SC, in a quite
similar way to that followed by Gértner but introducing also a re-
combination probability for the photocarriers generated in the
space charge region of the a-SC.

Like in the Butler model, we will assume the absence of ki-
netic control in the solution and a negligible recombination rate at
surface of the semiconductor. The limits of validity of such as-
sumption have been discussed previously for the case of crystalline
SC/EI junctions''? and they will not be repeated here. We will as-
sume also an efficiency of free carrier generation, TNg, position
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independent under illumination with light having energy higher
than the SC mobility gap.

Under steady-state conditions the recombination of photogen-
erated carriers in the space-charge region can be taken into account
by assuming that the probability of any carrier photogenerated at a
position x to leave the space-charge region is given by:'"’

P(x,F) = exp [_LLJ 47)
d

where F is the mean electric field in the space-charge region of
the a-SC and L is the drift length of the photocarriers ensemble in

the average field approximation, given by:
Ly =ptF (48)

W and T being the drift mobility and the lifetime of the photocarri-
ers, respectively. According to these equations and to the assump-
tions made, we can write:

X

Lo = L =M ge®g jocexp(— o )P(x, F)dx (49)
0

where @ is the photon flux corrected for the reflection at the elec-
trolyte/film interface, having assumed negligible reflections at the
film/metal interface, and n,, the efficiency of free carriers genera-
tion in presence of geminate recombination effects, is a function of

the thermalization distance, ro, and of F . By integration of Eq.
(49) we get:119

o Ld 1+ Ld
1,, =m, e®@, 1 - exp(—X X —J (50)
P & Ho Ly { I
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Figure 12. Photocurrent vs. potential curves at different A relating to an anodic
films grown to 4 V(SCE) on sputter-deposited Ti-10at.%Zr in 0.5 M H,SOs. Veean
=10 mV s and solution: 0.5 M H,SO..

An expression for the efficiency of free carriers generation,

Ne(70, F ), for amorphous materials was given by Pai and Enck.'*
This last expression shows that very low efficiency of free carriers
generation are expected at low electrical fields and thermalization
lengths ry i.e., at photon energy near the mobility gap.'*' This find-
ing could affect in some extent the measured optical band gap
value of amorphous anodic films.

According to Eq. (50) any dependence of /,, vs. Ug curves
(photocharacteristics) from the energy of incident photons must be
traced out to the dependence on energy and electric fields, and it
has been frequently observed in amorphous SC (refs), as shown in
Fig. 12 where we report the experimental photocurrent vs. poten-
tial curves at different A relating to an anodic films grown to 4
V(SCE) on sputter-deposited 90Ti-10Zr.'

We like to stress two aspects in the expression of the photo-
current in a-SC/El junction. The first one is that from Eq. (50) it
follows a direct proportionality between the photocurrent and the
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Figure 13. Photocurrent action spectrum recorded at +2 V(SCE) for a film grown
up to 4 V(SCE) on sputter-deposited Ti-42at.%Zr in 0.1 M ammonium pentaborate
electrolyte. Inset: determination of the optical band gap by assuming indirect transi-
tions. Reprinted from M. Santamaria, F. Di Quarto, and H. Habazaki, “Photocurrent
spectroscopy applied to the characterization of passive films on sputter-deposited
Ti—Zr alloys.” Corr. Sci. 50 (2008) 2012, Copyright (2008) with permission from
Elsevier.

absorption light coefficient for oL, >> 1 (no recombination) and
0Xsc << 1 (slightly absorbed light), as previously derived for crys-
talline materials (see Eq. 43). On the other hand for oL, <<1 still a
direct proportionality between /,;, and o, is assured by the fractional
term aL,/(1 + oL,). According to these considerations, we can still
assume for amorphous SCs a direct proportionality between the
photocurrent yield, O = I,,/e®,, and the light absorption coeffi-
cient, 0, in the vicinity of the absorption edge under constant elec-
trode potential. Like for crystalline materials, this allows to replace
o with the photocurrent yield in deriving the optical band gap of
amorphous semiconducting films from the photocurrent spectra
(see Fig. 13).

A second aspect we like to stress is that Eq. (50) contains as a
particular case the expression of the photocurrent for an amor-
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Figure 14. Fitting of the photocurrent vs. potential curves of Figure 12.

phous insulator/electrolyte junction after substitution of the film
length, d; to the space charge region Xgc. According to this we can
write for insulating film/electrolyte junction the relationship:

oLy I+aly
Ly = e®) ng— |1 — exp| —d, ——L 51
=0 e e L, { P ( I, H eh

The usual expression for the mean electric field in insulator F,, =
(Ug — Up)/drholds in absence of trapping phenomena.””'** In both
cases the variation of the efficiency of generation with the electric
field and photons energy, through 7, can account for changes in

Egp " values measured at different electrode potentials as well as

for the dependence from the incident photon energy of the photo-
current vs. potential curves. This last aspect has been deeply dis-
cussed both for semiconducting (a-WO; and a-Ti0,) and insulating
(a-Ta,05) anodic films in previous works.*”'*"'** In Fig. 14 we
report the fitting curves of experimental data for films grown to 4
V(SCE) on 90Ti-10Zr. The details of fitting procedure can be
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found in Ref. [122]; here we have to mention that the flat band
potential can now be derived as a fitting parameter of the photo
characteristics.

@iii)  Optical Gap in Amorphous Materials

It was previously mentioned that optical transitions at energies
near the band gap of a crystalline material may be direct (allowed
or forbidden) or indirect. In the case of amorphous materials, ow-
ing to the relaxation of the k-conservation selection rule:

“no intervention of phonons is invoked to con-
serve momentum and all energy required is pro-
vided by the incident photons.”!

By assuming again a parabolic DOS distribution in the vicin-
ity of the mobility edges of both the conduction and valence band
(above E¢ and below Ej, with reference to Fig. 3) it has been
shown® that for amorphous materials the following relationship
holds:

ohv = const (hv— Eg)z (52)

where E;' = Ec— Ey is now the mobility gap of the a-SC (see Fig.

3). The exponent 2 is reminiscent of the indirect optical transitions
in crystalline material but now photons interact with the solid as a
whole: this type of transition in amorphous materials is termed
non-direct. Because some tailing of states is theoretically foreseen

for a-SC by any proposed model of DOS, Eg represents an ex-

trapolated rather then a real zero in the density of states. On the
other hand in presence of a DOS distribution varying linearly with
energy in the ranges Ec — E, and Ep — Ey of Fig. 3D, it is possible
to get for the absorption coefficient® of amorphous material the
following relationship:

ohv = const (hv - Egpt)z (53)
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where Eg” " now represents the difference of energy (E,— Ej) or

(Ec — Ep) in Fig. 3b, whichever is smaller, whilst the constant as-
sumes values close to 10° eV 'cm™'. The range of energy in which
Eq. (53) should be valid is in the order of 0.4 eV or less.*' In order
to distinguish between these two different models of optical transi-
tions, both giving a similar dependence of absorption coefficient
on the photon energy, we will refer to the first one as the Tauc’s
approximation and to the second one as the Mott-Davis approxi-
mation. From the first one we derive an estimation of the mobility
gap and from the second one the optical gap of amorphous materi-
als. If (ah)*? vs. hv plots display a linear region larger than 0.4
eV it seems more correct to interpret the data on the basis of the
Tauc’s model of optical transitions. The coexistence of both types
of transitions has been reported for thin anodic films grown on
niobium,'? with the presence of a mobility gap in the order of 3.5
eV in the high photon energy range extending around 1 eV and an
optical gap (in the Mott’s sense) of about 3.05 eV.

In the case of anodic films on valve-metals, an exponential
decrease in the photocurrent yield (Urbach tail) as a function of
photon energy is frequently observed at photon energies lower
than the mobility gap. A possible origin of such dependence can be
attributed to a variation of the light absorption coefficient accord-
ing to the following law:

o =0y exp(— v Eo th (54)
kt

with y and o, constant. This relationship, which has been found to
hold also for crystalline materials, has been rationalized in the case
of a-SCs by assuming an exponential distribution of localized
states in the band edge tails.'*® In this case E, marks the energy
where Ina vs hv (Urbach plot) ceases to be linear. This value fre-
quently coincides with the mobility gap value determined accord-
ing to Eq. (52).

A typical example is reported in Fig. 15 for the anodic film of

Fig. 13: the value of E;", equal to about 3.75 eV, is in good
agreement with the value of £, (= 3.85 eV) derived form the Ur-
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Figure 15. Urbach plot relating to the anodic film of Figure 13.
Reprinted from M. Santamaria, F. Di Quarto, and H. Habazaki,
“Photocurrent spectroscopy applied to the characterization of pas-
sive films on sputter-deposited Ti—Zr alloys.” Corr. Sci. 50 (2008)
2012, Copyright (2008) with permission from Elsevier.

bach plot. Other explanations have been suggested for this behav-
ior in the case of crystalline materials.*' At very low absorption
levels, a second exponential part in the Urbach plot (weak absorp-
tion tail, B in Fig. 15¢) can be frequently observed. Such behavior
has been interpreted by assuming a dependence of the light absorp-
tion coefficient on energy according to the following relationship:

o o< exp(%} (55)

t

where the energy parameter E, is always larger than £,."*” This part
of the log o vs. hv plot is not as well reproducible as that at higher
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energy due the high structure sensitivity of the light absorption
coefficient in this energy range.'”’

In agreement with a general statement reported in Ref. [81], it
has been suggested’” * that, in absence of appreciable differences
in short range order of amorphous and crystalline counterparts, the
mobility gap of amorphous anodic films should be equal or larger
than the band gap of the crystalline counterpart. Such a difference
in optical band gap value can be assumed as a measure of the in-
fluence of lattice disorder on optical gap of the films.

In Table 1 we report the mobility gap and band gap values of
some passive films grown on valve metals. The difference

AE,, =(Eg —Eg™") in the range of 0.1 —0.35 eV, is in agree-

ment with the expected extension of the localized states regions
near the band edges due to the lattice disorder.®' Values of E, (see

Eq. 54) nearly coincident with the mobility gap, E g , have been

Table 1
Measured Optical Gap, E ;," for Passive Films on Pure Metals
Compared with the Band Gap of the Crystalline Counterpart,
ESt | AE,,, is the Difference Between E ¢ and Ez,ry st

g
Phase m ryst AE,,
Eg Eg”
(eV) (V) (eV)
710, 4.70~4.80"7 450° 0.20~0.30
Ta,0s5 3.95~4.05" 3.85¢° 0.10~0.20
Nb,Os 3.30~3.40'7 3.15° 0.15~0.25
TiO, 3.20~3.35° 3.05 (rutile)® 0.15~0.20
3.20 (anatase) *
WO; 2.95~3.15"7 2.75' 0.20~0.40
MoO; 2.95~3.10" 2.90'# 0.05~0.20
Cr,0; 3.30~3.55'Y 3.30' 0.0~0.25
NiO 3.431% 3.45~3.55'%7 0
Cu,0 1.86" 1.86" 0
Fe,0; 1.90~1.95" 1.90' 0~0.05
Feo‘z5Ti0.7501_g75 2.95137 2.80° 0.15
Feo.1Tipo01.05 3.15'% 3.00° 0.15

“Estimated from the corresponding crystalline phases according to Egs. (60a) and

(61).
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frequently derived for passive films on valve metals. It seems quite
reasonable to suggest, for such a class of amorphous materials, a
band model similar to that shown in Fig. 3b with an exponentially
decreasing DOS in the mobility gap of the films at energies lying
below E. and/or above Ej. A mobility gap of passive film lower
than the band gap of the crystalline counterpart must be interpreted
as an indication that differences are present in the short-range or-
der of the two phases. A different short-range order can imply the
formation of a defective structure, with a high density of localized
states within the mobility gap as well as changes in the density of
the passive film, which is known to affect also the value of the
optical gap in amorphous materials.”” ' The experimental findings
on passive films and corrosion layers suggest that large differences
in optical gap values, between amorphous and crystalline counter-
parts, should be traced out to a different chemical environment
around the metallic cation or to the presence of large amount of
defects within the passive films, originating electronic states
within the mobility gap. A remarkable case is reported in Ref.
[128], where the incorporation of organic species into anodic
films, grown on electropolished Al samples in tartrate containing
solution, originated a DOS distribution within the band gap of a-
Al,Os5 so allowing the onset of anodic photocurrent at photon ener-
gies (hv = 3.0 eV) well below the band gap of Al,O5 (£, > 6.30
eV).

(iv)  Photoemission Phenomena at the Metal/Passive Film
Interface

In this Section we discuss the role of the inner metal/film in-
terface in the generation processes of photocarriers for thin and
thick passive films. In presence of thin passive films it is possible
that under illumination a large fraction of photons impinging the
film/solution interface arrive at the metal/film interface, by excit-
ing metal electrons to higher energy levels and leaving vacant
states below the Fermi level of the metal. The fate of the excited
states into the metal depends on the occurrence of different physi-
cal deactivation processes at this interface. Apart the thermal deac-
tivation by scattering of excited electrons with the lattice vibra-
tions, photoemission phenomena of excited photocarriers can be
observed. In the case of very thin passive films (d,, < 2 nm) exter-
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nal (into the electrolytic solution) photoemission processes become
possible by tunnelling of excited electrons or holes at the metal
surface throughout the film. A hole photoemission process has
been suggested in the case of a gold electrode covered with a very
thin oxide."” The photoemission of electrons directly from the
metal to the ground state of liquid water has been observed more
frequently through very thin oxide films covering metals."*"**
When such an external photoemission process occurs, in absence
of diffuse double layer effects or large adsorbed molecules, it is
possible to write for the emission photocurrent the so-called five
half (5/2) power law, which gives the dependence of photocurrent
from photon energy and electrode potential as:*4%!3%134

Ly = const.(hv — hvy — | e| Up)™? (563)

where Uy is the electrode potential measured with respect to a ref-
erence electrode, hvy is the photoelectric threshold at zero elec-
trode potential (changing with reference electrode) and hv is the
photon energy in eV. At constant potential the photocurrent yield
can be expressed as:

0" = const.(hv —E,;) (56b)

where E;, = hvgy + | e | Uy is the measured photoemission threshold,
dependent on the imposed electrode potential. It follows that a
change in the photoemission threshold vs. potential of 1 eV/V is
expected. By assuming that the electron photoemission process
occurs from the metal Fermi level to the bottom of the conduction

band"** of solvent, ESColvem , this last level can be estimated (with
respect to the vacuum) according to the equation:

Epens = En— el Ustrep)-le| Ug ofvac) (57)
where £, is the photocurrent emission threshold calculated accord-
ing to Eq. (56b), Uy is the electrode potential with respect to a ref-
erence electrode, and Ug,.(vac) is the reference electrode potential
with respect to the vacuum. A value of 4.60 V has been assumed

on the vacuum scale for the NHE according to different authors.
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Figure 16. Photocurrent spectrum relating to Mg after mechanical treatment re-
corded by polarizing the electrode at - 1.94 V (MSE) in 0.1 M Na,SO, (pH =
6.15). Inset: estimate of the external photoemission threshold. Reprinted from M.
Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial surface film on mag-
nesium metal: A characterization by X-ray photoelectron spectroscopy (XPS)
and photocurrent spectroscopy (PCS).” Electrochim. Acta 53 (2008) 1314, Copy-
right (2007) with permission from Elsevier.

Figure 16 shows the photocurrent spectrum, in the long wave-
lengths region, recorded at constant potential Uz = —1.94 V(MSE)
(more cathodic than the respective Upc potential), for a freshly
prepared mechanically cleaned Mg electrode (MTE) at pH = 6.15,
from which an external photoemission threshold of 2.35 eV was
estimated (see inset)'*. At very close electrode potential (~1.97 <
Ur < -1.84 V(MSE)) an almost identical photoemission threshold
was measured for MTE Mg electrodes in a wide range of solution
pH (6 < pH < 14), allowing to estimate an almost constant £ o=
—1 eV (see Fig. 17). This value agrees quite well with previously
reported value (—1 £ 0.1 gV) 340133136

The same photoemission processes can operate in organic sol-
vent, as shown in Fig. 18, where we report the cathodic photocur-
rent spectra of MTE Mg electrode recorded at - 2.4 V(SCE) in 0.1
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Figure 17. Estimated energy levels of water conduction band from external photo-
emission data relating to Mg after mechanical treatment as a function of solution
pH. Reprinted from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial
surface film on magnesium metal: A characterization by X-ray photoelectron spec-
troscopy (XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53
(2008) 1314, Copyright (2007) with permission from Elsevier.

M LiCIO; in propylene carbonate electrolyte. As evidenced in the
figures (see inset) the photocurrent yield plotted according to the
5/2 law (see Eq. 56) gives an onset photocurrent threshold value of
~ 1.8 eV. The threshold values are reported as a function of Ug in
Fig. 19. A slope of ~ 1 eV/V was derived, in agreement with the
theoretical expectation.”** It is interesting to mention that the
(Ip,,)o‘4 vs. Ug plots at different wavelengths (A = 450, 400 nm) (see
Fig. 20) showed a zero photocurrent potential value which shifted
with photon energy (about 1 V/eV) as foreseen from the theory
(see Eq. 56)."**

The data of Fig. 19 and 20 allow to locate the bottom of the
conduction band of the organic solvent (or the energy level of pho-
toemitted electron in propylene carbonate) by subtracting to the
photoemission threshold (4.15 eV), at zero electrode potential, the
Fermi energy level of SCE measured with respect to the vacuum
(—4.84 ¢eV). It came out that the bottom of the conduction band of
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Figure 18. Photocurrent spectrum relating to Mg after mechanical treatment re-
corded by polarizing the electrode at - 2.40 V(SCE) in 0.1 M LiClO, propylene
carbonate electrolyte. Inset: estimate of the external photoemission threshold. Re-
printed from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial surface
film on magnesium metal: A characterization by X-ray photoelectron spectroscopy
(XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53 (2008) 1314,
Copyright (2007) with permission from Elsevier.

propylene carbonate is located at about —0.7 eV with respect to the
vacuum. Such a value incorporates an uncertainty on the potential
drop at the organic solvent/SCE junction. However the value de-
rived for the conduction band bottom edge of propylene carbonate
compares quite well with corresponding values reported in Ref.
[134] for other organic solvents and it allows to get an estimate for
the Volta potential difference (= —0.3 V) between Mg and propyl-
ene carbonate at zero charge.

In the case of thicker films (dyyx = 5 nm), where the external
photoemission processes are forbidden, the possibility of an inter-
nal photoemission process due to the injection of photoexcited
electrons (or holes) from the metal into the CB (or VB) of the pas-
sive film must be considered. In such a case the internal photocur-
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Figure 19. External photoemission threshold as a function of
electrode potential relating to Mg after mechanical treatment.
Sol: 0.1 M LiClO, in propylene carbonate. Reprinted from M.
Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial sur-
face film on magnesium metal: A characterization by X-ray pho-
toelectron spectroscopy (XPS) and photocurrent spectroscopy
(PCS).” Electrochim. Acta 53 (2008) 1314, Copyright (2007)
with permission from Elsevier.

rent emission varies with the photon energy according to the so-

called Fowler photoemission law:

0= const (hv - E,, )2

134

(58)

where Ey is the internal photoemission threshold energy, which
can be obtained from a plot of OQ" vs. the photon energy, hv, at
constant photon flux. This threshold is a measure of the distance in
energy between the Fermi level of the metal and the CB (electron
photoemission) or VB (hole photoemission) edge of the film. The
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Figure 20. (I,,)** vs. Ug plots for mechanical treated Mg, recorded by scanning
the electrode potential at 10 mV s. Sol: 0.1 M LiClO, in propylene carbonate.
Reprinted from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial
surface film on magnesium metal: A characterization by X-ray photoelectron
spectroscopy (XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53
(2008) 1314, Copyright (2007) with permission from Elsevier.

occurrence of electron or hole internal photoemission in the case
of insulating films is established by the direction of the electric
field, and in turn by the electrode potential value with respect to
the photocurrent sign inversion potential. In absence of trapping
effects, the inversion photocurrent potential can be used to deter-
mine the flat band potential of insulating passive films. In the case
of insulating anodic films on valve-metals internal electron photo-
emission processes are usually observed under cathodic polariza-
tion and under illumination with photons having energy lower than
the optical band gap of the film."**'*? In Fig. 21 we report the de-
termination of the internal photoemission threshold for a passive
film grown on Mg metal after mechanical treatment and immer-
sion in 0.1 M NaOH at 80°C for 1 h, recorded by polarizing the
electrode at —1.53 V(MSE) in 0.1 M NaOH at room temperature.
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Figure 21. Photocurrent spectrum relating to Mg after mechanical treatment and
immersion in 0.1 M NaOH at 80°C for 1 h, recorded by polarizing the electrode
at - 1.93 V(MSE) in 0.1 M NaOH at room temperature. Inset: estimate of the
Fowler photoemission threshold. Reprinted from M. Santamaria, F. Di Quarto, S.
Zanna, and P. Marcus, “Initial surface film on magnesium metal: A characteriza-
tion by X-ray photoelectron spectroscopy (XPS) and photocurrent spectroscopy
(PCS).” Electrochim. Acta 53 (2008) 1314, Copyright (2007) with permission
from Elsevier.

It is interesting to stress that the thickening of the film grown
in alkaline solution at high temperature hinders the direct photo-
emission process of electrons into the electrolyte observed for the
same metal after scraping. In the case of semiconducting films no
evidence of internal photoemission process is expected, owing to
the absence of any electric field at the metal/film interface, as long
as the space charge region of the SC is less than the film thickness.
The knowledge of the internal photoemission thresholds allow to
locate the energy level of the conduction band of the oxide films
with respect to the Fermi level of the underlying metal, once the
work function of the metal is known. In Table 2 the internal
thresholds for cathodic photoemission of a series of insulating ox-
ide films grown on different valve-metals have been reported.
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Table 2
Threshold Energy Values Derived from the Fowler Plots for
the Internal Photoemission Process at the Metal/Passive Film
Interface. The Uncertainty is of £ 0.1 eV.

Interface F
By,
(V)
Y/Y,0; 2.10%
Bi/Bi,0; 1.40%
Pb/PbO 1.00%
Z1/Z10, 1.80%14¢
Hf/HfO, 2.15%17
AV/ALO; 2.00%
Ta/Ta,0s 1.50%
Mg/Mg(OH), 2.15'%
anodic oxide on Mo-79at.%Ta 1.75%144
anodic oxide on Al-34at.%Ta 1.53%143
anodic oxide on Al- 25at.%Nb 2.25¢
anodic oxide on Al- 44at.%Hf 2.40¢
anodic oxide on Al- 34at.%Hf 2.48¢

“Unpublished data.

4. Band Gap and Oxide Film Composition

(i) Binary Crystalline Oxides

In spite of the relevant information on the structure of the pas-
sive film/electrolyte junctions obtainable by PCS a more wide-
spread use of this technique in corrosion studies has been ham-
pered by the lack of a viable theory which relates the measured E,
values to the passive film composition. In general terms such a
task is a very challenge one, also for advanced theoretical methods
based on quantum mechanical calculations. It is within the aims of
this chapter to show that it is possible to relate the band gap values
of numerous oxides to their composition by means of a semi-
empirical approach. In a previous work'”’ it has been shown that
such a task could be accomplished by proposing the following
general correlation between the band gap of crystalline oxides and
the difference of electronegativity of their constituents:

Eg=2[Ei (- Xo)’ + E] (59
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where according to Phillips'*® E; is the extra-ionic energy unit or-
bitally dependent, assumed “to vary with hybridisation configura-
tion, i.e., with different atomic co-ordination in different crystal
structures.” x,, and Yo are the electronegativities of metal and oxy-
gen respectively. By plotting the band gap values of numerous
oxides as a function of (), — %o)* it comes out that the proposed
correlation was able to provide:

(a) apart few exceptions (see below), two clearly separated in-
terpolating lines were found for sp-metal and d-metal ox-
ides, according to the following equations:

d-metal oxide:  Eg=1.35(n — o) —1.49 ineV (60a)
sp-metal oxide:  E,=2.17()— Yoy —2.71 ineV (60b)

(b) a better fitting of the experimental data with respect to pre-
vious proposed correlation as evidenced by the higher cor-
relation coefficient values.

From the d-metal correlation it follows that metallic oxides
(E, = 0) are expected to form on metals having Pauling’s electro-
negativity value around 2.45 in agreement with the common ex-
perience that noble metal oxides at higher oxidation states (RuO,,
IrO, notably) usually display metallic conductivity. From a practi-
cal point of view two more aspects are interesting for corrosion
studies:

(a) in this correlation NiO stays neatly on the sp-metal oxides
interpolating line, whilst Cr,03, FeO, Fe,0;, Cu,0 and CuO
are well interpolated as d-metal oxides;

(b) three non transitional-metal oxides (PbO, In,0;, T1,03) are
better interpolated like d-metal oxides. According to this an
intriguing d-/sp-metal oxides dividing line along the diago-
nal Zn, In, Pb/Ga, Sn, Bi appears, with some of sp-metals
(In, T1, Pb) of higher atomic number showing a d-like be-
havior in terms of optical band gap vs. () — Y0)° correla-
tion. Like all semiempirical approaches the correlation can-
not account for such a different behavior, moreover a fur-
ther complication comes out from the fact that in some ma-
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terials the nature of optical transition (direct or indirect) can
affect sensibly the measured band gap value.

As for the electronegativity values in all calculations the
Pauling's scale of electronegativity,"”” integrated with the Gordy-
Thomas values'*’ has been used with the exception of TI(IIT) for
which the value given by Allred'*' has been preferred. The elec-
tronegativity value of different elements, calculated by using the
experimental band gap values of the corresponding oxides and
according to the best fitting straight lines, differ from those re-
ported in Refs. [139-141] by a quantity of about 0.05, which is
more or less the uncertainty given by the authors. According to
this procedure in Table 3 the estimated electronegativity for a
group of lanthanides metals, obtained by using the d-metal correla-
tion and the band gap values reported in the same table, is re-
ported. The electronegativity values for such a group of metals
stay within the limits 1.1-1.3 usually reported for f-block elements
and in fair agreement with those reported by Allred'*' for the same
elements at different oxidation states. Although the proposed cor-
relation seems to work nicely also for f-block elements, some un-
certainty still remains as for the parameters of the sp-metal oxides
correlation owing to the limited numbers of oxides band gap val-
ues used to derive it as well as to the difficulty to get reliable opti-
cal band gap values for sp-metals having very low electronegativ-
ity parameters.

Table 3
Experimental Band Gap Values and Electronegativity Pa-
rameter Estimated by Using the d-Metal Correlation for a
Group of Lanthanides Metals."’

Phase E;/eV Am
Sm,03 5.0 1.31
Yb,0; 52 1.27
Gd,0; 5.3 1.26
La203 5.4 1.24

CeO, 5.5 1.22
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(ii) Ternary Crystalline Oxides

The most interesting aspect embodied in the proposed correla-
tion is the possibility to use such relationships for predicting the
band gap of mixed oxides so opening a new route to the quantita-
tive characterization of corrosion layers on metallic alloys. It was
suggested that Eq. (60) could be extended to ternary oxides,
A,B,0,,"’ containing only d,d-metal or sp,sp-metal oxides, by
substituting to the metal electronegativity, 7y, the arithmetic mean
for the cationic group, )., defined as:

_axatbys
=—re——== 61
¢ a+b 1)
where a and b are the stoichiometric coefficients of the cations in
the ternary oxide, and x4 and g their electronegativities.
In Table 4 the experimental band gap values for a number of
binary and ternary d,d-metal oxides covering a quite large range of

Table 4
Experimental Optical Band Gaps Values for d-Metal and d-d-
Metals Alloys Oxides and Comparison Between Metal Electro-
negativity Estimated According to Eqs. (60a) and (61), Xexp,
and Pauling Electronegativity.40

Phase szp Aexp XA Pauling
(eV)
Y,0; 5.50 1.22 1.20
Sc,0; 5.40 1.24 1.30
CuYO, 3.50 1.55 1.55
MnTiO; 3.10 1.65 1.60
La,Ti,0O; 4.00 1.48 1.445
FeTiO; 2.85 1.71 1.725
Y;FesO, 3.00 1.68 1.64
CuScO, 3.30 1.62 1.60
FC]gTizO31 2.09 1.87 1.88
FegTi2016 2.17 1.85 1.85
FeeTi4017 235 1.81 1.80
FC]oTi10035 2.50 1.78 1.775

FemTizzOﬂ 2.60 176 176
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Figure 22. Experimental band gap values relative to Fe-Ti mixed oxides'** and

Ti-Zr mixed oxides'? as a function of () — X0)>. The continuous line represents
the theoretical prediction according to Eq. (60)a.

band gap values (1.90-5.50 eV) and d-metal electronegativity (Ax
= 0.7) are reported. A very good agreement is observed between
the ¢ experimental value obtained by PCS and the Pauling’s ones.
The difference between the two values stays always within the
experimental uncertainty given in the Pauling’s book.'"” A further
confirmation of the validity of the proposed correlation for d,d-
metal ternary oxide comes from the data of Fig. 22 showing the
fitting of the experimental E, values of ternary Ti-Fe and Ti-Zr
mixed oxides as a function of different cationic ratio into the films.
It is interesting to stress that for amorphous or disordered mixed
oxides slightly larger E, values are experimentally observed (see
also Section). By taking into consideration the results at our dis-
posal for d-metal and d,d-metal mixed oxides we can reasonably
state that Eq. (60a) together with Eq. (61) are able to predict the
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band gap of transition metal oxides within the experimental uncer-
tainty.

Unfortunately we are not aware of a similar large range of
band gap values for sp-metal mixed oxides. The few available data
seem to confirm the validity of sp-metal correlation also for ter-
nary oxides with differences in the experimental and calculated £,
values in the order of 10%.

As for ternary sp,d-metal oxides it was found that the d-metal
correlation was able to fit quantitatively their band gap values pro-
vided that the difference in the electronegativity between the me-
tallic cations is less than 0.5"7 (see Table 5). Due to the limited
number of systems investigated it remains unsolved the limits of
applicability of such correlation to the sp,d-metal mixed oxides.
Very recent results both for crystalline bulk Mg-Zn'* oxides and
amorphous anodic oxide on Al-W alloys'* alloys seem to suggest
that when the atomic fraction of d-metal in the ternary oxides
reaches values lower than 20% the experimental £, data are better
interpolated by the sp-metal oxide correlation. These aspects need
further investigations aimed to better define the limits of validity
of the proposed semiempirical correlation.

Table 5
Experimental Optical Band Gaps Values for sp-d-Metal Alloys
Oxides and Comparison Between Metal Electronegativity Es-
timated According to Eqgs. (60) and (64%), Xexp » and Pauling

Electronegativity.
Phase E gxp Aexp XA Pauling
(V)
Bip7Y03015 3.0 1.68 1.69
SrZrO; 5.40 1.24 1.20
MgTiO; 3.70 1.54 1.425
La,NiO,4 4.0 1.48 1.43
Mg.19Zn0510 3.76 1.53 1.52
Mg0‘27Zn0_73O 3.92 1.50 1.49

Mgo 36Z10,6;0 4.19 1.45 1.46
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(iiiy Amorphous Oxide Films

The previous correlation was extended to amorphous anodic
films and corrosion layers by taking into account the influence of
the amorphous nature on the optical band gap of passive films as
previously discussed. Numerous investigations on anodic oxide
films of valve metals have shown that amorphous oxides usually
displayed optical band gap values larger than crystalline counter-
part in absence of other specific defects. According to these results
it has been proposed to take into account the influence of amor-
phous nature of passive films on their optical band gap values by
modi%/}ng the correlation, used for crystalline oxides, as fol-
lows:

Eg- AE,, = A(X. Xo)* + B (62)

where Eis the optical band gap of a passive film and AE,,, repre-
sents the difference between £, and the optical band gap of the
crystalline counterpart in eV. The choice of 4, B and AE,,, depends
on the nature (sp or d) of the metal cations as well as on their rela-
tive atomic fraction in the case of mixed oxides.

As for the influence of the lattice disorder on E, a value of
AE,, <0.35 ~0.40 eV seems able to account for the experimental
data (see Table 1). AE,, values in the order of 0.35 ~ 0.40 ¢V are
typical of truly amorphous oxides (MoO;, WO;, Al,O;,), whilst
lower values are expected for anodic film oxides having a ten-
dency to grow in microcrystalline forms (ZrO,, TiO,, Ta,0s). In
Fig. 22 it is reported a fitting, according to Eq. (62), of the band
gap values as a function of the compositional parameter . ob-
tained according to Eq. (61) for two different ternary oxides sys-
tems containing only d-metal cations and forming both amorphous
and crystalline phases as a function of cationic ratio into the film.
The oxide films were obtained by anodizing metallic alloys (Ti-Zr
magnetron sputtered alloys) or by metal-organic chemical vapour
deposition.'**'* As previously mentioned in both cases a AE,,
value near to zero, in agreement with the theoretical expectation, is
derived for crystalline phases, whilst from the fitting of experi-
mental data a AE,, value different from zero is obtained for amor-
phous phases.
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Figure 23. Experimental band gap values relative to Al-d metal mixed ox-
ides'* as a function of (), — %0)>. The continuous line represents the theoreti-
cal prediction according to Eq. (60)a. The dotted line represents the theoretical
prediction for amorphous oxides with AE,,, = 0.4 eV to Eq. (62).

The value of AE,,, as previously mentioned, seems to be a
measure of the degree of long range disorder provided that the
oxide stoichiometry remains almost the same in the two phases.
According to this systems showing a tendency to form microcrys-
talline phase display band gap values very near to the crystalline
counterpart. This is evidenced in Fig. 23 where it is reported the
fitting of the band gap values as a function of the compositional
parameter . obtained for different amorphous ternary oxides, con-
taining both sp-metal (i. e. AI’") and d-metal cations, grown by
anodizing sputter-deposited or physical vapour deposited metal
alloys.143 In both cases a AE,, value in agreement with the theo-
retical expectation was derived from the fitting of experimental
data and, significantly, larger AE,,, value were measured for an-
odic films made by oxides having a tendency to grow in truly
amorphous state. Further evidence in favour of the proposed corre-
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lation for anodic films grown on Mo-Ta, Ti-Zr, Hf-W metallic
alloys can be found in Refs. [144,146-148]. We have to mention
that apart the nature of the oxide other experimental parameters
can affect the lattice disorder degree of passive films and then the
AE,,, value in anodic films.'?7-!43146

@iv)  Correlation for Hydroxides and Oxi-hydroxide Films

For a further improvement toward the possibility to use PCS
in a quantitative way for the investigation of corrosion layers
grown in different conditions, we need to correlate the optical band
gap of hydroxides and oxy-hydroxides to their composition. The
experimental data collected on a number of systems suggest that
hydroxides films display lower optical band gap values with re-
spect to the corresponding anhydrous oxides. This finding can be
rationalized on the basis of the correlation between the band gap of
the films and the electronegativity of their constituents. In the case
of hydroxide phases we can postulate that the band gap depends on
the difference between the electronegativity of metal cation, X,
and hydroxyl group, yon. The latter can be calculated as the arith-
metic mean of those pertaining to oxygen (3.5) and hydrogen
(2.2): accordingly a value of 2.85 is obtained.

In order to interpret some experimental data pertaining to pas-
sive layers on metals, for which the formation of hydroxides was
inferred on the basis of PCS study and supported by thermody-
namic considerations or confirmed by surface analytical investiga-
tions (XPS and XANES), we assumed'®’ that, in agreement with
the findings on pure and mixed oxides, also for hydroxides the
optical band gap value depends on the square of the difference
between the electronegativity of the metallic cation and the aver-
age anionic electronegativity (Ym - Yon)- In the electrochemical
literature there were few, but experimentally well defined, investi-
gated systems which seemed to support our assumption. Further
studies, carried out in our laboratory on selected systems, have
now provided a number of experimental data sufficient to derive
numerical correlation regarding the optical band gap of hydroxide
films on both sp- and d-metals.”*>'*"** Figure 24 shows the
photocurrent spectrum relating to an Mg(OH), film on mechani-
cally polished magnesium formed by anodizing the metal in 0.1 M
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Figure 24. Photocurrent spectrum relating to Mg after mechanical treatment and
anodizing in 0.1 M NaOH to 0.6 V(MSE), recorded by polarizing the electrode at
the formation potential in the same electrolyte. Inset: (I,,v)"* vs. hv plot. Re-
printed from M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial sur-
face film on magnesium metal: A characterization by X-ray photoelectron spec-
troscopy (XPS) and photocurrent spectroscopy (PCS).” Electrochim. Acta 53
(2008) 1314, Copyright (2007) with permission from Elsevier.

NaOH to 0.6 V(MSE): an optical band gap of 4.25 eV is deter-
mined, by assuming indirect optical transitions (see inset of the
figure), a value well below the value of 7.8 eV, now widely ac-
cepted, for MgO. On the basis these experimental data,'* the fol-
lowing correlation has been proposed:

E, = 1.21(m xon)” + 0.90 (63a)
for hydroxides grown on sp-metal, and:

E, = 0.65((um. Xon)* + 1.38 (63b)
for hydroxides grown on d-metals. It is noteworthy that, as previ-

ously reported for metal oxides, different relationships hold for sp-
metal and d-metal hydroxides. With respect to the analogous cor-
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relation obtained for sp-metal oxides (Eq. 60), the most relevant
difference in Eq. (63a) comes out from the second term of the right
side, suggesting that sp-metal hydroxides present always a finite
optical band gap, in the order of 1.70 eV for Tl, the most electro-
negative sp-metals () = 2.03). Although this last correlation suffers
some limitations owing to the rather limited number of investi-
gated systems it is able to rationalise some results reported in the
literature. In fact from Eq. (63a) an optical band gap around 2.25
eV is derived for Ni(OH), by assuming n; = 1.80 according to the
Pauling scale and under the hypothesis that also for Ni-hydroxides
holds the sp-metal correlation valid for NiO. The optical gap esti-
mated according to Eq. (63a) is in good agreement with the value
estimated from photocurrent spectra reported in the literature'' for
passive films on Ni (£, = 2.20 eV) and for Ni(OH), electrochemi-
cally deposited and soaked in KOH solution."*> These findings
confirm once more that in the proposed correlation Ni(II) oxide
and hydroxide conforms to the sp-metal behavior.

Further support to the proposed hydroxides correlations comes
from more recent data obtained from the PCS study of conversion
coating grown on Mg metal in stannate bath, where the formation
of a mixed MgSn(OH), layer has been reported,'> as well as from
PCS characterisation of Co(OH), and La(OH); films grown in al-
kaline solution."*”'>* Owing to the lack of information on the band
gap values of a larger number of hydroxides, the correlation be-
tween the optical band gap and the difference of electronegativity
of the hydroxides constituents are based on a restrict number of
systems and, thus, it must be taken with some caution. Neverthe-
less, it is possible to make some general considerations on the be-
havior of some investigated systems lending a further support to
their validity.

By comparing the correlation relative to transition metals, it
comes out that larger band gap values are expected for the hydrox-
ide phase than for the corresponding anhydrous oxide, when the
cation electronegativity is higher than 1.95. Such a finding can
help to rationalize the experimental results reported for gold elec-
trode as well as for other noble metals. In the case of gold an opti-
cal band gap of about 1.50 eV is expected for the hydroxide phase
in comparison with the near to zero band gap value foreseen for
the anhydrous oxide. Analogously, for platinum metal () = 2.1),
an increase of the optical gap is calculated from our correlations on
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going from the oxide (£, = 1.16 eV) to the hydroxide phase (1.75
eV). Although the nature and the photoelectrochemical behavior of
the oxide films grown on these noble metals are still under de-
bate,” this finding could help to explain the complex behavior
observed experimentally.

The last point we like to discuss is the possibility to relate the
band gap values of passive films to their hydroxylation degree. At
this aim it has been suggested'”’ on a purely heuristic basis, a con-
nection formula between the band gap of oxides and the band gap
of the corresponding oxi-hydroxide, MO(y.myOH2m) . According to
this suggestion it has been proposed that the band gap of anhy-
drous and hydroxilated oxide phase can be related trough the rela-
tionship:

anh
Eg

Ehyd —
1+ kmeH

h (64)

where £, is a constant that can be calculated for each system once
the band gap values of the anhydrous oxide and hydroxide are
known. xoy is the fraction of hydroxyl group into the oxi-
hydroxide phase defined as:

2m

XOH = (65)

y+m

It is interesting to note that Egs. (64) and (65) have been suc-
cessfully used to get the composition of Chromate Conversion
Coating (CCC) formed on aluminium from their band gap values
as a function of the hydration degree and as a function of the
Cr(IIT)/Cr(VI) ratio.'" The photoelectrochemical characterization
of CCC grown for different conversion times and in different elec-
trochemical baths data showed that a quite reproducible optical
band gap value, around 2.55 eV, is derived for freshly prepared
CCCs. Such a value is different from that measured for passive
chromium"’ and assigned to Cr(OH); anodic film (2.40 eV), and
has been attributed to the formation of an amorphous Cr(IlI)-
CI'(VI) mixed oxy—hydroxide of formula CI'(),667CI‘()<333O1<2(OH)1‘6,
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having a stoichiometric ratio O/Cr equal to 2.80, in fair agreement
with data obtained by XANES and Auger spectroscopy.'>

(v) PCS Analysis of Passive Films and Corrosion Layers on
Base Metals and Alloys

One of the most challenging task for any experimental ana-
lytical technique is to be able to provide useful information on the
electronic properties and chemical composition of passive films on
base metals (like: Cu, Fe, Cr, Ni) and their alloys (stainless steels
(SS), Fe-Cr alloys, etc.). The previous correlation has been used to
relate quantitatively PCS data to passive films composition formed
on some of these metals."*"""*"1% In the last years an increasing
use of such correlation has been registered in PCS studies aimed to
characterize passive film on base metals and alloys (Fe-Cr, SS).'*"
1% In these complex systems further information on the oxidation
state of each metallic cation and their atomic fraction can be nec-
essary in order to use quantitatively the previous correlation.
Moreover in some cases the expected optical band gap values of
oxides and hydroxides of the same metal, at different oxidation
states, are very close or almost coincident so that it becomes diffi-
cult to get quantitative information from PCS measurements alone.

In order to highlight this point, in Table 6a we report the band
gap values of crystalline oxides and hydroxides of a group of base
metals (Cu, Cr, Fe, Ni) experimentally measured by PCS tech-
nique or derived from the literature. In the same table we report the
Pauling electronegativity parameter for the different oxidation
states. Apart from the electronegativity value of Cr(VI) for which
we are not aware of other reliable values in literature, we like to
stress that the electronegativity data obtained by Eq. (60a) are in
very good agreement with those reported in literature'**' so that
we suggest to use these last values as preferred PCS electronega-
tivity parameters for characterisation of passive films on pure base
metals and on their alloys. According to this we reported in Table
6b the estimated band gap values of the corresponding hydroxides
as derived from the proposed correlation and by using the PCS
preferred y values.

It comes out from data of Table 6 that oxides and hydroxides
of d-metal having electronegativity around 1.90 display very close
band gap values, so making very difficult to distinguish by PCS
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Table 6
(a)Band Gap Values of Crystalline Oxides and Hydroxides of a
Group of Base Metals. Comparison Between Pauling
Electronegativity and PSC Estimated Electronegativity.*

Phase E, X Pauling Xpcs
(eV)
Cr0; 3.30 1.60 1.62
Cr(OH); 2.43 1.60 1.62
CrO; 2.0 - 1.89
ZnO 3.34 1.60 1.60
Cu,O 1.86 1.90 1.90
CuO 1.40 2.00 2.04
FeO 2.40 1.80 1.80
Fe,04 1.90 1.90 1.91
NiO 3.80 (direct) 1.80 1.80
3.58 (indirect) 1.77
Ni(OH), 2.31 1.80 1.77

(b) Band gap values of some base metal hydroxides estimated
according to Eq. (63)b.

Phase Xrecs E,

(eV)
Zn(OH), 1.60 2.39
CuOH 1.90 1.97
Cu(OH), 2.04 1.80
Fe(OH), 1.80 2.10
Fe(OH); 1.91 1.95

alone which type of passive films is formed. This is the case of
copper and iron passive films for which at least three different
phases at different hydroxylation degree exist with very close opti-
cal band gap values. In such a case further information gathered by
other (possibly in situ) analytical techniques are necessary to ra-
tionalise PCS data of passive films.

Other authors'””'® have proposed a different route for the
identification of passive film. According to these authors a com-
parison of PCS data (as well as of the general semiconducting be-
havior) between passive films anodically grown and sputtered ox-
ides could help to identify the nature of passive films. This ap-
proach may be useful provided that any difference in the defect
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structure and hydroxylation degree for oxide phases grown in such
different ways is negligible.

The data of Table 6 and the previous considerations could
help to rationalise some of the experimental findings on PCS
analysis concerning passive films on iron, for which band gap val-
ues ranging between 1.90 eV and 2.10 eV are reported in the lit-
erature.'” A band gap value of 1.90 eV has been estimated for
passive films formed on iron in borate buffer solution (pH = 8.4) at
high potential (U = 0.6 ~ 0.8 V(SCE)).'®’ This value matches well
the one reported in the same work for evaporated Fe,O; and the
one reported in Table 6a for crystalline Fe,O3, thus allowing iden-
tifying the passive film composition as Fe(III) oxide. This conclu-
sion is in agreement with recent XANES data suggesting the for-
mation of micro-crystalline iron oxide structure (LAMM phase)'”
on passive iron anodized under similar conditions. The higher E,
measured at lower polarizing voltage (Ur < 0.4 V(SCE)) have been
be ascribed to the presence of crystallographic disorder, as in
amorphous passive films, or to the partial reduction of Fe(IIl) to
Fe(II) with a subsequent variation of film composition.'”" Accord-
ing to Egs. (60a) and (61) a band gap of 2.0 eV is expected for a
10% Fe(Il) containing oxide in agreement with the value reported
in Ref. [169] for oxidised magnetite, while E, = 2.1 eV can be es-
timated for Fe;0, in contrast with the value reported in the same
work. The E, variation with U, reported in Ref. [169], is predicted
by the above mentioned equations as a function of the Fe(II) con-
tent into the film, and it should agree with the description of pas-
sive film on iron, described as a Fe(II) deficient magnetite of for-
mula Fe(IT), \Fe(IlT),04, with Fe(I) content in the range of 10-
25% depending on the passivation potential.'®

By considering that a band gap value around of 1.90 + 0,05
eV has been estimated for Fe(Ill) oxide and hydroxide, almost
coincident with that of Fe,O; and Fe(OH); is estimated in Table 6,
we can conclude that £, = 1.85 ~ 1.95 eV is expected for iron pas-
sive films having composition equal to FeOOH, and thus PCS is
not sensitive to variation of the hydration degree of Fe passive
films due to the small dependence of the band gap values on the
OH content. A detailed discussion of the influence of anodizing
solution, spanning a large range of pH (1 < pH < 15), and electrode
potential values on the measured optical band gap of passive film
on metallic iron can be found in Ref. [171].
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The use of PCS in the identification of passive films on iron-
chromium-nickel alloys and stainless steel appears even more dif-
ficult, despite the appreciable differences in the band gap values of
the corresponding pure crystalline oxides. The possible formation
of a passive film with an unknown hydration degree and with dif-
ferent metals at different oxidation state makes the PCS analysis
very complex. By the way, different photoelectrochemical data on
such systems are reported in the literature and the interested reader
can access to the published works,'4!60-166.172-183

Owing to space limitations we will discuss shortly and quali-
tatively some selected PCS data pertaining to such systems, which
can be compared in some extent to more recent quantitative analy-
sis based on in situ and ex situ techniques (XANES, XPS,
EQCM). #4187

The formation of Cr(OH); on passive Cr at low potentials (Ug
<-0,6V(MSE)) and in a wide range of pH (0 < pH < 9) has been
suggested on the basis of the measured optical band gap value (£,
=245+ 0.1 eV, see Refs. [159.160-162,188]). Such a hypothesis
is in agreement with XPS and XANES data reported in Refs.
[184—187] for films grown on Cr and on Fe-Cr alloys in acidic
solutions as well as in slightly alkaline solutions.'®

As for PCS data of passive films grown on Fe-Cr alloys (Cr
content < 30at.%) in borax buffer solution (8.4 < pH < 9.2) band
gap values ranging from 1.90 eV to 2.20 eV with increasing Cr
content have been reported in Refs. [177,181]. In a more recent
work,'” by using steady-state PCS data band gap around 3.0 eV
have been reported for passive film on Fe-Cr alloys (Cr content <
20at.%) at variance with the previous ones. Such difference in E,
values could be attributable, in principle, to a loss of sensitivity in
the last method, which could miss to detect the lower photocurrent
values usually measured for photon energies near the band gap of
passive films. This last hypothesis could also explain higher E,
values measured, for passive films grown on experimental ferritic
SS'7 in chloride containing solution, at low anodic potentials (Eg
= 2.80 eV). On the other hand E, values around 2.60 eV were
measured, at higher electrode potentials (Ug = 0.6V(SCE)), for
passive films formed on analogous ferritic SS containing small
amount (< 4% in weight) of Mo and Ni.'”?

Due to the large range of E, values collected in the literature
for passive films on Fe-Cr alloys, the loss of sensitivity of PCS for
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photon energies near the band gap of passive films does not seems
a satisfactory explanation. The data on passive films composition
obtained by in situ and ex situ analytical techniques reported in
Refs. [184-187] for Fe-Cr passive films grown at pH values < 4.5
can be useful to justify these results.

XANES data on various Fe-Cr alloys' strongly suggest that
at pH = 4.5 (acetate buffer solution) films formed at low potentials
(U, =—-0.3V(MSE)) are enriched, with respect to the base alloy, of
Cr(IIT) usually present in the films as hydrated species, whilst at
higher potentials (Ug = 0.2 V(MSE)) the passive films display both
a minor Cr enrichment as well as a decrease in hydroxides content.
These findings suggest that passive films on Fe-Cr alloys are ox-
ides containing both the metals with a Fe/Cr ratio and a hydration
degree dependent on experimental conditions. In a more recent
paper'®’ the formation of Cr(OH); in acidic solution of 0.5 M
H,SO, has been reported on the basis of a XPS analysis of passive
film on Fe20Cr grown at various potentials. More interestingly in
the same paper the formation of a chromite (Fe(I)Cr,O4) com-
pound at anodic potential near to +0.4 V(SHE) was suggested. At
still higher potential Ug > 0.8V(SHE) the co-presence of Fe(IlI)
and Cr(IIT) oxide species was suggested in presence of a decreas-
ing amount of Fe(I) and Cr(OH); species. A band gap value near
to 2.5 eV, very near to that estimated for Cr(OH);, has been re-
ported in Ref. [160] for a film grown in acidic solution on similar
alloy, whilst both the presence of an optical band gap near to 2.5
eV as well as a second optical band gap around 3.0 eV have been
reported in Ref. [161] for Fe-18Cr passive film formed in borate
buffer solution. We like to mention that as for chromite
(Fe(ICr,04) compound an optical band gap around 3.0 eV is
foreseen according to the correlation previously reported, whilst
for mixed Fe(III)-Cr(III) oxides at the different composition near
those reported in Ref. [187] band gap values ranging between 2.5
eV and 3.0 eV can be estimated on the basis of the correlation for
mixed d-metal oxides. It is also interesting that lower E, values
pertain to the passive film grown on Fe-Cr alloys at highest elec-
trode potential. By extending the previous considerations to pas-
sive films on ferritic SS, the decrease of their optical band gap
with increasing electrode potential can be analogously explained
by an increase of the iron content in the passive film.
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According to Egs. (60), (61) and (64), band gap around 2.1 +
0.1 eV strongly point toward the presence on the surface of Cr-Fe
alloys of passive films constituted of mixed iron-chromium hy-
droxides richer in iron, with larger E, values attributable to passive
film at higher Cr content.

As for passive films on austenitic SS (Fe-18Cr-8Ni) and Ni-Cr
alloys (alloy 600 series), formed at high anodic potential (Ur = 0.8
V(SCE)) in borate buffer solution at pH = 9.2, a rather constant
optical band gap (E,; = 2.35 + 0.1eV) has been reported in Refs.
[181-183], with the highest values for passive films on SS at
higher Ni content or on Ni-Cr alloys. The E, value suggests that
also in this case a chromium hydroxide rich phase is the main
component of the passive films. At lower potentials (Ug < 0.1
V(SCE)) higher band gap values (E, = 2.75 = 0.1 eV) have been
found.'”"™ However, passive films on austenitic SS with higher
molybdenum content (> 4% in weight) usually displayed a more
limited variation in the £, values as a function of electrode poten-
tials."”*'" This finding was particularly evident in the case of the
superaustenitic commercial alloy 254-SMO (20Cr-18Ni-6Mo),
which displayed an almost constant £, value (2.45 = 0.1 eV) in a
rather large range of electrode potential (0.1 < U < 0.9 V(SCE))
at pH = 6.5 and in presence of chloride.'”* The beneficial action of
Mo in improving the pitting resistance of SS is well known'®! and,
according to PCS data, it could be ascribed to its ability to keep on
the surface of such an alloy a passive film having an almost con-
stant composition (very close to Cr(OH)s, according to the E, val-
ues) at different potentials. This interpretative hypothesis is in
qualitative agreement with the results of STM and XPS analysis
reported in Ref. [185] showing that the passive film grown on Fe-
18Cr-13Ni in 0.5 M H,SO, at 0.5V(SHE) keeps a stable thicker
outer layer containing almost chromium hydroxide also at longer
polarization times. It seems reasonable to conclude that in the case
of 254-SMO alloy the external layer of the passive film formed at
pH = 6.5 and in presence of chloride ions in solution has a compo-
sition close to Cr(OH);, as reported for the outer layer of the Fe-
Cr-Ni alloy discussed in Ref. [185].

Higher E, values (> 2.40 eV) are expected for passive films on
austenitic SS at higher potentials in presence of a dehydration
process and/or for the formation of an anhydrous Cr(III) richer
mixed oxides.'®!'”* However, very recently, in a series of papers
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dealing with the PCS characterization of passive film grown in
borate solution on different SS (254 SMO, AISI 304L and AISI
316L) Blackwood and coworkers have suggested the possible
presence of a surface layer of Fe,O; at higher anodic potential and
a duplex structure with a chromite-like inner phase underlying the
external Fe,O; layer at intermediate electrode potentials. At still
more cathodic potential the possible formation of a p-type FeO
oxide on the surface of the alloy 254SMO austenitic SS was sug-
gested. These results indicate that the nature of passive films could
be strongly dependent also from the nature of ionic species present
in solution apart from the solution pH. Further studies are neces-
sary for reaching final conclusions on particular systems.

However, all the above mentioned results highlight both the
ability of PCS technique to scrutinize very complex systems as
well as the possibility to extract semi-quantitative information on
the surface layer composition not conflicting with experimental
data obtained by other very sophisticated techniques. We are con-
fident that future PCS investigations on carefully chosen systems
could provide further evidence in favour of a widespread use of
such a technique in passivity and corrosion studies.

IV. CONCLUSIONS

A critical analysis of the experimental results on the electronic
properties of passive film, obtained by using a traditional approach
based on the Mott-Schottky theory, has shown some aspects se-
riously conflicting with the theoretical hypothesis underlying the
validity of the M-S analysis. In this review it has been shown that
a better unifying framework for getting out information on elec-
tronic properties of passive films is provided by the theory of a-SC
Schottky barrier. In the frame of this theory the differential admit-
tance behavior of passive film/electrolyte junction can be qualita-
tively and quantitatively analyzed providing important information
useful to locate the energy levels of the passive film/electrolyte
junction as well as new insight on the DOS distribution inside the
film.

As for the location of energy levels of the junction, in the case
of amorphous or strongly disordered material, they can be serious-
ly in error if the analysis of measured capacitance is carried out by
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means of traditional M-S approach. Moreover such an approach is
not able to explain, neither qualitatively, the changes in the capa-
citance behavior observed at different ac frequencies of electrical
signal.

It has been suggested that in presence of very thin passive
film, like those reported for base metal and alloys, a different ap-
proach, as that suggested by Gerischer for crystalline graphite
electrodes, could offer a coherent approach to the study of the
highly doped crystalline passive film formed on these material. It
appears however rather surprising that, in the case of well docu-
mented systems having strongly disordered or amorphous nature,
many researchers still employ the classical M-S analysis in spite of
the fact that a well developed theory of amorphous semiconductor
Schottky barrier has been developed more than 25 years ago, at
least, for bulk amorphous semiconductors. Some further refine-
ments to this last theory appear necessary for a quantitative analy-
sis of the electronic properties of amorphous thin passive film in
order to account for the limited thickness of the passive film and
for the possible metal capacitance contribution to the measured
capacitance of the film/electrolyte junction. Once such refinements
will be carried out, it is our opinion that we could become able to
get more insight also on the influence of anodizing process and
post-anodizing treatment on the electronic properties of passive
film grown on base-metal and valve-metal too. This last class of
materials, which are of large interest in the electronic industry ow-
ing to their high k values, and specially anodic niobia and tantala
deserve more investigation owing to the fact that they display
some attractive features making them ideal candidates for testing
further improvements in the theory of a-SC Schottky barriers.

In this review we presented also a relatively simple approach
to the fundamentals of PCS technique currently used for characte-
rizing passive films and corrosion layers on metal and alloys.
Some of the interpretative models suggested in the past by the
present authors to rationalize the experimental PCS data, gathered
from many investigated systems, have been validate by different
authors but some of them are still under scrutiny and they should
be used with some caution. This is particularly true for the pro-
posed correlation between optical band gap of hydroxides and dif-
ference of electronegativity of the constituents owing to the still
limited, although increasing, number of investigated systems.
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Nevertheless, it is in our opinion that, PCS technique remains one
of the most versatile techniques at our disposal, for getting out
information on the solid-state properties of passive layers in corro-
sion studies.

The combined use of DA and PCS techniques in the characte-
rization of thin and thick passive films on metal and alloys it has,
already, provided important information, on electronic and solid
state properties of films, which cannot be accessible by other tech-
niques. If we consider that both techniques are able to test in situ
real corroding systems at different time scales and electrode poten-
tial window, without any special procedure, it appears reasonable
to predict a still wider use of both techniques in corrosion and
electrochemical material science.

We are aware that, in many cases, other in situ and ex situ
scanning probes having very high spatial resolution or vacuum
techniques providing more precise information on the morphology
or chemical composition of thin passive layers will be mandatory,
but we have no doubts that DA and PCS techniques, together with
other electrochemical techniques, will play an unchallenged role
for a complete physico-chemical characterization of passive films
and corrosion layers.
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