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Many analytical  techniques  can  provide 
information  regarding  the  chemical state, 
structure,  and  properties  of  materials.  This 
paper  focuses on two;  X-ray photoelectron 
spectroscopy (XPS)  and  X-ray absorption 
spectroscopy (XAS), and their  application to 
the  study  of  electrochemically  formed  oxide 
films. A brief  review  of  the  phenomena 
underlying  these  techniques is provided,  along 
with  a  description of  the  commonly  used 
means for  implementing  them.  Their 
capabilities  and limitations are  discussed,  with 
an  emphasis on the  study  of  passive film 
composition and oxidation  state. A summary 
of  the  behavior  of Cr in oxide films on AI-Cr 
alloys is presented  as  an  example.  The 
coordinated  use  of  both XPS  and XAS is 
shown to be useful in achieving full 
understanding of materials  systems  such  as 
electrochemically  formed  oxide  films. 

Introduction 
Bare metal surfaces are, in general, quite reactive even 
when exposed to environments as benign as ambient 
atmospheres. The utility of common metals such as  Fe, 
Ni, Co, Cr, and AI, in structures ranging  from jet airliners 
to microelectronic devices, is  derived  from the presence of 
protective films which  form  on the metal surface at the 
interface with the environment. Such films, referred to as 
passive films, may  form spontaneously upon exposure to 
the environment or as a result of a specific  chemical or 
electrochemical treatment. 

Because of their technological  significance, the nature of 
passive films has been a subject of study for years. Of 
interest are their structure, composition, and other 
properties. For example, whereas the passive film on Fe is 
widely  thought to be  an oxy-hydroxide, the extent of 
hydration is a matter of some controversy [l]. The 
structure of the film is important, and some suggest that 
protectiveness is inversely related to the extent of 
crystallinity in the film. A less ordered amorphous film is 
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thought to have more structural flexibility. The oxidation 
state of the cations in the film affects the stability of the 
film, since the solubility is often a strong function of 
valence. Also, the oxidation state may increase with 
applied potential. Alloys are used to achieve certain 
functional properties, and passive films on alloys typically 
are enriched in some elements and depleted of others. It is 
very useful to know the composition of a passive film to 
determine which element is the source of its passivity. 

passive films on metals is described. Emphasis is  placed 
on X-ray photoelectron spectroscopy (XPS) and X-ray 
absorption spectroscopy (XAS). Both  can provide 
chemical information about a material. In the 1970s, XPS 
was recognized as a valuable tool for the electrochemist 
and was used to obtain detailed information on the 
chemical environment of metal deposits and the valence 
state of ions in surface films [2-51. The use of XAS for 
electrochemical systems began somewhat later [6-91 and 
very recently has become  more popular for such studies. 
In this paper, we present a summary of the phenomena on 
which each technique is based, followed by a description 
of the experimental approaches commonly used, and then 
a comparison of their capabilities and limitations. We focus 
on the study of passive film composition and oxidation 
state. Finally, we present data from one system to 
illustrate the use of each technique and the approaches to 
data interpretation. 

In this paper, the use of X-ray spectroscopy for studying 

Brief  description  of  the  underlying  phenomena 
The interaction of X-ray photons with atoms gives rise to 
two main phenomena which alter their propagation: 
scattering, leading to deflection of a photon by an atom, 
with or without the loss of energy, and photoionization, 
leading to absorption of a photon by an atom via the 
excitation of one or more of its electrons. The 
corresponding scattering and photoionization cross 
sections measure the probability of their occurrence. For 
photon energies below IO4 eV, the cross sections for both 
elastic and inelastic scattering are small,  and the 
absorption coefficient is determined by the photoionization 
cross section. Both XPS and XAS use the same principle 
to probe matter: the absorption of X-ray photons. 
However, each technique focuses on different aspects of 
the absorption process. This section briefly describes the 
different aspects utilized by each technique. 

Readers interested in a more detailed description of the 
fundamental processes in photoemission can find a very 
comprehensive examination in [lo]. For X-ray absorption, 
a set of very detailed papers are cited in [ll]. 

X-ray photoelectron spectroscopy (XPS) 
X-ray irradiation of atoms causes the emission of electrons 
as a result of the photoelectric effect.  The emitted 
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electrons form a spectrum containing peaks at particular 
kinetic energies that represent two kinds of electrons: 
photoelectrons and Auger electrons. Photoelectrons arise 
from the interaction between a bound electron and the 
incident electromagnetic field.  Through this interaction, the 
energy of the photon is imparted to the electron, which 
becomes unbound  and leaves behind  an  ionized  atom. A 
schematic view of this process is  given  in Figure l(a). 
Auger electrons, which are discussed later, result from the 
subsequent de-excitation process that refills the empty 
orbital. The energies of both the photoemission and  Auger 
lines are characteristic of a particular transition for each 
element, and this constitutes the basis for chemical 
identification. 

In photoelectron spectroscopy, the distribution of the 
kinetic energies of the photoelectrons is measured. In 
particular, X-ray photoelectron spectroscopy refers to the 
use of X-rays as the exciting source. Since the energy of 
the photons is hv, where h is Planck's constant and v is 
the frequency of the light, the principle of conservation of 
energy leads to 

hv =E:" - E: + E : ,  (1) 

where Z$ is the kinetic energy of the photoelectron in the 
continuum, and E: and E,"" are the energies of the 
system in the initial  and  final states, containing N and 
N - 1 electrons, respectively. The  binding energy, E,, of 
the photoelectron can be expressed as 

E = EN" - E: = hv - E"," 
B f  (2) 

Using one-electron theory, Koopmans' theorem states that 
EB(i) = -q, where si is the calculated one-electron orbital 
energy of the N-electron system [12]. Within this 
description the remaining (N - 1) electrons are kept 
frozen through the photoemission process, and the only 
factor determining the width of the photoemission peak  is 
the lifetime of the ionized state, in accordance with the 
Heisenberg uncertainty principle. This is, however, an 
approximation. In reality, the many-electron nature of the 
photoemission process has a strong effect  in determining 
the actual binding energy, as well as producing  additional 
spectral features such as multiplet splitting and shake-up 
satellites. 

Multiplet splitting occurs as a consequence of the 
possible exchange (spin-spin) interaction between the 
unpaired electron left in the ionized shell and unpaired 
electrons in the valence levels, leading to a multiplicity 
of possible  final states. Since the difference in energy 
between the different possible final states is generally 
small, the multiplet splitting results in the formation of 
broader peaks or satellite features near the main  line. 

The fact that the remaining electrons do not stay frozen 
during photoionization, but rather adjust to the altered 
potential resulting from the hole that is produced, induces 
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additional final state effects.  This adjustment, denoted as 
relaxation, tends to screen the positive charge represented 
by the hole. As a result, the energy of the lowest-energy 
state of the system of N - 1 electrons is lowered, 
producing photoelectrons with a higher kinetic energy than 
those expected if the binding energies were estimated by 
Koopmans’ theorem. Relaxation may  include  not only 
contributions from the ionized  atom but also those from 
the surrounding atoms in the case of molecules or 
condensed matter. 

The state of the system does not always terminate 
in a single  final  configuration after emission of the 
photoelectron. A multiplicity of possible final 
configurations arise from the fact that excitations created 
simultaneously with the core ionization are allowed in the 
sudden approximation [13] used to calculate the transition 
probabilities. Consequently, the resulting photoelectrons 
may have their available kinetic energy lowered or raised 
by discrete amounts (shake-up or shake-down processes, 
respectively), producing satellite peaks or broadening the 
spectral lines. 

second set of spectral lines seen in XPS spectra, is the 
final state of the atom after photoemission. Following 
ionization, the ion tends to restore its ground state, and 
the core hole  is  filled by an electronic transition from an 
outerlying level. The excess energy created by this 
transition can be used to generate a photon of that energy 
(fluorescence), or can be  given to another electron that 
is emitted (Auger electron). Figure l(b) and Figure l(c) 
schematically show the fluorescence and  Auger processes. 
The relative probability for relaxation via  Auger electron 
emission or fluorescence depends on the atomic number Z .  
For Z < 30, Auger electron emission dominates. The 
Auger transitions are described by the one-electron energy 
levels using the basis set given by the j-j coupling [14]: 
States with quantum number n = 1, 2, 3, * * are 
designated as K, L, M, * , respectively. A transition 
involving an initial  hole in the A shell, subsequently filled 
by  an electron from the B shell, and  resulting in an emitted 
Auger electron from the C shell, is designated as an ABC 
transition. As opposed to photoelectrons, the energy of 
Auger electrons is  not directly dependent on the energy of 
the incident X-ray photons. For the transition described 
above, the energy of an  Auger electron that is emitted as a 
result of the  ABC transition is  given by 

The initial state for Auger transitions, which produce the 

E,,, = EA - E, - E, - U(BC) - R(BC) - E,(C), (3) 

where E,,  E,, and E, are the binding energies of  an 
electron in the A, B,  and C shells, respectively; U(BC) is 
the Coulomb interaction of the two holes in the final state; 
R(BC) is the “static” relaxation energy, the amount of 
energy by  which the C shell has been decreased because of 
the presence of a hole in the B shell; and E,(C) is the 

“dynamic” relaxation term, similar to that described 
above for photoelectrons. Because Auger transitions 
involve the presence of two holes in the corresponding 
final state, the energy of  an Auger electron is  more 
strongly affected by relaxation effects than is that of a 
photoelectron. 19(3 
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X-ray  absorption  in  a Cr foil, expressed as the  logarithm of inci- 
dent to transmitted intensities vs. photon energy. 

The technique known as Auger electron spectroscopy 
(AES) makes use of Auger  emission  following radiation by 
an electron beam for surface elemental determination. AES 
is particularly useful  for applications requiring fast data 
acquisition and high spatial resolution. However, the high 
background resulting from secondary electron emission 
degrades the signal quality; differentiation of the signal  is 
often used to improve sensitivity. The subtle changes of 
Auger peaks that result from  different valence states often 
cannot be resolved in differentiated signals,  and AES is not 
commonly used for detailed studies of the chemical state at 
a surface. 

So far we  have discussed the basic aspects of the 
response of a many-electron system to the photoionization 
of an atom. Interaction of electromagnetic radiation with 
condensed matter introduces additional effects in initial 
and  final states that result in energy shifts for both the 
photoelectron and  Auger peaks. Initial-state effects include 
the change in the orbital energies of a given element with 
oxidation state and can be explained using a simple 
electrostatic model proposed by Siegbahn [15]. The binding 
energy generally increases with the oxidation state, which 
is a direct representation of the electron transfer to the 
ligand. However, in cases where extra-atomic relaxation is 
important, final-state effects may alter the trend of binding 
energy increase with oxidation state, complicating 
chemical analysis. For instance, Cuo and  Cu"  exhibit the 
same binding energy in their core photoemission peaks 
despite being  in  different oxidation states [16]. The 

194 uncertainty can only be  dispelled by the Auger L W  line, 

which  is sensitive to the different oxidation states because 
of the importance of the static relaxation term in 
determining the energy of the Auger electrons. Auger C W  
transitions, where C indicates a core level and V the 
valence level, are very sensitive to the local chemical 
environment of the central atom. The local character is 
given by the matrix elements Zij,  responsible for the Auger 
transition: 

where t,bi and 3 represent the wave functions of the 
outerlying electrons that generate the transition via 
interaction with the Coulomb potential e2/rij;  (cc represents 
the core wave function; and (ck indicates the outgoing 
Auger electron with wave number k .  Because (GlC is very 
localized  in space, the integral  involved in the above 
expression vanishes everywhere except in the vicinity of 
the central atom. Therefore, only  local valence-band 
electrons, which are responsible for the bonding, 
contribute to the Auger intensity. This is in contrast to 
valence-band photoemission, for which contributions 
associated with particular elements are more difficult to 
assess. 

Another important feature of the Auger electrons and 
photoelectrons emitted by a solid  upon irradiation is the 
fact that they arise from a region only tens of 8, from the 
surface of the sample. This is because of the limited  mean 
free path of electrons in the 20-2500-eV kinetic energy 
range. These electrons interact strongly with the sample, 
and lose energy through  plasmon excitations, core 
ionization, or interband excitations. As the emitted 
electrons lose energy, they contribute to the background 
instead of intensity of the spectral lines. Since the energy 
loss resulting from scattering of the electrons with the 
lattice is very small compared to the natural width of the 
photoelectrons and  Auger  lines, the yield is not affected 
by the temperature of the sample. 

X-ray absorption spectroscopy (XAS) 
Whereas in  XPS the focus is on an energy balance used to 
deduce the electronic structure of the initial state, in XAS 
the focus is on the variation of the absorption cross section 
associated with electronic transitions from atomic core 
levels to unoccupied  final states  as a function of X-ray 
energy. From perturbation theory it  follows that the 
absorption cross section is governed by the transition 
probability, IT, between the initial  and  final states. 
Generally, the matrix element is calculated using the dipole 
approximation, and D is  given by 

where r is the position operator, 6 is the unit vector 
corresponding to the polarization of the light,  and i and f 
denote initial and final electron states. 

A. G.  SCHROTT AND G .  S. FRANKEL IBM J. RES. DEVELOP. VOL. 37 NO. 2 MARCH  1993 



As the energy of the X-rays increases, the absorption 
cross section generally decreases until a critical energy is 
reached, at which an abrupt jump occurs, as shown in 
Figure 2. This discontinuity (designated as the absorption 
edge) corresponds to the opening of the channel for the 
excitation of a core-level electron to an unoccupied state. 
A further increase in energy causes a gradual decrease in 
the absorption until another edge associated with a higher 
core level is reached. 

The physical  origin of the absorption spectrum in the 
energy range  within 10 eV  of the edge  is caused primarily 
by transitions in  which  both the initial  and  final states are 
discrete. The possible final states depend upon the physical 
nature of the system: Rydberg series in single atoms, 
bound valence states in molecules, core excitons in ionic 
crystals, and unoccupied local electronic states in metals 
and insulators. Transitions into the continuum constitute 
the photoelectric effect, and produce an absorption cross 
section that slowly decreases with energy. The X-ray 
absorption decreases in this region because the probability 
of interaction with the nucleus decreases as the momentum 
transfer increases. The trend is modulated by oscillations 
in the absorption spectra produced by scattering of the 
outgoing photoelectron in the continuum with atoms 
surrounding the central ion.  This  effect  is the basis of 
techniques referred to as EXAFS (extended X-ray 
absorption fine structure) and XANES (X-ray absorption 
near edge structure), which can be  used to probe the local 
atomic structure surrounding the central ion. 

Absorption spectra having a shape similar to that shown 
in Figure 2 are typically observed. Three regions can be 
defined: 

1. The edge (or threshold) region, within t 1 0  eV of the 
absorption edge. 

2. The region of multiple scattering in the continuum, 
or XANES region, 5-60 eV above the absorption 
edge. 

3. The region  of single scattering, or EXAFS region, 
40-600 eV above the absorption edge. 

The indicated energy regions should be regarded as 
approximations. 

The edge structure in condensed matter reflects the 
complexity imposed by the  band structure compared to the 
discrete energy levels of isolated atoms. In metals, the 
core hole is fully screened by the valence electrons, 
and the photoelectron/core-hole interaction is  negligible. 
Therefore, the edge  region of the spectrum maps the initial 
unoccupied one-electron density of states. Because of the 
selection rules that apply, the chosen edge selects the 
angular  momentum of the unoccupied local density of 
states. This has a strong influence, for instance, in the K 
edge of transition metals which  exhibit a varying degree of 

p-d hybridization. In zero order, the unoccupied bands are 
d bands and should not result in  significant absorption. 
Therefore, the actual edge  height measures the degree of 
p-d hybridization. 

In insulators, the continuum threshold E, is the photon 
energy required to excite core electrons to the bottom of 
the conduction band, with restrictions imposed  by 
selection rules. Generally, the density of states at the 
continuum threshold tends to be low,  and there is  no 
specific feature that allows  identification of E,, which in 
many cases depends strongly on final-state hybridization 
[17]. Therefore, it is  difficult to establish a direct 
relationship between the shift in the absorption edge  and 
the effective charge of the ion. However, for the K edge in 
transition metal compounds, the rising absorption edge 
shifts monotonically with the valence state, and the edge 
position  is often compared with those of standard 
compounds in order to assess the oxidation state. 
Therefore, the position of the edge  is a useful parameter, 
making XAS useful  for chemical analysis. 

In insulators, the final state of the multielectron system 
does not produce a fully screened core hole,  and therefore 
the Coulomb interaction modifies the states that can be 
occupied by a photoelectron, compared with the initial 
empty states. Because of the localized character of the 
core hole, the Coulomb attraction acts only  on the local 
components of the unoccupied wave function, and the 
localized orbitals are pulled  below the continuum 
threshold. This produces “bound excited states” or “core 
excitons” which probe the local structure of the system in 
the final state and result in peaks in the edge  region. The 
connection between these core excitons and the structure 
of the unoccupied levels in the initial state depends on 
the insulator under consideration. For large bandgap 
insulators, with  delocalized conduction bands, the final 
state of the core excitons can be described by molecular 
orbital calculations using a cluster formed by the ion 
involved  and its first  neighbors. However, these results are 
not directly related to the initial states. 

In contrast, in systems for  which  localized  molecular 
orbitals are associated with the bottom of the unoccupied 
conduction band, such as transition-metal compounds, the 
initial-state orbitals are pulled  down  rigidly by the 
Coulomb term, and the core excitons can be associated 
with the ground-state orbitals. In transition-metal 
compounds, the pre-edge core excitons can be  classified 
according to the symmetry of the 3d-derived molecular 
orbitals of the clusters. Octahedral coordination yields Gg 
and eg orbitals [18] of mostly d character. These orbitals 
produce weak excitons at the K edge because they are 
dipole-forbidden transitions, whereas very strong peaks 
appear at the L3 edge. Tetrahedral coordination, on the 
other hand, yields a,  and $ orbitals. The t, orbitals have a 
partial p character because of the mixing  of the d orbitals 
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of the metal with the p orbitals of the ligand,  and they lack 
a center of inversion. Therefore, a dipole transition is 
allowed, and strong pre-edge peaks appear. An example of 
such a transition and the resulting usefulness for chemical 
analysis is discussed later in the paper. 

The XANES region extends over an energy range of a 
few tens of eV above the absorption edge. In this energy 
range, an emitted photoelectron has enough kinetic 
energy to be considered in the continuum. However, its 
wavelength is large compared to interatomic distances. 
In this regime,  it experiences strong elastic scattering by 
atoms in both the first  and second shells surrounding the 
central atom. Therefore, its outgoing wavefunction, and 
thus the associated absorption coefficient, are modulated 
by interference produced by multiple scattering events 
within the central cluster. This interference determines the 
XANES oscillations. As a result of the multiple scattering, 
the oscillations carry information not only on the distance 
to atoms in the first shell, but also on distribution of 
atoms in the cluster. Because of the limited  range of the 
XANES region, high resolution is needed to convert the 
information carried by the oscillations in k space into 
the interatomic distances and angles of the cluster. 
Furthermore, calculations to extract this information  from 
first principles are very complex. 

The EXAFS region extends from about 40 eV to about 
600-800 eV above the absorption edge. This range  is  not 
always readily attainable because of possible interference 
from features of other absorption edges, associated with 
the same element or others in the compound under study. 
The oscillations are very weak, and require a very good 
signal-to-noise ratio for detection. This is compensated in 
part by low resolution requirements, given the large energqi 
range  available. In the EXAFS regime, the photoelectrons 
have a higher kinetic energy and are less likely to be 
elastically scattered. Therefore, the weak oscillations arise 
from  single scattering events and carry information 
regarding  only average distance to the first coordination 
shell around the central atom, not  information  regarding 
bonding  angles. 

In this paper, we focus on the edge  region  and its 
connection with the oxidation state of electrochemically 
formed  films. 

Experimental  techniques  and  requirements 

X-ray photoelectron  spectroscopy 
Systems for  XPS analysis are commercially available, 
and descriptions of them  and associated experimental 
techniques may be found  in several sources [19, 201. 
Accordingly,  we describe them only briefly. 

XPS  is carried out in ultra-high vacuum (UHV, about 
10"' torr), primarily to avoid contamination of the surface 
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are available, and the most intense beams are generated by 
AI or Mg sources. It is  common to make use of dual 
anodes to aid  in fingerprinting unknowns, since Auger lines 
are independent of the source energy, whereas XPS lines 
shift position. Monochromators are often used to select 
the energy distribution of the X-ray beam in order to 
eliminate either the K a  or KP component and also the 
Bremsstrahlung radiation, which increases the background. 

The emitted electrons are detected by one of two types 
of spectrometers: cylindrical  mirror or concentric. The 
latter type has better resolution, typically better than 
100 meV. However, for standard XPS measurements, the 
resolution is  limited by the source. Detailed descriptions of 
the two types of spectrometers may be found  in [19]. As a 
result of the matrix element described above, electrons 
from orbitals with quantum numbers e > 0 are not emitted 
isotropically. Therefore, the number of electrons collected 
by the spectrometer depends on the angle between the 
spectrometer and the incident radiation. 

minimize changes to the surface of the sample prior to 
introduction into the UHV environment. It is possible to 
build a chamber for electrochemical treatment directly 
onto a port of the system so that the sample is exposed 
only to an inert environment after it  is removed from the 
electrolyte [21, 221. However, such care may  not  be 
sufficient to prevent alteration, e.g.,  of the very reactive 
surfaces of some bare metals which may oxidize during 
transfer even in a nominally inert gas. 

Once the sample  is in the instrument and aligned  in the 
path of the beam, data are collected over a given electron 
energy range.  Counting typically takes place  during  many 
cycles to improve the signal-to-noise ratio. Data are 
obtained over several energy ranges in order to monitor 
many different elements. A large computer-based database 
exists that compiles a large  number of published  binding 
and Auger energies for most elements and their 
compounds [23]. The interpretation of the data obtained is 
greatly facilitated by comparison with previously published 
literature. 

Since X P S  is an a situ technique, care must be taken to 

X-ray absorption spectroscopy 
In contrast to XPS, a wider range of experimental 
arrangements is possible in XAS, and therefore we discuss 
them to a greater extent. Several excellent reviews present 
more detail [ll, 24, 251. In XAS, the absorption of the 
X-rays is measured as a function of the energy of the 
incident beam; the energy is monotonically varied via a 
monochromator. At 1 keV, the typical energy resolution 
needed  is of the order of 1 eV.  In order to have sufficient 
flux at each energy to generate a signal that will  allow  an 
analysis to be carried out in a reasonable amount of time, 
the nonmonochromatized beam  must be relatively intense. 
This necessitates the use of radiation produced by a 
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synchrotron light source, of which only a few currently 
exist in the U.S. A synchrotron consists of a large vacuum 
ring  through which high-energy electrons are accelerated 
by magnets.  At every bend of the synchrotron, a high  flux 
of coherent photons is tangentially emitted over a large 
range of energies. Beryllium windows permit the X-rays 
to be extracted from the ring to separate beam  lines. 

used in XAS studies. A few are shown schematically in 
Figure 3. The most common arrangement involves 
measurement of X-ray absorption in transmission, as in 
part (a). A sample is placed  in the path of the beam, and 
the absorption is given by 

Several different experimental arrangements have been 

px = In (5) , 
where p is the linear absorption coefficient, x is the sample 
thickness, and Zo and ZT are the incident and transmitted 
beam intensities, respectively. In this approach, the beam 
intensities are usually measured with gas ionization 
chambers placed  in the path of the beam to either side 
of the sample. Ionization by the beam of the gaseous 
environment in an ionization chamber results in a current 
flow between two charged plates, the magnitude of which 
is proportional to the intensity of the beam.  In order to 
generate a significant decrease in the transmitted intensity, 
a concentrated sample of the order of an absorption length 
thickness is required. This approach is obviously not 
useful for the study of thin surface oxide films. As for XPS 
data, XAS edge spectra are commonly analyzed by 
comparison to reference standards. These reference 
standards  are usually transmission data from  known 
powder or  foil samples. 

For dilute or very thin samples, better sensitivity is 
achieved by detecting the absorption via fluorescence. 
As described above, there is a certain probability that the 
photo-ionized state will relax by the emission of radiation; 
this radiation can be detected at a position out of the direct 
beam path, improving considerably the signal-to-noise 
ratio. For thin or dilute samples, the absorption is linearly 
proportional to the fluorescence produced [26], and the 
absorption coefficient  can therefore be determined by the 
ratio of the fluorescent to incident beam intensities. 

Surface sensitivity, a requirement for the study of 
passive oxide films,  may be achieved by several means. 
One technique uses glancing-angle geometry, as shown in 
part (b) of Figure 3. Total external reflection of X-rays will 
occur for very smooth surfaces and incident angles less 
than a critical angle. A recent calculation has shown that 
the penetration depth (the depth at which the intensity is 
reduced by a factor of l/e) for 6-keV X-rays (close to the 
Cr K edge) in N203 is a few  nm for incident angles less 
than 5 mrad [24]. At the critical angle of about 6 mrad, the 

Schematic  representations of various experimental  configurations 
used  in XAS studies:  (a)  transmission  configuration, (b) glancing- 
angle configuration, (c) configuration  for  examination of a  thin- 
film sample on a metallized, inert  substrate,  and (d) configura- 
tion  for  examination of a  thin-film  sample on a Mylar (window) 
substrate. 

X-ray penetration quickly increases to hundreds of  nm, 
which may be considered to be the bulk of the sample. 
Therefore, it is possible to study thin surface films using a 
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glancing-angle geometry with a detector placed above the 
sample to measure fluorescence. For in situ analysis, the 
treatment is carried out in a large volume of electrolyte 
contained by a thin  polymer membrane such as a Mylar 
sheet. Most of the electrolyte is then withdrawn to leave a 
thin  liquid layer beneath the polymer  film.  This approach 
is  difficult  in a glancing-angle  configuration because the 
apparatus tends to interfere with the path of the beam. 
Furthermore, the current distribution and mass transport 
for electrochemical cells with a thin electrolyte layer are 
poor, resulting  in unsatisfactory electrochemical control of 
the surface. 

Another approach that can be  used for surface 
sensitivity is to eliminate the bulk of the material from 
which an oxide film is  formed by depositing a thin film  of 
the material onto an inert substrate covered with a thin 
conducting layer of Au, Nb, or Ta, as in part (c) of Figure 
3. Upon electrochemical polarization, the thin film is 
converted totally into an oxide. With this technique, the 
beam is typically incident on the sample at an angle of 45", 
and the fluorescent X-rays are detected at 90" to the 
incident beam. 

A technique that facilitates surface sensitivity and in situ 
measurements with  good electrochemical control has been 
developed recently [27], and is depicted in part (d) of 
Figure 3. A thin film is deposited onto a Mylar substrate 
coated with a thin conducting layer of Au, Nb, or Ta. The 
sample seals a hole in  an electrochemical cell to form a 
window;  in this fashion the cell can contain a large volume 
of electrolyte and reference and counter electrodes. X-rays 
incident on the sample at 45" pass through the Mylar  and 
conducting layer to reach the thin film  of interest. 
Fluorescent X-rays pass through the substrate to a 
detector. Noise associated with the scattering of the 
incident beam by the electrolyte necessitates the use of an 
energy-discriminating solid-state detector that samples 
only the energy range around the Ka! radiation. 

The use of XAS to determine composition and valence 
is  fairly straightforward. The  beamline monochromator is 
adjusted to pass X-rays in the range of the absorption edge 

* of interest. The beam, sample, and detector are aligned so 
that the proper area is  illuminated at the correct angle. The 
monochromator motor  is then programmed to scan the 
energy range  from about -50 eV to +200 eV with respect 
to the energy of the edge. Typically, step sizes are smaller 
in the region near the edge in order to resolve edge 
features. The regions ahead of and beyond the edge are 
useful for background subtraction and  edge  height 
determination. If the sample is  not  moved or if the beam 
footprint on the sample  is reproducible, the height of the 
absorption edge  may  be used to quantify the amount of the 
given element under study. Periodic energy scans on 
reference standards are carried out in order to monitor 

198 possible monochromator shifts. 

In order to study a different element in the compound 
or system under study, it is necessary to slew the 
monochromator over a large  range to reach the energy 
associated with the edge of interest. Following any such 
major adjustment, the beam  may need to be realigned and 
recalibrated. As a result, it is  not  simple to collect data for 
several elements in a dynamic system such as a surface 
under electrochemical control. 

Capabilities  and  limitations of XPS and XAS 
In this section we briefly discuss the comparative 
capabilities and limitations of  XPS and XAS. Again, 
the emphasis is  on the use of these techniques for the 
investigation of the oxidation state of thin  electrochemically 
formed surface oxide films. 

As discussed earlier, photoelectrons and Auger electrons 
are sensitive to the chemical environment and have a short 
mean free path in solids. As a result, XPS  is  well suited 
for the study of the chemical state of very thin  films. As a 
rule of thumb, the mean free path for the most energetic 
photoelectrons (valence electrons) that can be excited with 
an AI Ka source (=1480 eV) ranges from 10 to 20 A for 
metals and 20 to 40 8, for oxides [20]. However, not many 
have been directly measured for oxides. For deeper core 
levels, the mean free path decreases and can be as low as 
5 A. Since the attenuation is exponential, it is  possible in 
some cases to study the kinetics of  film formation by 
monitoring the evolution (vs. some relevant parameter) of 
the intensities of the photoelectron peaks arising  from the 
film and the underlying  metal. Because of the capabilities 
of electron analyzers, large portions of the electron 
spectrum can be examined. Information can thus be 
obtained over many energy ranges for all the elements of a 
system except hydrogen  and  helium. These elements are 
difficult to detect by  XPS because of their comparatively 
low photoionization cross sections. It is also possible to 
assess the depth distribution of elements and their 
oxidation state. The escape depth of photoelectrons 
increases with their kinetic energy, and  different peaks 
associated with a given element are often found over a 
wide range of energy. The relative intensity of these peaks 
is thus affected by the depth below the surface from  which 
the signal originates. Furthermore, the signal  from the 
near-surface region can be enhanced by detecting 
photoelectrons emitted at a more  glancing  angle (by 
rotation of the sample). The comparison of a number of 
peaks from spectra taken at different  angles provides 
considerable information on depth distribution. 

Because the kinetic energies of the core photoelectrons 
and  Auger electrons have a rather direct relation with the 
oxidation state of the central atom,  XPS is well suited for 
the study of charge transfer in the initial state and of  final- 
state relaxation effects.  In  thin oxide films, the study of the 
final-state satellites may be of greater importance than a 
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precise determination of the binding energy in assessing 
the chemical state of the films, because the underlying 
metal  may  affect the energy peak positions, causing them 
to differ  from bulk standards. In general, the need for a 
meaningful reference level for energy determination is one 
of the limitations of XPS, as discussed next. 

In  XPS instruments, the sample is electrically connected 
to the spectrometer so that their Fermi levels are 
equivalent if the sample is metallic. Since the 
photoelectron kinetic energy is measured with respect to 
the Fermi level of the spectrometer, the work function of 
the spectrometer is taken into account for determination of 
the photoelectron binding energy. Sometimes equilibrium 
cannot be achieved between the spectrometer and 
insulating samples, however, causing the sample potential 
to remain electrically floating. The emission of 
photoelectrons then leads to the accumulation of positive 
charge and to an  offset in the photoemission and  Auger 
peak energies. In the case of very thin  films such as 
electrochemically formed oxides which are typically a few 
nm thick, equilibrium  can generally be reached by the flow 
of charge into the films. However, the flow  of charge is 
regulated by the position at which the Fermi level  is 
pinned at the interface. This leads to the creation of an 
interfacial dipole that bends the energy bands in the 
insulator. Therefore, the use of the signals from the 
substrate  as an energy reference yields values that may 
depend on the thickness and interfacial properties of the 
film. Sometimes the C 1s signal  from adventitious carbon 
(hydrocarbons, etc.) can be used as a reference. However, 
this should be done with caution, since it  is  not a very 
precise method [28] and requires some knowledge of the 
kind  of carbon species present and the effect of the 
surrounding  potential  on the C levels. Also, final-state  effects 
in very thin  insulating  films  may  differ  from those from  the 
bulk  form of the same compound.  This  can be particularly 
important at the metal-insulator  interface,  where the metallic 
phase  strongly  influences  relaxation  effects. 

As a result of these difficulties, the study of the chemical 
state of very thin  films  may seem a hopeless task. 
However, the rich array of responses from a particular film 
provides many clues which  lead the researcher to the 
properties of such films. A helpful phenomenon, discussed 
above, is the appearance of satellite peaks. These peaks 
depend strongly on the nature of the final states, which 
themselves depend on the nature and spatial arrangement 
of the bonding structure. For late transition-metal 
compounds, the satellite structure has been associated 
mostly with  final states with  different charge transfer from 
the ligand. This effect is also  believed to have a strong 
influence on the line shape of the L W  Auger emission, as 
discussed later. For earlier transition-metal compounds, 
the satellite structure seems more directly related to final 
excited states in the ligand [29]. 

Electrochemically prepared surfaces that are not rinsed 
with water prior to analysis may carry a residue of the 
double layer associated with the electrochemical 
polarization. The adsorbed ions comprise a dipole that can 
generate a strong electrostatic field  and  influence  XPS 
measurements. There are several examples in the literature 
in which the binding energies of electron orbitals in metals 
deposited under  different potentials are shifted [30]. This is 
not  an indication of a different chemical environment in the 
film. Rather, it results from  different degrees of pinning to 
the potential in the electrolyte, which  remain because of 
the persistence of the double layer in UHV conditions, at 
least through the duration of the experiment. This could  be 
interpreted as a drawback or an advantage, depending on 
the focus of the particular study. 

Finally,  XPS  is a very versatile and low-cost method. 
At present, there exist entry locks that permit rapid 
introduction of samples into a UHV chamber, either from 
air or from a better-controlled environment [21, 221. 
However, the extent to which the UHV environment 
required for XPS may be detrimental to an 
electrochemically prepared film has been and continues 
to be a subject of study [30-321. 

Given the capabilities of XPS, it  is reasonable to 
question the need for  leaving  one’s  own laboratory to 
carry out synchrotron-based experiments. Probably the 
most pertinent feature of XAS edge experiments in 
connection with the study of electrochemically formed  thin 
films  is that such experiments can be carried out either in 
an ambient environment or in situ in an electrochemical 
cell. This eliminates possible spurious artifacts that may 
arise during emersion and transfer to a UHV chamber. 
Furthermore, since the edge  region can be monitored very 
quickly, the time evolution of a system can be studied with 
XAS. Regarding surface oxides, the kinetics of  film 
formation and dissolution can thus be monitored. 
Unfortunately, only the time evolution for absorption 
edges close in energy can be monitored during a run. This 
can complicate the study of oxide films  on alloys, where 
compositional effects may  be relevant to the passivating 
properties of the film. To compensate for this limitation, 
absorption experiments offer the possibility of carrying out 
structural measurements in very thin  films  with only short- 
range order. This is accomplished by detailed XANES and 
EXAFS analysis. Because data acquisition for these 
techniques requires a considerable amount of time, this is 
usually done only at the initial and final stages of  an 
electrochemical experiment. 

on electrochemically formed  films  is  given by the 
constraints imposed by the synchrotron radiation. Because 
soft X-rays cannot pass through the beryllium windows 
that separate the vacuum in the storage ring  from the 
atmosphere in the experimental chamber, the edges of  light 

Another severe limitation of in situ XAS measurements 
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elements cannot be reached. Thus, light elements can be 
studied only in vacuum conditions, without the beryllium 
window present. 

a  very useful tool for studying electrochemically formed 
films,  and offers the possibility of performing both in situ 
and ex situ measurements on the same material system. 
Results from in situ and ex situ experiments on passive 
films are not  always in accord with each other [31, 321; 
assessing the sources of the discrepancies may  be crucial 
for understanding the properties of the films. Since ex situ 
XAS results can be directly compared to those of  XPS 
measurements, the two techniques complement each other. 
Therefore, probing the same system with both techniques 
is a  very useful approach for the study of passive films 
formed  under electrochemical control. 

Notwithstanding the limitations described above, XAS is 
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Example:  XPS  and XAS studies of 
electrochemically  formed  oxides on AI-Cr 
alloys 
This section summarizes work we have recently carried 
out, in collaboration with others, on the use of  XPS and 
XAS to study the composition of electrochemically formed 
surface oxide films on AI-Cr alloys. Interested readers 
may  find  more details in [33-361. It will be shown that, 
while  XPS provided considerable insight, the use of XAS 
was extremely useful.  The presence of a  sharp pre-edge 
peak associated with Crt6 makes this technique 
particularly sensitive for the detection of Cr  in its highest 
valence state. Furthermore, in situ XAS measurements 
carried out in aqueous solution with samples under 
potential control were very instructive. 

The  chemical state of  Cr  in passive oxide films  is  of 
interest because of the corrosion resistance it imparts as an 
alloying element. Whereas the equilibrium  solubility of Cr 

XPS spectra for 40-A-thick A1-Cr films  polarized  to 5 V vs. 
MSE.  The bulk compositions of the films were 5%, 20%, 32%, 
and 43% Cr,  as shown by curves a-d, respectively. The spectra 
were normalized as in Figure 4. From [33], reprinted by permis- 
sion of the publisher, The Electrochemical Society, Inc. 
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in  AI is extremely small,  it has recently been shown that 
large amounts of Cr and other alloying elements in Al 
remain in solid solution for  thin  films prepared by vapor 
deposition techniques [37,  381. The  films  in this study were 
sputter-deposited onto several different substrates: quartz 
for XPS studies, float  glass for XPS  and ex: situ XAS 
studies, and  Mylar for in situ XAS studies. Most of the 
AI-Cr  films examined were 20 or 40 A thick and  had a 
1000-2000-~-thick underlying layer of Nb or Ta. The 
electrolyte was 0.5 M H3B0, + 0.05 M N%B40, with a pH 
of  7.4. A mercurous sulfate reference electrode was used 
(MSE, 0.64 vs. standard hydrogen electrode); all potentials 
are referred to the MSE scale. 

The Al 2p and Cr 3p  XPS peaks for 40-A-thick, as- 
deposited, ambient-exposed alloy samples are shown 
in Figure 4; the energy was corrected for charging 
by using the adventitious C peak at 284.6 eV. The Cr 
concentrations determined from the Cr/AI  XPS area ratios 
(oxidized + metallic) were lower than the bulk values 
determined by Rutherford backscattering. This indicated 
that the Cr  in the alloy tends to be protected by 
preferential surface segregation and oxidation of AI. 

The Al and Cr metallic peaks shift to higher  binding 
energy as the Cr concentration increases. This observation 
may be explained by charging, which is observed even for 
thin oxides on metals during photoemission. As a result 
of this charging, the potentials of the oxide and the 
adventitious C on the oxide surface (used as  a reference) 
are more positive than the underlying  metal, which is 
electrically connected to the spectrometer and  is therefore 
not charged. The ratio of metallic to oxidized  peak  heights 
decreases for both AI and  Cr as the Cr concentration 
decreases, indicating the presence of a thicker oxide film. 
Since thicker oxide films can sustain a larger charge, the 
referencing method used results in  an apparent shift 
toward lower  binding energies for the metallic components 
of both Cr and Al as the Cr concentration decreases. This 
shift  is an artifact and not representative of a true shift in 
binding energy resulting from  alloying [28].  However, it 
illustrates one of the problems associated with  XPS data 
interpretation. 

The XPS spectra obtained after polarization of the alloy 
samples at 5 V are shown in Figure 5. These spectra 
exhibited a Cr 3p peak at 48 eV. Comparison with the XPS 
database [23] indicated that the Cr in the oxides was 
primarily in the 6+ oxidation state. Figure 6 shows the 
effect of polarization potential for 40-A-thick AI-43%  Cr 
films.  Oxidation state and oxide thickness increase with 
potential. The shoulder at  48 eV in curve a of Figure 6 and 
curve d of Figure 4 resulted from a satellite of the 3p peak 
of Cr+3, and  not  from Crt6. This was verified  by analysis 
of the corresponding Cr 2p peaks, which are not shown. 
Samples polarized at or above 0.7 V exhibited Cr  3p peaks 
corresponding to the 6+ oxidation state that were roughly 
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XPS spectra for 40-A-thick 43% Cr films polarized at -0.5 V vs. 
MSE (curve a), 0.7 V vs. MSE (curve b), 2 V vs. MSE (curve c), 
and 5 V vs. MSE (curve d).  The spectra were normalized as in 
Figure 4. From  [33],  reprinted by permission of the  publisher, 
The Electrochemical Society, Inc. 

equivalent in area. A similar area was found for the 
spectra shown in Figure 5. The total amount of Crt6 was 
apparently independent of potential and  alloy composition. 

As just described, XPS analysis provided information 
regarding the composition of the oxide films, the valency 
distribution, and the relative concentrations of their 
components. It was found that considerable amounts of 
Cr+6 remained in the films at high potentials despite the 
large solubility of the chromate ion. More information 
about the nature of Cr+6 in the films was generated from 
the Cr L W  Auger peak, which could be observed during 
XPS analysis. This  Auger peak is  much  more sensitive 
than either XPS or XAS to the exact bonding structure of 
Crt6. Illustratively, Figure 7 shows Cr L W  Auger spectra 
for Cr metal  and various Cr oxides. Crt6 in oxides formed 
electrochemically on AI-Cr  films was compared to  Cr+6 
adsorbed from chromate solution onto anodized Al. 
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Cr LVV Auger spectra for in situ vacuum-deposited Cr (curve a), 
Cr,O, powder (curve b), Cr(OH), powder (curve c), CrO, powder 
(curve d), CrO,powder (curve e), and  K,Cr,O, powder (curve f). 
From [35], repnnted with permission. 

Figure 8 shows that the Cr+6 ions adsorbed on the 
anodized Al behaved like chromate ion (see curve f 
in Figure 7); namely, screening charge was easily 
transferred from the oxygen  ligand  in the final state of the 
photoemission process. This charge transfer from the 

202 ligand  allowed the Cr L W  Auger transition to occur from 

Cr LVV Auger spectra for adsorbed chromate on an anodized 
A1 film  (curve  a)  and AI-43% Cr film  polarized at 5 V vs.  
MSE (curve b). The  dashed  lines  have  been added to  aid the 
reader, since the signals were weak. From [35], reprinted with 
permission. 

the nominally empty d band, and the structure was found 
to be susceptible to radiation-induced decomposition. On 
the other hand, for the Crf6 in oxides on the AI-Cr films, 
screening charge is  not readily transferred from the oxygen 
ligand. As a result of this and the fact that the d band for 
Cr+6 is  nominally empty, the Cr L W  Auger transition was 
not possible and was not observed. Correspondingly, Cr+6 
in the oxides on AI-Cr alloys did not readily  suffer 
photodecomposition. This implies that the Cr-0 bond for 
this Cr+6 in the alloy oxide is affected by the influence of 
the second nearest neighbor, Al. As a result, the Cr+6 
behaves as if integrated into the oxide structure and  is  not 
isolated as chromate anions. This is consistent with the 
observation described below that the Cr in the oxide is 
electroactive and can change coordination during oxidation 
and reduction cycles. 

XAS studies were performed on AI-Cr  films using two 
configurations. Ex situ measurements in the glancing-angle 
mode were made on samples that had been pretreated in a 
cell to form  an oxide film. For in situ experiments, use was 
made of a configuration described previously in which 
the metal film was deposited on a Mylar  window. 
Transmission absorption measurements carried out on 
Cr reference standards at the Cr K edge are shown in 
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Figure 9. The absorption edge moves monotonically to 
higher energies with increasing oxidation state.  A pre-edge 
peak associated with Cr+6 is clearly evident. Shown in 
Figures 10 and 11 are absorption edges, measured a situ, 
for samples that were similar to those of Figures 5 and 6. 
The edges were normalized to the total amount of Cr in 
each sample; hence, they only reveal the proportions of 
the various Cr oxidation states. As can be seen, the pre- 
edge peak was the predominant feature in the results 
obtained, and the amount of Crt6 and the absorption edge 
energy were found to increase with potential for 20% Cr 
films,  and  with  Cr concentration for films polarized at 2 V. 
These trends matched those determined by the XPS 
analyses. 

Systematic oxidation at a high potential, reduction at a 
low potential, and reoxidation indicated that the Cr in the 
oxide films was electroactive. This characteristic was 
examined with the in situ configuration, and the results are 
shown in Figure 12 with spectra of reference standards 
indicated by the dotted curves. These measurements were 
carried out while the sample was in solution and  under 
potential control. At open circuit (curve a), the Cr was 

Influence  of  alloy  composition  on  absorption edges for 40-A-thick 
AI-Cr  films  polarized  at 2 V vs. MSE, measured  below  the criti- 
cal angle. From [33], reprinted by permission of the publisher, 
The  Electrochemical Society, Inc. 

Adsorption edges of reference standards relative to the Cr K edge 
at 5989 eV. From [33], reprinted by permission of the publisher, 
The  Electrochemical Society, Inc. 

Influence of applied potential  on  absorption edges for 40-A-thick 
AI-Cr films  containing 20% Cr, measured below the critical 
angle.  From [33], reprinted by permission of the  publisher, 
The  Electrochemical Society, Inc. 
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and at about -0.2 V there is a transition to  Cr+3, which 
persists until +0.1 V.  At +0.2 V the characteristic Crt6 
pre-edge peak appears and dissolution is significant, as 
indicated by the decrease in  edge  heights (the in situ 
spectra were not normalized). Comparison of Figures 12 
and 13 shows that, during  slow polarization of  AI-Cr 
through  +0.2  V,  Cr dissolves via formation of chromate, 
and that if the potential is stepped directly to a high value, 
the Cr is trapped in the film as Cr+6. Other experiments 
indicated that, once Crf6 is trapped in the film  at a high 
potential, subsequent stepping of the potential through the 
critical potential of  0.2 V in small steps does not result in 
dissolution. Pure Cr  films were also found to dissolve 
rapidly at 0.2 V in a manner similar to the AI-Cr alloys. 
However, pure Cr dissolved even when the potential was 
jumped directly to a high value. 

The kinetics of the oxidation reaction to  Crt6 upon 
jumping of the potential were also studied in situ. 
Figure 14 shows the edges observed for an "12% Cr film 
prior to and  following stepping of the potential to 2.0  V. 

In situ XAS measurement of the  Cr K edge of a 20-a-thick 
A1-12% Cr film at  open circuit (curve a), after seven  minutes  at 
2 V vs. MSE (curve b), and after six  minutes  at -1.5 V vs. MSE 
(curve c), as shown by solid lines. The  broken lines show stan- 
dard compounds measured in transmission: Cr metal (curve a), 
K,CrO, (curve b), and  Cr,O, (curve c). From [34], reprinted by 
permission of the publisher, The Electrochemical Society, Inc. 

predominantly in the metallic state, since the oxidized AI 
segregated to the surface protected it. From the height of 
the pre-edge peak and the edge position, the oxidation 
state of Cr during the polarization to 2 V (curve b) could 
be estimated to be  50%  in the 6+ state and 50%  in the 3+ 
state. Reduction at -1.5 V (curve c) reduced the Crt6, 
since all of the Cr was found to be  in the 3+ state. The  Cr 
could  subsequently  be  cycled  between  the 6+ and 3+ states 
by appropriate potential treatments. The Crt6 was found to 
be stable in the oxide if the potential was increased to a 
high value in one step from the open circuit value. 

Figure 13 shows that the situation is  different if the 
potential is increased in  100-mV steps. The spectra in this 
figure were collected with coarse energy increments and a 
short counting time per point in order to minimize the total 
spectrum collection time to 3 min. Data not shown 

204 indicated that from -0.7 V to -0.3 V the Cr is  metallic, 

Cr K edge  for a 20-A-thick AI-22% Cr  film  polarized  at  the 
potentials indicated. From [36], reprinted by permission of the 
publisher, The Electrochemical Society, Inc. 
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The fast spectra taken during the first minutes at 2 V 
indicated that the Cr changes quickly from metallic to 
Cr+3. Only during a slower 30-min scan does the pre-edge 
peak associated with Cr+6 appear and stabilize. 

While in this example the ex situ XAS data generated 
little understanding beyond that obtained by XPS, the pre- 
edge  peak  unambiguously indicated the presence of Cr t6 .  

Interpretation of the X P S  data is straightforward when all 
of the Cr is present as Cr+6, as in Figure 5. However, 
when a mixture of oxidation states is present and Cr+6 is 
represented as a small shoulder, deconvolution is difficult 
and interpretation of the data is fraught with risk [37]. In 
contrast, the distinct pre-edge peak associated with Cr+6 
permits the identification of even a small amount of Cr+6 
in a mixture with other oxidation states, as shown, for 
instance, in Figure 14. Furthermore, the in situ XAS 
experimeqts carried out under potential control provided 
the capability to perform a relatively rapid analysis of a 
dynamic system under well-controlled conditions. The 
effect of polarization rate on Cr behavior could have been 
found  using ex situ experiments only, but that would have 
been  much  more  difficult.  Observation of the kinetics of the 
transformations was only  possible  with  the in situ technique. 

The XAS experiments, however, were clearly limited 
because of the inability  to monitor the behavior of Al in 
the same experiment. The K edge of Al at 1560 eV is 
below the range that can be achieved with  most  hard X-ray 
beam lines. The same applies to oxygen. It should be 
noted that the Al and 0 edges are accessible using soft X- 
rays. Their low energy, however, precludes the possibility 
of in situ experiments. In contrast to XAS, XPS could be 
used to obtain information  on the Al, Cr, 0, C, and also 
the Nb underlayer that was used.Information on the 
behavior of these elements was critical for a complete 
understanding of the system. Finally, the use of the Cr 
L W  Auger peak made it possible to detect effects that 
XPS and XAS could not be used to detect. The combined 
use of  all  of these techniques was needed. 

Concluding  remarks 
We have attempted to underscore the advantages of the 
coordinated use of XPS  and XAS for the study of 
electrochemically formed oxide films.  While  it  may  be 
time-consuming, combining these techniques provides a 
unique insight to the study of the properties of passive 
films and is potentially very rewarding. A brief description 
has been included of the fundamental processes involved 
and of the capabilities and limitations of the techniques 
when applied to electrochemical studies. 
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Cr K edge  for a 40-A-thick AI-12% Cr alloy. The  potential  was 
stepped  from  open  circuit  to 2 V vs. MSE. The  indicated  times 
are  the  times  elapsed  between  the  stepping  and  the  start  of collec- 
tion  of  each  spectrum.  From [36], reprinted by permission  of  the 
publisher,  The  Electrochemical Society, Inc. 
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