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Semiconducting Properties of Oxide and Passive FilmsFormed on Al Sl 304 Stainless Steel
and Alloy 600

M. G. S. Ferreira®®, M. Da Cunha Belo®, N. E. Hakiki %, G. Goodlet®, M. F. Montemor®
and A. M. P. Simdes”

% Department of Chemical Engineering, Instituto Superior Técnico, 1049-001 Lisboa, Portugal
b Department of Ceramics and Glass Engineering, University of Aveiro, 3810-193 Aveiro, Portugal

Estudaram-se as propriedades semi condutoras de filmes passivos formados em ago inoxidavel
AlSI 304 e em ligas de base Ni (Alloy 600) em soluc6es tampéo de borato. Os filmes foram
estudados por medidas de capacidade (Mott-Schottky ) e de fotocorrente. Estudaram-se também
filmes formados em ago inoxidavel AlSl 304 por oxidagdo ao ar, a temperatura de 350°C. Os
resultados mostram que a estrutura el ectrénica dos filmes é comparével ade umaheterojuncdo do
tipo p-n, onde as cargas de espago desenvolvidas nasinterfaces filme—metal efilme—electrdlito
devem ser consideradas. O estudo el ectrogquimico estade acordo com osresultados analiticos que
demonstram que osfilmes de 6xido sdo, em todos 0s casos, compostos por umaregido internarica
em Oxido de cromio e por umaregi&o externaricaem oxido deferro.

The semiconducting properties of passivefilmsformed on Al Sl 304 stainless steel and Alloy 600
in borate buffer solution were studied by capacitance (Mott-Schottky approach) and photocurrent
measurements. Oxidefilmsformed on 304 stainless steel inair at 350 °C have a so been studied. The
results obtained show that, in al casestheelectronic structure of thefilmsis comparableto that of ap-
n heterojunction inwhich the space charges devel oped at the metal-film and film-€lectrolyteinterfaces
havedsoto beconsidered. Thisisin accordance with analytical resultsshowing that the oxidefilmsare
inall casescomposed of aninner region richin chromium oxide and an outer regionrichiniron oxide.
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I ntroduction

The passive films formed on stainless steels and Ni-
based alloys reveal a semiconductive behaviour® and
therefore, the electronic properties should play an
important role in the corrosion resistance. Under certain
conditions, the electronic structure of these films can be
more accurately described as a bi-layer composed of an-
type outer region containing iron oxide and hydroxide
and a p-type inner region containing chromium oxide.%”
Nickel oxide is also present in both alloys mainly in the
external layers of the film, although a much larger Ni/Fe
ratio is found in the case of the Alloy 600.

In this work capacitence and a comparison is made
between the electronic structure of films formed on 304
stainless steel at 350 °C and that of passivefilmsformedin
borate buffer solution. Electrochemical and
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photoel ectrochemical results obtained for very thin passive
films on 304 stainless steel and Alloy 600 are presented as
well asthose obtained in the case of oxide filmsformed on
304 stainless steel in air at temperature of 350 °C.

Experimental

AlSI 304 stainless steel and Alloy 600 passive films
were formed in borate buffer solution at 0.8V and 0.3V
(respectively) vs. SCE for 2 h and thermally grown oxide
filmswereformedin air at controlled temperature of 350 °C
inside a furnace, for 2 h at atmospheric pressure. The
chemical composition of the 304 stainless steel and Alloy
600 used is shown in Table 1. The working electrodes
were plate shaped (1 cm?) and were mounted in an acrylic
resin. The surface was abraded with wet SIC paper of
decreasing grit size (400, 600, 1200) and was finally
polished with alumina (2um), rinsed in distilled water,
ultrasonically cleaned and driedin air. A classical cell with
three electrodes was utilized, in which the platinum wire
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Table 1. Composition of AISI 304 SS and Alloy 600 (wt.%)
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C N Cr Ni Fe Mo Si Mn
Alloy 600 0.033 0.007 16.30 Bal. 7.82 —_ 0.28 0.65
AIlSI 304 0.053 0.040 17.38 8.28 Bal. 0.139 0.48 1.42

counter-electrode had an area of 1 cm? and the reference
electrode was a saturated calomel electrode (SCE).

The analytical experiments were made using a 310 F
Microlab (VG Scientific), equipped with afield emission
type el ectron gun and a concentric hemispherical analyser.
Auger spectra were taken using a 10 keV, 50 nA primary
electron beam. lon etching was performed at a pressure of
1x107 mBar using high purity argon. The etching current
was approximately 0.75 uA/mm?. The etched area was a
crater with adiameter of 1 mm, whereasthe electron beam
had a spatial resolution of = 100 nm. The electron beam
was aligned with the centre of the sputtered region.
Although the roughness of the surface increases with the
sputtered depth, the very high spatial resolution of the
electron beam limits the deleterious effects of long
sputtering. In the case of passive films atomic densities
were determined by a quantitative approach based on the
sequential sputtering model by Sanz and Hoffmann.®

AFM images of the film formed on stainless steel at
350 °C were obtained using a Topometrix 2010
“Discoverer” equipment working in non-contact mode with
a silicon nitride tip.

The capacitance measurementswere performed at 1580
Hz in the potential range 0.5V to -1.5V (vs. SCE).
Polarisation was applied by successive steps of 50 mV in
the cathodic direction. A potentiostat (EG& G 273) and a
doubl e phase synchronous detector (Brookdeal 5208 lock-
in amplifier) with aninternal oscillator working in alarge
frequency range (5Hz-100 kHz) were used. The principle
isto apply simultaneously aperturbing signal AU (10 mV
rms) to the cell via the potentiostat and to the reference
chain. The response is compared to AU dephased by A¢
and Ap+r/2.

Photoel ectrochemical measurements were performed
by using a 150 W xenon lamp and a 1200/mm grating
monochromator (JobinY von H25). The photocurrentswere
generated by focusing the light with a fused silica lens
through a quartz window of the electrochemical cell, onto
the working electrode. The lock-in technique, allowed the
separation of the photocurrent from the passive current by
chopping the light at a constant frequency (19Hz) and
feeding the signal as well as the current output of the
potentiostat to the lock-in amplifier. The photocurrent
spectra were obtained on specimens polarized at O V vs.

SCE by scanning the wavelength of thelight in steps of 10
nm from 350 nm to 750 nm.

The capacitance measurements and the photoel ectro-
chemical study werecarried out at room temperature (22 °C)
under continuous de-aeration with high-purity nitrogen
in abuffer solution of composition H,BO, (0.05mol L) +
Na,B,0,.10H,0(0.075 mol L*) and pH 9.2. Thissolution
was used in the formation and study of the thin passive
films (in-situ experiments) and in the study of the thermally
grown oxide films.

In the interpretation of the capacitance results we
introduce the Mott-Sckottky approach, which assumed
that the capacitance response is controlled by the band
bending and can be described by the variation of the space
charge capacitance under depl etion conditions. In the case
of asemiconducting passive film/electrolyteinterface, the
Mott-Schottky relationship has to take into account the
contribution of the Helmholtz layer capacitance C,
according to®

O(U'UFB ‘k:j Q)

where N , represents the donor or acceptor density, ¢ the
dielectric constant of the passive film, ¢, the vacuum
permittivity, e the elementary charge for electrons (- e for
holes), k the Boltzmann constant, T the absolute
temperature and U, the flatband potential.

Inthe study by photoel ectrochemistry we consider that
in the case of passive films the contribution to the
photocurrent of the hole-electron pair formed in the bulk
region is negligible, the quantum efficiency #, defined as
the ratio between the photocurrent L and the incident
photon flux ®_ of energy hw, is given by the following
relation’

nzizeAW(hv-iEg)
D, hv

@

where A is a constant, e the elementary charge, w the
thickness of the space charge layer and E, the bandgap
energy. The exponent n depends on the type of the
transition between the valence band and the conduction
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band. The analysis of the photocurrent spectra obtained
with the passive films shows that n=2 is the most
appropriate value to represent a photoel ectrochemical
behaviour according to equation 2. This value of n
corresponds to indirect transitions in crystallized solids
and also to non-direct transitions in amorphous materials.

Results
AlS 304 stainless steel

Auger analysis and AFM characterisation. Figure 1
depictsthe Auger depth profiles obtained on afilm formed
on 304 stainless steel at 350 °C. The film is composed of
an external Fe oxiderich region and aninner Cr oxiderich
region. The film thickness is about 25 nm. The value of
the maximum atomic concentration for Cr is about 20%.
This means that a Cr-Fe mixed oxide is always present in
the inner region of the film.
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Figure 1. Auger analysis (depth profiles) of the thermally grown
oxide film formed on 304 stainless steel at 350 °C.
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Figure 2. AFM image of the film formed on AISI 304 stainless steel
at 350 °C.
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Figure 2 shows an AFM image of the same film. It can
be seen that the film morphology shows round shaped
nodules.

Figure 3 depicts the Auger depth profiles for passive
filmsformed on 304 stainless stedl in borate buffer solution,
obtained by applying the sequential layer-sputtering
model. The passive film has a duplex character with an
inner region rich in chromium oxide and an outer region
rich iniron oxide. The concentration of the chromium and
iron arevery similar to the concentrations of these el ements
in pure Cr,0O, and Fe,O, respectively. It also appears that
theinner layer of thepassivefilmiscomposed of practically
pure chromium oxide. The reasons for the chromium
enrichment in the inner layer are due to a higher mobility
of ironionsin the film aswell as a higher stability of iron
oxide in the electrolyte used as compared to chromium
oxide.

Capacitance measurements. Figure 4a shows the C2
vs. U plot obtained for the oxide film formed on 304
stainless steel, at 350 °C. The capacitance measurements
reveal the existence of a straight line with a positive slope
for potentials higher than -0.5V and with a negative slope
for potentials lower than -0.5 V. This means that the oxide
films behave as n-type semiconductor in the more noble
potential region and as a p-type semiconductor in the
lower potential region.

Another feature of the Mott-Schottky plot depicted in
Figure 4aisthe existence of abreak at = 0V. Thisbreak of
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Figure 3. Auger depth composition profiles for passive films formed

on 304 stainless steel at 0.8V (quantitative SLM analysis); a, oxy-
gen (at nm) in Cr,0, and &, oxygen (at nm?) in Fe,0,.
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the plot was explai ned assuming the existence of two kinds
of donors one very close to the conduction band and the
other below the conduction band.*2

From the slope of the straight line of the C-2vs. U plat,
the donor and acceptor densities of the Fe and Cr oxide
layers can be calculated. Using ¢ = 12 for the dielectric
constant of chromium oxide and iron oxide, the values of
N, and N, are respectively 0.5x10% and 2.3x10° cm?.

Figure 4b shows that the plot of C2vs. U for apassive
film formed on 304 stainless steel reveals a similar
capacitance behaviour to that of an oxide film thermally
grown at 350 °C. In both cases the negative and positive
slopes of the Mott-Schottky plots show that the film
behaves as ap-type semiconductor at potentialslower than
—0.5V and as an n-type semiconductor at potentials higher
than—0.5V. Notethat from the slope of the straight lines of
the C2 vs. U plots, the donor and acceptor densities
obtained for the passive film (formed at 0.8V) are 2.5 x
10 and 2.3 x 10? cm. Thevalue of N ishigher than that
obtained for the film grown at 350 °C, revealing that the
number of defectsislarger in the case of the passive film.

In both casesin Figure 4 the plot of C2vs. U relativeto
the iron oxide is depicted, showing that iron oxide only
reveals n-type semiconductivity.
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Figure 4. Plots of C2 vs. U for films formed on 304 stainless stedls.
a) in air at 350°C; b) passive film formed in borate buffer solution.
The same plot for iron is aso included.
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The use of pure metals and Fe-Cr aloys helps in the
understanding of the capacitance behaviour of the passivefilm
formed on 304 stainless stedl. Figure 5 showsthat the flat band
potentia of the chromium passive film is Situated at about
0.5V. Thispotentia iscloseto theedectrochemicd potentia of
trangpassivation of stainless stedls. On the other hand the flat
band potentia of the passive iron film is situated at about
-0.5V (Figure4). Whenthe passivefilmisformed on dainless
sted the capacitance response a potentials higher than 0.5V
is controlled by the outer iron oxide layer of the film.
Conversdly, at potentiads lower than —0.5 V the capacitance
response reflects the semiconducting properties of the inner
chromium oxidelayer. Infact theflat band potentia determined
by the intercept of the negative dope in the Mott-Schottky
plot is an apparent flat band potential for chromium oxide.
Thismeansthat the metallic subgtrate-passivefilm interfaceis
aways in depletion (a Schottky barrier) at potentias lower
than 0.5 V. At potentias higher than this potentid, i.e. in the
transpassive potentia region of stainless steels, the same
interfaceisin accumulation (an ohmic contact). Thismode is
referred to in more detail in next section.
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Figure 5. Plots of C? vs. U obtained for passive films formed on
pure Cr and Fe-20Cr alloy.

Photoel ectrochemical measurements Figure 6 shows
the spectra obtained when (yhw)¥2 is plotted against hw for
the film formed at 350 °C and for the passive film on 304
SS. Theresults show that the quantum efficiency increases
with temperature. Thisagreeswith the fact that the number
of donors present in the external layers of the films
decreases when the temperature is raised and can be
associated to an enlargement of the space charge layer in
the oxide films. By extrapolation of (yhw)¥? to hv=0, a
threshold energy value around 2.3 eV is obtained in both
cases. Thus, the absorption edge position does not depend
on the formation temperature of the film.
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Figure 6. Plots of (yhv)®® vs. hw for films formed on 304 stainless
steel. @) at 350°C; b) passive films formed in borate buffer solution.

Another feature of the spectra presented in Figure 6 is
that the photoresponse evolution near the absorption edgeis
not a sharp one, and shows subgap absorption. This
phenomenon is the well-known band tail, traditionally
associated with crystalline defects, impurities, deep levelsor
localized states in the bandgap, when significant
photocurrents are observed with sub bandgap illumination.
Figure 6 showstheexistence of apeak of photocurrent Situated
a 1.9 eV, eg. for photon energies lower than E, (in the sub-
bandgap region). This peak can be associated to transitions
from the valence band to the second donor level localized in
the bandgap. In fact, taking into account that the energy
bandgap value is 2.3 €V, it can be easily established®® that
this level is Stuated a 0.4 €V below the conduction band.
This interpretation supports the analysis of C2vs. U plotsin
Figure 4. In fact, in the electrochemical potential scale, the
position of this second donor level (0.4 V) corresponds
approximately to the potential of O V.

Alloy 600

Auger analysis. According to published data™* the
critical chromium concentration necessary to develop a
protective Cr-oxide barrier at the film-metal interface is
approximately the same (about 15%) for both Fe-Cr and
Ni-Cr alloys. However, thefilmsformed on Ni-based aloys
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are thinner than those formed on stainless steel.

Figure 7 shows that the very thin film formed on Alloy
600 consists mainly of an inner layer of Cr,O, developed
in contact with the substrate and an external layer of Ni
oxide. The latter is certainly covered by hydroxides. Iron
oxide is detected in the intermediate part of the film, i.e.,
between the Cr-oxide layer and the Ni-oxide layer.
Analytical results reveal Cr depletion underneath the
passive film. Thiswas also observed for stainless steel .”®
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Figure 7. Auger depth composition profile of the passive film formed
on Alloy 600.

Capacitance measurements. Figure 8 showstheresults
of the capacitance measurements on the passive films
formed on Alloy 600, plotted as C2 vs. U, which are
overlapped to the corresponding plot for A1SI 304 SS. Two
linear regions revealing Mott-Schottky behaviour are
apparent in both cases and this can be related to the
development of depletion layers promoted by band
bending. When the films are polarized at more positive
potentialsthey behave as an-type semiconductor (positive
slope) and when the polarization isin domain of the more
negative potentials their behaviour is that of a p-type
semiconductor (negative slope). The capacitance
behaviour of the two alloys (SS and Alloy 600) isin this
aspect very similar, although the capacitance values are
lower for the Alloy 600.

Figure 9 shows that in the case of Alloy 600 the value
of the capacitance at the flatband potential region is
practically the same of the films formed on pure Ni. This
seems to indicate that the film formed on the Alloy 600
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Figure 8. Plots of C2 vs. U for passive films on Alloy 600 and 304
SS.
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Figure 9. Plots of C vs. U for passive films formed on Alloy 600,
304 SS and Ni.

depicts in this potential region a capacitance response
essentially controlled by the Ni oxide contrarily to the
filmformed on SS. In the latter case the capacitance value
at the flatband potential is 30 uF cm, which is repre-
sentative of Helmholtz capacitance, C,,. Therefore the
contribution of the passive film to the measured capaci-
tanceisvery weak (thefilm behavesasaconductor). Thus,
although, Ni oxide is traditionally envisaged as a p-type
semiconductor, itsinfluencein the passivefilmin therange
of potentia showed can be compared to that of adielectric.
Under these considerations, thetotal measured capacitance
can be considered as the equivalent capacitance of three
seria capacitors:

UC=1/C, +1C, + UCy 3)

where C,; isthe capacitance corresponding to the Ni oxide.
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Photoel ectrochemical measurements. Plots of spectral
data according to equation 2 and presented in FigurelO
show that the photoresponse of the passivefilm formed on
304 SSis higher than that of the passive film formed on
Alloy 600. However, the bandgap energy is 2.3 eV for
both materials.
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Figure 10. Plots of (nhv)®® vs. hv for passive films formed on Alloy
600 and 304 SS.

Discussion
Thermally Grown Oxide Film

To explain the capacitance and photoel ectrochemical
results obtained account has to be taken of the concepts of
band bending that are well established in semiconductor
physics and semiconductor electrochemistry. Figure 11a
gives a schematic representation of the band structure
model for the thermally grown oxide film on 304 stainless
steel. It can be assumed that the capacitance and
photoelectrochemical responses reflect the influence of
the space charge regions developed at the film-electrolyte
and film-metal interfaces (interfaces | and 111) and also at
the heterojunction in the bulk of the film (interface I1).
The band model presented in Figure 11b explains how
under theinfluence of the anodic polarization (at U>-0.5V),
the slope of the C2 vs. U plots is modified (Figure 4). In
fact the contribution of the second donor level in both
thermally grown oxide filmsand very thin passivefilmsis
qualitatively similar. This means that the structural
organisation, i.e. the lattice cell of the spinel is similar.
Chromium is an alloying element that promotes the
development of a chromium oxide of p-type semi-
conductivity in theinner part of the filmin serieswith the
n-type iron oxide layer developed in the outer part of the
film. The two oxides in fact form a p-n heterojunction
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Figure 11. (a) Schematic representation of the electronic structure
(and distribution of charges) of a thermally grown film on 304
stainless steel; (b) contribution of the second donor level at the film/
electrolyte interface.

because they have different band gaps. However, the exact
band structure model, which takes into account both the
electronic transfer and theionic transport of charges might
be very complicated.

Passive Films

As can be observed for passive films the donor and
acceptor doping densities are practically identical (= 2.5
x 10 cm3). It isimportant to remark that the passive film
is formed under the influence of the applied potential U.
Thus, becausethe Fermi potential remains constant through
all partsof thefilm the electric potentia v and the chemical
potential u need to change in order to verify the basic
relationships.

U=E_=u - ey = constant 4

Thisisin contrast to the thermally grown films, where
during film growth the Fermi level isnot controlled by an
applied potential.

For non-zero space charge the surface charge at the
two interfaces of a passive film formed by a single oxide
layer must be equal and opposite to the total space charge
for overall charge conservation. On the other hand,
according to experimental results, potential barriers
(Schottky barriers) can be developed at both metal-film
and film-electrolyte interfaces and also at the p-n
heterojunction situated in the bulk of thefilm. If we assume
that the film is stable, the height of the potential barrier at
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the metal-film and film-electrolyte interface is a function
of the applied potential. That of the p-n heterojunction
depends essentially on the structural defects and does not
change under the influence of a polarization because the
Fermi energy is constant across the heterojunction. In fact
the structural defects at al the interfaces depend on the
formation potential and also of the applied potential.

The electronic band structure model proposed in
previous work”® considers that the flat band potential's of
the inner (Cr oxide) and outer (Fe oxide) layers of the
passive films are characterized by the same flat band
potential situated at about —0.5V. It was assumed that under
an applied potential the passive film acts as a Schottky
barrier above and below this flat band potential.
Consequently the inner film-metal interface is in an
accumulation condition at potentials higher than —0.5 V.
Thismay be not trueif we consider that the more accurate
flat band potential of the metal-chromium oxide interface
is situated at about 0.5V, i.e. the lower potential of the
transpassive region.

The schematic band structuremodelsin Figure 12 allow
us to compare the electronic structure created in the latter
casefor potentialslower and higher than—-0.5V. In Figure
12a the film-electrolyte interface is in a situation of
accumulation at potentials lower than —0.5V. In Figure
12b the same interface is in a situation of depletion at
potentials higher than -0.5V. The presence of localized
states in the bandgap as well as surface states were not
considered in the general model of Figure 12.
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Figure 12. The electronic structure of the passive film formed on
304 stainless steel considering that the flat band potential of the iron
and chromium oxides are situated at —0.5 V and +0.5V, respectively.
a) U< -0.5V; b) U > -0.5V.



440 Ferreira et al.

Conclusions

The electronic structure of the passive filmsformed on
AIlSI 304 stainless steel and Alloy 600 as well as of those
thermally grown on the former alloy is comparable to that
of a p-n heterojunction in which space charges are
developed. It is the presence of Cr oxide (p-type
semiconductivity) and Fe oxide (n-type semiconductivity),
respectively, intheinternal and external layers of thefilms,
that establishes the heterojunction.

Space charges are al so devel oped at the metal-film and
film-electrolyte interfaces; these are in equilibrium with
the space charges created at the heterojunction in the case
of passivefilms.

The proposed electronic structure models describe the
two types of films studied. Both reveal similar structural
organization, with similar lattice cells.
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