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Microstructure of thermally grown and deposited alumina films probed with positrons
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Aluminum oxide films used for corrosion protection of iron and nickel aluminides were generated by
substrate oxidation as well as plasma and physical vapor depositions. The films grown by oxidation were
crystalline. The others were amorphous. Defect structures of the films were studied by positron spectroscopy
techniques. Lifetimes of the positrons, and Doppler broadening of theg photons generated by their annihila-
tion, were measured as functions of the energies with which they were injected. In this manner, densities and
sizes of the defects were determined as functions of depths from the outer surfaces of the films. Alumina films
generated by oxidation had high densities of open volume defects, mainly consisting of a few aggregated
vacancies. In the outer regions of the films the structures of the defects did not depend on substrate composi-
tions. Positron lifetime measurements, and theSandW parameters extracted from Doppler broadening spectra,
showed uniform distributions of defects in the crystalline Al2O3 films grown on nickel aluminide substrates,
but these data indicated intermediate layers of higher defect contents at the film/substrate interfaces of oxides
grown on iron aluminide substrates. Amorphous films generated by plasma and physical vapor deposition had
much larger open volume defects, which caused the average lifetimes of the injected positrons to be signifi-
cantly longer. The plasma deposited film exhibited a high density of large cavities.@S0163-1829~99!09409-6#
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I. INTRODUCTION

Materials that can withstand high temperatures with
losing their mechanical properties have many practical ap
cations. Transition-metal aluminides, e.g., those of iron a
nickel, are particularly interesting because of their go
high-temperature corrosion resistance and other attrac
properties.1

Oxide coatings are effective for protecting metals and
loys from chemical reaction with environmental gases. Ma
different techniques for producing them have been stud
For oxidation resistant alloys, an external oxide layer for
during oxidation of the substrate, which occurs in the cou
of its use in most environments. For the alloys in this stu
alumina films were formed by both oxidation and vap
deposition. Trace elements in the substrates, such as H
or Zr, are beneficial to the growth or the films, primarily b
improving their adhesion to the substrate, cf. Pint.2

Defect structures of the films are important factors in
diffusion processes involved in their growth kinetics, a
may affect the mechanical properties of the films.3 There-
fore, positron spectroscopy could serve as a valuable cha
terization tool for such surface oxides.

Positron spectroscopy is a useful method for investiga
numerous kinds of open volume defects, such as mono-
divacancies, vacancy clusters, or dislocations, in metals,
Schaefer,4 semiconductors, e.g., Hautoja¨rvi,5 and even in
PRB 590163-1829/99/59~10!/6675~14!/$15.00
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ionic crystals, e.g., Hyodo.6 With positron lifetime spectros-
copy it is possible to obtain information on the type and t
density of the respective defects simultaneously. Dopp
broadening measurements of positron annihilation proce
provide rapid measurements of defect concentrations. P
tron spectroscopy data are not distorted by internal str
interstitials, or pure antisite defects. Unambiguous inform
tion about open volume defects is thus provided.

II. EXPERIMENTS AND ANALYSIS

A. Samples

The protective aluminum oxide films on the specime
studied in this work were on the order of 1mm in thickness.
In order to perform measurements on such specimens
necessary to use monoenergetic~‘‘slow’’ ! beams of posi-
trons. Fast positrons from ordinary radioisotope sources h
energies that are so high (Ekin.500 keV), and of such a
large spread as to make them unusable. Positrons from
sources penetrate the substrates and generate backgr
that obscure the information from the films. The beams
slow positrons used in this work had energies that were
fined to within 100 eV or less, thus allowing control of th
depths to which the oxide films were penetrated. Measu
ments of both the Doppler broadening of the energies of
g photons resulting from the annihilating positrons~DBAR!
6675 ©1999 The American Physical Society
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TABLE I. Sample specifications and preparations; experiments.

Procedure of Layer Layer DBAR beam lifetim
Sample Substrate producing the layer structure thickness measurements

NAHf Ni 49Al51Hf0.05 Substrate oxidation 0.4mm a d d

NATZ Ni49.3Al50.4Ti0.21Zr0.08 in flowing O2 a-Al2O3 0.8 mm a d

FAY1 Fe69.9Al28Cr2Y0.1 @ 1200 °C for 2 h 1mm a d d

FAY3 Fe69.7Al28Cr2Y0.3 1 mm a d

NA Ni49.8Al50.2 Al1 - plasma deposition amorphous 1mm b d d

FAZr Fe66.9Al28Cr5Zr0.1 Physical vapor depos. Al2O3 5 mm c d d

aValues are obtained from SEM and TEM micrographs~Refs. 7,8!.
bSee Brownet al. Ref. 9 or Monteiroet al. ~Ref. 10,11!.
cSee Barbee~Ref. 12!.
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and of the lifetimes of the positrons after injection we
made. Table I contains a description of the samples ex
ined.

Al2O3 films on transition-metal aluminides were inves
gated with variable energy positron Doppler-broaden
measurements and with variable energy positron lifeti
spectroscopy. The nickel aluminides and FAZr were c
resulting in a grain sizedg.100 mm, whereas the sample
FAY1 and FAY3 were made by powder metallurgy,dg
'1 mm.8,7 All samples were polished with 0.3mm alumina
prior to oxidation or coating deposition. FAY1 and FAY
were chosen because they form interfacial~metal-alumina!
voids of 50–150 nm diameter upon oxidation, see, for
ample Pintet al.7,13 Samples of NAHf and NATZ do no
show voids after oxidation for 2 h at1200 °C.14

B. DBAR measurements

The Doppler-broadening experiments on the samp
NATZ, FAY3, NA, and FAZr, cf. Table I, were carried ou
with the slow-positron beam atBrookhaven National Labo
ratory. Details and specifications are described in the pa
of Lynn and Lutz.15 The run for the samples NAHf an
FAY1, cf. Table I, was done with the slow-positron beam
the Positron Laboratoryat theUniversity Halle, Germany.

C. Variable energy positron lifetime measurements

The pulsed slow-positron beam at theElectrotechnical
Laboratory, Tsukubawas used for the variable energy pos
tron lifetime measurements. Details of the apparatus are
scribed by Suzukiet al.16 Approximately 0.5–0.73106

single events were collected for each single spectrum.
spectrometer had a resolution of 300–315 ps full width
half maximum~FWHM!. As already described in a prelim
nary paper,17 a small portion of positrons were reflected fro
the sample or the sample holder generating a very long
time component. These lifetime components were discar
in the analysis. We are sure that this component did
originate from positronium states, as it sometimes did
appear at very low positron energies, when positronium
mation has highest probability, cf.Ee150.5 keV in Fig. 9,
but sometimes appeared when all positrons are assume
be implanted into the metallic substrate, cf.Ee1523 keV in
Fig. 9 and discussion in Secs. III and III B 2.
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In a few of the spectra, satellite peaks appeared after
main peak. Then, only earlier parts of the spectra were c
sidered and a flat part of the spectrum with scattering o
was used to determine the background.

D. Standard positron lifetime measurements

Material of the compositions Fe69.9Al28Cr2Y0.1,
Ni49.8Al50.2, and Ni49Al51Hf0.05, the raw substrate material
for samples FAY1, NA, and NAHf, respectively, were an
lyzed by standard positron lifetime spectroscopy. A fast-f
coincidence positron lifetime spectrometer with Pilot-U sc
tillators having a resolution function of 220 ps FWHM wa
used. The source material was 14mCi 22NaCl deposited on
a 2 mm Al foil. About 4.53106 single events were col
lected for these spectra. Source correction was made as
scribed elsewhere.18

E. Numerical analysis

A small portion of the positrons injected into solids ann
hilate with core electrons of the atoms in that material. C
electrons have high momentum, causing Doppler broaden
of the photons emitted. If open-volume defects are presen
the solid, a large percentage of the positrons will be trap
in regions where core electron density is low, leaving on
the low-energy valence electrons for annihilation. As a
sult, the Doppler broadening will be lower. Defect trappi
will cause theS parameter to increase, cf. Sec. II F.

The S parameter curves were analyzed by means of
programVEPFIT.19,20 A Makhov profile,21,22

P~z,E!5S m

z0
D S z

z0
D m21

expF2S z

z0
D mG , ~1!

z is the implantation depth,E is the positron energy, wa
used to describe the positron implantation. Here the ab
viations

z051.13zm ; zm5~A/r!En ~2!

apply, wherer is the physical density of the material andzm
is the mean implantation depth for the given energy;m, n,
and A are empirical constants. We choosem52, A
54mg/(cm2 keVn), andn51.62 according to the results o
Vehanen et al.23 We assumed the mass density of t
a-Al2O3 layers, cf. Table I, to be not markedly differen
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from the theoretical value ofr53.97 g/cm3 as the micro-
graphs of these and all similar films did not show a lar
volume fraction of voids.13 For the plasma deposited amo
phous alumina layer on NA, cf. Table I, we started with t
same value as for thea-Al2O3, but we also tried smalle
values. For more details see Sec. III C 1.

All lifetime spectra were analyzed by means of the p
gramLIFESPECFITwritten by Puska.24 Single lifetime spectra
were recorded for all experiments at very low positron en
gies,Ee1<1 keV approximately, dependent on the samp
We interpret this effect to be due to the trapping of the p
itrons in surface states, in particular as these compon
were also found with decreasing intensity at slightly high
positron energies together with components originating fr
the film. At those higher energies some of the positrons
fuse back to the surface, whereas the other ones are tra
inside the film. For this reason the surface lifetime comp
nents were fixed until disappearance to the values for s
low deposition.

The width of the resolution function of the beam-lifetim
spectra was fitted within a certain range of 300–315 ps,
proximately, because it was not to be expected that the r
lution function of the spectra is independent of the posit
implantation energy.

F. S vs W plots

The annihilation process of positrons by electrons
quires that both energy and momentum be conserved.
cause of the conversion of the masses of the electron
positron into photons, small changes in the momenta of
electrons cause large shifts of energy from one photon to
other, leading to a high degree of Doppler broadening of
511 keV annihilation peaks. TheS parameter and theW pa-
rameter are empirical measures of the degree of broaden
TheSparameter is defined as the ratio of the area of the
portion of the annihilation peak to the area of the entire pe
The W parameter is the ratio of the area of the wings of
peak to its entire area. The width of the regions for bo
parameters is user chosen, frequently so that the defect
material hasS50.5 andW50.05. S parameters are large
when positrons annihilate mostly with low-momentum ele
trons.W parameters are larger, andSparameters are smalle
when annihilation occurs with core electrons of atoms,
West.25 For atoms of transition metals such as iron a
nickel, appreciable amounts of annihilation occur with t
outer core electrons, 3d electrons, causing increases in theW
parameters.

In the analysis of films by Doppler broadening measu
ment of the annihilation peaks, it is quite useful to plot theS
parameters vs theW parameters, see the article of Cleme
et al.26 for example. Figure 1 is a three-dimensional illustr
tion of the relationship between theS andW parameters and
positron injection energies. For Figs. 2, 3, 6, 7, 11, and
the S-W diagrams are shown as two-dimensional plots,
companying the plots ofS parameters vs positron injectio
energies.

For monolithic materials, whose compositions and def
structures do not vary with depth from their surfaces, thS
vs W diagrams consist of clusters of points, for which all t
SandW parameters are approximately the same. An exam
e
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of this is discussed in Sec. III D. For layered films of diffe
ent structure, in which the positrons penetrate more t
one layer, theS andW parameters vary with positron injec
tion energy according to different schedules, and th
diagrams are extended from clusters of points to line s
ments. The first point in Fig. 1, having the parameter trip
~E@keV#, W, S!5~0.463, 0.0487, 0.4568!, indicates the~pos-
itron annihilation! properties of the surface, the two poin
obtained at positron energies of 3 and 4 keV,~3.001, 0.0655,
0.4136! and~4.003, 0.0653, 0.4136!, represent the propertie
of the Al2O3 layer. Higher positron injection energy distrib
utes the positrons between the oxide layer and the m
substrate, extending the data points to a line. Finally all p
itrons annihilate in the substrate, indicated by the cluste
points around (W, S)5(0.049 9, 0.469 38!.

FIG. 1. Three-dimensional plot ofSandW parameter in sample
NATZ as a function of positron energy and derivedS vs W plot.

FIG. 2. S parameter in sample FAY1 as a function of positr
energy andS vs W plot.
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6678 PRB 59BERTRAM SOMIESKI et al.
In general, by extending the appearing line segment
their intersecting points, one can obtain from those apices
S andW parameters of each layer, see for example Clem
et al.27,26

III. RESULTS AND DISCUSSION

The apparent formation of positronium in Al2O3 has been
demonstrated after special treatments of Al2O3, like neutron
irradiation and annealing, cf. Hasegawaet al.28 or Na-
gashima et al.,29 or anodic deposition, cf. van Hoeck
et al.,30 or in fine grained powders, cf. Dauwe an
Mbungu-Tsumbu31 as well as after calcination, cf. Ewe
towski et al.,32 or sintering of powders, cf. Braueret al.33 In
contradiction to those results we found no indication of fr
positronium inside our samples, neither by Doppler broad
ing of annihilation radiation~DBAR! measurements34 nor by
the variable energy positron lifetime spectroscopy, cf. S
II C. Even though SEM micrographs showed some la
cavities of up to 100 nm diameter,13 their volume fraction
seems not to be sufficient to achieve the threshold for a p
itronium component in the spectrum.

For convenient comparison, the figures containing DBA
measurements, Figs. 2, 3, 6, 7, 11, and 14 and the fig
containing positron lifetime analysis, Figs. 8, 9, 12, and
are equally scaled. The lines in the plotsS parameter vs
energy are fits by means ofVEPFIT; the lines in theS vs W
plots and in the lifetime parameter plots are to guide the e

A. Unoxidized substrates

1. Fe3Al Substrate

There are few papers about analyzing the defect struc
of Fe3Al alloys by means of positron annihilation spectro
copy. For example, Jira´sková et al. found in cast and an
nealed ingots of Fe72Al28 a defect lifetime of 185 ps,35 which

FIG. 3. S parameter in sample FAY3 as a function of positr
energy andS vs W plot.
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they attributed to positron annihilation in single vacanci
From that result the bulk lifetime in defect free material w
calculated to be 118 ps. In as-cast material of slightly diff
ent composition (Fe76.3Al23.7), Schaeferet al. measured a
single-component positron lifetime spectrum of 112 ps, in
cating that the vacancies concentration was below the thr
old for positron lifetime spectroscopy.36 This is consistent
with the conclusions of Wanget al.37 and Dlubeket al.38 that
increasing percentage of aluminum increases the densit
remaining vacancies, although Wanget al. still found excess
vacancies after furnace cooling of Fe78Al22. If one assumes
their spectrum (t15113 ps, t25223 ps, I 1578%, I 2
522%) to consist of defect lifetime and reduced bulk lif
time, so that the two-state trapping model may apply,
Bergerson and Stott,39 or Seeger,40 the bulk lifetimetb of the
defect-free material

1

tb
5

I 0

t1
1

I 2

t2
~3!

is calculated to be 127 ps, which is much higher than
value given by Schaeferet al. or Jiráskováet al. In addition,
Wang et al. found in Fe78Al22 only a neglectible second
component besides the main lifetime of 123 ps that is a
higher than the bulk lifetime value given by Jira´skováet al.

We found, however, in the unoxidized substrate of sam
FAY1 (Fe69.9Al28Cr2Y0.1) a two-component spectrum wit
the values: t15165 ps, t25291 ps, I 1573.5~60.8!%,
I 2526.5(60.8)%. We believe that the second compone
originates from grain boundaries, which is reasonable du
its lifetime value and the high volume density of gra
boundaries in this material, cf. Sec. II A. If we assume tha
the present material the positron diffusion constantD1 has,
similar to other materials, a value of the order of 1 cm2/s,
and the bulk positron lifetime to be close to the value giv
by Schaeferet al., we can adopt the results of Hu¨bner
et al.,41 who calculated in copper (D151.5 cm2/s, tb
5110 ps) the fraction of positrons reaching the gra
boundaries as a function of grain size and trapping rate.
obtain from there, that the trapping rate should have val
k52 –431010 s21, and, using the trapping coefficien
given by Schaeferet al., m1v5431014 s21, that the con-
centration of single vacancies,c1v5k/m1v , in our material is
of the order of 50–100 ppm.

2. NiAl substrate

It is well known that both stoichiometric and hypost
ichiometric Ni50Al50 retain high densities of Ni vacancie
after slow cooling.42 In Ni49.8Al50.2 and in Ni49Al51Hf0.05 we
found saturated trapping in defect sites of a single kind. T
positron lifetimes were (17561) ps and (17261) ps, re-
spectively. We agree with the conclusions of Shimotomaet
al., Kim et al.,and Fuet al.43–45that all positrons are trappe
in single vacancies in the Ni sublattices. Fuet al. have cal-
culated that the formation enthalpy for aluminum vacanc
is at least twice as high as that for vacancies in the nic
sublattice, giving further support to our view that positro
trapping in aluminum vacancies is not likely.

Kim reports that in stoichiometric Ni50Al50 the vacancy
density is above 0.1 at. %,44 which is so high that all posi-
trons are trapped. This result is consistent with the calcu
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tions of Fuet al.45 Therefore, we have to assume that po
trons are trapped in the Ni sublattice. That is in contradict
to the results of Schaeferet al. who found material of very
low vacancy density~below the threshold! after annealing.36

Deng et al. report that annealing of Ni50Al50 at 1100 °C
produces large voids which induce long lifetime compone
in the positron spectra.46 These results could also be e
plained, however, on the basis of the specimens being
and polished after the heat treatments. The large lifet
components could have been due to the effects of mecha
abrasion, as reported by Parket al. for pure iron47 and by
Somieski and Krause-Rehberg for steel.48

B. Layers grown by substrate oxidation

1. Doppler-broadening results

Figures 2 and 3 are plots ofS parameters, extracted from
measurements of the Doppler-broadened positron anni
tion peaks, recorded as functions of the energies with wh
positrons were injected in the surface films of the FAY1 a
FAY3 samples. The similarity in the shapes of the tw
curves is to be expected, because the compositions of
substrates were nearly the same, and the oxidation condi
under which the films were grown were identical, cf. Table
The S parameters recorded for small positron injection en
gies, ranging from 250 eV to 2 keV approximately, are
fluenced by annihilation of positrons trapped in surfa
states. For injection energies greater than this range, the
itrons penetrate sufficiently far beyond the surface as no
be able to diffuse back.S parameters measured for the
energies represent annihilation events taking place at
inside the oxide film. The rapid decrease ofS parameters a
energies of 250 eV–2 keV was also observed by Veha
et al.23

S vs W diagrams accompany the respectiveS parameter
plots of Figs. 2 and 3. Each diagram consists of three
tended curves, which indicates that the oxide films are co
posed of two layers, as the two lines, indicating the chang
the positron distribution from surface or substrate to
layer, do not join in one point as it is expected for a unifo
layer, see for example Figs. 6 and 11. SEM micrographs
cross sections of the two films also suggest two layers,
Ref. 8: The interior part of the film, closest to the substra
has'1 mm long, columnar grains, while the outer surfa
regions of the film has smaller, equiaxed grains, see Fig
The obvious two-layer nature of the FAY1 film, as indicat
by theS-W diagram, was not apparent in theSparameter vs
energy curve. TheVEPFIT program that is used to interpretS

FIG. 4. Schematic structure of the Al2O3 layers grown by sub-
strate oxidation as observed by electron microscopy, cf. Pintet al.
~Refs. 8, 14, and 7!.
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4.

vs energy plots is sometimes applicable to multilayered s
face structures, but we do not think it is applicable to t
FAY1 data, as the data fit a smooth curve quite well.

The S-W diagram for the FAY3 film also suggests a tw
layer structure. The existence of a second layer is no
clearly seen as for the FAY1 film. TheS vs energy plot for
the FAY3, however, does certainly suggest a two-layer str
ture, since after the straight part from 3 to 9 keV theS pa-
rameter decreases again and forms a dip. Therefore, theVE-

PFIT program was used to fit a curve to the experimen
points, assuming the existence of two layers.

The very steep drop of theS parameter, for the positron
injection energy range of 0.25–2 keV, indicates a high d
sity of trapping centers in the outer surface layer that redu
the positron diffusion length. If one uses the formula

L15105 Å @E0 /~1 keV!#1.6, ~4!

obtained from Saarinenet al.49 and adjusted for the densit
of the Al2O3, whereE0 is the half-width of the change in th
S(E) curve, to calculate the effective positron diffusio
length in the Al2O3 layer L1

( l ) , the results (FAY1)L1
( l )

517 nm and(FAY3)L1
( l )516 nm are in good agreement wit

the fittedL1 of VEPFIT, cf. Table III in Sec. IV. We believe
therefore, that the fit done byVEPFIT is not somehow per-
turbed.

The substrates in FAY1 and FAY3 differ only slightly i
their content of yttrium, and the conditions under which t
films are formed were identical in both cases, cf. Table
We, hence, assume both samples to be very similara priori.
To our knowledge the higher amount of yttrium in th
sample FAY3 should only influence the outer part of t
Al2O3 layer. Yttrium is known to segregate to alumina gra
boundaries where it inhibits grain growth.50 Thus, a higher Y
content may result in more segregation and thus a fi
outer-layer grain size.

Figure 2 shows that for the FAY1 sample theSparameter
curve is flat over the positron injection energy range
2.5–15 keV. But for the FAY3 specimen, Fig. 3 shows
significant decrease in theSparameter starting at 8 keV pos
itron implantation energy, approximately. We ascribe the
crease for the FAY3 sample, to the combination of the
creased amount of yttrium in the substrate, which segreg
at the grain boundaries of the Al2O3 film,2,14 and the in-
creased positron diffusion lengths together with the perh
slightly smaller grain size for the interior of thea-Al2O3
film in specimen FAY3, cf. Fig. 15. We conclude that, ther
fore, the positrons injected into the interior of this films ha
higher probabilities of reaching the grain boundaries and
nihilating with electrons of yttrium atoms than those po
trons injected at lower energies. The annihilation with t
outer 4d electrons of the yttrium atoms should broaden t
511 keV peak, since those electrons have higher momen
The S parameter measurements on FAY1 and FAY3 w
not made with the same facility, cf. Sec. II B. A simple com
parison of the absolute magnitudes of theS parameters can
therefore not be drawn. On the condition that both samp
area priori similar, as mentioned above, it is possible, ho
ever, to normalize the two sets of data. A simple linear n
malization formula was used:

S85kS1S0 . ~5!
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Using coefficient values of k51.0512 and S05
20.0284, theS parameters of the FAY1 specimen we
transformed in a manner that itsS8 values were almost iden
tical for the 0.25–5 keV and 20–40 keV energy ranges, co
pared with FAY3, cf. Fig. 5. These ranges cover surfa
outer layer part, and substrate region. This result vindica
our assumption, explained above, that the only differe
between samples FAY1 and FAY3 is in the yttrium conte
and that this changed theS parameters only for the interio
part of thea-Al2O3 layer ~energy range of 8–15 keV!. As
expected, the transforming of the data did not change
values of the diffusion length or layer thickness in theVEPFIT

fit.
TheSparameter curve and theSvs W plot for the NATZ

specimen indicate that the Al2O3 film is uniform in its struc-
ture and thinner, see Fig. 6, than those on the iron alumin
substrates. It can be seen from theS parameter curves in
Figs. 3 and 6 that for positron injection energiesEe1

<4 keV, theS parameters of the Al2O3 film on the NATZ
specimen are almost identical to those of the FAY3 fil
suggesting that positron diffusion lengths are about the s

FIG. 5. Comparison of theS parameters of samples FAY1 an
FAY3 adjusted using formula~5!.

FIG. 6. S parameter in sample NATZ as a function of positr
energy andS vs W plot.
-
,
s
e
,

e

e

,
e

for both films. VEPFIT actually gave almost the same diffu
sion lengths, cf. Table III in Sec. IV. Combined with th
identity of the vertices, indicating surface and layer prop
ties in theS vs W plots in Figs. 3 and 6, the defect structu
and defect density of both films appear to be very similar.
future work, films of thickness comparable to those on ir
aluminide substrates will be grown on nickel aluminide su
strates and will be examined by positron spectroscopy
determine if the structures remain similar.

The S parameter curve for the NATZ sample was me
sured at theBrookhaven National Laboratory, and that for
the NAHf sample, see Fig. 7, was recorded at theUniversity
Halle, Germany. As for the sample FAY1 we transforme
theSvalues of sample NAHf with formula~5! and the above
given constants. The resultingS8-parameter value for the
film was essentially the same as for the NATZ. TheSparam-
eters for the outer surface regions of the two films did n
agree, however. A rather large difference between b
samples was found in theS parameter of the oxidized sub
strates: (NATZ)S(s)50.4635, (NAHf) S8(s)50.4456. TheS pa-
rameters of the Al2O3 films grown on the iron aluminide
substrates are also in this range, see Fig. 15. We concl
therefore, that the influence of the substrate upon
positron-detectable properties of the Al2O3 layers~in case of
the structured oxide layers on the iron aluminide substra
the outer part of the layer!, is rather small.

The thickness of the film on the NAHf has been calc
lated by VEPFIT to be aboutdl5345 nm, in reasonable
agreement with the micrograph measurements ofdl
'400 nm.51 Taking into account theVEPFIT-calculated
thickness of the alumina films on the iron aluminide su
strates of 1.5–1.8mm, cf. Fig. 15, the oxide growth on th
iron aluminide substrate substantially higher then on
nickel aluminide substrate.

For energies ranging between 4–5 keV, a slight incre
in theSparameters was measured in sample NAHf. Posit
diffusion length in the oxide layer is(NAHf) L1

( l )'24 nm. Be-

FIG. 7. S parameter in sample NAHf as a function of positro
energy andS vs W plot.
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cause the portion of positrons implanted in regionsz.dl

2L1
( l ) is smaller than 1.5% forEe155 keV, we think that

this increase is due primarily to changes in the oxide lay
rather than to effects of the interface or substrate.

In contradiction to sample NATZ, where thea-Al2O3
film was found to be uniform in its structure, the small pe
in the NAHf S-parameter curve around 15 keV indicates
more complicated film structure. This is strongly suppor
by the S vs W plot in Fig. 7. We ascribe this effect to pre
ferred trapping at the metal-oxide interface. To make
proper fit we assumed the interface region to be rather sm
di'5 nm, and to have complete trapping,L1

( i )→0. This re-
sult is in contradiction to the results from theS-parameter
curves of the other three oxidized samples FAY1, FAY3, a
NATZ, in which we did not find any indication of preferre
trapping at an interface region of markedly different prop
ties. In addition, the peak in theSparameter at 15 keV is no
reflected in the lifetime measurements, cf. Fig. 9.

The greater thickness of the oxide films on the iron a
minide substrates, cf. Table I, prevented accurate estim
of positron diffusion lengths in them. Using theVEPFIT pro-
gram, curves were fitted to theS-parameter curves, assumin
a wide rangeL1

(s)55 –200 nm, of diffusion lengths. Th
quality of the fit to the experimental data was not sensitive
the choice of the diffusion length.

2. Results of variable energy positron lifetime spectroscopy

Figures 8 and 9 show plots of the average and the m
positron lifetimes as well as their respective intensities,
tained from deconvolution of the lifetime spectra of t
samples FAY1 and NAHf.

(a) Properties of thea-Al2O3 surfaces. In both samples
we found that for low positron injection energiesEe1

FIG. 8. Positron lifetime parameters as a function of posit
energy in sample FAY1, cf. Table I. Error bars have been omit
since the errors are smaller than the symbol size; lines are to g
the eye.
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50–0.5 keV the spectra consisted of single lifetime comp
nents,(FAY1)t5368 ps and(NAHf) t5391 ps. For higher in-
jection energies, the long lifetime components were still
solved from the spectra, but their intensities became sma
with increasing positron injection energy. We therefore
cribe this component to positrons diffusing back to the s
face, where they are trapped and annihilated in the lo
lifetime sites. The value of this surface lifetime is small
than that found by Braueret al. in sieve granulated and
spray-dried granulated Al2O3 powders after sintering,t2

5400–480 ps.33

The slight differences in the lifetimes of these surfa
components indicate a small difference in the surface s
for the positrons. This is possibly due to differences in t
types of impurities segregated at the surface. The presen
impurities probably also causes the surface states to h
positron lifetimes smaller than those reported by Bra
et al. Comparing these values with those obtained from
amorphous films, cf. Figs. 12 and 13, the annihilation rate
the surfaces of the films grown by substrate oxidation
lower.

(b) Properties of the bulk films.For convenient compari-
son of the major lifetime in both oxidation grown films,t1 in
Figs. 8 and 9, we have put them together in Fig. 10.

a-Al2O3 on NAHf. For a 400 nm thick film, as stated i
Sec. III B 1, and assuming the positron implantation to f
low a Makhov profile with the parameters given in Sec. II
one calculates the fraction of positrons implanted in the s
strate to be'1%, for a positron injection energy of 5 keV
Very few positrons will back diffuse from the substrate to t
metal-oxide interface. Also, taking into account the numb
of positrons that will forward-diffuse from the oxide film t

n
d
de

FIG. 9. Positron lifetime parameters as a function of positr
injection energy in sample NAHf, cf. Table I. If no explicit erro
bars are shown, they are smaller than the symbol size; lines a
guide the eye.
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the interface, one calculates that not more than 2% of
injected positrons can be trapped and annihilated at this
terface. Therefore, the increase in the average positron
time from 205 to 227 ps, see plot in Fig. 9, for positro
injection energies ranging from 3–5 keV, must be entir
due to structural changes in the Al2O3 layer. The first life-
time component,t1 , changes from 182 to 191 ps in th
range, see Fig. 10. The latter value is in good agreement
the analysis of theCONTIN program:52,53 (NAHf) t1(5 keV)
5194 ps.17 All these values are higher than that given
Forsteret al.54 or Schaefer and Forster55 for single vacancies
in an Al2O3 ~sapphire! single crystal:t1v5(160620) ps.

Because the value oft1 changes from 177 ps at 1–2 ke
to 191 ps at 5 keV, we consider this component to b
mixture of signals from different multiple vacancies. A
cording to the change of the lifetime value the size of th
small vacancy clusters should increase from the outer sur
to the interface. Schaefer and Forster found in an elect
irradiated Al2O3 single crystal~sapphire! the known aggre-
gation and annealing out of oxygen vacancies at about 60
not to be reflected in the positron lifetime data, and conclu
that either the density of aluminum vacancies exceeds
density of oxygen vacancies by far or that the oxygen vac
cies do not trap positrons due to positive charge.55 If we
follow the hypothesis that oxygen vacancies are not det
able by positron spectroscopy, our results are not consis
with what we expect from the diffusion model of laye
growth. Then, the inner part should exhibit a smaller defi
of aluminum than the surface of the layer, and, hence,
vacancy clusters should be smaller at the interface.

We find, however, the behavior that the size of the tr
ping sites seems to increase with the depth. Atobeet al. re-
port in neutron irradiated Al2O3 the existence of electron
doped oxygen vacancies and oxygen double vacancies, F
F2 centers, by their optical activity.56 These should be able t
act as positron traps as long as they do not lose electrons
become positively charged F1 or F2

1 centers.
It is very likely that in our samples oxygen vacancies

double vacancies can act as positron traps, as the layer g
by diffusion of oxygen vacancies. Atobeet al. demonstrated
that all neutron induced defects are annealed out at temp
tures of 800 °C or higher, but we think this does not neg
the possibility of our specimens having frozen-in oxygen

FIG. 10. Major lifetime component,t1 , in the samples NAHf
and FAY1, cf. Table I.
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cancies, because they were rapidly cooled from their hi
temperature oxidation conditions, and are not at conditi
of thermodynamic equilibrium. While the oxide layers we
growing at high temperature, at diffusion-controlled rat
there was always a deficiency of oxygen atoms at the ox
substrate interface, and a deficiency of aluminum atom
the surface, giving rise to a likely formation of multivaca
cies of oxygen at the interface. Therefore, the increase of
first lifetime component as a function of positron injectio
energy might be attributed to a transition from aluminu
multiple vacancies to oxygen multiple vacancies as ma
positron traps. Also, this might be the reason for the incre
of theSparameter as described in Sec. III B 1. Another su
port for this hypothesis may be the decrease of the densit
nickel impurities with respect to depth. Nickel impuritie
may act as traps for oxygen vacancies according to the r
tion

2 NiO ——→
Al2O3

2 @NiAl#
2212 @OO#1@VO#11. ~6!

Besides the surface component, we found no indicat
for vacancy clusters of intermediate size inside the layer
hibiting positron lifetimes of 300–400 ps as reported
Schaefer and Forster.55 We ascribe this also to the nonequ
librium state of our samples, where larger voids act as eff
tive drains for aluminum or oxygen atoms or as a source
their respective vacancies and, hence, are not stable.

a-Al2O3 on FAY1. Contradictory to the changes in th
first lifetime component in NAHf, the one associated wi
FAY1 exhibits a rather constant value over a wide range
positron implantation energy,Ee150.5–10 keV. Together
with the constant value of the average positron lifetime,
Fig. 8, it indicates that the defects in the film are uniform
distributed across the depth. The average value of the
component in that region was found to bet15205 ps, in
very good agreement with the calculations of theCONTIN

program: (FAY1)t1(5 keV)5206 ps.17 This value is mark-
edly larger than that for the film on sample NAHf.

No information about positron lifetimes in multiple
vacancy defects ina-Al2O3 is presently available. It canno
be determined from our data whether the increased de
lifetime in the FAY1 film is due to larger vacancy clusters
to a different electronic structure of the trapping site, effec
by a different chemical environment. Possibly, the film
the NAHf specimen contains more impurities that can
attached to the trapping sites, and these contribute elect
that annihilate the positrons more rapidly, causing their li
times to be shorter.

The drop of the first lifetime component to a value oft1

5195 ps at 15 keV positron implantation energy, al
shown in the average positron lifetime in Fig. 8, correspon
to the rise of theS parameter at this energy, cf. Fig. 2. It
attributed to a change in the defect structure of the film in
vicinity of the oxide-substrate interface, perhaps due to
creased impurity density, or due to a rough interface laye

(c) Properties of the substrates.If we assume that the
positron implantation follows a Makhov profile,21,22 and we
consider in the case of FAY1 the thickness of the alum
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PRB 59 6683MICROSTRUCTURE OF THERMALLY GROWN AND . . .
layer on the Fe3Al substrate to be 1.7mm approximately,
cf. Sec. III B 1, we conclude that for positron injection ene
gies of <10, 15, 20, and 23 keV approximately 0, 3.5, 2
and 42 % of all positrons, respectively, can reach the i
aluminide substrate; for the nickel aluminide substrate
respective values are 49, 82, 93, and 95 %.

Here we assume that the positrons are trapped in the
cinity of their thermalization points, which is reasonable, b
cause the lifetime values clearly indicate saturated trapp
Correcting for the lifetime components due to annihilation
the overlying oxide film, we estimate that the spectrum of
FAY1 substrate consists of two lifetime components of 2
and 650 ps, approximately. We can be certain that the
lifetime component is higher than 200 ps and, hence, or
nates from small vacancy clusters instead of monovacan
in the unoxidized substrate. Comparing this with the sp
trum obtained from the unoxidized substrate, cf. Sec. III A
is seen that the defect structure of the substrate is chang
the interface region during the oxidation process. Un
high-temperature oxidation conditions, the films and s
strate were not in thermodynamical equilibrium due to
ongoing oxidation process, and defects due to oxidation w
frozen in when they were cooled. Positron traps in the s
strate of the oxidized samples are quite different from th
of the unoxidized stage, cf. Sec. III A. Here, small vacan
clusters and larger voids are the major positron traps in
substrate in the immediate vicinity (1 –2mm) of the
substrate-oxide interface.

If we assume the first lifetime component to origina
from double vacancies, having a positron trapping coeffici
of mnv5nm1v5231015 s21 and diffusion constant ofD1

51 cm2/s similar to other metals like iron, cf. Vehanenet
al.,57 and copper, cf. Schaeferet al.,58 or aluminum, cf. Mills
and Wilson ((Al) D15(0.7660.14) cm2/s),59 and using the
calculated positron diffusion length of (FAY1)L1

(s)

'40–60 nm, cf. Fig. 15, one calculates, applying formu
~A4!, see the appendix, the density of the double vacan
to bec2v'100–240 ppm.

The spectrum taken at a positron energy of 23 keV in
NAHf sample consists, as already mentioned above, alm
entirely of annihilation events originating from the substra
Thus, the substrate in the vicinity of the interface is believ
to exhibit a lifetime spectrum witht1'200 ps,I 1'90% and
t2'650 ps,I 2'10%, that is caused by positrons trapped
double vacancies and much larger vacancy clusters.
make this conclusion from the analogy of the defect f
materials of iron or nickel, having lifetimes of(Fe)tb

5104 ps~Ref. 57! and (Ni)tb5104 ps,60 respectively, and
their respective mono and double vacancy lifetimes
(Fe)t1v5175 ps,57 (Ni)t1v5142 ps,61 (Fe)t2v'200 ps,62

and (Ni)t2v5220 ps.60 The change from the unoxidize
sample, cf. Sec. III A, is rather large. The loss of aluminu
in the vicinity of the interface and the associated diffusi
controlled transport of aluminum atoms to that interfa
from the bulk substrate creates vacancies that perhaps
tially aggregate.

According to the estimations mentioned above, we c
clude that the spectra taken from the sample NAHf at po
-
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tron energies of 20 and 23 keV originate from the substr
only. Comparing these points in Fig. 7 with the single co
ponent lifetime spectrum obtained from the unoxidiz
sample, cf. Sec. III A, the defect structure of the substr
specimen is obviously changed in the vicinity of the inte
face, cf. Table II.

C. Film formed by plasma deposition

1. Doppler-broadening results

Figure 11 shows that theS-parameter profile for the alu
minum oxide film grown by plasma deposition, is complete
different from those of the films grown on the iron and nick
aluminide substrates by oxidation, cf. Figs. 2, 3, 6, and
The S parameter of this film is markedly higher than in th
thermally grown oxides and even higher than at the surfa
This is attributed to open-volume traps of larger size, wh
is a reasonable assumption, since the film is amorphous
well as to a chemical environment different from those of t
oxidation-grown films.

According to the film-producing procedures, cf. Table
this layer should be free of impurities originating from th
substrate, whereas the thermally grown films contain n
negligible densities of their respective transition-metal

TABLE II. Comparison of the positron lifetime parameters
iron and nickel aluminides before and after thermal oxidation,
Table I; lifetimes are given in picoseconds~ps!, intensity of the
component in parentheses.

Ni49Al51Hf0.05 Fe69.9Al28Cr2Y0.1

t1517261 t1516561
As cast t2529163 ~27%!

t1'200 t1'220
Oxidized t2'650 ~10%! t2'650 ~10%!

FIG. 11. S parameter in sample NA as a function of positro
energy andS vs W plot.
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6684 PRB 59BERTRAM SOMIESKI et al.
oms. It is known that the probability of high-momentu
electron annihilation is much larger in nickel than in alum
num, which causes a decrease in theS parameter, see fo
example, Asoka-Kumaret al.63 The iron will have the same
effect. We, therefore, conclude that the impurities in t
oxidation-grown films will somewhat lower theSparameter.
Nevertheless, this should not be enough to explain this
matic increase in theS-parameter value, cf. Sec. III B 1, i
we consider the results of Vehanenet al.23 They report in
impurity-free a-Al2O3 a decreasingS parameter from the
surface to the bulk. We, hence, assume that the differ
noncrystalline structure causes the positrons to annih
mostly with low-momentum electrons in the amorpho
Al2O3 film on sample NA.

The data points in theS vs W plot spread along two lines
and cluster at (W, S) pairs for the three different stages su
face, film, and substrate. This indicates a uniform Al2O3 film
with no preferred trapping at the substrate film interface,
was expected from the film generation procedure.

The thickness of the film on the NA substrate was
ported to us as about 1mm, but this is in question. Assum
ing that thickness, we were totally unable to obtain eve
poor quality fit to the data withVEPFIT calculations. From the
S-parameter curve we do not get any indication for a str
ture in the layer or preferred trapping at the interface. T
smoothS-parameter curve is in agreement with the expec
tions from the way the Al2O3 film was generated, cf. Table I
which should produce a uniform film. Even if the density
the Al2O3 layer was chosen unreliably low at 2 g/cm3, the
fitted layer thickness was as low as 460 nm. Therefore,
assume the layer to be much thinner than presumed.
range 3.5 g/cm3, (Al2O3)r l,3.97 g/cm3 in which the real
density should fit gives the thickness values (193623) nm
.dl. (156622) nm. From thoseVEPFIT calculations we
obtain the positron diffusion length in layer,L1

( l ) , and sub-
strate, L1

(s) , to be L1
( l )524 . . . 29(61) nm and L1

(s)

588 . . . 84(620) nm, respectively for the lowest and hig
est density.

2. Results of variable energy positron lifetime spectroscopy

The rather slow drop of the surface component, cf. F
12, indicates a much longer positron diffusion length, that
did not expect from theS-parameter measurements in Se
III C 1. Here, any second component, besides the sur
component, starts not earlier than at an energy of 2 keV
which the surface component in thea-Al2O3 layers is
dropped to 30%~NAHf ! or already disappeared~FAY1!.

The first appearance of the main component in the film
at 4 keV positron energy. That means the trapping coeffic
for this component is markedly smaller than for the oth
components, as its intensity goes up to 86% deeper in
layer. Therefore, the trapping into this defect is obviously
diffusion limitedbut transition limited,64,65 which is usually
assumed for small vacancy clusters having that lifeti
value. As we know from the micrographs, the outer surfa
of the layer is quite smooth, not structured as thea-Al2O3
films.14 The positrons, hence, really have to diffuse back
the surface.

If we use Eq.~4! and take the disappearance of the surfa
component as the value for determining the positron dif
e
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sion length we calculate(NA)L1
( l )5115 nm. That is much

higher than the value ofL1
( l ) calculated from theS-parameter

curve in Sec. III C 1,L1
( l )'30 nm.

Obviously, the positron traps in the amorphous layer
different from thea-Al2O3 layers. The main component ex
hibits a lifetime value oft15225–230 ps which is much
higher than in the oxidation-grown films, cf. Sec. III B 2
The positron lifetime in a vacancy cluster in crystalline m
terials as a function of aggregated single vacancies follow
function that has a square-root shape, as long as few si
vacancies are clustered.62 Assuming the positron lifetime in
amorphous materials exhibits a similar behavior, we c
clude that the diameter of the open volume acting as
origin for this lifetime component is roughly 2–3 atom
distances.

Considering the positron diffusion length to be 30–40 n
in the plasma deposited film, there is no evidence for p
ferred trapping of positrons at the interface substrate la
Hence, we assume the interface to be almost defect fre
agreement with the Doppler-broadening results in S
III C 1.

In the same way as described in Sec. III B 2 we calcul
with the layer thickness ofdl5185 nm, cf. Sec. III C 1, that
at the positron energies of 15 and 20 keV, 96 and 98 % of
positrons are implanted in the substrate. Comparing the
sults we obtained from the raw substrates, see Sec. II
where we found annihilation in monovacancies, the def
structure of the substrate is changed by the plasma dep
tion, at least in the measurable vicinity of the interface. H
we find annihilation in small vacancy clusters of few agg
gated vacancies (n'4) and larger clusters. This is likely th
result of the first impact during the plasma deposition pro
dure, which is almost like ion implantation and can, the
fore, create vacancylike defects.66

FIG. 12. Positron lifetime parameters as a function of energy
sample NA, cf. Table I. If no error bars are drawn, error bars
smaller than the symbol size; lines are to guide the eye.
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Applying formula ~A4!, cf. the Appendix, and usingL1
(s)

'85 nm, see Sec. III C 1, andm4v5431015 s21 as men-
tioned above and in Sec. III B 2, one calculates the clu
density to be in the rangec4v'10–20 ppm.

D. Film formed by physical vapor deposition

Both the positron lifetime measurements and the Dopp
broadening results indicate that the composition and st
ture of this film varies very little with respect to depth. Fi
ure 13 shows plots, as a function of positron injection e
ergy, of the average positron lifetime, and of the tw
individual lifetime components that were deconvoluted fro
the spectra. The average positron lifetime does not cha
with injection energy. For injection energies of 7 keV
greater the two lifetime components do not change v
much in either magnitude or intensity.

The spectrum obtained at 2 keV positron injection ene
was somewhat disturbed by a satellite peak appearing
ns after the main peak, causing an unstable decomposi
In spite of this, the average positron lifetime of the differe
spectra decompositions was always the same as show
Fig. 13. We, therefore, assume the proper decompositio
be the same as resulting from the other spectra. This is
sistent with the results of the Doppler broadening meas
ment, cf. Fig. 14.

It is surprising that no surface component was separa
from a bulk or defect component in sample FAZr, see F
13. The change in the average lifetimet̄ during the run was
negligible compared to the other films. We believe that it
reasonable to ascribe the component having lifetime va
of t25300–320 ps to surface trapping because its valu
close to that of the other amorphous film, cf. Fig. 12, a

FIG. 13. Positron lifetime parameters as a function of energy
sample FAZr, cf. Table I. If no error bar is shown the error
smaller than the symbol size; lines are to guide the eye. The ind
have been chosen to fit in with the components in Figs. 8, 9, and
er
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therefore, to conclude that the implanted positrons annihi
from very similar states: Inside the physical vapor deposi
film, the positrons are trapped at the same centers as a
physical surface, which implies larger voids in the layer
their internal surfaces the positrons are trapped. This ide
also suggested by the fact that theS parameter does no
change at all from the surface to the interior of the film,
Fig. 14, even in the very first energy steps of 0.5 and 1 k
The intensity of the long lifetime component,I 3 , is three
times as high as in the other layers. That also indicates
presence of more large voids inside the layer.

If we compare the surfaceS parameter of the film on
FAZr with that on NA, we find both values exactly the sam
cf. Figs. 11 and 14. That supports the assumption that, in
the physical vapor deposited film, the same open volu
configurations act as positrons traps as at the outer surfac
both amorphous layers, even though theW parameter is
slightly different.

As the layer is 5 mm thick, one calculates using the pa
rameters given in Sec. II E that at a positron energy of
keV 17% and at an energy of 40 keV 32% of all positro
are implanted in the substrate. Therefore, the very slight
crease of theSparameter as well as the slight increase of
W parameter at positron energies above 30 keV, cf. Fig.
can be attributed to positrons implanted into the substrat

IV. SUMMARY

All of the a-Al2O3 layers examined in this study exhib
ited very similarS-parameter values, see Fig. 15, indepe
dent of the substrate. Taking into account the similar po
tron lifetime results on NAHf and FAYI we conclude tha
the defect structure of all outer parts of oxidation-grow
films was basically the same. It consists of a single kind

n

es
2.

FIG. 14. S parameter in sample FAZr as a function of positr
energy andS vs W plot.



f

6686 PRB 59BERTRAM SOMIESKI et al.
FIG. 15. Positron diffusion lengths andS parameters as a function of depth as calculated byVEPFIT. The absoluteS-parameter values o
samples FAY1 and NAHf, cf. Table I, are adjusted for comparison by using formula~5!.
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small vacancy clusters in the range of 2–4 aggregated m
vacancies, most likely divacancies, and much larger vaca
clusters as well. Owing to the small positron diffusio
lengths, which were consistent despite several method
calculation, cf. Table III, those clusters must be uniform
located in the matrix and not just at grain boundaries.

Slight differences were noted between the different s
strates. The slightly higher positron diffusion length in t
alumina films on the nickel aluminide substrates indica
that the density of vacancy clusters in these films is sligh
lower than those grown on iron aluminide substrates. Ba
on the positron lifetime parameters with respect to depth,
films on nickel aluminide substrates appeared to show
increase in the defect size with depth. This may be relate
the parabolic growth rate where the film grows more slow
at longer times, allowing larger vacancy clusters to form.
contrast, the films on iron aluminides had a uniform positr
lifetime parameter, indicating a rather uniform defect stru
ture with respect to depth, but nonuniform by itsS and W
parameters. This may be a result of the two-layered g
structure observed on these substrates compared to the
uniform alumina layers grown on nickel aluminides. With
increase in the amount of Y in the iron aluminide substra
there appeared to be a finer inner-layer grain size. This

TABLE III. Comparison of the positron diffusion lengths,L1
( l )

~nm!, in the Al2O3 films on the samples in Table I, calculated b
different methods; DBAR indicatesS-parameter measurement
POLIS indicates positron lifetime spectroscopy.

Sample FAY1 FAY3 NATZ NAHf NA

Eq. ~4!

DBAR 17 16 19 19 6.8
VEPFIT 9 11 15 24 30
Eq . ~4!

POLIS 8 22 100
o-
cy

of

-

d
y
d
e
n
to

n
-

in
ore

,
as

attributed to larger amounts of Y resulting in a larger inhib
tion in grain growth in the alumina film.

In general, the reasons for these slight differences in
alumina layers grown on the two types of aluminide su
strates has not been conclusively identified but may be
lated to differences between Ni versus Fe incorporation
the films. An additional variable is the method by which t
dopant additions were added~alloy additions of Hf and Zr in
nickel aluminides and yttrium oxide additions to iron al
minides!. Further work will be required to isolate these e
fects.

Positron lifetime results show that the defect structures
the substrates were drastically changed during the oxida
process, leaving a high density of double vacancies,c2v
5100–200 ppm, and, in FAY1, larger voids in the range
at least a few microns next to the interface. These lar
voids are of the correct size range to cause early spallatio
has been noted on longer times to form larger voids in
substrate or at the oxide-substrate interface which contrib
to spallation of the alumina layer. Future work will conce
trate on changes in the defect structure of the substrates
increasing oxidation time.

For the deposited amorphous alumina film, a higher p
itron lifetime was observed, indicating larger vacancy clu
ters compared to crystallinea-Al2O3. However, a dramati-
cally differentS andW parameter gave evidence of a total
different electronic structure of the trapping site. Also, t
creation of 10–20 ppm of small vacancy clusters in the s
strate likely reflects the high energy~similar to ion implan-
tation! used in the early stages of this deposition method.
the vapor-deposited film, no difference was noted betw
the surface and the interior of the film, indicating a hig
density of large cavities that act as internal surfaces, wh
was not observed in the other types of films.

These results for alumina films indicate that positr
spectroscopy can be used to:

~i! Characterize defect types and their distributions
Al2O3 films/scales.
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~ii ! Examine the influence of presence of dopants in
alumina scales on the defect environment.

~iii ! Determine changes in substrate defect distribut
due to transport processes associated with oxide growth
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APPENDIX

As already published elsewhere,48 it is possible to esti-
mate the minimum values of the densities of two defec
ci5k i /m i , i 51,2, k is the trapping rate,m is the trapping
o

l
/

l

e

I

e

n

ed
d
rt-
-

,

coefficient, even if saturated trapping,I 11I 251, occurs. In
this case the ratio

k1

k2
5

I 1

I 2
~A1!

applies. Considering the relation

teff5
1

lb1k11k2
~A2!

from the trapping model of two noninteracting defec
wherelb is the positron annihilation rate in the defect fre
bulk andk1 andk2 are the trapping rates for the two defec
respectively, one derives from

L15A6D1teff, ~A3!

the equation to calculate the positron diffusion length,64 with
the estimationI 11I 2'1 and using Eq.~A1!,

c15
I 1

I 2m1
F6D1

L1
2

2lbG , c25
I 2

I 1m2
F6D1

L1
2

2lbG ~A4!

as the values for the defect densities.
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