
F

M
P
a

b

c

a

A
R
R
A
A

K
A
H
A

1

m
a
a
o
fi
e
d
c
t
[
s
o
o
o
w
o
a

0
d

Electrochimica Acta 54 (2009) 1070–1075

Contents lists available at ScienceDirect

Electrochimica Acta

journa l homepage: www.e lsev ier .com/ locate /e lec tac ta

ormation of anodic films on sputtering-deposited Al–Hf alloys

. Fogazzaa, M. Santamariaa, F. Di Quartoa, S.J. Garcia-Vergarab, I. Molchanb,
. Skeldonb,∗, G.E. Thompsonb, H. Habazakic

Dipartimento di Ingegneria Chimica dei Processi et dei Materiali, Università di Palermo, Viale delle Scienze, Palermo 90128, Italy
Corrosion and Protection Centre, School of Materials, The University of Manchester, P.O. Box 88, Manchester M60 1QD, UK
Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan

r t i c l e i n f o

rticle history:
eceived 4 July 2008
eceived in revised form 7 August 2008
ccepted 28 August 2008
vailable online 4 September 2008

eywords:
luminium
afnium
nodic oxidation

a b s t r a c t

The growth of barrier-type anodic films at high efficiency on a range of sputtering-deposited Al–Hf alloys,
containing from 1 to 95 at.% Hf, has been investigated in ammonium pentaborate electrolyte. The alloys
encompassed nanocrystalline and amorphous structures, the latter being produced for alloys containing
from 26 to 61 at.% Hf. Except at the highest hafnium content, the films were amorphous and contained units
of HfO2 and Al2O3 distributed relatively uniformly through the film thickness. Boron species were confined
to outer regions of the films. The boron distributions suggest that the cation transport number decreases
progressively with increasing hafnium concentration in the films, from ∼0.4 in anodic alumina to ∼0.2 for
a film on an Al–61 at.% Hf alloy. The distributions of Al3+ and Hf4+ ions in the films indicate their similar
migration rates, which correlates with the similarity of the energies of Al3+–O2− and Hf4+–O2− bonds.

For an alloy containing ∼95 at.% Hf, the film was largely nanocrystalline, with a thin layer of amorphous
oxide, of non-uniform thickness, at the film surface. The formation ratios for the films on the alloys changed
approximately in proportion to the hafnium content of the films between the values for anodic alumina
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. Introduction

Studies of barrier-type anodic films formed on binary alu-
inium alloys are useful for understanding the influences of

lloying elements during anodizing of commercial aluminium
lloys. The resulting oxides, which incorporate units of aluminium
xide and alloying element oxide [1,2], usually in an amorphous
lm structure, are also of interest for investigation of band gap
nergies in “mixed” oxides [3]. They may also be of practical value
ue to their controllable dielectric constants. The oxides generally
omprise single- or bi-layers depending upon the relative migra-
ion rates of the aluminium and alloying element ions in the oxide
4–6]. Similar migration rates of the two cation species lead to
ingle-layered oxides, while differing migration rates result in an
uter layer of the oxide of the faster migrating cation species. The
xides may also contain regions incorporating low concentrations

f species derived from the anions in the electrolyte [7,8]. The out-
ard migration of the cations is accompanied by inward migration
f oxygen species [9]. Thus, the films form both at the metal/film
nd film/electrolyte interfaces and at the boundary between the

∗ Corresponding author. Tel.: +44 161 306 4872; fax: +44 161 306 4826.
E-mail address: p.skeldon@manchester.ac.uk (P. Skeldon).
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nner and outer layers of layered films. The relative migration rates
f the cation species usually show a dependence on the single
etal–oxygen bond energies of the constituent oxide units, with

pecies of high bond energy relative to Al3+–O2− migrating more
lowly than Al3+ ions and vice versa [10,11]. Enrichment of the alloy-
ng element immediately beneath the oxide film may also occur

hen the Gibbs free energy of formation per equivalent for for-
ation of the alloying element oxide is higher than that of alumina

6]. For alloys containing a sufficient level of alloying element in the
ulk alloy, enrichment is not required for oxidation of the alloying
lement to proceed.

The present study investigates film formation on Al–Hf alloys
repared by magnetron sputtering. The primary interest here lies in
he compositions of the anodic films and the migration behaviours
f Al3+ and Hf4+ ions. The films may also be of interest as dielectrics,
ince hafnium oxide has attracted attention as a ‘high-K’ gate
ielectric in metal oxide semiconductor transistors [12] and hafnia
dditions to alumina increase the dielectric constant [13–15].
. Experimental

Al–Hf alloys were deposited by magnetron sputtering onto alu-
inium substrates, of dimensions 2.0 cm × 1.5 cm, using an Atom

ech System, with targets of 99.999% aluminium (Cu 0.3 ppm, Fe

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:p.skeldon@manchester.ac.uk
dx.doi.org/10.1016/j.electacta.2008.08.052
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.3 ppm, Mg 1.2 ppm, Si 0.8 ppm) and 97.0% hafnium (Al 30 ppm,
r < 50 ppm, Cu < 50 ppm, Fe 100 ppm, Mg < 10 ppm, Mo < 10 ppm,
b < 50 ppm, Ta < 100 ppm, Ti 25 ppm, U 0.5 ppm, W < 50 ppm, Zr
.8%, C 30 ppm, N 10 ppm). The aluminium substrates, which had
een first electropolished and then anodized to form a 180 nm-
hick barrier oxide films, were attached to a copper table that
otated beneath the targets. Deposition conditions were selected
o provide alloys containing 1, 12, 26, 40, 54, 61, 95 at.% Hf. The
lloy thicknesses were ∼350 nm. Layers of aluminium and hafnium
ere also prepared, using the previous individual targets. The

puttering chamber was typically evacuated to ∼2 × 10−5 Pa, with
puttering subsequently carried out in 99.999% argon at ∼0.5 Pa.
uring deposition, the temperature of the copper table reached
303 K. Specimens were also prepared from 99.99% aluminium

heet that was electropolished for 180 s in 20%/80% (by vol.) per-
hloric acid/ethanol at less than 278 K. Following masking, the
arious specimens were then anodized to 150 V at 5 mA cm−2 in
.1 M ammonium pentaborate electrolyte at 293 K. Voltage–time
esponses were recorded during anodizing. Six specimens of each
omposition of material were individually anodized, with the aver-
ge slope determined for the voltage–time response.
Ultramicrotomed sections of the deposited layers, prior to
nd following anodizing, were examined by transmission electron
icroscopy (TEM), in a JEOL FX 2000 II instrument. Compositions of

lloys and anodic films were determined by Rutherford backscat-
ering spectroscopy (RBS), using 2.0 MeV He+ ions produced by the

d
w
b
t
a

ig. 2. Transmission electron micrographs of ultramicrotomed sections of Al–Hf alloys
l–1 at.% Hf; (b) Al–12 at.% Hf; (c) Al–26 at.% Hf and (d) Al–61 at.% Hf.
ig. 1. The dependence of the slope of the voltage–time response on the composition
f the substrate for anodizing of aluminium, hafnium and Al–Hf alloys at 5 mA cm−2

n 0.1 M ammonium pentaborate electrolyte at 293 K.

an de Graff accelerator of the University of Paris. The ion beam,
irected normal to the specimen surface, was of 1 mm diameter,

ith scattered ions detected at 165◦ to the direction of the incident

eam. The data were interpreted using the RUMP program [16]. Dis-
ributions of aluminium, hafnium, oxygen and boron through the
nodic film thicknesses were analysed by glow-discharge optical

anodized at 5 mA cm−2 in 0.1 M ammonium pentaborate electrolyte at 293 K. (a)
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compositions comprising units of Al2O3 and HfO2 in proportion to
the atomic ratio of Al/Hf in the substrate; typical spectra are shown
in Fig. 5. Efficiencies of close to 100% were indicated by the charge
of the cations in the film compared with the charge passed during
anodizing (Table 1). The relatively uniform presence of aluminium
ig. 3. Transmission electron micrographs of ultramicrotomed sections of (a) Al–9
lectrolyte at 293 K.

mission spectroscopy (GDOES), using a GD-Profiler (Horiba Jobin
von) operating at 13.56 MHz. A 4-mm copper anode and argon
as were employed for generation of the plasma. Sputtering was
arried out at an argon pressure of 750 Pa and power of 35 W. The
esponses from the sputtered elements, other than hafnium, were
etected with a polychromator of focal length of 500 mm. For detec-
ion of hafnium, a monochromator adjusted for the hafnium line at
63.872 nm was used.

. Results

Fig. 1 presents the slopes of the linear voltage-time responses for
nodizing of the alloys; the slopes reduced with increasing amounts
f hafnium. Transmission electron micrographs of Fig. 2 show ultra-
icrotomed sections of anodized Al–Hf alloys, containing from 1

o 61 at.% Hf, revealing amorphous anodic films of uniform thick-
ess. The occasional crystals in the film formed on the Al–1 at.% Hf
lloy were formed due to electron irradiation during TEM. The films
ormed on the Al–40 at.% Hf and Al–54 at.% Hf are not shown, since
hese were similar to that on the Al–61 at.% Hf alloy. The feature-
ess appearance of alloys containing from 26 to 61 at.% Hf suggest
morphous structures, contrasting with the nanocrystalline layers
ontaining 1 and 12 at.% Hf. The films appear to be mainly uni-
orm in composition. However, the slightly lighter appearance of
n outer layer of some of the amorphous films, which is evident in
icrographs for alloys containing from 26 to 61 at.% Hf, suggests

he presence of boron species. The incorporation of boron species
nto the outer regions of the films was confirmed in elemental depth
rofiles determined using GDOES, which are shown later. The thick-
ess of the boron-containing layer reduces with increasing hafnium
oncentration, representing ∼0.22, 0.24, 0.27 and 0.35 of the film
hickness for alloys containing 61, 54, 40 and 26 at.% Hf respectively.

or alloys with lower hafnium contents, the contrast was too weak
o be resolved. However, it is well established that anodic alumina
lms formed under the present conditions contain boron species

n the outer ∼0.40 of the film thickness in amounts of ∼1 at.%
17].

F
a
p

Hf alloy and (b) hafnium anodized at 5 mA cm−2 in 0.1 M ammonium pentaborate

The anodic films formed on the 95 and 100 at.% Hf layers,
hown in Fig. 3, were nanocystalline and less uniform in thickness
han the previous amorphous films. With the 95% Hf alloy, small
egions of amorphous material were present near the film sur-
ace. These regions were typically ∼10–20 nm thick, but with local
hickness extending to ∼50 nm. The anodic films formed on the
lectropolished and sputtering-deposited aluminium specimens
ere amorphous, as expected from previous work [11], and of simi-

ar thickness. From the thicknesses of the anodic films and the final
nodizing voltage, namely 150 V, the formation ratios were derived;
ig. 4 discloses a linear trend with alloy composition, rising from
1.2 nm V−1 for aluminium to ∼1.8 nm V−1 for hafnium.

The RBS spectra for the alloys could be fitted using uniform film
ig. 4. The dependence of the formation ratio on the composition of the substrate for
nodizing of aluminium, hafnium and Al–Hf alloys at 5 mA cm−2 in 0.1 M ammonium
entaborate electrolyte at 293 K.



M. Fogazza et al. / Electrochimica Acta 54 (2009) 1070–1075 1073

Table 1
Compositions of oxide films used in fitting of RBS spectra and efficiencies of anodizing determined from the ratio of the charge of the cations in the film and the charge passed
during anodizing

Concentration of Hf in alloy (at.%) Hf in the oxide
(atoms cm−2)

Al in the oxide
(atoms cm−2)

Cation charge
(C cm−2)

Charge passed during
anodizing (C cm−2)

Efficiency (%)

1.1 0.07 × 1017 6.14 × 1017 0.29 0.30 100
12 0.77 × 1017 5.66 × 1017 0.32 0.33 100
26 1.63 × 1017 4.63 × 1017 0.33 0.33 99
40 2.44 × 1017 3.66 × 1017 0.33 0.35 94
54 3.21 × 1017 2.74 × 1017 0.34 0.36 94
6
9

T

a
a
i
fi

a

F
a
e

e
e

1 3.77 × 1017 2.41 × 1017

5 7.20 × 1017 0.36 × 1017

he accuracy of the analyses is ∼5%.

nd hafnium in the films and the high efficiency of film formation
re consistent with similar rates of migration of Al3+ and Hf4+ ions

n the films. RBS is insensitive to low amounts of boron in the anodic
lms.

GDOES depth profiling confirmed the distribution of aluminium
nd hafnium species throughout the film thicknesses and the pres-

ig. 5. Experimental and simulated (solid line) RBS spectra for (a) Al–12 at.% Hf
nd (b) Al–61 at.% Hf alloys anodized at 5 mA cm−2 in 0.1 M ammonium pentaborate
lectrolyte at 293 K.
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0.48 0.48 100

nce of boron species in outer regions of the anodic film; typical
lemental depth profiles are shown in Fig. 6. The oscillations in
he signals for aluminium and hafnium in the film are due to opti-
al interference. The thickness of the film region containing boron
elative to the film thickness was determined from the ratios of
he time of sputtering of the boron-containing region, measured
t the half-heights of the boron signals, compared with the time
f sputtering of the oxide, measured at half-heights of hafnium,
luminium and oxygen signals, at locations corresponding to the
lm surface and alloy/film interface. Fig. 7 shows that the relative
hicknesses of the boron-containing region increased with reduc-
ng hafnium content of the film from ∼0.19 for the alloy containing
at.% Al to ∼0.45 for the alloy containing 1 at.% Hf. The respective
alues were close to those indicated for anodic films formed on
afnium and aluminium, ∼0.18 and ∼0.43. However, the boron sig-
al for the film formed on hafnium was ∼50% lower than that for the
f–5 at.% Al alloy. The line in Fig. 7 shows the linear relationship for

he boron distribution in the amorphous films. The relative thick-
esses of the boron-containing layers were in good agreement with
alues determined from atomic number–thickness contrast in the
EM, indicating that sputtering rates were not significantly affected
y the presence of boron in the outer film regions.

. Discussion

The gradients of the voltage–time responses for the sputtering-
eposited aluminium and hafnium are ∼2.52 ± 0.04 and
.65 ± 0.05 V s−1 respectively. The gradient for the bulk alu-
inium was 2.30 ± 0.01 V s−1. Respective gradients of 2.35 and

.56 V s−1 are calculated for formation of oxide at 100% efficiency,
sing Faraday’s law and densities of 3.1 [18] and 9.68 g cm−3 [19]
nd the present formation ratios of ∼1.2 and 1.8 nm V−1 for alumina
nd hafnia respectively. Previously, a formation ratio of 2.0 nm V−1

as been reported for anodic hafnia [20]. The measured values for
he sputtering-deposited substrates are ∼7% and 6% higher than
he calculated values for alumina and hafnia respectively, and for
he bulk aluminium substrate within 3% of the calculated value.
he gradients for the alloys, shown in Fig. 1, were approximately
qual to sum of those of the pure metals weighted according to the
lloy composition. The gradients of the voltage–time responses
re consistent with film formation at high efficiency.

Amorphous anodic oxides are produced for alloys containing
p to at least 61 at.% Hf, with relatively uniform films, consist-

ng of units of Al2O3 and HfO2. The films contain small amounts
f boron in the outer regions. Boron species are immobile in
nodic alumina [17], which correlates with the high energy of the

3+–O2− relative to that of the Al3+–O2− bond, namely ∼526 and
281 kJ mol−1 respectively. Immobility of boron species is expected

n amorphous hafnia, since the bond energy of B3+–O2− also exceeds
hat of Hf4+–O2−, the latter being ∼284 kJ mol−1. Thus, the boron-
ontaminated region of the film is presumed to be formed by
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ig. 6. GDOES elemental depth profiles for (a) Al–1 at.% Hf; (b) Al–61 at.% Hf; (c)
lectrolyte at 293 K.

utward migration of Al3+ and Hf4+ ions. The outward migrating
ations form amorphous oxide incorporating units of Al2O3 and
fO2, in addition to a low concentration of boron species. The

emainder of the film forms at the alloy/film interface due to inward
igration of O2− ions. The approximate cation transport number

s indicated by the relative thickness of the boron-contaminated
egion. For the present films, the cation transport number decreases

ith increasing hafnium content of the film, from 0.45 for the film

n the Al–1 at.% Hf alloy to 0.22 for the film on the Al–61 at.%
f alloy. The former value is not significantly different from the
alue found for anodic alumina, about 0.44, which is also consistent

ig. 7. The dependence of the relative depth of boron in the anodic film (depth of
oron-containing layer to total film thickness, determined by GDOES) on the com-
osition of the substrate for anodizing of aluminium, hafnium and Al–Hf alloys at
mA cm−2 in 0.1 M ammonium pentaborate electrolyte at 293 K.
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at.% Hf and (d) hafnium anodized at 5 mA cm−2 in 0.1 M ammonium pentaborate

ith findings using a xenon marker [21]. The Al–Hf alloys pre-
ared by magnetron sputtering revealed either nanocrystalline or
morphous structures depending upon their composition. Amor-
hous alloys were produced for compositions from 26 to 61 at.%
f. However, the growth of the amorphous anodic films appeared

o negligibly affected by the structure of the underlying alloy. The
elation between cation transport number and film, or alloy, com-
osition, shown in Fig. 7, is approximately linear for the amorphous
nodic films, with extrapolation indicating a cation transport num-
er of ∼0.05 for amorphous anodic hafnia.

The Gibbs free energy per equivalent for the formation of HfO2
nd Al2O3 are similar, namely −272.1 and −263.7 kJ mol−1 respec-
ively [19], suggesting little or no enrichment of hafnium in the alloy
mmediately beneath the anodic film [6]. Any enrichment should be

ost noticeable by RBS in analyses of the Al–1 at.% Hf alloy, due to
he relatively low signal from the hafnium in the bulk alloy. How-
ver, neither a peak in the hafnium yield, due to the enrichment
t the alloy/film interface, or shift in the leading edge of hafnium,
ue to the initial formation of a hafnium-free anodic film, were
esolved, indicating an upper limit on the enrichment of 5 × 1014

f atoms cm−2. GDOES was also unable to detect the enrichment.
The similarity of the distributions of Al3+ and Hf4+ ions in the

nodic films, together with film growth at high efficiency, indicates
hat the migration rates of Al3+ and Hf4+ ions are similar, which
s consistent with their respective bond energies with oxygen. The

igration rates of Al3+ and Hf4+ ions do not change significantly
ver a wide range of film composition. In a study of an Al–Zr alloy,
imilar migration rates were also found for Al3+ and Zr4+ ions [22],

hile a relatively low cation transport number of ∼0.15 was sug-

ested for amorphous anodic zirconia from studies of Ti–Zr alloys
23]. The relative migration rates of the cation species clearly do
ot correlate with their ionic charges, which would suggest a faster
igration of Hf4+ ions than of Al3+ ions. Nor do they correlate with
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onic radii of Al3+ and Hf4+ ions, with respective values of 0.39 and
.58 nm for four-fold co-ordination and 0.535 and 0.71 nm for six-
old co-ordination. Various models of ionic migration have been
roposed ranging from early suggestions of vacancy diffusion and

nterstitial exchange capture [24] to a liquid-droplet mechanism
25] that allows for counter-migration of anions and cations with
imilar transport number. A more recent model links the migration
f cations to structural relaxation around oxygen vacancies [26].

The anodic films formed on hafnium and the Al–95 at.% Hf alloy,
ere nanocrystalline. However, the film on the latter contained

morphous regions at the film surface. In common with nanocrys-
alline zirconia, nanocrystalline hafnia forms primarily by inward

igration of O2− ions, with a cation transport number of <0.05
27]. Thus, anodic hafnia forms largely at the metal/film interface
y transport of oxygen along short-circuit paths through the oxide.
owever, for the Al–95 at.% Hf alloy, initial formation of amorphous
xide is suggested, followed by transition to growth of nanocrys-
alline material. The initially formed amorphous oxide remains
t the film surface. The amorphous region extends to depths of
p to ∼0.18 of the film thickness, which is similar to the depth
istribution of boron determined by GDOES. Boron species may
eside primarily in the amorphous regions, since the film formed
n hafnium in which amorphous oxide was not resolved contained
uch less boron. For the mainly nanocrystalline films, the distribu-

ion of boron may therefore not be an indicator of the proportion
f film growth due to cation transport. Ionic transport within the
morphous layer is presumed to supply oxygen ions to the underly-
ng hafnium-rich oxide. In studies of Ti–Zr alloys, amorphous anodic
lms underwent a structural transition for sufficiently high zirco-
ium contents, with ∼63 at.% Zr promoting generation of nanocrys-
als of zirconia [23]. The nanocrystals were distributed within the
nner, mainly amorphous, layer formed due to inward migration
f O2− ions. A similar type of mixed film structure may arise for
l–Hf alloys for compositions between 61 and 95 at.% Hf, prior to
eneration of the nanocrystalline oxide of high hafnium content.

. Conclusions

Anodic films formed on sputtering-deposited Al–Hf alloys at
mA cm−2 in 0.1 M ammonium pentaborate electrolyte at 293 K
omprise units of Al2O3 and HfO2 distributed throughout the film
hickness. The films are amorphous on alloys containing up to at
east 61 at.% Hf, with transition to mainly nanocrystalline material
t high hafnium contents. The growth of the amorphous anodic
lms appeared to negligibly affected by the structure of the under-

ying alloy.
The relative uniformity of the composition of the amorphous

2−
xides is consistent with growth by inward migration of O ions
nd outward migration of Al3+ and Hf4+ ions at similar rates. The
ation transport number in the amorphous oxides reduces with
ncrease of hafnium content. For high hafnium contents, the films
re nanocrystalline.
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[
[
[
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The formation ratios increased linearly with increasing hafnium
ontent of the anodic films, from 1.2 nm V−1 for anodic alumina
o 1.8 nm V−1 for anodic hafnia. The transport number of cations
n the amorphous films also shows a linear trend from ∼0.4 for
lumina to ∼0.2 for the film on an Al–61 at.% Hf alloy. Extrapolation
uggests a cation transport number of ∼0.05 in amorphous anodic
afnia.
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