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Abstract

Sputter-deposited zirconium and Zr-16 at.% Si alloy have been anodized to
various voltages at several formation voltages in 0.1 mol dm 2 ammonium pentaborate
electrolyte at 298 K for 900 s. The resultant anodic films have been characterized using
X-ray diffraction, transmission electron microscopy, Rutherford backscattering
spectroscopy, glow discharge optical emission spectroscopy, and electrochemical
impedance spectroscopy. The anodic oxide films formed on Zr-16 at.% Si are
amorphous up to 30 V, but the outer part of the anodic oxide films crystallizes at higher
formation voltages. This is in contrast to the case of sputter-deposited zirconium, on
which the crystalline anodic oxide films, composed mainly of monoclinic ZrO,, are
developed even at low formation voltages. The outer crystalline layer on the Zr-16 at.%
Si consists of a high-temperature stable tetragonal phase of ZrO,. Due to immobile
nature of silicon species, silicon-free outermost layer is formed by simultaneous
migrations of Zr** ions outwards and O® ions inwards. An intermediate crystalline
oxide layer, in which silicon content is lower in comparison with that in the innermost
layer, is developed at the boundary of the crystalline layer and amorphous layer.
Capacitances of the anodic zirconium oxide are highly enhanced by incorporation of
silicon due to reduced film thickness, even though the permittivity of anodic oxide

decreases with silicon incorporation.
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1. Introduction

ZrO, is an important inorganic material due to many useful properties, including
its high strength and stability at high temperatures, oxide ion conductivity at elevated
temperatures and radiation-resistant properties. These features make ZrO, attractive for
high-temperature applications, oxide ion sensors, solid electrolyte for fuel cells and as a
material in nuclear industry [1-3]. Moreover, in recent years, ZrO, has been proposed as
a promising dielectric material in metal-oxide semiconductor devices [4, 5].

Thin films of ZrO,, necessary for capacitor applications, can be prepared by a
range of methods, using physical vapor deposition [6], chemical vapor deposition [7],
atomic layer deposition [4], chemical solution deposition [8, 9] and anodizing [10, 11].
Anodizing has been extensively used to form dielectric oxide films on aluminum and
tantalum for electrolytic capacitor applications. In last decade, it becomes also possible
to form self-organized porous anodic oxide films on various valve metals by utilizing
dilute fluoride-containing electrolytes [12-18]. Such films have attracted increasing
attention due to potential widespread applications, including solar cells, catalysis,
electrochromic windows, bio-implants and various nanodevices.

The formation of anodic oxide films on valve metals have been extensively
studied, due to scientific interest of the ionic transport in growing anodic oxides under
the high electric field, in addition to the practical importance of the anodic oxide films.
Amorphous anodic oxide films are usually formed on many valve metals, including
aluminium, bismuth, niobium, tantalum and tungsten. Anodizing of titanium results in

the transition of an initially formed amorphous oxide to crystalline oxide at 5-10 V,



which causes oxygen gas generation within the anodic oxide film [19, 20]. Thus, the
films with a high density of flaws are developed after crystallization The anodic films
formed on zirconium and hafnium are generally crystalline, but the film growth
proceeds at high current efficiency without gas generation [21]. The mechanism of film
growth is also dependent upon whether anodic oxides are crystalline or amorphous. In
growing amorphous anodic oxides, simultaneous migrations of cations outwards and
anions inwards proceed in a cooperative manner, developing film material both at the
film/electrolyte and metal/film interfaces, respectively [22]. On the other hand,
crystalline anodic oxides, formed on zirconium and hafnium, grow predominantly at the
metal/film interface by migration of anions inwards [23].

The crystalline structure of anodic oxide films formed on zirconium has been
examined mainly by transmission electron microscopy. When magnetron sputtered
zirconium is anodized in ammonium pentaborate electrolyte without pretreatment of the
deposited surface, crystalline oxide films, consisting mainly of monoclinic ZrO,, are
developed [11]. The monoclinic phase of ZrO; is thermodynamically the most stable at
ambient temperature. Amorphous and a high-temperature stable phase of cubic or
tetragonal ZrO, are often found in the anodic oxide films formed on chemically
polished zirconium, particularly at low formation voltages [24, 25]. The structure is also
dependent upon the electrolyte [26, 27]. Such dependence should be associated with
the incorporation of foreign species from electrolyte or pretreated bath.

Foreign species can be incorporated also from substrate by alloying of zirconium.

Anodic film growth and film properties are examined for the Zr-Ti alloys in a wide



composition range [11, 28]. Large enhancement of the capacitance and permittivity of
the anodic oxide films by incorporation of titanium species has been found, and the
enhancement is associated with the formation of a high-temperature stable phase of
cubic or tetragonal ZrO,. Further increase in the titanium content results in the
formation of amorphous anodic oxide films, in which film properties and film growth
parameters, such as transport number of cations, change linearly with film composition.

In this work, silicon has been added to zirconium to examine the growth behavior
and dielectric properties of silicon-incorporated anodic ZrO, films. Incorporation of
silicon species, which are well-known glass-former, may influence the crystalline
structure of the anodic oxide films, and also ZrO,-SiO; is also a promising gate

dielectric material for metal-oxide-semiconductor transistors [29-31].

2. Experimental

Zirconium and Zr-16 at.% Si alloy films, approximately 200 nm thick, were
prepared by DC magnetron sputtering on to flat glass substrate as well as
electropolished and subsequently anodized 99.99 % pure aluminum substrate. The target
used for the preparation of the alloy films was 99.9 % zirconium disk with an
appropriate number of 99.999 % silicon plates located symmetrically on the erosion
region. The zirconium disk without silicon plates was used for the preparation of the
zirconium films. The silicon content in the alloy was determined using TEM-EDX
analysis as well as Rutherford backscattering spectroscopy (RBS).

The specimens were anodized at selected formation voltages up to 100 V for 900



s in stirred 0.1 mol dm™ ammonium pentaborate electrolyte at 298 K, using a
two-electrode cell with a platinum counter electrode. A constant current density of 50 A
m? was applied before reaching the selected formation voltage. Electrochemical
impedance measurements were carried out in the same electrolyte by applying 50 mV
(rms) of sinusoidal alternating voltage in the 10° to 10* Hz range, and the capacitances
of the anodic oxide films were determined by analyzing the Bode diagrams.

Vertical cross sections of the anodic oxide films were observed using a JEOL
JEM-2000FX transmission electron microscope (TEM) operating at 200 kV. Electron
transparent sections, about 40 nm thick, were generated using a Reichert-Nissei Ultracut
S ultramicrotome with a diamond knife. The structures of the deposited zirconium and
Zr-16 at.% Si alloy films as well as the anodic oxide films were identified by grazing
incidence X-ray diffraction (GIXRD) using Cu Ko radiation with the incident angle of
2°. Compositions of anodic films and alloy films were determined by RBS, using a 2.0
MeV He®" ion beam supplied by a tandem-type accelerator at Tohoku University. The
scattered particles were detected at 170° to the incident beam direction, which was
normal to the specimen surface. The data were analyzed using the RUMP program.
Further, depth profiling analyses of the anodic films were undertaken by glow discharge
optical emission spectroscopy (GDOES) using a Jobin-Yvon 5000 RF instrument in an
argon atmosphere of 850 Pa by applying RF of 13.56 MHz and power of 35 W. Light
emissions of characteristic wavelengths were monitored throughout the analysis with a
sampling time of 0.01 s to obtain depth profiles. The wavelengths of the spectral lines

used were 339.198, 249.678, 288.158 and 130.217 nm for zirconium, boron, silicon and



oxygen respectively. The signals were detected from a circular area of approximately 4

mm diameter.

3. Results
3.1. Phases of deposited alloy films

The GIXRD pattern of the sputter-deposited zirconium films, shown in Fig. 1,
discloses an hcp structure. The Zr-16 at.% Si alloy film shows only a halo at about 35°,
typical of an amorphous structure. Since no additional peaks are detected in the pattern,
this alloy consists of a non-equilibrium solid solution supersaturated with silicon.
Selected area electron diffraction pattern of the alloy film also showed a diffuse ring,
indicating the amorphous structure. The formation of amorphous phase in the present
Zr-16 at% Si alloy is in agreement with the fact that sputter-deposited binary alloys
form often non-equilibrium single phase alloys in a wide composition range for a range

of binary alloy systems [32].

3.2.  \oltage-time and current-time curves

Figure 2 shows the voltage-time curves of the zirconium and Zr-16 at.% Si alloy
during initial anodizing at a constant current density of 50 A m? in 0.1 mol dm™
ammonium pentaborate electrolyte. Both specimens show an initial voltage surge of
about 2 V, reflecting the presence of thin air-formed films. After the surge, the voltages
increase approximately linearly with anodizing time. The slope changes at 60 V for

zirconium, probably due to increased ratio of a high-temperature form of ZrO, in the



anodic oxide films, which consist of a mixture of monoclinic and high-temperature form
(cubic or tetragonal) ZrO,, as discussed in the previous report [11]. The slope also
changes for the Zr-16 at.% Si at 40 V from 1.9 V s ' to 2.3 V s, probably associated
with an amorphous-to-crystalline transition of the anodic oxide film, as described later.
During anodizing at constant formation voltages, current-time curves of the
zirconium and Zr-16 at.% Si alloy (Fig. 3) reveal an approximately linear current
decrease with time with a slope of —1 in the double logarithmic plot at both the
formation voltages of 10 and 100 V, suggesting film growth at high current efficiency

[33].

3.3.  Transmission electron micrographs

Figure 4 shows transmission electron micrographs of ultramicrotomed sections of
the Zr-16 at.% Si alloy specimens anodized at several formation voltages. Obviously,
the anodic oxide films, with flat and parallel alloy/film and film/electrolyte interfaces,
develop on the alloy film, which appears at the bottom of micrographs. The anodic films
thicken with formation voltage. The films are relatively featureless up to 30 V,
indicating that the anodic oxide films are amorphous, although the anodic oxide films
formed on zirconium are crystalline throughout the film thickness, as reported
previously [11]. The inner ~85 % of the film thickness has slightly light appearance, due
to incorporation of silicon species in this region, as revealed by later GDOES and RBS
analyses. When the formation voltage increased to 40 V, an amorphous-to-crystalline

transition occurs in the outer part of the anodic film and the thickness of the outer



crystalline oxide layer with respect to the total film thickness increases from 0.31 at 40

V10 0.39 at 100 V.

3.4. Phases in anodic oxide films

The anodic oxide film formed on zirconium at 100 V consists of a mixture of
monoclinic ZrO, and a high temperature phase of ZrO, (tetragonal or cubic), with the
former being a major phase (Fig. 5). As reported previously, the relative amount of the
monoclinic phase increases with an increase in the formation voltage for the anodic
films formed on sputter-deposited zirconium [11]. In contrast, only the high temperature
phase is detected in the GIXRD pattern of the Zr-16 at.% Si alloy anodized at 100 V.
Raman spectroscopy of this specimen revealed that the crystalline phase is tetragonal

[34]..

3.5. GDOES depth profiles

GDOES depth profiles (Fig. 6) reveal that the anodic films formed on the Zr-16
at.% Si are not compositionally uniform in depth direction. The outer approximately
15 % of the film thickness of the anodic film formed at 20 V is apparently free from
silicon species, with the relative thickness reducing to ~8 % at 100 V. In addition, for
the anodic film formed at 100 V, the outer part of the silicon-containing layer appears to
have lower concentration of silicon from the lower intensity of silicon in comparison
with the inner part of the anodic oxide film. Boron species are incorporated into the

anodic films from electrolyte, distributing mainly in the outer silicon-free layer. The



wavy profile of zirconium in the anodic film formed at 100 V is an artifact, arising from
an optical interference effect caused by transparency of the film for the analyzing

wavelength.

3.6. RBS analysis

The compositions of the anodic films are further analyzed quantitatively using
RBS analysis. Figure 7 shows the experimental and simulated spectra for the Zr-16
at.% Si anodized at 30, 50 and 100 V. The simulated spectrum obtained using the
thickness and composition for each layer, shown in Table 1, fitted well with the
experimental spectrum. In this simulation, boron species incorporated into the anodic
film are neglected due to its low sensitivity and low concentration. Figure 7(d) shows
the enlarged yield from silicon for the specimen anodized at 100 V, revealing clearly the
presence of two silicon-containing layers with different silicon concentrations.
Simulation for the specimen anodized to 100 V reveals that the outermost layer of 15
nm thickness is free from silicon species and the composition of the intermediate layer
of 48 nm thickness is (ZryggSip.12)O2. From the comparison with the TEM image in Fig.
4, these two layers are crystalline. The remaining inner layer, which is amorphous, has a
composition of (Zros,Sio15)O-. The density of the outer ZrO, layer is 5.8 Mg m ™2, being
in agreement with that of bulk crystalline ZrO, [35]. The inner layer has lower density,
due to increased silicon concentration as well as amorphous structure. From the
comparison of the charges in the films, obtained from RBS analysis, with that passed in

anodizing the specimen at each formation voltage, the current efficiency for film growth
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is close to 100 %. Further, the ratio of the number of Si** ions to the sum of the numbers
of Zr** and Si** ions in the anodic film formed at 100 V is 0.15, in agreement with the
alloy composition.

At the formation voltage of 50 V, similar three-layer film is developed (Table 1).
The thickness of the outer silicon-free layer at 50 V is similar to that formed at 100 V,
although the inner silicon-containing layer is thicker at the latter formation voltage.
Only two-layer is resolved for the anodic oxide film formed at 30 V. No intermediate
layer with the lower silicon content is present at this formation voltage, probably due to

the absence of crystalline oxide layer.

3.7. Impedance measurements and dielectric properties

Capacitances of the anodic oxide films formed on the zirconium and Zr-16 at.%
Si alloy to various formation voltages are determined from electrochemical impedance
measurements. Figure 8 shows the Bode diagrams of the sputter-deposited Zr-16 at.%
Si alloy anodized to various formation voltages. All specimens show the similar
behavior of linear change in impedance with a slope close to —1 and phase shift to —90 °
in the wide frequency region. The behavior is typical of dielectric materials. The
impedance data were curve fitted using the equivalent electric circuit inserted in Fig. 8.

Figure 9 shows the relationship between the reciprocal capacitance of anodic
oxide films and the film formation voltage for zirconium and Zr-16 at.% Si alloy. The
reciprocal capacitance of anodic oxide films on zirconium increases linearly with

formation voltage, since the capacitance is inversely proportional to the film thickness.
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However, in the case of the anodic oxide films formed on Zr-16 at.% Si alloy, the slope
changes at 30-40 V, with the slope decreasing at higher formation voltages, probably
associated with the change in film structure. The enhanced capacitance of the anodic
zirconium oxide film by addition of silicon is evident from this figure, particularly at
higher film formation voltages. The capacitance of the anodic oxide film formed on

Zr-16 at.% Si alloy is 1.44 times that on zirconium at 100 V.

4. Discussion
4.1.  An amorphous-to-crystalline transition of anodic oxide films

In contrast to the formation of crystalline anodic oxide films on zirconium [11],
the anodic films formed on the present Zr-16 at.% Si single phase alloy is amorphous at
low formation voltages up to 30 V. Silicon species are well-known glass-former, such
that the incorporation of silicon species in the anodic oxide films from substrate
stabilizes amorphous structure. However, the silicon species are not distributed
uniformly throughout the film thickness, incorporating only in the inner approximately
85 % of the film thickness. The outer ~15 % of the film thickness is free from silicon
species, but the film are amorphous throughout the film thickness up to 30 V.

At the formation voltages above 30 V, an amorphous-to-crystalline transition
occurs in the outer part of the anodic oxide films with the thickness of the crystalline
layer, relative to the total film thickness, increasing with the formation voltage (Fig. 10).
The transition may be initiated in the film region free from silicon species, extending to

the outer part of the silicon-containing layer. In general, anodic oxide films thicken
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linearly with formation voltage, but the thickness of the anodic film formed on the
present alloy at 100 V deviates obviously from the linear correlation, observed at lower
formation voltages. The deviation to the thinner side suggests that the crystalline oxide
layer sustains the higher electric field compared with the amorphous layer.

An amorphous-to-crystalline transition has been found during anodizing of
titanium and its alloys [20, 36], niobium [37, 38] and tantalum [39, 40]. The importance
of an air-formed oxide, which is present before anodizing, in the
amorphous-to-crystalline  transition of anodic niobium oxide [41] and
silicon-incorporated anodic titanium oxide [20, 42] has been reported; due to the
presence of precursor of crystalline nuclei in the air-formed oxide, crystalline oxide is
developed at the site where the air-formed oxide is located during film growth at a high
electric field. In the present anodic oxide films formed on the Zr-16 at.% Si, the
amorphous-to-crystalline transition may occur, similar to the anodic oxide films on

niobium and Ti-Si alloy.

4.2.  Structure of anodic oxide films

The amorphous-to-crystalline transition of the anodic oxide films on the Zr-16
at.% Si alloy develops tetragonal phase of ZrO,, in contrast to the formation of mainly
monoclinic ZrO, on zirconium. The tetragonal phase is a high-temperature stable phase,
and it is well known that this phase can be stabilized to ambient temperature by
incorporation of foreign species with lower valents, such as Mg?*, Ca®* and Y** or by

reducing the grain size to less than 30 nm [43]. From TEM images shown in Fig. 4, the
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grain size of the crystalline anodic oxide layers formed on the present alloy is
apparently less than 30 nm. Such small grain size may be at least one of the reasons for
the formation of the high-temperature stable phase.

The anodic oxide films formed on the Zr-16 at.% Si up to 30 V and the inner part
of the anodic oxide films above 30 V are amorphous. When magnetron-sputtered
zirconium is anodized, crystalline anodic oxide films are developed even at low
formation voltages. Foreign species can be incorporated into anodic zirconium oxide
from substrate, inducing the formation of amorphous oxide. The anodic oxide films
formed on a Zr-20 at.% Ti alloy is crystalline throughout the film thickness [11], while
the anodic oxide films formed on the present Zr-16 at.% Si are amorphous throughout
the film thickness up to 30 V and within the inner 60 % or more of the film thickness at
and above 40 V. Thus, amorphous phase is more readily formed in the anodic zirconium
oxide by incorporation of silicon species rather than that of titanium species. This result
should be related to the mobility of silicon and titanium species, i.e., the former
immobile and the latter mobile outwards, in growing anodic oxide films, as in anodic
titanium oxide.

Crystallization of anodic titanium oxide can also be suppressed by incorporation
of foreign species, such as aluminum , molybdenum [44], silicon [45, 46], tungsten [47]
and zirconium [28] from substrate. Silicon species are the most effective in suppressing
the crystallization; the addition of only 6 at.% silicon to titanium is enough to grow an
amorphous anodic oxide to more than 100 V. In contrast, on Ti—Al alloys, an amorphous

oxide grows to more than 100 V only when more than 20 at.% aluminum is added to
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titanium. Such trend is in agreement with the mobility of foreign species; slower
migrating or immobile species, like silicon species, which has a strong metal-oxygen

bond, suppress more effectively the crystallization of anodic titania [48].

4.3. lonic transport in growing anodic oxide films

It is known that silicon species are immobile in a range of growing anodic oxides,
including aluminum oxide [49], niobium oxide [50], tantalum oxide [51, 52], titanium
oxide [45, 46]. Thus, it is likely that silicon species are immobile also in growing anodic
zirconium oxide, acting as marker species. In this case, a silicon-free outer layer of
anodic oxide films on a Zr-Si alloy is developed at the film/electrolyte interface by
migration of zirconium ions outwards, while the remaining silicon-containing inner
layer is formed at the alloy/film interface by migration of O® ions inwards. The
transport number of cations, t*, can be estimated from the RBS results using a following
equation;

t" = Nout / Ny

where Noy: is the number of cations in the outer silicon-free layer, and N; is the number
of cations in the anodic oxide film. The transport number of cations obtained from the
RBS data for the anodic oxide film formed at 30 V, which is amorphous, is 0.16, which
is in agreement with that estimated for the amorphous zirconium oxide from the
extrapolation of the compositional dependence of the transport number of cations for the
amorphous anodic oxide films formed on a range of Ti—Zr alloys [28]. This suggests

that the incorporation of silicon species in amorphous oxide does not influence the
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transport number, although for amorphous anodic oxides composed of two cations, both
of which migrate outwards in film growth, the transport number of cations generally
changes with film composition. In contrast, the transport number of cations, obtained
from the anodic film formed at 100 V, is reduced to be 0.09, due to the formation of
crystalline oxide, in which anion migration is generally predominant.

A characteristic feature of the anodic oxide films after crystallization is the
presence of an intermediate layer with lower silicon content in comparison with that in
the innermost layer. The formation of the intermediate layer should be associated with
the different transport number of cations in the outer crystalline layer and in the inner
amorphous layer. During growth of amorphous anodic oxide below 40 V, new film
materials are formed both at the film/electrolyte and alloy/film interface by migration of
Zr** jons outwards and O ions inwards, respectively (Fig. 11(a)). After crystallization
of the outer part of the anodic films, the inward migration of 0% ions must become
predominant in the outer crystalline layer, while both Zr** ions and O* ions migrate
outwards and inward, respectively, in the inner amorphous layer. Since the cation
migration in the outer crystalline layer is very limited, Zr** ions that reach at the
boundary between the outer crystalline layer and an inner amorphous layer, may form
new ZrO, with O?" ions migrating from the outer layer to the boundary (Fig. 11(b,c)).
Due to the formation of new ZrO, at the boundary, the concentration of silicon species
decreases, such that the intermediate oxide layer with lower silicon content is developed.
Once the intermediate layer is developed, the thickness of the outer crystalline ZrO,

layer free from silicon species is unchanged, and the thicknesses of the intermediate
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crystalline layer and innermost amorphous layer increase due to development of new
film materials at the boundary between the amorphous and crystalline layers and at the

alloy/film interface, respectively.

4.4. Dielectric properties

As shown in Fig. 9, the capacitances of anodic oxide films are enhanced by the
addition of silicon, particularly at the formation voltages higher than 30 V. However, the
addition of silicon does not increase the relative permittivity of the anodic oxide films
(Fig. 12). The relative permittivity of the anodic oxide films, &y, was derived using the
following equation:

C=g &yld

in which, & is permittivity of vacuum and d is the thickness of anodic oxide film. The
capacitance per unit surface are, C, was obtained by AC impedance analysis and the
thickness of the anodic oxide films on the Zr-16 at% Si was obtained by cross-sectional
TEM observation. Since the film growth proceeds at high current efficiency, the
thickness of anodic oxide films on zirconium was calculated from the charge passed
during anodizing using the density of anodic zirconium oxide of 5.8 Mg m™ [21]. The
relative permittivity of anodic oxide films on zirconium is around &y = 22.7, and this is
comparable to values reported previously (&x = 22-25). The average relative
permittivity of the anodic oxide films on Zr-16 at.% Si alloy is 21.7, being slightly
smaller than that of zirconium. The reduction in permittivity may be due to the lower

relative permittivity of SiO, (&x = 3.5) incorporated into anodic oxide. The reduction of
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the relative permittivity by incorporation of silicon species is also reported for
amorphous TiO; [42] and Nb,Os [50].

The increased capacitance of the anodic oxide films by the addition of silicon is,
therefore, due to the reduction of film thickness. In Fig. 10, the slope of the film
thickness vs formation voltage curve corresponds to the formation ratio. The formation
ratio changes from 1.87 nm V! below 40 V to 1.34 nm V™ at and above 40 V for the
Zr-16 at% Si. The formation ratio for the anodic oxide films on zirconium was constant
up to 100 V, being 2.5 nm V™%, The markedly reduced formation ratio by the addition of
silicon, particularly at and above 40 V, at which a crystalline oxide layer is developed,

enhances the capacitance the capacitance.

5. Conclusions

Through the examination of growth and electric properties of anodic oxide films
formed on the Zr-16 at.% Si single phase solid solution alloy in ammonium pentaborate
electrolyte at high current efficiency, following conclusions are drawn.

1. The anodic oxide films formed on the Zr-16 at.% Si are amorphous up to 30 V, in
contrast to the formation of crystalline oxide films on zirconium. At higher
formation voltages, the outer part of the anodic oxide films crystallizes with the
relative thickness of the crystalline layer increasing to ~40 % at 100 V. The outer
crystalline layer consists of a high-temperature stable tetragonal phase of ZrO,.

2. The outer layer, 16 % or less of the film thickness, is composed of silicon-free oxide.

This layer is formed due to immobile nature of silicon species in growing
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amorphous anodic oxide, in which film growth proceeds due to simultaneous
migrations of Zr** ions outwards and O®" ions inwards.

3. In addition to crystalline outer layer free from silicon species, an intermediate
crystalline oxide layer, in which silicon content is lower than that in the inner
amorphous layer, is developed, due to ZrO, formation at the boundary of the
crystalline layer and amorphous layer.

4. Capacitance of the anodic oxide films are highly enhanced by incorporation of
silicon species due to reduced film thickness at selected formation voltages, even
though the permittivity of anodic oxide decreases with silicon incorporation. The

capacitance is further enhanced by crystallization of anodic oxide.
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Figure captions
Fig. 1 Grazing incidence X-ray diffraction patterns of the sputter-deposited zirconium

and Zr-16 at.% Si alloy.

Fig. 2 Voltage-time responses of the sputter-deposited zirconium and Zr-16 at.% Si
alloy during initial anodizing at a constant current density of 50 Am2in 0.1 mol dm™®

ammonium pentaborate electrolyte at 298 K.

Fig. 3 Current-time curves of the sputter-deposited zirconium and Zr-16 at.% Si alloy
during anodizing at 10 V and 100 V in 0.1 mol dm™> ammonium pentaborate electrolyte
at 298 K. Initially, a constant current density of 50 A m 2 was applied to reach the
selected formation voltage. In this plot, the anodizing time of 0 s was set at the time

when the formation voltage reached the selected formation voltage.

Fig. 4 Transmission electron micrographs of ultramicrotomed sections of the
sputter-deposited Zr—16 at.% Si alloy, after anodizing at (a) 10 V, (b) 20 V, (c) 30V, (d)
40V, (e) 50 V, and (f) 100 V in 0.1 mol dm® ammonium pentaborate electrolyte at 298
K for 900 s, following constant current anodizing at 50 A m™ to respective formation

voltages.

Fig. 5 Grazing incidence X-ray diffraction patterns of the sputter-deposited zirconium

and Zr-16 at.% Si alloy specimens anodized at 100 V in 0.1 mol dm™® ammonium

24



pentaborate electrolyte at 298 K for 900 s, following constant current anodizing at 50 A

m to the selected formation voltage.

Fig. 6 GDOES depth profiles of the anodic films formed on sputter-deposited Zr-16
at.% Si alloy at (a) 20 V, and (b) 100 V in 0.1 mol dm 3 ammonium pentaborate
electrolyte at 298 K for 900 s, following constant current anodizing at 50 A m™ to the

respective formation voltages.

Fig. 7 Experimental and simulated RBS spectra of the sputter-deposited Zr—16 at.% Si
alloy anodized at (a) 30 V, (b) 50 V and (c, d) 100 V in 0.1 mol dm™3 ammonium
pentaborate electrolyte at 298 K for 900 s, following constant current anodizing at 50 A

m™ to the respective formation voltages.

Fig. 8 Bode diagrams of the sputter-deposited Zr—16 at.% Si alloy specimens anodized
at 10, 20, 50, and 100 V in 0.1 mol dm~3 ammonium pentaborate electrolyte at 298 K
for 900 s, following constant current anodizing at 50 A m™ to the respective formation

voltage.

Fig. 9 The formation voltage dependence of the reciprocal of capacitance of the anodic

oxide films, formed on the sputter-deposited zirconium and Zr-16 at.% Si alloy in 0.1

mol dm~® ammonium pentaborate electrolyte at 298 K.
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Fig. 10 Film thickness, obtained by the cross-sectional TEM observations, of the anodic
oxide films formed on Zr-16 at.% Si alloy in 0.1 mol dm 3 ammonium pentaborate

electrolyte at 298 K, versus formation voltage.

Fig. 11 Schematic illustration showing the growth of anodic oxide films on the Zr-16
at% Si alloy. (a) amorphous oxide before crystallization, (b) after
amorphous-to-crystalline transition, (c) film formation at the boundary between outer

crystalline and inner amorphous layers.

Fig. 12 Relative permittivity of the anodic oxide films formed on zirconium and Zr-16

at.% Si alloy in 0.1 mol dm™ ammonium pentaborate electrolyte at 298 K, versus

formation voltage.
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Fig. 3
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 7 (Continued)
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Fig. 8
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Fig. 9

1200
1000
800
600
400

(Capacitance)'ll F'm’

N
o
o

Zr - 16 at% Si

o
o

20 40 60 80
Applied Potential Difference / V

100



Fig. 10
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Fig. 11
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Fig. 12
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