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Breakdown of ultrathin anodic valve metal oxide films in metal-insulatormetal-contacts compared with metal-insulator-electrolyte contacts
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Abstract
The anodic breakdown of thin valve metal oxide films on aluminium, hafnium, niobium, titanium, tantalum and zirconium in
the system valve-metalyvalve-metal-oxideysilver was investigated. For all systems valve metal wires covered by an anodically
formed oxide with an evaporated silver film were used. For comparison three different types of oxide were used in the case of
aluminium: anodic oxide, gas phase oxide and physical vapour deposited oxide. Due to an improved technique for the preparation
a high reproducibility and reliability could be achieved. In the case of anodic oxide it is shown, that the formation field strength
or reciprocal film formation factor and the breakdown field strength are equal. The initial step of anodic breakdown is clearly an
ionic one. This was concluded from the strong correlation between film thickness and breakdown potential. An equation for the
absolute quantitative calculation of tunnel currents is derived that takes the deformation of the barrier due to the image potential
into account. The simulations are compared with the experimental results and the breakdown process is discussed in terms of ions
which move into the tunnel barrier and deform the tunnel barrier. 䊚 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Valve metal oxides are almost perfect insulators.
Those dielectric films are used in capacitors w1x, in
tunnel junctions w2x and for insulation of semiconductors
w3x. One of the basic requirements is the ability to
withstand an electric field of 0.1–1 GVmy1 without
electric breakdown. Due to the enormous industrial
importance there is a tremendous number of investigations dealing with the breakdown of these films. A
number of reviews by Agarwal w4x, Solomon w5x, Klein
w6x, DiStefano and Schatzkes w7x, Ikonopisov w8x and
the one by Parkhutik, Albella and Martinez-Duart w9x
lead to an overview over this wide field. The stability
of the film and the mechanism of the breakdown process
depend on the base metal, its purity and structure, on
the process of oxide formation, the oxide thickness and
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the type and composition of the adjoining phase. There
are a lot of investigations of the breakdown of anodic
valve metal oxide films in the electrolyte or in a metaloxide-metal contact. However, there are very few on the
breakdown of thin (1–20 nm) barrier type anodic valve
metal oxide films.
This work focuses on the breakdown of tunnel junctions of the type valve metal (Al, Hf, Nb, Ta, Ti and
Zr)yanodic valve metal oxideysilver. From the previous
work it is known that the oxidation process is a key
parameter for the properties and stability of these layer
systems. Thereby a short introduction into the anodic
oxidation process is given.
2. Theoretical
The oxidation of valve metals can be described by
the high field law of oxide formation
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Fig. 1. Current transient calculated from the classical high field law
of oxide growth, taking into account the Debye charging of the oxide
and the corrosion current (lower) and transient of the film thickness
calculated through integration of the current transient (upper).

This equation describes the relation between the oxide
formation current i, the initial current density i0, the
high field constant b and the field strength E. This is
given by
Es

DU
d

(2)

where DU is the potential drop over the insulating film
and d is its thickness. In the lower part of Fig. 1
calculated current transient of additional oxide formation
on an aluminiumyaluminium oxide specimen with a 5.8
nm thick initial oxide film is shown. This oxide film
was formed in a pH 6.0 acetate buffer by potentiotstatic
polarisation to EHESSs2 V (HESSshydrogen evolution
in same solution). The transient was recorded after a
potential step from EHESSs0 V to EHESSs3.5 V. The
Debye charging (Charging of the oxide capacitance in
the metalyinsulatoryelectrolyte system) of the oxide as
well as the corrosion current are taken into consideration.
In the upper part of the figure the corresponding thickness transient is shown as a function of time as calculated through the numerical integration of the current
transient.
This change in thickness Dd was calculated from Eq.
(3).
Dds

qMV
zFrox

(3)
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Where q is the charge density, Mv is the volume of 1
mol oxide, z is the number of transferred electrons, F is
the Faraday constant and rox is the density of the oxide.
The experimental current transients of high time
resolution were already shown in a former paper w10x.
They show several additional processes such as dielectric relaxation and a kinetic transport hindrance resulting
in an overshooting current during oxide formation. Since
these processes were discussed there they are not especially relevant for the following discussion: they are
skipped here. Here it seems to be more appropriate to
discuss the process of oxide formation on hand of the
simplified theoretical calculation instead of the much
more complicated experimental curves.
Within the first few ms after a potential step the
current density in Fig. 1b decreases from A cmy2 down
to a few mA cmy2. This sudden decrease is due to the
Debye charging of the oxide capacity over the electrolyte
resistance. It is seen in Fig. 1b that the current becomes
constant after the charging of the oxide film for 10y4
s-t-10y2 s. In the first decades of time the charge,
calculated from the integration of the current, is very
small. Hence, the oxide thickness remains almost constant. Later the charge accumulates to a significant
amount as can be seen in the thickness transient after
10y2 s. Due to the increasing oxide thickness the fieldstrength decreases accordingly in this potentiostatic
experiment. With this decreasing fieldstrength the driving force of further oxide formation decreases. This can
be seen in the lower part of the figure as the current
decreases with time. Finally, when the current density is
in the order of the corrosion current density, the film
thickness becomes constant.
Under these stationary conditions a small amount of
oxide is dissolved in a given time unit. At the same
time new oxide is formed. Since oxide reformation and
corrosion are equal but with different sign, the corrosion
current can be measured directly. Due to the constant
current and constant film thickness under these conditions the product of charge carrier concentration and
charge carrier mobility must be constant. It was already
explained that under these conditions, where oxide is
formed on both interfaces but corrosion takes place only
at the oxideyelectrolyte interface the oxide layer moves
into the metal. During this process the whole oxide is
converted into a pure anodic oxide independent on how
its structure was before. Also initial gas phase oxide
coverages are removed by this technique. It is essential
for understanding the following results that under these
conditions the potential drop across the oxide film and
the oxide film thickness are constant and hence, also
the fieldstrength.
By a comparison of metalyinsulator (metal oxide)y
electrolyte systems (MIE) and metalyinsulator (metal
oxide)ymetal systems (MIM) it is shown that the
breakdown in the MIM systems appears exactly and
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highly predictable at fieldstrengths, where further oxide
growth would start in the corresponding MIE system. A
preparation technique is described which allows a reproducible production of that MIM specimens. Various
preparation parameters will be discussed in terms of
their influence on the stability of the tunnel junctions.
A breakdown mechanism similar to that of Shousha
w11x is described, which was derived from the model of
high field oxide growth as proposed by Lohrengel w12x.
It is important to say that the breakdown stability
depends not only on the oxide thickness but very much
on the formation conditions. If the oxide is formed in
shorter times, e.g. 100 s the film thickness would be 7.8
nm instead of 8.2 nm in Fig. 1. This decrease in oxide
thickness of approximately 5% results in a 40% decrease
of the breakdown voltage. In addition the reproducibility
is much worse. Hence, a basic knowledge of the transient behaviour during oxide formation is essential to
understand the strong influence of the oxide formation
conditions on the properties of metal-insulator-metal
contacts.
The present work is focused on the tunnelling process
and the comparison with metalyinsulatoryelectrolyte
systems.
3. Experimental
All sample wires were provided by Goodfellow. The
solutions were prepared from reagent grade chemicals
and high purity water Millipore Q (Rs)18 MV cm).
Electropolishing was carried out either in a mixture
of 50 ml 70% perchloric acid and 950 ml glacial acetic
acid (Al, Hf, Ti) or in a mixture prepared from 10 ml
40% hydrofluoric acid and 90 ml 96% sulphuric acid
(Nb, Ta, Zr). The oxide films were formed in 1 kmol
my3 sulphuric acid (Hf, Ti, Zr) or in a neutral acetate
buffer (pHs6.0) (Al, Ta, Nb), prepared from water,
glacial acetic acid and sodium acetate with an ionic
strength of 106 mol2 my6 (1 mol2 1y2). All experiments
were carried out in dry nitrogen at Ts298 K (Table 1).
The UHV Chamber was a Riber System with a turbo
molecular pump, an ion getter and a kryo pump. The
base pressure was 1Ø10y6 Pa. During evaporation of
aluminium or silver the pressure was held at 1Ø10y5 Pa.
The thickness of the evaporated films was determined

Fig. 2. Tunnel characteristics of different aluminiumyaluminium
oxideysilver contacts at Ts298 K. The experimental curves were
recorded with a sweep rate of 100 mV sy1. For the GPO system a
2.5 nm thick oxide was taken. The anodic oxide films were formed
at a formation voltage of Es1 V (d1s4.1 nm) or EHESSs5 V (d2s
10.5 nm). The breakdown potential of each contact is indicated by an
arrow. Calculated tunnel curves are given for comparison. Details of
the calculation procedure and the basic barrier properties are given in
the text.

with a VEECO quartz crystal micro balance. During the
evaporation of silver top electrode the wires were rotated
in a distance of 30 cm from the evaporation source to
minimise thermal stress and to ensure a homogeneous
silver thickness on the wires.
Furthermore, details of the experimental set-up and
the procedure for preparing the tunnel junctions were
described in a previous paper w10x.
4. Results
Fig. 2 shows current voltage plots of three different
anodic aluminiumyaluminium oxideysilver tunnel junctions. For the GPO system a 2.5 nm thick oxide was
taken. The anodic oxide films were formed at a formation voltage of Es1 V (d1s4.1 nm) or EHESSs5 V
(d2s10.5 nm). The scan rate was 100 mV sy1. Due to
the high dynamic the current was plotted on a logarithmic scale. At low voltages the current is very small but
increases rapidly as the potential increases. At voltages

Table 1
Electropolishing conditions for the different valve metals used in this study
Metal

Purity

Electropolishing
solution

Time
ys

Current densityy
kAmy2

Al
Hf
Nb
Ta
Ti
Zr

99.95%
97% (2.8% Zr)
99.9%
99.95%
99.975%
98.7% (1.1% HF)

HClO4 yCH3OOH
HClO4 yCH3OOH
HFyH2SO4
HFyH2SO4
HClO4 yCH3OOH
HFyH2SO4

30
10
20
300
120
20

2.00
1.20
1.00
1.00
2.50
5.00

A.W. Hassel, D. Diesing / Thin Solid Films 414 (2002) 296–303

299

ZUZ)0.5 V it gives a more or less straight line in the
log i vs. U plot. If the potential exceeds a critical value
EBD a sudden increase is observed, which is indicated
by the thick arrows at the end of each curve. This is
the breakdown potential of the tunnel junction. As
expected with increasing oxide thickness the current
decreases and the breakdown potential increases.
The measured tunnel currents can also be derived
theoretically. Duke performed model calculations for
absolute values of tunnel current densities (in Aym2)
w13x.
The equation used was:
is

eŽ2sq1.

`
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where e is the elementary charge, s is the spin of the
electron, " is the Planck constant, m is the electron
energy, f (m) is the Fermi distribution in the two metals
and kI is the plane parallel momentum coordinate. In
the equation above T(m) is the decay factor of the
Bloch wave of the metal electron in the oxide film. It
¨
can be derived by the Schrodinger
equation:
y

"2 ¨
cqVŽz.csmc
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(5)

with the mass of the free electron m and the shape of
the tunnel barrier V(z). The decay factor of the Bloch
wave of the electron as function of the z-coordinate axis
(normal to the layer interfaces) is:

y
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In Eq. (7) the starting point z1 and the final point z2
of the integration are influenced by the image potential
effects, which the tunnelling electrons cause in both the
aluminium and the silver electrode. A formula for the
image potential was given by Simmons w14x.
The potential Vi of the electron with respect to the
vacuum level, when it is at a distance of z from the
metal surface is:

(9)

In a MIM junction an electron exists between two
parallel and closely spaced electrodes. The tunnelling
electron polarises both of the electrodes. As a result
both of the electrodes also influence the tunnelling
electron. The image potential Vimage, in this case can be
derived by the following equation, where d denotes the
thickness of the oxide layer:
VimageŽz.sy
B

2m
ØyVŽz.ym
"2

One has to take the integral over the whole oxide
barrier:
Ks

Fig. 3. Quantitative sketch of the asymmetric trapezoidal tunnel barrier in the MIM system A1yA1OxyAg with image potential corrections (for different dielectric constants) on which the calculated curve
in Fig. 2 is based.
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An approximation for the above summation term was
given by Simmons w15x.
When we set the origin of the z-coordinate axis at the
geometrical metalymetal oxide interface using Simmons
approximation for the sum in Eq. (10) the image
potential corrections for an oxide layer with thickness d
are given by:
VimageŽz.s0.795Ø

yŽeØd.
16Øp´rØ´0ØzØŽdyz.

(11)

In Fig. 3 the asymmetric trapezoidal tunnel barrier
for a 2.5 nm thick aluminiumyaluminium oxideysilver
MIM system is shown (´s`). The difference between
the Fermi Levels of the metals and the lower edge of
the conduction band in the oxide were determined by
the onset of the Fowler–Nordheim-tunneling to 2.05 eV
on the aluminiumyaluminium oxide interface and 2.71
at the aluminium oxideysilver interface w16,17x. This
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tunnel barrier would be true only for a material with
´rs`. Experimentally the ´r, was found to be 4.5 in
the case of PVD (physical vapour deposited) and 12 for
anodic oxide w10x.
The calculations of the barrier with image potential
correction were carried out for a 2.5 nm thick aluminium
oxide tunnel junction. The results of these calculations
as well as the limiting case for vacuum (´rs1) as
insulator are shown in Fig. 3. The distortion of the
conduction band of the oxide due to the image potential
causes a shift of the real start of the tunnelling path of
a few 100 pm as can be seen in Fig. 3. This shift is
generally taken into account in our calculations of the
current voltage plots (Eq. (4) and Eq. (7)). Additionally
the current contribution due to the charging of the MIM
capacitance at the experimentally used scan rate was
taken into account.
In Fig. 2 the experimental results are compared with
a calculated curve for ds2.5 mn. They coincide quite
well. This shows that the barrier type model for the
direct elastic tunnelling process is adequate for this
oxide thickness. If the same calculations are performed
for the thicker anodic oxides, significant deviations from
the experimental curves appear, therefore they are not
shown here, Generally the calculated currents are smaller
than the experimentally observed ones. The permittivity
on the other hand does not change with increasing oxide
thickness. This means that a simple barrier model for
direct tunnelling is not valid for these samples. In fact
a second contribution to the tunnel current for example
by resonant tunnelling through defect states or diffusive
tunnelling transport w18x can not be excluded. However,
the share of the indirect tunnelling process is negligible
in the case of the 2.5 nm thick oxide.
For a constant defect concentration the total amount
of defects is proportional to the film thickness. Since
these defects build the path for resonance tunnelling,
the influence of the increasing film thickness is much
less pronounced as in the case of the direct elastic
tunnelling. In that case the well known exponential
decay is valid. As a result the share of both tunnelling
processes changes significantly with increasing film
thickness. Haque and Khondker w18x used a statistical
quantum mechanical ansatz to investigate the influence
of defect states on the tunnelling transport of electrons.
They found a transition from ballistic to diffusive
transport regime with increasing number of defect states.
A concrete evaluation of the tunnel path in anodic
aluminium oxide and its experimental elucidation will
be presented later since the extent of this paper would
be exceeded.
In Fig. 4 the breakdown potential UBD at Ts298 K
for anodic polarisation of various MIM systems (aluminiumyaluminium oxideysilver) is given as a function
of the film thickness d. In the potentiostatic film formation procedure used here, the thickness corresponds

Fig. 4. Breakdown potential UBD at Ts298 K for the anodic polarisation of various MIM systems (A1yA1OxyAg) as a function of the
film thickness d. The formation potential for anodically formed oxides
is given in the upper abscissa for comparison. GPOsgas phase oxide,
PVDsphysical vapour deposited oxide.

directly and linearly to the film formation potential
Uform. w12x. This formation potential is given on the
upper x-axis. The breakdown voltage vs. film thickness
relation is described by an almost perfect line in the
case of the anodic oxide films. This strong relationship
between film formation potential and breakdown potential indicates a common origin. Furthermore, this relation
allows the determination of the onset potential of oxide
formation in the electrolyte from an extrapolation to a
vanishing breakdown potential. This is equal to a film
thickness of 0 nm. This potential is determined to be
;1.6 V (HESS) for aluminium. This value is in good
agreement with that one found by Takahashi et al. w19x.
It should be pointed out clearly, that no assumptions
or prerequisites are necessary for this determination.
Other methods such as charge over potential plot,
reciprocal capacity over potential plot, sputter depth
profiling and ellipsometry generally need plausible parameters such as mole volume, dielectric constant or film
formation factor.
In the plot presented here no such things are necessary,
since from the breakdown potential vs. formation potential plot only a relative shift is determined for a unity
slope.
The calculation of the film thickness of course have
to make assumptions. As already discussed in a previous
work a value of 1.6 nm Vy1 is used for Al w10x. This
value is the key parameter of a consistent set of physical
parameters determined from different methods (impedance spectroscopy, current transients of potentiostatic
pulse experiments, ellipsometry, XPS). The slope of the
line gives directly the breakdown field strength.
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This breakdown fieldstrength has a value of 625 MV
my1 for aluminium. It should be mentioned here, that
this finding of a constant breakdown field strength was
already reported by De Wit et al. w20,21x. Their results
were in clear contrast to those of other authors (cited in
w20,21x), which found a decreasing breakdown fieldstrength with increasing film thickness. The experiments
of De Wit et al. were performed on thicker aluminium
films (23–169 nm).
For oxide types as gas phase oxidation or physical
vapour deposition the mean variation of the breakdown
potential is significantly strong. For physical vapour
deposited specimen a clear relationship between breakdown voltage and film thickness cannot be observed.
Several samples with 10 or 15 nm thick oxide films
were investigated, their breakdown voltages vary in a
wide range of 1.7 V until 3.2 V for both oxide
thicknesses. These values are shown as bars in Fig. 4.
This may be due to the porous and thereby hardly
reproducible structure of this oxide type. Thereby in the
following the focus is set on anodic oxides on various
base metals.
The same set of experiments as in Fig. 4 was carried
out for the following valve metals: Hafnium, Niobium,
Tantalum, Titanium and Zirconium. During the anodic
oxide formation the film formation factor of each metal
was determined from a set of subsequent experiments,
where coulometric and capacitance measurements were
performed. If the oxide formation charge is plotted as a
function of the film formation potential, the slope gives
the so-called film formation factor k (Eq. (3)). For a
potentiostatic oxide formation procedure, there is an
reciprocal correlation between the film formation factor
k and the formation field strength Eform:
Eform'

1
k
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In Fig. 5 the breakdown fieldstrength for all valve
metals investigated in this study is plotted vs. the
formation fieldstrength. The straight line does not show
a regression of these data points but the function where
breakdown fieldstrength and formation fieldstrength are
equal. There is an inherent coincidence of both values.
This means that the process being responsible for these
phenomena is the same in both cases. In the upper xaxis the film formation factor k of the anodic oxide
formation is given.
The strong correlation between breakdown fieldstrength and film formation field strength suggests a
common origin. As already discussed above, the number
of mobile ions increases significantly during oxide
formation. If a valve metal which is covered by an
anodic oxide film is polarised to a certain potential the

Fig. 5. Breakdown fieldstrength EBD at Ts298 K for different valve
metals as a function of the respective formation fieldstrength Eform.
The respective formation factor is given in the upper abscissa for
comparison. The full line shows where breakdown fieldstrength and
formation fieldstrength are identical.

current becomes stable after some time. In Fig. 1 this is
the case for times longer than 100 s, but this time
depends very much on the exact anodising conditions.
However, under steady state corrosion conditions the
defect concentration is constant. Under the preparation
conditions used here, where the sample is removed from
the electrolyte under potentiostatic conditions these
defects are frozen in. Also Azumi and Ohtsuka w22x
proposed the presence of high valence states such as
Ti5q or Ti6q in thin anodic oxide films on titanium.
Later, after evaporation of the silver cover electrode
when the breakdown is observed in the MIM configuration, the same concentration of defects with the same
energetic distribution is still present. Those defects
which where mobile at lower energies had been already
removed under the steady state corrosion conditions.
Hence, there is a threshold energy above which defects
are existent in the oxide. As a result no breakdown is
observed for potentials below this level, since no defects
can be mobilised. The experimental results thereby prove
that no additional defects are produced through the
evaporation procedure.
In Fig. 6 a current transient of a complete breakdown
process of an aluminium oxide layer in MIM configuration at room temperature is shown. The time to
breakdown is indicated by an arrow. For times up to 30
ms the transient is dominated by the Debye charging of
the oxide capacitance. The time constant of this charging
depends on the capacity and on the contact resistance.
Later the transient is dominated by the tunnel current.
This is indicated by the parallel resistance Ri in the
simple equivalent circuit. The correlation between parts
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Fig. 6. Current transient of a complete breakdown process. The time
to breakdown is indicated by an arrow. RI, CI, mean the resistivity
and the capacity of the insulator. RM means the contact resistivity of
the metal. The correlation between parts of the simple equivalent circuit diagram and the different parts of the transient is also indicated.

of the simple equivalent circuit diagram and the different
parts of the transient is also indicated.
The tunnel current is very constant up to a few
milliseconds. After a few ms a sudden increase is
observed. The current stabilises then for a short time on
slightly higher level. Then a second sudden increase
occurs and the current stabilises on level B which is
again higher than before. Finally, a few short fluctuations
in the current density indicate the final breakdown
during which the current increases to the short circuit
level. This high current causes an irreversible damage
of the electrical connector which burns down like a
fuse. Remarkably the step like increase of the tunnel
current when a voltage greater than the film formation
potential was applied could be found in all of our
samples. The duration of period A and B varied about
a range of several 100% for this experiment. But they
appeared always as a kind of precursor of the anodic
breakdown.
5. Discussion
The common collision ionisation model of the electric
breakdown as summarised by O’Dwyer w23x requires a
sufficiently high probability for the ionisation process.
For the very thin oxide films (ds2.5y15 nm) investigated here single electron tunnel processes are significantly more probable than interaction processes such as
collision ionisation. Thereby the experimental results are
discussed in terms of ionically distorted tunnel barriers.
If the fieldstrength in the MIM contact exceeds the
former film formation fieldstrength some defects with
the critical activation energy become mobile. The movement of these defects will then initiate the breakdown
by means of enhanced electronic tunnelling. A distortion
of tunnel barriers due to ionic defects in the insulator
was already discussed by Schmidlin et al. w24x. In their

calculations they derived significant tunnel current
increases due to the barrier deformation caused by ionic
defects.
On the other hand, a defect which is only slightly
shifted within the oxide can modify the tunnel path of
the electrons and serve as a centre for resonance tunnelling. Due to the shortening of the effective tunnel length
the current will increase significantly. This current may
locally heat the sample adjacent to the tunnelling path.
This heating at a given fieldstrength on the other hand
will activate further defects. An additional barrier deformation will result, which will cause a further increase
in the tunnel current. Within this positive feedback loop
various processes like sample heating, increasing current
flow and mobilisation of ionic defects may contribute
to the final breakdown.
In fact this activation of defects is more complex.
The process does not only depend on the potential but
also on the temperature and the time for which the
sample is polarised. Current transients of potentiostatic
pulse steps with voltages above the critical breakdown
value show a significant transient behaviour. The
destructive processes occur after times which can be
easily resolved in the experiments presented here (see
Fig. 6). For short times (t-1 ms) a sample can survive
above its breakdown fieldstrength.
Further experiments show that the breakdown is
significantly shifted to higher potentials and longer times
at lower temperatures (T-100 K). These experiments
and a toughening procedure derived therefrom will be
described in the next part of this work.
6. Conclusion
The breakdown of MIM contacts with various oxide
types and thicknesses in the range 2–15 nm was studied.
While GPO and PVD oxides showed a large mean
deviation of the breakdown voltage for a given thickness, anodic oxides showed a highly reproducible and
predictable breakdown voltage. In the breakdown voltage vs. formation potential plot an excellent linearity
with the unity slope is achieved for the anodic oxide
systems. The absolute deviation from this line was
always smaller than 50 mV.
An extrapolation of the obtained line down to zero
breakdown voltage gives the film formation potential of
the anodic oxide formation in the corresponding electrolyte. It has a value of y1.6 V (HESS) which coincides
with the thermodynamic value w25x. If the breakdown
voltage is plotted vs. film thickness as calculated from
the charge consumed during oxide formation, the slope
gives the breakdown fieldstrength of the oxide.
The reciprocal of the film formation factor gives
directly the film formation fieldstrength. It turns out
that, both film formation fieldstrength and breakdown
fieldstrength are almost identical. This coincidence was
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shown for aluminium, hafnium, niobium, tantalum, titanium and zirconium.
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