Thin Solid Films 500 (2006) 330 – 335
www.elsevier.com/locate/tsf

Temperature stability of thin anodic oxide films in metal/insulator/metal
structures: A comparison between tantalum and aluminium oxide
Yanka Jeliazova a, Michael Kayser a, Beate Mildner a, Achim Walter Hassel b, Detlef Diesing a,*
b

a
Fachbereich Chemie, Universität Duisburg-Essen, 45117 Essen, Germany
Max-Planck-Institut für Eisenforschung, Max-Planck-Str. 1, 40237 Düsseldorf, Germany

Received 5 April 2005; received in revised form 18 October 2005; accepted 31 October 2005
Available online 4 January 2006

Abstract
The dielectric breakdown of thin (d = 3 – 4 nm) aluminium and tantalum oxide films was investigated by means of current voltage plots in
metal/insulator/metal systems. Dielectric breakdown field strengths, E DB, of 0.6 GV m 1 were found for both oxide types at room temperature.
Differences appear in the temperature dependence of E DB. Tantalum oxide films show an unchanged breakdown behaviour for temperatures up to
420 K while aluminium oxide films lose already 80% of their E DB value in the same temperature range. Time-resolved investigations of the
electric breakdown revealed intermediate states of both oxide types which were stable for several ms being characterized by an enhanced tunnel
current. The breakdown voltage clearly scales with the oxide thickness for both oxide types.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Dielectric breakdown (further called DB) of thin oxide films
may be caused by a number of alternative processes. These are,
for instance, field-induced ionization, doping, crystallisation,
breaking of chemical bonds, and migration of lattice defects.
Sample properties such as conductivity, temperature or stress
will run away uncontrollably when these processes set in with a
positive feedback without equilibrating factor. The stored field
energy 1/2 I e 0 I e r I E 2 (e r: relative permittivity, e 0: vacuum
polarization) is then released in a may be very narrow region,
for example a single conduction path induced by defect ions or
voids. This may cause mechanic defects of the samples.
Eventually, they lose their original properties as rectifiers or
capacitors.
A large body of literature exists concerning investigations of
dielectric breakdown. Some earlier works lead to an overview
over this wide field [1– 6]. Within the last years, several new
reports were published elucidating the breakdown phenomenon
experimentally [7,8] and by theoretical approaches, see for
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example Refs. [9,10]. The theoretical works focused mainly on
field-induced growth phenomena of conducting paths through
oxide films. Treelike damage structures in the insulator were
observed. Their exact shape and fractal structure were
calculated and found to depend on the temperature [11].
However, there is a lack in experimental literature concerning
the temperature dependence of DB. In complementary metal
oxide semiconductor (CMOS) circuits, thin oxide layers have
to withstand high field strengths (0.1 – 1 GV m 1) even at
elevated temperatures. For this reason, the present work wants
to deliver data and a microscopic insight in DB phenomena for
temperatures 300 K < T < 500 K.
We have chosen alumina (e r å 12) and tantalum oxide thin
films (e r å 28) for our investigations since they are currently
considered as suitable materials for miniaturized metal oxide
semiconductor field effect transistors [12] and capacitors [13 –
17]. Capacitors (C = e 0 I e r I A/d) in integrated circuits, for
instance, are preferred to have a thin insulator layer, d, rather
than a large electrode area, A, to provide high values of C and a
small device size simultaneously.
DB phenomena in thin films (d < 4 nm) might differ from
the ones observed in thick dielectrics (d > 10 nm). In the former
case, a considerable contribution to the breakdown current is
due to the tunnel effect which is often neglected in literature
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[18]. Thereby a part of the theoretical models based on
ionization and ionic transport currents cannot be applied for
DB in thin films. In the present work, DB currents will
consequently be discussed in terms of tunnel currents through
modified tunnel barriers. A small theoretical treatise on the
calculation of absolute tunnel current densities is therefore
added in the Discussion.
2. Experimental details
2.1. Electrochemistry
The substrates for the preparation of the metal/metal oxide/
metal tunnel junctions were flat plates of SiO2. The aluminium
films (d = 20 nm) were thermally evaporated in a high vacuum
chamber at a pressure of 10 6 Pa. The tantalum films (d = 20 nm)
were evaporated by means of an e-beam. The details and the
geometry of the samples are given elsewhere [19].
The localized anodic oxidation was performed in a droplet
cell, see Fig. 1.
The thickness of the anodic oxide film can be adjusted by a
cyclic voltammogram from 1.2 nm to 10 nm with a precision of
0.1 nm [19]. The thickness control is done by the method of
further anodic oxide growth and ellipsometric measurements
[20]. Sample and sample holder with the oxidized Al/Ta films
and the necessary electrical connections were then transferred
into the UHV system with a base pressure of 4 I 10 8 Pa, where
the top metal film (gold) was evaporated onto the metal/metal
oxide system with a thickness of 15 nm. The contact area of the
junction was 2 mm I 4 mm. In the UHV apparatus the sample
was mounted on a copper holder with a thermoelement
attached on the back side. The electronic equipment consisted
of a fast rising potentiostat (rise time < 300 ns) and a pulse
generator system ( 10 V < U pulse < 10 V).

Pt wire
fill in for
electrolyte

reference
electrode

electrolyte
droplet

Au contact
Al/Ta film

SiO2 plate
sample holder
Fig. 1. Anodic oxidation of Al and Ta thin films in a droplet cell. In one quartz
tube the electrolyte can be filled, the other tube contains the salt bridge to the
reference electrode. The platinum wire acts as counter electrode. The Al/Ta film
itself is the working electrode, which is contacted by a gold wire in the part of
the film, which is not oxidized.
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3. Results
3.1. Dielectric breakdown processes in the time domain
In the first experiment, the DB event was studied by
monitoring the tunnel current after switching on a voltage
which induces the dielectric breakdown. The electrochemically
produced oxide layers used in this work are known to have a
sharply defined breakdown field strength of 0.55 GV m 1 and
0.64 GV m 1 for tantalum oxide and alumina [21], respectively. Consequently, the breakdown voltages for the 3.2-nmthick oxide layers are U DB(Al) = 2.11 V and U DB(Ta) = 1.76 V.
In the experiment the applied voltages were chosen 10% higher
than the U DB values (2.3 V for Al and 2.0 V for Ta).
Fig. 2 shows typical transients for both oxide systems after
the application of the breakdown voltage with a logarithmic
time and current scale. Both tunnel systems suffered a
dielectric breakdown. The current exceeded values of 0.1 A
and the samples lost their capacitance after switching off the
voltage. However, the characteristics of the current transients
are quite different for the two systems.
For Ta samples, the current is constant for a quite long time of
t = 12 ms. Then the current suddenly increases by a factor of 2.5.
This value remains again constant up to t = 0.2 s, then the current
increases for a second time (factor of 3.6). The second event lasts
170 ms. Subsequently, the sample current increases up to values
of 0.1 A and the capacitance of the sample is irreversibly lost.
The step like increase of the tunnel current before the DB could
be observed for all of our samples. These events seem to proceed
always as a kind of precursor of the dielectric breakdown.
The AlOx samples show a much lower tunnel current (å 3
magnitudes), albeit the oxide thickness is equal and the applied
tunnel voltage is even 0.3 V higher. This difference is caused
by the fact that electrochemically prepared alumina films have
quite high tunnel barriers (2.4 eV – 4 eV) [22]. Tantalum oxide
mediated tunnel barriers are much lower (1.7 eV, see Fig. 5)
and the devices show therefore a higher tunnel probability. The
transient of the DB current shows sudden increases similar to
the TaOx samples, but the time needed for the first current
increase is smaller (1.5 ms) and the subsequent current
increases also occur after much shorter delays. The final
breakdown event is finished after 2.4 ms.
An interesting question is whether these precursor events
lead already to a partial destruction of the sample. In a previous
work, a current comparator was used to trap the MIM (metal/
insulator/metal) junction after a current increase before the DB.
The current comparator switched the voltage off when the
current increased from its initial value by a factor of 2 [18]. The
experiment was then restarted and it was found that the samples
capacitance was not changed, but its conductivity was reduced.
Subsequently, the breakdown voltage was increased and the
samples were stable for voltages higher than U DB.
The same behaviour was observed in the present experiment
for the Al and Ta samples. Higher voltages than U DB could be
applied in fast voltage sweeps (dU/dt = 10 V s 1) without
breakdown. Such a treatment also leads to a significant
reduction of conductivity with an unchanged capacitance.
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Fig. 2. Current transient of Al/AlOx/Au and Ta/TaOx/Au tunnel junctions with
3.2 nm thick insulator layers after switching the voltage from 0 V to U DB
(U DB(Al) = 2.3 V, U DB(Ta) = 2.0 V). Breakdown events indicated by upwards
directed vertical arrows.

Therefore, the observed precursor events occurring before the
DB cannot be assigned to a growth of conductive channels
through the oxide. These channels should remain in the oxide
when the experiment is restarted and the samples conductivity
should be increased. In the potentiostatic experiment, however,
the precursor events of the DB always increase the sample
conductivity and the precursors finally lead to the DB when the
voltage is not switched off.
A reason for the observed current increases may be the
existence of mobile charge carriers (e.g. Al3+ and O2) in the
oxide. Mobile ions are necessary for the electrochemical
oxidation, which is a consumptive method. The oxide growth
takes place on the metal/oxide interface as well as on the oxide/
electrolyte interface by simultaneous migration of cations and
anions through the oxide. When the oxidation cyclovoltammogram is finished, excess ions remain in the oxide lattice. These
ions may move in an electric field due to thermal activation.
Consequently, we investigated the DB phenomenon as a
function of sample temperature.
3.2. Dielectric breakdown processes as function of temperature
In Fig. 3, the current– voltage plots (dU/dt = 2 mV s 1) of
an Al/AlOx/Au tunnel junction is shown at temperatures 300 K

1
UT / V

2

Fig. 4. Current voltage plot of a Ta/TaOx/Au tunnel junctions at temperatures
T = 300 K and T = 450 K with d oxide = 3.2 nm. Breakdown events indicated by
upward arrows.

and 360 K. The observed currents are below the signal/noise
ratio for voltages up to 1 V. Then an exponential current
increase sets in and the sample breaks down at 300 K with a
tunnel voltage U T = 2 V. At T = 360 K the current observed for
tunnel voltages U T < 1.4 V is not significantly increased but the
samples suffer the DB already at 1.4 V. The moderate current
increase from 300 K to 360 K is a typical property for Al/AlOx
tunnel junctions since their high tunnel barriers suppress an
increase of the tunnel current due to thermally excited
electrons.
In contrast to this, the TaOx samples show a significant
temperature dependence of the tunnel current. An increase by a
factor of 4 for the tunnel current at U T = 1 V was observed
when the sample was heated from 300 K to 360 K. However,
no significant change of the DB voltage (U DB = 2 V) at 300 K
was found when the sample was annealed to 360 K. Further
annealing to 450 K leads to a decrease of the DB voltage to 1 V
(see Fig. 4). The current up to 1 V is increased by nearly two
orders of magnitude. The reason for this can be seen in the low
barrier heights for TaOx tunnel junctions. A calculation of the
temperature dependence is given in the Discussion.
Barrier heights in tunnel junctions can be determined by the
onset of Fowler – Nordheim tunnelling [22,23]. In this case, the
energy of the tunnelling electrons e I U T overcomes the height
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Fig. 3. Current voltage plot of Al/AlOx/Au tunnel junctions at temperatures
T = 300 K and T = 360 K with d oxide = 3.2 nm. Breakdown events indicated by
upward arrows.

Fig. 5. Current voltage plot of a Ta/TaOx/Au tunnel junction with d oxide = 3.6
nm taken at T = 92 K. Inset: Logarithmic derivative. Both plots show the onset
of Fowler – Nordheim tunnelling at U T = 1.7 V.
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tunnel is known, one can multiply the incoming particle flux
with the tunnel probability yielding the transmitted current
through the oxide (tunnel current) in A m 2. The incident
current density for example at the Al/oxide interface may be
represented as j– = n I e I v–, where n is the electron density and
v– denotes the velocity component of the electron perpendicBE
ular to the interface. It can be given as h1 Bk
(k – being the
8
wave vector component normal to the metal/oxide interface).
d3 k
We can express the electron density n as Xf ð E;T Þ ð2p
¼ NV
Þ3
where f(E,T) is the Fermi function at the temperature T.
The flux j– then becomes

500

temperature / K
Fig. 6. Evaluation of the breakdown voltage as function of the sample
temperature.

of the tunnel barrier e I u leading to a characteristic slope
change in the logarithmic current voltage plot. In Fig. 5 a plot
is shown for a TaOx tunnel junction with an inset showing the
logarithmic derivative as a function of the tunnel voltage. A
maximum of the derivative and a slope change in the current
plot can be found at U T = 1.7 V indicating a barrier height of
1.7 eV for TaOx tunnel junctions.
A collection of measured breakdown voltages for oxide
layers with the mentioned thickness of 3.2 nm is given in Fig. 6.
The AlOx tunnel junctions lose 50% of their DB field strength
already at 400 K while the TaOx samples show an unchanged
stability at this temperature. A decrease for these samples sets in
at T > 450 K and at T > 500 K the samples show an immediate
DB. For AlOx samples the immediate DB appears already at
450 K. The TaOx samples seem to withstand temperatures up to
500 K without any damage. After the samples were cooled
down, they show the same behaviour as observed before the
heating. The resistance of the tantalum and gold films was
measured separately and found to be also unchanged.
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j8 ¼ 2eXf ð E;T Þv8

d3 k
ð2pÞ3

ð1Þ

We proofed the numerical calculations by setting e and v–
to unity in Eq. (1). Then, considering the value of E F = 11.7 eV
for the Al base electrode [25] the right hand side of the
equation gives the value of 1.81 I1029 m 3 for the electron
h2
density [26].
Using a free electron dispersion E ¼ 2m


2
kjj2 þ k8
(k || is the wave vector component parallel to the
metal/oxide interface), the k integration can be splitted in one
for the normal and one for the parallel component. This is
desirable since only electrons with positive k– will attempt the
tunnel process. The electron flux at the interface can then be
expressed as:
þV

j8 ¼ 2e X

V

d 2 kjj
ð2pÞ

2

þV

X
0

dk8
hk8
f ðEÞ
ð2pÞ
m

ð2Þ

When two metal films under a bias voltage U T are brought into
contact, the term f(E) in Eq. (2) has to be replaced by

4. Discussion
4.1. Temperature dependence of tunnel currents
A surprising result of the experiments presented here is the
fact that TaOx tunnel junctions show an unchanged DB
behaviour from 300 K to 450 K, whereas a significant
temperature dependence was found for the tunnel current. In
the literature, the temperature dependence of currents in oxide
devices is often discussed in terms of ionic conduction [20,24].
This is not appropriate for the present work. In thin film tunnel
junctions an ionic current would diminish the thickness of the
two metal electrodes and cause a resistivity change. Since this
is not observed even when the measurements are performed for
hours at elevated temperatures, this ionic transport should be
excluded and one has to work out the details about the
temperature dependence of electronic tunnelling.
As a starting point, let us consider the magnitude of the
incoming electron flux j (electrons m 2 s 1) at the metal/oxide
interface. If the number of electrons which are attempting to

Fig. 7. Calculation of the tunnel current density at U T = 1 V through a 3.2-nmthick oxide barrier with different barrier heights (/ = 1.7 eV for Ta and / = 3.0 eV
for Al). The tunnel current is plotted in logarithmic scale as function of the sample
temperature.
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4.2. Tunnel current changes before dielectric breakdown
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Fig. 8. A model of a tunnel junction with an excess ion in the barrier. Upper
viewgraph: U T = 0 V. The ions energy with respect to the conduction band
minimum E CB is E 1. Middle viewgraph: Applied tunnel voltage leads to a
hopping of the ion and an energy gain DE = E 2  E 1 with respect to E CB. Bottom
viewgraph: Relaxation of the ion after the tunnel voltage is switched off.

f(E) I (1  f(E + e I U T)) [27]. As a whole, this means that only
occupied electronic states with non-vanishing positive momentum component normal to the oxide interface will try to tunnel
into free electronic states of the opposing metal film. For a bias
voltage of U T = 1 V one calculates with Eq. (2), for example, a
flux of 1 I1034 electrons m 2 s 1 which probe the tunnel
process at the aluminium/oxide interface. The product of the
incoming electron flux and the tunnel probability leads to the
tunnel current density. The tunnel probability can be obtained
using the semiclassical WKB (Wentzel –Kramers –Brillouin)
approximation [28] and has to be included in Eq. (2) (for
details see Wolf [27]).
In Fig. 7, the temperature dependence of the calculated elastic
electron tunnel current at U T = 1 V is shown. The current is
plotted logarithmically for barrier heights of 1.7 eV and 3.0 eV.
The tunnel current through the 3.0 eV high barrier varies over
the temperature range from 300 K to 450 K only by several
percentages, while it increases by 1.5 orders of magnitude for
1.7 eV high barrier. For such low barriers, a Fowler –
Nordheim tunnel process is allowed for a part of the thermally
excited electrons at 450 K at tunnel voltages e I U T < /. This is
not the case for the higher barriers and the temperature
dependence is much weaker. The experimentally observed
increase for TaOx was 2 orders of magnitude. This difference
may only partially be due to thermally activated electron
hopping conduction through the oxide. The dominating effect
leading to the pronounced temperature dependence of the
tunnel currents in TaOx samples can be explained in terms of
elastic electronic tunnelling through a 1.7 eV high barrier. This
agrees well with the barrier height, which was determined
experimentally by the onset of Fowler –Nordheim tunnelling
in Fig. 5. The experimentally observed weak temperature
dependence of AlOx samples is reasonable since the calculation also predicts a weak dependence for barrier heights of 3.0
eV (Fig. 7).

It was already mentioned that the experimentally observed
tunnel current changes before DB displayed in Figs. 3 and 4
cannot be explained by a growth of conductive channels
through the oxide. Different DB procedures have to be found.
The electrochemically prepared oxide films are amorphous,
they are often called vitreous films [29]. Defect ions in
connected potential wells (so-called tunnelling states) are
responsible, for example, for the high heat capacity of vitreous
oxides [29] and for dielectric relaxation phenomena [30].
Electrochemical oxide films contain excess cations and
anions due to the growth mechanism, which is based on the
hopping of ions through the oxide film. The field induced
hopping may start again when the bias voltage is applied to the
MIM junction. Due to the applied voltage, the mobile species
may gain energy with respect to the oxides conduction band
DE = (E 2  E 1) during a hop of distance Dd (Fig. 8).
The excess ion is then near to the conduction bands
minimum which changes the band structure of the oxide
slightly influencing also the tunnel barrier in the junction.
Using Eq. (2) one can estimate the barrier changes which are
necessary to explain the current increase before DB in Figs. 4
and 3. When a 3.0-eV-high barrier is reduced by 0.1 eV, the
tunnel current will increase by a factor of å 3, while a factor of
å 6 is calculated for a 1.7 eV barrier.
Obviously, changes of 0.1 eV in the barrier height are
sufficient to explain the current increases which are observed
before DB. However, it is not possible with the present data to
assign the observed phenomena to a real band structure change
in the oxide. The excess ion may serve after the hop also as a
centre for resonance tunnelling, which would also explain the
tunnel current increase. Since the current increases stepwise
(Fig. 2) with a length of the steps of several ms, it is possible to
assign this step length to a metastable state with a lifetime s.
The attempt frequency r for hopping events can be taken
from the phonon frequency in the oxide [31] (mean value
m = 1014 s 1 [32]). The necessary waiting time for a hopping
event with an activation energy E act can then be written as
s¼

1 Ek actT
eb
m

ð3Þ

where k b is the Boltzmann constant and T is the sample
temperature [33]. For the experiment with the tantalum tunnel
systems, the duration between two tunnel current changes up to
100 ms. Using Eq. (3) this time would correspond to an
activation energy of 0.77 eV at room temperature. One has to
take into account that at an applied tunnel voltage of 2 V the
voltage drop across the whole oxide film (å 12 atomic layers)
corresponds to a potential difference of 0.16 eV between each
atomic layer. Thereby a hop of an ion starting in an interstitial
position along a path of two or three atomic layers can
motivate the fact that ions in TaOx can defray this estimated
activation energy.
For the AlOx samples the lifetime of the metastable state
was shorter (å1 ms). This would correspond to an activation
energy of 0.65 eV which is by 0.1 eV lower than for TaOx. A
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lower activation energy for ion hops would also explain the
pronounced temperature dependence of the DB for the AlOx
samples. With the present data set an exact model for the
temperature dependence of the DB could not be developed.
Additional experiments studying the metastable state lifetime
as a function of the temperature would be necessary. Then we
expect that the temperature dependence of the activation energy
will allow to derive a detailed picture of the kinetics in
dielectric breakdown.
5. Conclusion
Amorphous TaOx films were found to be stable in metal/
insulator/metal devices up to temperatures of 500 K. The
breakdown stability was found to be nearly constant at 300
K < T < 450 K. Metastable states of increased tunnel currents
appear always as precursors of the breakdown. They can be
explained as tunnel currents through slightly reduced tunnel
barriers. The AlOx films were found to be less stable at elevated
temperatures. The different behaviour can be rationalized by
different activation energies for ionic hopping in the oxide.
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