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Analysis of breakdown in ferromagnetic tunnel junctions
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Due to their very thin tunnel barrier layer, magnetic tunnel junctions show dielectric breakdown at
voltages of the order of 1 V. At the moment of breakdown, a highly conductive short is formed in
the barrier and is visible as a hot spot. The breakdown effect is investigated by means of voltage
ramp experiments on a series of nominally identical Co/Al2O3/Co tunnel junctions. The results are
described in terms of a voltage dependent breakdown probability, and are further analyzed within
the framework of a general model for the breakdown probability in dielectric materials, within
which it is assumed that at any time the breakdown probability is independent of the~possibly
time-dependent! voltage that has been previously applied. The experimental data can be described
by several specific forms of the voltage breakdown probability function. A comparison with the
models commonly used for describing thin film SiO2 breakdown is given, as well as suggestions for
future experiments. ©1999 American Institute of Physics.@S0021-8979~99!05319-0#
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I. INTRODUCTION

Recently, ferromagnetic tunnel junctions have emerg
as a new class of magnetoresistance devices.1 These tunnel
junctions consist of two ferromagnetic electrodes separa
by a thin oxidic barrier. When the relative orientation of t
magnetizations of these two electrodes changes in an ap
magnetic field, a large magnetoresistance~MR! effect is
found, which is the result of spin dependent tunneling. M
netic tunnel junctions are potentially applicable in magn
toresistive read heads, magnetic field sensors and magne
sistive random access memories~MRAMs!. Optimizing the
properties of the insulating barrier is essential for succes
operation of the junctions. In order to have a sufficiently hi
tunnel probability, the barrier thickness (d) must be below
2.5 nm, but pinhole free. Unfortunately, these very thin
sulating layers suffer from dielectric breakdown. We fi
that when voltages above 1 V are applied, corresponding t
electric fields of the order ofE'13109 V/m, breakdown
typically occurs within a few minutes or less. Recently, w
have investigated breakdown voltages for a series
Co/Al2O3 /Co tunnel junctions as a function of the voltag
ramp speed.2 The results of these measurements are give
Fig. 1 for a series of junctions with varying electrode width
For our tunnel junctions, we concluded in Ref. 2 that w
increasing applied voltage the probability of breakdown
unit of time increases, and thus the lifetime at a fixed volta
decreases. We have been able to locate the position o

a!Present address: Philips Research Laboratories, Prof. Holstlaan 4, 565
Eindhoven, The Netherlands; electronic mail:
oepts@natlab.research.philips.com
3860021-8979/99/86(7)/3863/10/$15.00
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breakdown with a technique for visualizing hot spots on
junction surface that is described in Ref. 3 and it has led
the conclusion that breakdown occurs at only one spec
location in the junction barrier. It is known that sensor e
ments based on anisotropic MR~AMR! and giant MR
~GMR! effects, e.g., in read heads, can be damaged by e
trostatic discharge, but the typical voltages leading to da
age are much higher, viz., tens of volts.4–6 This implies that
for magnetic tunnel junctions, voltages applied during fab
cation and operation must be controlled even more strict

In this article we investigate the breakdown of magne
tunnel junctions in more detail, and we will concentrate
the analysis of the experimental data as given in Fig. 1
terms of various forms of a general statistical model desc
ing the voltage dependence of the breakdown probabi
The parameters that are derived within these various mo
lead to predicted voltage dependencies of the lifetime of
tunnel junctions that differ largely. Nevertheless, the analy
gives a first indication of the applicability of these junctio
at lower voltages in future devices.

We will first describe the fabrication of our sample
~Sec. II!, followed by characterization of the barrier prope
ties and an overview of the results of the breakdown m
surements~Sec. III!. In section IV we present a general st
tistical model for breakdown and apply two specific forms
this model to our junctions in an analysis of the experimen
data obtained. In Sec. V we summarize a number of mod
often used for breakdown in SiO2-based capacitors and com
pare them with our results. In section VI possible future e
periments are discussed and a summary is given.

AA
3 © 1999 American Institute of Physics
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II. FABRICATION

The magnetic tunnel junctions used for our experime
are fabricated in a cross-bar geometry by using anin situ
shadow mask system. The junctions consist of Co electro
evaporated in an ultrahigh vacuum~UHV! Balzers UMS630
multichamber molecular beam epitaxy~MBE! system, at a
base pressure in the 1028 Pa (10210 Torr! range. The tunne
junction fabrication procedure consists of the followin
steps. First a bottom electrode of Co~20 nm! is evaporated
through the shadow mask onto a liquid N2 cooled insulating
Si~100! substrate. Thereafter the substrate is transported
separate UHV chamber (Pbase5131027 Pa!, and without a
shadow mask a thin Al layer is sputtered from a 2 in.
target, purity 99.999%, in an Ar pressure of 0.6 Pa. The a
density of the Al atoms in the junctions was determined
chemical analysis after the measurements. First the struc
was dissolved in HCl, from which the Al content was dete
mined with inductively coupled plasma optical emissi
spectrometry~ICP-OES!. A total of ~4.7960.48)31026

kg/m2 of Al was found, which is equivalent to an Al thick
ness of 1.7760.18 nm. Immediately after deposition th
chamber is pumped down and then filled with O2 (99.999%
purity! to a pressure of 9.2 Pa. A dc glow discharge is igni
from a ring-shaped cathode at a voltage of21.6 kV with
respect to both the substrate and the UHV chamber. In 1
the Al layer is oxidized. If all the Al were oxidized an
formed into Al2O3, then the Al2O3 thickness calculated from
the ICP-OES experiment would be 2.2760.23 nm. To con-
clude the fabrication process, a 80 nm Co top electrod
evaporated in the MBE system, again through a shad
mask. The 32 junctions used for the breakdown study
scribed below were all grown in the same run, and consis
of four series of eight samples each with 50mm wide top
electrodes and bottom electrode widths equal to 50, 100,
and 200mm.

The ratio of aluminum to oxygen in the Al2O3 barrier
was determined afterwards by scanning Auger meas
ments, in which a depth profile was obtained at the area
junction by sputter etching of the sample. The peak posit
of the Al signal provided no indication of the presence

FIG. 1. Breakdown voltages of a series of identical Co/Al2O3 /Co tunnel
junctions, measured with different voltage ramp speeds.
oaded 31 Aug 2011 to 131.155.151.114. Redistribution subject to AIP licen
s

s,

a

l
al
y
re

-

d

s

is
w
e-
d

50

e-
a
n
f

metallic Al, which is expected when all the Al is oxidized
During sputter etching of the barrier, the highest accuracy
determining the Al to O ratio is obtained when the middle
the barrier is reached. At this location an O/Al ratio of 1
60.2 was found, indicating that the barrier is stoichiomet
within the experimental uncertainty. In addition, the presen
of O was found in the upper few layers of the Co botto
electrode, which can be explained by slight overoxidation
the barrier.

III. EXPERIMENTAL RESULTS

The junctions fabricated with the above described p
cess have typical resistances of the order of 100 kV. The
resistance of the tunnel junctions with the same area is
served to be equal within 10%. The junction resistance w
observed to vary less strongly with the junction area th
expected: the resistance of a 200350 mm2 junction is only 2
times lower than a 50350 mm2 junction. A possible expla-
nation is a higher conductivity at the two edges of the jun
tion with the bottom electrode. With an atomic force micr
scope we investigated the width of the edges of the electr
stripes and found that the edge zones of our evaporated
trodes typically have a width of 10mm. Within the edge
zones the thickness of the electrodes increases grad
from zero to the nominal value of the electrode thickne
When we assume that at the two 10mm broad edge zones o
the junction area with the bottom electrodes, where the ox
is grown on a sloping underlayer, the tunnel conductance
unit area is larger than that for the remaining surface, a r
of a factor of 6 can explain the observed scaling of the
sistance. The difference in resistivity can be the result o
difference in surface roughness of the bottom electrode at
edge. This suggests that the contribution to the total tun
current from the two edge zones is quite significant.

In Fig. 2 a typicalI –V characteristic of a tunnel junction
is shown. Initially the current increases linearly with th
voltage, and at larger voltages an exponential increas
seen, which is in agreement with Simmons’ theory

FIG. 2. Current voltage characteristic of a Co/Al2O3/Co junction. After an
initial linear dependence, the current increases exponentially until at 1.1
a breakdown occurred. The inset shows the time dependence of the t
current during a 1 hvoltage stress experiment withVbias5600 mV.
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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tunneling.7 Using Simmons’ model we obtained for th
junction values for the barrier heightf51.0 eV and barrier
thickness widthd52.2160.01 nm. The value of the thick
ness is quite comparable with the thickness (2.2760.23 nm!
estimated in Sec. II on the basis of the measured Al a
density and assuming the formation of stoichiometric Al2O3.
The measurement shown in Fig. 2 was carried out by ra
ing the voltage at a ramp speed of 8.331024 V/s. At a volt-
age of 1.17 V breakdown of the junction occurred. The in
of Fig. 2 shows the current through a junction during a 1 h
voltage stress experiment with the bottom electrode p
tively biased. A small increase in the current with time
found. By rapid measurement of theI –V characteristic di-
rectly after a stress experiment, barrier parameters that
slightly different from their initial values were found. For th
particular example shown, a short circuit of at least 5 m
was required before the fit parameters returned to~within the
error of the fit procedure! their original values. This revers
ible change of conductance during a stress experiment m
be explained by the diffusion of ions in the barrier, for i
stance, of impurity atoms or of excess Al31 ions. As a result
of this process, the shape of the barrier changes sligh
leading to an increase of the conductance. The same
nomenon was seen at negative polarity of the stress volt
No observation of current creep has been reported for m
netic tunnel junctions before, but it has been observed
Al/Al 2O3/Al junctions8 and Al/Al2O3/Pb junctions.9 We
have no direct evidence that this creep process is relate
the probability of breakdown. Further discussion of this
fect, however, is beyond the scope of this article.

The coercivities of the two Co electrodes of the jun
tions investigated were both approximately 50 Oe, wh
resulted in a magnetoresistance of a few percent. Thi
rather low compared with the MR ratio of 18% of identical
fabricated Co/Al2O3 /Co50Fe50 junctions, within which the
two magnetic layers have strongly different coercivitie2

However, since the structure and thickness of the Al2O3 lay-
ers in the Co/Al2O3/Co junctions employed in the prese
study are identical to those in the Co/Al2O3 /Co50Fe50 junc-
tions mentioned, we regard our experimental data obtai
on the breakdown effect as representative for junctions
which tunneling is strongly spin dependent.

Studying breakdown of dielectric thin films and tunn
junctions can be accomplished with the use of various m
surement methods. Recently a detailed review was given
Martin et al.10 In the most straightforward way, the time t
breakdown can be measured in an experiment in whic
constant bias voltage~or current! is applied to the junction.
This method has the disadvantage of thea priori unknown
time to breakdown, which can exceed several days w
measuring at low stress voltages, making these meas
ments less convenient. Therefore, breakdown is most o
studied by a voltage ramp experiment, in which the appl
voltage increases monotonically~often linearly! with time,
and the breakdown voltage is measured. In view of the n
linear I –V characteristic, this method needs a feedback s
tem in order to control the rate of voltage increase. In
actual experiment, the voltage is therefore ramped in
form of a succession of small voltage steps. A compara
oaded 31 Aug 2011 to 131.155.151.114. Redistribution subject to AIP licen
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experiment can be carried out with ramped applied curr
instead of a ramped bias voltage. In our experiments we u
measurement methods with a constant bias voltage, a ram
voltage~with feedback! and a ramped current.

We observed that all junctions show breakdown with
several minutes or less when aVbias of 1 V or higher is
applied. After breakdown, theI –V characteristic is found to
be almost ohmic. The resistance of junctions after bre
down is typically of the order of 10–100V, although nega-
tive resistances were also measured. The latter observati
an artifact of the cross-bar geometry, in which negative
sistances can arise. In the case of a square junction a neg
resistance is measured when the junction resistance is
than one fourth of the lead sheet resistance.11 Stress measure
ments at a constant voltage of 1 V showed a time to break
down of the order of minutes. Junctions grown in the sa
run and having the same junction area showed a compar
lifetime when biased at the sameVbias. Biasing the junction
at a slightly lower voltage~e.g., 800 mV! led to an increase
in the lifetime to several days or longer. The decrease of
resistance after breakdown can be understood as the fo
tion of a microscopic ohmic short in the barrier at the m
ment of breakdown. In some cases it was found that
junction resistance returned to its previous value afte
breakdown event. This suggests that the formation of a s
is not always irreversible, and that after a while a seco
degradation process step leads to a sharp decrease o
local conduction~for instance, by burning away the spot wit
high conduction, thus repairing the junction!. In the literature
the latter process is often referred to as a ‘‘self heal
breakdown.’’12 We note that this effect was only seen
current ramped experiments, in which directly after brea
down the voltage across the junction drops.

The effect of breakdown on the junction magnetores
tance ratio was investigated with junctions with a Co50Fe50

top electrode. These junctions were fabricated using
same procedure as that described in Sec. II, but with a t
ner barrier. The barrier thickness was 1.3 nm, as determ
with Simmons’ theory. In most junctions, breakdown led
the loss of the magnetoresistance effect, which can be un
stood when after breakdown transport is mainly due to
ohmic conduction of the short instead of spin dependent t
neling. In one case, breakdown in a voltage ramp experim
led to a decrease of the junction resistance at low bias f
1.8 kV to 275V, and a decrease of the MR ratio from 8.2
to 1.2%, as is seen in Fig. 3. From the observation of a b
dependence we conclude that the small remaining MR ef
is still a tunnel MR effect. By assuming that upon breakdo
a short is formed with a low resistance in parallel with t
still undamaged remainder of the tunnel junction (R
51.8 kV), we derive a short resistance of 325V. For an
otherwise perfect sample with such a short, having no M
one expects that the MR ratio after breakdown is 1.2%, p
cisely equal to the measured value. If the short could
treated as a ballistic point contact~diameterd much smaller
than the electron mean free pathl ), one would estimate tha
its diameter is of the order of 1 nm using the expressionR
54r l /3pd2 with r510 mV cm andl 55.0 nm. This would
then, once again, suggest that the process of breakdow
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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indeed a very microscopic event. However, we stress tha
actually do not know the nature of the shorts formed. Sin
the I –V characteristic of the junction was monitored duri
breakdown we are able to estimate the power dissipa
shortly after the moment of breakdown. At the moment
breakdown~at 1.24 V and 1.29 mA!, lowering of the junc-
tion’s resistance led to a ratio of the junction resistance
circuit resistance that was not anticipated by the volta
feedback circuit, resulting in a voltage applied over the ju
tion of 0.88 V during the next step. The current was 3.
mA, and the power dissipation at the breakdown event
thus be estimated to be 2.7 mW. If we assume that
power is completely dissipated at the location of the sh
within a volume with a diameter equal to the electron me
free path of Co, we calculate a local increase of tempera
of 430 °C @using the thermal conductivity of Co~100
W/mK! at room temperature, which decreases only a little
temperatures of a few hundred °C#. Although this tempera-
ture increase is not sufficient for melting of the materi
involved, further structural damage to the barrier can be
pected. Annealing experiments of magnetic tunnel juncti
have shown that above 210 °C the junction~magneto!resis-
tance drops severely, indicating that irreversible proces
take place in or close to the junction barrier at th
temperature.13

Several Co/Al2O3 /Co junctions were inspected with
scanning electron microscope after breakdown, but no
ible sign of damage was found, as is expected when bre
down is a very microscopic event. The location of the sh
was, however, visualized with the use of a thin liquid crys
film deposited on the junction.2,3 With this method we ob-
served that breakdown almost always occurred at a si
location in the junction barrier, confirming the above me
tioned assumption of the formation of only one short at
moment of breakdown. By examining the location of t
breakdown in a series of junctions we found that in alm
one half of all junctions the breakdown event occurred at
edge of the junction surface, while the remaining events

FIG. 3. Two magnetoresistance curves of a 1503200 mm2

Co/Al2O3 /Co50Fe50 junction. Upon breakdown the magnetoresistance
creased from 8.2% to 1.2%, and the junction resistance decreased fro
kV to 275V.
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took place were randomly distributed over the junction s
face. The preference of breakdown at the edges is a se
indication of the aforementioned assumption of a higher t
nel probability at the edges.

For voltage ramped experiments with a small ram
speed, we noted that the occurrence of breakdown led
smaller resistance decrease upon breakdown than in ex
ments with a large ramp speed. In experiments with a la
dV/dt, the detection of a sudden increase of the current
value above a certain limit is sufficient to identify the m
ment of breakdown. In experiments with a smalldV/dt the
junction current has to be monitored more precisely to ena
one to identify breakdown as a sudden increase in the rati
the measured current during two succeeding steps of
ramp. For metal–oxide–semiconductor~MOS! capacitors
containing ultrathin (d,5 nm) SiO2 layers, a so-called
‘‘soft’’ breakdown phenomenon has been reported.14–16 In
this case the increase of conductance after breakdow
much smaller than for breakdown in thicker layers. In o
study the moment of breakdown is defined as the first sud
~but in some cases small! increase in the current, the same
was proposed by Depaset al.15

In Fig. 1 we have already shown the results of a lar
number of measurements of the time to breakdown u
ramping the applied voltage fromV50 with a constant
dV/dt, as obtained for four series of Co/Al2O3 /Co junctions
with different bottom electrode widths that were fabricat
in the same run~see Sec. II!. From Fig. 1 it is seen thatVbd

depends on the ramp speed. In some cases we found tu
junctions with very low resistances and no MR, or junctio
with a lower resistance which showed breakdown on a m
shorter time scale than neighboring tunnel junctions. Th
atypical junctions, as well as the junctions that broke do
during handling, have not been used for the study discus
below.

IV. ANALYSIS

Although breakdown of plasma oxidized Al2O3-based
capacitors has been reported earlier,17 a microscopic model
describing the process leading to breakdown has not yet b
developed. In contrast, various mechanisms of breakdo
across SiO2 in MOS capacitors have been proposed, and
are able to describe the measured data in some area o
parameter space. However, in spite of the fact that this s
ject has already been investigated for more than three
cades, no consensus among various groups concerning
physical mechanism has been reached. This indicates tha
various possible physical mechanisms behind breakdown
difficult to distinguish. Here in Sec. IV, we will give a gen
eral mathematical method to describe dielectric breakdo
and will apply two different models for the breakdown pro
ability density to our measured data. In Sec. V we will d
cuss our results in terms of the existing models developed
SiO2 breakdown.

Breakdown can be described as a statistical process,
a full study requires the investigation of sufficiently larg
ensembles of nominally identical systems. We consi
breakdown experiments that are carried out by applying

-
1.8
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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time t50 a time-independent or a time-dependent volta
~or current! stress to all systems within the ensemble at c
stant external conditions~such as the temperature!. The re-
sult can be represented in terms of the fractionF(t) of the
ensemble that has shown breakdown at a certain timet. The
breakdown ratef (t0)5 (dF/dt) u t5t0

is the fractional num-
ber of junctions that show breakdown with a unit time inte
val around a timet0. We define the breakdown probabilit
densityp(t) as:

p~ t !5
1

12F~ t !
f ~ t !5

1

12F~ t !

dF

dt
, ~1!

i.e., p(t0)dt is the probability that a junction that has not y
shown breakdown att5t0 shows breakdown in the time in
terval (t0 ; t01dt). In the case of a time independent brea
down probability density, p(t)5p, one obtains 12F
5exp(2pt). The fraction of nonfailed junctions thus deca
exponentially with time. The mean lifetime (t1/2) of the
junctions of an ensemble can be defined as the time at w
50% of the junctions have experienced breakdown. W
p(t)5p we have

t1/25 ln~2!
1

p
. ~2!

Measured functionsF(t) for SiO2-based capacitors a
constant voltageV have suggested that breakdown occurr
in a very early stage of the experiment is often caused b
different physical mechanism than breakdown during a la
stage; see, e.g., Refs. 18 and 19. Investigators have iden
these mechanisms as extrinsic and intrinsic failures, res
tively. Extrinsic failures are defect related and can, in pr
ciple, be minimized by improving factors like substrate qu
ity and the class of cleanroom dust. Intrinsic failures a
inherently related to the physical properties of the oxide a
the oxide/electrode interface and to the statistical variation
their structure and local composition. In breakdown expe
ments of large ensembles intrinsic failures are found
dominate after certain times, when most extrinsic failu
have already taken place. With decreasing capacitor area
relative importance of intrinsic breakdown increases.19 Our
experiments were not carried out for large ensembles.
stead, a number of nominally identical samples was s
jected to a range of voltage stress conditions~ramp rates!.
Nevertheless, we have~as already mentioned in Sec. III! ob-
served that a small fraction of our junctions showed bre
down within a strikingly short time after the beginning of th
voltage ramp experiments. We regard these events as
extrinsic, and have excluded them from the data displaye
Fig. 1. Future experiments based on much larger set
nominally identical junctions should be carried out in ord
to improve the statistical basis for a discrimination betwe
‘‘intrinsic’’ and ‘‘extrinsic’’ in our junctions.

For SiO2-based capacitors the processes that have b
proposed as the microscopic mechanism leading to br
down can be divided into two categories: processes wh
lead to a gradual change of the atomic or electronic struc
of the oxide~‘‘wearing of the oxide’’!, followed finally by
breakdown, and processes which occur as a single su
oaded 31 Aug 2011 to 131.155.151.114. Redistribution subject to AIP licen
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event. In the first case the breakdown probability dens
p(t0) at timet5t0 depends on the voltage-time history,V(t)
for 0,t,t0, of the junction. In the latter case the structu
of the oxide and the oxide/electrode interface is essenti
identical to the structure at the beginning of the stress exp
ment, and the breakdown probability density at timet5t0 is
independent of the voltage-time history of the junction:
only depends on the voltageV(t0). In the remainder of Sec
IV we will develop equations for breakdown with a probab
ity density which is notexplicitly time dependent~no wear-
ing!, but only implicitly, viz., as a result of the time depen
dent voltage in a voltage ramp experiment:p(t)5p@V(t)#.
Let us assume thatp(t) increases monotonically with time
reflecting a monotonic increase of the breakdown probab
density with increasing voltage. We then expect that ther
a certain voltage,Vmax, at which the breakdown rate is max
mal as function of time, i.e.,@d f(t)/dt# 50. Vmax, which
depends on the ramp speeddV/dt, can be calculated by
solving

d f~ t !

dt
5

dp~V!

dt
~12F !2@p~V!#2~12F !50, ~3!

which follows directly from Eq.~1! leading to

dp~V!

dt U
V5Vmax

5
dV

dt

dp~V!

dV U
V5Vmax

5@p~Vmax!#
2. ~4!

Solving Eq.~4! leads to an expression ofVmax as function of
the ramp speeddV/dt.

In the literature on SiO2 breakdown two expressions fo
the electric field (E5V/d) dependent breakdown probabilit
density are frequently used, viz., the so-calledE model:20

p~ t !5A expS E~ t !

B D , ~5!

and the so-called 1/E model:21

p~ t !5C expS 2
D

E~ t ! D . ~6!

Both models have been reported to give a good descrip
of measured breakdown data within a limited field interv
Within the 1/E model @Eq. ~6!# the factorC is sometimes
considered to be field dependent. We will neglect this p
sible complication here, and return to this issue in Sec.
when we discuss the physics behind these two models.
the E modelF(t) can be expressed analytically as

F~ t !512expS 2p~ t !B8S dV

dt D
21

1AB8
dV

dt D , ~7!

with B85B/d and

p~ t !5A expS dV

dt

t

d
B8D . ~8!

From Eq.~4! the voltageVmax at which f (t) peaks is given
by

Vmax5B8 lnS dV

dt

1

AB8
D . ~9!
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For the 1/E model F(t) and Vmax cannot be expressed in
closed analytical form. In Fig. 4 we have plotted our data a
the results of fits with the two models for the 50mm bottom
electrode data. We have chosen to discuss the series wi
mm electrodes, which contains the most data points over
largest range of voltage ramp speed. However, fits of
models to the series with other bottom electrode widths w
also possible. The fits of these models resulted in the follo
ing values of the parameters defined in Eqs.~5! and ~6!: A
56.360.5310217 s21 and B/d50.03560.002 V, or C
55.660.73109 s21 and D/d53162 V. We note that the
errors given are the errors of the fit to the data points. B
models, however, are based on statistics and therefore la
scatter of the data points may be expected. This point wil
discussed further on. In Fig. 5 bothF(t) and f (t) for a volt-
age ramp experiment are plotted as a function of voltage

FIG. 4. Fits ofVbd according to the breakdown probabilities of theE and
1/E models. The dotted and dashed lines indicate the estimated error
both models with the fit parameters that were found. The measured
points all fall within the estimated error area.

FIG. 5. Example of the voltage dependence of the functionsF(t), the frac-
tion of broken down junctions, andf (t), the rate of breakdown, in a voltag
ramp experiment and in the case of a voltage dependent breakdown
ability densityp(V). Vmaxis the voltage at which the rate of breakdown
maximal. Also indicated is the area between the inflection points (d) of
f (t), which gives an estimation of the variation of experimentally measu
Vbd values.
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the case of theE model withA andB8 as given above and
dV/dt5131026. The functionf (t) has an asymmetric pea
shape. Note that in this exampleF(t), the fraction of broken
down junctions, is more than 0.5 at the moment at wh
Vmax is reached. In order to obtain an estimation of the~sta-
tistical! scattering in experimentalVbd data when investigat-
ing a large ensemble, the width of the peak of the breakdo
rate f (t) can be used. The width of this peak is centered
V5Vmax, and can be characterized by the distance betw
the two inflection points, which are the solutions of the fo
lowing equation:

d2f ~ t !

dt2
5

d2p~V!

dV2 S dV

dt D
2

23p~V!
dp~V!

dV

dV

dt
1@p~V!#350.

~10!

The area between the two inflection points off (t) is found to
be independent of parametersA, B anddV/dt, and is equal
to 61% of the total area. For the 1/E model the paramete
values that lead to good fits of our experimental data~see
below! lead to peak shapes that are quite similar to those
theE model. We have derived the area between the inflec
points numerically: for the parameters that describe our
perimental data it is approximately 65%. We conclude t
for both models the intervals between the inflection points
f (t) give a good estimation of the expected variation~scat-
tering! of the experimentally measuredVbd values. In Fig. 4
the dashed lines represent the calculated voltage at the in
tion points of the fittedf (t) of the 50 mm wide bottom
electrode junctions with both models. These experimen
data points fall in the area between these lines, indica
that scattering of the data is still well described by both theE
model @Eq. ~5!# and the 1/E model ~Eq. 6!.

The prefactorsA and C in Eqs. ~5! and ~6! are propor-
tional to the junction area if the breakdown probability
independent of the location on the junction. As a result,Vmax

is expected to vary with a change of junction areaS with a
factor n as

VmaxS nS,
dV

dt D5VmaxS S,
1

n

dV

dt D . ~11!

From Fig. 4 we note that theVbd values do not significantly
decrease with increasing junction area, although it is
pected that a factor of 4 in area would be significant enou
to be visible in the data. However, due to the observed la
breakdown probability at the bottom edge region, the infl
ence of a change of area might not be distinguishable.
have insufficient information on the exact area depend
breakdown probability to derive a scaling relation such
that discussed in Sec. III for the resistance.

Although both models can describe the experimen
data very well, a large difference between the extrapola
lifetimes at lowerVbiasbetween both models is found. In Fig
6 the calculated lifetime curves for both models are show
including an estimation for the statistical variation. AtVbias

50.5 V we find extrapolated lifetimes of 217 years or 19

years for theE model and the 1/E model, respectively. Both
values suggest that the applicability of these junctions at
bias is not hindered by short lifetimes. We stress that th
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values are still only an indication due to the uncertainty
the applicability of these models for breakdown of our jun
tion. In order to distinguish more clearly between the tw
models, either fast~ramp rate>5 V/s! or long duration
~more than 1 year! measurements or experiments on a mu
larger number of samples must be carried out.

V. MICROSCOPIC MODELS OF BREAKDOWN

The physical background of the models leading to E
~5! and~6! will now be explained, as will other models pro
posed for breakdown across SiO2. The corresponding thresh
old voltages above which the breakdown effect occurs
discussed~if appropriate!, and the possible relevance
breakdown across Al2O3 is given. When comparing the ob
served breakdown in our Al2O3 junctions with models of
breakdown commonly used for SiO2 films it is important to
evaluate the validity of the SiO2 models in the thickness
range of our films. In ultrathin films~i.e., less than 3 nm! the
applied voltageVa will be limited to a few volts due to
breakdown. WheneVa is smaller than the barrier height (f)
direct electron tunneling occurs, as described by Simmo
theory.7 Breakdown upon direct tunneling across ultrath
SiO2 films has not yet been explored in much detail, sin
SiO2 layer thicknesses in MOS capacitors have only rece
become thinner than 3 nm. The voltages applied in bre
down studies for 15–40 nm SiO2 thin films will be much
larger thanf/e, and lead to Fowler-Nordheim tunneling.22

The difference between both types of tunneling is schem
cally shown in Fig. 7. In the Fowler-Nordheim tunnelin
regime, electrons enter the conduction band of the dielec
and can subsequently lose part of their energy due to ine
tic scattering processes.

Due to the higher energy of the tunneling electrons
higher applied voltages, the processes leading to breakd
can differ from those at lower voltages. Certain proces
have threshold voltages below which they will not occ
The highest threshold is for electron energies of the orde
the insulating band gap~i.e., for SiO2 9 eV or larger!, when
breakdown can be triggered by electrons ionizing atoms

FIG. 6. Lifetime calculation as a function of applied bias voltage for b
the E and 1/E models. The dotted lines indicate the estimated statist
variation. A large difference in extrapolated lifetime is found at lowVbias.
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the barrier resulting in the occurrence of an electron casc
in the barrier.23 This phenomenon was first described by V
Hippel in 1936.24 For amorphous Al2O3 the energy gap is
not well known, but most likely it is in the range of 7–9 eV
Electrons with such high excitation energies do not occu
our ultra thin films. Therefore this process can be exclud
with certainty.

The three models that follow in Secs. V A, V B, and V
are different with respect to the physical model involved, t
threshold voltage and the oxide thickness range for wh
they are relevant. An important issue that distinguishes
ferent physical models is whether the breakdown probab
is dependent~due to wear out! or independent of the stres
(V,t) history.

A. Qbd model

When tunneled electrons have sufficient energy to da
age the oxide locally, so-called wearing of the oxide m
result. For the case of tunneling across SiO2 strong experi-
mental support in favor of the wearing mechanism has b
obtained by Wolters and van der Schoot,18 who observed that
for 8–40 nm SiO2-based capacitors under certain conditio
the breakdown probability density depends on the to
amount of tunneled electrons, the~electron! charge to break-
down, Qbd, which is the electron current density integrat
until breakdown. The quantityQbd ~averaged over a large
ensemble! was found to be independent of the type of e
periment employed~e.g., constant voltage or current, o
ramped voltage or current!. The authors18 presented evidence
that damage to the SiO2 lattice due to energy dissipation o
the tunneled electrons starts at the positive electrode,
gradually forms a low resistance path through the oxide,
nally leading to breakdown. The energy available for cre
ing damage to the oxide is argued to be independent of
applied voltage or current density because the tunneled e
trons always lose most of their energy (.3 eV! when they
enter the anode. It is crucial to note that breakdown of th

lFIG. 7. Schematic energy diagram showing~a! direct tunneling and~b!
Folwer-Nordheim tunneling in an oxide with a~symmetric! barrier heightf
and a gap energyEg at an applied voltage ofVa . Indicated ared, the
thickness of the oxide, and for the Fowler–Nordheim tunneling,x, the dis-
tance in the oxide in which tunneling takes place.
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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relatively thick layers occurs upon tunneling in the Fowle
Nordheim regime, in which the electrons tunnel through
triangular barrier, and subsequently into the conduction b
of the oxide@Fig. 7~b!#. The assumption that leads to theQbd

model is that the inelastic mean free path of these electron
relatively short and the barrier height at the anode is re
tively large. In Fig. 8 we have plotted the measured to
passed charge at breakdown for our Co/Al2O3/Co junctions
with 50 mm bottom electrodes, the breakdown voltages
which are given in Fig. 4. It is seen that for our junctions
constantQbd is not found, but thatQbd decreases with highe
voltages ~and current densities!. It has been found for
SiO2-based systems that the constantQbd model is valid
within a good approximation for low current densitiesJ at
the moment of breakdown, but that above a critical curr
density,Jcr , Qbd decreases rapidly with increasingJ.18 This
was explained from the~independent! observation that for
J.Jcr the oxide contains a significant fraction of occupi
traps~relatively localized electron states which atV50 are
empty because their energy is higher thanEF , but whose
occupation increases with increasingJ). The trapped elec-
tronic charge modifies the originally relatively flat equip
tential planes, leading to confinement of the injected elect
current to regions with a low space charge density, ther
enhancing the local current density and decreasingQbd. We
have no indication that the failure of the constant-Qbd model
for our junction breakdown could be related to the occ
rence of a current density exceeding a certain critical va
Jcr , above which the density of occupied trap states is v
high. In such a case the conductivity would be observed
change an order of magnitude with time in a constant app
voltage experiment,18 a phenomenon that we did not observ

B. Anode hole injection model

The results of breakdown experiments for structu
containing thinner~typically 3–15 nm! SiO2 layers have not
been found to be in agreement within the constant-Qbd

model. Instead, it has been possible to interpret the exp

FIG. 8. Measured charge to breakdown,Qbd , for the 50350 mm2 junctions,
the breakdown voltages of which are given in Fig. 1. The dashed line
guide for the eye.Qbd depends on the ramp speed, and does not seem
determine the moment of breakdown.
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mental data obtained within the so-called anode hole in
tion model @Eq. ~6!#, developed by Schuegraf and Hu,25

which leads to the 1/E model. In the anode hole injectio
model it is assumed that the energy of the electrons arriv
at the anode~which again is assumed to be equal to or on
slightly larger than the barrier height! is used to excite deep
valence band electrons to a state above the Fermi le
thereby creating a hole in the anode which can tunnel i
the oxide. This may generate an electron trap in the ox
leading to an enhanced local current density. The experim
tal possibility of carrier separation in SiO2 devices enabled
the determination of the hole current during a stress exp
ment. This led to the observation that, for a given oxi
thickness, the hole charge to breakdown,Qbd,h, is a constant
in an experiment at constant applied voltage, supporting
anode hole injection model, whereas the electron charg
breakdown,Qbd,e, decreases with applied voltage. The ho
fluence is smaller than the current density, but it increa
with the applied voltage: not every electron arriving at t
anode will create a hole that forms a trap, but the probabi
of hole tunneling increases with the applied voltage.19 When
hole tunneling from the anode is in the Fowler-Nordhei
regime, the hole tunnel current is proportional toE2 exp
(2D/E), with D a parameter independent of the electric fie
E. Since the density of holes in the anode is proportio
with the electron currentJ(E), one expects that the break
down probability density is given by

p~E!5CJ~E!E2 expS 2
D

E D , ~12!

whereC is a constant, if the creation of only one trap state
sufficient for triggering breakdown. In that case wearing
the oxide plays no role, andp does not depend explicitly on
t. Evidence for this has been obtained by Degraeveet al.26

for the case of ultrathin (d,2 nm oxides!. On the other
hand, for thicker oxides the same authors concluded th
critical trap density has to be created first before the dam
formed leads to breakdown. Numerical~Monte Carlo! stud-
ies then yield the time-dependent breakdown probability
constant field or voltage.26,27In many analyses of breakdow
experiments the restrictions mentioned concerning the va
ity of Eq. ~12! have been disregarded. In addition, in prac
cal applications of the model the field dependence of
prefactor of the exponential function in Eq.~12! is often
neglected. In that case Eq.~12! reduces to Eq.~6!, which is
commonly referred to as the 1/E model. Although this seems
a rather crude approximation, it must be remembered tha
formula is only applied to data obtained in a restricted fie
range, in which variations due to the exponential fac
dominate variations inp(E). This was confirmed by a fit of
our experimental data to the functional form ofp(E) given
by Eq. ~12!, from which we obtainedD/d529.262.4 V.
However, if we insert a current densityJ(E) as determined
with a fit to our experimentally current density of the for
J5 f 1 exp(f2V), we still obtained a good fit, but with
D/d511.860.5 V or with D/d522.5615 V if this current
density was directly inserted into Eq.~6! ~thus without the
E2 term!.

a
to
se or copyright; see http://jap.aip.org/about/rights_and_permissions



e
/
o

ia
s

es
ria
g
w

ela

es
is
ti
d
t

is
l-
se
ti

ou
u

i-O
on

i
b
u
ai
he
et

r
re
in
a
er
th

c

-
c
lle
o

sp

e-
he
to
e

-
ic-

ally

ur

2

m-
be-

of
er
f

n

ed
as

ari-

s
in

e
h-

s at
hat

els
th

3871J. Appl. Phys., Vol. 86, No. 7, 1 October 1999 Oepts et al.

Downl
In spite of the good fits obtained using both approach
we cannot find strong physical arguments in favor of the 1E
model if applied to our junctions. First, hole tunneling is n
expected to be in the Fowler-Nordheim regime, sincefh

5Eg2fe.fe.Va ~assuming a band gapEg for Al2O3 of
;7 – 9 eV and using a barrier height for electrons offe

'1 eV!. This invalidates the derivation of the exponent
factor that is used in Eq.~12!. Second, this estimate show
that the energy of the holes created~which is at most equal to
the energy eV of the tunneled electrons! is much less than
fh , so thatdirect hole tunneling through the barrier becom
extremely unlikely. In fact, for the same reason DiMa
et al.have argued that for SiO2-based systems hole tunnelin
does not occur for applied voltages over the barrier belo
certain threshold value,Vth' 5 V.28

The anode hole injection model for SiO2 has been ex-
tended in order to describe the effect of breakdown at r
tively low voltages due to release of hydrogen (H1) into the
oxide as the result of electrons that arrive with an exc
energy at the anode.23 In SiO2-based devices hydrogen
present due to a hydrogen passivation step. The fabrica
of our Al2O3 barriers does not include such a step. We
not have any indication that this mechanism is applicable
our junctions.

C. E model

TheE model relates breakdown to the field induced d
tortion of atomic bonds in the oxidic barrier. It is often a
ternatively referred to as the thermochemical model. Ba
on thermodynamic free energy considerations, a quantita
thermodynamic model for breakdown for SiO2-based capaci-
tors was developed by McPherson and Mogul20 and by
Kimura.29 In the case of both amorphous or crystalline SiO2,
a Si atom is surrounded by a tetrahedron formed by f
oxygen atoms. However, during the growth of amorpho
SiO2 or in the presence of an applied external field, the S
bond angles can be distorted. If the distortion leads to b
angles above or below a critical value, the oxygen atom w
be displaced and a Si–Si bond is formed. This defect is
lieved to be the precursor for breakdown, which will occ
when either one Si–Si bond is broken or when a cert
critical fraction of broken bonds is reached. Although t
authors do not make clear whether the breakdown rate d
mining mechanism is the breaking of a Si–O–Sibond~with
a very high bond energy! or the breaking of the much weake
Si–Si bond, McPherson and Mogul have derived an exp
sion for the breakdown probability based upon the break
of a Si–Si bond.20 The authors start by stating that the loc
field acting on atoms in the oxide will be equal to the ext
nally applied field, enhanced by a contribution due to
polarization of the dielectric:Eloc5(11Lx)E, in which L is
the Lorentz factor (L51/3 for cubic point symmetry!, andx
is the electric susceptibility. The Si–Si pair is part of a stru
tural fragment in the network of the form O3[Si–Si[O3.
The two Si[O3 dipoles which form this fragment have an
tiparallel dipole moments,6p. In the presence of an electri
field parallel to the Si–Si bond, i.e., parallel and antipara
to the two dipole moments, the contribution from the tw
dipoles to the total energy is decreased and increased, re
oaded 31 Aug 2011 to 131.155.151.114. Redistribution subject to AIP licen
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tively, by an energyp•Eloc . This energy helps to lower the
activation barrier for collapse of the antiparallel dipole, r
sulting in a broken Si–Si bond, and also resulting in t
creation of a localized electronic defect which gives rise
dielectric breakdown.20 The average time to breakdown du
to this process is given by:20

t~E!5a expFDH2p~11Lx!E

kBT G
5a expS DH

kBTDexp~2gE!, ~13!

with a a constant, andg the so called field acceleration fac
tor. Assuming that the breakdown probability is not expl
itly time dependent~no wearout! one obtains Eq.~5! with
A5exp(2DH/kBT)/a andB51/g. A good fit of the SiO2(d
510.0 nm! breakdown data obtained by Kimura20 was found
with this model, and at room temperature the experiment
obtained value ofg is 3.2531028 m/V. Also, the tempera-
ture dependence ofg could be explained well,20 which pro-
vides strong support in favor of this model. From a fit to o
experimental data, we found~Sec. IV! B/d50.035 V. When
we assume a barrier thickness of 2.2 nm we findg51/B
56.331028 m/V. This value is approximately a factor of
higher than the value obtained for SiO2 from the Kimura
data. We would like to note that when making such a co
parison at least three points concerning the difference
tween amorphous Al2O3 and SiO2 should be considered.

~i! The electric susceptibility of Al2O3 (x>7.0) is more
than two times higher than for SiO2(x>2.9), leading to a
higher polarization and local field, and to, therefore~all other
factors remaining the same!, a higher value ofg.

~ii ! Bonds in Al2O3 are more ionic~less covalent! than
in SiO2. One implication is that the effective ionic charge
Al is potentially larger than that of Si, which leads to high
dipole moments in the Al2O3 structure and a higher value o
g.

~iii ! The structure of amorphous Al2O3 is more complex
compared with that of SiO2: the short range order has bee
described as being similar to that ing-Fe2O3, i.e., a spinel
structure in which the oxygen atoms form a close pack
lattice and in which the cations fill tetrahedral sites as well
66% of the available octahedral sites. In this structure v
ous local environments of the Al ions occur.30 For amor-
phous Al2O3 it has been found that the fraction of Al ion
with a tetrahedral coordination is even larger than that
crystallineg-Al2O3. Migration of the Al could probably oc-
cur via the octahedral vacancies.

An important additional consideration in favor of th
applicability of this model is the fact that there is no thres
old value, so it can already be applied at the low voltage
which we observed breakdown. We therefore believe t
this model could be applicable to our Al2O3layers.

VI. CONCLUDING REMARKS AND SUMMARY

We have compared our experimental data with mod
proposed for SiO2 breakdown. Good fits are possible in bo
se or copyright; see http://jap.aip.org/about/rights_and_permissions
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the E model and the 1/E model for the breakdown probabi
ity density. However, only the mechanism that leads to thE
model, field induced atomic displacements of atoms in
oxide, seems to provide a plausible physical basis for
breakdown effect observed. The present study is clearly
ited in several respects, and extensions in many direct
are required in order to clarify the breakdown mechani
and to be able to relate the breakdown properties with
oxide and interface structure, thickness, and composit
One of the unsolved issues is wearout. Although we have
obtained evidence of the occurrence of wearout before br
down that would lead to an explicit time dependence of
breakdown probability, it is of interest to study this issue
dedicated experiments, e.g., in experiments of large
sembles under constant voltage stress. For this purpose
quency resolved electronic~current or voltage! noise mea-
surements are also expected to be valuable, since s
structural changes in the oxide might lead to a different no
spectrum, especially for the 1/f g contribution to the noise
spectral density. For thin SiO2 layers, ‘‘soft’’ breakdown has
been reported when low fields are applied, suggesting
small structural changes do take place during low volta
stress. It is expected that these small changes will hav
much larger effect on the total junction~magneto!resistance
when the area is reduced compared with the area of
junctions by microstructuring, which will be the case in pra
tical applications. In order to distinguish between theE and
1/E models, measurements should be extended to a la
voltage range than that used in the study, and the statis
uncertainty of each data point should be decreased by the
of larger ensembles. Also, studying the temperature dep
dence of the breakdown probability will provide tests of t
applicability of either model. Finally, using lithographical
defined junctions, the areal dependence of breakdown sh
be studied in order to be able to discriminate between ext
sic and intrinsic breakdown and in order to study edge
fects.

In summary, we have investigated the dielectric bre
down of successfully fabricated magnetic tunnel junctio
with a plasma oxidized Al2O3barrier. In junctions with bar-
riers of 2.0 nm and thinner, almost immediate breakdown
observed when voltages above 1 V are applied. At the mo
ment of breakdown a single short is created in the barr
leading to a low resistive path in the barrier. The exact nat
and mechanism for creation of this short is still uncerta
The time-dependent breakdown probability is voltage dep
dent, and increases with the applied voltage. This dep
dence is analyzed in the framework of a general model
breakdown with a probability that is not explicitly time de
pendent. With this model it is shown that ramp rate dep
dence of the breakdown voltage as observed in voltage r
experiments can be described using different express
~the E and 1/E models!, which have been proposed earli
for SiO2 breakdown, and which have been obtained on
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basis of different physical models. Suggestions have b
given for experiments from which the possible physic
mechanisms can be distinguished more easily. Extrapola
of the lifetime curves of our junctions to realistic low oper
tion voltages (Vbias,0.5 V!, as obtained from fits to the ex
perimental data, suggest that, if accidental peak voltages
side this region can be avoided, breakdown will not be
limiting factor upon applying these junctions in sensor
MRAM devices.
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