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To obtain reliable magnetic tunnel junctions (MTJs) for sensor and memory applications, the quality
of the Al,O; tunnel barrier is extremely important. Here, we studied the reliability of MTJs with a
1.6 nm Al,O; tunnel barrier formed by ultraviolet light assisted oxidation. In the stress
measurements, prebreakdown current jumps and, finally, breakdown are observed. We show, by
using statistics, that both the current jumps and the final breakdown can be attributed to single trap
generation. Moreover, we can relate the current jump height to the trap location. In this way, we
reveal the breakdown mechanism in MTJs and illustrate the importance of reliability studies.
© 2003 American Institute of Physics. [DOI: 10.1063/1.1592300]

The integration of magnetic tunnel junctions (MTJs) into
magnetic random access memories (MRAM) will rely on the
excellent magnetic and electrical properties of the MTJ. Sur-
prisingly, only few reports on the reliability of MTJs are
available. In most present MTJ reliability studies,'™* ramp
tests were performed on the MTJs. However, in addition,
constant stress, tests are better suited to get an insight in the
breakdown mechanisms. Furthermore, since different oxida-
tion methods are used to make the (~1 nm) Al,O; tunnel
barrier in MTJs, we believe that reliability studies are impor-
tant to investigate Al,O5 quality. Recently, preliminary con-
stant voltage tests were performed on naturally oxidized
MTJs,> concluding that in this case, breakdown is initiated
by extrinsic defects. Here, we will demonstrate that intrinsic
breakdown behavior can be obtained by using a different
oxidation technique.

We present an in-depth analysis of the degradation and
breakdown of MTJs with a 1.6 nm Al,O; tunnel barrier
formed by ultraviolet (UV) light-assisted oxidation. We will
demonstrate that the reliability concepts used for SiO, can
also be applied to Al,O;. We will show that the observed
degradation is due to the generation of single traps. Finally,
we can link the generation of traps, the prebreakdown current
through these traps, and the breakdown of MTJs. This study
illustrates the fact that breakdown tests can lead to a quality
test of the available oxidation methods for MTJs.

Contrary to the Al,O5 tunnel barrier in MTJs, the reli-
ability of SiO, capacitors is a well-established research topic.
It is generally accepted that intrinsic breakdown of thin SiO,
layers is related to the generation of a percolation path of
traps in the oxide.® Recently, evidence has been presented
that this mechanism also causes breakdown in thick Al,O4
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layers.” Applying an electrical stress to the oxide leads to
trap generation. At a certain moment, a conduction path of
neighboring traps is formed between the two interfaces and,
as a result, the oxide breaks down. When scaling down the
oxide thickness, fewer traps are needed to form this break-
down path. In the limit, for very thin oxides, only one well-
positioned trap is sufficient to trigger a breakdown event.
Recently, prebreakdown current steps were observed in
stress measurements on small (2 um?) SiO, capacitors.
These are attributed to the creation of two-trap conduction
paths, which are physically identical to breakdown paths ex-
cept that their conductivity is insufficient to cause the elec-
trical runaway effects that accompany breakdown.®

The detailed layer sequence of the MTJ stack, used in
this study, 1is the following: Si/SiO, substrate/Ta
5 nm/NigyFe,; 3 nm/FeMn 20 nm/CoggFe;; 3 nm/Al 1.3nm
+ oxidation/CoggFe oy 3 nm/NigyFe,q 7 nm/Cu 5 nm. All lay-
ers are deposited by sputtering. To obtain the Al,O; tunnel
barrier, the deposited Al layer was exposed to an atmosphere
of 5 mbar O, and UV light.” MTJs with different top elec-
trode sizes were fabricated. First, the bottom and top elec-
trode are defined by a two-step ion milling. This is followed
by a self-aligned SiO, passivation step. After a final metal-
lization deposition, which provides contacts to the top and
bottom electrodes, an anneal was performed at 250 °C
in a magnetic field. The MTIJs showed a tunnel-
magnetoresistance signal of 30%.

A constant voltage stress at different voltages was ap-
plied to the MTJs until breakdown occurred. Figure 1 shows
a typical current versus time trace of a stress measurement on
a 12.5 wm? MT]J at 1.1 V. The time-to-breakdown (gp) is a
statistically distributed parameter. The cumulative time-to-
breakdown distributions F(zgp) (at stress levels from 1.05 V
up to 1.125 V) are fitted with a Weibull function having two
parameters: The distribution slope 8 and the 63% value ?¢;.

© 2003 American Institute of Physics
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FIG. 1. Typical stress curve (V=1.1V) of a 12.5 um? MTJ. Several pre-
breakdown current jumps are observed before the MTJ finally breaks down
at t=tpp.

The measured fpp distributions, together with the Weibull
fits, are shown in Fig. 2. As explained in our previous study,’
it was necessary to verify the scaling of 7z with the area of
the devices. It was found that ¢y, scales properly with the
area, so breakdown due to perimeter effects can be excluded.

From Fig. 1, it is clear that several sudden current jumps
are already observed before the final MTJ breakdown occurs.
These current jumps are similar to the prebreakdown events
in thin SiO,,® and can be further analyzed to provide infor-
mation on the defect position. It is noteworthy that this de-
fect or trap creates a metastable state in the oxide. Due to the
limited oxide thickness, a trapped electron will not remain in
this state very long but it will tunnel out rapidly toward the
cathode. As a result, traps give rise to additional conduction
paths.

For each measurement (at V=1.1V), the time #;, which
corresponds to the first current step larger than Al;, was
extracted. In this way, for each A/;, a distribution of #; was
obtained (Fig. 3). All of the distributions were fitted with a
maximum likelihood algorithm. The Weibull slope remains
constant for all distributions and equals 0.8. We will now
develop a model that relates the observed current jumps and
breakdown of the MTJ to the generation of traps in Al,O;.
Recently, for 2.4 nm SiO, capacitors, it was shown that ¢;
(time to observe a current jump >Al;), is Weibull distrib-
uted and the Weibull slope B decreases for decreasing Al; .3
These observations were statistically explained with a two-
trap percolation model. For ultrathin oxide layers, however,

In(-In(1-F))

FIG. 2. The distributions of time-to-breakdown (tpp) at different stress
levels. The cumulative distributions F are plotted on a Weibull scale: This
results in straight lines with slope B. The 63% values of tgp(=ts) are
located where the distributions intersect with the zero axis.
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FIG. 3. Distributions of the time ¢; to observe the first current step higher
than a given current value A/; . As this current gets higher, the Weibull plot
shifts to the right-hand side. The right-hand side curve is the breakdown
distribution at 1.1 V. The inset shows the Weibull slope 8 which remains
constant.

we expect both the prebreakdown and the breakdown to be
triggered by single traps created during the stress. To prove
this, we start from a general relation for trap generation simi-
lar to that in SiO,:®

D,=Ct", (1

with D as the trap density, C as a constant, ¢ as the stress
time, and m as the (logarithmic) trap generation rate. For
events corresponding to current jumps >Al;, a certain trap
density D ; is required. For all single trap events Al;, D ;
is Poisson distributed (= Weibull distributed with slope 8
=1). Poisson distributions for D ; can be transformed into
Weibull distributions for ¢; using Eq. (1). The Weibull slope
for these ¢; distributions becomes S=m, a constant for all
AlI;. This constant slope for the #; distributions is, hence, a
characteristic of the single trap generation and breakdown.
This is in contrast with the varying slope observed for mul-
tiple trap generation.®> Coming back to our experiments, the
measured B values are constant for all Al; (Fig. 3). Conse-
quently, we can conclude that all the different prebreakdown
current jumps, as well as the final breakdown, are intrinsic
degradation effects caused by single trap generation. Note
that a 8 value <1 is usually attributed to extrinsic break-
down mechanisms. However, in this case, we have a genera-
tion of single traps, which is an intrinsic degradation mecha-
nism. Using the transformation of Eq. (1), where the trap
generation rate m=0.8, we clearly see that the creation of
single traps leads to a ¢; distribution with Weibull slope S
=m=0.8.

We will now derive a relation between the measured
current step magnitudes A7; and the position of the traps in
the oxide. To achieve this, the percolation concept, as it has
been applied for thin SiO,, will be extended to model single
trap conduction. The current through each conduction path
Al is determined by the longest trap-to-interface distance
Xperc 88 defined in Fig. 4. The probability P (N, xperc) to have
a device with exactly N traps (at a density of traps D) and
at least one single trap percolation path with x<<xp., is
given by
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FIG. 4. x is defined as the longest distance from the trap to one of both
interfaces. If a trap is positioned within the gray part of the tunnel barrier
(Xpere<<0.9 nm), breakdown will occur.
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with ¢, is the oxide thickness and A is the oxide area. Note
that the first factor of Eq. (2) gives the probability to have at
least one percolation path with x<<x,.. in an oxide with
exactly N defects and the second factor gives the probability
to have exactly N defects. From Eq. (2), we can easily derive
the probability to have at least one percolation path with x
<Xperc» Dy summing Eq. (2) for N:1—co (at fixed D).
Setting this probability to 0.63, gives the relation between
xperc and Dnt,63 :

P[NJCperc] =

1 2xperc 3

A toxD ot,63 tox

1. (3)

This relation gives the average D needed to create at least
one trap at x<Xper .

Combining Eqs. (1) and (3), x . can be related to the #;
distribution shown in Fig. 3(a). The constant C in Eq. (1) was
calculated (similar as for SiO, capacitors)® from the assump-
tion that breakdown occurs when a trap with x,.,<<0.9 nm is
created. Taking this into account, we can finally construct the
current through the traps (Iy,,=AI) versus X, (Fig. 5).
These results are very useful to reveal the physical conduc-
tion mechanism through traps in MTJs, although more inves-
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FIG. 5. Relation between the current through the traps (/,,) and the trap
position within the barrier (xp.) at stress voltage V=1.1 V.
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tigation will be required. We attempted to model this curve
by a trap-assisted tunneling model,' but unrealistically high
trap cross sections were found (>10""cm?). This proves
that at the position of the trap, the tunneling barrier is dis-
torted and the insulating properties are severely affected. We
assume that the creation of traps will locally lower the barrier
height, which results in a much higher local conductivity. To
get additional insight in the trap creation processes, other
techniques, like e.g., ballistic electron emission microscopy"!
and noise characterization,lz’13 can be useful, in addition to
the electrical stress measurements which give direct quanti-
tative information on MTJ devices.

In summary, we analyzed in detail the reliability of 1.6
nm UV-oxidized Al,O; MTJs. Intrinsic prebreakdown and
breakdown were observed after constant voltage stress.
These events are caused by the creation of single trap con-
duction paths and the relation of current versus trap position
has been determined applying a percolation concept. Besides
the eventual breakdown, the prebreakdown generation of
leakage paths will result in a resistance drift of the MTJ and
this may jeopardize the MRAM function. This should be
taken into account in a reliability prediction. Finally, this
study should be extended toward other oxidation techniques
(and different oxide thicknesses) to obtain a global quantita-
tive comparison between the available oxidation methods.
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