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A very important process step in the fabrication of magnetic tunnel junctionssMTJsd is the
application of a modest anneal step in the presence of a high magnetic field. Roughly, a doubling of
the magnetoresistancesMRd ratio is commonly observed. We show that both AlOx as well as TaOx
MTJs with Co90Fe10 electrodes have similar oxidation time and anneal temperature dependencies of
the MR ratios. In both cases, the maximum MR ratio shifts to higher oxidation times with annealing.
TaOx MTJs are, in this sense, good model systems. From photoconductance experiments we find
that for TaOx MTJs, this shift in maximum MR is accompanied by a similar shift of the zero
crossing of the oxidation time dependent barrier asymmetry. This directly supports the point of view
that for obtaining the highest MR ratio one should anneal MTJs that would be characterized as
“slightly overoxidized” in the as-deposited state. We argue that this result can be understood by a
homogenization of the oxygen distribution in the barrier, and/or a change of thebottom
barrier-electrode interface. ©2005 American Institute of Physics. fDOI: 10.1063/1.1883324g

Ever since the discovery of large room-temperature mag-
netoresistancesMRd effects in magnetic tunnel junctions
sMTJsd,1 improvement of the MR ratio has been one of the
aims of the research of these structures. Higher MR ratios
translate into increased signal to noise ratios in applications,
such as magnetic random access memorysMRAMsd.2 Sev-
eral groups have found that subjecting the commonly used
AlOx MTJs to a modest temperature treatment, up to roughly
200–300 °C for several tens of minutes, in the presence of a
high magnetic field, significantly enhances the MR ratio.3,4

Annealing at even higher temperatures is accompanied by a
sharp drop in the MR ratio. The latter effect is probably
related to the diffusion of impurities into the barrier layer,5

but will not be discussed further in this letter.
The increase of the MR ratio has been attributed to a

redistribution of the oxygen in the barrier layer,3 and/or a
change of the barrier interface structure.6 However, obtaining
direct evidence of changes in the barrier layer is difficult.
Due to the interfacial sensitivity of the spin polarized tunnel-
ing process,7 small changes can already have a profound in-
fluence on the MR effect. Also, due to the extremely small
barrier thickness, the usefulness of techniques with only
modest depth resolution, such as Rutherford backscattering
spectrometry or x-ray photoelectron spectroscopy is rather
limited.

Previously we have shown that, with the use of a photo-
conductance method, structural changes in the barrier as a
function of oxidation time have a profound influence on the
barrier height and asymmetry.8,9 From these earlier studies,
photoconductance seems therefore a suitable technique todi-
rectly study the influence of an anneal treatment in more
detail.

In this letter, we use photoconductance to study the in-
fluence of an anneal treatment on the barrier potential shape
of both AlOx as well as TaOx-based MTJs. AlOx is the most
widely used barrier material for applications,2 while TaOx
offers the unique possibility to study directly the barrier
asymmetry, by making use of interband excitations in this
low band-gap material.9 Upon annealing, both junction types
show a significant increase in the MR ratio, consistent with
earlier results,3,4 as well as a shift of the “optimum” oxida-
tion time to higher values. Our photoconductance results
support the point of view that the increase of the MR ratio is
caused by a modification of the oxygen distribution, and/or a
change in the bottom electrode/barrier interface structure. We
also show that for obtaining the highest MR ratio, one should
anneal those junctions that would be characterized as
“slightly overoxidized” in the as-deposited state.

The investigated samples are made by sputter deposition
through metal contact masks on glass substrates, resulting in
60360 and 2003200 mm2 junction areas, for TaOx-
and AlOx-based MTJs, respectively. The following layer
stack is used: Glass//3.5 Ta/3.0 Ni80Fe20/10.0 Ir20Mn80/2.5
Ni80Fe20/1.5 Co90Fe10/TaOx or AlOx barrier/4.0 Co90Fe10/
10.0 Ni80Fe20/3.5 Ta, with all thicknesses in nanometers.
The TaOx or AlOx barrier layers are made by first depositing
1.0 nm Ta or 1.7 nm Al over the complete substrate, fol-
lowed by plasma oxidation for 8–16 s and 50–400 s, re-
spectively.

After fabrication, the samples are annealed in an oven,
under an argon gas flow. During annealing, a high in-plane
magnetic field of approximately 1000 kA/m is applied to
keep the Ir20Mn80 exchange bias layer aligned. Each anneal
step takes roughly 25 min, after which thesmagnetodconduc-
tance is measured and a photoconductance study is carried
out. All MR measurements are taken at 5 mV, and the pho-
toconductance experiments are carried out by illuminating
the MTJs with variable photon energies, while measuring theadElectronic mail: reinder.coehoorn@philips.com
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short-circuit photocurrent. Further details of the used mea-
surement schemes can be found elsewhere.8,9 Subsequently,
the sample is subjected to a next anneal step, at a temperature
that is 25 °C higher than during the previous anneal. To
investigate the role of the oxygen distribution during anneal-
ing in more detail, the junctions are studied both as a func-
tion of anneal temperature as well as a function of the oxi-
dation time. We will first focus on the results for AlOx
barriers, after which a comparison is made with results from
the TaOx MTJs.

In Fig. 1sad, MR curves of a typical AlOx MTJ are
shown, as a function of applied magnetic field, for different
anneal temperatures. The barrier consists of a 1.7 nm Al
layer, oxidized for 200 s. Besides an increase in the maxi-
mum MR ratio, also the shape of the curves changes. The
applied field at which the pinned layer switches, shifts to
higher negative fields, and the high resistance “plateau” be-
comes more flat. These effects are caused by the improve-
ment of the exchange biasing during heating in a magnetic
field.10 However, this cannot be the sole reason for the im-
provement of the MR ratio. Comparing the curves for
175 °C and 225 °C, hardly any improvement in the antipar-
allel alignment is visible. Still, a,20% increase in the MR
ratio is present.

To investigate this additional increase in the MR ratio,
junctions with different oxidation times are studied in more
detail fsee Fig. 1sbdg. Similar to previous results,8 a maxi-
mum as a function of oxidation time is visible. After an
anneal treatment to 225 °C, a modification of the curve is
visible. If the improvement of the MR ratio would have a
purely magnetic origin, the relative increase would be inde-
pendent of the oxidation time. However, the relative increase
in MR is much larger for overoxidized MTJsse.g., 400 sd
than for underoxidized onesse.g., 50 sd. Also, a shift of the
maximum is just visible from,120 s to,200 s. It should
be noted that the MTJs with different oxidation times are all
annealed in the same run, and that, after each consecutive
anneal step, thesamejunction is measured. The small differ-
ence in relative increase between 120 s and 200 s can thus
be regarded as significant. The above clearly demonstrates an
influence of the oxygen content on the improvement of the
MR ratio.

From photoconductance studies on the AlOx MTJs, a
small reduction in the barrier heightf of ,0.1 eV has been
determined after an anneal treatment up to 250 °Csnot
shownd, as compared to the as-deposited state. Although only
a small effect, this indicates that the potential landscape of
the barrier is modified by the anneal treatment. At the same
time, the resistance3area sR3Ad product decreasesfFig.
1scdg, indicative of a reduction inf. More direct evidence of
such a modification will be visible from photoconductance
experiments on the TaOx MTJs. However, we will first focus
on the magnetoelectronic properties.

In Fig. 2sad, results from magnetoconductance measure-
ments on TaOx-based MTJs are shown. The MR curves as a
function of applied magnetic field are similar to those pre-
sented in Fig. 1sad for AlOx MTJs, and are therefore not
shown separately. Again, a maximum for a certain oxidation
time is seen, related to the “optimal” oxidation of the Ta
layer. Although difficult to see, this maximum shifts to
slightly higher oxidation times after an anneal treatment
sfrom 10 s in the as-deposited state to 12 s after annealing at
150 °Cd, similar to the AlOx MTJs fsee Fig. 1sbdg. TaOx
MTJs are, in this sense, good model systems. In contrast to
AlOx, the MR ratio of TaOx MTJs already start to severely
deteriorate after annealing above 150 °Csnot shownd. First
indications of this effect are already visible for the highest
oxidation times at 150 °C. Moreover, theR3A product in-
creasesafter annealingfFig. 2sbdg. These differences with
AlOx MTJs might be related to the 250% expansion of Ta
during oxidation, as compared to only 25% for Al.11

For thesesamejunctions, the barrier asymmetryDf has
been determined from the bias voltage dependence of the
photoconductance.9 We note thatDf=0 corresponds to the
simple picture of an “ideal” symmetric junction. The results
are shown in Fig. 2scd. A clear shift of the barrier asymmetry
after annealing is observed. The oxidation time where the
barrier profile is symmetric lies now at a higher value,
roughly corresponding to the maximum in the MR ratio after
annealing at 150 °C. Extending our previous results,9 we
conclude that for the highest MR, and thus aslaterally aver-
agedd symmetric barrier profile, one should anneal junctions
that, before annealing, would be characterized as slightly
overoxidized.

The difference in the improvement of the MR between
under- and overoxidized junctions, together with the modifi-
cation of the barrier potential,directly indicates that either

FIG. 1. MR ratio of AlOx-based MTJs, as a function ofsad applied magnetic
field, and sbd oxidation time for different anneal temperatures. Insad, the
barrier was oxidized for 200 s, and inscd, theR3A product is shown for the
studied junctions.
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the oxygen redistributes itself and/or the interface morphol-
ogy changes with annealing. From direct measurements of
the spin polarization in AlOx-based superconducting
junctions,5 one can conclude that the top interface does not
significantly change during an anneal treatment. This implies
that the improvement of the MR, apart from the “trivial”
exchange bias improvement, must originate from changes at
the bottom interface, or from within the barrier layer itself.
Due to the geometry of formation, the bottom interface will
be less well defined than the top one.

As already shown by others,12,13 the oxidation of barrier
layers occurs predominantly along grain boundaries, imply-
ing that after oxidation a nonhomogeneous oxygen distribu-
tion is present in the barrier. For underoxidized junctions, not
enough oxygen is present to completely oxidize the barrier

layer. So, even when the oxygen redistributes itself after an-
nealing, some regions of unoxidized barrier material are still
left behind. The increase in the MR ratio is, in this case,
mostly due to an improvement of the exchange biasing ef-
fect. For slightly overoxidized MTJs, thessmalld pockets of
unoxidized barrier material that are still left, are filled up
during annealing by the oxygen that originally resided in
small oxidized parts of the bottom electrode. Now an addi-
tional increase in the MR ratio is present due to a redistribu-
tion of the oxygen in the barrier, and/or an increase of the
spin polarization of the bottom electrode due to a change in
the interface morphology. Both effects can potentially lead to
a change of the barrier potential shape, reflected in the
change ofDf and f. These changes lead to a shift of the
maximum MR ratio to higher oxidation times.

Summarizing, we have shown that the increase in MR
ratio after an anneal treatment is accompanied by a modifi-
cation of the barrier potential. We argue that this is caused by
an oxygen redistribution within the barrier or at thebottom
barrier-electrode interface. For obtaining the highest MR,
one should anneal junctions that are characterized as slightly
overoxidized in the as-deposited state.

This work is part of the research program of the “Stich-
ting voor Fundamenteel Onderzoek der MateriesFOMd”,
which is financially supported by the “Nederlandse Organi-
satie voor Wetenschappelijk OnderzoeksNWOd”.
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FIG. 2. sad MR ratio, sbd R3A product, andscd barrier asymmetry as a
function of oxidation time for TaOx-based MTJs, annealed at different tem-
peratures. The barrier asymmetry inscd is determined from the bias voltage
dependence of the photoconductancessee Ref. 9d. The insets inscd represent
energy diagrams defining the sign of the asymmetry relative to the top T and
bottom B electrode.
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