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Abstract

Magnetic properties of Ni81Fe19/Al2O3/Ni81Fe19 tunneling junctions are studied for different Al thicknesses and

plasma oxidation times. A maximal magnetoresistance of 34% is obtained with Al thickness of 20 (A. Magnetometry

reveals large exchange bias fields (B400Oe) over a wide range of barrier thicknesses, indicating junctions of high

quality. Transport measurements conducted on junctions before and after thermal annealing show a dramatic

improvement in barrier quality after annealing. Interlayer coupling fields have been measured as a function of barrier

thickness for different oxidation times.

r 2003 Elsevier Science B.V. All rights reserved.
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Due to potential applications as magnetic
random access memory and high-density read/
write heads, magnetic tunnel junctions (MTJs)
have attracted intense attention in the literature
[1,2]. In these devices, spin-dependent tunneling
leads to a very large magnetoresistance (MR) in
the ferromagnet/insulator/ferromagnet multilayer.
The electron transport properties are critically
dependent on the quality of the tunneling barrier,
with Al2O3 being the overwhelming choice [1,3].
For researchers attempting to improve the quality
of MTJs, maximizing the MR is still an important
issue. The MR value depends on the spin

polarization of the top and bottom ferromagnetic
electrodes and the quality of the Al2O3. Fabrica-
tion of high-quality junctions requires that the
barrier be smooth, free of pinholes, completely
oxidized, and have proper stoichiometry. In
practice, MR as large as 50–60% at room
temperature has been reported for structures with
electrodes composed of CoFe [4–5], an alloy with a
high spin polarization. However, the magnetic
coercivity of CoFe film is sensitive to its thickness.
To our knowledge, the largest MR observed using
the more common magnetostriction-free permal-
loy (Py=Ni81Fe19) electrodes is only 28%, with a
typical Al thickness of B10 (A. In this paper, we
characterize the effects of different Al thicknesses
on the properties of Py/Al2O3/Py MTJs with
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constant oxidation times and explore thermal
annealing effects on the quality of junctions. We
obtain a maximum MR of 34%.

The junctions were grown using magnetron
sputtering (base pressure 2� 10�8 Torr) with
the structure: substrate/Pt(300 (A)/Py(30 (A)/FeMn
(130 (A)/Py(60 (A)/Al2O3/Py(120 (A)/Al(490 (A). Sam-
ples were deposited on Si(1 0 0) substrates covered
by SiO2. Here Py(60 (A), Al2O3, Py(120 (A) are the
pinned, barrier, and free layers, respectively. The
anti-ferromagnetic (AFM) FeMn layer provides the
exchange bias of the pinned layer [6]. The selection
of Pt/Py as a buffer layer promotes the /1 1 1S
texture of the FeMn layer. During sputtering, a
field of 120Oe was applied in-plane to induce an
uniaxial anisotropy, hence, an easy axis, of the
pinned layer and free layer. The sputtering rate of
each layer was calibrated by low-angle X-ray
diffraction, and the thickness was thereafter
determined by sputtering time. The barrier was
formed by oxidizing a thin layer of Al in oxygen
plasma of 90mTorr for 80 s, unless otherwise
noted. Plasma oxidation was done by applying RF
bias to substrate with the power density of 4mw/
cm2. After deposition, samples were patterned via
optical lithography and ion beam etching. The
junctions examined herein were of equal size
(150� 100 mm2). For purposes of comparison,
some samples were further post-pinned by anneal-
ing at 160�C for 3min in a field of 1.6 kOe applied
parallel to the easy axis of the pinned layer and
cooled in the same field before taking out for
measurement.

A cross-sectional transmission electron micro-
scopy (TEM) study was conducted to illustrate the

interfacial structure of junctions before and after
post-pinning. While the as-deposited sample has
smeared interfaces between layers and a poorly
defined Al–Ox barrier (Fig. 1(a)), it is apparent
that annealed sample has much cleaner interfaces
and a sharper barrier as shown in Fig. 1(b). The
roughness at the AlOx–Py interfaces is estimated
to be 3–4 (A. There is also a marked improvement
in the smoothness of the SiO2 underlayer. And this
is further confirmed by the atomic force micro-
scopy (AFM) scans on the SiO2 substrate (Fig. 2).
According to RMS measurement performed by
AFM, the roughness of SiO2 surface after anneal-
ing (Fig. 2(b)) significantly decreased to 1.6 (A, as
compared to 2.8 (A of that before annealing process
(Fig. 2(a)). It is inferred that the quality of the
MTJ layered structure is, in no small part, a result
of the flatness of the SiO2 layer, and is greatly
enhanced by post-pinning process.

The magnetic properties of each MTJ were
measured by means of a vibrating sample magnet-
ometer. Fig. 3 shows some representative magnetic
hysteresis loops of the pre-patterned multilayers
for as-deposited and post-pinned samples. Ex-
change bias fields He as high as 400Oe are
consistently observed on samples after pinning,
as compared with 50–200Oe for as-deposited
samples. A long plateau can be seen between the
two transitions for the post-pinned sample, in-
dicating the quality of the anti-parallel alignment
of the free and pinned layers. The observed
increase in exchange bias field is probably asso-
ciated with the topography change upon annealing
and field cooling afterwards as shown by TEM/
AFM measurements. The improvement in FeMn
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Fig. 1. Cross-sectional TEM images of our MTJs. (a) As-deposited sample, and (b) post-pinned sample.
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(1 1 1) texture is also responsible for it. In a related
study, we have found that the buffer layer has a
strong effect on exchange biasing [7]. It has been
previously shown [6] that He is inversely propor-
tional to the thickness of the free layer for a given
AFM layer. From this result, we have calculated
the exchange coupling constant to be B0.25 erg/
cm2 for the post-pinned samples. This value is a
little larger than previous reported results [6], it
may suggested that upon post-pinning, there are
some Mn diffusimg into the NiFe, which effec-
tively reduced the thickness of the pinned layer,
and leads to a larger exchange bias field.

Junction transport properties were measured at
room temperature (B300K) using a standard

four-point method with a DC bias of 10mV. A
pair of toroidal electromagnets was used to apply
DC magnetic fields up to 120Oe along the easy
axis of the sample. This range is far below the
exchange bias field (B400Oe); thus, only the
switching behavior of top free layer will be
considered. The lead resistance (o5O) is negligible
compared to junction resistance (>200O), elim-
inating anomalous current distribution effects [8].
Typical MR versus field curves for as-deposited
and post-pinned junctions with an Al layer
thickness of 20 (A are shown in Fig. 4(a). An MR
of 34% is achieved for this junction after post-
pinning, much larger than that of the as-deposited
sample, whose MR is only 12.8%. Measured MR
ratios at least doubled after annealing in every
junction examined. The larger observed MR value
indicates an improvement in junction quality after
post-pinning. On the other hand, our measure-
ment showed significant decrease (more than 50%)
in junction resistance upon annealing in each case.
These results contrast with many previous studies,
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Fig. 3. Hysteresis curves of bulk MTJs for as-deposited (open

circles) and post-pinned (solid circles) samples. The two loops

corresponding to the switching of the free and pinned layers are

shown.

Fig. 2. AFM scans showing the enhanced flatness of SiO2

substrate for MTJ deposition after post-annealing process. The

surface roughness is 2.8 (A for sample before annealing (a), and

1.5 (A for sample after annealing (b).
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which show increased resistance in proper an-
nealed samples [9].

The I2V characteristics of the same sample
were measured in the parallel state (inset of Fig.
4(a)). By fitting to Simmons theory [10], we have
extracted effective barrier thicknesses and heights.
After annealing, the effective barrier thickness
drops from 22.6 to 21.9 (A, while the barrier height
increases from 0.66 to 0.89 eV. Other post-pinning
effects can also be observed in Fig. 4(a). The
coercivity (half of the width of the MR loop) for
the post-pinned sample is 3.5G, smaller than that
of the as-deposited sample (5G). This decrease
may be attributed to the decrease in defects after
annealing.

Fig. 4(b) gives the bias dependence of MR on
the same junction before and after post-pinning.
The MR of as-deposited samples falls off more
rapidly at higher bias: the bias voltage at which the
MR decreases to half of its maximum value is
550mV for the post-pinned junction, as compared
to 300mV for the as-deposited sample. This
indicates that post-pinning greatly improves junc-
tion stability. The same behavior can also be seen
in other samples with different Al thicknesses. As
Sousa and Parkin et al. [4,11] have demonstrated,
thermal annealing can improve the quality of
junctions and increase the MR ratio. However,
this increase is typically on the order of 10–65%,
which is less pronounced than our results. For as-
deposited junctions, the pinned layer hysteresis
loop is not fully separated from the free layer, as
seen in Fig. 3. To some extent, this suggests the
existence of substantial dispersion of magnetiza-
tion in the pinned electrode, leading to a sheared
loop that crosses the vertical axis, which would
decrease the MR value. However after post-
pinning, the increased exchange bias creates more
uniform anti-parallel alignment between electro-
des. In addition, oxygen atoms tend to diffuse
more uniformly during pinning, repairing pinholes
in the barrier layer. This lead to a larger MR and
less wide MR loops compared with post-pinning
junctions. Interestingly, as shown in Fig. 4(b), the
bias-dependence curve is not symmetric at zero
bias for the as-deposited sample; the peak position
is shifted slightly toward negative bias. This
asymmetry can also be seen in I2V curve as
shown in the inset of Fig. 4(a). According to
Simmons’ theory [10], the potential barrier should
be symmetric for our Py/Al2O3/Py structures; the
asymmetric shape occurred in as-deposited sample
is related to partial oxidation of bottom electrode
during formation of barrier; it can also be caused
by imperfections in the tunnel barrier. For
example, local spin-flip scattering in the barrier
could cause this asymmetry. Apparently, post-
pinning process repairs these defects in some way.

According to Julliere’s model [12], MR=
2P1P2=ð1� P1P2Þ; where P1 and P2 are the spin
polarization of the free and pinned layers,
respectively. From this formula, the MR value of
34% for our junctions leads to a spin polarization
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Fig. 4. (a) Typical MR curves of junctions at the optimal Al

thickness of 20 (A. The DC voltage bias is 10mV. Only the

switching of the free electrode is displayed in this field range.

Inset: I2V curve of same junction. (b) Dependence of MR

(normalized to MR ration at zero bias) on bias voltage of the

same junction. Open circles and solid circles indicate as-

deposited and post-pinned junctions, respectively.
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of 0.38 for Py. This spin polarization is larger than
the accepted value of 0.32 obtained in experiments
on ferromagnet–insulator–superconductor junc-
tions [13].

To characterize the effect of barrier thickness on
the MR, a series of junctions with different Al
thickness (8–26 (A) were grown using identical
oxidation times. As shown in Fig. 5(a), each point
on the curve in Fig. 5(a) is the average MR of 30
junctions randomly distributed on the wafer, with
error bars representing the standard deviation.
There is a relatively broad peak in MR corre-
sponding to an optimal nominal Al thickness
around 20 (A. The average MR as large as 34% is
obtained in this region, which is the highest
observed MR as far as we know for the Py/
Al2O3/Py structure. Outside of this region, MR
drops gradually in both directions, corresponding
to junctions in which the tunnel barrier is either
over- or underoxidized. For junctions with thinner
barriers, part of the bottom Py electrode is
degraded due to oxidation. Due to the granularity

of the Al film, oxidation of the bottom electrode
may begin before the Al is fully oxidized. X-ray
photoelectron spectroscopy studies have con-
firmed the existence of Al and oxygen in the
bottom electrode of similar structures [14]. PyOx

can serve as a source of spin-flip scattering, which
depolarizes the tunnel current, lowering the MR.

The resistance–area product (R � A) increases
exponentially in this range, as displayed in Fig.
5(b), suggesting tunneling-dominated behavior.
On the other side of the optimal region, the
oxidation time is not sufficient to fully oxidize the
Al film, leaving a thin layer of residual metallic Al.
The Al2O3 layer is roughly constant across this
region, and the pure Al underneath barrier has
negligible resistance, yielding a flat region in the
R�A curve for thicker Al corresponding to a
resistance–area product of B20MOmm2. The
optimal 20 (A thickness of Al is much larger than
that previously reported (B10 (A). One possible
reason may be our relatively large junction size,
which necessitates a thicker barrier in order to
decrease the occurrence of pinholes, which are less
likely in micron size junctions. We also studied the
oxidation time dependence of MR and resistance,
and found it to be less critical than the dependence
on Al thickness.

As shown in Fig. 3(a), the free layer MR
hysteresis loop is centered at a small negative
offset field; this offset is due to interlayer coupling
between the free and pinned layers. It is well-
known that N!eel ‘‘orange-peel’’ coupling, due to
interfacial roughness at the two interfaces of the
barrier [15], is the dominant mechanism for large
junctions. The coupling field is plotted as a
function of Al thickness for three different
oxidation times in Fig. 6. The offset field H0 is
defined as the midpoint of the left/right switching
fields in the free layer hysteresis loop. From Fig. 6,
it can be seen that H0 is maximum at an Al
thickness of B14 (A, and decreases monotonically
outside of this peak region. It appears that H0

drops exponentially with thicker Al, as predicted
by N!eel. In addition, the offset field increases for
longer oxidation times, which may be explained by
an increased surface roughness of the barrier.
Surprisingly, for samples with barriers thinner
than 14 (A, H0 is observed to decrease with

ARTICLE IN PRESS

6 8 10 12 14 16 18 20 22 24 26 28 30

0.1

1

10

(b)

R
xA

 (
M

  µ
m

2
)

Al thickness (Å)

-5

0

5

10

15

20

25

30

35

(a)

M
R

 (
%

)

Fig. 5. (a) MR versus Al thickness with constant oxidation time

(80 s). Maximum MR of 34% is seen at 20 (A. (b) Semi-log plot

of the resistance–area product versus Al thickness. Note the

saturation of resistance when Al thickness is greater than 20 (A.

X. Liu et al. / Journal of Magnetism and Magnetic Materials 267 (2003) 133–138 137



decreasing thickness, a result not predicted by the
N!eel formula. A possible explanation is that the
magnetic layer underneath the barrier may be
oxidized to some extent, creating an oxide layer of
iron or nickel. These compounds are AFM at
room temperature, tending to decrease coupling
between the top and bottom electrodes. Assuming
a constant oxidation time, the thickness of the
unwanted layer should increase with decreasing Al
thickness, leading to weaker coupling for thinner
barriers.

In summary, a series of high-quality Py/Al2O3/
Py MTJs were fabricated by magnetron sputtering
and patterned by photolithography. Cross-sec-
tional images obtained by TEM confirm an
improvement in quality of the MTJs after thermal
annealing. Exchange bias fields of 450Oe and MR
of up to 34% are obtained with an optimal Al
thickness of 20 (A. The obtained value of spin
polarization for Py is slightly larger than the
accepted value determined by other method. Some
unexpected behavior of the interlayer coupling

field is observed for junctions with thinner tunnel
barriers.
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