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To develop the next-generation magnetic read head, we investigated ferromagnetic
tunnel junctions (MTJs) with a low resistance and a high magneto-resistance (MR)
ratio, the MTJs were fabricated by Ultra High Vacuum (UHV) magnetron sputtering
with various Al layer thicknesses and oxidization conditions.  The MR ratio dependen-
cies on the RS (junction resistance  area) values were studied.
By optimizing the barrier thickness and oxidization conditions, we fabricated an MTJ
with a 0.9 nm Al-O barrier layer that has an MR ratio of 20% and an RS of 7.8 µm2.
When the thickness of the Al-O barrier layer in the MTJ was less than 0.9 nm, RS was
below about 10 µm2.  However, the MR ratio and the breakdown voltage decreased
when RS was decreased.  We found that the decreases in MR ratio and the breakdown
processes at a low RS were caused by pinholes in the barrier layer.  Therefore, to
obtain an MTJ with a low RS and a high MR ratio for the next-generation magnetic read
head, we will optimize the deposition conditions and find materials for making a thin-
ner barrier layer without pinholes.

1. Introduction
The capacity of magnetic disk systems is

growing year by year.  Recently, the use of the spin-
valve (SV) reading head has increased the
areal-density growth rate to higher than 100%.
As a result, the current areal density in commer-
cial HDDs is about 30 Gbit/in2 and the reading
heads of these HDDs have an MR ratio of about
10%.  Further, the areal density of HDDs is cer-
tain to exceed 100 Gbit/in2 in the next few years.
However, because of the extremely small size of
the recording areas at these densities, it will then
be very difficult to increase the MR ratio of an SV
head so that it is sensitive enough to read the re-
corded information.

Since 1995, when Takahashi demonstrated
a ferromagnetic tunnel junction (MTJ) with a fer-
romagnetic metal-insulator-ferromagnetic metal
structure that had an MR ratio of 18% at room

temperature,1) it has been common knowledge that
MTJs have a larger MR ratio than SV films, which
makes them a candidate for the reading heads of
future HDDs.2)-4)  Figure 1 shows a schematic di-
agram of an MTJ head.

In 1996, we were the first research group to
find an annealing effect that increased the MR ra-
tio of the MTJ to over 25%.5)  Then, in 1999 we
demonstrated an MTJ with an MR ratio of over 40%
that was fabricated using CoFe26 ferromagnetic lay-
ers and an annealing process.6)  However, MTJs with
a 40% MR ratio have a large RS of more than
1k Ωµm2, which will cause significant problems in
terms of the reading data rate and head noise.

The reading data rate is limited by the read-
ing head resistance R and the capacitance C
between the reading head and the reading driver
IC, because these two components combine to form
a low-pass filter.7)  The cut-off frequency fc of this
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low-pass filter is given by:

fc = 1/(2πRC)

The reading head resistance should be about
100 Ω when fc is 1 GHz and C is in the pF region.
Therefore, RS must be less than 10 Ωµm2.

On the other hand, the head noise consists
of the Johnson noise caused by thermal activity
and the shot noise caused by voltage fluctuations.
The shot noise voltage v is given by:

v2 = 2eVReBw

where e is the electron charge, V is the bias
voltage, Re is the element resistance, and Bw is
the bandwidth.  The shot noise voltage shows a
linear dependency on the bias voltage and is great-
er than the Johnson noise voltage.  Therefore, Re

must be low to reduce the noise.
For these reasons, the reading data rate and

noise considerations dictate that reading heads
for recording densities over 100 Gbit/in2 must have
an RS of less than 4 Ωµm2 to compete with the
present SV heads.

Therefore, we investigated MTJs with a low
RS and a high MR ratio.  In this paper, we de-
scribe several MTJs with a low RS and investigate
their electrical properties.

2. Experiment
The MTJs we investigated had a seed layer

and 4 nm of NiFe, 3 nm of CoFe26, 0.9 to 1.2 nm of
Al-AlO, 2.5 nm of CoFe26, 15 nm of IrMn, and
20 nm of Au on a 5-inch silicon wafer with a 1 µm
thermally oxidized surface.  Each layer was de-
posited using a UHV magnetron sputtering
system with a base pressure below 3 × 10-7 Pa.
Ultra-clean Ar and O2 gases were used for the
deposition and oxidization, respectively.  The Al
layer was oxidized immediately after the Al layer
was deposited with the natural oxidization meth-
od.  After depositing the Al layer, the ultra-clean
O2 gas was introduced to the chamber at 100 sccm
to increase the O2 pressure in the chamber at the
rate of 100 Pa/min.  When the O2 pressure reached
the oxidization pressure, the O2 gas supply was
stopped and the oxidation pressure was main-
tained throughout the oxidization period.

MTJ elements from 0.033 to 900 µm2 were
patterned with photolithography.  Figure 2 shows
the schematic diagram of the MTJ and the MTJ’s
structure.

The four-probe method was used for measur-
ing the resistances, MR properties, and resistance-
voltage (R-V) characteristics.  A magnetic field was
applied in the same direction as that of the mag-
netization in the pinned layer (CoFe under IrMn
layer).  All measurements were made at room tem-
perature.  The barrier height and the barrier width
of the oxidized Al layer were calculated by fitting
the measured R-V characteristics to Simons’ equa-
tion.8)
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MTJ reading head.
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3. Results and discussions
3.1 Dependence of barrier height and

width on Al layer thickness
Figure 3 shows a typical MR curve of a low-

resistance MTJ.  A spin-valve-like R-H property
is observed.  When a large magnetic field is ap-
plied, the tunnel resistance is low because the
magnetization of the NiFe/CoFe bottom layer and
CoFe top layer are parallel (P).  On the other hand,
when a low magnetic field is applied, the tunnel
resistance is high because the magnetization of
the NiFe/CoFe bottom layer is switched and be-
comes antiparallel (AP) with that of the CoFe top
layer.

The shape of the R-H curve is not good due
to the presence of a magnetic domain structure in

the MTJ.  This magnetic domain structure occurs
because the MTJ area is very small and does not
have a hard magnetic layer for magnetic domain
control.  Figure 4 (a) shows the dependence of
the barrier height and the barrier width on the Al
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Figure 2
Schematic diagram of the MTJ and its layer structure.
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Figure 3
MR curve of low-resistance MTJ.
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Figure 4
Dependence of barrier properties on Al thickness and
oxidization pressure.
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layer thickness.  The oxidization times were
30 minutes at 3000 Pa O2.  The barrier width in-
creases with the Al thickness and becomes
constant at 0.8 nm at Al thicknesses of 1.0 nm
and above.

Figure 4 (b) shows the dependence of the
barrier height and barrier width on the O2 gas
pressure.  The oxidization time was 30 minutes at
each O2 pressure.  When the O2 pressure is low,
the barrier height also becomes low.  We found
that the barrier height and barrier width are in-
fluenced by the Al layer thickness and oxidization
conditions.  We should therefore pay attention to
the fact that the barrier height and barrier width
cannot be accurately estimated from Simons’ equa-
tion, because the equation assumes a rectangular
barrier potential but the actual shape of the bar-
rier potential is not rectangular.8),9)  Therefore, in
this paper we restrict ourselves to a relatively
qualitative discussion of the barrier thickness and
height.

3.2 Dependence of MR ratio on RS
Figure 5 (a) shows the dependence of the

MR ratio on the RS values of MTJs depositied by
the UHV sputtering system and the conventional
sputtering system (base pressure < 1 × 10-4 Pa)
fabricated with different Al thicknesses, O2 pres-
sures, and oxidization times.  The MTJs deposited
with the UHV sputtering system show an MR
ratio of over 20% and an RS that is two orders of
magnitude lower than that of the MTJs deposit-
ied by the conventional sputtering system.

In Figure 5 (b), which shows a closeup of
the 10 Ωµm2 area in Figure 5 (a), we can see that
the MR ratios of the MTJs depositied by UHV
sputtering stay constant at about 20% when RS
is over 10 Ωµm2, but begin to drop when RS goes
below 10 Ωµm2.

Most of the MTJs with a low RS have a thin
Al-O layer.  The MR ratios of MTJs deposited us-
ing the conventional sputtering system decreased
monotonically with RS, and MTJs with an RS of
200 Ωµm2 and a 1.3 nm Al-O thickness had an

MR ratio of less than 5%.
On the other hand, the MR ratios of the

UHV-sputtered MTJs were not significantly re-
duced even when the RS was reduced to 10 Ωµm2

(0.9 nm Al-O thickness).
These results show that the UHV sputtering

system can make a thinner Al-O barrier layer than
the conventional sputtering system.  This suggests
that the difference between these sputtering sys-
tems occurs because the UHV sputtering system
makes layers that are purer, more uniform, and
have a smoother interface than the conventional
system, because of the UHV back-pressure and
the ultra-clean gas.

Therefore, the deposition conditions must be
optimized to obtain an MTJ with a low RS and a
high MR ratio.
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Figure 5
Dependence of MR ratio on RS values in MTJs fabricated
with various Al thicknesses, O2 pressures, and oxidiza-
tion times.
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3.3 Breakdown processes
Figure 6 shows the breakdown processes

when voltage was applied to samples with (a) a
high RS value (> 100 Ωµm2) and (b) a low RS val-
ue (< 11 Ωµm2).  The MTJs were 1 µm2.  One of
two kinds of breakdown processes occurs, depend-
ing on the RS value.

When the RS is high, it decreases gradually
according to the tunnel property as the applied
voltage is increased.  Then, when the voltage ex-
ceeds 0.95 V, the RS suddenly falls at a point called
the breakdown voltage (Vb).  This suggests that
the barrier layer is eventually broken down and
pinholes start to appear.  Assuming that the
barrier thickness is 0.8 nm as estimated from
Figure 4, the electric field caused by the break-
down voltage is of the order of 10-9 V/m.  The
reasons for the breakdown that occurs when this

electric field is applied are explained using the E
model, which assumes that Al3+ ions break through
the barrier layer, and the 1/E model, which as-
sumes that electrons trapped in defects and
impurities break through the barrier layer.10),11)

When the RS is low, the resistance gradually
decreases as the applied voltage is increased up
to about 0.35 V (Vb).  Then, between about 0.35 V
and 0.4 V, the resistance falls off dramatically.
These decreases in resistance in the high-RS and
low-RS MTJs occur for different reasons.  When
the RS is low, there are many pinholes in the bar-
rier layer, which offer a current path that is
parallel with the tunnel path.  The localized heat-
ing caused by the increased applied voltage
gradually increases the size of these pinholes.  As
a result, the resistance of the pinholes decreases
and the RS also decreases.

Figure 7 shows the dependence of Vb on the
RS.  The MTJ size is 1 µm2.  The MTJs with a high
RS have a high Vb, and Vb decreases with a de-
creasing RS.  Especially, there is a remarkable
decrease in Vb when RS is about 20 Ωµm2.  The
breakdown process of MTJs with a high RS
corresponds to Figure 6 (a), and the breakdown
process of MTJs with a low RS corresponds to
Figure 6 (b).  Therefore, an MTJ with an RS be-
low 20 Ωµm2 seems to have pinholes in the barrier
layer.
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Figure 8 shows the dependence of Vb on the
MTJ area, S.  The RS values of these MTJs are
about 25 Ωµm2.  The figure shows that Vb depends
on S, which indicates the existence of pinholes in
the barrier layer.  When S is large, the probability
of pinholes occurring in the barrier layer becomes
high and the Vb decreases.  Also, even if an MTJ
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has a low Vb, Vb might be improved by making the
MTJ smaller.

Figure 9 (a) shows how the MR ratio chang-
es with RS as an MTJ is destroyed by increasing
Vb.  Each MR ratio and RS value was obtained
immediately after the new Vb was applied, and
the process was repeated until the MR ratio be-
came 0%.  As the figure shows, the MR ratio falls
as RS is reduced.  The slopes of the data lines are
indicated by the dashed lines and depend on the
Al thickness, dAl.

Figure 9 (b) shows the normalized MR ra-
tio dependence on the bias voltage before and after
the breakdown voltage is applied.  The normal-
ized bias voltage dependence does not change after
the breakdown.

Therefore, the initial TMR characteristics re-
main after breakdown by Vb.

Figure 10 shows the R-V curves (a) before and
(b) after breakdown.  The curves in Figure 9 (a) are
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inverse parabolas, which suggests that the cur-
rent through the MTJ is mostly tunnel current.
On the other hand, when the magnetization of the
NiFe/CoFe bottom layer and CoFe top layer are
parallel (P), the curves in Figure 9 (b) are para-
bolic, which suggests that the current through the
MTJ is mostly leakage current.  Nevertheless, the
MTJ in Figure 9 (b) still has an MR ratio.

The results in Figures 8 to 10 show that there
are both destroyed and undamaged areas in the
barrier layer after breakdown.  Therefore, the cur-
rent after breakdown consists of leakage current
through pinholes in the breakdown areas and tun-
nel current that flows through the undamaged
areas.

3.4 Calculated properties of MTJ circuit
for this assumption
To investigate the MTJ property with the pin-

holes in the barrier layer, we assumed that there
is a resistance caused by pinholes that is in par-
allel with the tunnel resistance.  Figure 11 shows
the equivalent electrical circuit.

The mean resistance of the MTJ (Rmeas) is giv-
en by:

Rmeas = (RT × RP)/(RT + RP)

where RT is the tunnel resistance and RP is the
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pinhole resistance.  The applied magnetic field
changes RT but not RP.  RT and ∆ RT, which is the
difference in RT between the AP and P states of
the applied magnetic field, do not depend on RP.

Figure 12 shows the calculated properties.
Figure 12 (a) shows that Rmaes decreases as

Figure 11
Equivalent electrical circuit for calculating
properties of element with pinholes.

Figure 12
Calculated properties of element with pinholes.
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RT/RP is increased.  In this case, the MR ratio is
the difference in Rmeas between the AP and P states
and decreases as RT/RP  is increased.  Figure 12 (b)
shows the MR ratio versus RT/RP.  The MR ratio
decreases when RT/RP is increased; therefore, the
relation between the normalized MR ratio and
Rmaes is as shown in Figure 12 (c).  This calculated
data agrees well with the experiment data for the
low-resistance MTJs whose properties are shown
in Figure 9 (a).  Therefore, we can conclude that
there are many pinholes in the barrier layer and
that the MR ratio decreases when the resistance
of the MTJs is low.

4. Conclusion
1) By optimizing the deposition conditions and

Al thickness, we fabricated an MTJ with an
MR ratio of 20% and an RS of 7.8 Ωµm2.
However, the MR ratio decreases with the RS
when the RS is less than about 10 Ωµm2.  We
need to determine the optimal deposition con-
ditions and oxidization method for obtaining
an MTJ with a higher MR ratio and a lower
RS.

2) The breakdown processes differ between
MTJs with a high RS and MTJs with a low
RS.  MTJs with a low RS break down easily.
Breakdown in MTJs with a high RS occurs
because of the electric field, and breakdown
in MTJs with a low RS occurs because of the
heating caused by current through pinholes.

3) The leakage current makes the RS and the
MR ratio small.  The relation between the
RS and MR ratio becomes directly proportion-
al when the RS is low or the MTJ is broken
down by the applied voltage.  This suggests
that this directly proportional relationship
is caused by the pinholes.
We found that MTJs with a low RS show a

low MR ratio due to the leakage current through
pinholes in the barrier layer.  The breakdown volt-
age in an MTJ with an RS of 10 Ωµm2 is about
300 to 400 mV.  The breakdown voltage can be
slightly improved by making the MTJ small.  How-

ever, a higher breakdown voltage is required in a
reading head.  To make an MTJ with a lower RS,
higher MR ratio, and higher breakdown voltage,
we need to make a thinner barrier layer without
pinholes.  To achieve this, we will optimize the
deposition conditions and find an underlayer ma-
terial that provides an automatically smooth
surface.  We must do more work to obtain an MTJ
with a lower resistance and a higher MR ratio;
for example, we need to investigate other barrier
layer materials and develop new structures.

Recently, the existence of pinhole in the
barrier layer was investigated by the measure-
ment of low temperature dependent resistance of
MTJ12).  We will start that measurement.  And,
MTJ heads that use a high-RS MTJ have been
reported by other research groups that are inves-
tigating the properties of MTJ heads.13),14)  We also
will make an MTJ head and measure its proper-
ties as soon as possible.
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