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Thermal annealing effects on low-frequency noise and transfer behavior
in magnetic tunnel junction sensors
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Physics Department, Brown University, Providence, Rhode Island 02912
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We have investigated the low-frequency noise and transfer curve behavior in NiFe/AlOx /NiFe
magnetic tunnel junction sensors as a function of the annealing temperature. The magnetoresistance
reaches a maximum of 35% with a maximal field sensitivity of 5%/Oe at an optimal annealing
temperature of 170 °C. The origin of 1/f noise is explored by measuring the magnetic field
dependence of noise at low frequencies. Our data indicate that samples annealed near this
temperature exhibit 1/f noise that originates from magnetization fluctuations, whereas electronic
noise due to charge trapping is dominant for other temperatures. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1617355#
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Magnetic tunnel junctions~MTJs! have been extensivel
studied in last 10 years due to their potential application
nonvolatile memory and magnetic field sensing.1–3 MTJ sen-
sors have the potential to outperform giant magnetore
tance ~GMR!-based spin-valve sensors due to their la
magnetoresistance~MR!, tunable resistance, high switchin
speed, and so on. So far, a great deal of effort has been
into optimizing sample fabrication to increase the MR ra
and reduce the resistance area (R3A) product.4,5 In addition
to these characteristics, thermal stability is very importan
guarantee that MTJs will be compatible with existing sem
conductor technology. Previous studies have measured a
crease in junction MR with an increase in annealing tempe
ture up to a peak value of 200–300 °C for MTJs with IrM
exchange biasing layers. Above this annealing tempera
the MR ratio decreases due to interlayer diffusion.6,7 For
sensing applications, on the other hand, the ultimate de
tion sensitivity is limited by the intrinsic noise of device
which is typically 1/f in nature at low frequencies.8 It has
been shown that 1/f noise in MTJ devices can generally b
attributed to either electrical sources~field-independent
charge trapping near or in the oxide barrier!, or magnetic
sources~field-dependent magnetization fluctuations!.9–12 But
the relationship between 1/f noise and sample preparatio
parameters is still unclear, and there has been little resea13

into the effects of thermal annealing on MTJ sensor no
even though annealing is widely implemented as part of
junction fabrication process. We have studied the magn
field dependence of low-frequency noise in FeMn excha
biased MTJ sensors at different thermal annealing temp
tures. Our results showed enhancement of sensor pe
mance and reduction of 1/f noise over a narrow range o
annealing temperatures. In this narrow range, noise is m
netic in origin and therefore is field dependent, while elec
cal noise due to charge trapping is the dominant sourc
other temperatures.

Our tunnel junctions were deposited via magnetr

a!Electronic mail: xiaoyong–liu@brown.edu
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sputtering onto SiO2 substrates in the following sequenc
Pt ~300 Å!/FeNi ~30 Å!/FeMn ~130 Å!/FeNi (60 Å)/
Al2O3 /FeNi ~120 Å!/Al ~490 Å!. The alumina barrier was
formed by oxidizing a thin layer of Al in oxygen plasma. Th
easy axis of the top ‘‘free’’ FeNi layer was defined by a 1
Oe dc field during sputtering. The samples were then p
terned into cross geometries. Details of sample growth
fabrication are described elsewhere.14 All the data presented
here were from rectangular junctions with dimensions
1003150mm2. Annealing was carried out in ambient con
ditions with a 40 min ramp up, followed by 10 min at th
annealing temperature, and finally a 1 hcool down. During
the thermal treatment, the junctions were submitted to a
magnetic field of 1.6 k Oe along the easy axis.

The MTJ sensors were characterized in a probe sta
equipped with two pairs of electromagnets to produce m
netic fields in both the easy- and hard-axis directions.
achieve an orthogonal biasing configuration of free a
pinned layers, a constant field of 6 Oe is applied along
hard-axis direction for domain stabilization. MR curves we
measured using a four-probe method. Voltage fluctuati
across the junction were measured by a spectrum analyz
a magnetic shielding box. The typical measurement f
quency range was 1–400 Hz. A cross-correlation meth
was employed to extract the sensor noise from unwan
background and system noise.

A typical plot of the magnetoresistance versus easy-a
magnetic field for junctions annealed at 170 °C is shown
Fig. 1~a!. One can see that the region around 12.5 Oe is v
steep, with minimal hysteresis. The biasing field along
hard axis is large enough to overcome the effective ani
ropy field of the free layer.15 Therefore, domain rotation
dominates the MR response such that switching is cohe
and reversible. This yields a nearly linear MR response w
sensitivity, defined as the maximal slope in the linear regi
of about 5%/Oe.

We have also measured the easy-axis field depend
of sensor noise. For a junction of large size, there will exis
large number of small fluctuators that contribute to t
8 © 2003 American Institute of Physics
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voltage–time characteristics and superimposition of those
dependent fluctuators with a broad distribution of charac
istic switching time scales will result in a 1/f noise
spectrum.8 Over the entire frequency range of our expe
ment, the noise spectra are 1/f in nature and scale as th
square of the bias voltage up to 300 mV. The noise spect
observed can be quantified by Hooge’s formula:Sv
5aV2/A f , wherea is a material-specific parameter, andA is
the area of the junction. Figure 1~b! gives some typical noise
spectraSv at different easy-axis magnetic fields. At fields
130 and215 Oe, corresponding to antiparallel and para
states, respectively, the spectra are coincident but have s
small differences. However, at 12 Oe, which is within t
transition region of sensor response, the level of noise
creases by an order of magnitude. This implies that the l
frequency noise of this sample is very sensitive to the m
netization state and is magnetic in origin.

The effect of thermal annealing on our MTJ sensor w
systematically studied. Figures 2~a!–2~e! show the depen-
dence on the annealing temperature of the junction re
tance, tunneling magnetoresistance~TMR!, MR sensitivity,
low frequency noise extrapolated at 1 Hz, and magnetic fi
sensitivity, respectively. It is clear from Fig. 2 that as t
annealing temperature ramps up from the as-deposited
to 240 °C, the junctionR3A product drops monotonically
The observed decrease in resistance agrees with result
junctions with thicker barriers and is believed to be cau
by changes in the structural properties of the junction
opposed to changes in the barrier itself.6 The TMR of the
sensor was highly dependent on the annealing tempera

FIG. 1. ~a! MR as a function of the field applied along the easy axis.~b!
Noise power spectra at easy-axis fields of210, 15, and 30 Oe, respectively
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@Fig. 2~b!#: It more than doubles to;36% from the original
15% upon annealing at 170 °C, then starts to decrease w
further increase of temperature. The sensitivity of the sen
also reaches its maximum value of 5%/Oe at 170 °C, an
decreases at higher and lower temperatures. Figure~d!
gives the noise measurement results for the same se
samples. For ease of comparison, the data were norma
as a5 f SvA/V2. For samples as prepared,a is relatively
high, and it drops abruptly at temperatures above 100 °C
optimal annealing temperature of about 170 °C,a reaches its
minimum, which is about two orders of magnitude low
than that of the as-deposited samples. There is a sligh
crease in noise with further increases in the annealing t
perature. The ultimate performance of a sensor is affected
both the magnetoresistive sensitivity and the noise level
order to better characterize our sensors, we define magn
field sensitivitySH

1/2 according toSH5Sv /V2/(]R/R]H)2. It
can be seen from Fig. 2~e! that SH

1/2 exhibits a broad mini-
mum around 170 °C due to the relatively high MR sensitiv
and low noise level. The field sensitivity at this point is abo
two orders lower than that of the sample as deposited
reaches 1 nT/Hz1/2. Based on the data shown above, it
clear that improved sensor performance with higher MR s
sitivity and reduced noise levels can be achieved by ann
ing the samples in a small temperature region of ab
170 °C.

We also studied the field dependence of 1/f noise at
different anneal temperatures. Figure 3 shows representa
results. For the samples annealed at 170 °C@Fig. 3~b!#, there
is a substantial increase of noise in the transition regi
which reaches a maximum atH512.5 Oe, which corre-
sponds to maximum MR sensitivity. Detailed studies show
a roughly linear relationship between noise and M
sensitivity.15 This strong magnetic field dependence can
interpreted as the result of thermally assisted angular ma

FIG. 2. Annealing temperature dependence of the~a! junction resistance,~b!
TMR, ~c! MR sensitivity, ~d! normalized 1/f noise, and~e! magnetic field
sensitivitySH

1/2 .
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tization fluctuations in the free layer.9 On the other hand, for
the samples as deposited and annealed at 220 °C@Figs. 3~a!
and 3~c!#, the overall noise level is at least one order
magnitude higher than that of samples annealed at 17
and roughly constant; there is no field dependence obser
These results imply that the origin of 1/f noise occurring in
our MTJ sensors is different due to differing posttherm
treatments.

The different field dependence of MTJ sensor noise
different annealing temperatures can be understood q
tively as follows. Low-frequency noise of MTJs can be eith
electric or magnetic in origin; which source is dominant d
pends on the sample microstructure. For our samples as
posited, there may exist some defects and local inhomog
ties inside the tunnel barrier. These defects serve as sou
for charge trapping, and lead to spin-independent resista
fluctuations, which show no field dependence. This also
plains why low MR ratios occurred in those samples. It
known that defects can be removed by proper postther
annealing, thus making the distribution of oxygen ato

FIG. 3. MTJ sensor response~open circles! and noise level~closed squares!
vs the easy-axis field applied for samples~a! as deposited and annealed
~b! 170 and~c! 220 °C. Note the difference in scale of the vertical axes.
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more homogeneous across the barrier. Additionally,
smoother barrier would create a more uniform current dis
bution, thereby reducing the effects of a small number
noisy ‘‘hot spots’’ and lessening the electrical noise. With
adequately smooth barrier, electrical noise is reduced t
point where field-dependent magnetization noise beco
important, and eventually dominates. These magnetic fl
tuations are spin dependent, and can be changed by ext
sensing fields, resulting in a sharp peak in the most sens
region. The field independence and increase in noise w
the annealing temperature is above 200 °C is, however,
fully understood. A possible explanation is that due to t
poorer thermal stability of FeMn, interlayer diffusion show
up at relatively low temperatures, which in turn leads to le
distinct interfaces and possibly more defects near or ins
the oxide barrier. In our measurement, electrical noise is n
mally several orders of magnitude larger than that of m
netic noise. Field-dependent noise can only be seen
‘‘clean’’ samples, i.e., samples with few defects, which al
show the highest MR values. In our experience, su
samples can be obtained by optimizing the sample gro
conditions and proper thermal annealing reported here.

This work was supported by NSF through Grant No
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