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1/f noise in MgO double-barrier magnetic tunnel junctions
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Low frequency noise has been investigated in MgO double-barrier magnetic tunnel junctions
(DMTIJs) with tunneling magnetoresistance (TMR) ratios up to 250% at room temperature. The
noise shows a 1/f frequency spectrum and the minimum of the noise magnitude parameter is
1.2X 107! um? in the parallel state for DMTJs annealed at 375 °C. The bias dependence of noise
and TMR suggests that DMTJs with MgO barriers can be useful for magnetic field sensor
applications. © 2011 American Institute of Physics. [doi:10.1063/1.3562951]

The large tunneling magnetoresistance (TMR) in MgO
barrier magnetic tunnel junctions (MTJ) has greatly im-
proved the performance of spintronic devices, such as mag-
netic random access memories (MRAMSs), sensors, and logic
devices."™ The record room temperature TMR of 604% is
found in single-barrier MTJs (SMTJs) with a pseudo spin
valve stack,6 which is close to the theoretical maximum.'
However, the TMR ratio in an MT]J falls off with increasing
bias.'® Double barrier MTJs (DMTJs) offer TMR of 105%—
212% at room temperatulrelo_'3 but bias dependence of TMR
is reduced because the applied voltage is divided over two
single barriers. This helps to preserve the high TMR ratio at
high bias.'” A high bias is needed to inject a sufficiently large
critical current to facilitate spin transfer torque (STT) switch-
ing in magnetic nanopillars with MgO barriers, which is the
basis for high-speed non-volatile STT-MRAM."*

In conventional DMTJs with a thick free layer, TMR is
often lower than that in SMTJs.'%!? However, a DMT]J can
potentially improve the signal-to-noise ratio of a magnetic
field sensor due to the increase in output voltage compared to
an SMTIJ. Hence, the low frequency noise of DMTIs is
worth exploring, in comparison with that of SMTJs. It has
been previously reported that 1/f noise dominates the low
frequency response of MTJs."”> > The 1/ f noise can be char-
acterized by a noise magnitude parameter a=AfS,/V?,
where A is the junction area, f is the frequency, Sy is the
noise power spectrum density, and V is the applied bias."”
Recently, Guerrero et al** suggested that 1/f noise can be
greatly reduced in field sensors, when a large number of
MT]Is are connected either in series or in parallel. However,
devices constructed with a large number of MTJs may lack
integrity and suffer from a much higher chance of failure.
DMTIJs may be able to halve the 1/f noise without these
drawbacks, opening up a way to reduce the noise.

Until now, a few reports have been published on the low
frequency noise in DMTJs with a thick free layerlz’20 but
their TMR ratio of around 80%—120% is considerably less
than we report here. Earlier studies of MgO DMTJs did not
produce high TMR because the middle CoFeB layer remains
amorphous after annealing.mﬁllm The adjacent MgO barriers
cannot absorb boron, which maintains the amorphous nature
of CoFeB.” Here we investigate the low frequency noise in
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DMTIJs, with TMR ratios as high as 222% for symmetric
MgO layers and 250% for asymmetric MgO layers at room
temperature. Both types of DMT]Js have a similar noise level
in the parallel state, and in the following we only focus on
the DMTlJs with symmetric MgO layers. We achieved the
high TMR through the wuse of Cos)Fes, or
CosoFesg/ CoygFeyoBog as free layer with high temperature
postannealing, which was recently reported to improve the
TMR ratio in DMTJs."* We also discuss the probability of
applying DMTJs as magnetic field sensors, based on their
noise characteristics.

The DMT]J stacks were deposited on thermally oxidized
silicon wafers at room temperature. The layer sequence was
Ta 5/Ru 30/Ta 5/Nig;Fejq 5/Irp,Mnyg 10/CoggFey 2.5/
Ru 0.9/CoyyFe40B,o(CoFeB)3/MgO 2.5/ CosyFes)(CoFe)

t; /CoFeB t, / MgO 2.5/ CoFeB 3/ Ru 0.9 / CogyFe;,
2.5 /Try,Mn5g 10/NigFe;g 5/Ta 5/Ru 5 (thickness in na-
nometers). When the thickness of the free layer is =2.5 nm,
only CoFe #; is used while a CoFe 2/CoFeB 1, bilayer is
adopted for thicknesses >2.5 nm. Moreover, DMTJs have
also been grown with asymmetric MgO layers having #,+1,
=3 nm. The highest TMR is found when #;=2 nm. For
a comparative experiment, SMTJs consisting of
Ta 5/Ru 30/Ta 5/NigFe;9 5/Ir,,Mnsg 10/CoggFe;y 2.5/
Ru 0.9/CoFeB 3/MgO 2.5/CoFeB 3/Ta 5/Ru 5 were
also grown. The metallic layers of the MTJs were grown by
dc sputtering and the MgO layers were grown by rf-
sputtering using our Sharmrock cluster deposition tool. All
MTIs were fabricated by UV lithography and Ar ion milling
with junction sizes of 20X 20-50X 150 um?. High vacuum
postannealing was performed in the temperature range of
250-375 °C in an applied magnetic field of 800 mT for 1 h.
The magnetotransport and noise measurements are con-
ducted as described in our previous publication.22 Positive
bias represents electron flow from top to bottom CoFeB lay-
ers.

Figure 1 shows the resistance-area product (RA) versus
magnetic field of a DMTJ with the CoFe 2 nm/CoFeB 0.8
nm free layer at 7,=375 °C. H,,; and H,,, denote the ex-
change bias of the lower and upper reference layers. The
three steps in the RA-uyH curve correspond to the magneti-
zation reversals of the free layer and two reference layers.
Also shown is the normalized low frequency noise power
spectrum integrated across an octave centered at 4.8 Hz as a
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FIG. 1. (Color online) The magnetic field dependence of the normalized 1/f
noise in an octave centered at 4.8 Hz and the RA-H curve for a DMTJ with
the middle free layer CoFe 2 nm/CoFeB 0.8 nm, annealed at 7,,=375 °C.
Inset shows the noise power spectral density as a function of frequency in
the P and AP states after subtracting the thermal and amplifier noise.

function of field for the same DMTJ. The noise peaks coin-
cide with switching of the ferromagnetic layers. By applying
a sufficiently large field (=60 mT), the magnetic fluctua-
tions can be suppressed. The remaining noise power is
mainly attributed to the barrier noise, which is independent
of field. Here we apply magnetic fields of 60 and —20 mT to
set the parallel (P) and antiparallel (AP) states in the DMTJ,
and measure the noise spectra up to 1 kHz. A 1/f spectrum is
observed in both cases (Fig. 1 inset), with the AP state being
much noisier than the P state.">""7!

Figure 2(a) shows the T, dependence of « in the P state
(ap) for representative DMTJs and SMTJs. The ap value
decreases with 7, for both types, which reflects a gradual
improvement of the interfaces between the ferromagnetic
layers and the MgO tunnel barrier. When T, exceeds 350 °C,
ap becomes stable due to the fact that CoFeB layers are fully
crystallized at the MgO/CoFeB interfaces. The lowest ap
value in SMTJs is 1.8 X 1071 um? at T,=375 °C, which is
similar to that reported in Refs. 19-21. The lowest ap in
DMTIJs is 1.2X 1071 um?, as shown in Fig. 3(a). The ap in
DMTIs is not half of that in corresponding SMTJs, as would
otherwise be expected from connecting two MTIJs in series.
This can be attributed to the fact that the two tunnel barriers
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FIG. 2. (Color online) The annealing temperature dependence of the noise

magnitude parameter (@) in the P state (a) and the corresponding TMR (b)
for selected SMTJs and DMTJs with symmetric MgO layers.
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FIG. 3. (Color online) (a) The noise magnitude parameter («) in the P state
and (b) the corresponding RA values as a function of the thickness of the
middle free layer in DMTJs with symmetric MgO layers. The line in (a)
indicates the minimum noise level reported in Ref. 21.

are not exactly the same, with the upper barrier suffering a
less ideal growth condition compared to the lower one.
Hence, the noise characteristics of these DMTJs may be
dominated by the upper MgO barriers.

We find no direct correlation between noise and the
TMR ratio in both SMTJs and DMTJs. In the low T, range,
TMR also increases rapidly with T, [Fig. 2(b)], which is due
to the improved interfaces as mentioned above. For the 3 nm
free layer, the highest TMR values obtained at room tem-
perature after annealing at 7,,=375 °C are 295% in SMTIJs,
222% in DMTJs with symmetric MgO layers, and 250% in
DMTJs with dissimilar MgO layers. Compared to DMTIs
with only 2 nm CoFe as the free layer, we find that inserting
a thin amorphous CoFeB layer can effectively increase the
TMR ratio. This is due to a more ideal growth condition for
(001)-oriented MgO on top of the CoFeB. After annealing, B
in the thin CoFeB is absorbed by the CoFe layer while keep-
ing its bee crystalline phase, because B cannot diffuse into
the high quality MgO barriers.”

The noise magnitude parameter ap in DMT]Js as a func-
tion of the thickness of the middle free layer is shown in Fig.
3(a). All noise measurements were made with a bias in the
range of 10-30 mV. No random telegraph noise is seen. The
highest ap~10~° um? is measured when ¢, is 0.8 nm. This
may indicate that the 0.8 nm CoFe layer is discontinuous and
it greatly degrades the MgO barrier grown on top. However,
when the thickness of the free layer is =1.0 nm, ap is at
least three orders of magnitude lower, reaching 10710 um?.
ap varies with the thickness of the free layer in these DMT]Js.
The lowest ap in the range of 1.2-2.1 X 1071% um? is found
for t;=1.2—1.5 nm. Interestingly, the RA values of these
DMTIs also vary in a roughly similar manner with the thick-
ness of the free layer. The lowest RA also appears around
t;=1.2 nm [see Fig. 3(b)]. Further experiments are required
to investigate this correlation in detail.

It is known that the voltages for which the TMR value is
reduced to half of its maximum (*=V,,) are higher for
DMTJs than for SMTJs.'” As shown in Fig. 4(a), the values
of +V,,, in TMR are +1.1 and —1.1 V for a DMTJ while they
are +0.66 and —0.62 V for an SMTJ, respectively. Here we
use «a in the AP state (a,p) to elucidate its bias dependence.
We find that there is a sharper reduction in noise with bias
compared to that in TMR. The values of *V,,, for a,p are
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FIG. 4. (Color online) The bias dependence of (a) TMR, (b) the noise
magnitude parameter in the antiparallel state and (c) the a®3/TMR value
during free layer switching for an SMTJ and a DMTJ with symmetric MgO
layers. The lines in (b) are guides to the eye.

around +0.74 and —0.65 V for the same DMT]J while they are
around +0.34 and —0.22 V for the corresponding SMTIJ. In
contrast to the bias dependence of TMR, a,p in DMTJs and
SMTIJs varies asymmetrically with bias, reflecting dissimilar
CoFeB/MgO interfaces in the MTJ stacks'""® and possibly
more oxygen vacancies appearing at the top interfaces.” Im-
portantly, V,,, in both @ and TMR for DMTIJs is approxi-
mately double that for SMTJs.'""? The noise-bias depen-
dence was also measured for the DMTJ at —45 mT, where
only the magnetization of the bottom pinned CoFeB layer
switches. The « value at —45 mT has a very similar variation
with bias compared to that for SMTJs [Fig. 4(b)]. This fur-
ther confirms that DMTJs behave in a way similar to two
SMT]Js connected in series. However, more complex behav-
ior than sequential tunneling might be considered, as re-
ported in a previous work. %

Only the free layer is manipulated around zero field in
magnetic field sensors. To show the possibility of DMTIs as
field sensors, the noise during the magnetization reversal of
the middle free layer is also measured; see Fig. 4(c). 1/f
noise is again observed. It is found that TMR decreases
slowly while the noise of middle free layer decreases fast
with bias in DMT]Js. Figure 4(c) shows the o>/ TMR value
as a function of bias for a DMTJ and an SMT]J. If the device
is perfectly linearized, this a’3/TMR is proportional to the
field detection capability in different types of MTIJ Sl (BT
found that a®3/TMR in the DMT]J is lower than that in the
corresponding SMTJ under low bias but the two curves cross
each other at +0.32 and —0.36 V. The field detection capabil-
ity is enhanced with bias, for both SMTJs and DMTIs, as
previously reported by Almeida et al."* For low bias opera-
tion, our results suggest that these DMTJs may offer a better
field detection capability compared to SMTIs.

In conclusion, comparison of low frequency noise in
DMTIJs and SMTJs with high TMR ratios shows that the
noise magnitude parameter in DMTJs is slightly lower, close
to 1 X 10710 ,umz in the P state. Like the TMR, the noise in
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the AP state for DMTJs decays slowly with bias compared to
that for SMTJs. Bias dependence of both a and TMR sug-
gests these DMT]Js behave like two SMTIs in series, with no
sign of coherent/resonant tunneling. DMTJs can be useful for
magnetic field sensors, and may offer a better signal to noise
ratio compared to SMTJs under low bias.
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