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Spin Transfer Torque Magnetic RAM (STT-MRAM) promises low power, great miniaturization prospective
(e.g. 22 nm) and easy integration with CMOS process. It becomes actually a strong non-volatile memory
candidate for both embedded and standalone applications. However STT-MRAM suffers from important
failure and reliability issues compared with the conventional solutions based on magnetic field switching.
For example, a read current could write erroneously the stored data, the variability of ultra-thin oxide
barrier drives high resistance variation and the injected current in the nanopillar induces lower lifetime
etc. This paper classifies firstly all the possible failures of STT-MRAM into ‘‘soft errors’’ and ‘‘hard errors’’,
and analyzes their impact on the memory reliability. Based on this work, we can find some efficient
design solutions to address respectively these two types of errors and improve the reliability of STT-
MRAM.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Spin Transfer Torque Magnetic RAM (STT-MRAM) is regarded as
a promising non-volatile memory candidate and it features fast
speed, infinite endurance and great scalability (e.g. 22 nm) [1,2].
Only a bi-directional low current (<100uA@ 65 nm) is used to pass
through the MRAM storage element: Magnetic Tunnel Junction
(MTJ) for switching operation (see Fig. 1) and this simplifies greatly
the integration with CMOS circuits. These advantageous features
attract much attention of R&D, a number of pre-industrial proto-
types have been demonstrated since 2005 [3,4] and one expects
to commercialize it in the next few years. Its non-volatility, infinite
endure and logic compatibility also allow conceiving the STT-
MRAM based logic circuit [5–7], such as Magnetic Look-Up Table
(MLUT), Magnetic Flip-Flop (MFF), Magnetic Full-Adder (MFA)
and Magnetic shift register etc. They expose a great potential on
low power dissipation, small die area, fast speed and is considered
to have ability to replace the other types of current logic circuits.
However, unlike the memory chip which usually has error correc-
tion codes (ECC) circuits, the reliability is a challenge for the mag-
netic logic circuits. Normally STT switching mechanism causes
much higher failure rate than the conventional approach based on
magnetic field switching and this leads to important reliability deg-
radation such as erroneous writing by read current [8,9] and high
resistance variation due to the variability of thin oxide barrier. They
limit its interest towards practical applications requiring good
ll rights reserved.
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trade-off among speed, density, power and error rate etc. These reli-
ability issues have become major obstacles for STT-MRAM, how-
ever they were not analyzed systematically in the literature.

The paper presents firstly a global failure analysis of STT-MRAM
based on its physical nature and classifies these errors into ‘‘soft er-
ror’’ (i.e. wrong signal) and ‘‘hard error’’ (i.e. device damage). The
former is mostly related to the parameters of free layer (see
Fig. 1) like thermal stability factor D and current density Jc [10].
These errors can be corrected by a new signal. The latter is mainly
caused by the parameters of oxide barrier like its thickness tox and
TMR ratio [11] (see Fig. 1). These errors are uncorrected, but we can
propose some methods to tolerate them. This work is important for
the future R&D of STT-MRAM as it helps the memory and system
designers to find efficient solutions to address these failures and
errors respectively.

In the next Sections 2–5, we categorize the failures of STT-
MRAM based on their nature and analyze their impact on memory
reliability. Some efficient design solutions to respectively address
these two types of errors are presented in the Section 6.

2. Soft errors due to stochastic switching

Although STT switching has proven sub-nanosecond potential
[12], the operation is intrinsically stochastic and some desired data
may fail to be stored correctly on the MTJs [13]. The reversal dura-
tion of STT writing mechanism can vary significantly from one
event to the next, with a standard deviation almost as large as
the average switching duration and sigmoidal distributions with
exponential tails [14], as exemplified in Fig. 2, for a MgO barrier
based MTJ [15]. This results from unavoidable thermal fluctuations

http://dx.doi.org/10.1016/j.microrel.2012.06.035
mailto:weisheng.zhao@u-psud.fr
http://dx.doi.org/10.1016/j.microrel.2012.06.035
http://www.sciencedirect.com/science/journal/00262714
http://www.elsevier.com/locate/microrel


Fig. 1. Magnetic Tunnel Junction (MTJ) is mainly composed of three thin films: two
ferromagnetic layers and one oxide barrier (e.g. CoFeB (1.2 nm)/MgO (0.85 nm) /
CoFeB (2 nm)). It presents two resistance values (RP or RAP) depending on the
relative magnetization of two ferromagnetic layers (Parallel or Anti-Parallel). The
resistance difference is characterized by Tunnel Magnetoresistance Ratio
(TMR) = (RAP � RP)/RP [11]. Through Spin transfer torque mechanism, a low bi-
directional current, IWR higher than the threshold current IC0 can switch the MTJ
between two states [1].
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8 bits 10 years*10%  IR/IC0 = 1/5
8 bits 10 years*1%  IR/IC0 = 1/5
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of magnetization [14], which randomly interfere to activate or slow
down magnetization reversal.

According to the experimental measurements shown in Fig. 2
and the theoretical model (Eqs. (1) and (2)) [9,15], increasing the
write current value IWR (e.g. IWR = 2 � the threshold switching cur-
rent value IC0) or adding extensive margins on the driver pulse
duration tpulse (e.g. 20 ns) are the most efficient methods to avoid
the writing failures, however they may lead to significant power,
speed and surface overhead. For instance, a cell area 56 F2 is re-
quired [4], which is not suitable for high-density storage. Further-
more the strengthened writing pulses could drive the breakdown
or damage of oxide barrier, which will be detailed in the Section 5.

PrðtpulseÞ ¼ 1� exp � tpulse

Duration

� �
ð1Þ

1
Duration

¼ 2
C þ lnðp2D

4 Þ

" #
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emð1þ P2Þ
ðIWR � Ic0Þ ð2Þ

where Duration is the mean duration for STT switching, tpulse driver
pulse duration, Pr(tpulse) the switching probability under tpulse,
C � 0.577 is the Euler’s constant, P the tunneling spin polarization
of ferromagnetic layers, e magnitude of the electron charge, m the
free layer magnetic moment, D = E/kBT the thermal stability factor,
E energy barrier, kB the Boltzmann constant and T is the temperature.

3. Soft errors due to limited thermal stability

Read operations of STT-MRAM drive also soft errors as the read
current can erroneously change the stored data. The thermal
stability factor D is often used to quantify the reliable retention
Fig. 2. Experimental measurement of STT stochastic switching behaviors [15], high
IWR values drive faster speed and higher switching probability.
of magnetic data storage [17], which is expected to be as large as
possible. According to the Neel-Brown model [9] or Eq. (3) [17],
we can investigate the impact of reading operation (current ampli-
tude IR, duration s and storage density) on the required D while
keeping an acceptable chip failure rate (see Fig. 3).

In Fig. 3, the D varies from 40 to 75 kBT, the data retention for
the lowest energy barrier is 10 years in zero current. We compare
with different bits per word (8 bits/word and 32 bits/word), differ-
ent reading duration ratio in data retention (10% and 1%) and dif-
ferent ratio of read current/critical current (1/5 and 1/15). It
shows that a higher D is needed for longer read duration (compar-
ison between blue solid and green point lines) and larger the cur-
rent amplitude (comparison between green point and red triangle
lines). Furthermore, if there are more bits per word during parallel
reading, higher D is necessary to avoid the failures (comparison be-
tween red triangle and cyan square lines).

Fchip ¼ 1� exp �N
s
s0

exp �D 1� IR

ICO

� �� �� �
ð3Þ

where N is the number of bits per word in the memory array, Fchip is
the error switching rate due to the cell read current IR, s0 is the at-
tempt period = 1 ns and s is accumulated read duration.

The design solution based on lower IR and shorter s allows the
reliable reading operation with a relatively low D, however the
scaling down of MTJ size will continue to reduce the energy barrier
E = l0Ms � Vol � Hk/2, where Hk is the anisotropy field, l0 perme-
ability in free space, Ms the saturation magnetization and Vol is
the volume of free layer. Therefore, obtaining a high D becomes
then one of the key challenges for small node STT-MRAM (e.g.
22 nm). Data storage using perpendicular magnetic anisotropy
(PMA) instead of conventional solution based on in-plane shape
anisotropy has been demonstrated to be one of the most palatable
solutions, which could provide a higher anisotropy field Hk com-
paring with in-plane anisotropy [10,16]. This helps to keep a large
energy barrier for high-density device. Furthermore lower critical
current and faster speed observed for PMA also benefit the integra-
tion of STT-MRAM into logic circuits [18].
4. Hard errors due to oxide barrier breakdown

One of the essential advantages of STT-MRAM is the high
switching speed, which allows it to be used in the embedded and
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Fig. 3. High thermal stability factor is required to reduce the erroneous sensing
rate. Dynamic sensing (low IR and short s) is more suitable for STT-MRAM than the
static sensing from the reliability point of view.
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logic applications [4–7]. However, as the switching current is in-
versely proportional to the switching duration, a high current den-
sity Jc is normally required to achieve this purpose (see Fig. 4 and
Eq. (2)). Moreover, we should take into account important margin
to improve the switching probability shown in Section 2. According
to the Eq. (4), there are mainly two solutions to obtain high Jc. The
first one is to increase the bias voltage V and the second one is to
reduce the Resistance.Area product (R.A) or tox.

V ¼ R:A� Jc ð4Þ

As shown in the Fig. 4, 0.8 V bias voltage can enhance �7 times
of speed comparing with that of 0.6 V. Also, by decreasing R.A from
10 to 7.5 Xlm2 while keeping bias voltage at 0.6 V, the speed can
be significantly improved. However, both the two solutions may
lead to the oxide barrier breakdown and shorten the lifetime of
MTJ [19].
Variation (%)

Fig. 5. Variability of oxide barrier thickness will lead to hard errors, as the
resistance is exponential to the thickness. Furthermore, a bias voltage for reading
can reduce greatly the TMR.

(a)
5. Hard errors due to barrier thickness variability

In order to achieve low R.A value, ultra-thin oxide barrier is
preferred and this drives important variation in 300 mm wafer.
As the resistance Rp is exponential to the tox (Eq. (5)) [9] and
the TMR ratio is reduced under bias voltage (Eq. (6)) [11], the
resistance variation ratio (VR) may be larger than TMR. In this
case, VR can disturb the sensing operation, which should be gov-
erned by TMR effect, the errors (hard errors) will thus occur. With
the comparison between VR and TMR in Fig. 5, we find that the
thickness variation should be lower than 5% to avoid these hard
errors. It is important to note that the real TMR ratio during the
data sensing with a bias voltage decreases as shown in the inset
of Fig. 5 [11]. This suggests that a good sensing strategy is to use
a low bias voltage.

RP ¼
tox

F �u1=2 � Area
� exp 1:025� tox �u1=2� �

ð5Þ
TMR ¼ TMRð0Þ
1þ V2

V2
h

ð6Þ

where u = 0.4 the potential barrier height of MgO [11]. F is a factor
calculated from the R.A value of MTJ, if R.A is 10 Xlm2, F = 332.2
with Eq. (5). TMR(0) = 120% is the TMR ratio with 0 V bias voltage,
Vh is the bias voltage as TMR = 0.5 � TMR(0).
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Fig. 4. In order to obtain high Jc for fast and reliable switching, either high voltage
or low R.A is required, which lead to short lifetime of oxide barrier.
6. Potential solutions

To improve the hardness of STT-MRAM to the soft and hard er-
rors, some design strategies and considerations [20–24] for reli-
ability enhancement of STT-MRAM have been presented recently.
For instance, to reduce the error rate for the suppressed read cur-
rent, concept of ‘1’/‘0’ dual-array equalized reference is able to gen-
erate a precise reference for stable read operation [21].
(b)

Fig. 6. Self-enabled ‘‘error-free’’ switching circuits and strategy with adaptive
driver pulse duration. (a) Scheme of proposed switching circuit. (b) Varied
switching duration driven by the ‘‘self-enable’’ operations, two examples are
provided to show the evident energy saving thanks to the stochastic switching of
STT switching mechanism.



Fig. 7. Pre-Charge Sense Amplifier (PCSA) for STT-RAM, which allows lower IR and
shorter s.
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Fig. 8. The reading error rates of PCSA increase rapidly as the R.A value is reduced.
Here the TMR ratio of STT-MTJ is fixed to 150% and 100 runs have been performed
to obtain the error rate. X is the minimum area of PCSA.
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6.1. High reliability design for ‘‘soft error’’

Self-enable switching circuit allows the stochastic switching to
be avoided and it relaxes also the bias voltage stress on the oxide
barrier [22] (see Fig. 6). A sense amplifier (S.A) connected to the
MTJs detects their states and outputs a logic value. The ‘‘self-en-
able’’ signal is activated only while the stored data is different
from ‘‘Input’’ data. As the stochastic behavior of STT magnetic
switching, the MTJ can switch its state in a short write pulse.
The fixed long writing pulse is thus replaced by a sequence of short
duration including both switching and sensing operations (see
Fig. 6b), which permits the write pulse duration to be shortened
and the number of switching operation to be reduced, the lifetime
of oxide barrier can thus be greatly improved. Pre-Charge sensing
method allows the read current value and duration (�200 ps per
operation) to be greatly minimized compared with conventional
static data sensing, this provides high reliability for the STT-MRAM
with the same D [23]. The large transistor in 1T + 1MTJ structure
can make Iread exceed to the disturb margin. The design of two
word selection transistors (one for reading operation, the other
for switching operation) per MTJ cell can solve this sensing prob-
lem [23].
6.2. High reliability design for ‘‘hard error’’

As mentioned above, hard errors are mainly due to the low val-
ues issue of R.A. Triple Modular Redundancy (TMR) or direct in-
crease of active transistors (MN0-1, MP0-1) in Pre-Charge Sense
Amplifier (PCSA) (see Fig. 7) has been found to overcome that
[23]. TMR technique eliminates errors occurring on one of tripli-
cate output by using the majority vote. TMR logic block includes
two additional SAs and a voting circuit; thereby these two solu-
tions will certainly degrade the area efficiency. Fig. 8 shows the
reading error rate comparison for three cases (increase of the tran-
sistor size without adding TMR logic block, with TMR technique
and minimum sized transistors) through Monte-Carlo statistical
simulation. We can find that only enlarging the transistor size is
sufficient for reliability improvement of conventional applications.
TMR technique can be used for applications requiring extreme
sensing hardness.

7. Conclusion

In this paper, we categorized firstly the different types of fail-
ures of STT-MRAM into free layer dominated ‘‘soft errors’’ (stochas-
tic effects and sensing errors) and oxide barrier dominated ‘‘hard
errors’’ (device mismatch). Based on different physical models like
switching probability, error switching rate, resistance and TMR, we
studied the impacts of thermal stability factor, current density,
oxide barrier thickness and TMR ratio on the reliability of data
storage. These analysis help to investigate efficient solutions to ad-
dress these issues and enhance the reliability of STT-MRAM.
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