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Abstract—This paper presents a three-terminal Magnetic
Tunnel Junction (MTJ) and its associated two transistor cell struc-
ture for use as a Spin Torque Transfer Magnetoresistive Random
Access Memory (STT-MRAM) cell. The proposed cell is shown
to have guaranteed read-disturbance immunity; during a read
operation, the net torque acting on the storage cell always acts in a
direction to refresh the data stored in the cell. A simulation study
is then performed to compare the merits of the proposed device
against a conventional 1-Transistor-1-MTJ (1T1MTJ) cell, as
well as a differential 2-Transistor 2-MTJ (2T2MTJ) cell. We also
investigate In-Plane Anisotropy (IPA) and Perpendicular-to-Plane
Anisotropy (PPA) versions of the proposed device. Simulation
results confirm that the proposed device offers disturbance-free
read operation while still offering significant performance ad-
vantages over the conventional 1T1MTJ cell in terms of average
access time. The proposed cell also shows superior performance
to the 2T2MTJ cell, particularly when the cells are targeted for
read-mostly applications.

Index Terms—Magnetic memory, magnetic multilayers, mag-
netic tunnel junction, nonvolatile memory, read disturbance, spin
transfer torque, VLSI memory.

I. INTRODUCTION

R ECENTYEARS have seen considerable research interest
in Spin Torque Transfer Magnetoresistive Random Ac-

cess Memory (STT-MRAM). This technology has been pre-
sented as a universal memory [1], as it combines many of the de-
sired characteristics of the different memory technologies cur-
rently available in the marketplace. Specifically, STT-MRAM
offers non-volatility, high density, and high-speed access [1]. A
number of papers have presented STT-MRAM test chips with
both high speed access and high density [1]–[4]. In [2], the au-
thors demonstrated a high-speed STT-MRAM chip fabricated
in CMOS with a read access time of 8 ns and write
access time of 12 ns. In [3], the authors presented a 64 Mb
STT-MRAM test chip with a 30 ns cycle time. Furthermore
in [5], the authors presented an analysis showing how a 1 Gb
STT-MRAM chip with 10 ns read/write access is achievable in
today’s technology. These works have made use of the standard
1-Transistor-1-MTJ (1T1MTJ) cell. While the 1T1MTJ cell of-
fers small area by virtue of comprising a minimal number of

Manuscript received April 17, 2012; revised July 09, 2012; accepted July 24,
2012. Date of publicationMarch 07, 2013; date of current versionMay 23, 2013.
This paper was recommended by Associate Editor M. H. Khellah.
S. Huda (corresponding author) and A. Sheikholeslami are with the

Department of Electrical and Computer Engineering, University of
Toronto, Toronto, ON M5S 3G4 Canada (e-mail: safeen@eecg.toronto.edu;
ali@eecg.toronto.edu).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TCSI.2012.2220458

Fig. 1. Conventional 1T1MTJ cell.

circuit components, this cell architecture has a number of sig-
nificant drawbacks; chief among these are the cell’s inherent
problems with read disturbance. To alleviate concerns of read
disturbance in the 1T1MTJ cell, the read sense current must
be restricted, which results in reduced sense margin. On the
other hand, to ensure disturbance-free read operation and large
sense margin, the critical current of the MTJ must be increased,
which results in the need for larger access transistors (and thus
larger cell area), increased write access power, and potentially
increased write access times. In this paper, we propose a novel
memory cell for STT-MRAM, which comprises a penta-layer
MTJ (as opposed to the conventional tri-layer MTJ) and offers
differential read operation. The cell is shown to offer guaran-
teed disturbance-free read operation, improved performance es-
pecially for read-mostly applications, and improved tolerance to
process variation. The rest of the paper is organized as follows:
Section II provides a background into device physics and the
problem of read disturbance, Section III describes the proposed
device and cell structure, Section IV describes the comparative
study and the results of the study, and finally Section V con-
cludes the paper.

II. BACKGROUND

A. Conventional 1T1MTJ Cell and Device Physics

Fig. 1 shows a conventional 1T1MTJ cell; the cell consists of
a transistor in series with aMagnetic Tunnel Junction (MTJ). An
MTJ is comprised of two ferromagnetic thin film layers, the Free
Layer (FL) and the Pinned Layer (PL), with an oxide-tunneling
barrier in between the two magnetic layers, as shown in Fig. 1.
In steady state, the magnetization vector of a ferromagnetic thin
film is aligned along an axis which is most favorable from the
standpoint of minimum potential energy; this axis is known as
the easy axis [6]. The orientation of the PL/FL easy axis with
respect to the geometry of the ferromagnetic layers gives rise
to two distinct types of MTJs: In-Plane Anisotropy (IPA) de-
vices, whose easy axis lies within the plane of the ferromagnetic
layers, and Perpendicular-to-Plane Anisotropy (PPA) devices,
where the easy axis is oriented perpendicular to the plane of the
layers. The two different directions which the FL magnetization

1549-8328/$31.00 © 2013 IEEE



HUDA AND SHEIKHOLESLAMI: A NOVEL STT-MRAM CELL WITH DISTURBANCE-FREE READ OPERATION 1535

can assume (either parallel or antiparallel to the PL magnetiza-
tion) determine the state of the MTJ. When in a parallel state,
the resistance between PL and FL is low, while when in an an-
tiparallel state, the PL to FL resistance is high; the difference
between the resistances of the two states is characterized by the
Tunneling Magnetoresistance (TMR) ratio of the device, which
is defined as [7]:

(1)

where and are the resistances of the MTJ when in
the antiparallel and parallel states, respectively. As opposed to
previous generations of MRAM where an external magnetic
field was required to switch the state of the FL magnetization
(known as Field Induced Magnetic Switching (FIMS) [8])
in STT-MRAM, the spin transfer torque effect [9] is em-
ployed. Fig. 2(a) shows Write-0 operation, which aligns the
FL magnetization in parallel to the PL magnetization (antipar-
allel-to-parallel switching). Fig. 2(b) shows Write-1 operation,
where the FL magnetization is switched to become antiparallel
to the PL magnetization (parallel-to-antiparallel switching). In
antiparallel-to-parallel switching, a positive current is passed
from the FL to the PL. This causes electrons, which have be-
come spin polarized to the magnetization of the PL, to tunnel to
the FL and exert a torque on the FL magnetization, thus causing
switching. In parallel-to-antiparallel switching, a current is
passed from the PL to the FL; as electrons tunnel from the FL
to the PL, the minority spin electrons, which are of opposite
spin to the PL magnetization, are reflected back to the FL, and
subsequently exert a torque on the FL magnetization, causing it
to switch. In either case, it is only when the torque exceeds some
critical value (governed by the magnetization parameters and
geometry of the device), that the FL magnetization switches.
The dynamics of the FL magnetization vector are governed by
the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation [9]:

(2)

where is the Gilbert damping parameter, is the gyromagnetic
ratio, is the effective field within the magnetic film,
is the saturation magnetization, is the volume of the FL,
is a unit vector describing the magnetization of the FL, is
a unit vector describing the magnetization of the PL, and
is the current passing from the PL to the FL. The spin torque
transfer efficiency term, , is given by [10]:

(3)

where is the relative angle between the FL and PL magnetiza-
tion vectors, and is the tunneling Spin Polarization factor
(TSP) and is given by [11]. Under the
macrospin approximation [12], the effective field in (2), ,
is primarily comprised of the anisotropy field and for IPA
devices, the out-of-plane demagnetizing field as well.

Fig. 2. Write operations for conventional cell (a) “Write-0” operation for con-
ventional cell (b) “Write-1” operation for conventional cell.

B. Read-Write Tradeoff in STT-MRAM

During a read operation, the current drawn by an
STT-MRAM cell—resulting either from the current due to
the application of a fixed voltage across the cell, or from
the application of a fixed current to the cell—can potentially
disturb the data stored in the cell. In order to ensure that a read
operation is non-destructive, the current applied through the
MTJ during a read operation is limited to be significantly less
than the write critical current. As shown in [13], even if the
applied current is less than the critical current, the data in the
cell may still be destroyed as a consequence of thermal noise
processes. A stochastic model for predicting the likelihood
of switching the state of an MTJ was presented in [13]; the
probability of switching an MTJ given a read current, ,
which is less than the MTJ’s critical current, , is:

(4)

where is the duration in time when is applied to the
MTJ, while is given by:

(5)

where is the nominal switching time when a current of mag-
nitude equal to is applied to the cell, is the anisotropy
constant, is the volume of the MTJ’s FL, is the Boltz-
mann constant, and is the temperature given in Kelvin. The
term is also known at the thermal stability factor,
, and is the ratio between the magnetic energy stored in the

cell and the thermal energy . Equation (4) in-
dicates that at some finite temperature , and for some read
current , there exists a finite probability for the
cell to be switched, or in other words, for the data to be de-
stroyed. It is here where the fundamental tradeoff between read
stability and critical write current lies. For instance, if a high
performance read operation is desired, a natural way to achieve
this is to increase the sensing margin, which requires increasing
the read sense current. Using (4) and (5), it can be shown that
there is a rapid increase in read disturb rate as the read sense
current is increased (and is kept constant). Therefore, to in-
crease read sense margin while keeping the read disturb rate
constant, must be increased (which can be achieved by al-
tering the FL size and/or magnetization parameters), such that
the ratio is kept constant. As such, improving read
performance by increasing the read sense current inevitably re-
sults in increasing the critical current, and thus degrading write
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power and potentially write speed. Furthermore, since the crit-
ical write current decreases for smaller process nodes, the read
sense current must therefore also decrease. This therefore po-
tentially makes read sensing more difficult at smaller process
nodes.
Several cells have been proposed previously, where circuit

and/or device level innovations were pursued in a bid to re-
duce the risk of read disturbance. Circuit level solutions, such
as in [4] and [14], attempt to specifically restrict the read cur-
rent below some threshold (which can be determined for some
targeted read disturb rate using (4)), although this will result in
degraded read performance. In [14], the authors propose a novel
2-Transistor 1-MTJ (2T1MTJ) STT-MRAM cell, where the two
access transistors are turned on in parallel during a write op-
eration, thereby allowing for large access currents through the
MTJ during a write operation, while only one access transistor
is turned on during a read operation, which limits the current
thus reducing the risk of read disturbance. Note that while this
approach allows for both read and write access at a low error
rate, it does not decouple the inherent read-write performance
tradeoff characteristic of the conventional 1T1MTJ cell. Recent
device level approaches to solving the problems of read distur-
bance include the device and cell proposed by [15], where a
three terminalMTJwas proposedwhich allows for separate read
and write ports; the tunnel junctions corresponding to the two
different ports can then be independently optimized to allow for
read and write access to be independently optimized. However,
while this cell offers improved read performance and read sta-
bility, the cell suffers from degraded write access performance
due to the fact that the FL of the proposed device was enlarged
to accommodate multiple contacts. In contrast, in this work we
present a cell which offers unconditional immunity to read dis-
turbance—regardless of the magnitude of the applied read sense
current—and furthermore the proposed cell employs various de-
vice and circuit level techniques to optimize write performance.

III. PROPOSED DEVICE

The structure of the proposed device is shown in Fig. 3,
with Fig. 3(a) and 3(b) illustrating the IPA and PPA versions
of the device, respectively. As shown in the figure, the MTJ is
comprised of two PLs: Top Pinned Layer (TPL) and Bottom
Pinned Layer (BPL). These layers are stacked vertically above
and below the FL, respectively, with a tunneling barrier in
between each PL and the shared FL. This device is envisioned
to make use of the same processing steps described in [15], [16]
to allow for the fabrication of the metallic contact attached to
the FL. The fixed magnetizations of the two PLs are antiparallel
to one another. In contrast to the device presented in [13], this
device also requires metal contacts to all three ferromagnetic
layers. Note that when the FL magnetization is parallel to TPL,
the resistance between TPL and FL is low, while the resistance
between BPL and FL is high. The opposite is true when the FL
magnetization is parallel to BPL. In this work, we assign a state
of logical “1” when the FL magnetization is parallel to TPL,
and a state of logical “0” when the FL magnetization is parallel
to BPL. Circuit level symbols for the IPA and PPA devices are
shown in Fig. 4(a) and 4(b), respectively, while Fig. 4(c) shows
the proposed cell. The cell consists of two transistors, and

Fig. 3. Structure of proposed device (a) IPA version of proposed device (b) PPA
version of proposed device.

Fig. 4. Proposed device symbols and proposed cell schematic (a) Circuit
symbol for IPA version (b) Circuit symbol for PPA version (c) Proposed cell
shown with IPA device.

Fig. 5. Top level chip diagram.

, which are connected to the TPL and BPL of the proposed
device, respectively. Note that the FL of the proposed device
is connected to the Select Line (SL), and the two transistors
are connected to the same Word Line (WL). Finally, Fig. 5
shows the top level organization of a hypothetical memory chip
comprising of the proposed cells.
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Fig. 6. Write operations for proposed cell (a) “Write-0” operation for proposed
cell (b) “Write-1” operation for proposed cell.

A. Cell Write Operation

The proposed cell’s write operation is illustrated in Fig. 6(a)
and 6(b). During a write operation, current is passed from the FL
to either TPL or BPL; as is shown in Fig. 6(a) and 6(b), this write
operation allows us to always perform a parallelizing write op-
eration in switching the state of the cell. By selecting which path
to carry current during a write operation, the FL magnetization
is switched to be parallel to either TPL or BPL. Since a paral-
lelizing write operation requires less current than an antiparal-
lelizing write operation [10], this scheme will allow for reduced
critical current on average. This statement may be quantified by
examining the spin torque efficiency gain, which we define here
as being the ratio between the spin torque transfer efficiency
factor, , for an antiparallel to parallel write operation, and the
spin torque efficiency factor for a parallel to antiparallel write
operation. The spin torque efficiency gain is therefore:

(6)

Since , , implying that the worst case
current required to switch the magnetization vector in the pro-
posed device is always less than that of a conventional MTJ
with similar FL dimensions and magnetization parameters. For
a typical MTJ with a , , and so the

; this implies a reduction in worst-case critical cur-
rent over a conventional MTJ of almost 60%. Timing diagrams
for a “Write-0” and a “Write-1” operation are shown in Fig. 7(a)
and 7(b), respectively. During a “Write-0” operation, since cur-
rent must pass from FL to BPL, SL is raised to while
is grounded. Since and share the same WL, must
be raised to also to prevent current passing from FL to
TPL, which ensures that current flow is only from FL to BPL
during a “Write-0” operation. Due to the symmetry of the cell,
a “Write-1” operation is similar, except now is grounded
while is raised to . For both cases, the WL signal is
intentionally delayed until after the SL, , and signals
have settled as this prevents the case where a current from the FL
flows to the wrong PL during the write operation. This delay is
not expected to represent any additional timing overheard, since
the WL signal is naturally delayed with respect to other signals
due to delays incurred during word line decoding.

Fig. 7. Timing diagrams for write operations for proposed cell (a) Timing dia-
gram for a “Write-0” operation (b) Timing diagram for a “Write-1” operation.

Fig. 8. Proposed read scheme.

B. Cell Read Operation

During a read operation, both and are turned on, FL
is connected to (through SL), and a sense amplifier is
used to compare the TPL-to-FL resistance to the BPL-to-FL re-
sistance. In this way, the cell behaves much like a differential
memory element. Fig. 8 shows a current-based read operation
for the proposed cell. Here (in steady state) identical currents
are applied from TPL to FL and from BPL to FL. By com-
paring the resulting voltages at TPL and BPL (or the drains of

and ), the resistance difference between the two paths
can be detected, and thus the state of the FL magnetization can
be inferred. Timing diagrams for a read operation are shown in
Fig. 9(a) and 9(b). As shown in the timing diagram, the Bit Line
(BL) voltages are precharged to ; when the WL is raised to

, the nodes and are discharged through the the
TPL-to-FL and BPL-to-FL paths, respectively—the different
resistances of these two paths also give rise to different time
constants for these nodes. The steady state voltages of these two
nodes are given by the product of the current source magnitude,

, and the different path resistances between and
and and . As such we see that in steady state,

when a logical “0” is stored in the cell, the steady state voltage
of is larger than , and when a logical “1” is stored in
the cell, the steady state voltage of is larger than . Also
note that as shown in the timing diagrams, due to the fact that
the time constants for the nodes and are different, the
transient current waveforms for , the current flowing from
TPL to FL, are different from the current waveforms for ,
the current flowing from BPL to FL. However in steady state,
during a read operation .
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Fig. 9. Timing diagrams for read operations for proposed cell (a) Timing dia-
gram for a “Read-0” operation (b) Timing diagram for a “Read-1” operation.

There are two key advantages to the proposed read scheme
presented here. First, since the read scheme is differential in
nature, it inherently provides a two-fold improvement in sense
margin as compared to a conventional 1T1MTJ given the same
read current and the same ratio between and . Second,
the cell has the advantages of an improvement to process vari-
ation and guaranteed immunity to read disturbance. We show
these benefits in the next two subsections.
1) Increased Tolerance to Process Variation: In a conven-

tional 1T1MTJ based STT-MRAM, when a voltage/current
stimulus is applied to the cell to measure the cell’s resistance,
the resulting current/voltage which is sensed is compared to
that of a reference cell, which is typically not in close proximity
to the cell being read. As a result of inherent process variation,
there could be a degradation in read sensemargin. In cases of ex-
cessive process variation, the cell may be incorrectly read. The
nominal Read Sense Margin (RSM) of the conventional cell,

, which excludes the effects of process variation
on the MTJ resistances of the cell being read and the reference
cell, is equal to . If the effects of process
variation are included, the degradation to the RSM of the
conventional cell is equal to , where

and are the random offsets to the MTJ resistances
of the cell being read and the reference cell, respectively. For a
differential cell on the other hand, the RSM under process vari-
ation is equal to ,
where is the nominal read sense margin of a
differential cell under zero process variation, while
and are the random offsets to the tunnel resistances of
the two MTJs comprising a differential cell. If we assume that
the variation in tunnel resistance is spatially correlated, then
in the worst case for the conventional cell, and
are uncorrelated—this would correspond to the case when
the reference cell and the cell being read are distant from one
another. For the differential cell however, ,
since the two tunnel junctions comprising the cell are in close
proximity to one another. As such, the worst case RSM for the
conventional cell is:

(7)
while for the differential cell, the worst case RSM is simply:

(8)

Fig. 10. Transient current waveforms during a read operation.

Fig. 11. Transient currents and voltages during a read operation.

As such, under the assumption that variation in tunneling resis-
tance is spatially correlated, the read operation for the proposed
cell is expected to show immunity to variation—owing to the
fact that the proposed cell is differential in its structure and is
self-referenced—while in the worst case, the conventional cell
is expected to have degraded RSM as a result of variation be-
tween the tunneling resistances of the cell being read and the
reference cell.
2) Read-Disturbance Immunity: The advantages of im-

proved RSM and greater tolerance to process variation are
inherent to the fact that the cell is differential in nature. Indeed,
a differential 2-Transistor 2-MTJ (2T2MTJ) cell, which effec-
tively comprises two 1T1MTJ cells which store complimentary
data, would have the same advantages listed above. However,
perhaps the most significant advantage of the proposed cell
which would not be offered in a 2T2MTJ cell is the possibility
of absolute immunity to read disturbance, regardless of the
magnitude of the applied read sense current. To show this
immunity, let us consider the net torque acting on the FL during
a read operation. If we consider the current waveforms during
a read operation for and , as depicted in Fig. 10,
we observe that we may divide the waveforms generally into
two phases: the transient phase, where and are
both increasing with time and , and the steady
state phase, where and have reached (or for all
practical purposes are near) their steady state values, and

. Thus, for our analysis, we begin by
considering the net torque acting on the FL during the transient
phase of the read operation where and are not
equal, and then we consider the net torque acting on the FL in
the steady state phase during a read operation. Fig. 11 shows the
transient voltages and currents of relevant nodes and branches
during a read operation for a cell storing a logical “1”, i.e., the
TPL magnetization vector is parallel to the FL magnetization
vector. In the figure, is the voltage between TPL and FL,

is the voltage between BPL and FL, is the voltage of
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, is the voltage of , is the current through ,
is the current through , and as before, is the current

from TPL to FL while is the current from BPL to FL.
During the transient phase of a read operation, given that the ini-
tial precharge voltages of and (i.e., and )
are equal, it can be shown that for . It can
further be shown that this implies that .
Intuitively, this is true because the path resistance from
to SL is larger than the resistance from to SL, because
the cell is storing a logical “1” and the BPL-to-FL resistance is
larger than the TPL-to-FL resistance. We are now in a position
to comment on the net torque on the FL during the transient
phase of a read operation. We first note that the torque acting
on a magnetic body subjected to a current induced spin transfer
torque is given by [10]:

(9)

where is the component of the torque acting on the magnetic
body which is in the same plane as the magnetization vectors of
the magnetic body and STT source, is the TSP factor, is
the conductance of the parallel state MTJ, is the angle between
the magnetization vector of the magnetic body and the source
of the spin transfer torque, while is the applied voltage across
the FL and PL of an MTJ. Equation (9) indicates that the torque
applied by a layer is a monotonically increasing function of ap-
plied voltage; this is supported by experimental results which
show the dependence of spin transfer torque on voltage [17],
[18], as well as measurements of the hysteresis characteristics of
MTJs which show that and switching occur
at approximately the same applied voltage [19]–[21]. Therefore,
since the applied voltage across the BPL to FL path, , is
larger than the voltage across the TPL to FL path, , the
net torque on the FL must be in the same direction as the torque
transferred by the BPL. Because of the polarity of the currents
applied to the FL, this torque must act in a direction which is an-
tiparallel to the BPL magnetization vector, which in turn would
mean that the torque acts to refresh the data in the cell. It follows
that because of the symmetry of the proposed cell, if a “0” was
initially stored in the cell, the torque acting on the FL from the
TPL would be larger than the BPL, thus acting to “refresh” the
existing data in the cell.
After the currents and have settled to their steady

state values (both equal to ), the net torque acting on the
FL continues to serve to refresh the existing data in the cell in
the steady state phase of a read operation. In fact, in the steady
state phase we can find a simple closed form expression for the
net torque acting on the FL. First, we rewrite (9) in terms of the
applied current between the magnetic layers of an MTJ. Using
the Julliere model [22], and under the assumption that the par-
allel state conductance is approximately constant with applied
bias (as is consistent with experimental results [1]), (9) can be
rearranged to give a torque term which is only a function of the
reduced magnetization vectors of the magnetic body, , and
the STT source, , as well as the applied current, , which
flows from the magnetic body to the spin torque transfer source,
to yield the following equation:

(10)

where is equal to . Now, given (10), we
can determine the net torque acting on the FL during the steady
state phase of a read operation, given that the net torque acting
on the FL is simply the sum of the individual torques contributed
by the TPL and BPL:

(11)

In the above represents the angle between the magnetization
vectors of TPL and FL and represent the angle between the
magnetization vectors of BPL and FL. Note that the following
relations were used in reaching (11): ,

, and .
For our analysis, we must consider the net effective torque

on the FL for both states of the FL. First we consider when the
FL magnetization is parallel to the TPL magnetization, .
Given that the is an increasing function of (over the range

), clearly must be greater than
zero. As such, it becomes evident that the net torque acting on
the FL during a read operation, , must be in a direction
which pulls the FL magnetization towards TPL. Next, we con-
sider when the FL magnetization is parallel to the BPL magne-
tization, . Now, must be less than
zero. As such, the net torque acting on the FL is in the direc-
tion of , or equivalently, in the direction of ;
thus the net torque would pull the FL magnetization towards
BPL. Therefore, as was the case in the transient phase of the
read operation, in the steady state phase of the read operation
the net torque acting on the FL will always be in a direction
which reinforces the data stored in the cell, and so the proposed
read operation for this cell offers guaranteed immunity to read
disturbance.

C. Device Parameter Optimization

In conventional 1T1MTJ cells, due to problems of read distur-
bance, there is an inherent tradeoff between read stability, read
performance, and the critical write current. To ensure read sta-
bility, the read current is restricted to be less than the critical
write current. The tradeoff here is that high speed read access
requires large sense currents, which in turn necessitates a large
critical current (for read stability); on the other hand, high speed
write access for a given constrained write current and/or low
power write access is achieved through a low critical current.
With the proposed cell offering guaranteed immunity to read
disturbance, there is no tradeoff between the read access and
write access currents. Indeed, the read access current can even
exceed the cell’s critical current. We are therefore in a position
to optimize certain device parameters, namely the oxide thick-
ness and the strength of the anisotropy field.
1) Oxide Thickness Optimization: The oxide thickness plays

a crucial role in the read/write tradeoff for an MTJ, as the oxide
thickness sets the parallel and antiparallel state resistances of the
MTJ, in addition to the TMR value. A thicker oxide results in not
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only a larger MTJ resistance, but also for a range of oxide thick-
nesses, a larger TMR [23], [24]. Since the RSM is proportional
to both the tunneling resistance and TMR values, for conven-
tional cells a larger oxide thickness is favoured, as this allows for
high speed read access. On the other hand, the increased resis-
tance resulting from a thicker oxide results in difficulty during a
write operation. For a given critical current, the increased resis-
tance resulting from a thicker oxide causes the voltage between
the two terminals of the MTJ to increase during a write opera-
tion, thereby potentially necessitating a larger access transistor
and/or a higher supply voltage. Since the proposed cell offers
disturb free read operation for any applied read sense current,
the degradation to sense margin by using a thinner oxide may
be offset by using larger read sense currents. This allows us to
optimize the oxide thickness for write access, and we compen-
sate the detrimental effects to the RSM by using a larger read
sense current during a read operation. We highlight the choice
of oxide thicknesses for the devices considered in this study in
Section IV-B.
2) Magnetization Parameter Optimization: The thermal sta-

bility factor of a cell governs the data retention capabilities of
the cell in both salient operation as well as during a read op-
eration. As explained in Section II-B, even for currents smaller
than the critical current, it is possible during a read operation that
the cell’s contents will be disturbed. The probability of cell flip
for a current less than the critical current is given by Equation
(4). To ensure a low read disturb rate (on the order of ,

is set to be greater than 55 [13], where
, and is the strength of the anisotropy

field. However, for our proposed device, we are able to reduce
since read disturbance is no longer a concern. The only con-

straint on which remains is the 10 year data retention require-
ment [13]; using (4), of 43 results in a probability of greater
than 99% that the data will be retained in a cell after 10 years.
A smaller value for results in a decrease in the cell’s crit-
ical current; this is intuitively obvious because a large value for
indicates a large magnetostatic potential energy, as such, a

larger torque must be applied to switch the state of the cell. We
can estimate the potential reduction in critical current that can
be brought about by a reduction in the value of by a common
approximation for critical current for IPA devices [25]:

(12)

and for PPA devices [26]:

(13)

Reducing the value of for a fixed volume entails either re-
ducing or . Since (12) shows a quadratic relationship
between critical current and , we would estimate that re-
ducing by 22% (from a value of 55 to a value of 43) would
result in an almost 40% reduction in critical current (since the

term dominates over the term). However, much of
the materials optimization of conventional MTJs has targeted
a reduction in already, and therefore it may be difficult to
further reduce this value. Therefore, it is more probable that a
reduction in will be achieved through a reduction in . For
PPA devices, since is linearly related to , a 22% reduc-
tion in would result in a 22% reduction in , however for

TABLE I
ESTIMATED REDUCTION THROUGH MINIMIZATION OF

ANISOTROPY FIELD STRENGTH

IPA devices, this is not the case, since is a linear function of
and not just . For large device volumes the

term is dominated by the term, and so re-
ductions in have negligible impact to . However, since

increases for small device volumes (to maintain a given
targeted value for ), the gains in current reduction for IPA de-
vices from reduction in become more prominent. Estimated
reductions in for various FL volumes are shown in Table I.

IV. COMPARATIVE STUDY

In order to assess the merits of the proposed cell, we per-
formed a simulation study to compare the proposed cell against
a conventional 1T1MTJ cell and against a 2T2MTJ cell, which
in this study is simply two 1T1MTJ cells which hold compli-
mentary data. The MTJs in both the 1T1MTJ and 2T2MTJ cells
are modeled as top-pinned devices [27]. The simulation study
made use of STM’s 65 nm process kit. In the following sections,
we describe the details of the simulation study: how the devices
in each of our cells were modelled, what simulation parameters
were used, how the devices were all individually optimized, and
finally present results of the simulation study.

A. Device Modeling

For the present study, models for the conventional and pro-
posed devices were developed and written in Verilog-A. This
has allowed for the co-simulation of MTJs with transistors, thus
allowing transient analysis at both device and transistor level.
For the devices studied in this work, the device models can
be divided into two components; one component models the
tunnel conductance as a function of various device parameters
and the relative orientation of the FL and PL magnetization vec-
tors, while the second component models the magnetodynamics
of the magnetic layers. The details of the general modeling ap-
proaches are discussed below.
1) Tunnel Model: We used the Julliere model [22] and mod-

eled the bias dependent decay of TMR using the approach fol-
lowed in [28] to yield the following equation for the MTJ resis-
tance as a function of —the relative angle between the magne-
tization vector of two adjacent layers—and the applied bias, :

(14)

where is the TMR at zero applied bias, and is the
voltage at which the TMR drops to half the value of .
In addition to modeling the and bias voltage dependence on
the MTJ resistance, it is also imperative to model the effect of
the oxide barrier thickness on tunneling resistance and TMR. In
lieu of a quantitative model relating oxide thickness to TMR, for
this work we used recent experimental data which presents both
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tunneling resistance and TMR data over a range of oxide thick-
nesses [29]. In modeling resistance versus oxide thickness, we
fit an exponential model of the form to the
experimental data, while for modeling TMR versus oxide thick-
ness, we built a simple piece-wise linear model directly from the
experimental data, instead of attempting to find a functional re-
lationship between TMR and oxide thickness.
2) Magnetodynamics Model: The Verilog-A model imple-

mented for this work solves the LLGS (2), to model the dy-
namics of the FL magnetization vector. Note that (2) models
the dynamics of the FL magnetization vector as it is subjected
to a current induced spin transfer torque, in addition to device
anisotropies. For this work, we assume the FL behaves as a
single magnetic domain, and as such we use the macrospin ap-
proximation for the FL [12]. As mentioned in Section II-A,
under this approximation and are the principal con-
tributors to . Assuming a coordinate system where the
easy axis of FL is along the -axis, the plane is the easy
plane of the FL, and the -axis is the hard axis, simple models
for and are [30]:

(15)

(16)

where is the strength of the anisotropy field, is the angle
between the magnetization of the FL and the easy axis, is
the azimuthal angle between the projection of the magnetization
vector of the FL on the plane and the -axis, and and
are unit vectors along the and axes respectively.
3) Device Dimensions: For the conventional MTJs consid-

ered in this study (found in both the conventional 1T1MTJ cell
and the differential cell), we chose the FL dimensions to be: 60
nm (length), 60 nm (width), and 1 nm (thickness). For the pro-
posed device however, due to the fact that an additional metallic
contact is required adjacent to the tunneling barriers, the FL for
the proposed device must be larger than that of a conventional
MTJ. This is similar to the case of a previously proposed 3-ter-
minal MTJ [15]. We use the same lambda design rule based
analysis used in previous work [15] to estimate the volume for
the FL in the proposed device, given identical process node as
the conventional MTJ. Since the spacing between the additional
metallic contact and the tunneling barriers is half the width of
the contact/oxide area, adding a contact adjacent to the oxide
area results in increasing the FL area by 250%.
4) Material Parameters: Material parameters for the devices

were chosen to match the parameters and characteristics of ex-
isting MTJs. The main material parameters to be set are the FL’s
saturation magnetization, , thermal stability factor, , and
the Gilbert damping constant, , of the FL. For this study,
was chosen to be , this is in line with the satu-
ration magnetization of CoFeB alloys [25]. For , we chose a
value of 55 for the conventional and differential devices, as this
allows for a read disturb rate of less than given a read
sense current equal to 40% of the critical current, while for the
proposed device we chose a value of 43 to ensure 10 year data
retention, as previously discussed. As for the Gilbert damping
constant, , this was tuned to yield critical current densities sim-
ilar to recent experimental results. For IPA devices was set to
0.001 and for PPA devices was set to 0.002, yielding critical
current density of 2- and , respectively,

which are consistent with experimental results presented in [31]
and [26], respectively.

B. Device Optimization

For all versions of the proposed and conventional devices,
oxide thickness and access transistor sizes were optimized for
the sake of optimal performance and area efficiency. We tar-
geted these devices for two classes of applications: read-write
applications which on average would have an equal number of
read and write operations and read-mostly applications which
on average have more read operations than write operations.
To quantify the two classes of applications, we say that in the
former class of applications, read operations occur 50% of the
time while write operations occur 50% of the time. Thus the av-
erage access time—which is a weighted average of the read and
write access times—for a read-write application is:

(17)

For a read-mostly application, we chose to set the average
number of read operations to be 90%. Thus for the read-mostly
applications targeted in this work, the average operation time
is:

(18)

We begin with device optimization in choosing the optimal
oxide thickness for all the devices for the two target applica-
tion classes mentioned. The resistance of tunneling barriers
is exponentially related to the oxide thickness, therefore,
increasing oxide thickness reduces the amount of current an
access transistor can provide to the device, thus increasing
switching times. On the other hand, increasing oxide thickness
results in increased RSM (for the same read sense current),
thus improving read access time. By taking weighted sums of
these read and write access times for all the devices studied
in this work, we were able to find optimal values of oxide
thickness for the two different application classes targeted
here. Sample plots of the variation of average operation time
over oxide thickness for IPA devices are shown in Fig. 12.
Note that the conventional and differential cells have different
curves because the differential cell offers superior read access
performance; this is because its differential read access gives it
a natural two-fold improvement in RSM over the conventional
cell.
These plots show that while the average access times for the

proposed cell are optimized at small values for oxide thickness,
the oxide thicknesses for the conventional and differential cells
cannot be set to such small values. In fact, for the conventional
and differential cells, the average access times are optimized
when the oxide thickness is between 0.85 nm and 1 nm. Small
oxide thicknesses degrade the performance of the conventional
and differential cells because the read sense current is limited to
40% of the critical current; as the oxide thickness is decreased,
the RSM, which is effectively the product of the read sense cur-
rent and the oxide barrier resistance, must decrease as well. In
fact, given a minimum value for RSM (chosen to be 50 mV
in this study), there is also a lower limit on the minimum re-
sistance of the tunneling oxide (and thus a minimum value for
the oxide thickness). For the proposed device however, we are
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Fig. 12. Average operation time versus oxide thickness for IPA devices
(a) Read-Write Applications (b) Read-Mostly Applications.

free to increase the read sense current as the tunneling oxide
thickness is decreased (to compensate for the decreased tun-
neling resistance), and thus a desired RSM can be maintained as
oxide thickness is reduced. This explains why the average op-
eration time continues to decrease as oxide thickness decreases
for the proposed device; the read access time does not degrade
as oxide thickness is reduced (again because RSM does not de-
grade as oxide thickness is reduced), while the write access time
improves, as such the overall average operation time improves.
The plots also show that the proposed cell shows inferior per-
formance compared to the conventional and differential cells as
the oxide thickness is increased; this is because given identical
oxide thicknesses, the proposed device has inferior write perfor-
mance compared to the conventional and differential cells (as
will be discussed in Section IV-C). For large oxide thicknesses,
due to the limited output swing of the read circuitry, the read
sense current for the proposed cell cannot be increased to im-
prove read performance as a means to compensate for the cell’s
degraded write performance.
In addition to optimizing oxide thickness, we need to opti-

mize access transistor size for each cell. The access transistor
width affects the read and write access times in different ways:
as transistor width is increased write access time improves
(since a larger current can be applied to the cell during a write
operation), however read access time is degraded due to the
increased capacitive loading on the BLs. Fig. 13 shows sample
plots of the average operation time versus access transistor
width for IPA devices; note that the access transistors have
minimum length.
These plots show that while the differential and conventional

cells show degradation in performance as access transistor
width is increased, the proposed cell shows improved per-
formance as access transistor width is increased. This is
because for the differential and conventional cells, as the access

Fig. 13. Average operation time versus transistor width for IPA devices
(a) Read-Write Applications (b) Read-Mostly Applications.

transistor width is increased past a certain width (twice the min-
imum width for both cases for the plot shown), the degradation
in read access time cannot be overcome by the improvement in
write access time, and as such the overall average access time
is degraded. However, for the proposed cell, again the effects
of degraded read access time from the increased BL loading
can be compensated for by increasing the read sense current,
which increases RSM; to reiterate, this was not a viable option
for the conventional and differential cells due to the necessary
restriction on read sense current for these two cells. Note that
Fig. 13(b) shows that the performance of the proposed cell
eventually begins to degrade as the access transistor width
in increased past four times the minimum transistor width.
This is because limitations on output swing of the sense node
(the swing is dictated by and the overdrive voltage of
the current source providing the read sense current) limits the
extent to which the read sense current can be increased; as such
for the proposed cell the penalty to read access time can only
be compensated for to a certain extent. Nonetheless, we see
that overall the proposed cell allows the read and write access
operations to be independently optimized, and presents a po-
tentially greater optimization space (and thus design flexibility)
than the differential and conventional cells.
For this study, we chose to normalize cell areas between the

three cells considered in this study; as suchwe chose to first opti-
mize the access transistor size of the conventional cells, and then
we chose access transistor sizes for the differential and proposed
cells that would minimize the difference in cell areas between
all three cells. Table II show the optimal oxide thicknesses and
the transistor widths chosen for the simulation study. Finally,
Fig. 14(a)–14(d) show layouts of the cells in this study; all WLs
are routed on Metal-1/Poly, while SLs and BLs are routed on
Metal-2.
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Fig. 14. Cell layouts (a) Conventional Cell, 120 nm transistor width (b) Con-
ventional Cell, 240 nm transistor width (c) Differential Cell (d) Proposed Cell.

TABLE II
OPTIMAL OXIDE THICKNESSES AND CHOSEN TRANSISTOR

WIDTHS FOR CELLS IN THIS STUDY

C. Simulation Results: Write Performance

Fig. 15(a)–15(d) show comparisons of the write performance
between the different cells considered in this study; the plots
show the time evolution of the -component of the FL magne-
tization vectors during an antiparallelizing write operation (as
this is the worst case) for the devices being compared. We mea-
sure the switching time as the time taken for the -component
of the FL magnetization vector to equal the switching threshold,
which we define to be equal to zero. The switching times for all
of the cells considered in this study are summarized in Table III.
The results show that for IPA devices optimized for Read-

Write applications, the conventional cell offers the best write
performance because its access transistor width is twice that
of the other cells, thus allowing for increased current during
a write operation. For IPA devices optimized for Read-Mostly
applications however, we first note that in general all of the
write access times have degraded compared to the devices op-
timized for Read-Write applications; this is expected since the
oxide thicknesses for these cells must be increased to improve
read performance (which compromises write performance). We
also note that now, the conventional cell offers the worst perfor-
mance, while the differential and conventional cells have sim-

Fig. 15. Write operation comparison (a) IPA Devices, Read-Write application
(b) IPA Devices, Read-Mostly application (c) PPA Devices, Read-Write appli-
cation (d) PPA Devices, Read-Mostly application.

ilar switching times, from which we conclude that due to the
lower RSM of the conventional cell compared to the proposed
and differential cells, when optimizing for Read-Mostly appli-
cations the conventional cell oxide resistance must be increased
by a greater degree than the proposed and differential cells.
Another interesting result shown in the table is that while the

PPA versions of the differential and proposed cells show an im-
provement in switching time over their IPA counterparts, the
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TABLE III
WRITE PERFORMANCE SUMMARY

TABLE IV
READ PERFORMANCE SUMMARY

conventional cell shows degradation. Since PPA devices have
lower critical current than IPA devices, larger oxide thicknesses
are required in both the conventional and differential cells in
order to obtain similar RSM compared to the IPA devices. Since
the differential cell naturally has larger read sense margin than
the conventional cell (by virtue of the differential nature of the
read operation), the increase in oxide thickness between the IPA
and PPA embodiments of the differential cell was not as large
as compared to the conventional cell (an increase of 0.025 nm
for the differential cell versus an increase of over 0.05 nm for
the conventional cell). While the increase in oxide thickness for
the differential cell offsets the gains in write performance from
a reduced critical current, we still observe an improvement in
switching time over the IPA version of the cell; however this
is not the case for the conventional cell. For the proposed cell
however, since the read sense margin is completely unrelated
to the cell’s critical current, the oxide thickness does not have
to increase compared to the IPA version of the cell to maintain
similar levels of read performance.
In comparison to the differential cell, the proposed cell offers

very similar switching times for the case where the devices have
IPA. When the devices have PPA however, the proposed cell
shows an average increase over the differential cell of approx-
imately 15%. Compared to the conventional cell, the proposed
cell shows an increase in switching time of approximately 19%
for the case where the cells are comprised of IPA devices opti-
mized for read-write applications. However, for all other cases,
the proposed cell shows an improvement in write access time:
the proposed cell shows an average decrease of 23%. While
the proposed device offers various means to reduce switching
time—such as reduced thermal stability and optimized oxide
thickness, in addition to ensuring the current driven torque al-
ways originates from a PL whose magnetization vector is an-
tiparallel to the magnetization vector of the FL—the simulation
results show that in certain cases, the conventional and differen-
tial cells offer faster switching. This is mainly due to the fact that
despite the measures employed to reduce the switching time of
the proposed cell, the degradation in spin transfer torque due to
the fact that the FL of the proposed cell is 250% the size of the
FLs in the conventional and differential cells can, in some cases,
result in larger switching times. However, potential fabrication
techniques to reduce the volume of the FL, such as reducing the

Fig. 16. Read operation comparison (a) IPA Devices, Read-Write application
(b) IPA Devices, Read-Mostly application (c) PPA Devices, Read-Write appli-
cation (d) PPA Devices, Read-Mostly application.

thickness of the FL in the area beneath the metallic contact or
by fabricating part of the FL with a non-magnetic material, can
result in increases in write performance of the proposed cell.
Exploring such techniques in detail is left as future work.

D. Simulation Results: Read Performance

The main advantage of the proposed cell is in its read perfor-
mance, as will be shown in this section. In Fig. 16(a)–16(d), we
monitor the read sense signal developed across relevant nodes
during a read operation for the conventional, differential, and
proposed cells. In memories, these signals are typically sensed
and latched by a sense amplifier circuit—these circuits typically
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TABLE V
RESULTS SUMMARY

require some minimum voltage to develop across their input ter-
minals to overcome effects of input offset, variation, and noise,
so that the state of the memory cells can be detected with a low
error rate. For this study, we set the required threshold to be 50
mV, and so our definition of read sense time is the time it takes
for the read sense signals to reach this 50 mV threshold. The
read times for all of the cells considered in this study are sum-
marized in Table IV.
Since PPA devices have lower critical currents than their IPA

counterparts, the conventional and differential cells require re-
duced read sense currents to ensure a low read disturbance rate,
however this comes at the cost of increased read access times;
this is reflected in the results when comparing the simulations
in Fig. 16(c) and 16(d) to Fig. 16(a) and 16(b). However, this is
not the case for the proposed cell since the critical current does
not limit how much current can be supplied to the cell during a
read operation.
Overall, we see that the proposed cell offers improvements

in read access times over the conventional and differential cell
for all cases. Compared to a differential cell, the proposed cell
is able to achieve an average reduction in read access time of
approximately 38% over all of the different cases considered in
this study. Compared to a conventional cell, the proposed cell
achieves an average reduction in read access time of approxi-
mately 74% over all cases. The substantially reduced read ac-
cess time for the proposed cell is attributed to an increased read
sense current which allows for larger read sense margin (larger
than the targeted 50 mV sense margin for the conventional cell),
and also, the reduced oxide resistances allow for faster overall
time constants for the sensing operation.
As a verification of the immunity to read disturbance, we

also plot the simulated normalized net torque applied to the FL
during a read operation for the different versions of the proposed
device studied in this work; this is shown in Fig. 17. The plot
shows the value of , which is
equal to the total spin transfer torque acting on the FL, normal-
ized by the term

, during the course of a read operation. The net torque
acts to pull towards when the normalized spin
transfer torque term is positive, and pulls towards
when this term is negative. Thus these plots provide insight into
the direction of the net torque during a read operation. In the
figure, it is clear that for all versions of the proposed device,
during a read operation, when a “1” is stored in the cell (i.e., the

Fig. 17. Simulated normalized net torque acting on FLs of all versions of pro-
posed device during a read operation.

FL magnetization vector is parallel to the TPL magnetization
vector), the net spin transfer torque pulls towards .
Similarly, when a “0” is stored in the cell, the net spin transfer
torque pulls towards . As such, these simulations
show that the net spin transfer torque acting on the FL during a
read operation serves to refresh the existing data in the cell, thus
guaranteeing disturbance-free read operation.

E. Results Summary

Table V summarizes the performance achieved (comparing
average access times), energy per operation, energy delay
product (EDP) per operation, and cells sizes of the different
variants of the conventional, differential, and proposed cells
considered in this study. As can be seen in the table, by measure
of average access time, the proposed device offers the greatest
performance in three of the four cases presented in this study,
and shows clear superiority for read-mostly applications (as
is expected given its superior read performance). One point to
note is that the read operation energy for the proposed device is
larger in all cases than the conventional and differential cells;
this is primarily because the proposed cell makes use of a larger
read sense current during a read operation, and the higher read
sense current results in increased power dissipation during
a read operation. However, note that as part of the design
philosophy employed in optimizing the proposed device, a
larger read sense current enables us to reduce oxide thickness,
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and this leads to optimized write performance. The write
operation energy of the proposed device is competitive against
the conventional and differential cells. As such, this design
methodology enables us to tradeoff write operation energy for
read operation energy. Since write operation energy is approxi-
mately an order of magnitude larger than read operation energy
(over all cases as shown in the table), it is favourable from the
point of view of overall energy consumption to sacrifice the
energy efficiency of a read operation in a bid to improve write
operation energy.
From the point of view of EDP, we can see that for IPA de-

vices, the proposed cell is very close to the conventional cell,
and the differential cell offers very poor overall EDP. For PPA
cells, we see the proposed cell offers the best overall EDP. In
addition to these benefits, it should again be stated that the cell
offers guaranteed read disturbance immunity and improved tol-
erance to process variation (over the conventional 1T1MTJ cell,
while the 2T2MTJ cell is anticipated to also have improved tol-
erance to variation), although the proposed cell does incur the
cost of increased cell area over the conventional 1T1MTJ cell.

V. CONCLUSION

In conclusion, in this work we have proposed a novel MTJ
structure and memory cell for STT-MRAM. To the best of our
knowledge, the proposed cell in this work is the first to offer
truly disturbance-free read operation. Simulation results show
that the proposed cell offers superior performance over the con-
ventional 1T1MTJ cell, and for most cases, offers superior per-
formance over the 2T2MTJ cell. We believe that with these
characteristics, the proposed cell will be ideally suited for ap-
plications which allow sacrificing density for high performance,
such as in emerging embedded applications for which STT-
MRAM have recently been targeted [32].
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