
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 3, MARCH 2012 791

Impact of Self-Heating on Reliability of a
Spin-Torque-Transfer RAM Cell
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Abstract—This paper estimates the temperature distribution
within a spin-torque-transfer RAM (STTRAM) cell due to self-
heating using a thermal simulation based on the finite volume
method. The analysis shows that, due to high switching current
and small volume of the magnetic tunnel junction (MTJ), there
can be significant rise in temperature in the MTJ as well as the
silicon transistor. The impacts of the increased temperature on
operational reliability metrics of the STTRAM cell, i.e., read dis-
turb, write failure, and sensing accuracy, are evaluated. It is shown
that, due to the self-heating effect, the operational reliability of an
STTRAM cell depends on the read–write history of that cell.

Index Terms—Magnetic tunnel junction (MTJ), read disturb,
self-heating, sensing accuracy, spin-torque-transfer random access
memory (STTRAM).

I. INTRODUCTION

S PIN-torque-transfer RAM (STTRAM) has emerged as a
strong candidate for future embedded memory devices

[1]–[6]. An STTRAM cell consists of a magnetic tunnel
junction (MTJ) connected in series with an n-channel MOS
(NMOS) access device. This cell is connected between the bit
lines (BLs) and the source lines (SLs) and is accessed using the
word line [see Fig. 1(a)]. These memory cells are replicated in
a highly dense manner to create a memory array [see Fig. 1(b)].
The MTJ consists of two ferromagnetic layers separated by a
dielectric layer referred to as the spacer (usually MgO) [see
Fig. 1(c)] [1], [2]. The magnetization of one layer is fixed,
whereas that of the other can be controlled by the injection of
spin polarized electrons. The MTJ offers different resistances in
the two modes of magnetization: A parallel configuration offers
lower resistance RL, and an antiparallel configuration offers
higher resistance RH . This resistance difference is used to store
and detect logic states in the cell. When a write current greater
than a critical switching current flows through the MTJ in the

Manuscript received May 19, 2011; accepted November 21, 2011. Date of
publication January 24, 2012; date of current version February 23, 2012. This
work was supported in part by the National Science Foundation under Grant
BS123456 and Grant ECCS-1002090. The review of this paper was arranged
by Editor D. Esseni.

S. Chatterjee and S. Mukhopadhyay are with the Department of Electrical
and Computer Engineering, Georgia Institute of Technology, Atlanta, GA
30332 USA (e-mail: subho.chatterjee@gatech.edu; saibal@ece.gatech.edu).

S. Salahuddin is with the Electrical Engineering and Computer Science,
University of California, Berkeley, CA 94702 USA (e-mail: sayeef@eecs.
berkeley.edu).

S. Kumar is with the School of Mechanical Engineering, Georgia Institute of
Technology, Atlanta, GA 30332 USA (e-mail: satish.kumar@me.gatech.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/TED.2011.2180726

proper direction, the state of the MTJ switches from antiparallel
to parallel or vice versa. The critical switching current is a prop-
erty of the MTJ (∼100 µA for a write pulsewidth of ∼5–10 ns).
The proper direction of the write current is from BL to SL for
antiparallel-to-parallel switching and SL to BL for parallel-to-
antiparallel switching.

The high write current and small device volume can result
in very high power density within the MTJ device and the
STTRAM cell. To understand the problem, consider an MTJ
device with a diameter of 100 nm and a thickness of 10 nm
(surface area ∝ 50 nm × 50 nm, and volume ∝ 50 nm ×
50 nm × 10 nm) connected to a bulk-silicon transistor through
a metallic via. For a write current of ∼100 µA, the power
density within the MTJ volume can be easily estimated at
∼1012 W/cm3 and at the surface is ∼106 W/cm2. This signif-
icantly high value of the power density can lead to a localized
temperature increase in the MTJ. The temperature increase is
further enhanced due to the fact that MTJs are embedded within
the interlayer dielectric, which is a poor conductor of heat.
The metallic via conduct the heat resulting in an increased
temperature in the silicon. Hence, high switching current can
increase both MTJ and silicon temperature. We refer to this ef-
fect as self-heating in STTRAM. The increased temperature can
degrade the operational reliability of the cell. The operational
reliability of an STTRAM cell depends on the following failure
mechanisms: read disturb (cell flipping during read), write
failure (incorrect write operation), and detection failure (incor-
rect sensing of cell value). Hence, estimating the self-heating
effect in STTRAM and analyzing its effect on cell reliability is
important for the development of STTRAM technology. While
the effects of temperature on the MTJ device has been studied
[7], [8], the modeling and analysis of the self-heating effect has
received limited attention in literature [9], [10].

This paper models self-heating in the STTRAM cell and
analyzes its effect on the operational reliability of the cell
[see Fig. 1(d)]. We have presented a detailed model based on
the finite volume method (FVM) to estimate the self-heating
effect in the STTRAM cell. We analyze the steady-state and
transient thermal behaviors of the STTRAM cell using the
FVM model. The impact of MTJ parameters such as the crit-
ical switching current, write pulsewidth, and resistance–area
(R–A) product on the temperature distribution is analyzed. The
effect of temperature on MTJ (the critical switching current
and parallel/antiparallel resistances) and the NMOS transistor
(linear, saturation, and leakage current) properties were studied.
The mixed-mode device–circuit simulation is used to analyze
the effect of the temperature rise on the different operational
reliability metrics of the cell. Finally, the observations from
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Fig. 1. (a) STTRAM cell structure with MTJ, NMOS, and controlling metal lines (BL, SL, and word line). (b) STTRAM array structure. (c) MTJ in the ‘1’
and ‘0’ configurations. Relative orientation of free-layer and fixed-layer determined resistance states. (d) Electrothermal cosimulation framework for STTRAM.
It uses FVM-based self-heating solutions coupled with the LLG transport model for MTJ and technology computer-aided design simulations for silicon.

the above analysis were coupled to study the interaction of
self-heating effect and cell reliability to estimate the effect of
read/write data patterns on operational reliability of STTRAM.

The rest of this paper is organized as follows. In Section II,
the impact of temperature on STTRAM properties is investi-
gated, Section III presents the FVM-based modeling method-
ology to estimate self-heating, Section IV studies the effect of
read–write history on the operational reliability of cell consid-
ering self-heating, and Section V summarizes this paper.

II. STTRAM: IMPACT OF TEMPERATURE

The functional reliability of an STTRAM cell is defined by
the following metrics.

• Write margin: The write margin is defined by the differ-
ence between the write current and the critical switching
current of the MTJ. The write current depends on the MTJ
resistance and the transistors. An increase in the critical
switching current and/or reduction in the write current
(due to increase in MTJ resistance and/or reduction in the
transistor strength) degrades the write margin.

• Read margin: The read margin is defined as the difference
between the critical switching current and the read current
(current flowing through the MTJ during read operation).
The read current depends on the resistances of the MTJ
and the transistor. A lower critical switching current and/or
higher read current degrades the read margin.

• Detection accuracy: Incorrect or false detection refers to
the detection of a bit as ‘1’ when the stored bit is ‘0’
and vice versa. In STTRAM, the bit values are detected
depending on the difference in the read current for cell
storing ‘0’ and ‘1’ (i.e., MTJ in antiparallel state or par-
allel state). Further, during the sensing of an STTRAM
cell, the current flowing through the BL is sensed.
Chatterjee et al. [11] have pointed out that, during reading
a cell in a selected column, the unselected cells in that
column contributes to leakage current. This leakage acts
as a circuit-induced noise to the sensed current. Hence,
variations in the MTJ resistances, the transistor strength,
and the transistor leakage modulate the detection accuracy.

Fig. 2. MTJ device simulation framework: self-consistent solution of LLG
and NEGF transport equation.

In this section, we study the effects of temperature on the
properties of the MTJ, on the parameters of the NMOS device,
and, finally, on reliability metrics of the cell.

A. Impact on Temperature on MTJ Properties

1) Impact on the Critical Switching Current of the MTJ:
Individual STT devices were simulated using a coupled quan-
tum transport–magnetization dynamics framework. The effect
of temperature was included through a stochastic integration of
the magnetization dynamics. Fig. 2 shows the schematic of the
simulation methodology. Essentially, the spin polarized current
flowing in the device exerts a torque on the magnet that is
calculated from the nonequilibrium Green’s function (NEGF)
formalism and then used as a source term in the magnetization
dynamics modeled using the Landau–Lifshitz–Gilbert (LLG)
equation [12]. This changes the relative orientation of the mag-
netization. In turn, the specific orientation of the magnetization
changes the way the spin polarized current flows through the
device. Thus, NEGF–LLG needs to be solved self-consistently.
Detailed discussions on this self-consistent framework may be
found in [13]–[15]. The transport simulation can reproduce
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Fig. 3. (a) Faster but chaotic switching of the normalized magnetization at higher temperature (T 1 = 0 K and T 2 = 300 K). (b) Reduction in the critical
switching current with temperature. (c) Effect of temperature variation on the MTJ resistance [RL is the resistance of the parallel state (or low resistance state),
and RH is the resistance of the antiparallel state (or high resistance state)]. The results are based on the curve obtained from the data reported in [17].

experimental data quite well, as has been shown in [16], at
T = 300 K. For this paper, switching dynamics was simulated
by self-consistent NEGF–stochastic-LLG simulations and as-
suming 80% flipping as the switching threshold. In Fig. 3(a),
T1 and T2 are two different temperatures such that T2 �
T1. In Fig. 3(a), T1 = 0 K, and T2 = 300 K. The traces
are shown to illustrate the chaotic nature of switching when
temperature is properly accounted for in the simulation. The
two sets of plots show the traces of magnetization in time
with at two different temperatures. The black color shows the
z component, the green color shows the x component, and the
red shows the y component. For the same component, e.g.,
the black traces, the noisy evolution of dynamics at T = T2 is
visible compared with the smooth trace at T = T1.We observe
that an elevated temperature results in a faster but chaotic
switching [see Fig. 3(a)] [13], [14]. Consequently, the critical
switching current reduces at higher temperature [see Fig. 3(b)].
The required amplitude for threshold current goes down with
temperature due to the fact that the magnetic spins now have
a larger thermal energy to cross over the barrier. This comes
through the stochastic part of the LLG equation. Hence, at a
larger temperature switching current, the requirement falls off
at a faster rate with time. This is particularly observed at lower
pulsewidths and leads to an increased variance and a reduced
mean. However, in this paper, we concentrate on the effect of
temperature on the mean switching current.

2) Impact on MTJ Resistance: Majumder et al. have ex-
perimentally demonstrated the effect of temperature on MTJ
resistance [17]. It was observed that the resistances in the par-
allel and antiparallel modes for MgO-based MTJs reduce at a
higher temperature [see Fig. 3(c)]. Another critical observation
is that the antiparallel resistance RH reduces at a faster rate with
increasing temperature compared with the parallel resistance
RL. Consequently, the tunnel magneto-resistance (TMR) of the
MTJ defined as (RH − RL)/RL also degrades with increasing
temperature. This is in conjunction with the model assuming
conductance having two components, i.e., spin dependent and
spin independent. The spin-dependent component is expected
to follow the empirical dependence of T−α [8]. This reduction
in resistance would increase write and read currents through the
cell. We fit the observed data to a polynomial curve and use that
to analyze the effect of self-heating.

TABLE I
PROPERTIES OF THE NMOS ACCESS DEVICE

B. Impact of Temperature on the NMOS Access Device

In this section, we perform the study considering a 65-nm
high-k metal-gate transistor using a drift–diffusion-based
mixed-mode device simulator (i.e., Medici [18]). In the follow-
ing subsections, the transistor characteristics and their temper-
ature dependence are characterized to evaluate the STTRAM
properties. Table I shows the simulated transistor dimensions
and properties. There is a good agreement between the Medici-
simulated 65-nm device characteristics and the measurement
data [19]. The Id–Vg characteristics for the transistor are shown
in Fig. 4(a).

Note that, during read, the NMOS is in the linear mode.
This is also the situation for write ‘0’ when current flows from
BL to SL. For write ‘1,’ however, the current flows from SL
to BL, and the transistor is in the saturation region with the
MTJ resistance in its source. Therefore, we study the effect of
temperature on the linear mode resistance (for read and write
‘0’), as well as the saturation current (for write ‘1’) of the tran-
sistor. The transistor resistance is found to increase by 0.5 kΩ
for about 100 ◦C rise in temperature in the linear mode [see
Fig. 4(b)]. Likewise, we observe that saturation current reduces
at a higher temperature [see Fig. 4(c)]. Hence, it is expected
that read current and both forms of write current (write ‘0’
and write ‘1’) will reduce at higher temperature. This can
negatively impact the read/write margin and detection accuracy.
On the other hand, the subthreshold current of the transistor
increases exponentially with an increase in temperature, as
shown in Fig. 4(d). The subthreshold leakage is defined as the
drain-to-source current of a MOSFET before the inversion, i.e.,
when gate-to-source voltage is less than the threshold voltage
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Fig. 4. (a) Simulated transistor Id–Vg characteristics. A current density of 106 A/µm is used to find threshold voltage across saturation and linear modes.
This is used to evaluate drain induced barrier lowering (DIBL). (b) Temperature dependence of transistor resistance in linear mode. (c) Isat variation with
temperature. (d) Temperature dependence of leakage across a transistor of 1-µm width.

TABLE II
MTJ PROPERTIES AT 27 ◦C

(Vgs < Vth). The subthreshold leakage of a transistor is due
to the diffusion of the minority carriers before the inversion
of the channel (i.e., electrons for the NMOS). In other words,
the subthreshold current is due to the thermoionic emission of
electrons over the source-to-channel potential barrier that exists
before inversion. As the probability of thermoionic emission
over a barrier depends exponentially on the temperature, the
subthreshold leakage depends exponentially on temperature.
This is also evident from the model of the subthreshold leakage
current as follows:

Ileakage = ID0e
Vgs−Vth

ηVT

where ID0 is the leakage current at gate-to-source bias Vgs

equal to the threshold voltage Vth, η is a constant, and
VT = kT/q.

C. STTRAM Cell Level Impact

For the STTRAM cell, we simulate the read and write condi-
tions in HSPICE and measure the currents. For the simulation
of the STTRAM cell, we consider the MTJ properties shown
in the Table II. To understand the variation of the STTRAM
performance metrics with temperature, we have to simulate the
MTJ and NMOS temperature dependence in conjunction. We
study the combined effect using mixed-mode device simulation
(using [18]). We model the STTRAM cell using the NMOS
device discussed in previous section and resistances to represent
the MTJ. To study the effect of temperature variation on the
cell parameters, we vary the “simulation temperature,” which
modifies the NMOS properties. On the other hand, the effect
of temperature on the MTJ is captured by modifying the value
of the MTJ resistances [RH and RL as appropriate and by
following Fig. 3(c)].

First, we consider the values of MTJ resistances RH and
RL and the critical switching current at room temperature.
The width of the NMOS was chosen to ensure correct write
operation at room temperature. This is achieved when the
current flowing through the cell in both directions (i.e., BL to
SL and SL to BL) is higher than the MTJ switching current at
room temperature. We consider the write pulsewidth of 100 ns.
For read operation, we consider the current-based sensing oper-
ation [4]. We consider a BL voltage of 0.35 V and estimate the
read currents for high (RH) and low (RL) MTJ resistances. The
NMOS transistor in both conditions uses the same gate voltage
and hence contributes the same resistance. Further, we account
for the leakage current of the unselected cells in the selected
column. The read pulsewidth is assumed to be the same as that
of the write pulsewidth (∼100 ns). As previously mentioned,
the sensed current includes the read current of one selected
cell plus leakage of unselected cells. This is defined as the
array-level read current. The reference current is considered to
be the average of the array-level read currents estimated with
the MTJ of the selected cell at RH (bit 1) and RL (bit 0).
We quantify the detection accuracy as the array-level TMR
(ATMR) [= (Icell0 − Icell1)/(Icell0 + Ileakage)], where Ileakage

is the total leakage of all unselected cells [11].
1) Read Disturb: Read disturb occurs when the read current

is larger than the switching current and, hence, flips the bit
content. Given the direction of read, only the bit flip from ‘1’
to ‘0’ is likely. Therefore, the read margin can be defined as
the difference between MTJ switching current and read ‘1’
current. We plot the behavior of read ‘0’ and ‘1’ currents
with temperature and compare it with the switching current
at different temperature [see Fig. 5(a)]. Note that, at higher
temperature, MTJ resistances in both parallel (read ‘0,’ RL)
and antiparallel modes (read ‘1,’ RH ) reduces, but RH reduces
at a much higher rate [see Fig. 3(c)]. The transistor resistance
increases with temperature [see Fig. 4(b)]. Results indicate that
the read ‘0’ current reduces with temperature as the increase
in transistor resistance overshadows reduction in RL. However,
read ‘1’ current can even increase at higher temperature as large
reduction in RH can mask the increase in transistor resistance.
The increase in read ‘1’ current [see Fig. 5(a)] and decrease in
the critical switching current of MTJ [see Fig. 3(b)] results in a
reduction in the read margin [see Fig. 5(a)] at high temperature.
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Fig. 5. Evaluation of the impact of temperature on (a) read disturb and
(b) write margin.

2) Write Failure: Write failure occurs when the write cur-
rent falls below the critical switching current. For a ‘0’ to‘1’
flip, the circuit is in source degenerate mode (MTJ resistance
present at the source). For a ‘1’ to ‘0’ flip, MTJ acts as a resis-
tive load at the NMOS drain. Thus, for the same Vdd applied to
both cases, write current is lesser among two flip conditions for
‘0’ to ‘1.’ Hence, we consider the write ‘0’ to ‘1’ as the more
probable switching condition for write failure. At higher tem-
perature, switching current requirement reduces, which tends to
increase the write margin. The effect of increased temperature
on write current is determined by two contrasting factors. A re-
duction on the current of transistors at higher temperature tends
to reduce write current [see Fig. 4(c)], whereas a lower MTJ
resistance [see Fig. 3(c)] (∼RL before MTJ switching) helps
increase write current. The net effect of the above three factors
determine the sensitivity of the write margin with temperature.
We observe that the combined effect makes the write margin
less sensitive to temperature [see Fig. 5(b)].

3) False Read and Detection Accuracy: A higher NMOS
resistance reduces the ratio between cell resistance (MTJ re-
sistance + NMOS resistance) for bit ‘0’ and ‘1’ with respect
to the average cell resistance. This can increase the probability
of false detection. This is shown in Fig. 6(a), which plots the
ratio of read current during reading ‘1’ and reading ‘0’ at higher
temperature. Moreover, as explained earlier, leakage from the
unselected cells of the selected column reduces the detection
accuracy further. As the leakage increases with temperature,
ATMR degrades with temperature [see Fig. 6(b)].

Fig. 6. Impact of temperature on (a) Read ‘0’ current/Read ‘1’ current
(b) Array-level distinguish-ability metric [11].

III. MODELING OF SELF-HEATING IN STTRAM

We perform an FVM-based heat transport analysis in the
STTRAM structure to characterize the self-heating effect.

A. FVM-Based Model

FVMs have been widely used to obtain temperature distri-
bution in thermal systems. In this method, Fourier conduction
equations are integrated over each control volume (grid cell)
to get algebraic equations for each cell. There is a tradeoff
between the meshing resolution and solution time. For this
paper, we use Gambit for the generation of the STTRAM cell
mesh [see Fig. 7(a)]. Fig. 7(b) shows a cross section of the
implemented cell structure, whereas Fig. 7(c) shows the top
view of the cell layout. We used nonuniform meshing across
the STTRAM structure. This is to maintain a balance between
the small mesh resolutions required for representing certain
portions (e.g. MTJ) while a coarse resolution is maintained for
other parts to restrict the memory requirement and computa-
tion time. We use Fluent finite volume solver for the thermal
simulations. A convection boundary condition is applied at the
Si surface such that a current of 10 µA flowing through an
equivalent resistance of 1 kΩ across a transistor of length =
200 nm, width = 700 nm, and junction depth = 10nm gives a
temperature rise of 52 ◦C across the bulk silicon [19]. Next, we
consider an MTJ with an area of 100 × 100 nm2. The R−A
product of such an MTJ is 32.9 Ω · µm2.

B. Results of FVM Analysis: Steady State

Considering a critical switching current density of 1 ×
106A/cm2, the critical switching current requirement for the
MTJ is evaluated at 100 µA. For an MTJ with a height of
10 nm, the power density of 2.5 × 1017 W/m3 results across
the MTJ, and the power density of 5 × 1015 W/m3 results
across silicon. If current flows continuously through the struc-
ture, the final temperature distribution reaches the steady state.
Fig. 7(d) shows the thermal distribution across an isolated cell
at a steady-state condition for the FVM simulation conducted
using Fluent. The cell consists of the bulk silicon (temperature
in blue), the MTJ (temperature in red), and the metallic via
(temperature in yellow and green). The bulk and MTJ show an
11 ◦C temperature difference. A steady-state solution estimates
a final temperature of 112 ◦C inside the MTJ.
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Fig. 7. (a) Constructed mesh for the cell in Gambit. (b) Cross-sectional view of a STTRAM cell. (c)Top view of the cell. (d) Temperature distribution across
simulated FVM model for a STTRAM cell. The STTRAM cell distinctly shows the silicon (bulk and active) via the MTJ and metal showing a temperature
difference of 11 ◦C.

Fig. 8. (a) Temperature rise for applied write pulse across MTJ and bulk.
(b) Effect of different pulsewidths on temperature (δT is temperature difference
across the material).

C. Results of FVM Analysis: Transient Simulation

We are interested in the transient thermal response of the
MTJ and Si. The FVM model is subjected to current pulses of
100 µA with a 200-ns time period and a 50% duty cycle, and the
temperature is observed. The result is shown in Fig. 8(a). Note
that the MTJ temperature rises at a much faster rate than the Si.
This is because of the higher thermal capacitance of the bulk Si
compared with the MTJ. In addition, the MTJ shows a fluctua-
tion in temperature by 7 ◦C within a time period between the on
and off cycles. We consider this along with the temperature drop
across the metal via and silicon temperature to characterize the
thermal transient. We consider the thermal distribution across
the STTRAM for cases of write pulsewidths of 2, 10, and 100 ns
considering the switching currents of 480, 300, and 160 µA
(obtained from [4]), respectively. The results for performing
100 consecutive write cycles are shown in Fig. 8(b). Note

Fig. 9. Temperature variation with (a) R–A product and (b) critical switching
current density

that the difference across the metal via, i.e., the MTJ, and the
silicon is approximately 9 ◦C–10 ◦C and is the highest for 2 ns.
The overall temperature rise is greater for the 100-ns case.

D. Results of FVM Analysis: Effects of MTJ Properties

The MTJ material and geometry decides the R–A product.
The current R–A products for MgO-based devices stand near
30 Ωµm2. We simulate the cell temperature distribution for a
range of R–A products from 5 to 30 Ωµm2 to understand how
variation in the R–A product modifies temperature distribution.
For the same area and switching current, increasing resistance
by a factor of 2 will result in a two times increase in the
power dissipation. This translates to a proportional temperature
increase, as shown in Fig. 9(a). Similar deductions can be made
regarding the critical switching current density. With choices
of anisotropy, a free-layer damping factor, and geometry, there
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is a constant effort to reduce the switching threshold current
density Jc0. Recent reported values of Jc0 usually lie in the
range of 1–3 MA/cm2 [5]. The critical switching current den-
sity Jc depends on the choice of Jc0 and the pulsewidth.
We study the impact of critical switching current density on
temperature in Fig. 9(b). A reduction in the critical switching
current density implies a reduced current and, hence, reduced
temperature for the same area and the R–A product. In sum-
mary, we observe that reducing the critical current density and
the R–A product are desirable to reduce the self-heating effect
and the temperature rise within the cell.

IV. IMPACT OF SELF-HEATING ON STTRAM

In this section, we apply the self-heating results obtained in
the previous section to evaluate the operational reliability met-
rics of the STTRAM cell. The NMOS device and MTJ shown
in Tables I and II are used for thermal and electrical analysis.
We begin with several read and write currents estimated from
circuit simulations (i.e., applying a constant BL, SL, and word-
line voltage depending on the operating condition). The MTJ
and silicon temperature will be different for a given read or
write condition. The estimated set of temperatures is used in
the mixed-mode circuit simulations with the NMOS device and
the MTJ resistance to reestimate the read and write currents.
We perform the above analysis considering self-heating for
different read and write currents depending on the bit values
and patterns. For a given read/write condition, we consider the
steady-state MTJ and NMOS temperature for cell reliability
analysis (i.e., the pulsewidth is large or the same operation is
repeated continuously for a large number of cycles) to evaluate
the worst-case cell reliability.

A. Different Write and Read Patterns

Considering a read voltage of 0.35 V between BL and SL,
we measure the read currents for reading ‘0’ and ‘1.’ Fig. 10(a)
shows the current for different read and write conditions.
Fig. 10(b) shows the corresponding steady-state temperatures.
We observe that, for the same pulsewidth, the temperature is
less by 25 ◦C–30 ◦C for read operations, compared with the
write operations. As read and write occur to the same cell, the
temperature distribution of a cell is a function of the read–write
access pattern and the worst case arises due to consecutive write
operations. Further, there can be write operations for flipping
(0-1 or 1-0) and redundant write operations (0-0 or 1-1). Each
write condition offers a certain initial MTJ resistance (RH [‘1’]
or RL [‘0’]) and circuit configuration (write 0: BL− >high
SL− >low, and write 1: BL − > low and SL − > high).
Simulation results show that the write 0-0 and write 1-0 gives
rise to the maximum temperature [see Fig. 10(b)] as the currents
are much higher compared with other cases [see Fig. 10(a)].

B. Effect of Past Access History

The operational reliability of the STTRAM cell will depend
on the read–write history of the cell. In this section, we study
the impact of past operations on the reliability of a current read
or write operation.

Fig. 10. (a) Read–write currents. (b) Temperatures for the cases.

Fig. 11. Access pattern history dependence of write current

Write: In this section, we analyze the effect of previous
access patterns on write disturb. We first evaluate the MTJ and
NMOS temperature at the beginning of a current write oper-
ation considering self-heating due to different past read/write
operations. The estimated temperature is used to estimate the
write current (using mixed-mode simulations) and the MTJ
critical switching current [using Fig. 3(b)] at the beginning of
current operation. In Fig. 11, the x-axis indicates the previous
set of operations executed. Write failure can occur when there
is a write with flip requirement (‘0’ to ‘1’ or ‘1’ to ‘0’). The
first set of bars with x-axis label w0 → 0 represents the write
currents for writing ‘0’ (blue), writing ‘1’ (green), and write
margin (red). The label w0 → 0 represents that the previous
operation was writing ‘0’ to ‘0.’ When the previous history is
w0 → 0, the next write ‘0’ represents a redundant write. The
write ‘0’ in this case, is therefore important only for energy
analysis. The write margin (red bar) in this case is computed
considering write ‘1’ current.

We observe that, for all cases of past operations, the write
‘0’ current is always larger than the write ‘1’ current. This is
attributed to the bidirectional switching condition in STTRAM.



798 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 3, MARCH 2012

Fig. 12. Access history dependence of resistance

The NMOS size is determined considering write ‘1’ (i.e., when
MTJ appears in source of NMOS), which leads to larger than
the required size for the write ‘0’ condition (the MTJ acts
as a load at the drain of NMOS). Write failure while writing
‘0’ can only occur when past conditions are w0 → 1 or w1
→ 1. We observe that write ‘0’ current is minimum when
previous pattern is w1 → 1 (see Fig. 11). This is because w1
→ 1 leads to the minimum initial temperature and, hence, the
maximum value of MTJ resistance in the antiparallel (RH)
condition and higher MTJ switching current [see Fig. 3(b)].
Hence, Fig. 11 shows that self-heating and the past history
result in a 4% reduction in the write margin for write ‘0.’
Likewise, we observe that the write margin for write ‘1’ is
3% smaller when the past operation is w1 → 0, compared
with w0 → 0. This is because w0 → 0 results in higher initial
temperature due to self-heating.

Read: Next, we study the effect of the preceding pattern on
the detection reliability (see Fig. 12). Fig. 12 plots the MTJ,
NMOS, and combined resistances. The read ‘0’ cases are the
ones with the prior history of R0 (read ‘0’) and/or w0 → 0
and/or w1 → 0. The two resistances (i.e., NMOS and MTJ)
are closest to each other following a redundant write ‘0’ (w0
→ 0). This is due to the maximum initial temperature for both
MTJ and NMOS (see Fig. 10), which results in the lower MTJ
resistance RL [see Fig. 3(c)] and higher device resistance [see
Fig. 4(b)]. The maximum difference between MTJ and NMOS
resistance during read ‘0’ is observed for the previous pattern of
R0 (the smaller MTJ and NMOS temperature in Fig. 10). Cell
resistance for read ‘0’ can vary by 5.4% due to prior history and
self-heating. For read ‘1,’ the previous history of w0 → 1 results
in the least cell resistance and the minimum difference between
the NMOS and MTJ resistance RH . This is because the prior
history of w0 → 1 results in the maximum initial temperature
for read ‘1’ condition (see Fig. 10) and, hence, smaller MTJ
resistance and higher NMOS resistance. The prior history of
read ‘1’ R1 leads to maximum cell resistance and maximum
difference between MTJ and NMOS resistance (due to smaller
temperature considering self-heating). Therefore, we observe
that cell resistance for read ‘1’ can vary by 6% due to self-
heating. It is imperative that detection accuracy degrades when
the difference between MTJ resistance and NMOS resistance
reduces. Hence, false detection for read ‘0’ and read ‘1’ are
most probable with the past history of w0 → 0 and w0 → 1,
respectively.

Fig. 13. Access history dependence of leakage.

Fig. 14. Access history dependence of read disturb.

The cell-level distinguishing ability depends on the ratio
of cell current while reading ‘0’ and ‘1’ (i.e., ratio of cell
resistances). The ratio of cell resistance (MTJ + NMOS) while
reading ‘1’ and reading ‘0’ can vary from 1.26 to 1.13 (see
Fig. 12). The distinguish ability can be further varied due to
the variation in the leakage currents of the unselected cells.
Depending on the prior read/write history of the unselected
cells, we may have different leakage currents, as shown in
Fig. 13. The maximum leakage is expected for redundant ‘0’
write as the temperature is found to be maximum for this case.

The self-heating and the prior read/write history also modu-
lates the read margin. We note that read disturb is only possible
when reading ‘1’ as flipping ‘0’ is not possible by current
flowing from BL to SL. Fig. 14 shows the read currents and
read margins with the x-axis indicating the previous set of
operations. We observe that the read margin is minimum when
read ‘1’ follows w0 → 1. This is attributed to the fact that w0
→ 1 results in higher temperature compared with the other
two cases of prior operations (i.e., R1 and w1 → 1). The
higher temperature results in lower cell resistance and, hence,
higher read current [see Figs. 12 and 14]. This is coupled with
lower switching current at higher temperature [see Fig. 3(b)].
Therefore, the read margin is smallest among different cases.

V. CONCLUSION

We have analyzed the self-heating effect in the STTRAM
cell and its impact on operational reliability. We have evaluated
temperature distribution within the STTRAM cell using FVM-
based thermal simulations. Our analysis shows that the high
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write current and the small volume of the MTJ results in appre-
ciable MTJ and silicon temperature due to self-heating. Finally,
due to the self-heating and dependence of cell parameters on
MTJ and silicon, there exist a correlation between read–write
history of a cell and its operational reliability. Our analysis at
the cell level suggests that self-heating can have strong impact
on the reliable STTRAM operation and, hence, needs careful
considerations.
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