Multi-level Cell STT-RAM: Is It Realistic or Just a Dream?
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Abstract—Spin-transfer torque random access memory (STT-RAM) is
a promising nonvolatile memory technology aiming on-chip or embedded
applications. In recent years, many researches have been conducted to
improve the storage density and enhance the scalability of STT-RAM,
such as reducing the write current and switching time of magnetic
tunneling junction (MTJ) devices. In parallel with these efforts, the
continuous increasing of tunnel magneto-resistance(TMR) ratio of the
MT] inspires the development of multi-level cell (MLC) STT-RAM, which
allows multiple data bits be stored in a single memory cell. Two types
of MLC STT-RAM cells, namely, parallel MLC and series MLC, were
also proposed. The storage margin of a MLC STT-RAM cell, i.e., the
distinction between the lowest and highest resistance states, is partitioned
into multiple segments for multi-level data representation. As a result,
the performance and reliability of MLC STT-RAM cells become more
sensitive to the MOS and MTJ device variations and the thermal-induced
randomness of MTJ switching. In this work, we systematically analyze
the variation sources of MLC STT-RAM designs and their impacts on the
reliability of the read and write operations. On top of that, we also discuss
the optimal device parameters of the MLC MTJ for the minimization
of the operation error rate of the MLC STT-RAM cells from statistical
design perspective. Our simulation results show that under the current
available technology, series MLC STT-RAM demonstrates overwhelming
benefits in the read and write reliability compared to parallel MLC
STT-RAM and could potentially satisfy the requirement of commercial
practices.

I. INTRODUCTION

Spin-transfer torque random access memory (STT-RAM) is an
emerging nonvolatile memory technology which aims embedded
memory and on-chip cache applications. In an STT-RAM cell, data
is stored as the two or more resistance states of a magnetic tunneling
junction (MTJ) device. The resistance states of the MTJ is determined
by the magnetization of the magnetic layers, which can be changed
by passing through an electrical current with different polarizations.
Such a unique storage mechanism offers STT-RAM many attractive
characteristics, such as fast operation time, small memory cell size,
radiation hardness, good CMOS process compatibility and scalability,
etc. [14].

Compared to the mainstream on-chip memory technologies such
as SRAM and embedded DRAM, an obvious drawback of STT-RAM
is the high switching current of the MTJ, which incurs large write
energy dissipation. Since the MTJ switching current in an STT-RAM
cell is supplied by the MOS device, the magnitude of the switching
current determines not only the write energy of STT-RAM but also its
memory integration density. Hence, many new types of MTJ devices
have been proposed to reduce the switching current, i.e., the MTJ with
perpendicular magnetization [6] and the MTJ with dual tunneling
barriers [11]. In parallel, multi-level cell (MLC) technology is also
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explored in STT-RAM designs to store more than one data bit in a
single STT-RAM cell: following the improvement on the distinction
between the lowest and the highest resistance states of the MTJ, it
becomes possible to further divide the MTJ resistance into multiple
levels to represent the combinations of multiple data bits [3], [7].

In general, the variability sources in STT-RAM designs include: 1)
the device parametric deviations of MOS transistor and MTJ, such as
the variations of the geometry sizes [1], the threshold voltage [19],
and the magnetic materials [12]; and 2) the thermal fluctuations in
the MTJ switching [13]. Compared to single-level cell (SLC) STT-
RAM designs, the impacts of such design variabilities in MLC STT-
RAM designs are even more prominent due to the scaled data storage
margin. Although the impacts of these variations on the SLC STT-
RAM designs have been well studied in many previous works [9], it
is still unclear if MLC STT-RAM is a viable technology when all the
design variabilities are taken into account. Also, the robustness of the
different types of MLC MTJ designs require further investigations
because obviously their resilience to the variations varies by the
difference of device structures.

In this work, we systematically analyze the variability sources
of two MLC STT-RAM designs, namely, parallel MLC and series
MLC, and investigated the impacts of these variations on the memory
performance and reliability. We hope our work can answer the
questions that STT-RAM researchers have for a long time: Can MLC
STT-RAM designs be realized by using the existing technologies? And
if not, how far away are we from it? Luckily, our analysis shows that
at least the series MLC STT-RAM may potentially be implemented
by using the stacked MTJ structure [7] and achieve an acceptable
reliability for some commercial applications. Based on our analysis,
we also discuss the design optimization methods to minimize the
operation error rate of MLC STT-RAM.

The rest of our paper is organized as follows: Section II gives
the preliminary on MLC STT-RAM designs and the variability
sources including process variations and thermal fluctuations; Section
III analyzes the impacts of variations on the readability of MLC
STT-RAM; Section IV discusses the impacts of variations on the
writability of MLC STT-RAM; Section V concludes our works.

II. PRELIMINARY
A. SLC MTJ and MLC MTJ

The data storage device in an STT-RAM cell is magnetic tunneling
junction (MTJ), where a tunneling oxide layer is sandwiched between
two ferromagnetic layers. The MTJ resistance is determined by the
relative magnetization directions of the two ferromagnetic layers:
when their magnetization directions are parallel (anti-parallel), the
MTIJ is in its low (high) resistance state, as shown in Fig. 1(a). The
magnetization direction of the reference layer is fixed while that of
the free layer can be flipped by passing a spin-polarized current [14].
A parameter called “tunneling magnetoresistance ratio (I'M R)” is
introduced to measure the distinction between the two resistance
states of the MTJ as (Ry — Rr)/Rr. Here Ry and Ry denote
the high- and the low-resistance states of the SLC MT]J, respectively
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Fig. 1. (a) Conventional MTJ. (b) Parallel MLC MTJ. (c) Series MLC MT]J.

The multi-level cell (MLC) capability can be implemented by
realizing four or more resistance levels in MTJ designs. At least
two proposals of MLC MT]J structures have emerged [7], [10] so far,
including parallel MLC MTJs and series MLC MTJs. Fig. 1(b) and
(c) show the structures of a two-bit parallel MLC MTJ (b) and a
two-bit series MLC MTJ (c), respectively.

In parallel MLC MTJs, the four resistance states — ‘00’, ‘01,
‘10°, and ‘11°, are uniquely defined by the four combinations of
the magnetic directions of the two magnetic domains in the free
layer. The first and the second digits of the two-bit data refer
to the resistance states of the hard domain and the soft domain,
respectively, as shown in Fig. 2 [2]. In series MLC MTIJs, the four
resistance states are uniquely defined by the combinations of the
relative magnetization of the two SLC MTIJs. The minimal device
size of a parallel MLC MT]J and the small SLC MTJ in a series MLC
MTIJ can be as the same as that of the normal SLC MTJ, which is
defined by the required aspect ratio and the lithography limit. We
note that the parallel MLC MTJ design is only applicable to in-
plane MTJ technology because it requires the different aspect ratios
of the two magnetic domains to achieve different switching current
densities. The series MLC MTJ design, however, is compatible to the
advanced MTIJ technologies such as perpendicular MTJ etc. [15].

B. Variability Sources in MLC STT-RAM Designs

The performance and reliability of MLC STT-RAM cells are
seriously affected by mainly two types of variabilities, including a)
the process variations of MOS and MTJ devices and b) the thermal
fluctuations in MTJ switching process.

1) Process Variations: The major sources of MTJ device varia-
tions mainly include: 1) MTJ shape variations, i.e., the surface area
variation; 2) MgO layer thickness variations; and 3) normally dis-
tributed localized fluctuation of magnetic anisotropy: K = M,-Hj.

The MTJ device variations affect the reliability of the two types
of MLC MTIs in the different ways: In parallel MLC MTJs, the
two parts of the MTJ in different magnetic domains (For simplicity,
we also call them “two magnetic domains” in the rest of this paper)
share the same free layer, reference layer and MgO layer. In such
a small geometry size, we can assume the MgO layer thickness and
the RA (resistance-area) of these two parts are fully correlated. Other
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Fig. 2. Four resistance states of MTJ and R-I swap curve [2].

parameters, such as the MTJ surface areas, the magnetic anisotropy
and the required switching current density can be very different for
these two parts because they are determined by the magnetic domain
partitioning. In series MLC MTIJs, however, all these parameters of
two SLC MTJs are close to each other and only partially correlated.

We note that the MOS device variations also impacts the robustness
of MLC STT-RAM designs by causing the magnitude variations of
the read and the write currents of the MTJ. In our reliability analysis
of MLC STT-RAM, the parametric variability of MOS devices is
represented by the variations of the current source output.

2) Thermal Fluctuations: The thermal fluctuations results in the
randomness of the MTJ switching time so that the MTJ switching
time becomes a distribution. A write failure occurs when the MTJ
switching time is longer than the write pulse width. The impact of
thermal fluctuations is an accumulative effects and determined by
the length of the MTJ switching time. The reduction of switching
current does not only prolong the MTJ switching time but also
increases the ratio between the standard deviation and the mean
value of the switching time [4], indicating a larger impact of thermal
fluctuations. Hence, in MLC STT-RAM designs, the impacts of
thermal fluctuations could be stronger than that in the SLC STT-
RAM designs when the MTJ switching current density is lower than
that of the SLC MTJ (e.g., during the soft-domain flipping in parallel
MLC MTIs).

III. READABILITY ANALYSIS OF MLC MTJs

A. Nominal Analysis of the Readability of MLC MTJs

We assume that the resistances of the hard domain and the soft
domain in a parallel MLC MTJ are R; and Ra, respectively. The
corresponding the high and the low resistance states of the two
domains are Rig, Rir, Rom, and Ror, respectively. The TM R
ratio of each domain is defined as: % (i =1,2). As afore-
mentioned in Section II-B1, the two magnetic domains share the same
magnetic structure and MgO layer within a small proximity. Thus,
we can safely assume the RAs and the T'M Rs of the two domains
are the same, or RA1; = RAsj,(j = HorL) and RlH = };zH
For the existing in-plane MTJ technology, the typlcal M R ratio
is 1 ~ 1.2 [7]. Because the size of the hard domain is larger than
that of the soft domain, we have Rigp < Rom and Rir < Ror.
In the simulations in our work, we assume the surface area of the
parallel MLC MT]J is a 45nm x 90nm ellipse, which is the minimum
shape that satisfies the shape anisotropy requirement [5], [16] and is
allowed by the lithography constraint of 45nm CMOS fabrications
process.

Sense margin is one of the major concerns in MLC STT-RAM
designs because the resistance state distinction of the MTJ is parti-
tioned into multiple levels. Read errors happen when the distributions
of the two adjacent resistance states (i.e., 00 vs. 01, 01 vs. 10, and
10 vs. 11) overlap with each other, or the distinction between the
two resistance states is smaller than the sense amplifier resolution.
The reading error rate can be reduced by maximizing the distinctions
between every two adjacent states. Without considering the process
variations, the goal of the nominal design method of MLC STT-RAM
cell is to maximize the distinctions between the designed values of
every two adjacent resistance states.

In the real implementation of parallel MLC MTJs, Ropo =
Rip||R2r and Ri1 = Rip||Rem are fixed by the MTJ designs.
The changes of Rp; and R¢ are not independent and determined by
the partitioning of the free layer. If we assume the surface area of
the parallel MLC MTJ is A and the surface area of the hard domain
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is A1, we have:
Rir-A1 = Rap-(A— A1) = Roo-A, (D
RlH'Al - R2H'(A—A1) = Rll-A. (2)

Here A1 > A/2. The distinctions between every two adjacent
resistance states can be calculated as:

A—Aq

Doo—01 = Ro1 — Roo = TM]:‘RA,A+A1_TMR (€)
_ _ [TMR-(TMR+1)-RA](2A1—A)
Do1-10 = Rio — Ro1 = (A+TMR»A1)[TNIR<(A—A11)+A] )

D1o—11 = R11 — Rio
_ TMR-(TMR+1)-RA
A

) A—A, )
TMR(A—A71)TA

We calculated the derivatives of Dgo—o01, Doi—10, and Dio—11

with respect to A; and have: D;fgm < 0, D;z;“ < 0, and
dD;% > 0 when A; € [A/2, A]. In other words, Doo—o1 and

D19—11 monotonically decrease when A; increases from A/2 to A
and Dp1—10 monotonically increases in the same range. Also, since
A—A; < Ayand TMR > 1, Dyo—11 is always larger than Doo—o1
based on Eq. (3) and (5). Therefore, the optimal design of parallel
MLC MTIJs happens when Doo—o1 = Doi1—10 or:

(TMR+ 1)(82L)? _ For — 9(TMR +1) (©6)

Ry Rip
Here RiL||Rz2r = Roo-
In a series MLC MT]J, the optimal MTJ design happens when
Doo-o01 = Do1-10 = D1o-11, or:

Rir = 3Ra1 )

Here Ry is usually the low resistance state of the SLC MTJ with
the minimum surface area (say, A). The optimal design parameters
of a typical parallel MLC MTJ and a typical series MLC MTIJ are:
RA =20QuA, TMR = 1.2, The limitation sizes is 45nmx90nm.

B. Statistical Analysis of the Readability of MLC MTJs

All the optimizations in Section III-A are based on the nominal
values of the device parameters of MLC MTIJs. In this section, we
will analyze the impacts of process variations on the readability of
MLC STT-RAM cells.

Fig. 3(a) and Fig. 3(b) shows the distributions of the four resistance
states in a parallel MLC MTJ and a series MLC MTJ, respectively.
Both MT]Js are optimized by using the nominal optimization method
presented in Section III-A. The standard deviations (1o) of RA and
TMR are 7% and 9%, respectively, based on the measurement data
in [7]. In the nominal optimized parallel MLC MTJ, % = 1.66.
In the nominal optimized series MLC MT]J, the surface area of the
larger MTJ is 64nmx 127nm, which corresponds to a low resistance
state of Ror = 2500L2. After the process variations are taken
into account, the distributions of the resistance states overlap with
each other, resulting in the read errors of the MLC MTlJs. Because
of the different deviations of every resistance state, the original
nominal optimization that maximizes the distinctions between the
nominal values of the adjacent resistance states is no longer able to
guarantee the minimal overlaps between the adjacent resistance state
distributions. A statistical optimization method is required for the
minimization of the read error rate of MLC STT-RAM cells.

1) Optimization of Parallel MLC MTJs: In our design, we assume
the size of the parallel MLC MTJs is the same as the minimum size of
the SLC MTJ or 45nmx90nm. The resistances of the two magnetic
domains can be adjusted by changing the partition of the free layer.
The surface areas of the whole MTJ follows Gaussian distributions
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Fig. 3. Four state resistance distributions of (a) Parallel MLC MTJ and (b)
Series MLC MTJ, optimized by nominal design method.

and the surface areas of the two magnetic domains follow a joint
Gaussian distribution. To sense the four resistance states in a four-
level parallel MLC MT]J, three reference resistances, i.e., Ry, Rrr,
Rirr, are needed. The read error rates of reading Roo, Ro1, Rio and
R11 can be respectively expressed as:

Peoo = P(Roo > Rr)

P.op1v = P(Ro1 < Rr)+ P(Ro1 > Rir)

P.io = P(Rio < Rir)+ P(Rio > Rirr)

P.1 = P(Riu < Rin) ()

We note that the impacts of the read error rates of each resistance
states are not accumulative in MLC STT-RAM designs: For a MLC
STT-RAM cell, the highest read error rate is the maximum one
of all resistance states, or, P. = Max(Peoo, Peo1, Pe10, Pe11). To
minimize the P;,7 = 00,01,10,11, the R;, Ry, ideally, Rirr
must be selected at the cross point of the two adjacent distributions.
In memory designs, P. can be used to determine the required error
tolerance capability. The read errors due to the MTJ resistance
variations can be corrected or tolerated in the design practices by
using error correction code (ECC) and design redundancy etc.

In Fig. 3(a), the overlaps of the resistance state distributions of the
parallel MLC MT]J generate the read error rates of P.oo = 0.73%,
P.o1 = 6.44%, P.10 = 6.05% and P.11 = 0.018%. High read error
rates happen at Roo and Ro1, which are incurred by the large overlaps
between these two resistance states.

If we assume that surface area of each magnetic domain follows
Gaussian distribution as A;~N(A;,0;)(i = 1,2), the distribution of
low resistance R;r(i = 1,2) can be expressed as:

_(RA/z;—R;p)?

=
fir(w:) = 7= Ble 27 ©)

[7] shows that the T'M R ratio also follows Gaussian distribution.
‘We introduce a new variable z = T'M R+ 1. Then in our simulations,
2~N(2.2,9% x 1.2) and its distribution can be expressed as fo(z) =
(2—2.2)2
meim. RrLH = Z'RiL.

The read error rate probability of every resistance state of the
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parallel MLC MT]J can be further derived from Eq.( 8) as:

_ (1/Roo—(Ryp+Rop)/RA)?

P(Roo) = WR%E 2(ZLET2y2

Yoo FA A" | oo N
P(Rm) = fioo fZL(% —ZL‘) f—oo flL(Z)fo(;)?dZdIE%
P(Rw) = [77 fingly = o) [17 for(2)fo(3) Frdzdu gz
P(Rui) = [*2 [T fio(@) fo(2) Zdw

T2 Br@) fo(5E ) e da dy
(10)

Fig. 4 depicts the Monte-Carlo simulation results of the read
error rate under the different ratios of the nominal resistances of
the two magnetic domains (R2 /Rl) when the MT]J variations are
considered. P11 is always lower than P.oo due to the bigger
distinction between Rio and R11 compared to the one between Rog
and Ro1. Following the increase of Ra / Ry from 1.6, both P.oo and
P11 increase, indicating the reduced distinction from the adjacent
resistance states. However, the increase of Rs / R1 decreases the Peg1
and FPe1o by raising the distinction between Ro:1 and Rig. When
R3 /Ry = 2.2, the parallel MLC MTJ achieves its lowest maximum
read error rate as P.oo = 3.31%, P.o1 = 2.97%, P.10 = 0.73%
and P.11 = 0.23%. The change of the optimal R2/R; ratios in
the nominal and statistical optimizations comes from the correlation
between the standard deviation and the nominal values of the MTJ
resistance state: the higher resistance is, the larger standard deviation
of the resistance will be [17].

2) Optimization of Series MLC MTJs: In series MLC MTJ,
the serially connected SLC MTJs are fabricated separately. The
parameters of these two MTIJs are partially correlated due to the
spatial correlations. The two resistance states of the small SLC MTJ
with the minimum size are Rsor, = 50002 and Rog = 1100012,
respectively. The distinctions between two adjacent resistance states
can be adjusted by changing the surface area of the large SLC MTJ.

Similar to the analysis in Section III-B1, We have:
z=R;u/RiL, (11

and

9(Rir, Rir) = fir(Riz)-fo(F2) 7y (12)

Here g(R;m, Rir) is the joint probability density function. Based on
the integral of the variable R;r, we can obtain the density function
of R;py as:
(RA/Rip,—Rip)?
+oo 1 RA 67 252
—oo V2moy R?L
(1}";1:11 _1.2)2

Jir () =

13)

1

i
. T 7 0.023328
R;r

1 .
0.108v2= ¢ dRip

The read error rates of the resistance states of the series MLC MTJ
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Fig. 5. Error Rate vs. Resistance of Hard Domain Sweep.

P(Roo) = f_JrOD: f1iL(Roo — ) far (z)dx
P(Ro1) = fj—:: fir(Ro1 — &) for.(z)dz
P(Ru) = fj—:: fir(Rio — ) fon (x)dx
P(Ri1) = [*% fin(Ru — @) fan (2)dz

Fig. 5 shows the read error rates of the four resistance states of
the series MLC MTJ when the size of the large SLC MTJ changes.
The variation of the large SLC MTIJ size is represented by its low
resistance state(R1r). The lowest maximum read error rate happens
when Ri1 = 24401, or the MTJ size is 64.5nmx 129nm. It is very
close to the result of the nominal optimization method — Ri;, =
250012, or the MTJ size of 64nmx 127nm. The corresponding read
error rates of each resistance states are P.oo = 0.000118%, P.g1 =
0.46%, Pe10 = 1.57% and P.11 = 1.15%. Compare to parallel MLC
MTIs, series MLC MTJs demonstrated significantly lower read error
rate under the same fabrication conditions. Although the read error
rate has not achieved the commercial requirement yet, these results
are still very encouraging.

(14)

IV. WRITABILITY ANALYSIS OF MLC MTJs

In SLC MTJ designs, increasing the switching current density
can effectively reduce the MTJ switching time and improve the
write error rate of the SLC STT-RAM cell. In MLC MTJ designs,
however, increasing the switching current when programming the
MT]J to an intermediate resistance state may overwrite the MTJ to
the next resistance level. The thermal fluctuations further complicate
the situations of MLC MT]J programming by incurring the additional
variability of MTJ switching time. In this section, we will discuss
the impacts of these variations and the multi-level programming
mechanisms on the writability of the MLC MTIJs.

A. Write Mechanism of MLC STT-RAM Cells

The write operation of a MLC STT-RAM cell is much more
complex than that of a SLC STT-RAM cells — Both the polarizations
and the amplitude of the switching current must be carefully tuned
according to the current and the target resistance states.

The write scheme of parallel MLC MTIJs has been discussed in [3];
In general, the soft domain can be switched by a small current
(density) while the hard domain must be switched by a relatively
large current (density). It means that the soft domain can be switched
alone but the hard domain switching is always associated with the
soft domain switching if the original magnetization directions of the
two domains are the same. Hence, some resistance state transitions
require two switching steps. For example, when a parallel MLC MTJs
switches from Roo to R1o, a large current is applied first to switch the
MT]J from Roo to Ri:. Then a small current is applied to complete
the transition from R11 to Rio.
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For easy analysis, we assume that the bits of a MLC MTJ from ‘00
to ‘11 follow the resistance value from low to high. As summarized
in [2], the transitions of the MTJ resistance states can be classified
into three types:

1) Soft transition (ST), which switches only the soft domain in

a parallel MLC MTJ or the small SLC MTJ in a series MLC
MTIJ;

2) Hard transition (HT), which switches the both domains in a
parallel MLC MT]J or both SLC MTlJs in a series MLC MTJ
to the same magnetization direction;

3) Two-step transition (TT), which utilizes two steps to switch the
MLC MT]J to the target resistance states, i.e., one HT followed
by one ST.

B. Impacts of Thermal Fluctuations

We define the threshold switching current (density) as the minimal
current (density) required to switching a MTJ within a switching time.
The relationship between the magnetization switching time (¢.,) and
the nominal value of the threshold switching current density (J¢)
can be divided in three working regions [14]. When t,, < 10ns, the
reduction of t,, requires the dramatic increase of the Jc. Also, due
to the asymmetry of MTJ switching, the threshold switching current
density of writing ‘1’ is usually larger than that of writing ‘0’ [18].

The thermal fluctuation demonstrates different impacts on the
MT]J switching performance in the different working regions: For
a low switching current density or a 13, > 10ns, the thermal
fluctuation is dominated by the thermal component of internal energy;
the MTJ switching time follows a Poisson distribution. For a high
switching current density or a T, < 3ns, the thermal fluctuation
is dominated by the thermally active initial angle of procession;
the MTJ switching time follows a Gaussian distribution [4]. The
distribution of the MTJ switching time in the middle of these two
regions follows a combination of the two distributions. In the write
operations of MLC STT-RAM, the two parts of the MLC MTJs, i.e.,
the two magnetic domains in the parallel MLC MTJ or the two SLC
MTIJs in the series MLC MTJ, may experience different switching
current densities, thermal fluctuations and even different threshold
current densities (mainly exist in the parallel MLC MT]Js). The MTJ
switching could ends up with multiple possible resistance states with
different probabilities, as we shall show in following sections.

C. Write Operations of Parallel MLC MTJs

During the write operations of parallel MLC MTlJs, the voltage
(V) applied to the two terminals of the two magnetic domains are
the same. For each domains, the switching current density has:

v v v

J; = =V _ Vv
LA RA; A
R;-A; A,l A, RA;

1=1,2. (15)

It shows that after V' is fixed, the switching current density through
each domain is uniquely determined by the RA of the domain. Here
RA; = RAL or RAL-(TMR+1) for the low- or the high-resistance
state, respectively. RAy is the RA of the low resistance state. As we
discussed in Section II-B1, the two magnetic domains of a parallel
MLC MTIJ have the exactly same RA when they are in the same
resistance state. In such a case, the two magnetic domains have the the
same current density. However, if the two domains are in the opposite
resistance states, the current densities of them will be different.

Fig. 6(a) shows our simulation results of the relationships between
the T, and Jc for the two domains in a typical parallel MTJ. The
MT]J parameters are scaled from the measured data of a 90x 180nm
elliptical MTJ device in [10]. Two domains demonstrate different J¢o
even under the same 7T, due to the different shape anisotropy’s etc.
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Fig. 6. Switching properties of the two domains for a parallel MLC MTJ. (a)
switching time vs. switching current. (b) switching time standard deviation
vs. switching current.

The write asymmetry is also observed in the result, i.e., the Jo of
‘0’—‘1" transition of the magnetic domain is always higher than that
of ‘1’—‘0’ transition for the same 7’,. The relative deviations of the
T of the two magnetic domains at the whole working region are
shown in Fig. 6(b).

During the write operations of parallel MLC STT-RAM cells, the
write current must be applied to switch only the domain(s) that
need(s) to be flipped. However, the variability in the magnetization
switching of the two domains can introduce write errors. Different
from the SLC MTJ where the write error is only incurred by
incomplete switching, the writing errors of the parallel MLC MTJ
come from either the incomplete switching of the target domains
(incomplete write) or overwriting the other domain to an undesired
resistance state (overwrite). In a HT transition, only incomplete
writes will happen because the write operations require either both
domains flip together or only the hard domain flips if the soft
domain has already been in the target resistance state. In such a
case, increasing the switching current can effectively improve the
switching performance of both domains and suppress the write error
rate. In a ST transition, the situation can be divided into two scenarios:
1) If the destination resistance state is boundary state, i.e., Roo
and Ri1, then only incomplete write failures are possible; 2) If
the destination resistance state is intermediate state, i.e., Ro1 and
R0, then both incomplete write and overwrite failures may occur.
An appropriate switching current must be selected to achieve a low
combined writing error rate. We denote the transitions in 2) as
“dependent” transitions and the transitions in 1) and HT transitions
as “independent” transitions.

Monte-Carlo simulations are conducted to evaluate the write error
rates of the dependent transitions, i.e., 00 — 01 or 11 — 10, as shown
in Fig. 7. Here we assume the MTJ switching current is supplied by
an adjustable on-chip current source, whose output magnitude has an
intrinsic standard deviation of 2% of the nominal value [8]. For a 10ns
write pulse width, the optimal switching current for the transitions
of ‘00°’—01" and ‘11’—°‘10" are 46.5uA and 49.911 A, respectively.
Fig. 7 also shows the changes of incomplete and overwrite errors over
the whole simulated range. When the switching current decreases
from the optimal value, the incomplete writes start to dominate the
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Fig. 7. Writing error rate in parallel MLC STT-RAM cell at T, = 10ns.
Notes: The total error rate is not necessarily equal to the sum of incomplete
error and overwrite error, which are the errors overwriting the hard domain
or incurring the incomplete soft domain flipping, respectively.

write errors; When the switching current increases from the optimal
value, the overwrite errors of the hard domain start to dominate
the write errors. Nonetheless, the error rates of the two dependent
transitions are still high ( 8.2%), indicating a large overlap area
between the threshold switching current distributions of the hard
domain and the soft domain.

Fig. 8 shows the write error rates of the dependent transitions of
the parallel MLC MT]J at different switching currents when 73, = 3ns,
10ns, and 100ns, respectively. The lowest write error rate is achieved
at T, = 3ns. It is because that when T, reduces, the required MTJ
switching current increases. The impact of the thermal fluctuations
on the MTJ switching is suppressed and the distributions of the T,
are compressed. This fact indicates that the parallel MLC MT]J better
work at a fast working region to minimize the write error rate.

We can also map the uncertainties in the switching time of the
parallel MLC MTJ under the fixed switching current into the distri-
butions of the required switching currents for fixed switching time.
Fig. 9(a) shows the distributions of the threshold switching current
of the dependent transitions for the parallel MLC MTJ at a 10ns
write pulse width. The distributions of the MTJ write current supplied
by the on-chip current source are also depicted. Take the transition
of ‘00°—°11" as an example, a write current is selected between
the threshold current distributions of the transitions of ‘00— ‘01’
and ‘00’—‘11". The two types of write errors, including incomplete
write and overwrite, are represented by the overlap between the
distributions of the write current and the threshold switching current
of ‘00°’—‘01" and the overlap between the distributions of the write
current and the threshold switching current ‘00’—‘11’, respectively.
Fig. 9(b) shows the distributions of the threshold switching current
of the independent transitions for the parallel MLC MTJ at a 10ns
write pulse width. Since only the target magnetic domain will flip
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during the independent transitions, a sufficiently large write current
can be always applied to suppress the incomplete write errors without
incurring any overwrite errors.

Similar to the distributions of the MTJ switching time, the distri-
butions of the threshold switching current of the parallel MLC MTJ
are also dependent on the working regions of the MTJ. After the
distributions of the switching current of the resistance state transitions
are obtained, the optimal write current can be derived as Fig. 9(a).

D. Write Operations of Series MLC MTJs

In a series MLC MTJ, the magnitudes of the currents passing
through the two SLC MTIJs are the same. However, the applied
current densities on the two SLC MTIs are different and determined
by the different surface areas of them. In Section III-B2, the analysis
on the read reliability of the series MLC MTJs shows that the optimal
surface area ratio between the two MLC MTIJs is around 2, or
45nmx90nm and 64.5nmx129nm at 45nm technology node. In our
simulations, we also assume the two SLC MTJs maintain the same
aspect ratios and were fabricated under the same conditions. Thus,
they have the same switching properties, i.e., the same relationships
between threshold switching current density and the switching time.
Again, the switching current density on each SLC MT]J is controlled
by the on-chip write current source.

Fig. 10 shows the write error rates of the dependent transitions
of the series MLC MTJ under different switching currents for
a 10ns write pulse width. The optimal switching current for the
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transitions of ‘00’—‘10” and ‘11’—‘01" are 79.0uA and 92.5uA,
respectively. Compared to parallel MLC MTlJs, the write error rates
of the dependent transitions are significantly reduced: the minimum
write error rates of the transitions of ‘00°’—‘10" and ‘11’—‘01’
are only 0.0015% and 0.0043%, respectively. The improvement of
the write reliability is because of the larger distinction between the
threshold switching current distributions of the dependent transition
and the adjacent resistance state transition, as shown in Fig. 11(a).
For comparison purpose, the results of the independent resistance
state transitions are shown in Fig. 11(b).

Fig. 10 also shows the write error rates of the dependent transitions
of the serial MLC MTIJ at different switching currents when T,
= 3ns and 100ns, respectively. Similar dependency of the write
error rate on the MTJ working region is observed. Interestingly, the
minimum write error rate occurs when 7%, = 10ns, since the standard
deviation/mean ratio reaches its minimum value (see Fig. 9(b)).
Compared to parallel MLC MTlJs, series MLC MTJs demonstrate
much higher write reliability at the same technology node,, while
requiring slightly larger switching current and higher write energy
consumption.

V. CONCLUSION

In this work, we quantitatively analyze the impacts of the process
variations and the thermal fluctuations on the performance and
reliability of both parallel and series multi-level cell (MLC) STT-
RAM cell designs. Compared to conventional single-level cell (SLC)
STT-RAM designs, the different storage mechanism of the MLC STT-
RAM results in very unique operation failure models and reliability
optimization concerns. Our results showed that the resistance states
of both MLC STT-RAM cell structures must be optimized in the
designs to minimize the read errors. The magnitude of the write
current must be also carefully selected to suppress both incomplete
write and overwrite failures.

Our simulation results show that series MLC STT-RAM demon-
strates much better reliability in both write and read operations
compared to the parallel MLC STT-RAM under the same fabrication
conditions. Also, as expected, the readability is still the biggest
concern in both MLC STT-RAM designs.
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