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Abstract—Spin-orbit-torque magnetic tunnel junction (SOT-
MTJ) is an emergent spintronics device with a pronsing
potential. It resolves many issues encountered irhé current
MTJs state of the art. Although the existing Spin Tansfer
Torque (STT) technology is advantageous in terms of akability

and writing current, it suffers from the lack of reliability because
of the common write and read path which enhances éhstress on
the MTJ barrier. Thanks to the three terminal architecture of
the SOT-MTJ, the reliability is increased by separang the read
and the write paths. Moreover, SOT-induced magnetation

switching is symmetrical and very fast. Thus, doorare opened
for non-volatile and ultra-fast Integrated Circuits (ICs). In this

paper, we present the architecture of a mixed CMO®agnetic
non-volatile flip-flop (NVFF). We use a compact modl of the
SOT device developed in Verilog-A language to eleatally

simulate its behaviour and evaluate its performance The
designed standard cell offers the possibility to s the usual
CMOS flip-flop functionality. In addition, it enabl es storing and
restoring the magnetic data by exploiting the non-elatility asset
of MTJs when the circuit is powered off. With a 28m

dimension, the SOT-MTJ based NVFF demonstrated a vgrhigh

speed switching (hundreds of picoseconds) with 7xedrease in
term of writing energy when compared to the STT devie.

Keywords— Spin orbit torque, Compact modelling, Verilog-A,
Simulation, Spin transfer torque, MRAM, Flip-flops, Spintronics

I. INTRODUCTION

every 18 months. Nevertheless, the last decaddjntiits of
conventional device scaling are fronting major peafs, such
as leakage current, performance saturation, acetédcel
variability and process complexity.

Trying to overcome these hurdles, several solutiares
studied at technology, circuit and architectureelevThe use
of non-volatile devices is appreciated as a pramgisiolution
to reduce power consumption, increase data stwafgey and
offer new functionalities. Several technologies iatensively
inspected, for instance, Phase Change Random Access
Memory (PCRAM), Ferroelectric RAM (FeRAM), Redox
RAM and Magnetic RAM (MRAM). In its 2010 report [1]
ITRS identified Redox RAM and MRAM as the two most
favourable technologies for embedded memories \adratd
technology nodes.

MRAMs exist thanks to the discovery of the Magnetic
Tunnel Junction (MTJ) in 1995 [2]. Since then, fauain
generations of MRAMs have seen the light. The first
generation of NV MRAM is magnetic-field controlléeshown
as Field Induced Magnetic Switching (FIMS) [3]. $hi
approach suffers from selectivity and scalabilggues. The
selectivity issues were partially solved by the catied
“toggle” approach proposed in [4], but field-basetiting
schemes remain hardly scalable below 90nm. Thene ¢he
Thermally Assisted Switching (TAS), which allowedhsng
the selectivity issues while reducing the writingesgy and

Technology innovations are mainly motivated by thinprove the scalability [5]. A high writing currerg required

worldwide tenders around them. Portable computimgl a

connectivity have a continuous market demand. Thaisous
technology advances for smartphones, tablets amdless
devices have seen the light. Nowadays, mobile systare
dominating the semiconductor market. However, astone
of mobile systems is their power autonomy. For drgit
powered applications, energy efficiency is a caitiigure of
excellence. The great challenge which is facingisenductor
big companies is to provide low power consumptioodpcts
while improving their performance. In addition, tkeze of
electronic devices has become an attractive stdnidarthe
customer. Thus, Integrated Circuits (ICs) are béngrdenser

For four decades, the semiconductor

succeeded to follow Moore's law by doubling

performance and the number of transistors in silidie area

industry has i _ ) : :
th@€ avoided by the demonstration of Spin-Orbit-Tesjun

and consequently increased power consumption amdreia
due to large transistors and huge write lines. Haurtmore
advanced writing scheme has been proposed to gwvatter
issues; spin polarized current can be used thrthugfunction
to apply spin transfer torque (STT) [6] [7] and ®hi the
magnetization of the storage layer. Although theatimg
current has been decreased by orders of magnitodethe
scalability issue is improved, two main shortconsirage still
limiting the reliability and endurance of STT-MRAMS) the
writing current stress can occasionally damage NHEJ
barrier, ii) a read operation can undesirably dwitice MTJ
magnetization state.

Recently, in [8] it has been proved that such andscould

ferromagnetic thin films. In this work, we repohet benefits



brought by the SOT device to increase the religbiind
performances of MTJ based ICs focusing on a NV-fftp

study case. To do so, we also introduce a macraspmpact
model that we developed in Verilog-A language tcalibe
the behaviour of the SOT-MTJ device and enable
integration into semiconductor commercial desigow8 to
realize hybrid CMOS/magnetic ICs. Simulations resshow
the great potential of SOT-MTJ to improve the wgtienergy
compared with STT-MTJs for a non-volatile flip-flgplVFF)

study case. Results are very encouraging for futoraplex

The development of a compact model for electrical
simulations is a necessary step to integrate egetiices such
as the SOT-MTJ in industrial CMOS design flowsgbmeral,
two approaches are used in literature to model MTHs first
ismainly based on physical equations [12][13] knas “the
Landau-Lifshitz-Gilbert (LLG) Equations” [14], theecond is
more behavioral to fit characterization results][16], it is so
called ‘analytic” approach. It is the linearizatiof the LLG
approach at switching points. The first approactcdbes the
behavior of the device more realistically and iaayally more

hybrid magnetic/CMOS systems targeting Applicatiogeneric and flexible. The second one is simpler in

Specific Integrated Circuits (ASICs) and memories.
Section 2 introduces the structure of the SOT-M3 dvall

as the compact model used to integrate the devicthe
CMOS design flow. In section 3, we describe théidecture
of the CMOS/magnetic NV flip-flop validated by sifations
results. In section 4, we evaluate the performanetrics of
the designed cell and we discuss them. Section &hes
conclusion.

Il. SOT-MTJ: STRUCTURE AND MODELLING

For the 2-terminal STT device shown in figure 1(@9th
read and write operations are achieved by passiogrr@nt
through the junction. Figure 3 (a) shows the B&aiaal
structure of the SOT device with independent readl \arite
paths. The magnetic free layer is in contact with
nonmagnetic heavy metal stripe, typically platin(ft) [8] [9]
or Tantalum (Ta) [10][11]. When injecting a currant the
nonmagnetic layer, spin-orbit coupling leads to
perpendicular spin current induced by the spin Haid
Rashba-like effects which is transferred to the magigation
creating a spin torque and inducing magnetizatwernsal [8].

read & write path
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transistor"
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Fig. 1 Comparison of MTJ based standard bit-c¢ISET-MTJ based bit-cell
(b) SOT-MTJ based bit-cell, In-plane current injeatthrough the write line
induces the perpendicular switching of the stotager (up or down)

implementation but less generic and more adequateaf
given technology since parameters can be adapted to
experimental data. Compact models can be implerdardieg

a generic language like C and compiled for a gisiemulator

[17], or using a generic language such as Verildd-A.

In order to simulate the switching behavior of tBOT-
MTJ, we developed a compact model written in Verifo
language which is on the path to becoming the pexde
compact modeling language for both academic andsinidl
research groups. The modeling approach used foISO&
device is based on macrospin approximations. dtrilees the
SOT-MTJ as a three-terminal logic device and inetudhe
dynamic behavior described by the LLG equationsfdllow
the variation of the SOT-MTJ resistance, Julieratzdel [18]
as well as Simmons’s model [19] are used in theresgion
describing the conductance through the junctiontedeer, for
an improved accuracy, we integrate the dynamic ectacice
@iven by Brinkman model [20] and we take into cdesation
the dependence of magneto-resistance on bias gokggally,
a special interest is given to Rashba effect an& Shques
inside the LLG equation to highlight the impacttbése two
factors on the dynamic of magnetization switchingmsively
argued in [8-13]. Figure 2 shows the simulatiorultssof the
SOT-MTJ compact model. The model behavior faitlyfull
corresponds to the theoretical switching of the maéigation
Mz from parallel ‘P’ to ‘AP’ and vice versa dependion the
current direction applied during the time. Since thodel is
dynamic and accurate, we clearly observe the atioifis
during the switching (write phase).

current (LA)

+ 3 ;
0 : (_____)u L 4 |
1 | 300ps .

magnetization (Mz)

3 4 5 tme(ns) 6 7

Fig. 2 Validation of the SOT-MTJ Verilog-A compauobdel through
electrical simulations
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Fig. 3 Transient simulations of CMOS/magnetic mix&d-F. Two operating modes are possible: CMOS aadmatic modes. During the CMOS mode, the
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Fig. 4 SOT based NVFF (a) Symbol of the NVFF witk torresponding
inputs and outputs (b) Detailed architecture

I1l. SOTBASEDNV FLIP-FLOP (NVFF) ARCHITECTURE

The architecture of the NVFF meticulously reliesthe
typical CMOS flip-flop circuitry. The integration fothe
magnetic part is carefully accomplished with anirojged
way to not disturb the CMOS operation while reqgrithe
minimum number of transistors. Thus, non-volatilis
obtained while keeping the advantage of workingeurtthe
usual CMOS mode and so profit from the high pertomoe of
silicon. Two operating modes are available:

i) CMOS operating mode: when R="0’, the magnetia pér
the NVFF is disconnected from the rest of the dirclihe
NVFF takes the signal ‘D’ as an input and the béhavof
the cell is purely CMOS. Thus, the performancehef silicon
is fully exploited. During this phase, it is podsilbo write the
two junctions in a differential way since the resgibperation
is also differential meaning that the two MTJs haae
opposite configuration state (P and AP). We ingeatriting
current, ‘Iw’ through the common writing stripe dfe two
junctions. The current flows from A to B for th& device and
from B to A for the 2% device. Thus, the magnetization state
is Mz= 1 for the first junction and Mz= -1 for tlsecond, or
vice-versa. Two writing cycles are shown in figtine bottom
of figure 3.

i) Magnetic mode: When R ='1", the input signal ‘D’ is
disconnected from the rest of circuit since theutnpass-gate
is switched off by ‘CK’. At first, the ‘Az’ signals set to ‘1’



during a very short time (few picoseconds) to dithban
electrical equipotential. When ‘Az’ is deactivatetthe cell
behaves as a sense amplifier and restores the tiaga¢a
from the two different resistances of junctions.

Figure 3 illustrates the two possible NVFF modesrifiy the
CMOS mode, the appliance of a positive current guls
writes the ‘1’ data by setting the magnetization dMzhe two
MTJs up (+1) and down (-1), respectively. The ojeodata
‘0’ is obtained when Iw is negative. The output ® the
NVFF takes the value of the input data D at easimgi edge
of the clock CK. This corresponds to the standaMOS
operating mode. The CMOS mode is interrupted wheil'R
and the magnetic data already written in the MEJ®stored.
Figure 3 shows that during the first restore openatthe
output Q recuperates the ‘1’ data stored as magetgie Mz.
Then, during the second restore, the ‘0’ data @lénl back.
Figure 3(b) confirms the non-volatility criteria tie NVFF,
where the last data stored in the MTJs is loadett béter a
power-off of the cell.

IV. PERFORMANCE ANALYSIS

The resistance of the MTJ (Rp, Rap) is a critieakniction
that marks both read and write operations. Foiliable read
operation, it is desirable to have suitably higsisence. This
is mainly due to the access transistors conneae®iTJ

Benefits in terms of energy per writing operati@m @lso
be observed since the writing stripe is highly agttve (Pt),
the writing path has a very low resistance)Rf we consider
Ic the critical writing current, Rthe resistance of the writing
path andr =1ns the width of the writing pulse, the energg ca
be calculated as (E=,& Ic?x 1). In MTJ based NVFFs, we
are writing two junctions in the same time for #afential
read operation. Therefore, the writing path reaistas further
increased and so the required energy. Table 1 shbws
values of the critical current required for eacbhteology as
well as the writing energy for the given devicesapaeters.
Although the critical current of the SOT-MTJ is hay than
that of the STT-MTJ, the required energy per wgtin
operation of the SOT technology is still 7x bettean its STT
counterpart. This is due to the low writing patkiseance of
the SOT-MTJ.

R =2x
LTS

/Rp /Rap R,=Rp+Rap
(b) Ic2 M = _MA_

Fig. 5 Equivalent resistance of the writing path®T device (b) STT
device

which decrease the effective TMR by adding a series

resistance. If the MTJ resistance is reasonablatgrethan
that of the transistor, the influence of seriesstasce is less

TABLE | SOTVERSUSSTT PARAMETERS AND PERFORMANCE

significant. Commonly, the control of the MTJ résige is

Technological parameters SOT STT

achieved by adjusting the MgO barrier thicknesscitalso
enhances the Tunnelling-Magneto-Resistance (TN

Fﬁtorage layer volume (rin 28x28x0.6 nx(28%/4)x1.69

Nevertheless, for a write operation, high resistame not
desirable, because it worsens the source deteooraffect

Write stripe dimensions (nm (45, 28, 2) -
(length, width, thickness)

and limits driving current from the transistor. idéfig an
optimal resistance window that allows both highesbeead

and write operations is the bottleneck of the S&dhhology.

This dilemma seems to be removed thanks to theet
terminals architecture of the SOT-based bit-cédjuffe 1), for

Write stripe resistivity (20, 190, 180) -
pQ.cm (Pt, Ta, W) [10]

Sat. magnetization ,Ms (A/m 1.1 x10 1.1 x16
Eamping factorp. [10] 0.5 0.008

which the read path and the write path are sephrate

Spin Hall angle (Pt, Ta, W), | (0.07, -0.15, 0.3 -
Osnhe[10]

Based on the current state of the art of MTJ daeyioe
drive a comparison study in terms of writing cutremd

energy. Since the interest of MTJs is greater atamlckd
technology nodes and also in order to be moreftaitb the
macrospin assumptions used in the macro-model,

investigate the SOT and STT devices at 28 nm diroengVe

target a fast switching of 1ns.

For a given applied voltage, the very low resistaatthe
write path offers the possibility to attain a highite current.

When associated to the semi-processional switchaigre of

SOT devices [15][16], ultrafast speed can be adthir
Experimental results of the SOT device show thit fitossible
to switch at only 380ps [9]. Also, theoretical ptide studies

of the SOT technology as well as results from ouwdeh
proclaim that the SOT device can perform at fewdnads of

Bias magnetic field (mT) [9] 30-100 )

Parallel resistance Rp (K,

RA @ (0V,300K) =5.8 9 9

wem?2

Tmry @ (0V, 300K) 70% 70%

Jc (A/nf) @ 1ns [9] 2.6x10¢ 7x10°P>AP)
4.9x16°%AP>P)

Ic (LA) @ 1ns 140 43 (P>AP)

30 (AP>P)

Write path resistance of 0.160 (Pt) ~9 (Rp)

1 MTJ (KQ) ~ 16.4 (Rap)

Writing energy (fJ) @ 1ns 6.28 44.8

picoseconds [12][13][15][16].



V. CONCLUSIONS

Memory and logic design communities are interesietie

[7]

integration of MTJs with CMOS circuits. The SOT-MTJ
device is becoming a hot topic in both academiciaddstrial

R&D. We proposed the use of such a device in tlse od a
NVFF standard cell which can be used as a primiteléinto

design kit libraries offering safety, power redantiand instant
on/off. In addition the increased reliability due its three [9]
terminal structure, simulations results based onaeturate
compact model showed the great potential of SOT-NMJ (10
improve the writing energy by 7x compared with SWITJs.
Also, a very fast switching (hundreds of picose®)nbas
been observed.

Results are very reassuring for future complex iaybry;p)
magnetic/CMOS system. Also, the intrinsic hardnées
radiation of MTJs is a very interesting asset femapace and
military applications.
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