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Abstract

Spin-transfer torque magnetic random-access memory (STT-MRAM) is considered a potential universal memory that could replace
conventional six-transistors static random-access memory (6T-SRAM) in processor caches. This paper explores STT-MRAMs
based on double-barrier magnetic tunnel junction (DMTJ), while operating at cryogenic temperatures (77 K). To deal with large
dynamic energy and long write latency of magnetic memories we suggest to significantly relax the non-volatility requirement (i.e.,
by reducing cross-section area) of the DMTJ devices at room temperature, while maintaining the typical ten year storage retention
time at the target operating temperature. This leads the DMTJ-based STT-MRAM to be more energy-efficient under both read/write
operations than 6T-SRAM, while maintaining a smaller area footprint.

Keywords: Double-barrier magnetic tunnel junction (DMTJ), STT-MRAM, cryogenic computing, thermal stability relaxation,

77K

1. Introduction

Cryogenic electronics is nowadays gaining great interest in
view of its potential to go over the power/memory wall of clas-
sical room-temperature computing [1]. To efficiently support
cryogenic computing, low-energy and high-density memories
are required. Recent studies have focused on conventional
memories operating down to the liquid-nitrogen temperature
(77K) [2, 3]. Moreover, cryogenic operation of spin-transfer
torque magnetic random-access memory (STT-MRAM) based
on standard single-barrier MTJ (SMTJ) was recently evaluated
in [4], proving to outperform its SRAM counterpart for archi-
tectures with medium to large storing capability (i.e., typical
L2/L3-caches), mainly due to the better scalability of the mem-
ory interconnection structure [5]. On the other hand, for smaller
memory sizes, the SMTJ-based STT-MRAM is penalized by
the high bitcell latency and energy consumption under write
access, both increased as temperature reduces [2, 3]. A feasi-
ble solution to deal with the above issue consists of replacing
conventional SMTJs with double-barrier MTJ (DMT]J) devices
with two reference layers. Due to the reduced switching current
of DMT], faster and less energy demanding write operation is _,
potentially allowed [6-10]. 5

In the above context, this work investigates DMTJ-based
STI-MRAM operating at cryogenic conditions by using a ,
cross-layer simulation framework [5, 6], starting from the
device- up to the memory architecture-level. In our study, we _
considered cache memory sizes from 64 kB up to 2MB for a ,
target operating temperature of 77K. To improve DMTJ en-

ergy and performance characteristics at cryogenic temperatures,
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Figure 1: (a) Sketch of the DMTJ device and its temperature-dependent char-
acteristics as a function of the cell diameter for 300 K and 77 K: (b) thermal
stability factor (A), (c) critical switching current (I¢), (d) resistance in low (Ry,)
and high (Ry) states.

we suggest to significantly relax the non-volatility requirement
(i.e., by reducing cross-section area of the device) at room tem-
perature, while maintaining the typical ten year storage reten-
tion time at the target operating temperature. In this way, under
77K operating temperature condition, the DMTJ-based STT-
MRAM proves to be  60% and ~ 20% less energy-hungry
than conventional six-transistor static random access memory
(6T-SRAM), under read and write operations, respectively. The
rest of the paper is organized as follows. Section 2 discusses
the DMTJ device compact model used in this work. Section 3
presents the circuit- and architecture-level results of our simula-
tion study. Finally, Section 4 summarizes our work by remark-
ing on its main conclusions.
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Table 1: DMTJ parameters

L DMTJ - 40 nm | DMTJ - 13 nm
Parameter Description (300 K, 77K) | (300 K, 77 K)
teL FL thickness 1.2nm
toxT Top barrier thickness 1nm 0.85 nm
toxs Bottom barrier thickness 0.5nm 0.4 nm
RA Resistance-area product ~7 Q-um? ~2 Q-um?
P Spin polarization factor (0.66, 0.73)
Ms Saturation magnetization (1.58,1.80) T
a Gilbert damping factor 0.03
: Interfacial perpendicular 3 3 5
Ki anisotropy constant (1.3x10%, 1.73x10%) J/m
TMR(0) Tunnel magnetoresistance @0V | (141,205) % | (131,198) %
P " 40nm @300K
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Figure 2: Switching behavior of the DMTJ device with 40 nm diameter (at ,,
300K and 77 K) and 13 nm diameter (at 77 K) in terms of the write pulse width
(tp) to ensure a write error rate WER = 1077 as a function of (a) write current
(Lwrite), and write voltage (Vyrite) for (b) low-to-high (R — Ry) and (c) high- 7
to-low (Rgy — Rp) transitions. 75
76
77
2. Device-level modeling e
Fig. 1(a) shows the sketch of a perpendicular DMTJ, where :
the CoFeB free layer (FL) with variable magnetization orien- o
tation is sandwiched between two MgO barriers with differ- 0
ent thickness, each one interfaced with a CoFeB polarizing N
reference layer (RL). To allow reduced switching current, the
two RLs feature fixed magnetization orientations in antiparallel s
configuration [10]. Table 1 reports the DMTJ physical parame- ss
ters considered in this work for two different devices featuring es
circular perpendicular magnetic anisotropy (PMA) geometry s
and diameter of 40nm and 13 nm, respectively. Temperature- ss
dependent parameter values have also been made explicit for s
two operating temperatures (300 K and 77 K). Note that, in or- ¢
der to assure fully compatibility with the CMOS process, the o
resistance of the shrinked device is scaled down according to e
the trends reported in literature [11]. 03
At the device-level, the DMTJ is described by our macrospin- s
based Verilog-A compact model [10], which also mimics the s

2
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Figure 3: (a) Schematic of the one transistor-one MTJ STT-MRAM bitcell (BC)
in standard configuration (1T1MTJ-SC) and (b) its minimum-area layout (cor-
responding to a BC area of 50 F?). Single BC is highlighted with dashed lines
within the memory array.

temperature dependence of the device physical parameters [12].
Figs. 1(b)-(d) show the temperature-dependent characteristics
for the considered DMTJs. The 40 nm DMT]J exhibits a ther-
mal stability factor A ~ 60 at 300 K, which is enough to ensure
10-years data retention [6]. However, as shown in Fig. 1(b), the
A overly grows at the lowest temperature (A =~ 345 at 77 K),
while increasing by ~ 20% the switching current, with detri-
mental effect on energy consumed during the write operation
(see Fig. 1(c)). By shrinking the FL cross-section area (i.e., by
scaling the DMTJ diameter) to achieve a data retention time
of about 10-years at 77K (A = 60 for 13 nm diameter), the
switching current can be considerably reduced (see Fig. 1(c)),
with the added benefit of increased storage density. As shown
in Fig. 2(a), the suggested approach leads to reduce the switch-
ing current by more than 80% at the parity of pulse duration for
a target write error rate (WER) of 1077 [6]. From Figs. 2(b-c),
it can be observed that the required write voltage pulse ampli-
tudes (for both the R — Ry and Ry — Rp transitions) are
slightly increased for the 40 nm DMT]J as the temperature goes
down to 77 K. This energy-adverse effect is counteracted by
the relaxed non-volatility of the 13 nm DMTJ device, which al-
lows the required write voltage amplitudes to be considerably
reduced (56%, on average) at cryogenic temperature.

It is worth pointing out that, the increase of the required write
voltage of the 40 nm DMT]J (see Fig. 2), owing to the decrease
in temperature from 300K to 77K, implies a greater device
degeneration in terms of cycling endurance [13]. To evaluate
the DMT]J stack cycling endurance, we considered the semi-
empirical time-dependent dielectric breakdown (TDDB) model
proposed in [13]. According to this model and referring to
data provided in Figs. 2(b)-(c) in terms of required voltages
and pulse width = 4ns, the 13nm DMTJ with relaxed non-
volatility at 77 K improves the endurance lifetime by orders-of-
magnitude when compared to its 40 nm counterpart operating
at the same temperature.
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Figure 4: DMTJ-based STT-MRAM bitcell-level Monte Carlo (MC) simula-
tions for (a) write (@ WER = 1077) and (b) read (@RDR = 107?) operations at
77K.

3. Circuit- and architecture-level analysis at 77 K

3.1. Circuit-level results

The DMTJ-based bitcell shown in Fig. 3 has been simulated
in the Cadence Virtuoso environment by exploiting our DMTJ .,
compact model [10] along with a commercial 65 nm CMOS,,,
technology experimentally characterized down to the liquid ni-,,,
trogen temperature [4]. Extensive Monte Carlo (MC) simu-,,
lations were performed for an operating temperature of 77 K, ,,
while considering both DMTJ and CMOS variability. While,,,
the CMOS process variations have been taken into account by,
using the statistical models provided by the process design kit
(PDK), the DMTJ manufacturing uncertainty is considered by
our Verilog A compact model which allows defining the vari-
ability (o/u) of some process parameters, whose variations arero
assumed to follow a Gaussian distribution [10]. In particular arar
o /u = 5% was set for the cross-section area, while a o-/u = 1%~
was imposed for tox B, fox 1, and tg, [6, 14, 15]. 143

Fig. 4(a) compares MC simulation results for the 40 nm and+
the 13nm DMT]Js in terms of switching time (#,) referred tos
the worst-case state transition which assures the target WER14s
of 1077, The 60 switching time (u + 60 considered foris
architecture-level simulations (discussed below) is also high-1s
lighted. According the reported results, the 13 nm DMTJ re-s
duces the 60 switching time by the 85% as compared to itsiso
40 nm counterpart. Fig. 4(b) is related to MC simulation resultssst
for the read operation. Here, we have referred to the conven-isz
tional voltage sensing scheme [16], which involves applying aiss
fixed read current (/i.aq) to the the bitline (BL) and measuringiss
its voltage (Vg ) for both low-resistance state (LRS) and high-1ss
resistance state (HRS). The (/ic,q) has to be properly set to en-ss
sure a reasonably low read disturbance rate (RDR), which rep-1s,
resents the probability of an unwanted switching of the storediss
bit during the reading operation [17]. In our simulations, theiss
(Ireaq) has been set considering a target RDR of 1072 [16]. Fromieo
the reading MC results is possible to estimate the voltage sens-1s:
ing margin (Vsm = VBL(HRS)‘ VBL(LRS)): along with its 30~ value. ez

3

Ry, — Ry
write current

Ry — Ry,
write current

write pulse

Figure 5: DMTJ-based STT-MRAM bitcell-level results at 77 K for devices
with 40 nm and 13 nm diameters: (a) write operation ensuring write error rate
WER = 1077 and (b) read operation ensuring read disturbance rate RDR =
1079,

A summary of the bitcell-level MC results is provided in
Figs. 5(a)-(b), where speed and energy benefits for the write
operation carried out by the 13nm DMTJ are clearly shown
(lower switching time and energy by 6.5 X and 12.3 X, as com-
pared to the 40 nm device). These advantages are obtained at
the expense of about halved sensing margin during the read op-
eration.

3.2. Architecture-level results

DMT]J-based bitcell (BC) characteristics obtained from MC
circuit-level simulations at 77 K were used as input to the mem-
ory architecture-level DESTINY estimation tool [18]. For the
sake of accuracy and to keep consistency with the above circuit-
level study, we properly calibrated the DESTINY tool [4], by
embedding in its code temperature-dependent transistor (i.e.,
threshold voltage, on/off current, gate capacitance, mobility,
etc.) and interconnection (i.e., resistivity) characteristics ex-
tracted from the adopted 65 nm cryogenic PDK in Cadence Vir-
tuoso. This allows an accurate evaluation of the behavior of
peripheral memory circuits. DMTJ-based STT-MRAMs have
been benchmarked against 6T-SRAM for different cache sizes,
ranging from 64 kB up to 2 MB.

Figs. 6(a)-(d) show the STT-MRAM read/write latency and
energy results (normalized to conventional 6T-SRAM). As
compared to the 40nm DMTJ-based magnetic memory, the
STT-MRAM based on 13 nm DMT]J devices allows write en-
ergy savings of about 50% (on average), while ensuring com-
parable read energy. As a consequence, the use of DMTJ
devices with relaxed non-volatility allows the STT-MRAM to
outperform its 6T-SRAM counterpart in terms of energy con-
sumption under cryogenic temperatures. Moreover, the STT-
MRAM based on 13nm DMT]J devices considerably reduces



163

164

165

166

167

168

169

170

17

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186
187
188
189
190
191
192
193
194
195
196

30 (a) - - SRAM
STT-MRAM (40nm)

BE&E STT-MRAM (13nm)

(c) 7 STT MRAM (40nm) 197
25l 2.4 B STT-MRAM (13nm)

>-
©
@©

Normalized read energy
o (log scale)

o
-

- - SRAM
10 STT-MRAM (40nm)
E&E STT-MRAM (13nm)

=
S

Normalized write latency ~Normalized read latency

Normalized write energy
(log scale)

o
b

Memory size Memory size 213

214

215

216

Figure 6: DMTJ-based STT-MRAM (devices with 40 nm and 13 nm diameters),,,

versus 6T-SRAM results at the architecture-level for 77 K: (a) read latency,
(b) write latency, (c) dynamic read energy, (d) dynamic write energy (leakage
power in the inset). Data is normalized to conventional 6T-SRAM.
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write latency of more than 70% in comparison to its 40 nmezs

DMT]I-based counterpart. This allows to significantly reduce®*
the STT-MRAM delay penalty with respect to the conventionalzzz
6T-SRAM, under write access. The above benefits come at the,,,
only cost of increased read latency (about 2.3 X) in comparisonzzs
to the 40nm DMTJ-based STT-MRAM. Leakage power was**®
also evaluated, as shown in the inset of Fig. 6(d). Note that theZZ?
STT-MRAMs based on 40 nm and 13 nm DMTJ devices presentas;
almost overlapped static power consumption, which is about thezss
98% less than that of the conventional 6T-SRAM. 2
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239
In this work, we propose to exploit DMTJ devices witha,

relaxed non-volatility to define energy/performance efficienta
cryogenic caches. Our simulation study performed at circuit®?
and memory architecture-levels shows that by shrinking thezjj
DMT] cross-section area (i.e. by relaxing the non-volatility re-as
quirement at room temperature) allows to improve energy andz+
performance under memory write operation, while maintainingz:;
adequate retention time at 77 K. In this way, the write delay,,
penalty with respect to conventional 6T-SRAM is greatly re-zs
duced, while higher energy-efficiency under both write and read?s
accesses is achieved. 2

4. Conclusions
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