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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.

Introduction 1

Cryogenic electronics is nowadays gaining great interest in 2 view of its potential to go over the power/memory wall of clas-3 sical room-temperature computing [START_REF]IRDS-IEEE, International Roadmap for Devices and Systems -Cryogenic 186 Electronics and Quantum Information Processing[END_REF]. To efficiently support 4 cryogenic computing, low-energy and high-density memories 5 are required. Recent studies have focused on conventional 6 memories operating down to the liquid-nitrogen temperature 7 (77 K) [START_REF] Ware | Do Superconducting Processors Really 190 Need Cryogenic Memories? The Case for Cold DRAM[END_REF][START_REF] Min | CryoCache: A Fast, Large, 193 and Cost-Effective Cache Architecture for Cryogenic Computing[END_REF]. Moreover, cryogenic operation of spin-transfer 8 torque magnetic random-access memory (STT-MRAM) based 9 on standard single-barrier MTJ (SMTJ) was recently evaluated 10 in [START_REF] Garzón | Exploiting stt-197 mrams for cryogenic non-volatile cache applications[END_REF], proving to outperform its SRAM counterpart for archi-11 tectures with medium to large storing capability (i.e., typical 12 L2/L3-caches), mainly due to the better scalability of the mem-13 ory interconnection structure [START_REF] Garzón | Assess-201 ment of STT-MRAM performance at nanoscaled technology nodes using 202 a device-to-memory simulation framework[END_REF]. On the other hand, for smaller 14 memory sizes, the SMTJ-based STT-MRAM is penalized by the high bitcell latency and energy consumption under write 16 access, both increased as temperature reduces [START_REF] Ware | Do Superconducting Processors Really 190 Need Cryogenic Memories? The Case for Cold DRAM[END_REF][START_REF] Min | CryoCache: A Fast, Large, 193 and Cost-Effective Cache Architecture for Cryogenic Computing[END_REF]. A feasible solution to deal with the above issue consists of replacing temperature dependence of the device physical parameters [START_REF] Rose | A compact model with spin-polarization asym-233 metry for nanoscaled perpendicular MTJs[END_REF]. assumed to follow a Gaussian distribution [START_REF] Rose | Compact Modeling of Perpendicular STT-MTJs With Dou-225 ble Reference Layers[END_REF]. In particular a 110 σ/µ = 5% was set for the cross-section area, while a σ/µ = 1% 111 was imposed for t OX,B , t OX,T , and t FL [START_REF] Garzón | Assessment of STT-MRAMs based on double-206 barrier MTJs for cache applications by means of a device-to-system level 207 simulation framework[END_REF][START_REF] Rose | Variability-aware analysis of hybrid MTJ/CMOS 243 circuits by a micromagnetic-based simulation framework[END_REF][START_REF] Rose | A variation-aware timing modeling ap-248 proach for write operation in hybrid CMOS/STT-MTJ circuits[END_REF]. 

Device-level modeling
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 18131 Figure 1: (a) Sketch of the DMTJ device and its temperature-dependent characteristics as a function of the cell diameter for 300 K and 77 K: (b) thermal stability factor (∆), (c) critical switching current (I c ), (d) resistance in low (R L ) and high (R H ) states.

Figure 2 :

 2 Figure2: Switching behavior of the DMTJ device with 40 nm diameter (at 300 K and 77 K) and 13 nm diameter (at 77 K) in terms of the write pulse width (t p ) to ensure a write error rate WER = 10 -7 as a function of (a) write current (I write ), and write voltage (V write ) for (b) low-to-high (R L → R H ) and (c) highto-low (R H → R L ) transitions.

Fig. 1 (Figure 3 :

 13 Fig. 1(a) shows the sketch of a perpendicular DMTJ, where
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 1 Figs. 1(b)-(d) show the temperature-dependent characteristics 62

Figure 4 :

 4 Figure 4: DMTJ-based STT-MRAM bitcell-level Monte Carlo (MC) simulations for (a) write (@WER = 10 -7 ) and (b) read (@RDR = 10 -9 ) operations at 77 K.

3 .

 3 Circuit-and architecture-level analysis at 77 K 96 3.1. Circuit-level 97 The DMTJ-based bitcell shown in Fig. 3 has been simulated 98 in the Cadence Virtuoso environment by exploiting our DMTJ 99 compact model [10] along with a commercial 65 nm CMOS 100 technology experimentally characterized down to the liquid ni-101 trogen temperature [4]. Extensive Monte Carlo (MC) simu-102 lations were performed for an operating temperature of 77 K, 103 while considering both DMTJ and CMOS variability. While 104 the CMOS process variations have been taken into account by 105 using the statistical models provided by the process design kit 106 (PDK), the DMTJ manufacturing uncertainty is considered by 107 our Verilog A compact model which allows defining the vari-108 ability (σ/µ) of some process parameters, whose variations are 109
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 4107566 Fig. 4(a) compares MC simulation results for the 40 nm and
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  In this work, we propose to exploit DMTJ devices with 174 relaxed non-volatility to define energy/performance efficient 175 cryogenic caches. Our simulation study performed at circuit 176 and memory architecture-levels shows that by shrinking the 177 DMTJ cross-section area (i.e. by relaxing the non-volatility re-

Table 1 : DMTJ parameters TABLE I MTJ PARAMETERS Parameter Description DMTJ -40 nm (300 K, 77 K) DMTJ -13 nm (300 K, 77 K)

 1 

	tFL	FL thickness	1.2 nm
	tOX,T	Top barrier thickness	1 nm	0.85 nm
	tOX,B	Bottom barrier thickness	0.5 nm	0.4 nm
	RA	Resistance-area product	~7 Ω•µm 2	~2 Ω•µm 2
	P	Spin polarization factor	(0.66, 0.73)
	MS	Saturation magnetization	(1.58, 1.80) T
	α	Gilbert damping factor	0.03	
	Ki	Interfacial perpendicular anisotropy constant	(1.3×10 -3 , 1.73×10 -3 ) J/m 2
	TMR(0)	Tunnel magnetoresistance @0V	(141, 205) %	(131, 198) %