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Created in 2002, now ~90-100 people

40 permanent people (30 researchers, 10 support)

50-60 PhDs , post-docs & visitors

SPINTEC in brief
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65nm 45nm 28nm 20-22nm90nm

Speed X10

Endurance X 1000

Density

Writing speed

p-STT-TAS

Spintronic – Application roadmap  

Power /1000
V+

V-

14-16nm 10 nm
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Nanopatterning of MTJ stacks 

at very narrow pitch using IBE

Shorts due to redeposition

on sidewalls

Y. Kim et al, VLSI Symposium, pp. 210-211 (2011)

V. Ip et al, IEEE Trans. Mag. 53, 2400104 (2017)

Insufficient memory retention

Large decrease in thermal 

stability factor at sub-20 nm

L. Thomas et al, JAP 115, 172615 (2014)

H. Sato et al, JJAP 56, 0802A6 (2017)

Well patterned

Challenges for high densities STT-MRAM application
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Base electrode

Seed layer
Pt

Smoothing layer
Ta/CuN/Ta

Pinning layer

(Pt/Co)n

Ru
(MgO(Pt/Co)n

Spacer (Ta)

Reference layer 
CoFeB

Tunnel barrier (MgO)

Storage layer 
CoFeB

Capping layer
Ta

Etch stop layer
Ru

Hard mask
Ta

MRAM challenges
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Recent progress on industrial side



Lucian PREJBEANU – Ultrafast MRAM strategies Ultrafast spintronics, Mainz, Germany, October 24 2018

1. About spintronics and SPINTEC

2. MRAM in the memory hierachy

3. Precessional STT-RAM with perpendicular polarizer

4. Use of 2nd order anisotropy in perpendicular STT-RAM

5. High speed SOT-MRAM

Summary



Lucian PREJBEANU – Ultrafast MRAM strategies Ultrafast spintronics, Mainz, Germany, October 24 2018

Memory hierarchy

� Bring non-volatility close to microprocessors

� Need for ultrafast memories (sub-ns) directly integrated (process, design) at the heart of the logic

Logic keeps awaiting Data

Logic issue is becoming a memory issue !

Memory vs. CPU speed mismatch
lo

g
ic
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How fast is fast enough?

� �
precesionnal Easy cone SOT All optical switching
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Lacoste et al, PRB 89 (2014) 064408

Lacoste et al, PRB90 (2014) 224404
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MgO

In-plane

Stochastic reversal 

Incubation time preceding a large thermal fluctuation

Reliable STTRAM writing requires more than a few ns 

Latency + stochastic switching for STT-RAM

Polarization of spin-current aligned with magnetization equilibrium direction

Reference

Storage 

Out of plane
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Time after pulse (ns)

Devolder et al., Phys. Rev. Let. 100, 057206 (2006) Devolder, Le Goff, Nikitin (SGMI Samsung collaboration) 2016
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Free Layer

Reference 
Layer 

(Analyzer)

Perpendicular 

Polarizer

MgO

MgO (lower RA) 
or Cu

How to conveniently tune the relative influence of 
these two STT contributions?

A: shape
B: transverse magnetic field

Solution: perpendicular polarizer

Patents Spintec

FR0015893, US6532164B2

STT from Perpendicular 
polarizer:

Out-of-plane oscillations

STT from in-plane 
analyzer:

Bipolar switching
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Cell size : 80nm x 160nm

A: Influence of the shape (AR=2 vs AR=5)
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� Non-oscillatory bipolar switching can be 

achieved.

�Ultrafast reversal without incubation time

P

AP

Cell size : 50nm x 250nmAR=5

Macrospin simulations: B. Lacoste, L. Buda-Prejbeanu

Out-of-plane precession of the free layer 

magnetization due to STT from perp polarizer

Pulsewidth (ns)
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Experimental evidence of the precessional STT-RAM

Real time measurements: T. Devolder (C2N)
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50 traces mean value

2. Dephasing of 

precessional motion in 

less than 10ns

Pulse duration (ns)
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current density 
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Single shot

Cell size : 80nm x 160nm, 10ns pulses

0.6V

0.56V
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0.44V

A: Dynamics dominated by the STT contribution from perp polarizer 

(AR=2)

Lacoste et al, PRB 89 (2014) 064408

Lacoste et al, PRB 90 (2014) 224404

Lacoste et al, IMW 2016
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50 traces mean value

Large aspect ratio allows for non-

oscillatory, fast and direct overwrite 

switching.

Precession stops at stable state after 

half a precession period

Cell size : 50nm x 250nm

Single shot

0.63V

0.56V

0.5V

0.44V
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  1.00 V
  1.12 V
  1.26 V
  1.41 V
  1.59 V

90fJ

0.5 V

0.56V

0.63V

0.7V

0.8V

H

Large cells due to high required aspect 

ratio: is there another way to obtain the 

desired bipolar switching dynamics?

B: Dynamics dominated by STT contribution from in-plane analyzer 

(AR=5)
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A.Timopheev et al, PRB 92, 104430 (2015)

A.Timopheev et al, Scientific Reports 6, 26877 (2016)
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Interfacial perpendicular anisotropy allows to obtain to gether good memory retention, high 
tunnel magnetoresistance for readout, low switching cu rrent during write

P-MTJ based on interfacial PMA (i-PMA)

� L. Tillie et al, Proceedings of IEDM (2016)
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However, with easy-axis measurements only, uncertainty on the switching mechanism

(nucleation/propagation or coherent rotation) and not much detailed information on the anisotropy itself

→ Better to use hard-axis measurements

Perpendicular STT-RAM with 2nd order anisotropy

A.Timopheev et al, PRB92, 104430 (2015).
A.Timopheev et al, Scientific Reports 6, 26877 (2016)
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hard-axis measurements

Perpendicular STT-RAM with 2nd order anisotropy
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Perpendicular STT-RAM with 2nd order anisotropy
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Vsw reduced ~ 4.8 times 

Hsw reduced ~ 3.3 times

-K2s/K1s =0.04 -K2s/K1s =0.07

-K2s/K1s =0.03

-K2s/K1s =0

As K2/K1 increases, ∆ ↘ but switching

voltage decreases faster than retention →

Figure of merit Isw/∆ ↗

1.5 x in the Figure of merit ISW/∆ 2.4 x in the Figure of merit ISW/∆

Easy-cone regime provides initial angle which 

triggers magneLzaLon reversal →

Fast switching

-K2s/K1s =0.07

-K2s/K1s =0

Vsw reduced ~ 8 times 

Hsw reduced ~ 3.3 times

Write pulse duration = 1 ns

Use of 2nd order anisotropy in perpendicular STT-RAM

Write pulse duration = 50 ns
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K. Garello et al., Appl. Phys. Lett., 105,212402 (2014)



Lucian PREJBEANU – Ultrafast MRAM strategies Ultrafast spintronics, Mainz, Germany, October 24 2018

0.4 0.6 0.8

0.0

0.5

1.0

 

S
w

itc
hi

ng
 p

ro
ba

bi
lit

y

τ
p
 (ns)

I
p
 (mA)

 1.05
 0.92
 0.8
 0.74
 0.66

Switching for pulses down to 180 ps
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On-chip L1-L3 cache replacement with same overall architecture

→ Single-core processor (3GHz) and pipeline based on Alpha 21 264 processor.
→ Cell-level information extracted using SPICE simulations
→ NVSimtool is explored to estimate the design data
→ Multiple applications run using GEM5 simulator

CPU

Processor

CACHE MEMORY

L1 (SRAM/MRAM)

L2 Cache (MRAM)

L3 Cache (MRAM)

WORKING MEMORY

Random Access Memory (DRAM)

SOLID STATE MEMORY

Non Volatile (Flash)

Registers

VIRTUAL MEMORY

Storage memory (HDD)

CPU

Processor

CACHE MEMORY

L1 Cache (SRAM)

L2 Cache (SRAM)

L3 cache (SRAM / eDRAM)

WORKING MEMORY

Random Access Memory (DRAM)

SOLID STATE MEMORY

Non Volatile (Flash)

Registers

VIRTUAL MEMORY

Storage memory (HDD)

Processor 
Chip

VOLATILE

NON VOLATILE

F. Oboril et al., IEEE Trans. On Computer, 34, 367 (2015)
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Best compromise SRAM L1 + SOT L2/L3 � Energy consumption reduced by 60% 

Area reduced by 30% 

Performance similar to full-SRAM 

F. Oboril et al., IEEE Trans. On Computers, 34, 367 (2015)
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Summary: ultrafast MRAM concepts

� � �

Low AR perpendicular polarizer – high speed 200ps, no direct overwrite

final state depends on the initial state and the current pulse direction

For direct-overwrite: 

cell aspect ratio AR > 5: fast direct overwrite (500ps, 90fJ) but LARGE cells

constant transverse field AR = 2, increased manufacturing complexity.

�

�
"2nd order anisotropy" resulting from spatial fluctuations of 1st order anisotropy

can help increasing the switching speed and reduce stochasticity of the switching.

Remaining challenge: achieve large thermal stability factor together with “easy-cone” anisotropy. 

�
Demonstration of functional non-volatile three terminal SOT-MRAM single cell 

180ps write time demonstrated + Switching deterministic. 

Remaining challenges: deterministic switching without external magnetic field / reduce writing current 
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Electrical results – STT writing – influence of the heating

RT = +10°C RT = +50°C

Thermal assistance also effective in perpendicular anisotropy from oxide interface

RT = +70°C
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Ta

CoFeB

CoFeB
MgO

(Co/Pt)

Pt

(Co/Tb)

amorphe
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Nanopatterning of MTJ stacks 

at very narrow pitch using IBE

Shorts due to redeposition

on sidewalls

Y. Kim et al, VLSI Symposium, pp. 210-211 (2011)

V. Ip et al, IEEE Trans. Mag. 53, 2400104 (2017)

Insufficient memory retention

Large decrease in thermal 

stability factor at sub-20 nm

L. Thomas et al, JAP 115, 172615 (2014)

H. Sato et al, JJAP 56, 0802A6 (2017)

Well patterned

Challenges for high densities STT-MRAM application
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1. Deposition of Ru/Ta film on Si by sputtering

2. Definition of etching mask by e-beam lithography
and lift-off process

3. Definition of Ta posts by anisotropic RIE

4. Definition of undercut of Ta posts by isotropic RIE

SEM image of Ta/Pt posts after RIE 

200 nm

The whole technological work was performed in our upstream
research clean room facility (PTA) in Grenoble 
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� This approach allows to fabricate extremely dense arrays of 

MTJs (1.5F pitch)

� Better use for fabrication of MTJs at dense pitch since less 

materials deposited on substrate

� Such dense arrays of MTJs have not been demonstrated so far 

with IBE approach (shadowing problem during etching)

Fabrication of dense MTJ arrays (pitch down to 1.5F)

5
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� Tunable thermal stability factor

� More robust source of anisotropy (bulk 

anisotropy)

� Weaker thermal variation of TMR and 

anisotropy thanks to much thicker

storage layer.

� Use of lower damping materials possible 

and reduced spin-pumping effect.

� Extreme scalability (∆>60 down to 4nm 

diameter)

� More challenging for nanoprocessing

∆� ��

4nm

Thermal stability factor ∆ vs. thickness and diameter 

N.Perrissin et al, Nanoscale 2018
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Stack : SyAF/MgO/FeCoB 1.4nm/Ta0.2nm/(NiFe or Co – 60nm thick)
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65nm 45nm 28nm 20-22nm90nm

Speed X10

Endurance X 1000

Density

Writing speed

p-STT-TAS

Spintronic – Application roadmap  

Power /1000
V+

V-

14-16nm 10 nm
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Materials Nanofabrication
Test

Simulation & theory

TEM

neurom

MSS

DMTJPSA-MRAMAll optical

patterning

STT

Thanks to



www.spintec.fr

email: lucian.prejbeanu@cea.fr


