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OUTLINE

Basic phenomena used in spintronic devices
Tunnel MR, Spin-Transfer Torque (STT)

Various categories of MRAM

MRAM written by Spin Transfer Torque (STT
MRAM)
Downsize scalability below 20nm

Extended scalability and new functionalities of
MRAM using thermally assisted writing

Low-power and reconfigurable electronics

~54%

based on hybrid CMOS/MT]J technology 1000 | [ Leakage
Bl Dynamic
800 |
Transistor scaling will result in %
higher leakage currents for volatile g 600 I -
memory and logic gates. £ .ol i

Energy savings by combining non- o
volatile memory and logic functions. 200 | i

Non-Volatile Logic: ' | i
Combining non-volatile elements to reduce standby power consumption

~1%

~3%
~T%
~16%
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Tunnel Magnetoresistance (TMR)

Tunnel magnetoresistance at RT in magnetic tunnel junctions (MTJ):
Julliere (1975) but only at low T |

Moodera et al, PRL (1995); 80
Myazaki et al, IMMM(1995). Free layer: CoFe 4 nm ]
:AI 203 blarrier é.slr;m £ 60 ’ -
eference layer :CoFe ]
3nm y % 40+ d -
Like couple Ir'Mn 7nm = ]
olarizer/analyzer 201 .
ﬁ' op tics/ y (antiferromagnetic) 5
0 [ 1 ‘.‘J_l 1
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TMR=(RAP- Rp)/RpN 40-70% Applied Mag Field (mT)

Giant tunnel magnetoresistance in crystalline MgO based MTJ

25 T T
Parkin et al, Nature Mat. (2004); Aucap 50 nm =
Yuasa et al, Nature Mat. (2004). I-Mn 10 nm zo-_MRT - 337’; H -
Fe(001) 10 nm &
Co(001) 0.57 nm E 15 L 4
TMR~ 100-600% bamem) § | S0
Co(001) 0.57 nm g 10k |
Crystalline: Fe(001) 100 nm
Additional spin-filtering mechanism sp -l
according to symmetry of electron s e e
wave functions MgO(001) sub. 0 r '
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Applied Mag Field (mT)
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Spin-Transfer Torque (STT)

Predicted by Slonczewski (JMMM.159, L1(1996)) and Berger (Phys.Rev.B54, 9359 (1996))

Giant or Tunnel magnetoresistance:
Acting on electrical current via the magnetization orientation

Spin transfer is the reciprocal effect:
Acting on the magnetization via the spin polarized current

PINNED LAYER FREE LAYER
M.D.Stiles et al,
- ‘{ Phys.Rev.B.66,
\ \ 014407 (2002)
&
TUNNEL BARRIER

Reorientation of spin polarization =Torque on the free layer magnetization

A new way to manipulate the magnetization of magnetic nanostructures
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STT induced magnetization switching

First observation in fully metallic structures (Co/Cu/Co sandwiches Jc ~2-4.107’A/cm?2)
Katine et al, Phys.Rev.Lett.84, 3149 (2000)

Field scan Current scan
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Deac A, Lee KJ, Liu Y, et al.Phys.Rev.B73 (6), 064414 (2006)
First observation in MTJ : Huai et al, APL (2004), Fuchs et al, APL (2004) (Jc ~10°A/cm?2)
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Spintronic components
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Dieny B et al, Intern.Journ.Nanotechnology, 7, 591 (2010).
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MRAM basics - Read

Read data by sensing the
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cell resistance and comparing to a reference cell
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Read @ 20ns in products
Down to sub-10ns demonstrated
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MRAM basics - Store

% K,V
'~ N - AE <«——Barrier to overcome for switching
L / FEEEN -
N SoE ’ o keT vati
| N S Switching rate T = TO B! <«——Thermal activation
4 - t,=107s
= | & :

:_ Switching probability for one bit P, =1—€ ™
Stability barrier K,V

Probability of Accidental switching for N bits: F(t) =1-exp(- Nt/r):l‘exp{ rNt =P _%H
0 B
> 1
2 102
For 1 bit, 10 years retention > AE/kgT>49 &
For 1 Mbit, > AE/kgT>67 ¢ 104
For 1 Gbit > AE/kgT>70 o
= 10
3
Key role of the thermal stability factor E 108
A= A E/kgT g9
x 10710
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In-plane versus out-of-plane STT switching

In-plane magnetized MTJ] Out-of-plane magnetized MTJ]

0,5

; ' e a 0,5 | 6\%
=d ]
g = nglr)ilzlveiiion X 0.0
A = Area
IO e (49) ak. T A MV p (4ej aks T
C C
1) 9(0) pA ke T n ) 9(0) pA
Thermal stability determined by in-
plane anisotropy (shape anisotropy) More complex materials but lower jc
_ _ N expected thanks to direct
Simpler materials but additional proportionality between Jc and thermal
penalty in jc due to out-of plane stability
recession
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Various MRAM differing by their write principle

/ Field-only \ Spin Transfer Torque Thermal Assist
« Toggle » « STT » or « SPRAM » « TAS » or « TAMRAM »

Field-TAS STT-TAS

T

*CROCUSTechnology
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Planar Perpendicular
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1, 4, 16Mb Toggle (2006) AMcron @ =

Crocus 1Mb Field-TAS (2011)

Established technology Lower write current
1.5M units shipped Minimal cell / array size Scalable down to ~ 10nm
4.5M forecasted in 2011 Scalable down to 14nm High stability

with dual p-MTJ Multibit possible

Not scalable beyond 90 nm

o % —_

Hybrid CMOS/magnetic technology for low power electronics
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Recent Perpendicular STT Demo Chips

IEEE MAGNETICS LETTERS, Volume 2 (2011)

Spin Electronics

3000204

Demonstration of Ultralow Bit Error Rates for Spin-Torque Magnetic
Random-Access Memory With Perpendicular Magnetic Anisotropy

J. J. Nowak, R. P. Robertazzi, J. Z. Sun, G. Hu, David W. Abraham, P. L. Trouilloud,
S. Brown, M. C. Gaidis, E. J. O’'Sullivan, W. J. Gallagher, and D. C. Worledge
IBM-MagIC MRAM Alliance, IBM T. J. Watson Research Center, Yorktown Heights, NY 10598, USA
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Thermally Assisted writing (TA)

Purpose: Solve the dilemma between =) ( WRITABILITY
e.q. |p“p=(4ej 9 kT

write ? g(O)P
eUse temperature-dependence of switching ability

> Write at elevated temperature
> Store / read at room temperature

eSame basic concept as in Heat Assisted Magnetic Recording in hard disk drive technology

store

coercivity

heating
mfmg\\

head field

Plasmonic antenna
for local heating

!
ambient temperature
temperature

20nm 74
/élil

B.C.Stipe et al, Nature Photonics 4, 484 (2010)

e In MTJ for MRAM, heating produced by Joule dissipation around the tunnel barrier.
e Write temperature~250°C
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Thermally Assisted MRAM written by Field

. Ta (5nm)
ull] Ru (2nm)
i At It (6nm)
Storage CoFeB (2.5nm)
= ~200C
= | CoFeB (2.5nm)
§ | Ru (0.8nm)
: Reference 4 CoFe (3nm)
g PtMn (20nm)
1 Mbit chip High Ty
o >350C Ta (10nm)
TﬂWMI * BC‘ROCUSTechr)o!ogy
Dieny B et al, Intern.Journ.Nanotechnology, 7, 591 (2010).
Heating current density (10 A/cm?) I ‘ ' '
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Thermally Assisted MRAM written by Field
1Mbit chip SRAM compatible demonstrator Tﬂwmll *CR@C,U%WO,O@,Y

130nm technology

% Writing demonstrated down to 10ns pulses
(thermal rise time ~5ns)

% Write voltage level controlled through
engineering of thermal barriers

% Write field of 2mT can be used instead of 7mT
in toggle MRAM (thanks to circular pillar)

260
200] o o seseumosms | o FM¥
220+
200+
180+
160+

1404 = H EEE e

% External field immunity on stored data verified
up to 15mT

Heat voltage (V)
Resistance (Q)

Low write field thanks to circular shape MTJ. T T o T o 1o 7o

Thermal stability not provided by a shape anisotropy  Feldlinevoltage (V) Number of pulses
but by pinning of the storage layer at RT

With Ky u,=3.10%erg/cm3, Very good downsize

D=KV/KgT>200 for 50nm diamete scalability provided by
= B r i r :
D=KV/KgT=70 for 12nm diameter Thermal Assistance

leds
: Hybrid CMOS/magnetic technology for low power electronics
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Write sequence (Field-TA-MRAM)
1) Data set field pulse “0"” 2) Data set field pulse “1”

OnIy 2 pulses of field required to write 64bits vs 65 pulses in toggle.
Required field ~ 3-5mT VS 7-10mT in toggle

Energy per 10ns field pulse over 64bits=35p] i.e. 0.55p] per bit
Energy per 10ns heating pulse = 1pJ per bit, similar to STT writing

S 15 /24 Hybrid CMOS/magnetic technology for low power electronics lets
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TA-MRAM as Content Addressable Memory (CAM)

T
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v
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V>V

min

Search address of "1010”

CAM for search engines, routers.

Intrinsically combines memory and XOR functions: Magnetic Logic Unit (MLU)
“Match-in-Place” = security applications

Ledn
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Thermal assistance in perpendicular STT-MRAM

TAS + STT W

IHeating
i A — - El—

OFF ON OFF OFF

Takes advantage of a thermally induced anisotropy r  eorientation

MgO, /CoFeB /Pt~ R350°C
— - T T - - - S.Bandiera et al, APL 2011
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Thermal assistance in perpendicular STT-MRAM

p-MTJ with (Pd/Co)/CoFeB/MgO/CoFeB/(Pd/Co) 2050 |
T
ARAP ~— 2900
G 8 2850 |
~ c
8 "g 2800 |
c " —
8 $ 2750 |
2 14
7 2700 F
@ . . . . Al
o -1,0 0,5 0,0 0,5 1,0
Rp Voltage (V)
0.2 01 6 ' 0'_1 0.2 S.Bandiera et al, APL 2011 Figure of merit
Applied field (T) —

Reference | Material |J-(30ns) (MA/cm 2) | A(d=40nm)

Very_ s_|gn|f|cant dgcrease in Nakayama | CoFeB/
coercivity versus bias voltage etal. (2008) | ThFeCo 4,9 10
due to Joule heating around the

Ohnoetal. | CoFeB/

tunnel barrier (2010) MgO 3.8 113 120 0,013
- . Worledge | CoFeB/
Figure of merit: etal, 2011) | Mgo 28 70 .- 0,04
-1
A 4e a This work | CoFeB/
= — kBT 2011) | (PdICo) 4.6 73 10
I \nP

Largest Figure of Merit ever reported thanks to TA+STT
leds
? Hybrid CMOS/magnetic technology for low power electronics
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Where MRAM can help ?

1) In memory hierarchy, replacement of DRAM or Cache 3 or 2 by STT
MRAM without changing the overall architecture

/\ /\ volatile

Strong decrease in static power Non-volatile
ALU .
2GHz-500ps /| cpu consumption (suppressed leakage in DRAM) éILDldJ
FF No more need for DRAM i
1 _ refreshment
S / |Registers eVery fast reboot Registers
3ns Cache 1
Cache 1
30ns Cache 2 '
100ns DRAM
MRAM
File Cache
ms HDD SSD HDD SSD

(Samsung, Hynix/Toshiba: replacement of DRAM by STT-MRAM beyond the 20nm node)

T.Kawahara, IEEE Design and test of computers, 52, Janv/Feb 2011)
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Normally-OFF Computers

Toshiba Proposes MRAM/SRAM Hybrid Cache for
Normally-off Computers

Row 8, 2011 18:349
mMotoyuki Dishi, Mikkei Electronics

Conventional power gating

j‘ L1 cache : Volatile memory (SRAM)
: - Hanwlallle
[ L2 cache : Non-volatile memory L2 Cache
(512KB p-STT-
- O MRAM)
| Low Static Power. /& L1 Cache
g\ Fast wake up from (64kB SRAM)| _
power gating \_/ Resistor Files
_U‘/ Volatile memory
CPU-core

Ultrafast power gating

E o

LB

Eo

B = -
: 04 ~
“ o]} 1T * 02 18
¢ Active Sieep Deep "
sate  stale  sleep Actve  Deep
*1) slate{*2) slate  sleep stale
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Where MRAM can help ?

2) Tighter integration between logic and memory

Dieny B et al, Intern.Journ.Nanotechnology, 7, 591 (2010).

Same technology as for MRAM _ _ _
With hybrid CMOS/magnetic:

With CMOS technology only: “Logic-in memory”
MTJs
T
Logic = CMOS memory Logic
Si =) Si
o -Memory much closer to logic
-Slow communication between -Large static and dynamic energy saving
logic {;md memory (“normally-off / Instant-on computing”)
-few long interconnections -Fast communication between
-Large capacitive dynamic losses logic and memory
-complexity of interconnecting paths -Numerous short vias
-large footprint on wafer -Simpler interconnection paths

-Smaller footprint on wafer

New paradigm for architecture of complex electronic circuit (microprocessors..)

S l nteC 21 /24 Hybrid CMOS/magnetic technology for low power electronics lets
P — ricardo.sousa@cea.fr CROCUSTechnolagy




Where MRAM can help ?

3) With ultrafast MRAM (~300ps), non-volatily can b

gates (Flip-flop, ALU...)

/\

e introduced in the logic

Further decrease in power consumption

Increased resilience
Ultra-fast “on-fly’reconfigurability

—

ALU
ZGHZ'SOOpS CPU
FF
Ins / |Registers
3ns Cache 1
30ns Cache 2
100ns DRAM
File Cache
ms HDD SSD

volatile

Non-volatile

T.Kawahara, IEEE Design and test of computers, 52, Janv/Feb 2011)
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Magnetic non-volatile logic circuits

Hitachi + Tohoku University
S.Matsunaga et al, Applied Physics Express, vol. 1, 2008.

Non volatile Full Adder

One input is made non-volatile (instant startup, security)
— Demonstrator : CMOS 0.18um,

Sum Calculation

Carry Calculation

CMOS Hybrid CMOS/Mag
Delay 224 ps 219 ps
Dynamic Power  [71.1 pW 16.3 yW
Writing Time 2 ns/bit 10 (2) ns/bit
Writing Energy 4 pJ/bit 20.9 (6.8) pJ/bit
| Standby Power 0,9 nW 0 nW
Surface 333 pm? 315 pm?

Reduced power consumption

Reduced footprint
See also Y.Gang et al, IEEE Trans.Mag.47, 4611 (2011)

ppppp

N Ec Empowered by Innovation

Home » Mews Room > MEC dewvelops wolatile magnetic flip flop that enables standby-powerfree Sols

NEC develops a nonvolatile magnetic flip flop |hat enables
standby- powe SOCS
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NV-SRAM Magnetic LUT

(49 PADs ! 52

Circuit LIRMM

Write

RI"'LF
(Rn)  MPI
l‘ ot
MP3

Write

MNI =
MN4 o7
Readn
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Conclusion

ePurpose of hybrid CMOS/Magnetic technology is to combine the best of the two worlds

CMOS Magnetism
Speed, low dynamic power consumption Non-volatility of magnetization
perfect for logic perfect for memory

eIncreasing interest for p-STT MRAM for standalone, embedded memories or logic-
in-memory. Scalability down to 14nm with dual p-MT]J.

eThermally assisted writing allows to extend the downsize scalability, reduce power
consumption and introduce new functionalities in MRAM (e.g. Match-in-Place)

eManufacturing technology getting more and NEC 2 1 DICE
more mature with a growing number of actors - ===
RENESAS E=2n

=
= E\VVERSPIN
|

ECHNOLOGIES

eHuge potential development

* o o Y QIJALCOMM - _summfum TOSHIBA o
®) Tachmolagies. hwmix FUJITSU
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