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Motivation
MRAM combines the non-volatility and infinite endurance of 
magnetic based memories with silicon processing technology

MRAM Issues: 
•How to reliably select a random bit for writing
•How to combine low power and data retention

existing emerging

Magnetoresistive Random Access Memory, By Saied Tehrani et al.
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MRAM Technology Status

Currently Sampling Expected 2006



Magnetic Memories
• Hard drives
• Tape drives
• Floppy disks
• Magnetic Core Memory – 1948 thru the 1970s

53k bit in 512 cubic inches

http://www.fortunecity.com/marina/reach/435/coremem.htm



Inductive Read
Consider magnetic core memory

Here bits are read destructively by 
detecting a voltage pulse in a read 
line.  

Voltage pulse created by writing a 
toroid at the intersection of two 
write conductors .

•Read signal decreases with decreasing magnetic bit size.

•Does not scale well.
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Simple SDT Storage Element
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Tunneling Magnetoresistance

•Spin conserved during tunneling

•Two independent spin channels

•Parallel – Low Resistance
•Majority Majority
•Minority Minority

•Anti-Parallel – High Resistance
•Majority Minority
•Minority Majority

•Room Temperature Max. TMR
•AlOx ~ 70%
•MgO ~ 260%

Julliere’s Model
Phys. Lett. A 54, 225 (1975)
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Typical MRAM Cell
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Stoner-Wohlfarth Write Select

Selected Cell

Ix

Iy

Ix
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No Switch

Operating Points

• Ix, Iy Alone Doesn’t Switch Cell
• Ix, Iy Together Switch Cell

Switch Switch

Half Selected Cell



Margins With Old Cell - Motorola

“A 0.18 mm 4Mb Toggling MRAM”, 
M. Durlam et al, 2003 IEEE Publication

Control of the distribution of switching fields makes the SW-
MRAM implementation difficult to manufacture and scale.

Becomes more difficult as cell size is reduced



Stability and Thermal Activation

Probability for magnetization to be reversed by thermal 
activation in time t is
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where
Increasing Eb/kBT increases the retention time but also increases 
programming field



Energy Barrier and Error Rate in MRAM
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Error Rate is 
related to the 
Barrier Height

Energy barrier can 
thus be determined as

•Eb should be > 66 kBT ~ 3.7e-19 J, for 1 Mbit, 1e-10 err/hr, 400 K



•Small volume lowers thermal 
stability – need to increase 
thickness with decreasing size

•For small single layer free 
layers, increasing stability 
increases write field/current to 
impractical values

Single - Domain Ellipse , Aspect  Ratio =  1 .5
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MRAM Scaling Issues

• Control of switching field distributions

• Large write current required for stability



Alternative Write Methods

Toggle 
Spin Momentum Transfer
Thermal Writing 

–Curie Point Write, Tc

–Neel (TN) or Blocking Temperature (TB) Write
–Thermal Spin-Momentum Transfer Write, T-SMT



Savtchenko “Toggle” Write
•Enhanced write selectivity due to pulse sequence

•SAF Stack FM/Ru/FM



Toggle Switching Mode

Freescale 4 Mbit MRAM
•CMOS 0.18 µm
•1T/1MTJ
•25 ns Write/read
•48 F2 cell (1.55 µm2)

Results
•Excellent Selectivity
•High write current (~7 mA/line)

Thermal stability at small bit size still an issue high write current



SMT Switching – Basic Picture
N Stable FMFree FM

I

•No external field required to reverse magnetization

•Angular momentum exchange between spin 
polarized current and ferromagnet induces torque 
and precession

Torque ~ ±J M2 x (M1 x M2); J~107A/cm2
Slonczewski (1996)

•At critical I precession large and magnetization 
precesses into reversed state

•Reversed magnetization stable since torque 
becomes zero

Free FM NN

e-e-



SMT Ic vs. Eb

simulated SMT
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Magnetothermal MRAM

Principle of operation

•Use a very high stability storage layer to 
improve data retention.

•Apply current through the tunnel junction to 
heat the storage layer 

•Storage layer coercivity reduced at high 
temperature

•Storage layer may be an AF/FM bilayer or a 
low Tc FM

Thermal via

Thermal via

write

Read&Heat

pin

storage

Barrier

Goal:  Design for high density Heating 
current below 100 µA at 100 nm bit size



Curie Point MRAM
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Neel Point MRAM

Neel or TB
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Previous TB MRAM Work

••Heating through barrier confirmedHeating through barrier confirmed

••TTBB writing mechanism verified w/ 10 ns write pulsewriting mechanism verified w/ 10 ns write pulse

••NOL layers used to increase RA and take stress off the barrier NOL layers used to increase RA and take stress off the barrier –– at the expense of TMR at the expense of TMR –– VVlimlim = 2 V= 2 V

••Not expected to scale well due to stray field interaction in theNot expected to scale well due to stray field interaction in the FM/AF/FM storage layerFM/AF/FM storage layer

••Demonstrated >10Demonstrated >101010 thermal writesthermal writes

498 Ωµm2

Ta

Ta

}Freelayer w/ heater

}Freelayer w/ heater

}CoFe/IrMn/CoFe Storage layer

barrier

barrier

Heating current

Heating in 
four layers

H

R
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Digital value determined by freelayer R(H)



NVE Neel Point (or TB) MRAM Operation

initial state:  1

Write Sequence

off

Apply heating and 
write currents

Turn off heating 
current

offon

heat field cool

Turn off write 
current

final state:  0

off

H
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Neel Point MRAM Considerations
• Need margin between high Tb and Low Tb layers 

(Easy)
• Low thermal conductivity vias to lower write 

current (several alternative materials such as PtMn 
and BiTe)

• Low thermal conductivity encapsulating material 
to lower write current (process requires some 
work)

• Barrier RA must be optimized to permit efficient 
heating at low write current, while maintaining a 
large TMR (Not too easy, but not impossible)

• AF must have Hex > Hc, Low Hc at TB, TB > 150 C 
(Easy)



Resistance Area Product Requirements
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Encapsulating Material Optimization

Kv
Km

•Heat diffuses into the 
encapsulating material         

Lowers heating efficiency

•Looks as if the thermal 
vias have a larger effective 
area

60 nm vias, Rtotal = 9 kOhm, Kvia = 0.014 W/cm-K
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Thermal Via Optimization
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•Need minimum Kv and large Lv

•Can’t increase Lv too much

–Thermal rise time becomes too long

–Roughness becomes too large for low 
RA barrier

•Settle on 50 nm of PtMn

•low Kv = 0.01 to 0.014 W/cm-K

•Able to fabricate low RA junctions at 
this thickness



Test Structure Fabrication

Post bit ion mill Post top conductor etch

2000 Al

500 PtMn
220 Bit

2000 SiN

150 CrSi

500 PtMn
200 Al

PtMn(50)/Ru(4)/IrMn(4)/CoFeB(4)/AlOx(x)/CoFeB(4)/Ru(0.7)/FeCo(4)/PtMn(50)/Al(20)

Anneal Low Tb AF +H Anneal Low Tb AF -H E-beam and optical lithography

Bits patterned from 0.05 µm to 5 µm.

Unpatterned film measurement

Writing accomplished using external field

IrMn Hex >0 IrMn Hex <0
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High RA Junction (13 Å Al, 28 MΩµm2)

Device burns out before 
IrMn Tb is exceeded

die 23 -- 2 µm x 4 µm ellipse -- 28 ΜΩµm2
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Low RA Junction (6 Å Al, 5 Ωµm2)
array 7 die 10 - 2500 nm
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Model Description
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Simulated Response

one layer pinned - high temperature
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both layers pinned - low temperature
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•And pinned layer SAF not well 
matched



IrMn Hex and Hc

•Increasing thickness of IrMn decreases Hc and increases He.

•Tb would be increased 50 to 100 K.

•Increasing RA to 10 Ωµm2 would keep the write current at the 
present value and still permit safe writing
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Must increase IrMn layer to 60 nm



Measured Programming Current
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Using only a single barrier and no heater layers



Conclusions
• Demonstrated heating through the barrier, and 

potential for < 100 µA write currents at 100 nm 
dimensions

• IrMn thickness needs to be increased
• RA needs to be optimized, need roughly 50 Ωµm2

• Need to do a better job matching the SAF
• Lower thermal conductivity encapsulating 

material like BCB would further decrease write 
current

• If needed NOL heaters could be added to further 
decrease write current (at the expense of signal)


