UNIVERSITY OF MINNESOTA

A Comprehensive Study on Interface
Perpendicular MTJ Variability

Won Ho Choi, Jongyeon Kim, Ibrahim Ahmed,
and Chris H. Kim

University of Minnesota
Dept. of ECE



UNIVERSITY OF MINNESOTA

Qutline

e Introduction

 Interface Perpendicular MTJ (I-PMTJ)

e Strategy for PMTJ Variability Analysis

e Variation Factors and Material Parameters
e Variability Analysis Results

e Conclusion



UNIVERSITY OF MINNESOTA

Interface Perpendicular Magnetic Tunnel
Junction (I-PMTJ)
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 Discovery of interface anisotropy in CoFeB [3]

« Perpendicular anisotropy when t. <t_ (critical thickness,
~1.5nm)

o Maturity from CoFeB+MgO but limited thermal stability
 Double MgO is used to increase thermal stability [4, 5]

[3] S. Ikeda, et al., Nature Mater., 2011. [4] H. Sato, et al., APL, 2012. [5] K. Tsunoda, et al., IEDM, 2014. 3
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I-PMTJ Dimensional-Dependent Parameters
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. Parameters that depend on
I-PMTJ dimensions

C

Parameter Description
A Thermal stability
Hy eft Effective perpendicular anisotropy field
lc Critical switching current
\ Volume of the magnet
2 Thickness of the free layer
Ki Interface anisotropy energy density
a Magnetic damping factor
Ms Saturation magnetization
Nz Demagnetizing factor in z direction
Kg Boltzmann constant
T Absolute temperature
h Reduced Planck’s constant
n Spin transfer efficiency

 H,, A, and I of interface perpendicular magnetic
tunnel junction (I-PMTJ) depend on dimension

parameters
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Methodology for I-PMTJ Variability Analysis

System specification
Fenip: Chip failure rate, m: Memory size, trewension: Retention time
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Macrospin simulation
STT components (Precessional switching) Dimension dependent Hyes
Fixed layer magnetization: Mi :[Mix,Miy,Miz]
Free layer magnetization: M(t)=[M,(t),M,(t).M,(t)]
Quadratic mean initial angle: ezsig‘l(\/ﬁ)

Spin torqgue amplitude: = s
P q P ) 7AS[ 2et. M,
l+a ~ddi|\::|:_MXHKEﬁ_a'MX(MXﬁKeﬁ)*'&t'MX(MXMi)

H e (t) =[0,0,(2K, /MM, (1)]
_47ZMS '[NdxMx(t)’ NdyM y(t)l NdZMz(t)]

LLG solving:

v lc (tsw=5ns)

Variability analysis
Evaluation of I¢, A, tretention Variability

dependent Hy .+ Into
LLG equation
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Variation Factors and Material Parameters

64MB L3 cache memory, A =70 for 10yrs retention

Quantity PMTJ [3], [5], [6]
Anisotropy source Interface
Sat. Magnetization, Ms (10°A/m) 1077
Polarization factor, P 0.6

Effective critical thickness, tc (nm) | 3 (1.5 x 2, double MgO interface*)

Gilbert Damping, a trdependent**
Length, width of free layer, =22, p=22
L, W (nm) (30/pu=12%***)
: p=2.78
Thickness of free layer, tg (nm) (30/p=4***~9%)

*To increase the A for 10yrs retention, double MgO interface is used [5]
** trdependent ais used [3], ** ITRS roadmap

[3] S. Ikeda, et al., Nature Mater., 2011. [5] K. Tsunoda, et al., IEDM, 2014. [6] J. Hayakawa, et
al., Jpn. JAP, 2005.




UNIVERSITY OF MINNESOTA

Simulated I- and Its Variation

358K, A =70 for 10yrs retention
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« A constant switching time t,, of 5ns was chosen for all
variability simulations

* I-roughly follows a Gaussian distribution
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A (Thermal Stablllty Factor) and t .. .ion

358K, A = 70 for 10yrs retention 358K, A =70 for 10yrs retention
3o/u of W, L=12%, 30/p of tr=4% 3o/u of W, L=12%, 30/p of tr=4%
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A (Thermal Stability Factor) tretention (S)

 Aand log(t,qeniion) roughly follow Gaussian distributions

 Over 40% of the MTJs fail to meet the 10 year retention
time target
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t- Variation versus A Variation

358K, A = 70 for 10yrs retention, 3o/p of W, L =12%
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« A variation depends strongly on t- variation
 Retention time variation estimated from A variation
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U etention VEI'SUS |- Variation Plots
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L etention Variability has a stronger dependency on t.
variation compared to I variability

10
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Variability-Considered A Overdesign [10]

Al ——p A2
System spec. —

500

When A is increased
. All samples meet
the spec.

/

Typical A design
- F-10ut of spec.

I\

.\.\\.\ AP M.

Occurrence (a.u.)
N
(o)
o
|

--------------------D.

100

®
o

40
A (a.u))

* A will have to be overdesigned (A1 = A2) to ensure
that all MTJs meet the target retention time

[10] K. Hofmann, et al., VLSI Tech. Symp. 2014. 11
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Re-plotted Correlation Maps after Increasing A
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* |- increases when overdesignhing A

« Tighter t- control (9%-2>4%) results in lower A (87->82)
and I- (10.72puA->6.89uA) for achieving a worst case
retention time of 10 years

12
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Conclusion

« A comprehensive study on I-PMTJ variability was

performed with realistic parameters using a physics-
based model

Variability of Aand t.,_....,, IS more sensitive to t.
variation compared to I variability

- Tighter t- control allows a smaller increase in A and
lc to ensure all MTJ’s meet a 10 year retention time
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