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Spintronics devices

(Expectation as low power consumption devices)
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MRAM development
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Nonvolatile circuits for logic-in-memory
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Technology issues toward realization of
nonvolatile VLISs

To realize nonvolatile VLISs (MRAM and logic-in-memory)

using the leading edge technology node, there are still issues
to be addressed.

ISSUES

® High output (TMR ratio>100%)

~ + Scalabilit
® Low switching current (I <F pA) Y

® Thermal stability for nonvolatility (E/kgT > 40)
® Annealing stability
In back-end-of-line process (T, > 350°C)

—

 MTJs have to satisfy these requirements with scalability at the same time.

* |In order to satisfy these requirements, we focus on the MTJs with

perpendicular anisotropy electrodes. 5



TMRratio (%)
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M-H curves of CoFeB/MgO stack samples
with different t- c.g

:_tCoFeB = 2.0 nm

[ T,=300°C
Ta(b) 0F - : In-plane anisotropy
Ru(10) : ---- In-plane |
Ta(5) ~ -1 out-of-plane:
. . ~_/ 1 L L 1 - I L 1 1
SIOZ/SI sub. s -t C I 1'3 hm e s g e o
[ ‘CoFeB ) i

g

[ T,=300°C / 1 Perpendicular
T,=300 °C, ol ’ 1 anisotropy
4 kOe, 1h I :uoHs_in-pIane =0.34T
-1F M,=158T 3
et e gt K =2.1x105 J/m3. |
-0.5 0.0 0.5 1.0
#H (T)

S. Ikeda et al., Nat. Mat. 9 (2010) 721.



teores dependence of Kt .z IN CoFeB/MgO stack
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*From the y-intercept, K, = 1.3 mJ/m?.

*The CoFeB/MgO interfacial anisotropy K; is dominant in the perpendicular
anisotropy because K, is negligible.
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tugo dependence of Mg and K

Saturation magnetization M, and effective magnetic anisotropy energy
density K are evaluated from the out-of-plane M-H curves.
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t. _(nm) MgO is ~0.21 nm

More than 3 monolayers of MgO is required to stabilize the perpendicular
anisotropy induced by CoFeB-MgO interface.

M. Yamanouchi et al., J. Appl. Phys. 109 (2011) 07C712. o]



Possible factor of the perpendicular anisotropy
In CoFeB/ MgO stack

(a) Fe/MgO

3

anti-bonding

Fe 3dz2 (m=0)

Energy (eV)
K. Nakamura et al., Phys. Rev. B, 81 (2010) 2204009.
R. Shimabukuro et al., Physica E 42 (2010) 1014.

o-coupling
 3d,? band of Fe is pushed up above the Fermi energy.

» The contribution of 3d,? orbital of Fe becomes small,
resulting in appearance of perpendicular anisotropy.

bonding
10



TMR properties in CoFeB-MgO p-MTJs

| I'I'a = 300°C - Antiparallel
- | ’ | ! 1 ; ﬁ

Ru (5)
Ta(b)

~40 |-

ALO, S |
Ve

m 5

Ta(5)
Ru(10)
Ta(5)

SiO,/Si sub.

Parallel iy

(nm)

Clear hysteresis -> top and bottom
CoFeB electrodes have perpendicular
anisotropy.

S. Ikeda et al., Nat. Mat. 9 (2010) 721. 11



Junction size dependence of |,
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We confirmed scalability of switching current
for spin transfer torque.
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Junction size dependence of E/kgT
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Thermal stability factor, E/k,T
D
o

E/kg T maintained almost constant values even though the junction diameter

was varied from 40 nm to 80.

|, reduces in proportion to the volume of the recording layer but the E/kgT
values are not affected much by the volume down to 40 nm in diameter.

H. Sato et al., Appl. Phys. Lett. 99 (2011) 042501.
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Origin of the junction size dependence of |-, and E/kgT

No clear reduction in E/kgT with different junction size
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Nucleation type magnetization reversal
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D, showed almost constant values of 40 nm in diameter, which is almost
independent of junction size.
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J.o and E/kgT of MTJs with 40 nm diameter
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*J., and E/k;T are maintained after annealing at 350°C.
*This MTJ system has a back end of the line (BEOL) compatibility.
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Comparison

of M
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These p-MTJ technologies will be a promising building block for nonvolatile VLSIs
using spin-transfer torque switching.
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Issue for p-MTJs
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The thermal stability A=E/kgT of anti-parallel state in p-MTJs becomes

low by comparison with parallel state.
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Enhancement of thermal stability
Ap pp= A[1EHJ/H ]

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

i Conventional structure
Free

line Reference

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

<=

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

H, decreases by employing step structure with large reference layer.

Anp INCreases with decreasing diameter of reference layer. 18



Two types of p-MTJs

Conventional structure

F=100 nm

—

1.5nm

CoFeB

0.9 nm

MgO

0.9 nm

CoFeB

F : Feature

size

F=100 nm

—

Stepped structure

<4—— Free layer

<4——Reference layer

K. Miura et al., 2011 VLSI Technology, 11B-3.

FeB

300 nm

1.5 nm
0.9 nm
0.9 nm

19



H, In two types of p-MTJs
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H, can be reduced by using stepped structure.

K. Miura et al., VLSI Technology 2011, 11B-3. 20



As and A,p In two types of p-MTJs
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Cell area of stepped structure
F =100 nm

10 SRAM 100F?2 | ol
(F: feature size)

CoFeB
MagO
CoFeB |

300 nm

F =100 nm
—)

Y ! ! CoFeB

0 50 100 150 ng -
Technology node (nm) =

< >
200 nm

Cell area of 0.09 um? (300nm¢) in the stepped structure corresponds to
SRAM cell area at 32 nm technology node.

Cell area can be down to 0.04 um? (200nm¢) without degrading the
retention time over 10 years, which corresponds to SRAM cell area at

20 nm technology node.
K. Miura et al., VLSI Technology 2011, 11B-3. 22
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Summary

We have demonstrated that the critical current |, in CoFeB/MgO
perpendicular anisotropy MTJs (p-MTJs) can be scaled down with
decreasing recording layer volume.

The thermal stability factor E/kgT can be maintained at about 40
even though the recording volume was reduced to 40 nm. The
magnetization reversal in CoFeB/MgO p-MTJs is dominated by
nucleation type magnetization reversal (nucleation diameter ~40
nm).

CoFeB/MgO p-MTJs show the high TMR ratio of more than 100%,
high thermal stability at dimension as low as 40 nm diameter and a
low switching current of 49 yA at the same time .

CoFeB/MgO p-MTJ with step structure shows the enhancement of

thermal stability in antiparallel state, which achieves thermal stability
for data retention time over 10 years.
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