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In this study we are discussing new materials options for STT-MRAM free layer materials beyond CoFeB films with perpendicular
interface anisotropy. We demonstrate the growth and integration of low moment and high bulk perpendicular magnetic anisotropy
ordered alloy films on CMOS wafers. Novel device properties such as high retention (Ep > 80ksT), high device coercivity (Hc>8kOe)
and reliable switching down to 2ns write times are obtained simultaneously.

Index Terms— High retention MRAM, High perpendicular magnetic anisotropy, Ordered magnetic alloy, STT-MRAM

I. INTRODUCTION

Perpendicular anisotropy for STT-MRAM free layer materials
has typically been relying on the CoFeB|MgO interface
anisotropies [1, 2]. More recently, shape anisotropies through
the use of high aspect ratios between film thickness and device
diameter have been explored [3,4] or combinations of interface
and shape anisotropies. Both approaches, CoFeB|MgO
interface anisotropy dependent and shape anisotropy dependent
device designs provide a significant challenge for the
reconciliation of fast write times and high retention. Fast and
reliably writing devices (<10ns, below 1E-6 write error rate
(WER) floor) have typically shown low retention barriers of
Ep<60kgT. When focusing on high retention devices (Ey>80kgT)
using prior free layer designs and materials options reliable and
fast writing could not be shown. Here, we present an STT-
MRAM free layer material that relies on bulk
magnetocrystalline anisotropy as a source of anisotropy. Unlike
in prior work [5] using ordered L10 alloys with high M; of about
850kA/m we are using materials with about 4 times lower
magnetization of around 200kA/m. Using these new low
moment high perpendicular bulk anisotropy materials allows
for simultaneous achievement of high retention and fast and
reliable writing.

II. MATERIALS GROWTH AND CHARACTERIZATION:

Achieving high crystalline ordering is crucial for high
perpendicular bulk anisotropy low magnetization materials [6].
We achieve high crystalline ordering through control of growth
and annealing conditions using commercially available PVD
tools. Blanket film analysis is done on films grown on Si/SiO,
substrate wafers. Device structures are integrated from
magnetic tunnel junction films integrated in back-end-of line
metal levels of CMOS wafers. The ordered alloy materials
system appears amorphous as grown based on X-ray diffraction
experiments (Fig. 1a). Subsequent annealing at temperatures
above about > 300°C crystalizes the alloy in its ordered phase
and desired (001) texture (Fig. la and 1b). A perpendicular
moment corresponding to an M; of about 200kA/m can be
measured by VSM once the sample has been exposed to
temperatures above its crystallization temperatures (Fig. Ic).
The perpendicular anisotropy field of such annealed alloy was

found to be larger than 30 kOe [7]. High resolution TEM images
using the High Angle Annular Dark Field method with Z
contrast show excellent crystallinity of the magnetic ordered

alloys with the expected ordering of different atomic layers (Fig.
1d).
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Fig. 1: Blanket film analysis of ordered alloy film. The ordered
alloy film thickness is about 15nm and deposited in between 2
MgO layers of about 1nm thickness on an amorphous seed on a
Si/SiO, wafer. (a) 20 X-ray diffraction intensity as a function of
temperature (ramped at 3°C/s). (b) ©-26 X-ray diffraction intensity
after temperature ramp up to 600°C. (c¢) Perpendicular VSM loop of
as grown film vs annealed at 400°C for 60 minutes. (d) High Angle
Annular Dark Field Image with Z contrast of the ordered alloy
showing the arrangement of the atoms in the crystalline lattice.
Figure reprinted from [7] with permission (CC-BY-NC
6042791244981).
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III. DEVICE INTEGRATION AND PERFORMANCE

Magnetic tunnel junction stacks using high perpendicular bulk
anisotropy ordered alloy materials were deposited on CMOS
wafers and integrated into 4kb STT-MRAM arrays. Device
sizes for given arrays are controlled through lithography and
etch processes. Properties for a device with about 39 nm CD
are shown in Fig. 2.
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Fig. 2: Single device data example (a) hysteresis loop R-H for 39nm
device (b) pulse-width-dependence for V. for the same device as in
(a). (c) WER example for single device: pulse width from 100ns to
1ns. Figures reprinted from [7] with permission (CC-BY-NC
6042791244981).

Fig. 2a demonstrates the high coercive fields of more than
8kOe that can be achieved by using low moment high
perpendicular bulk anisotropy materials as free layer. The high
coercivity is consistent with a measured retention barrier E;, of
about 122kgT which is well above typical application needs of
40-80 kgT. It is expected that retention of the ordered alloy
free layer can be controlled via the free layer material
thickness while maintain the same high perpendicular
anisotropy field. It was further shown that these high
coercivity fields, Hc, and anisotropy fields, Hk, of the material
make the devices particularly field insensitive compared to
typical CoFeB|MgO interface anisotropy based devices [7].
Fig. 2c represents the typical pulse width dependence of the
write voltage of such high anisotropy low moment material
devices by looking at shallow write error rate (WER) slopes.
Switching down to 2ns pulse width is shown. Deeper WER
floors have been demonstrated elsewhere [7].

IV. CONCLUSION

Unique novel STT-MRAM device behavior allowing the exten-
sion of the application space of STT-MRAM was demonstrated.
Low moment, high anisotropy, ordered-alloy based free layers
allow addressing some limitation of CoFeB based free layer de-
vices in terms of high retention and fast write times. Further
work on tunneling magneto-resistance (TMR) and write volt-
ages and currents should allow extending the application space
of STT-MRAM towards new applications requiring fast writing
and high retention.
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