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Magnetic Random-Access Memory (MRAM) is a non-vitdatlass of solid-state storage
device where the information is stored in the mé#égnstate of a ferromagnetic layer.
Microelectronic industry has recently shown a sgramterest for MRAM as they are very
promising for embedded RAM applications and paléidy embedded FLASH replacemeént
6. The main building bloc of an MRAM is a trilayeMr/I/FM2 (Fig. 1.a) named magnetic
tunnel junction (MTJY, where FM()refer to ferromagnetic layers and | to a thin iasing
tunnel barrier £ 1.2 nm). Nowadays researches are mainly focusepgeqgoendicularly (p)
magnetized tunnel junction&! written by spin transfer torque (STEH'3 where the
perpendicular axis is defined by the growth diactiFM, is called the reference layer, its
magnetization is pinned in one specific directifor €xample, theip direction). FM is called
the storage layer or free layer, its magnetizasdree to be moved between its two stable states
(up anddown). The resistance of the stack depends on thewvelatientation of the two
magnetizations. The parallel (P) statp/(p) is a low resistance state while the antiparallel
(AP) state gp/down) is a high resistance state, thus respectivelyngatthe “0” and “1” of the

binary logic. The tunneling magnetoresistance (TN&R)efined by the ratibMR = Rap—Rp

P
The P and AP states are separated by an energgridarrused to define the thermal stability
of the memonA= E, /kgT with ksT the thermal energy (Fig. 1.b). For practical agions,
one aims fon\ values from 60 to 1081°

In STT-MRAM, the storage layer has commonly an ataylindrical shape of diameter
D and thickness L. When the memory cell is suffidggsmall to behave in a macrospin manner
(typically below 20nm in diameter), its stability given by Eq. 1, whereolis the vacuum
permeability, A the storage layer area anstiMe saturation magnetization. The first term iasid
the bracket is the shape anisotropy, whexe &d N: are the demagnetizing factors. The
second and third terms respectively represent iiterfacial anisotropy arising at the
FeCoB/MgO interface and a possible uniaxial bulksa@inopy of magnetocrystalline or
magneto-elastic origin. The critical voltage ¥ defined as the minimum voltage required to
write the memory state at 0 K (Eq. 2), where RAimsply the resistance times area product of
the memory point. The write voltage at non-zerogerature can be lower than &d depends
on the pulse duratioff.
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In conventional p-MTJ, as the thickness of the fager & 1.4 nm) is much lower than its
diameter & 30 nm), so thaw,,~0, N,,~1. The shape anisotropy (first term in Eq.1) thus
favors in-plane anisotropy. The perpendicular m#gagon is then obtained thanks to a strong
interfacial anisotropy at the FM/I interface whimbercomes the in-plane shape anisotropy. The
MTJ stack comprises the central block: FeCeBBnm)/MgO&1.2nm)/FeCoB{1.4nm)
which combines several advantages: After annealingrovides a good crystallographic
structure match between the FeCo(001) magnetitretkcand the MgO(001) tunnel barrtér
a quite low Gilbert damping constahit'® a strong interfacial anisotrop¥?°and a large spin
polarization leading to a high TMR ratté?L However, at sub-20nm dimensions (macrospin
behavior) A scales with D?, inevitably leading to excessively values ofA at small diameters
meaning too high bit error rate in standby or dginiead. In conventional STT-MRAM, one
can insurel > 60 down to diameters of around 20 rffnlt can be improved by capping the
free layer with another MgO layer to increase titaltinterfacial anisotropy. This enables to
achieveA > 60 down to diameters of ~15 nfh?*

To go to even smaller diameters while maintainioffigently high values ofA, we
propose to take advantage of a perpendicular shr@petropy (PSA) by patterning the storage
layer with an aspect ratio L/D of the order or geeahan one. By doing this, the shape
anisotropy becomes positive and no longer fightsresg the interfacial anisotropy. To keep
good interfacial properties (large TMR and largeifacial anisotropy), one can keep a thin
FeCoB layer at the interface with the barrier, tdeposit a thick FM layer with low Gilbert
damping on top. This approach allows to have botbdgnterfacial properties and to give to
the storage layer the desired properties (low dagypveak thermal variation of anisotropy and
TMR, etc). Let us for example consider the casklgD/FeCoB(1.4nm)/Co(L-1.4nm) with a
total thickness L (Fig. 2). The smallest thicknesserrespond to the conventional p-STT-
MRAM regime (L < 2 nm) while the larger ones copesd to the novel PSA-STT-MRAM
regime (t > 3 nm). The diagram clearly illustraties inability of p-STT-MRAM to maintain
> 60 at sub-20 nm nodes. On the other hand, ottdekaCo layer is added on top of the storage
layer, a strong perpendicular anisotropy can beveed originating from the shape itself. By
changing the thickness and/or the diameter of ii@ge layer, one can tune the stability over
a very wide range, even for sub-10 nm nodes. Herekample, a stability ok = 60 can be
achieved down to a diameter of 4 nm with a totategje layer thickness of 32 nm. We
superimpose to the stability diagram a boundaryjueted by micromagnetic simulations,
indicating the validity range of Eq. 1. Finally, \aso superimpose some i8gta RA lines to
emphasize the need of low RA tunnel junctions. éajdéy considering a write voltage\gf=
0.5 V and a damping constant= 0.01, one needs a RA of Q. um? to switch a Co-based
PSA-STT-MRAM with D = 7 nm, L = 16 nm= A = 60). The smaller the diameter, the
smallera andRA have to be.

Co-based and FeNi-based PSA-STT-MRAM with thickre#s80 nm have been patterned
by IBE in a two-step process. The storage layerfinsteetched vertically thanks to a hard mask
of Ta with D = 30 nm. The pillar was then trimmedsub-20 nm diameters by etching at a



grazing angle. The lower diameter observed aftemting is 8.1 nm. Hysteresis resistance
versus magnetic field loops (Fig. 3) show two vagfined resistance states with TMR values
around 50 % and values coherent with micromagnetic simulations.
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1. (a) Sketch of a conventional p-MTJ. In red the storage layer FeCoB(1.4 nm) with two stable
states highlighted by the white double-arrow, in yellow the MgO(1.2 nm) tunnel barrier and in
green the reference layer FeCoB(1.3 nm) with the magnetization pinned in one direction
highlighted by the white single-arrow. (b) Energy profile of the p-MTJ versus the orientation
of the magnetization of the storage layer. The stability factor is defined by the ratio A= %
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Fig 2. Sability diagram of a cylindrical storage layer made of FeCoB(1.4 nm)/Co(L-1.4 nm)
versus its total thickness (L) and diameter (D), at room temperature (300 K). Below a total



thickness of 1.4 nm, the storage layer is supposed to only consist of FeCoB with M£¢¢°8 = 1.0
10° A/m and K£¢¢°8 = 1.4 mJ/n?. Above 1.4 nm, the storage layer consists of FeCoB(1.4 nm)
/Co(L-1.4 nm), with M5° = 1.446 10° A/mand K° = 0 J/m®. The vertical axisiscut in two parts
to better show the first 3 nm, corresponding to the standard p-STT-MRAM regime. The blue
dashed area represents the in-plane regime. The red dashed area represents the region where
Aisgreater than 800. The smaller thicknesses correspond to the standard p-STT-MRAM regime
while the larger ones correspond to the PSA-STT-MRAM regime, as described by the sketches
on the right of the diagram. The black area represents the region where Eq. 1 and 2 are no
longer verified. Someiso-4 linesare highlighted inwhiteand in particular 4 = 60 in bold white.
Someiso-V./a RA lines are highlighted in black and grey withn = 0.88. For example Ve = 1
V, a = 0.01 and RA = 5 2. um? isrepresented by theiso-V./a RA = 20 V. (2.um?) 1.
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Fig. 3. (a), (b)Resistance R versus perpendicular field for MTJ of various diameters D in the
cases of a 60 nm thick storage layer of NiFe and Co respectively. (c) Distribution of coercive
fields Hc as a function of D for NiFe (black circles) and Co (red circles) storage layer. (d)
Distribution of the TMR ratio as a function of D for NiFe (black circles) and Co (red circles)
storage layer.
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