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We review recent developments in magnetic tunnel junctions with perpendicular easy axis
(p-MTJs) for nonvolatile very large scale integrated circuits (VLSIs). So far, a number of material
systems such as rare-earth/transition metal alloys, L1j-ordered (Co, Fe)—Pt alloys, Co/(Pd, Pt)
multilayers, and ferromagnetic-alloy/oxide stacks have been proposed as electrodes in p-MTJs.
Among them, p-MTJs with single or double ferromagnetic-alloy/oxide stacks, particularly
CoFeB—MgO, were shown to have high potential to satisfy major requirements for integration.

Keywords: Magnetic tunnel junction; perpendicular anisotropy; spin transfer torque; CoFeB;

MgO.

1. Introduction

Increase of static power dissipation is becoming a
serious obstacle in enhancing the performance of
very large scale integrated circuits (VLSIs) due to
increase of leakage current with scaling comp-
lementary metal oxide semiconductor (CMOS)

technology to advanced nodes. In addition, increase
in the length of global interconnection in VLSIs
leads to further increase of both power consumption
and interconnection delay. Nonvolatile memory
fabricated in back-end-of-line process of VLSI po-
tentially offers the reductions of both power and
delay. The nonvolatile memory to be used with
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VLSI is required to satisfy a capability of shorter
access time than 10ns, virtually unlimited endur-
ance and scalable writing scheme at a small dimen-
sion comparable to the employed CMOS
technology, in addition to nonvolatility. Nonvolatile
memory using magnetic tunnel junctions (MTJs)
with spin transfer torque (STT) switching* is cur-
rently the only candidate in emerging nonvolatile
memory technology that could satisfy all the
requirements mentioned above. Thus, magnetor-
esistive random-access memories (MRAMs)?~ and
logic circuits®>!’~° embedding MTJs are being
developed actively. In this review, we focus on results
of MTJs, especially those with perpendicular easy
axis (p-MTJs), for nonvolatile VLSIs such as MRAM
and spintronics-based logic chips, and discuss future
prospects of spintronics materials for p-MTJ.

2. Magnetic Tunnel Junction

Figure 1(a) shows a schematic diagram of typical
one MTJ-one transistor cell as a memory cell
architecture in MRAM with STT writing (STT-
MRAM). In the MTJ, information is stored as the
magnetization direction in one of the two ferro-
magnetic layers separated by a thin tunnel barrier,
which is called as recording layer. The other layer,
called as reference layer, is designed in such a way
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Fig. 1. Schematic diagram of (a) one MTJ-one transistor cell,
magnetization configuration of (b) MTJ with in-plane easy axis
(i-MTJ) with aspect ratio k= L/W > 1, and (c) that with
perpendicular easy axis (p-MTJ) with k = 1.

that it is hard to reverse its magnetization. There
are two types of MTJ in relation to the direction of
magnetic easy axes of the two magnetic electrodes.
One is MTJ with in-plane easy axis [i-MTJ, see
Fig. 1(b)] and the other is that with perpendicular
easy axis [p-MTJ, see Fig. 1(c)].

Read and write operations are performed by
applying current into the MTJ which is selected by
the bit line and word line connected to a transistor,
as shown in Fig. 1(a). STT writing is based on
transfer of spin angular momentum from conduction
electrons to the magnetization of magnetic
layer.!”~? Antiparallel (AP) and parallel (P) mag-
netization configurations between the recording
and reference layers can be controlled by the direc-
tion of current passing through the MTJ. Resistance
of these MTJs commonly varies depending on
the relative magnetization directions of the record-
ing and reference layers due to spin-dependent
tunneling involved in the transport between the
majority and minority spin states. This resistance
change ratio is called as tunnel magnetoresistance
(TMR) ratio, and defined as TMR ratio = AR/R =
(Rap — Rp)/Rp, where Rpp and Rp are the resist-
ance for AP and P magnetization configurations [see
Figs. 1(b) and 1(c)], respectively. High TMR ratios
up to 604% at room temperature (RT) and 1144% at
5K, approaching the theoretically predicted
value,”"*> have been observed in MgO barrier
MTJS‘23728

A high performance MTJ needs to satisfy five
requirements at least: (1) small size (F nm, F: fea-
ture size), (2) low current for STT switching
(intrinsic critical switching current Iy < FuA),
(3) high TMR ratio (>100%), (4) high thermal
stability factor of the recording layer A = E/kgT
(>40, where E denotes energy barrier between P and
AP configurations, kp is the Boltzmann constant
and T is the absolute temperature) and finally
(5) capability to withstand annealing treatment at
the temperature (7},) of 350°C at least required for
standard semiconductor processing without losing
its high TMR ratio.

Figure 2 shows the MRAM development trend.
The STT-MRAMs with i-MTJs have reached
capacity up to 64Mb.%?2930 In principle, STT-
MRAMs with p-MTJs can achieve lower Iy, and
higher A than STT-MRAMs with i-MTJs, because
demagnetizing field reduces the I, while A can
be made high using high magnetic anisotropy
materials. Because of this, STT-MRAMs with
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Fig. 2. MRAM development trend. Here, MRAM stands for
those that employ the magnetic-field writing, while STT-
MRAM stands for those that employ the spin transfer torque
writing.

p-MTJs in recent years have been pursued and
demonstrated, as shown in Fig. 2.%7% The I for p-
MTJ with coherent magnetization reversal can be
expressed as follows;

Iy = ayeMsHY'V/upg = 20ve¢E/ppg, (1)

where « is the magnetic damping constant, v the
gyromagnetic ratio, e the elementary charge, Mg the
saturation magnetization, H I”(ff the effective aniso-
tropy field including demagnetizing field, V the
volume of recording layer, up the Bohr magnetron
and ¢ a function of the spin polarization of the
tunnel current and the relative magnetization angle
between the recording and the reference
layers.!”-1%31733 For the magnetic electrode ma-
terials in p-MTJ with reduced dimensions, low « is
needed in order to realize low switching current
(Ico = FpA) while maintaining high F, i.e., high A.

3. Ferromagnetic Electrodes for p-MTJs

To attain perpendicular anisotropy, a number of
material systems have been explored as electrodes,
including rare-earth/transition metal alloys, L1,-
ordered (Co, Fe)—Pt alloys, multilayers and so on.
We review the developments of these electrodes.

3.1. Rare-earth/transition metal alloys

In 2002, Nishimura et al. reported the TMR ratio of
55% at RT in GdFeCo/CoFe/Al,O3/CoFe/
TbFeCo p-MTJ, which is the first demonstration of
p-MTJ.** TMR ratio of 74% reported in double
AlO, barrier p-MTJ with GdFeCo/AlO, /GdFeCo/
FeCo/AlO, /FeCo/TbFeCo stack structure.*” Sub-
sequent experiments demonstrated TMR ratio of
64% in GdFeCo/Fe/MgO/Fe/TbFeCo p-MTJ,*
and of 70% in PrgO;, barrier p-MTJ with different
TbCoFe composition electrodes.”” Nakayama et al.
observed STT switching with 4.7MA/cm® in
130 nm-diameter ~ThFeCo/CoFeB/MgO/CoFeB/
TbFeCo p-MTJ with A of 107, although TMR ratio
showed a low value of 15%,*® mainly due to the lack
of appropriate annealing. Rare-earth-based alloys
have the following advantages; the alloys with
amorphous phase can obtain easily a perpendicular
magnetic easy axis independent of underlayer ma-
terial, and have low magnetization.’>*’ On the
other hand, the lack of processing stability (for
annealing, etching and passivation processes) and
the high « need to be addressed to be a candidate for
electrode material of high performance p-MTJ.??4!

3.2. Lljy-ordered (Co, Fe)— Pt alloys

L1j-order (Co, Fe)—Pt alloys is one of candidates for
p-MTJ with small dimension because of its large
magnetic anisotropy energy density of more than
10°J/m®.*>* In 2006, Seki et al. reported STT
switching with current density of the order of 10%A/
cm? in current perpendicular to plane giant magne-
toresistance (CPP-GMR) pillars with L1,-FePt
electrodes exhibiting perpendicular anisotropy of the
order of 10°J/m?* around the same time as demon-
strations of MTJs with multilayer electrodes as
mentioned in next section.** MgO barrier p-MTJ
with L1,-CoPt electrodes showed TMR ratio of 6% at
RT (13% at 10K).*” These results required an MgO
(001) single crystal substrate and a high annealing
temperature (7,) of 500—600°C. Yoshikawa et al.
succeeded in obtaining high TMR ratios at RT
of 120% at T, = 500°C (58% at T, = 400°C) in
L1,-FePt/MgO p-MTJs sputtered on thermally
oxidized Si wafer.*® Based on first principles calcu-
lations, the TMR ratio evaluated for the junction
with the Fe-terminated interface exceeds 380%.*7
Thus, it was shown from both experimental and
theoretical studies that FePt is a candidate of

1240003-3



SPIN 2012.02. Downloaded from www.worldscientific.com
by Huadong Gan on 10/03/14. For personal use only

S. Ikeda et al.

materials for high TMR ratio. It was, however,
necessary to reduce the optimal heat treatment
temperature for realizing high TMR ratio over 100%
to 350°C—400°C for VLSI applications. A higher
TMR ratio of 202% at RT was reported in composite
p-MTJ structure with L1,-FePt/CoFeB/MgO/
CoFeB/Co-based superlattice.*® Kishi et al. demon-
strated STT switching with 49 A and A of 56 in the
MgO barrier p-MTJ with the recording layer size of
50—55nm in diameter using L1, ordered alloy with
a = 0.028.7 Subsequently, it was reported that 50 nm
¢ p-MTJs with Fe alloy with doping of Pt and/or
other elements obtained switching current around
10 pA and A of 32, although the TMR ratio showed a
low value of 23%.%

3.3. Multilayers

For p-MTJs, Iy and A are in a trade-off relation as
can be seen in Eq. (1). In order to reduce Iy, it is
necessary to moderately reduce A. From this view-
point, multilayer electrodes have advantages; it is
relatively easy to control Mg and Hy for multilayer
by changing the number of the layer stack and the
layer thicknesses. In addition, multilayer films are
comparatively easy to realize perpendicular mag-
netic easy axis. Several groups have presented that
perpendicular easy axis can be achieved in Co/Pd,
Co/Pt, Co/Au and Co/Ni multilayers.””~°? The
perpendicular magnetic anisotropy is originated
from interfacial anisotropy.”® In Co/Au multilayers,
giant magnetoresistance (MR) effect has also been
observed.”"”> MR ratios of CPP-GMR pillars using
Co/Ni or CoFe/Pt multilayer electrodes with per-
pendicular easy axis and Cu interlayer in which STT
switching was observed for the first time were 1% or
less.*°® Then, a MR ratio of 7% for CPP-GMR
devices using CoFe/Pd multilayer electrodes and Cu
interlayer was reported.”” Thereafter, MTJs with
multilayer were studied actively in order to obtain a
high TMR ratio. TMR ratio was developed up to
15% in the AlO, barrier p-MTJs.”®~%! High TMR
was not obtained in the earlier stage of development
of MgO barrier p-MTJ multilayer electrodes.’”
Subsequently, it was reported that the insertion of
CoFeB between MgO barrier and CoFe/Pd multi-
layer electrodes results in a TMR ratio of 91% at
T, = 250°C, but it rapidly decreases below 5% at
T, = 275°C.5%% The bcc(110) oriented crystal-
lization upon annealing of the initially amorphous
CoFe(B) layers adjacent to MgO barrier, as shown

fcc [CoFe/Pd] (111)

8 fcc [CoFe/Pd] (111)

Fig. 3. Cross-sectional high resolution transmission electron
microscopy (HRTEM) image for a [CogyFe((0.2)/Pd(1.2)]
multilayer/CogFegyBag (1.8) /MgO (2.1) / Cogy Fegy By (1.8)/
[Pd(1.2)/CogyFe;(0.2)] multilayer stack annealed at 300°C.

in Fig. 3, is one of the reasons for the low TMR
ratios,’*%° because high TMR ratios require bcc
(001) oriented ferromagnetic electrodes and MgO
(001) barrier for the coherent tunneling of A; band
electrons.”’?? In these structures, CoFeB is adjacent
to fcc(111)-Pd, which has a finite solid solubility of
B (18% in bulk).%° The diffusion of B from CoFeB
into the CoFe/Pd multilayer is believed to cause the
unwanted crystallization of CoFeB from the multi-
layer side because crystallization of CoFeB is known
to be triggered by the loss of B.9%:0%5° By employing
the thin Pd layer near an atomic monolayer, the
TMR ratio became 113% at T, = 300°C and 100%
at T, = 350°C.5"%% The improvement of annealing
stability in TMR properties is attributed to the
increase of crystallization temperature of CoFe(B)
resulting from the increase of the amount of residual
B atoms in the CoFe(B) layer because of the limited
amount of soluble B in thin Pd layer. It has been
demonstrated that the p-MTJs with thin bottom
Co/Pt superlattice by using nearly atomic-mono-
layer alternation of Co and Pt can show TMR ratios
of 62—85% in the low resistance—area product RA
range of 3.9—4.4 Qum?®. These multilayer elec-
trode systems are expected to satisfy the require-
ments for reference layer. As to the use for a
recording layer, studies of a”'~™ and TMR prop-
erties are needed.

3.4. CoFeB-MgO

In 2010, a perpendicular magnetic easy axis was
reported in Ta/CoFeB/MgO stacks with a thin
CoFeB, where the CoFeB—MgO interface anisotropy
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plays a crucial role.*>”~7" According to first-prin-
ciples calculation, the interfacial perpendicular ani-
sotropy between oxide and ferromagnetic metal has
been attributed to hybridization of Fe 3d and O 2p
orbitals.”® Although earlier experimental studies
also indicated the presence of perpendicular aniso-
tropy at the interface in Pt—Co(FeB)—MO, (M =
Al, Mg, Ta and Ru) trilayer structures,””~%! the
origin of the anisotropy was ambiguous because
these structures always contained Pt adjacent to
ferromagnetic metals to stabilize the perpendicular
anisotropy.

In the following, we review the properties of p-
MTJs utilizing the CoFeB/MgO stack system. The
MTJ structures consist of, from the substrate side,
Ta(5)/Ru(lO)/Ta(5)/C020F660B20(09—13)/MgO
(O85—105)/C020Fe60B20(15—17)/Ta(5)/Ru(5)
(numbers in parenthesis are nominal thicknesses in
nanometers), which are processed into circular
devices by electron-beam lithography and Ar-ion
milling. Figure 4 is a cross-sectional TEM image of a
p-MTJ structure annealed at 300°C, showing flat
interfaces. The top and bottom CoFeB layers are
continuous and appear not to have fully crystallized.
The top CoFeB/Ta interface looks more indistinct
than the bottom Ta/CoFeB interface, which is
consistent with the fact that the CoFeB/Ta stacks
(corresponding to the top electrodes in the MTJs)
have approximately 0.4—0.5 nm-thick magnetically
dead layer evaluated from the product of saturation
magnetic moment and CoFeB thickness (tcopen)

Fig. 4. Cross-sectional TEM image for a CoFeB/MgQO/CoFeB
p-MTJ structure annealed at 300°C.

30
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Fig. 5. (a) Out-of-plane R—H curves in the CoFeB—MgO
p-MTJ annealed at 300°C. The filled symbols and dashed line
represent major and minor loops respectively. (b) R—1I curves at
current-pulse durations of 300 us and 1.0s.

versus tc,pep curve (not shown) and the Ta/CoFeB/
MgO stacks (corresponding to the bottom electro-
des) have no signature of a dead layer.

Figure 5(a) shows an out-of plane R—H curve of a
CoFeB—MgO based p-MTJ with 40 nm in diameter
annealed at 300°C. The top and bottom CoFeB
thicknesses tc,p.p of the MTJ are 1.7 nm and 1.0 nm,
respectively and MgO thickness t;o is 0.85nm.
The MTJ is annealed at 300°C (350°C)®* for 1h.
The TMR ratio is 124% (113%) with resis-
tance—area product RA=18 Qum® (16 Qum?).
Thus, degradations of TMR ratio and RA were not
observed after annealing of 350°C. The minor loop
of the recording layer (the recording layer is ident-
ified from the STT measurement as mentioned
below) is shifted by 37mT with respect to H = 0,
indicating the existence of dipolar interlayer coup-
ling between the two CoFeB layers. Figure 5(b)
shows the resistance versus current curves (R—I
curves) measured at two current-pulse durations
7p = 300 us and 1.0s, without an external magnetic
field. Clear switching in the R—1I curves is observed.
From the relationship between the current polarity
and switched magnetization configuration, we can
identify the top CoFeB layer to be the recording
layer. From linear fits of switching current I versus
In(7p/7), we can obtain Iy at In(7p/7y) = 0 and A
from its slope,® where 7, is the inverse of the
attempt frequency assumed to be 1ns. Figure 6
shows I, for p-MTJs as a function of the recording
layer area (S,.), where tc.pep are 0.9 nm and 1.5nm
for bottom and top CoFeB layers, respectively, {0
is 0.9nm. The I¢g increases almost linearly with
increasing S,., indicating that the switching current
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Fig. 6. (a) Top view of MTJ pillars with different junction
sizes taken by SEM. (b) Critical current (I) of CoFeB—MgO
p-MTJs as a function of the recording layer area S,..

is scalable. On the other hand, the A maintains
almost constant values even though the S, is var-
ied from ~5000 nm? to ~1500 nm?, as can be seen in
Fig. 7(a). The A values evaluated by pulse current
experiments agree well with the results obtained
from switching probability measurement by pulse
magnetic field.** The relationship between A and
S indicates that only a portion of S, contributes
to the thermal stability of the recording layer. This
behavior can be explained by nucleation type
magnetization reversal,®®¢ as found in perpen-
dicular-patterned media.®” ="' Figure 7(b) shows a
schematic of the nucleation type magnetization
reversal. The diameter of nucleation size D, is found
to be approximately 40 nm and almost independent
of junction size.®” The D, value is close to the
domain wall width d,, (~ 7(Ag/K.z)"/?) as found in
media studies by using Ag determined by a separate
study,’” where Ag is the exchange stiffness constant
and K is effective magnetic anisotropy energy
density. The values of A in the junction size range of
40—80nm in diameter also increase linearly as the
CoFeB recording layer thickness increases.”
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Fig. 7. (a) Thermal stability factor (A= E/kgT) of
CoFeB—MgO p-MTJs as a function of the recording layer area
Srec- (b) Schematic diagram of nucleation type magnetization
reversal.

Table 1 summarizes characteristics of reported
p-MTJs. The first and second rows of Table 1 are
typical properties of i-MTJs.”%?% Meanwhile, the
results of CoFeB-MgO p-MTJ system are shown
below the 20th row in Table 1. Typical properties for
our results on CoFeB-MgOp-MTJs with 40nme¢
annealed at T, = 300°C and 350°C are shown in the
20th and 21st rows of Table 1 at Refs. 33 and 82.
The Icy/As in p-MTJs are smaller than those of i-
MTJs, that is, p-MTJs have a high potential for
realizing low current while maintaining high A. In
addition, the CoFeB—MgO MTJ satisfies most of
the requirements at dimension as low as 40nmeo,
except for the switching current (~48 A), which is
slightly higher than F(40) uA. Further improve-
ments in thermal stability and annealing tolerance
can be expected by suppressing dipolar interlayer
coupling between the two CoFeB layers.”®%" A fast
switching speed by STT”® and low write error rate’”
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have also been demonstrated. Other rows in Table 1
show p-MTJs with rare-earth/transition metal
alloy, Llj-ordered (Co, Fe)—Pt alloy or multilayer
electrodes. Recently, it has been shown that double-
interface MgO/CoFeB (1.6)/Ta (0.4)/CoFeB (1.0)/
MgO recording structure increases A up to 95 in a
larger junction size range than nucleation size, while
keeping comparable intrinsic critical current with
comparison to single interface CoFeB—MgO
recording structure,'’’ which can be understood by
a decrease of a upon increasing total CoFeB recod-
ing layer thickness.®® Similar behavior with 20 nm¢
was recently presented by other group.'°’ It has
been reported that CosFeAl full-Heusler alloy film
in direct contact with MgO also shows perpendicu-
lar easy axis'"?; TMR ratios of 53%—91% were
observed in p-MTJs using a bottom CooFeAl elec-
trode and a top CoFeB electrode with and without
Fe(Co) insertion.'"® In addition, electric-field con-
trol of magnetism such as the change of coercivity
and the magnetization reversal has been exper-
imentally shown on CoFeB—MgO p-MTJs. 04106

3.5. Other alloy materials

In order to scale the switching current, a low «
is required while maintaining a high thermal stab-
ility. L1y-Mn-based alloys (i.e., MnGa'°"~''! and
MnAl1''?) which satisfy both of high thermal stab-
ility and low « are candidates for realizing such a
recording layer. In p-MTJs with Mng, Gagg/MgO/
CoFeB stack, TMR ratio of 5% at RT was observed.
Insertion of Co between GaMn and MgO contrib-
utes to enhance TMR ratio up to 32%.''%

4. Summary

The p-MTJs consisting of rare-earth/transition
metal alloy, L1j-ordered (Co, Fe)—Pt alloy or mul-
tilayer electrodes have not realized low I, and high
A at the same time. On the other hand, the 40 nm¢
p-MTJs with single CoFeB—MgO interface have a
high potential with a STT switching with low I
and a high A in meeting major requirements for
integrating MTJs with CMOS. In addition, by
employing double-interface MgO/CoFeB /ultrathin-
Ta/CoFeB/MgO recording structure, A enhances
while keeping Iy in comparison with single-interface
CoFeB—MgO recording structure. The ferromag-
netic-alloy/oxide interfacial anisotropy technology
in addition to low « material is an indispensable

building block for realization of high performance
p-MTJ in reduced dimensions.
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