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Magnetic properties of CosgFe 0B,o (CoFeB) thin films sandwiched between Ta and MgAl,O, layers
have been systematically studied. For as-grown state, Ta/CoFeB/MgAl,O, structures exhibit good
perpendicular magnetic anisotropy (PMA) with interface anisotropy K; = 1.22 erg/cm?®, which further
increases to 1.30 erg/cm? after annealing, while MgAl,O,/CoFeB/Ta multilayer shows in-plane mag-
netic anisotropy and must be annealed in order to achieve PMA. For bottom CoFeB layer, the thick-
ness window for PMA is from 0.6 to 1.0 nm, while that for top CoFeB layer is between 0.8 and
1.4 nm. Perpendicular magnetic tunnel junctions (p-MTJs) with a core structure of CoFeB/MgAl,O,4/
CoFeB have also been fabricated and tunneling magnetoresistance ratio of about 36% at room tem-
perature and 63% at low temperature have been obtained. The intrinsic excitations in the p-MTIJs

have been identified by inelastic electron-tunneling spectroscopy. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4895671]

Perpendicular magnetic tunnel junctions (p-MTJs) with
ferromagnetic electrodes possessing perpendicular magnetic
anisotropy (PMA) have attracted great interests due to their
advantages for spintronic applications, especially for high-
density spin-transfer torque magnetic random access mem-
ory (STT-MRAM).'™ High thermal stability in the order of
nanometers, low critical switching current density and high
tunneling magnetoresistance (TMR) ratio are required for a
memory cell in STT-MRAM.** A variety of materials with
perpendicular easy axis have been explored to satisfy the
requirements mentioned above,>* among which ultra thin
CoFeB film with a PMA has attracted a great deal of atten-
tion since it fulfils all the requirements at the same time.”'°
MgO based MTJs with an in-plane anisotropy have been
extensively studied and a high TMR ratio have been
obtained.''" "3 However, the lattice mismatch between MgO
and typical ferromagnetic electrodes leads to a rapid reduc-
tion of TMR with bias voltage and a low breakdown volt-
age,'*'> which is unfavorable for practical applications.
Recently, spinel oxide MgAl,O,4 has been explored as tunnel
barrier to further improve the performance of MTJs with in-
plane anisotropy due to its small lattice mismatch with typi-
cal ferromagnetic electrodes.'*' High TMR ratio and weak
bias voltage dependence of TMR have been reported in epi-
taxial MgAl,O, barrier based MTJs grown on single crystal
MgO substrate, where MgAl,O, barrier was formed by
plasma oxidation of Mg/Al bilayer'* or Mg-Al alloy.'®'° So
far, there are no reports about p-MTJs with MgAl,O, barrier.
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For Ta/CoFeB/MgO structure, the interfacial PMA is attrib-
uted to hybridization of transition metal 3d and O 2p orbi-
tals.?’*! Moreover, the Ta/CoFeB interface also plays a key
role in the PMA of thin CoFeB ﬁlms,6 which can be
enhanced by adjusting the underlayers.® However, it should
be noted that the under- or over-oxidized interface can
destroy the PMA,*"** making it difficult to obtain PMA in
CoFeB/MgAl,0, system with MgAl,O, formed by oxidation
of Mg/Al bilayer or Mg-Al alloy.

In this work, magnetic properties of CoFeB thin films
sandwiched between Ta and MgAl,O, layers have been sys-
tematically investigated, where MgAl,O, film is formed by
RF sputtering from a sintered stoichiometric MgAl,O, target
to avoid the oxidation problem. Ta is adopted as under and
cap layers because of its critical contribution to PMA. Our
experimental results show that good PMA can be realized in
thin CoFeB film by optimizing the thickness of CoFeB layer
and post-annealing treatment. Based on the PMA optimiza-
tion of CoFeB thin films at either side of MgAl,Oy layer, p-
MT]Is with a core structure of CoFeB/ MgAl,O4/CoFeB have
been fabricated and studied.

Film stacks were deposited using an ULVAC magnetron
sputtering system with a base pressure of 1.0 x 10~ °Pa. Two
series of multilayers: Ta (5)/CoFeB (+=0.6—1.6)/MgAl,0O,
(2)/Ta (5) and Ta (5)/MgAl,O,4 (2)/CoFeB (t=0.8-1.8)/Ta
(5), corresponding to bottom and top electrodes in MTJs, and
MT]J stack with the structure of Ta (5)/Ru (30)/Ta (5)/CoFeB
(1.0)/MgAl,04 (2)/CoFeB (1.2)/Ta (5)/Ru (5) (numbers are
nominal thickness in nanometer) were deposited on ther-
mally oxidized Si wafers. All the samples were annealed at
300°C in vacuum with an out-of-plane magnetic field of

© 2014 AIP Publishing LLC
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8000 Oe for half an hour. Magnetic properties were charac-
terized by vibrating sample magnetometer (VSM) and super-
conducting quantum interference device (SQUID). The MTJ
was patterned into junctions with size of 10 x 20 um” using
ultraviolet photolithography combined with Ar ion beam
etching and transport properties were measured by four-
probe method. Rutherford backscattering spectrometry
(RBS) was carried out to characterize element distribution in
the MTJ.

Fig. 1 shows the magnetic hysteresis loops of Ta (5)/
CoFeB (1)/MgAl,O4 (2)/Ta (5nm) (bottom electrode) with ¢
varying from 0.6 to 1.2 nm. The red line with solid circles and
blue line with solid squares represent perpendicular and in-
plane hysteresis curves, respectively. For the as-grown state,
the samples with #=0.6 and 1.0nm exhibit an out-of-plane
easy axis, showing a well-squared shape with a squareness
(SQ)=1 and 0.8, respectively, while the sample with
t=1.2nm shows an in-plane easy axis. After annealing at
300°C, the in-plane saturation field decreases from 7000 to
2000 Oe for sample with =0.6 nm but increases from 2000
to 2500 Oe for sample with = 1.0 nm. Also, the SQ decreases
from 1 to 0.4 for the sample with r=0.6nm and increases
from 0.8 to 1.0 for the sample with # = 1.0 nm. For the sample
with =1.2nm, the easy axis still lies in plane, but the per-
pendicular saturation field decreases from 3000 to 2000 Oe.
The above results show that PMA after annealing is degraded
in the sample with r=0.6nm but enhanced slightly in the
samples with #=1.0 and 1.2 nm.

Fig. 2 shows the magnetic hysteresis loops of Ta (5)/
MgAl,O,4 (2)/CoFeB (f)/Ta (5) (top electrode) with ¢ varying
from 1.0 to 1.6 nm. For the as-grown state, all the samples ex-
hibit an in-plane easy axis but the perpendicular saturation field
decreases with decreasing 7, as shown in Figs. 2(a)-2(c), which
indicates that magnetization has an increasing perpendicular
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FIG. 1. Perpendicular (red line with solid circles) and in-plane (blue line
with solid squares) M/M¢-H loops of Ta (5)/CoFeB (1)/MgAl,O,4 (2)/Ta (5)
(in nm) multilayer before and after annealing at 300 °C with r=0.6nm (a)
and (d), 1.0nm (b) and (e), 1.2nm (c) and (f), respectively. The inset figures
show the enlarged perpendicular loops.
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FIG. 2. Perpendicular (red line with solid circles) and in-plane (blue line
with solid squares) M/Ms-H loops of Ta (5)/MgAl,O, (2)/CoFeB (7)/Ta (5)
(in nm) multilayer before and after annealed at 300°C with t=1.0nm (a)
and (d), 1.2nm (b) and (e), 1.6 nm (c) and (f), respectively. The inset figures
show the enlarged perpendicular loops.

component with decreasing ¢. After annealing at 300 °C, the
PMA is enhanced significantly, see Figs. 2(d)-2(f). For the
samples with r=1.0 and 1.4nm, the easy axis turns from in-
plane to out-of- plane showing squared-well hysteresis loops
with SQ = 1. While for sample with = 1.6 nm, the easy axis
is still in plane, but the perpendicular saturation field decreases
from 7000 to 2000 Oe after annealing, indicating an enhanced
contribution from PMA. These results suggest that annealing
process can improve PMA significantly and is essential for top
electrodes to achieve good PMA.

Figs. 3(a) and 3(b) show the saturation magnetic
moment per unit area as a function of nominal thickness of
CoFeB for bottom and top electrodes, respectively. The mag-
netic dead layer (MDL) and saturation magnetization of
CoFeB can be extracted by linearly fitting the data. The
intercept of x-axis and slope of the fitted lines are used to
determine the thickness 74 of MDL and saturation magnetiza-
tion (M) of CoFeB. Generally, three kinds of magnetic ani-
sotropy including bulk anisotropy, shape anisotropy, and
interfacial anisotropy contribute to the effective anisotropy
in multilayer structure.? Moreover, annealing treatment can
impact the magnetic anisotropy of the structure by affecting
crystallization of ferromagnetic layer, interface roughness,
inter-diffusion, and stress.”> In the ultra thin CoFeB film
stacks, the interfacial anisotropy plays an important role.
Thus, the effective anisotropy (K,) can be described as

m:&me+5, (1)

Tetr
where K, can be estimated by K, = H,M;/2 with H for satu-
ration field along hard axis and M, for saturation magnetiza-
tion; K and K; represent bulk and interfacial anisotropys;
—27M? is the shape anisotropy, and f. indicates effective
thickness of CoFeB, defined as ft.4 =t — g with 4 for
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thickness of MDL for CoFeB. The results for bottom and top
electrodes are illustrated in Figs. 3(c) and 3(d). To estimate
the interfacial contributions to the effective anisotropy, the
curves of K¢ as a function of #.¢ are linearly fitted. All the
fitting results are summarized in Table L.

CoFeB thin films deposited on bottom and top of
MgAl,O, layer show different behavior and have different
annealing effects. The saturation magnetization of CoFeB
for bottom electrode is larger than that of top electrode and it
increases after annealing due to crystallization of CoFeB.
The MDL is observed in both bottom and top electrodes.
The thickness of MDL increases from 0.17 to 0.26 nm for
bottom electrode and 0.35 to 0.40 nm for top electrode after
annealing process, which can be attributed to inter-diffusion
between Ta and CoFeB at the interface during annealing.”>***
The interfacial anisotropy Kj;, which originates from hybrid-
ization of transition metal 3d and O 2p orbitals,”>*' changes
slightly after annealing for bottom electrode, while it is
almost doubled for top electrode. It should be pointed out
that though the Ta/CoFeB interface makes contribution to
the PMA,*? the intermixing of Ta and CoFeB is not benefi-
cial to the PMA.%° Since the annealing process further pro-
motes this intermixing, the enhancement of K; should be
attributed to the interface between CoFeB and MgAl,O,.
This means that strong Fe-O or Co-O bonding exists in bot-
tom electrodes even in the as-grown state and the annealing
process only result in a slight increase in K;. While for top

TABLE I. Results extracted from linear fitting of experimental data for bot-
tom and top electrode in the as-grown and annealed states.

Bottom electrode Top electrode

As-grown  Annealed  As-grown  Annealed
M, (emu/cm’®) 1443 1751 1195 1402
14 (nm) 0.17 0.26 0.35 0.4
K; (erg/cm?) 1.22 1.30 0.68 1.21
2nM 2 (10° erg/em®) 13.1 19.3 8.97 12.3
Ky, (10° erg/em®) —1.10 3.60 —1.33 0.4

0.8 1.2 1.6 2.0

t ¢ (nm)

electrode, the weak Fe-O or Co-O bonding is responsible for
the small value of K; in as-grown state, and annealing pro-
cess significantly enhances K; due to the appearance of sig-
nificant density of Fe-O and Co-O bonding.22 The interfacial
anisotropy is comparable with that of Ta/CoFeB/MgO struc-
tures,” and the anisotropy energy is high enough to ensure
high thermal stability. Note that K, for both top and bottom
electrodes changes sign after annealing, which is beneficial
to PMA. This probably originates from magneto-elastic ani-
sotropy, which is also considered as a factor for PMA . >52¢
After PMA was obtained in both bottom and top electro-
des, p-MTJs were fabricated and studied. The RBS was used
to characterize the element distribution and stoichiometry of
the barrier in MTJ. Figs. 4(a) and 4(b) show RBS for p-MTJs’
core structure of CoFeB(1.0)/MgAl,O4(2)/CoFeB(1.2)
(numbers are nominal thickness in nanometer) at as-grown
state and annealed at 300 °C, respectively. The barrier at the
bottom interface is stoichiometric MgAl,O,4, while there is O
vacancy at the top interface. The asymmetrical distribution
of O on bottom and top interface accounts for the different
magnetic behaviors of bottom and top electrodes. For the as-
grown state, there exist Ta and CoFeB intermixing on both
top and bottom interfaces, causing magnetic dead layer of
CoFeB. Compared with bottom CoFeB layer, the content of
Co and Fe is less in top CoFeB, resulting in a smaller M of
top CoFeB. Moreover, top Ta diffuses into the barrier, which
is not beneficial to the TMR. For the sample annealing at
300°C, the intermixing of Ta and CoFeB increases on the
bottom interface, which accounts for the increased thickness
of MDL. Figs. 4(c) and 4(d) show the normalized perpendic-
ular and in-plane hysteresis curves for as-grown and
annealed MTJs, respectively. For the as-grown MTIJ, M/
M—H loops show sharp switching near zero field for both H
in-plane and out-of-plane, indicating that only the bottom
electrode exhibit PMA. After annealing at 300 °C, a full per-
pendicular MTJ was obtained. Moreover, according to the
inset figures in Figs. 4(c) and 4(d), the switching field of the
bottom electrode is about 10 Oe, which is smaller than that
of the top electrode, which is about 40 QOe, resulting in an
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antiparallel step in M-H curve, which is necessary for MTJs
to achieve the parallel and antiparallel magnetic
configurations.

Figs. 5(a)-5(c) display TMR-H curves at T=300K,
150K, and 10K, respectively. Note that the coercivity of
bottom and top electrodes are increased after patterned into
micro junctions and enhanced significantly at 7= 10K. The
TMR ratio of about 36% at room temperature and about 63%
at low temperature are obtained. For 7= 150 K, the TMR ra-
tio decreased to 27% and there exist only one switch without
a complete antiparallel platform in positive field. The resist-
ance in parallel (Rp) and antiparallel (R op) state and TMR ra-
tio as a function of temperature T are shown in Fig. 5(d). The
resistance-area product (RA) of the p-MTJ in parallel state at
room temperature is 1.4 x 10° Q ,umz. With decreasing tem-
perature, Rp increases monotonously while R,p shows a dip
around 150K, resulting a dip in TMR. The antiferromagnet
of ferrimagnet may form at the interface of ferromagnetic
layer and tunnel barrier due to the inter-diffusion of Fe, Co,
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FIG. 5. TMR-H curves of MTJ at T=300K (a), 150K (b), and 10K (c),
respectively. Temperature dependence of resistance Rp, Rap, and TMR ratio
and IETS at T = 10K were shown in (d) and (e), respectively.

and O, and induce unidirectional anisotropy by intrinsic
exchange bias, resulting in asymmetric behavior at
T=150K. However, there exists no unidirectional anisot-
ropy in the MT]J structures, which has been confirmed by the
magnetic hysteresis loops of top and bottom CoFeB layers at
different temperature (not shown here). Thus, the asymmet-
ric behavior at T = 150K is not caused by unidirectional ani-
sotropy. Note that there is no well-defined antiparallel state
and the magnetization switch gradually in positive field. The
asymmetric behavior may be attributed to the small coerciv-
ity difference of top and bottom electrodes because of the
different temperature dependence of coercivity®® and cou-
pling of two magnetic layers, which result in simultaneous
switching and unstable antiparallel state. The phenomenon
has also been observed previously.27 In order to characterize
intrinsic  excitations in the p-MTJ, inelastic electron-
tunneling spectroscopy (IETS) has been measured, as shown
in Fig. 5(e). Three peaks, including zero-bias anomaly (ZB)
due to magnetic impurity scattering, magnon excitation (M)
at the interface of ferromagnetic electrode and barrier, and
phonon excitation (Ph) in barrier, are usually found in AlO,
and MgO based MTJs.? In this work, ZB locating at SmV
and M locating at 25 mV are identified, which is comparable
with in-plane MTJs.?® The peak at voltage of about 115 mV
is identified as Ph, originating from phonon excitation in
MgAl,O, barrier.

Compared with MgO based p-MTJs, the obtained TMR
ratio in our work is lower, which can be attributed to the
poor quality of the barrier. As can be seen from the RBS
results, the barrier is not perfect stoichiometric MgAl,Oy,
thus, the barrier is not perfect spinel oxide with spin-filter
properties as the same of MgO, resulting in an incoherent
tunneling process. In addition, the element of Ta is detected
at top interface, indicating an ambiguous interface, which
also results in low TMR. Further improvement of the quality
of the barrier is needed to enhance the TMR ratio of
MgAl,O4 based p-MT]J.

In summary, the magnetic characteristics of CoFeB thin
films in Ta/CoFeB/MgAl,O4/Ta and Ta/MgAl,0,4/CoFeB/Ta
structures have been systematically investigated. Bottom
electrodes show PMA in the as-grown state and change
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slightly after annealing at 300 °C, while for top electrodes
the annealing process is essential to achieve PMA. The upper
limits for CoFeB thickness possessing PMA for bottom and
top electrodes are 1.0nm and 1.4 nm, respectively. The MDL
exists in both electrodes and increases after annealing. The
different magnetic behaviors of CoFeB in bottom and top
electrodes can be attributed to asymmetrical distribution of
O in bottom and top interfaces. Perpendicular CoFeB/
MgAl,0O4/CoFeB MTIJs have been fabricated and antiparallel
platform can be obtained after annealing at 300 °C. TMR ra-
tio of 36% at 300K and 63% at 10K are observed. Three
kinds of intrinsic excitations, including ZB, M, and Ph, have
been identified by IETS in p-MTIs.
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