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Abstract

We develop perpendicularly magnetized magnetic tunnel junctions (MTJs)
consisting of a CoFeB/MgsoFe10050 (MgFeO)/CoFeB multilayer. The use of
MgFeO yields a substantial improvement in the flatness of the MTJ film stack
compared with conventional MTJ films using MgO as a tunnel barrier layer,
and a 1.7 times enhancement in the perpendicular magnetic anisotropy energy
is obtained for the ultrathin CoFeB layer deposited on the MgFeO layer. Nanos-
tructural analysis combined with elemental distribution mapping reveals the
formation of highly (001)-oriented MgFeO in the as-deposited MTJ film, and
the crystalline MgFeO layer effectively inhibits diffusion of B atoms from the
CoFeB layers through the tunnel barrier layer during the post-annealing pro-
cess. Accordingly, the MgFeO-MTJ exhibits exceptional stability against high
temperature annealing, and a large tunnel magnetoresistance ratio of 235%
is demonstrated in MTJ nanopillar devices after annealing at 400°C. Ferro-
magnetic resonance measurements also reveal a reduced magnetic damping in
the MgFeO-MTJs owing to the improved uniformity in the CoFeB layer. The

present experimental results will facilitate the development of magnetoresistive
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memory devices with increasing memory density and higher energy efficiencies.
Keywords: perpendicular magnetic anisotropy, magnetic tunnel junction,

magnetoresistive random access memory

1. Introduction

Magnetic tunnel junctions (MTJs) consisting of a ferromagnetic layer /tunnel
barrier /ferromagnetic layer junction are fundamental elements in the field of

spintronics. The discoveries of large tunnel magnetoresistance (TMR) [1, 2, 3, 4,

5,6, 7, 8] and large perpendicular magnetic anisotropy (PMA) in CoFe(B)/MgO/CoFe(B)

junctions [9, 6, 8, 10, 11, 12] have led to the rapid development of magnetoresis-
tive random access memory (MRAM) devices [13, 7, 14, 15, 16]. In the MRAM
cell, binary data are stored in one of the ferromagnetic layers (called the free
layer) in the MTJ by electrically controlling the magnetization direction, while
the other ferromagnetic layer possesses a fixed magnetization to serve as a "ref-
erence” for the magnetization direction of the free layer [17]. To increase the
memory density while reducing the energy required to switch the magnetiza-
tion, a large PMA as well as a low magnetic damping are required for the
free layer [13, 7, 14]. The MRAM application also requires the MTJ devices
to be formable on Si substrates with a polycrystalline electrode using a mass-
production-compatible thin film deposition process (e.g., magnetron sputtering)
and to be tolerant of high temperature (> 400°C) annealing to overcome the
CMOS back-end-of-line process [15].

Several core stacking structures to fulfill the above requirements, such as a

synthetic antiferromagnetic layer based on CoPt artificial superlattices [18], an Ir

spacer layer exhibiting strong interlayer exchange coupling [19], and MgO/CoFeB/X /CoFeB/MgO

multilayered free layer [20, 21, 22]. In particular, the stacking structure of
MgO/CoFeB/X /CoFeB/MgO has been intensively studied towards improving
the TMR and PMA after high temperature annealing [23, 21, 22, 24, 25, 26].
However, the use of an MgO/CoFeB/X /CoFeB/MgO free layer imposes another
difficulty in preparing flat and uniformly magnetized CoFeB layers; even though
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the CoFeB thin films favor an amorphous phase without crystal grains, the poor
wettability of CoFeB on MgO leads to island growth of the CoFeB layer [27].
Such structural inhomogeneity in the free layer is unfavorable in terms of energy
efficiency for the electrical control of magnetization since the structural inhomo-
geneity inevitably leads to a magnetic inhomogeneity in the free layer and thus
a larger energy dissipation during the magnetization switching. The impact of
structural inhomogeneity can be even more severe for MRAM devices driven by
the voltage-controlled magnetic anisotropy (VCMA) effect at the MgO/CoFe(B)
interface [28, 29, 30, 31, 32], in which the free layer is typically as thin as 1 nm
to minimize the electric-field screening effect. A possible solution to reducing
the structural inhomogeneity is to lower the substrate temperature during the
deposition of the CoFeB layer. In our previous studies, we have shown that the
deposition of CoFeB layers at a cryogenic substrate temperature enhances the
PMA as well as TMR in the MgO/CoFeB junction while reducing the extrinsic
component of magnetic damping due to magnetic inhomogeneity [33, 34]. An-
other solution may be to insert an ultrathin v-FesOg layer in between the MgO
and CoFeB layers, as the ultrathin «-FeoO3 insertion layer has been demon-
strated to improve the wettability of Fe on MgO without affecting the TMR
ratio [35].

In this work, we develop perpendicularly magnetized MTJs using an Mg4oFe10050

(MgFeO) tunnel barrier and a CoFeB layer deposited at a cryogenic tempera-
ture. In contrast to Ref. [35], in which an MgO/v-FeoO3 bilayer is used as
tunnel barrier, here we utilize the interfacial segregation of Fe atoms from a
partially Fe-substituted MgO layer [36, 37] to improve the wettability of CoFeB.
The use of MgFeO barrier layer substantially improves the homogeneity of free
layer, which contributes to an enhanced PMA and reduces effective magnetic
damping. More interestingly, the MgFeO-MTJs exhibit higher tolerance against
high-temperature annealing, and a large TMR ratio of 235% is achieved after
annealing at 400°C for 2h. We investigate the improved magnetic and electrical
transport properties in MgFeO-MTJs through detailed magnetic measurements

and nanostructural analysis for the MTJ films as well as magneto-transport
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measurements on MTJ nanopillar devices.

2. Experimental

Thin films consisting of CoFeB (0.8 nm)/MgO or MgFeO (2.5 nm)/CoFeB
(0.7- 1.0 nm)/Mo (0.3 nm)/CoFeB (0.6 nm)/MgO (1.0 nm) MTJ stacks were
deposited on 300 mm Si wafers with a buffer layer using an ultrahigh-vacuum
magnetron sputtering system (EXIM) manufactured by Tokyo Electron Ltd.
The CoFeB/Mo/CoFeB multilayer acts as a free layer whose magnetization di-
rection can be switched by a relatively small external field, whereas the bottom
CoFeB layer magnetization is pinned by a CoPt/Ir-based synthetic antiferro-
magnet to serve as a reference layer. The MgO layer was deposited by DC
sputtering of Mg followed by in-situ post oxidation using a pure Os gas whereas
the MgFeO layer was deposited by RF sputtering from an MgyoFe10O5¢ tar-
get. We also fabricated MgO-MTJs in which the MgO layer is deposited by RF
sputtering from an MgO target and confirmed that the fabrication process of
the MgO layer does not affect the magnetic and electric transport properties of
the MgO-MTJs. The resistance-area product (RA) of MTJs used in this work
is around 500 ohm-pm?, which is compatible with the VCMA studies. For both
MgO- and MgFeO-MTJs, the CoFeB layer on top of the tunnel barrier layer
was deposited at —173°C, followed by the deposition of Mo/CoFeB bilayer at
room temperature. The magnetic properties of unpatterned films were charac-
terized by using a vibrating sample magnetometer (VSM) and a ferromagnetic
resonance measurement system equipped with a network analyzer (VNA-FMR)
[38]. The nanostructure and elemental distribution of the MTJ stacks were in-
vestigated by scanning transmission electron microscopy (STEM), nano-beam
electron diffraction (NBD), electron energy loss spectroscopy (EELS), and en-
ergy dispersive X-ray spectroscopy (EDS) using FEI Titan G2 80-200. Thin
foil specimens for the nanostructural analyses were prepared by a standard
lift-out method using a focused ion beam with a scanning electron microscopy

system (FEI Helios G4UX). To characterize the magneto-transport properties,
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Figure 1: Layer structures and magnetic properties of MTJ films: (a,c) ADF-STEM images,
(b,d) EDS elemental maps, (e) Major magnetization curves, (f) Minor magnetization curves of
MgFeO-MTJ with different tyota1, and (g) poMst as a function of tyota. The MTJ films were
annealed at T, = 400°C for 1h after deposition. Lines in (g) denote linear fits to experimental

data.

the MTJ films were microfabricated into nanopillar devices with a diameter
of approximately 75 nm using electron-beam lithography and Ar-ion etching.
The resistance-field (R-H) and differential conductance G were measured by
connecting the device to a source measurement unit (Keysight B2902A) and
a lock-in amplifier (Stanford Research Systems SR865), respectively. All mag-
netic and electrical measurements presented in this article were done at room

temperature.
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3. Results and discussion

3.1. Layer morphology, nanostructure and atomic distribution

Figures 1(a) and (b) show annular dark field (ADF) STEM images of MTJ
films using MgO and MgFeO tunnel barriers, respectively. Both films were ez-
situ annealed in a vacuum at a temperature T, of 400°C for 1h. As expected
from the poor wettability of CoFeB on MgO, the contrast at the MgO/CoFeB
interface is blurred for the MgO-MTJ. Meanwhile, the ADF-TEM image taken
of the MgFeO-MTJ reveals the formation of a flat MgFeO/CoFeB interface.
The EDS elemental mapping shown in Figs. 1(c) and (d) also reveal improved
flatness of the CoFeB free layer in the MgFeO-MTJ. Figure 1(e) shows the mag-
netization curves of MTJ films obtained under an out-of-plane H. After the
annealing at T, = 400°C, both MTJs exhibit perpendicular magnetization. In-
terestingly, we found that the use of MgFeO barrier not only affects the PMA in
the free layer but also alters the magnetic stability of the reference layer coupled
with the CoPt/Ir-based SAF layer. The possible origin of improved magnetic
properties of reference layer and CoPt/Ir-based SAF layer will be discussed in
detail in a later section. Figure 1(f) shows the minor magnetization curves of the
MgFeO-MTJ films with different total CoFeB layer thickness tiota1. Here, tiotal
corresponds to the thickness of the CoFeB/Mo/CoFeB free layer excluding the
Mo layer thickness. For this thickness range, the CoFeB/Mo/CoFeB free layer
exhibits distinct PMA and the magnetization direction can be sharply switched
by applying a small magnetic field. The coercivity slightly increases with de-
creasing tiota, Which can be attributed to an increase in the effective PMA
energy density, Keg, as will be revealed later by the FMR measurement. Fig-
ure 1(g) shows the saturation magnetization (uoMst) of the CoFeB/Mo/CoFeB
free layer obtained from the minor magnetization curves as a function of tiotal-
For tiota1 > 1.4 nm, the pgMst value almost linearly increases with increasing
tiotal for both the MgFeO- and MgO-MTJs, and the linear fit to the experi-
mental data gives a dead layer thickness, tgeaq = 0.34 nm (0.39 nm), as well as

puoMs = 2.03 (T) (1.97 T) for the MgFeO-MTJ (MgO-MTJ). The formation of
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Figure 2: Nanostructural analysis on the MTJ films: (a, b) High-resolution BF-STEM images

and NBD patterns for each layer, and (c, d) Virtual ADF-STEM images using the selected
(002) and (002) diffraction spots as indicated by the dotted circles (a) and (b).

dead layer can be explained by the intermixing of CoFeB and Mo as well as the
oxidation of CoFeB surface during the deposition of MgO capping layer. The
slight reduction in tgeaq in the MgFeO-MTJ is attributed to the segregation of
ferromagnetic Fe from the MgFeO barrier associated with annealing [36].
Figures 2(a) and (b) show high-resolution bright field (BF) STEM images
along with NBD patterns obtained from the MgO- and MgFeO-MTJs annealed
at 400°C, respectively. In accordance with previous studies [39, 3, 40], the
BF-STEM images as well as the NBD patterns reveal the formation of (001)-
oriented MgO and MgFeO layers, and the CoFeB layers crystallize from the
Mg(Fe)O/CoFeB interface. To compare the crystallinity of the Mg(Fe)O layer,
virtual ADF-STEM images [41] are reconstructed using only the selected (002)
and (002) diffraction spots as indicated by the dotted circles in Figs. 2(a) and
(b) and shown in Figs. 2(c) and (d). The contrast of these images represents the
diffraction intensity at the selected regions in the NBD patterns, i.e., the brighter
areas contain a larger crystalline component having the same crystalline plane.

In the MgO-MTJ, although a definite (001) orientation of MgO layer is observed
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Figure 3: Cross-sectional images of MTJ films and compositional analyses: (a-c) BF-STEM
images (d-e) EELS maps showing the distribution of B atoms. (g-f) Compositional line profiles
obtained from the EDS and EELS analyses.

in both the BF-STEM image and the NBD patterns, the crystalline plane is
found to be non-uniform over the film plane and thus contains many grain
boundaries. In contrast, the reconstructed MgFeO layer is almost continuous
along the film plane, which indicates good in-plane crystalline uniformity of the
MgFeO tunnel barrier layer.

Figures 3(a)-(c) show BF-STEM images of as-deposited MgFeO-MTJ, MgFeO-
MTJ annealed at 400°C, and MgO-MTJ annealed at 400°C, respectively, and
Figs. 3(d)-(f) illustrate the distribution of B atoms in the corresponding area
obtained from the EELS analysis. As shown in Fig. 3(a), the MgFeO layer
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exhibits good crystallinity even in the as-deposited film, which can effectively
eliminate the atomic diffusion from the CoFeB layer. In fact, the EELS maps
shown in Figs. 3(d) and (e) reveal that the B atoms in the as-deposited CoFeB
layers are confined in the CoFeB layers even after the annealing at 400°C. In the
MgO-MTJ, however, the B atoms are dispersed from the CoFeB layer into the
SAF and the capping layers, which suggests the diffusion of B atoms through
the grain boundaries in the MgO layers. The integrated EELS intensities are
shown in Figs. 3(g)-(i) together with compositional line profiles obtained from
the EDS analysis. In the MgFeO-MTJ, the B atoms move away slightly from
the MgFeO/CoFeB interface after annealing at 400°C associated with the crys-
tallization of CoFeB to CoFe, but most B atoms remain in the CoFeB layers. In
the MgO-MTJ annealed at 400°C, the EELS intensity at the CoFeB/Mo/CoFeB
free layer is relatively weak and there are small peaks in the CoPt layer as well
as the capping layer as denoted by the dotted circles in Fig. 3(i). Thus, the
degraded magnetic property of SAF in the MgO-MTJ as observed in Fig. 1(e)
can be explained by the diffusion of B atoms to the CoPt layer associated
with annealing. The EDS line profiles also reveal the segregation of Fe from the
MgFeO layer after the annealing; in the as-deposited MgFeO-MTJ, about 9 at%
Fe is found in the MgFeO layer, whereas the Fe content is reduced to below 5
at% in the annealed MgFeO-MTJ and the diffused Fe atoms concentrate at the
MgFeO/CoFeB interfaces. As a result, the MgFeO/CoFeB interfaces become
Fe-rich compared with MgO/CoFeB interfaces in the MgO-MTJ. It is notewor-
thy that the atomic distributions in the CoFeB/Mo/CoFeB/MgO multilayer on
the MgFeO layer are narrow and the transitions at the interfaces are sharper
than those in the MgO-MTJ, which verifies the improved free layer flatness in
the MgFeO-MTJ.

3.2. Magnetic anisotropy and magnetic damping of free layer

Figure 4(a) shows FMR spectra obtained from the MTJ films under an out-
of-plane H. These spectra were obtained by sweeping H under a constant rf

excitation at a frequency f of 35 GHz. The total CoFeB thickness tta is 1.5
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Figure 4: Results of FMR measurements: (a) FMR spectra obtained from the MTJ films
under an out-of-plane H with f = 35 GHz, (b) Relationship between H, and f. (¢) Kegtosr

as a function of teg. Lines in (b) and (c) denote linear fits to the experimental data.

nm and the films were annealed at 400°C. For the same ti4ta1, the free layer
of the MgFeO-MT\J exhibits a narrower resonance linewidth AH and a larger
resonance signal than that of the MgO-MTJ, suggesting a larger magnetization
and a smaller magnetic damping in the MgFeO-MTJ. We also found that the
resonance field (H,) of the free layer in the MgFeO-MTJ is higher than that of
MgO-MTJ under the same f. The relationship between H, and f is shown in
Fig. 4(b). For both MTJs, there is a linear relationship between H, and f, and
the anisotropy field Hy of the free layers are obtained from linear fits to the

experimental data:

f = %(Hr - Hk)v (1)

10
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where h is Planck’s constant, g is the Lande g-factor, and pp is the Bohr mag-
neton. Then, the areal PMA energy density Kefrtofr (toff = trotal — tdead) 1S
estimated by using the obtained Hy values: Kegtog = MgHy/2. Figure 4(c)
shows the obtained K.gt.g values as a function of teg for both MTJ films. The
MgFeO-MTJs exhibit larger Kegteg than MgO-MTJs regardless of t.g, and a
maximum Kegteg of 0.69 (0.41) mJ/m? is obtained at tog = 0.96 (1.0) nm for
the MgFeO-MTJs (MgO-MTJs). In addition, the y-intercept of the dependence
of Kegter on teg yields an estimated interfacial magnetic anisotropy energy
density, K;, of 2.1 and 1.5 mJ/m? for the MgFeO- and MgO-MTJs, respec-
tively. The enhanced interfacial PMA in the MgFeO-MTJ is attributed to the
improved free layer flatness as well as the formation of Fe-rich region at the
MgFeO/CoFeB interface [27].

Figures 5(a) and (b) show the FMR linewidth AH of the free layer as a
function f for the MgFeO- and MgO-MTJs, respectively. For the both films,
AH increases as tiotal is reduced. To investigate the origin of increased AH in

detail, we applied linear fitting to the experimental data [42]:

2o
N N (2)

gHoUB

where AH, is the inhomogeneous linewidth originating from the structural
and/or magnetic inhomogeneities in the free layer. ot corresponds to the
total magnetic damping which includes the radiative damping [43] and the in-
terfacial enhancement of damping due to the spin pumping effect [44, 45, 42].
However, we neglect the radiative damping in the following discussion since its
contribution can be ignored for ultrathin films. Note that we also omit the data
obtained from the MgO-MTJ with #0121 = 1.3 nm, because there is an anoma-
lous enhancement of AH for tio1a = 1.3 nm as shown in the inset of Fig. 5(b),
which may originate from discontinuity in the free layer.

The AHy and ot values obtained from the fitting to the experimental data
using Eq. (1) are shown in Fig. 5(c) and (d), respectively. For the same teg,
the MgFeO-MTJ exhibits a smaller AHy compared with the MgO-MTJ. The
reduced AHy in the MgFeO-MTJ can be attributed to the improved flatness

11
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Figure 5: FMR linewidth and magnetic damping of free layers with various t¢ota1: (a, b) AH
as a function of f, (c) AHp as a function of teg, and (d) aotal as a function of 1/¢eg. Lines

in (d) denote linear fits to the experimental data.

of the free layer as determined by the TEM-EDS analyses. As is the case with
AHy, Qiotal increases with decreasing tog. The dependence of aiorar 0n 1/teg
is shown in Fig. 5(d). The y-intercept corresponds to the intrinsic magnetic
damping, ajnt, which is free of the spin pumping effect and the value should be
the same for ferromagnets with the same composition and crystal structure. The
obtained aj,; values, aj,y = 0.0055 for the MgFeO-MTJ and «;ny = 0.0072 for
the MgO-MTJ, are in agreement with those reported for FeCo alloy thin films
[42], while the shallower slope of aiotal 00 1/teg for the MgFeO-MTJ suggests

a reduced magnon scattering owing to the improved film uniformity and/or

12
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Figure 6: Magneto-transport properties of MTJ nanopillar devices: (a) R-H curves measured
under an out-of-plane H with V' = 10 mV. (b-d) V dependence of (b) TMR(V)/TMR(10
mV), (c) Gap(V)/Gap(0), and (d) Gp(V)/Gp(0). tiotal = 1.5 nm for both devices.

reduced atomic interdiffusion.

3.83. Magneto-transport properties of MTJ nanopillars

Finally, we discuss the magneto-transport properties of nanopillar MTJ de-
vices. Figure 6(a) shows R-H curves of MgFeO- (filled circles) and MgO-MTJ
devices (open circles) measured under a perpendicular H and a dc bias voltage
V of 10 mV. The total free layer thickness tiota1 = 1.5 nm. The MTJ films were
annealed at T, = 400°C for 1h prior to the microfabrication. Both MTJ devices
exhibit sharp changes in resistance at around poH = £0.2 T associated with
the switching of free layer magnetization, where the high- and low-resistance
state corresponds to the antiparallel (AP) and parallel (P) alignment of the free
layer and the reference layer magnetizations, respectively. The two MTJ de-
vices exhibit similar AP and P resistances, and TMR ratios of around 200% are
obtained for both devices. In accordance with the VSM and VNA-FMR mea-
surement results, the MgFeO-MTJ device exhibits a higher magnetic stability
than the MgO-MTJ devices, i.e., the free layer exhibits a larger coercivity and

13
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Figure 7: TMR curves of MTJ nanopillar devices microfabricated from MTJ films annealed
at different conditions: (a) Ta = 400°C for 2h and (b) T, = 420°C for 1h. tiota = 1.5 nm for

all devices.

the reference layer maintains a flat and a broader plateau for the AP state.
Figures 6(b)-(d) show the V' dependence of the TMR ratio and differential
conductances under the AP (Gap) and P (Gp) states, respectively. The values
of the TMR ratio and differential conductances are divided by the values at
V = 10 mV and 0 mV, respectively. The use of the MgFeO tunnel barrier
alters the symmetry of conductance curve for the P state, and the deviation
from parabolic curve at the low V region becomes more visible. These results
are indicative of the enhanced contribution of tunneling conductance specific
to crystalline CoFe/MgQO/CoFe MTJs with clean interfaces [46] in the MgFeO-
MTJ. It is also shown that the use of the MgFeO tunnel barrier weakens the
dependence of the TMR ratio on V. The V range for which the MTJ retains
TMR(V)/TMR(10 mV) > 0.5 is enhanced from —0.80 V <V < 0.65 V to —0.94
V <V <0.79 V by replacing the MgO tunnel barrier with the MgFeO one.
The overall improvements in the magnetic and electrical transport properties in
the MgFeO-MTJ would be worth exploring in terms of practical applications.
To further investigate the tolerance of MTJs against high-T, annealing, we

prepared two sets of MTJ nanopillar devices, one annealed at T, = 400°C for

14
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2h [Fig. 7(a)] and the other annealed at T, = 420°C for 1h [Fig. 7(b)] prior to
the microfabrication. The total free layer thickness tiota1 = 1.5 nm. After the
annealing at T, = 400°C for 2h, the TMR ratio of MgFeO-MTJ is enhanced
by up to 235%. Although the TMR ratio of the MgO-MTJ is not affected
by the longer annealing time, the reduction in the coercivity and the plateau
region for the AP state indicate the degradation of PMA in both the free layer
and the reference layer. The degradation of PMA is greater for the MgO-MTJ
annealed at T, = 420°C for 1h; the coercivity is reduced to as low as 0.05 T,
and the AP magnetization configuration is incomplete at H = 0 T. Meanwhile,
the MgFeO-MTJ exhibits coercivity as large as 0.15 T, and the plateau of the
AP state extends up to ~ 0.3 T even after the annealing at T, = 420°C. These
experimental results clearly demonstrate that the MgFeO-MTJ is tolerant of a

higher T, for a longer duration.

4. Conclusions

We have evaluated the magnetic and electrical transport properties of MTJs
using MgO and MgFeO tunnel barriers. The use of MgFeO barrier substan-
tially improved the flatness of the free layer owing to the improved wettabil-
ity of CoFeB, and Kegter is enhanced by a factor of 1.7 compared with that
of MgO-MTJ. At the same time, the improved homogeneity in the free layer
contributed to reducing pugAHy and ayeta. Detailed nanostructural analysis
revealed the uniform (001)-oriented growth of MgFeO barrier layer, which ef-
fectively inhibited the segregation of B atoms from the CoFeB layers during the
high-temperature annealing process. The improved thermal tolerance in the
MgFeO-MTJ makes it possible to attain a large TMR ratio of 235% after the
annealing at T, = 400°C for 2h. These experimental demonstrations should be

beneficial for the development of high-density and energy-efficient MRAMs.
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