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We studied the tunnel magnetoresistance (TMR) of L1y-FePd perpendicular magnetic tunnel
junctions (p-MTJs) with an FePd free layer and an inserted diffusion barrier. The diffusion barriers
studied here (Ta and W) were shown to enhance the TMR ratio of the p-MTJs formed using high-
temperature annealing, which are necessary for the formation of high quality L1,-FePd films and
MgO barriers. The L1j-FePd p-MTJ stack was developed with an FePd free layer with a stack of
FePd/X/CoygFegoB,o, where X is the diffusion barrier, and patterned into micron-sized MTJ pillars.
The addition of the diffusion barrier was found to greatly enhance the magneto-transport behavior
of the L1,-FePd p-MT] pillars such that those without a diffusion barrier exhibited negligible TMR
ratios (<1.0%), whereas those with a Ta (W) diffusion barrier exhibited TMR ratios of 8.0%
(7.0%) at room temperature and 35.0% (46.0%) at 10K after post-annealing at 350 °C. These
results indicate that diffusion barriers could play a crucial role in realizing high TMR ratios in bulk
p-MTlIs such as those based on FePd and Mn-based perpendicular magnetic anisotropy materials

for spintronic applications. Published by AIP Publishing. https://doi.org/10.1063/1.5019193

Recently, using materials with perpendicular magnetic
anisotropy (PMA) to develop spintronic devices has attracted
great interest for realizing ultra-low power consumption spin
memory and logic devices.' The key building block of these
devices is the magnetic tunnel junctions (MTJs). To preserve
commercial viability, MTJ-based devices must maintain the
industry standard of 10 years of reliable storage (A > 60) and a
low reversal current density for current-induced magnetization
switching.”® This requires that the ferromagnetic layer must pos-
sess both a large PMA energy (K,,) and a low damping constant
(). Recently, interfacial PMA materials have shown consid-
erable progress in the application of spin-transfer-torque mag-
netic random access memory (STT-MRAM)."*"> However,
because of their relatively low PMA value (K, ~ 2-5 x 10° erg/
em?), 1817 they may not fully satisfy the scaling demands
required for next-generation memory and logic devices. The
L1y-phase of FePd is a promising material candidate for spin-
tronic devices due to its large theoretical PMA (K, ~ 2 x 107
erg/em®), low o, and low processing temperature.'® ' L1,-FePd
has recently been experimentally verified to have o ~ 0.002 and
K,~13-14x 10" erg/em® (Refs. 2, 22, and 23) and, as
reported by Naganuma ef al.,”* has demonstrated a 27.0% room
temperature (RT) tunnel magnetoresistance (TMR) ratio in par-
tially perpendicular MTJs (p-MTJs) with an in-plane reference
layer.

In addition, spintronic devices must sustain operation reli-
ability for processing temperature as high as 400 °C for their
integration with existing CMOS technologies [the standard
back-end-of-line (BEOL) process].”” Based on this require-
ment, the magnetic properties of a material exhibiting PMA
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should be thermally stable at an annealing temperature of
400 °C. Unfortunately, Pd-based PMA devices are, however,
currently hindered by Pd diffusion, which results in penetra-
tion of Pd into adjacent layers during the thermal treatment
process, dramatically reducing the tunnel magnetoresistance
(TMR) ratio.?® Typically, to solve the element diffusion prob-
lem, the inserting layer (named as the diffusion barrier) was
introduced to block the element diffusion which protects the
devices with the high-temperature thermal treatment pro-
cess.”’° Forming full stack p-MTJs with FePd and solving
the Pd diffusion, however, are more difficult and have not
been reported so far due to the need for high-temperature
annealing that crystallizes both the fixed and free layers. In
this letter, we design the full p-MTJ stack with the FePd free
layer and the [Co/Pd], reference layer, solve the Pd diffusion
issue, and enhance the TMR ratio in FePd p-MTJs by inserting
a diffusion barrier between the FePd and Co,gFegoBog
(CoFeB) layers.”' These experimental results demonstrate that
diffusion barriers can be used to block Pd diffusion and
enhance the TMR ratio of L1y-FePd p-MTJ devices during
high-temperature thermal treatments (post-annealing at
350°C).

All samples were prepared under ultra-high vacuum (base
pressure <5.0 x 10~ ®Torr) using the standard magnetron sput-
tering systems. All metal layers were deposited by a DC source
under an Ar pressure of 2.0 mTorr, except for FePd at 4.5
mTorr. The MgO barrier layer was deposited by an RF source
at an Ar pressure of 1.5 mTorr. The FePd thin films were pre-
pared with a Cr/Pt seed layer by co-sputtering of the Fe and Pd
targets. The composition of FePd is evaluated to be Fes3Pdy;
by using Rutherford backscattering spectrometry (RBS). The
crystalline structure and magnetic properties of the FePd thin

Published by AIP Publishing.
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FIG. 1. (a) Room-temperature magnetization hysteresis (M-H) loops for a
FePd single-layer thin film with the stacking of Cr(15nm)/Pt(4 nm)/
FePd(6 nm)/Ta(5 nm) deposited on a (100) MgO single-crystalline substrate.
(b) The out-of-plane XRD pattern of a 6-nm-thick FePd single-layer thin
film.

films were characterized using X-ray diffraction (XRD) and a
Physical Property Measurement System (PPMS) with a vibrat-
ing sample magnetometer (VSM) module, respectively. An
aberration-corrected FEI Titan G2 60-300 scanning transmis-
sion electron microscope (STEM) operated at 200kV and
equipped with a Super-X system was used for high-angle annu-
lar dark-field (HAADF)-STEM imaging and energy-dispersive
X-ray spectroscopy (EDX) of the FePd p-MTJ stack. During
the experiment, the nominal STEM probe convergence angle
was 45 mrad with an electron beam current of ~200pA. The
full p-MT1J stacks have a structure of MgO sub./Cr(15)/Pt(5)/
FePd(6)/X(0.8)/CoFeB(1.3)/MgO(2)/CoFeB(1.3)/Ta(0.7)/[Pd
(0.7)/Co0(0.3)]5/Pd(5)/Ta(5) (X =Ta or W) (the number is the
film thickness in nanometers). Additionally, these stacks
were made with and without a diffusion barrier for compari-
son. Afterward, the p-MTJ stacks were patterned using opti-
cal lithography and an Ar-ion milling method into micron-
sized MTJ pillars with diameters ranging from 4 um to
20 um. Subsequently, all MTJ devices were annealed at
350 °C for 30 minutes by the rapid thermal annealing (RTA)
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process. The magneto-transport properties of these p-MTJs
were tested at various temperatures by a four-probe tech-
nique using a PPMS.

The magnetic behaviour and crystalline structure of the
as-deposited 6-nm-thick FePd thin films were first investi-
gated, and the results are plotted in Fig. 1. From the M-H
loops, the easy axis of the FePd thin films is found to be per-
pendicular to the plane of the film with a saturation field (Hy)
of ~ 8.0kOe (from the in-plane M-H loop), indicating that the
FePd thin films possess large PMA. A saturation magnetiza-
tion (Ms) was calculated to be 1020 * 30 emu/cm?, which is
similar to the bulk value (~1100emu/cm?).>* Following the
equation K, :%—i—ZRMg,lg the PMA energy (K,) was
determined to be ~1.06 x 10" erg/cm® based on the Hg and
Mg values of FePd thin film. The anisotropy energy per area
(Ketr-tem) (here, Ko is the effective anisotropy and tgy, is the
thickness of the ferromagnetic layer) for the 6-nm-thick FePd
thin film is calculated to be ~2.5 erg/cm?, which is larger than
that of the 400°C post-annealed W/CoFeB/MgO interfacial
PMA stack (Kqg.tpv ~ 0.8—1.6 (arg:!,/cmz).33‘34 This property of
the FePd thin film could satisfy the requirement of p-MTJ
devices for ultrahigh-density MRAM. Furthermore, the
appearance of the (001) and (002) peaks of the FePd thin film
indicates that its crystalline structure is the high-quality L1,
structure (AuCu-I) from the out-of-plane XRD patterns, as
shown in Fig. 1(b). In addition, the Cr/Pt seed layer is used to
induce the (001) texture and reduces the lattice mismatch
between FePd and MgO substrates. Similarly, the (002) peak
of Cr and the (200) peak of Pt indicate that the Cr/Pt seed
layer has good texture on the MgO (001) single-crystalline
substrate.

The full p-MTJ stack was designed, based on the high-
quality FePd thin films, as shown in Fig. 2(a). In this full
p-MT1 stack, the Ta or W layer is inserted between FePd and
CoFeB layers to form a free layer (named as the FePd free
layer). A CoFeB/Ta/[Co/Pd], stack is used as a reference layer
(named as the [Co/Pd], reference layer). The FePd free layer
with a Ta diffusion barrier was post-annealed at 350 °C for 30
minutes in a high-vacuum furnace. The out-of-plane M-H
loop is shown in Fig. 2(b). From the M-H loop, we can see
that the FePd free layer with a Ta diffusion barrier exhibits a
single switch—indicating that the FePd layer ferromagneti-
cally couples with the CoFeB layer through the 0.8-nm-thick
Ta diffusion barrier layer. The FePd free layer with the W

0 | FePd free layer

—~
o
-

Capping layer

Ta/W (0.8)

Free layer Reference layer

I [Co/Pd] reference layer

FIG. 2. (a) A schematic illustration of
the full FePd perpendicular magnetic
tunnel junction stacks with Ta or W dif-
fusion barriers: the FePd free layer with
a stack of FePd/X/CoFeB (X=Ta or
W) and the [Co/Pd], reference layer
with a stack of [Co/Pd],/Ta/CoFeB. The
room-temperature out-of-plane magneti-
zation hysteresis (M-H) loops of (b) the
FePd free layer and (c) the [Co/Pd],, ref-
erence layer. The inserted Ta layer is
designed as a diffusion barrier.

MgO substrate
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FIG. 3. (a) and (d) Magnetoresistance vs. external magnetic field (MR-H)
curves measured at 10 K and 300 K of the micron-sized FePd p-MTJ devices
with the Ta and W diffusion barriers, respectively. The junctions are
annealed by rapid thermal anneal (RTA) at 350°C for 30 minutes.
Temperature dependencies of (b) and (¢) TMR ratio and (c) and (f) resis-
tance of the parallel state (open stars) and the antiparallel state (open circles)
for Ta and W diffusion barriers, respectively.

diffusion barrier shows the same PMA property as the FePd
free layer with the Ta diffusion barrier (not shown here). The
optimized thickness of the Ta and W spacers for the strongest
ferromagnetic coupling is less than ~0.7nm,***> which is
thinner than that of the Ta and W diffusion barriers in FePd p-
MT]J stacks. Figure 2(c) shows the M-H loop of the [Co/Pd],
reference layer after post-annealing at 350 °C for 30 minutes.
The square shape and a large coercivity (H.) of ~1200Oe
suggest good PMA and thermal stability.

To study the magneto-transport properties, the full p-MTJ
stacks with/without the Ta and W diffusion barriers were pat-
terned into the micron-sized MTJ pillars. First, TMR of these
as-deposited FePd p-MTJ devices was obtained, ~6.0% and
~3.0% room temperature (RT) TMR ratios in the micron-
sized FePd p-MT]Js without and with the Ta diffusion barrier,
respectively. After annealing at 350 °C for 30 minutes, how-
ever, the p-MTJ devices without the diffusion barrier showed
an almost zero RT TMR ratio—suggesting that Pd in the
FePd layer diffuses into the CoFeB layer or the MgO barrier.
Figure 3(a) shows the TMR vs. external magnetic field (TMR-
H) curve of the FePd p-MTJ devices with the Ta diffusion bar-
rier. The TMR ratio is calculated to be ~8.0% at 300K.
Additionally, the FePd p-MTJ devices with the Ta diffusion
barrier do not show the obviously parallel (p)-antiparallel
(AP) state magnetization switching with a plateau in the high-
resistance state but rather an angular dependence of the TMR
effect in the P-AP switching.® The main reason could be the
multi-domain nature of the FePd bottom free layer and the
strong dipole coupling between the bottom free layer and the
top reference layer. To investigate the mechanism of
magneto-transport, the temperature dependence of the TMR
ratios of the FePd p-MT]J devices with the Ta diffusion barrier
was measured, as shown in Fig. 3(b). Upon decreasing the
temperature from 300K to 10K, the TMR ratios gradually
increased to ~35.0%, which is four times larger than that of
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the RT TMR ratio. The different TMR ratios between RT and
low-temperature observed are due to elemental diffusion
(boron) or the oxidation of the ferromagnetic layer (Co or Fe)
at the CoFeB/MgO interface during the high-temperature
post-annealing, which can strongly affect the magneto-trans-
port of these p-MTJs.>” In addition, the coherent tunneling
behavior originating from the quality of the MgO tunnel bar-
rier shows that the resistance of MTJ in the P state is relatively
constant and the resistance of MTJ in the AP state exhibits a
strong temperature dependence.38 By measuring the resistance
of the P and AP states as a function of the temperature, we
can deduce whether the coherent tunneling behavior is
observed in FePd p-MTJ devices. Figure 3(c) shows the tem-
perature dependence of the resistance of the P and AP states
for FePd p-MT]Js with the Ta diffusion barrier post-annealed
at 350°C. We observed that the resistance in the AP state
exhibits a strong temperature dependence, whereas the resis-
tance in the P state slightly decreases with increasing tempera-
ture. This implies that the coherent tunneling behavior has not
been observed in the FePd p-MTJ devices. This may also be
the reason why the TMR ratio is still low in FePd p-MTJ devi-
ces at RT.

The same investigation was performed to understand the
magneto-transport behaviour of the FePd p-MTIJ devices
with a W diffusion barrier, and the results are shown in Figs.
3(d)-3(f). The TMR ratios of the FePd P-MT]J devices are
calculated to be ~7.0% at RT and ~46.0% at 10K after
post-annealing the devices at 350 °C for 30 min as plotted in
Fig. 3(d). We do not observe a plateau in the high-resistance
state at RT or low-temperature rather than an angular depen-
dence of the P-AP switching in this p-MTJ. Compared to the
MR-H loop at 300K, when the temperature goes down to
10K, the TMR ratios dramatically increase from ~7.0% to
~46.0% as shown in Fig. 3(e), which is an increase by a fac-
tor of 7. Except that the reason for the surface magnetization
instability and/or magnetic impurities in the MgO barrier,
the other possible reason is that the W material has a good
thermal stability compared to a Ta diffusion barrier, so the
W diffusion barrier can block Pd diffusion efficiently.*® The
temperature dependence of resistance in the P and AP states
was plotted, as shown in Fig. 3(f). Note that the resistance
change as a function of the temperature in FePd p-MTJ devi-
ces with the W diffusion barrier shows the same trend as that
in FePd p-MT]J devices with the Ta diffusion barrier.

Considering the sensitivity of the FePd p-MT]J stack to
the thickness, crystallinity, and interfacial characteristics of its
many layer components, it is advantageous to characterize the
device structure in cross-section to analyze each component.
Following the study of the magnetic properties and p-MTJ
device performance, the FePd p-MT]J stack with the Ta barrier
was thinned cross-sectionally into an electron-transparent
lamella (~50nm thick) using a focused ion beam (FIB) and,
subsequently, inserted into a scanning transmission electron
microscope (STEM) for characterization. Figure 4(a) shows
cross-sectional annular dark-field (ADF)-STEM and bright
field (BF)-STEM images of the FePd p-MTJ stack with the Ta
diffusion barrier [for ADF-STEM, the difference in intensity
between each layer is due to atomic number (Z)-contrast]. All
layers of the FePd p-MT]J stack, except the top native TaOy
layer, display crystalline fringes in one or both images, which
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shows that the sample is entirely crystalline. In particular, the
MgO tunnel barrier layer shows a relatively high-quality crys-
talline structure. The elements of these crystalline layers were
identified using energy dispersive X-ray (EDX) spectroscopy,
presented here as elemental maps [Fig. 4(b)]. The location of
each layer of the p-MTJ based on the EDX maps is consistent
with the device schematic shown in Fig. 2(a). Combined with
Figs. 4(a) and 4(b), it is clearly found that the Cr seed layer
exhibits slight diffusion into Pt but that a very smooth Pt/FePd
interface exists. In addition, it is worth noting that the Ta bar-
riers on both the free and reference layer sides of the p-MTJ
are visible in the Ta elemental map, but it is difficult to iden-
tify Ta diffusion due to its small thickness.

In conclusion, we investigated the magneto-transport in
the micron-sized FePd p-MTJ devices. The thermal stability
of FePd p-MTlIs was enhanced by introducing thin Ta and W
diffusion barriers between the FePd and CoFeB layers.
Compared to the FePd p-MTJs without the diffusion barrier
(TMR is almost “zero”), 8.0% and 7.0% RT TMR ratios
have been obtained in FePd p-MTJs with the Ta and W diffu-
sion barriers, respectively. Additionally, the resistance of the
P and AP states in the FePd p-MTJs with a W diffusion bar-
rier showed a strong temperature dependence compared to
those of FePd p-MTJs with a Ta diffusion barrier, which
could be due to the better thermal stability of W than Ta. In
addition, novel and multilayer diffusion barriers should be
explored to pursue high TMR ratios in p-MTJs, which will
satisfy the demands of semiconductor processing.
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work were performed at the University of Minnesota
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FIG. 4. (a) ADF-STEM and BF-STEM
images of the FePd p-MTJ device with
a Ta diffusion barrier in cross-section.
The locations of the Ta diffusion bar-
riers in the device are denoted in the
ADF-STEM image. The inset in the BF-
STEM image shows a magnified view
of MgO and its surrounding CoFeB
layers. (b) STEM-EDX elemental maps
of Mg, O, Cr, Pt, Fe, Pd, Co, and Ta.
The EDX signal was acquired by scan-
ning the electron probe across the sam-
ple area shown in (b) continuously for
25 minutes at an electron beam current
of ~200pA.
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