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Abstract

®

CrossMark

This review focuses on the recent experimental integration of 2D materials, mostly graphene

but also h-BN and dichalochogenides, such as MoS, and WS, in magnetic tunnel junctions.
The main remarkable characteristic of 2D materials is the ability to gain high homogeneous
atomic control over their thickness, as this is barely achievable with the usual 3D materials
deposited through conventional physical vapour deposition (PVD) growth techniques. This
could become a critical asset for spintronics with regard to the fabrication of spin valves,
where ultra-thin layers with extreme control are targeted, especially for spin-polarized
electron tunnelling. A complete overview of the state of the art is presented, and the
different integrative pathways of 2D materials with ferromagnets are addressed, including
the exfoliation of 2D flakes from crystals, the wet transfer steps of large scale layers, and
direct chemical vapour deposition (CVD) growths catalysed on ferromagnetic electrodes.
Interestingly, these recent experiments have already highlighted some novel properties that

emanate from 2D-based heterostructures, such as passivation against oxidation diffusion
and augmented spin filtering at the interface. Many perspectives are thus being opened
up in the exploration of the vast amount of 2D material families and their association in

heterostructures, targeting specific spin device properties.

Keywords: 2D materials, graphene, spintronics, magnetic tunnel junctions, h-BN, TMDC,

spin valve

(Some figures may appear in colour only in the online journal)

1. Introduction

Spintronics is a paradigm focusing on spin as the informa-
tion vector. This is illustrated in fast and ultra-low-power non-
volatile devices such as the new spin-transfer-torque magnetic
Original content from this work may be used under the terms

BY of the Creative Commons Attribution 3.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL
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random access memory (MRAM) [1]. Beyond its widely dis-
tributed applications in data storage [2], spintronics aims at
providing more complex architectures and a powerful solu-
tion for beyond CMOS (see for instance the proposition of
[3]). The recent discovery of graphene and other 2D materials
(2DMs), such as hexagonal boron nitride (h-BN), has opened
up novel exciting opportunities in terms of functionalities
and performance of spintronics devices, as highlighted in
this review. While to date graphene properties have been put

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. The MT]J structures under review: (a) the usual MTJ stack of spintronics, typically with an Al,O3 or MgO tunnel barrier
interposed between two ferromagnets; (b) MTJs with 2D materials used as a spacer allowing atomic control of the thickness for tunnel
barriers to be reached, beyond classical physical vapour deposition (PVD)-grown tunnel barriers; (c) MTJs encompassing 2D materials,
inheriting specific functionality such as oxidation resistance to unlock new processes for MTJ fabrication, and enhanced spin filtering
targeting large spin signals, etc; (d) ultimately, MTJs based on the heterostructures of 2D materials may allow the precise tailoring of spin

properties.

forward mainly for efficient spin transport [4-6], we will detail
here the results of another avenue for 2DMs in spintronics:
their integration into the prototypical spintronics device, the
magnetic tunnel junction (MTJ), as depicted in figure 1. Over
the last years, MTJs have been the subject of intense develop-
ment in the targeting of high TMR ratio, and more recently
of switching performances. However, further improvement
and downscaling has progressively unveiled issues relating to
the control of the oxide barrier and the interfaces, the ther-
mal stability, the annealing tolerance, and the robustness of
the lifetime of the device. Two-dimensional materials may
offer promising routes towards solving some of these issues,
with layer-by-layer control of the thickness, sharp interfaces,
the potential for a diffusion barrier (thermal stability), high
perpendicular magnetic anisotropy, and even the possibility of
new functionalities such as spin filtering. However, the inte-
gration of 2DMs is a challenge in itself. In this review, we
provide an overview of the early steps of this nascent 2D-MTJ
field and highlight the progress that has already been made.
An MTIJ is a bi-stable device that can be used for sensors
but also to store information, as exemplified in MRAMs. It
consists of two ferromagnetic electrodes with a thin insulating
barrier layer sandwiched between them. The latter is extremely
thin, typically in the nm range, electrons can tunnel through it
(perpendicularly to the stack) and current flows when a volt-
age is applied across the heterostructure. The most relevant
property of an MTJ is that its resistance can be modulated by
the change in relative orientation of the magnetization of the
ferromagnetic (FM) electrodes. By (crude) analogy to optics,
an FM electrode acts as a polarizer and an analyser of the spin
information carried by the current. The normalized difference
between the resistance obtained in these two configuration

states is defined as tunnelling magnetoresistance (TMR) and is

usually expressed in percentage form: TMR = @, where
P

Rp and Rxp correspond to the resistance across the stack when
the magnetizations of the electrodes are parallel and antiparal-
lel to each other, respectively. We note that while insignificant
for a small TMR, the resistance variation is sometimes nor-
malized preferentially by Rap for large negative TMR cases in
order to obtain values on the same scale as a positive TMR, and

thus comparable in absolute terms (see [7]). A simple model
proposed by Julliere in 1975 [8] gives an easy quantitative
estimation of the TMR as a function of the spin polarization
2P\P,
1—PP,’
It is now well understood that tunnelling spin polarization is

of both ferromagnetic electrodes, P, and P,: TMR =

not an intrinsic property of the FM alone, but depends on the
structural and electronic properties of the insulator and the FM/
insulator interfaces (see for instance [7] and [9]). Still, in many
non-fully crystalline cases, the formula remains a very useful
tool, encompassing the key features of the underlying mech-
anisms when appropriately considering P, and P, as effective
tunnelling current spin polarizations of the interfaces.

In terms of fabrication, the sensitivity of the TMR to the
structural quality and the need for nm thin insulating barriers
has proven to be particularly challenging. Indeed, if oxides
are typically used as tunnel barriers in MTJs, the difficulty
of growing extremely thin pinhole-free insulating layers,
which can sustain annealing without degradation of the inter-
face, diffusion in the barrier or oxidation of the FM, etc, has
remained a key issue. The ultimately reduced thickness and
natural sharp definition of the layers and interfaces of 2DMs
are particularly impressive properties compared to what is
routinely achieved with standard materials, such as Al,O3 or
MgO, deposited by PVD techniques. However, we will show
that their integration into MTJs has proved to be still delicate.

In sections 2 and 3, we will first review the approaches pro-
posed early in the literature (soon after the first experimental
isolation of graphene) to derive 2DMs on top of spin-polar-
ized electrodes. These first experiments were mainly based
on direct exfoliation from a thick crystal and on the wet
transfer of larger scale 2D layers. These simple approaches
enabled a great path for the fabrication of pioneering devices,
and led to the first characterizations of FM/2DM systems.
However, the observed spin signals remained desperately
below expectations, probably limited by the degradation
of the interfaces by these air/wet processes. In section 4,
we will then focus on other methods proposed to integrate
2DMs in MTIJs that circumvent the degradation issue, in
particular direct chemical vapour deposition (CVD) on FM.
This approach unlocked the exploration of the particular
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Figure 2. A timeline evolution of the absolute TMR in 2D-MT]Js. Blue symbols: exfoliated or transferred 2DMs. Red symbols: direct CVD
growth of the 2DM on ferromagnetic electrodes. Each of the 26 dots corresponds to a line of the ‘maximum TMR spin signal’ column of
table 1. Overall, the direct CVD method is unveiled as particularly promising for 2DM integration in MTJs.

properties of FM/2DM systems such as passivation against
oxidation diffusion and enhanced spin filtering. In section 5,
we will then describe the expected properties of these sys-
tems as derived by computational means and compare them
to the current experimental state of the art. Finally, in sec-
tion 6 we will broaden the discussion beyond graphene to
other 2DMs and their heterostructures and give a glimpse of
awaiting opportunities.

2. Early expectations and results

The expectations for graphene-based MTJs were first set by
calculations published in 2007. Indeed, in their seminal paper,
Karpan et al [10] explored the potential of graphene layers for
vertical magnetic tunnel junctions in terms of spin polariza-
tions by computational means. They presented a theoretical
study of the spin polarization expected for FM/graphene inter-
faces, and the resulting TMR spin signal expected for FM/
graphene/FM systems. This study put forward the matching of
the band structure of graphene with that of nickel, highlight-
ing that at the Dirac point, only minority spins are available in
nickel. They predicted extremely large spin polarizations close
to 100%, with the resulting TMR well in excess of hundreds
of %. We will discuss these results more specifically in sec-
tion 5 of this review. A first experimental hint was published
in this direction in 2008, when Dedkov and co-workers [11]
presented the spin- and angle-resolved photoemission spectr-
oscopy of a graphene-covered Ni surface. They discussed the
spin polarization of the surface, and suggested that graphene’s
band structure was hybridized with that of Ni. The same year,
Mohiuddin et al [12] demonstrated the first transport results
with the fabrication of a complete MTJ encompassing a gra-
phene layer. This study confirmed that a spin current could
be preserved, with transport occurring perpendicular to the
graphene layer. However, the spin polarization was limited
(Mohiuddin et al [12] reported an MR spin signal of 0.4% in

FM/graphene/FM devices, see below) and there was still no
sign of the spin filtering effect.

The initial theoretical results triggered a strong interest in
graphene (and more recently other 2DMs) for vertical magn-
etic tunnel junctions, with the hope of harnessing this envi-
sioned spin filtering effect to achieve large spin signals. But
already, the experimental studies had highlighted the poten-
tial of these systems as well as the difficulties associated with
them: many parameters have an impact on the spin properties,
and the integration of 2DMs between oxidation-prone metal-
lic ferromagnets is far from trivial.

Thus, the heart of early developments exposed in the pre-
sent review concerns the exploration of the integration path-
ways for 2DMs with spin-polarized ferromagnetic electrodes,
toward the exploitation of the high-performance 2D-MTIJs
anticipated by theory.

3. Working with exfoliated and transferred graphene

Figure 2 and table 1 summarize the state of the art prior to
2017. Here, we discuss the maximum achieved TMR spin sig-
nal reported in these studies, usually obtained at lower temper-
atures (the TMR varies by about a factor of two from room to
cryogenic temperatures when studied [20]). As expected dur-
ing the first years, the literature focused mainly on graphene
for the magnetic tunnel junctions, and different strategies have
been devised to combine 2D layers with ferromagnets. In the
following, we will first describe the earliest studies, which
took advantage of the ease of graphene exfoliation (and later
of transferred CVD graphene), in order to exploit high-quality
2D crystals. We will highlight the advantages and limitations
of this approach as well as the workarounds which have been
proposed.

In 2008, relatively shortly after the first demonstration of
the graphene monolayer isolation in 2004 [43], a pioneering
study using graphene as a spacer in an MTJ was published
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Table 1. State of the art of studies demonstrating the vertical magnetic tunnel junctions making use of 2D materials. Blue: studies mainly

focusing on graphene, green: studies mainly focusing on TMDC, red: studies mainly focusing on h-BN.

Maximum Spin
Publication TMR spin polarization Fabrication process for
year Reference Structure signal Pevopm 2D material integration
2008 Mohiuddin ez al [12] NiFe/SLG/NiFe 0.4% 4.5%* Exfoliation
2010 Banerjee er al [13] NiFe/Au/FLG/Au/Co — — Exfoliation
2012 Cobas et al [14, 15] NiFe/SLG/Co 2% 10% Wet transfer
2012 Dlubak et al [16] Ni/FLG/Al,03/Co —10.8% —16% Direct few layer CVD on FM
[17, 18], sputtered spin analyser
[19]
2013 Igbal et al [20] NiFe/SLG/NiFe 0.14% 2.6%* Wet transfer
NiFe/BLG/NiFe 0.48% 4.9%*
2013 Chen et al [21] and Co/SLG/Co 0.7% 6% Wet transfer
Meng et al [22] Co/BLG/Co 1% 7.1%
2014 Singh et al [23] Ni/Al,03/SLG/Co —0.4% — 492 Wet transfer
2014 Park et al [24] NiFe/FLG/NiFe 4.58% 15%* Exfoliation, two-step process
2014 Li et al [25] LSMO/SLG/Co ~1.73% — 93972 Wet transfer
2014 Godel et al [26] Ni/FLG/TiO,/MgO/ —2.4 % —11%* Direct few layer CVD on FM,
Co MBE grown spin analyser [27]
2014 Li et al [28] NiFe/SLG/Co 3.4% 12.8%* Wet transfer, in sifu process
2014 Martin et al [29] Ni/FLG/ Al,05/Co —31% —42% Direct few layer CVD on FM
[17, 18], ALD grown spin
analyser
2015 Dankert et al [30] NiFe/h-BN/Co 0.5% 0.25% Wet transfer
2015 Martin et al [31] Ni/SLG/A1,05/Co —58% —9.8% Direct monolayer CVD on FM
[17, 18], ALD grown spin
analyser [29]
2015 Igbal er al [32] NiFe/SLG/Co 0.23% 3.4%* Wet transfer
NiFe/AL,Oy/SLG/Co  —1.6% °
2015 Wang et al [33] NiFe/Au/MoS,/NiFe  0.73% b Wet transfer
2015 Wu et al [34] Fe304/MoSy/Fe;04 0.2% 3.2%* Sulfurized Mo
2016 Piquemal-Banci et al Fe/h-BN/Co 6% 17% Direct monolayer CVD on FM
[35] [36, 37]
2016 Igbal et al [38] NiFe/WS,/Co 0.47% 4.8% Exfoliation
2016 Asshoff et al [39] NiFe/h-BN/Co 1% 7.1%* Exfoliation, in situ process
NiFe/SLG/Co 1.03%
2016 Entani er al [40] NiFe/SLG/NiFe 0.29% 3.9%* Direct CVD on FM
2016 Igbal er al [41] NiFe/SLG/h-BN/Co  —1.88% b Double wet transfer
2016 Cobas et al [42] NiFe/FLG/Fe —12% —25%* Direct CVD on FM.

Spin polarization predicted to
reach >80%. No hysteretic
behaviour.

4Spin polarization deduced from magnetoresistance signals through the Julliere model [8] when not calculated by authors.
®Spin polarization could not be deduced with the available data. SLG: single layer graphene, BLG: bilayer graphene, FLG: few layer graphene.

by Mohiuddin et al [12] (see figure 3). In this initial study,
the authors pre-patterned a SiO,(100nm)/Si substrate with a
dense matrix of magnetic 1 pum x 20 pum permalloy (NiFe)
lines. They then proceeded to exfoliate graphene using the
recently discovered scotch tape method [43] on the patterned
silicon substrate. The SiO, thickness was chosen in order to
provide enough optical contrast to be able to spot micron-
sized graphene flakes on the surface [44]. After inspection of
the resulting surface, they identified a flake of several layers of
graphene covering one of the magnetic elements. The authors
contacted this flake using a top magnetic contact, which spe-
cifically targeted the monolayer area. This was done through

an electronic lithography step, in which the lithography mask
was carefully crafted to connect the selected flake while avoid-
ing short-circuits with the surrounding NiFe electrodes and
other exfoliated graphene layers. This led to the fabrication of
the first reported NiFe/graphene/NiFe MTJ. By sweeping the
magnetic field and switching the magnetizations of the two
NiFe electrodes independently, the authors investigated the
spin-dependent transport across the graphene interlayer and
reported a magnetoresistance of 0.4%.

In this work, the authors pointed out for the first time the
difficulty of integrating graphene into magnetic heterostruc-
tures without oxidizing them. The bottom magnetic electrode
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Figure 3. (Left) NiFe/graphene/NiFe MTJ fabricated by exfoliating a micron-sized graphene flake on top of NiFe electrodes in air. (Right)
Measured TMR of about a 0.4% spin signal for this device. Reprinted with permission from [12]. Copyright (2008) IEEE.
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Figure 4. (Left) A NiFe/graphene/Co MT]J fabricated by the wet-transfer of CVD graphene in air initially grown on Cu. (Right) A spin
signal measured in this type of device reaching a TMR of about 2%. Reprinted with permission from [14]. Copyright (2012) American

Chemical Society.

was patterned following standard ambient lithographic steps,
and further exposed to air during exfoliation and the final defi-
nition of the top contact. In comparison, standard spintronics
fabrication processes relied on high vacuum deposition condi-
tions in order to guarantee the preserved spin properties of the
interfaces, and in turn provide large spin signals.

This first study had already highlighted a paradox: while
very high quality graphene was readily available by the exfo-
liation technique, its integration was going to be challenging—
all the more so if large-scale fabrication was targeted. The
authors of [12] proposed a solution to the oxidation problem by
covering the bottom NiFe electrode with a 2nm thick Au layer,
leading to the fabrication of an asymmetric NiFe/Au/graphene/
NiFe device. This led to the measurement of improved magne-
toresistances of about 5%; however, the use of Au was known
to be detrimental to the spin polarization of the electrodes
(similar to the native oxides of ferromagnets such as NiFe, etc).

Moving in the same direction were Banerjee et al [13],
who fabricated heterostructures encompassing graphene by
first depositing a thin NiFe magnetic layer, protected by an Au
capping layer on a conductive Si substrate. They then took out
the sample from the deposition chamber to proceed to the ex
situ exfoliation of multilayer graphene flakes. The NiFe being

capped by Au, it was supposed to be protected against oxida-
tion. Finally, a top Au/Co/Au layer was deposited. They con-
tacted the device by placing an STM tip on top of the structure
and measuring the current going through it as a function of the
magnetic field. The authors were able to measure a spin signal
for NiFe/Au/graphite/Au/Co and compare it to a graphene-
free NiFe/Au/Co (however, the impact of the Au layer was
not discussed). The spin current appeared to be unaffected by
transport through graphite in the case of the 17 nm thick flake
they studied. The authors derived a minimal spin diffusion
length >100nm from these measurements for spin transport
perpendicular to graphite planes.

In both the cases of Mohiuddin ef al [12] and Banerjee et al
[13], an Au layer had to be inserted between the graphene/
graphite layer and the NiFe electrode to avoid its potential
oxidation during the exfoliation process. While protecting
the NiFe, this otherwise unwanted additional layer (see for
instance [45]) was expected to have a strong impact on the
MT]J. Again, the difficulty of integrating graphene with fer-
romagnets is thus highlighted. Hence, these pioneering works
called for the study of alternative integration pathways.

In 2012, another fabrication process was proposed by
Cobas et al [14, 15] (see figure 4). Instead of exfoliating thin
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Figure 5. (Left) A NiFe/graphene/NiFe MTJ fabrication process developed to reduce the exposure of ferromagnets to air; NiFe is deposited
on exfoliated graphene. The stack is flipped and a second NiFe electrode is deposited on the other side of the graphene layer. (Right) The
TMR reaches 4% with this improved fabrication process. Reprinted with permission from [24]. Copyright (2014) by the American Physical

Society.

graphene flakes, they transferred a large scale graphene layer
grown by CVD on Cu on the top of ferromagnetic structures.
In a similar way to previous studies, they first patterned a bot-
tom ferromagnetic NiFe electrode. To control the junction area
and provide a homogeneous contact (by avoiding edge states
for instance), the authors used two insulation layers with a
well-defined hole. The first one (8§ nm of SiN) was deposited
directly on top of NiFe with a large opening. Then the gra-
phene layer was wet transferred on the NiFe using a PMMA
support after etching a Cu growth catalyser with a wet ammo-
nium persulfate etchant. The PMMA was removed in acetone.
The second insulating layer (evaporated SiO;) was deposited,
defining openings with diameters of tens of microns. The top
ferromagnetic Co/Ti/Au electrode was finally evaporated on
the graphene layer. This approach had the benefit of display-
ing more systematic fabrication as the transferred graphene
layer covers the whole wafer dice. However, as underlined
by the authors, the issue of oxidation remained a limitation—-
especially due to the wet transfer steps. Interestingly, while
the authors did not use an Au passivation layer on the NiFe,
they still observed a spin signal of up to 2%.

Following with this study, many groups fabricated and
characterized similar systems by transferring CVD-grown
graphene through a wet process, with the resulting measured
spin signals in the 1% range. In 2013, Igbal et al [20] pre-
sented a work similar to Cobas et al [14]. The authors fab-
ricated structures in which single or double layer graphene
were transferred onto patterned NiFe electrodes, and further
contacted the stack with a top ferromagnetic NiFe elec-
trode. Spin-dependent transport revealed MR spin signals
up to 0.14% for single layer graphene and 0.48% for dou-
ble layer graphene structures. While this MR remained quite
low compared to expectations and previous reports, interest-
ingly, the authors provided data for a set of about 10 samples,
which confirmed this trend. In 2013, a study by Meng et al

and Cheng et al, detailed in two papers [21, 22], presented
the data for Co/graphene/Co vertical structures with a simi-
lar conclusion: MTJs based on monolayer CVD graphene
showed an MR of 0.7%, whilst those based on bilayer gra-
phene showed an MR of up to 1%. After 2014, these different
works were further developed in follow-up papers, where the
graphene layer is still transferred by wet chemistry, but with
slight changes to the device structure in order to extract com-
plementary information [23, 32, 41]. In particular, in 2015,
by introducing a tunnelling interface to decouple the gra-
phene from the top ferromagnetic electrode (as per Dlubak
et al [16], see section 4), Igbal et al [32] were able to better
characterize the spin polarizations of the graphene-covered
FM in these systems.

These different studies represented a turning point in gra-
phene integration, as they allowed large-scale fabrication
thanks to CVD-grown layers. They strengthened the conclu-
sions of Cobas et al [14], demonstrating that graphene already
showed some promise for MTJs. However, the devices con-
stantly displayed measured magnetoresistances below 2%.
This limitation of the spin signal is certainly linked to the deg-
radation and contamination of the interfacial spin properties
during the harsh step of graphene transfer.

Thus, to alleviate this limitation, alternative integration
pathways were suggested by other studies. This eventually led
to higher spin polarizations. In 2014, Park et al [24] showed
the process of graphene integration in MTJ for which the
exposition of NiFe electrodes was more strictly controlled
(see figure 5). In the ‘flip-transfer’ method they described,
graphene was first exfoliated on an LOR resist that had been
spin-coated on top of a water-soluble PSS resist. The first
NiFe electrode was subsequently deposited on top of it. By
dissolving the water-soluble resist, a transfer step allowed the
stack on the SiO,/Si substrate to be reversed, thus defining the
bottom NiFe/graphene electrode without exposing the NiFe
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Figure 6. (Left) The NiFe/graphene/Co MT]J fabrication process based on a perforated membrane. This technique allows ferromagnets to
be deposited on both sides of the graphene layer in a vacuum, i.e. without exposing the interfaces to air. (Right) A TMR spin signal up to
3.4% is reported in such systems. Reprinted with permission from [28]. Copyright (2014) by the American Physical Society.

directly to air. Finally, a second NiFe electrode was depos-
ited on top of the reversed stack. The authors reported spin
transport across different graphene layer thicknesses (one,
two, three and four layers) with a large range of MR for each
thickness (from below 0.5% to a few %). The largest signal
was obtained for one of the devices with four graphene lay-
ers, measuring an MR of 4.58%. While the improved transfer
process may still have been impacted by contamination, better
control of the oxidation issue led to enhanced spin properties
and an MR which was more than twice as large as that fol-
lowing simple exfoliation or transfer steps, as in Mohiuddin
et al [12] or Cobas et al [14]. The authors suggested that an
antiferromagnetic coupling between the FM electrodes could
be reducing the spin polarization and ascribed the lack of spin
filtering to the possible absence of lattice matching between
the graphene layer and the electrodes. Still, analysed in light
of the standard Julliere model [8], this result led to an average
spin polarization of P = 15%, which was already significant.
Very interestingly, it is also worth noting that the absence
of oxidation of the electrodes led to a much reduced resist-
ance x area (R x A) product of around 0.2 - um? for these
MT]Js compared to the 40—100000 €2 - zm? frequently reported
for previous MTJs comprising FM electrodes exposed to air
(and hence covered with native oxide).

A solution to prevent the oxidation issue has been to use
ferromagnetic oxides, such as the half-metal LaSrMnOs3
(LSMO), instead of metallic Co or Ni electrodes. In 2014, in
their study, Li et al [25] defined LSMO electrodes by pulsed
laser deposition growth through a shadow mask, on top of
which they wet-transferred a CVD graphene layer. A Co top
electrode was then deposited through another shadow mask to
define 500 zm? MTJs. While this approach allowed the oxida-
tion issue to be mitigated, the obtained low of MR = —1.73%
indicated integration issues (e.g. degradation of the LSMO
interface induced by transfer resist and chemicals). Indeed,
LSMO usually presents a very high spin polarization of up
to 95%, which seems to have been strongly quenched here
during the wet transfer process. Integration of graphene thus
still appears problematic, even with electrodes that are more
chemically robust.

Another original approach has been developed to inte-
grate graphene in MTJs by two different teams [28, 39]. The
main idea was to deposit the graphene layer over a perfo-
rated membrane and to grow ferromagnets on both sides by
flipping the sample. This approach was designed to strongly
limit the oxidation of interfaces in the resulting junctions. Li
et al [28] presented a work where PMMA-covered monolayer
CVD graphene was deposited on an Al;03/Si3N4/Si membrane
with holes ranging from 250nm to a few pm in diameter (see
figure 6). NiFe was then evaporated through the holes on the
back side of the graphene layer. The carrier PMMA film on top
of the structure was then washed in acetone and replaced by an
evaporated Co film. The authors reported on the spin-dependent
transport characterization of this NiFe/graphene/Co structure
with an MR of up to 3.4%. This is the largest reported value for
wet-transferred CVD graphene, thus demonstrating the impor-
tance of preserving the quality of the interfaces. Similarly, in
2016 Asshoff et al [39] reported on the exfoliation and transfer
of graphene on membranes with holes with a measured MR
of about 1%. While the improvement in measured spin signals
demonstrated in these studies points to the importance of pre-
serving high-quality FM/2DM interfaces, the signal quality
remained far from what was expected. Furthermore, integration
of these processes on a large scale is certainly problematic.

4. Direct integration of graphene in MTJ by CVD

In parallel to exfoliation and transfer, a new approach was
introduced in 2012 in order to derive graphene layers on spin-
polarized electrodes using a direct CVD step. Instead of rely-
ing on ex situ processes (exfoliation, transfer, etc), here the
CVD step makes direct use of the metallic ferromagnetic elec-
trode as a catalyst to grow the graphene layer. This suppresses
the need to stack the graphene layer on the ferromagnetic
electrode, leading to its oxidation (see figure 7). However,
the growth of graphene by catalytic CVD processes requires
an in-depth investigation of the parameter space for each FM
growth substrate. Whereas 2D materials grown by CVD on
ferromagnets had already been envisaged (see for instance
[46] in 1995), its in depth investigation had only recently
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Figure 7. (a) In the case of a direct CVD on top of the bottom
ferromagnet, the graphene layer is grown on a metallic surface.

Its strong resistance to diffusion, in particular regarding oxygen,
prevents oxidation. The resulting MTJs thus possess two preserved
ferromagnetic interfaces. (b) In the case of a simple exfoliation or
transfer process, the bottom ferromagnetic electrode is exposed to
air and to wet chemistry. The graphene layer thus traps an already
oxidized interface. This leads to the fabrication of MTJs with a
degraded interface that strongly quenches the performance of the
device.

begun [17, 47, 48]. In these studies, ferromagnetic catalysts
were exposed to carbon-based molecules such as C,H, or
C,Hy, at conditions of temperature and pressure under which
they dissociate on the surface. Then, by keeping the right car-
bon balance at the surface, the nucleation and growth of gra-
phene layers was observed. Typically, the CVD processes on
Ni or Co were known to give rise to multilayers being grown.
The parameter space of these processes has only recently been
investigated by in situ x-ray photoelectron spectroscopy (XPS)
measurements during CVD growth, allowing careful under-
standing of the mechanisms at play [18, 49]. Usually, growth
is enabled at temperatures >600 °C, but a fine tuning of the
processes allowed the growth to be limited to a monolayer
and the temperature to be lowered down to 450 °C and below
(thus compatible with the usual CMOS processing) [18, 50].
This highlights the effort required to achieve high-quality FM/
graphene interfaces. In this regard, recently demonstrated FM
intercalation could prove to have high potential, opening an
easy path for the tailoring of the FM/graphene interface [51].

Based on these studies of direct graphene CVD on FM [17,
18], Dlubak et al [16] showed a simple CVD process for gra-
phene integration in MTJs (see figure 8 left-hand panel). This
process led to the growth of multilayer graphene on top of a
nickel electrode. No oxidative step was required here to derive
the graphene layer, with the targeted goal of preventing the
surface oxidation of the ferromagnet. In order to highlight this
point, an XPS study was presented, comparing the chemical
surface state of the Ni samples exposed to air with and without
a CVD graphene overlayer. This showed (see figure 8 right-
hand panel) the clear passivation effect of the graphene multi-
layer, even after the sample had been left for seven days in air
(ambient conditions). The result unambiguously highlighted
the effectiveness and robustness of the graphene-passivated

ferromagnetic electrode (GPFE). A follow-up paper further
demonstrated this property after 18 months of ambient expo-
sure for both nickel and cobalt covered with graphene layers
[52]. Graphene thus appeared to be a very appealing material
for unlocking the use of oxidative processing on top of the
usual ferromagnets, and more generally for blocking diffusion
processes on the surface and inside heterostructures.

Transport measurements revealed the presence of a ~120
mV dip around zero-voltage in the d//dV curves, which was
emphasized as a clear indication of tunnelling into graphene.
The dip related to the distinct signature of electrons tunnelling
vertically into graphene layers had previously been reported
in a study using scanning tunnelling spectroscopy [53]. The
appearance of a ~120 mV gap-like feature was ascribed to the
low probability of elastic tunnelling in graphene due to a k
vector mismatch between the vertical tunnelling electrons and
in-plane states of the graphene layer. When a threshold bias
voltage corresponding to the energy of the out-of-plane acous-
tic phonon mode of graphene was reached, inelastic conduc-
tion paths were opened and the conductivity was enhanced
[53, 54].

The relevant spintronics demonstration is an extraction
of the spin-polarized current in a real device. This was fur-
ther achieved in [16], as this novel GPFE electrode was inte-
grated in a complete spin device to evaluate its spintronics
properties. The authors made use of the well-known Al,O3/
Co tunnel stack to analyse the spin (positive spin polarization
P = +32%) [19, 55] of the current that had been extracted
from the GPFE electrode. A strong spin signal on the order
of MR = —10% was measured. This not only further dem-
onstrated that the graphene was efficiently able to protect the
nickel surface from oxidation during the fabrication steps, but
also that it would preserve the spin polarization for this ferro-
magnetic electrode. Interestingly, beyond its large amplitude,
the sign of the measured MR in these devices was found to
be negative, leading to the first observation of negative spin
polarization (P estimated at —16%), pointing to a spin filter-
ing effect arising at the graphene/nickel interface (and the
reversal of the spin polarization) as further detailed below.

Later, Godel et al [26] also integrated multilayer-graphene-
covered nickel electrodes in spintronics devices. The authors
developed an MBE growth process to fabricate a MgO/Co
tunnel spin analyser on top of graphene [27]. They analysed
the sign variations of the TMR using the MgO/Co stack and
measured the reversal of the spin polarizations of the GPFE
as a function of the applied voltage ascribed to the specific
electronic structure of the Ni/graphene interface. This work
confirmed the observation of a spin filtering effect at this
interface, and discussed the underlying physical mechanisms
based on experimental observations.

In another study [29], using the same multilayer GPFE as
in [16], the authors substituted the more usual Al,Os3-sputtered
tunnel barrier [19, 55] with an atomic-layer- deposited (ALD)
one (see figure 9). The GPFE was thus used to demonstrate
the possible integration of well-known oxidative processes
(such as ALD) in spintronics devices based on metallic spin
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Figure 8. (Left) The Ni/graphene/Al,03/Co MTJ fabrication process based on a direct CVD step on top of the Ni electrode. The graphene
layer is thus grown on a metallic ferromagnetic electrode. A standard Al,O3/Co tunnel spin analyser is deposited on top to extract the spin
properties of the Ni/graphene electrode. Reprinted with permission from [16]. Copyright (2012) American Chemical Society. (Right) The
XPS spectra revealing the chemical state of the electrode’s surface. If the electrode is not covered by graphene it immediately oxidizes in
air, and NiO, signatures appear in the XPS spectra. In contrast, a Ni electrode covered with graphene remains metallic even if it is left in
air for extended periods. This demonstrates the stability of graphene-passivated ferromagnetic electrodes (GPFE) and their suitability for

spintronics devices. Reproduced from [31]; CC BY 3.0.

sources. While the ALD of Al,O3 is known to be an oxida-
tive process—usually dubbed as incompatible with spintronic
devices [56, 57]—here the graphene was used as protection, to
avoid the oxidation of the FM surface. This in turn protected
the spintronics properties of the device, as demonstrated by
the measurement of the large spin signals. In particular, this
study underlined that the Ni/graphene interface was able to
provide a strong spin filtering effect with a spin polarization
of P = —42% in this case of multilayer graphene. A process
was specifically designed to allow high homogeneous wet-
ting of graphene during ALD cycles (which has been shown
to be challenging, see for example [58]), and this process was
achieved in particular by using an ozone-based approach.
Interestingly, the particular conformal layer-by-layer growth
mode of ALD allows ultra-thin films to be grown below the
nm scale. Reference [29] demonstrated Al,O3 tunnel barriers
with thicknesses down to 0.6nm, to be contrasted with the
issues of PVD techniques concerning the correct film closure
(defects, pinholes) when reaching for such thin films. The
efficient graphene passivation layer has allowed ALD to be
ultimately beneficial for MTJ fabrication. Interestingly, ALD
is a process which was otherwise already being widely used in
the fabrication of microelectronic components (gate oxides in
current microprocessor transistors nodes [59], DRAM capaci-
tors [60], etc).

In 2015, a further study focused on monolayer graphene
GPFE [31]. By deeper control of the growth conditions, a pro-
cess was developed to limit the growth of graphene to a sin-
gle layer on nickel. An XPS study confirmed that even when
reduced to a monolayer, graphene still protects the Ni elec-
trode against oxidation. This in turn allows the spin proper-
ties of the monolayer graphene/nickel interface to be probed.
In order to be able to compare this to the multilayer case,
the exact same structure as in [29] was fabricated, but with
a graphene thickness limited to one monolayer. In particular,
d7/dV spectroscopy and MR measurement characterizations

Al,0; tunnel
barrier by ALD

Figure 9. An illustration of the ALD process on top of a graphene-
passivated ferromagnetic electrode (GPFE). TMA and ozone cycles
are carried on top of the electrode, leading to its homogeneous
coverage by Al,O3 ultra-thin films. The graphene layer protects the
ferromagnet against oxidation during this ozone-based process.
Reprinted with permission from [29]. Copyright (2014) the
American Chemical Society.

were carried out. In a similar way to the multilayer case, the
dl/dV showed a clear dip in the —60 mV to 60 mV region,
indicative of electron tunnelling to the graphene monolayer,
as described in previous studies [53]. The MR measurements
showed a negative spin signal, which was a significant result
demonstrating that even when reduced to a monolayer, gra-
phene still had a very strong effect on the spin polarization
of the nickel electrode—even being able to reverse its sign.
The use of a well-known spin analyser (Co/Al,O3) as one of
the interfaces in this set of studies provides us a first glimpse
of the dependence of the spin polarization of GPFE and its
increase with the number of graphene layers, as expected
from theory [10] (see figure 10). More recently, Entani et al
[40] and Cobas et al [42] presented magneto-dependent FM/
graphene/FM MTIJ transport structures using similar direct
CVD processes on FM. Interestingly, [42] showed negative
magnetoresistance signals ascribed to spin filtering at one of
the two interfaces reaching up to MR of —12%. This corre-
sponds to a mean spin polarization of P = 25% in absolute
terms for the two interfaces, when one interprets the result
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Figure 10. (Top) The TMR spin signals measured in Ni/graphene/Al,O3/Co MTJs making use of a direct CVD process to derive the
graphene layers. Two different CVD processes have been used giving rise to either monolayer graphene or multilayer graphene (about

five layers). The measured TMR spin signals reach —42% in the multilayer case. Reprinted with permission from [29]. Copyright (2014)
American Chemical Society. Reproduced from [31]; CC BY 3.0. (Bottom left) A comparison of the extracted spin polarization of a
graphene-covered Ni electrode to state-of-the-art Ni spin sources without graphene. Ni/Al,O3 electrodes have been reported to give a
polarization of +46% at best [61]. With graphene multilayers, the strong spin filtering effect is able to fully reverse this spin polarization.
«Sputtered Al,03/Co spin analyser on top. **ALD-grown Al,03/Co spin analyser on top. (Bottom right) The calculated TMR spin signals
for Ni/graphene/Ni MTJs as a function of the number of graphene layers. This theoretical result anticipated a strong increase in the TMR in
the multilayer case. Reprinted with permission from [10]. Copyright (2010) by the American Physical Society.

through the standard Julliere model [8]. The authors also
further predicted spin polarization up to 98% for one of the
two interfaces through a two-channel analysis of the system.
This would then in turn mean a possible MR = 2P%/(1 — P?),
which would be well in excess of few hundred % if both
interfaces were able to provide such high spin polarizations
through the envisioned strong spin filtering effect of GPFE.

5. Spin filtering at the FM/graphene interface

Similarly to graphene that had its band structure described
way before its first experimental investigation, graphene MTJs
were first described from a theoretical point of view. Based on
the idea that 2D materials could lead to perfectly structured
interfaces and hence solve the longstanding issue of robust
spin injection, Karpan et al [10] proposed that graphene could
be embedded as a barrier in an MTJ. In their work, they pro-
posed that graphene acting as a tunnel barrier between two
ferromagnetic layers could play the role of a quasi-perfect
spin filter of minority spin and lead to a very high MR. To
identify this spin filtering effect, they calculated the electronic

10

band structure of (11 1) fcc or (000 1) hep Ni or Co. Here, fcc
Ni and hep Co have the same hexagonal first Brillouin zone
as graphene (they present a low lattice mismatch of only 1.3%
with graphene). The authors showed for both the Ni(111)
and Co(0001) orientations that only minority spin states
were available at the Fermi level on the K and I" points, while
majority ones were only present at the M point (figure 11).
This was compared to the band structure of graphene, where
the only available states were at the Dirac K points, high-
lighting the matching of available minority spins of the FM
with the conduction states of graphene. Further calculations
of the transmission by simple first principles tight-binding let
Karpan et al [10] predict the appearance of a strong spin filter-
ing effect at the graphene/FM interface: minority spins were
predicted to be matched to a conduction path through the gra-
phene layers, while majority spins were predicted to be expo-
nentially filtered out (figure 12). They predicted extremely
large spin polarizations of close to 100%, with the resulting
TMR well in excess of hundreds of %. In a follow-up paper
[62], the authors highlighted the potential role of the interface
quality and hybridization on the resulting efficiency to empha-
size the robustness of the effect.
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Figure 11. (a)—(e) The calculated Fermi surfaces for Ni and Co:
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the case of Ni, the minority spins appear to match (f) the graphene
Dirac points. Reprinted with permission from [10]. Copyright
(2010) by the American Physical Society.

However, as seen in section 3, the experimental imple-
mentation revealed itself to be a challenge. Neither of the
two predictions of (i) minority spin filtering or (ii) high MR
were observed at first. The first issue was that for a symmetric
FM/Grt/FM heterostructure, evidence of the main prediction
of negative spin polarization could not be possibly provided
through a negative TMR, as it would give rise to a positive
TMR (see figure 10, bottom right), expected for any symmet-
ric structure. Indeed, as the TMR is proportional to the product
of the spin polarizations P X P,, two positive or two negative
spin polarizations would give the same TMR sign. Another
striking issue concerned the out-of-plane electrical conduc-
tion in devices encompassing only a graphene layer between
the two ferromagnetic electrodes, with still no experimental
consensus yet on the role of the graphene spacer. Some of the
earlier mentioned studies reported on graphene acting mainly
as a metallic spacer [20, 21, 24, 32, 39], whilst other stud-
ies reported on it acting as a tunnel barrier [14, 24, 28]. One
study [25] even reported that its role varied with temperature.
Park et al [24] explained the variability in their own results by
suggesting that their most resistive junctions (with the R x A
product >1 € ym?) had a metallic contribution from the con-
tact (which is responsible for the linearity of the I-V curves),
dominating the less resistive non-linear contribution from the
intrinsic out-of-plane resistivity of graphene. Meng et al [22]
ascribed the ohmic property of their graphene barriers to the
differences of the work functions of both interfaces (the bot-
tom FM-graphene and the graphene-FM on top). However,
the particularities of each reported system and the limitations
in the presented fabrication processes (ferromagnets at the
interfaces being exposed to air or to a resist during the fabri-
cation process) certainly also contributed. Thus, a conclusive
statement remains elusive.

1

The use of a positive spin-polarized interface acting as
an analyser helped to isolate the spin polarization of the
graphene-FM electrode and solve this issue. Hence, the first
experimental evidence in [16] of the theoretical prediction
of minority spin filtering at the FM/graphene interface was
achieved with devices for which a well-known Al,O3/Co
spin analyser was used. Following the scheme of [7], these
devices allowed a single and clean Ni/graphene interface to
be probed independently, unambiguously demonstrating the
spin filtering effect through inverse magnetoresistance meas-
urements (see figure 9). A sizeable negative spin polarization
of P = —16% was reported for the Ni/graphene/Al,O3 inter-
face [16]—a value which should be compared to the positive
P > 30% usually reported for Ni/Al,O5 interfaces [61]. This
result thus revealed a strong spin filtering effect.

The spin polarization sign in MTJs has been a subject of
debate for a long time in spintronics. At first, the spin polari-
zation in tunnelling experiments was expected to be directly
related to the electrode density of states (DOS). This led to
a longstanding discrepancy between the theory and experi-
ments, i.e. the negative sign expected from the DOS of the
3d bands at the Fermi level in Ni and Co and the observed
positive sign for Ni or Co at the Al,O3 interfaces in the early
spin-polarized tunnelling Meservey—Tedrow experiments
[64]. An important step was achieved in the late 90s, explain-
ing the discrepancy between the demonstration of the role of
the interface in band and spin selection [7]. This was quickly
followed by the first predictions of spin filtering using the
symmetry of Bloch states in the electrodes and of evanescent
states in crystalline barrier layer MgO [65, 66]. This leads to
the observation of very large TMR in the MgO structures as
we know them today.

However, the mechanism at play in the GPFE structures
appears to differ from the ones previously reported. In MgO-
based structures, spin selectivity was achieved through com-
petition between the exponentially decaying states, which
are high symmetry Al states (having an sp character) that
are only present for one spin direction, and that have a much
slower decay rate compared to the A5, A2 and A2’ ones [65,
66]. Here, the two spin channels are expected to follow differ-
ent mechanisms. While the majority carriers are forced to tun-
nel through the graphene stack and are hence expected to be
exponentially attenuated as in MgO MTIJs, the minority ones
are coherently transmitted through the graphene layers with
metallic-like behaviour. From a simple model of metallic con-
duction for minority spins and tunnelling for majority spins,
one would then expect the spin filtering effect to increase
exponentially with the number of graphene layers. This led
to the prediction by Karpan et al [10] of the enhancement of
the spin filtering effect with an increasing number of graphene
layers in such Ni/graphene/Ni spin valves. They predicted that
the conductivity of the minority carrier would remain almost
constant with the number of graphene layers, while in con-
trast, the conductivity of the majority carrier would dramati-
cally decrease, exponentially. Beyond nine graphene layers,
the majority spin conductivity was predicted to be about eight
orders of magnitude lower than that of the minority carriers.
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Figure 12. (Left) The calculated dependence of majority and minority spin conduction through the graphene layers at the Ni/graphene
interface (the inset shows the calculated resulting TMR signal). Reprinted with permission from [10]. Copyright (2007) by the American
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(2014) by the American Physical Society.

Evidence of this prediction was only very recently exper-
imentally provided [29, 31]. Indeed, going from a monolayer
with P = —9.8% in [31] to multilayers with P = —42% in
[29], a clear trend appears: the spin filtering effect increases
with the number of layers. This experimental observation
matches the expectations set by the theoretical analyses quite
nicely (see figures 9 and 11). Strikingly, the very strong spin
filtering observed for a GPFE of P = —42% corresponds to
an almost full reversal when compared to the best reported
Ni/Al,O; spin sources of P = +46% [61].

Still, a question remains regarding the influence of ferro-
magnet coupling to the first layer of graphene. Remarkably,
while it is clear that the = states of the first graphene layer are
strongly hybridized with the nickel surface, Karpan et al [10,
62] considered this to be potentially detrimental. They tried to
emphasize the robustness of the spin filtering effect, highlight-
ing that it would not depend on details of how the graphite was
bonded to the ferromagnetic leads (as long as translational sym-
metry was preserved), but mainly on the thickness of graphite
[10]. It is hence outstanding that a negative spin polarization
of —9.8% could be observed for a single layer of graphene [31]
known to be hybridized with the surface [52]. Hybridization
with a ferromagnetic surface had already been shown to lead
to a reversal of the spin polarization [67]. A step in this direc-
tion was made by Lazic et al [63] in an effort to highlight the
impact of Ni/graphene hybridization on graphene. The authors
presented in-depth calculations demonstrating the proximity
effect of graphene/Ni(1 1 1), and showed that strong and nega-
tive proximity-induced spin polarization could occur for the
graphene/Ni(1 1 1) interface, thereby potentially explaining the
single layer observation. However, this could not fully account
for the increase from —9.8% to —42% with the increase in the
thickness of the graphene layer.

We can hence explain the observed experimental dataset
using two convoluted contributions, each giving rise, in the
case of Ni/graphene, to negative spin polarization: one aris-
ing from band structure modification through the proximity
effect and another one exponentially rising from spin filter-
ing through the graphene’s band structure. While a deeper
understanding remains to be achieved, this highlights the
convergence of experiments and theory towards the very high
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potential of direct CVD growth on FM for 2DM integration
into MTJs.

6. Other 2D materials beyond graphene in magnetic
tunnel junctions

While graphene is the first 2DM to have been envisioned and
implemented in magnetic tunnel junctions, the 2DM family
is extremely extensive, with materials demonstrating a wide
range of available properties [68—71]. Very recently, a few
other 2DMs have been studied, and two main classes of mat-
erials have been more thoroughly explored: hexagonal boron
nitride (h-BN), which is an insulating isomorph of graphene,
and TMDCs (MoS,, WS,, etc), which is semiconducting fam-
ily of layered materials. The problems at play here are simi-
lar to those discussed with graphene. In particular, the studies
have been limited by the availability of large-scale processes
for integration which are compatible with oxidation-prone
ferromagnets.

A pioneering study by Dankert et al [30] made use of
an h-BN layer which had been wet-transferred on top of
ferromagnetic NiFe and Co electrodes. The h-BN layer was
grown on the Cu by CVD (as received from the Graphene
Supermarket) and transferred to the ferromagnet using a stand-
ard PMMA -assisted transfer step. The authors then charac-
terized the spin transport in NiFe/h-BN/Co and Co/h-BN/Co
MT]Js. The magnetoresistance measurements revealed a spin
signal of up to TMR = 0.5% corresponding to spin polariza-
tions of P = 0.25% extracted from the FM/h-BN interfaces.
The expected degradation of the spin properties of the inter-
faces by oxidation led to the limitation of the spin signals,
as was the case with the initial studies presented above using
transferred graphene in MTJs. Illustratively, the authors of [72]
showed that once the FM electrode had been oxidized, trans-
ferring the h-BN layer to the top could marginally slow down
any further oxidation of the electrode. Similarly to graphene,
the oxidation induced by wet transfer steps in air remained a
strong limitation for the fabrication of such systems.

In parallel, following the path developed in section 4, the
mechanisms of the CVD growth of large-scale h-BN layers
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Figure 14. (Left) An optical picture of a NiFe/WS,/Co MTJ device based on a WS, flake exfoliated in air on top of a prepatterned NiFe
electrode. (Right) The reported TMR spin signal reached about 0.5%. Reprinted from [38]. CC BY 4.0.

directly onto the FM have been studied, in particular in the
case of the Fe catalyst [36, 37]. Monolayer h-BN films of
high quality (grains of hundreds of microns) were grown by
the catalysed decomposition of borazine on the Fe surface.
This achievement required an understanding of the careful
balance of B and N feeding the catalyst for optimal growth
[36, 37]. Owing to the knowledge gained through these stud-
ies, the integration of h-BN as an ultimately thin tunnel barrier
in efficient spin valves has been enabled (see figure 13). In
2016, Piquemal-Banci et al [35] reported on the fabrication of
Fe electrodes covered with h-BN and further contacted by Co
through the patterning of lithographic junctions. The resulting
Fe/h-BN/Co junctions based on this h-BN direct CVD growth
on FM exhibited large spin signals for a purely 2D tunnel bar-
rier. The authors reported a TMR = 6% and estimated the spin
polarization for their FM/h-BN interfaces to be of P = 17%,
which is two orders of magnitude larger than the previous
result with the transferred h-BN [30]. This study highlighted
the use of high quality h-BN/Fe spin injectors for spintronics.
In particular, it demonstrated the possibility of controlling the
resistance of the tunnel barrier with the number of h-BN sheets
deposited layer-by-layer through a conductive-tip atomic
force microscopy (AFM) study, extracting a barrier height of
¢ = 0.85eV. As alternatives to the CVD method, other prom-
ising h-BN integration pathways have been suggested, such as
the MBE growth of h-BN on Co [73] or the in situ growth of
FMs over both the faces of h-BN flakes suspended on etched
membranes [39]. These methods also allowed the metallic
state of the interfaces to be preserved. Reference [39] used a
similar process for exfoliated graphene and h-BN MTJs using

13

perforated membranes: the fabricated Co/h-BN/NiFe devices
exhibited an MR of 1%.

Concerning the TMDC layers, the relevant pioneering
studies are also extremely recent. Two studies have managed
to derive large MoS, layers on ferromagnetic spin sources
[33, 34]. In 2015, Wang et al [33] described the introduction
of MoS; layers in MTJs. The authors developed a process for
MoS, growth which required a wet transfer step for integra-
tion with ferromagnets, leading to the same issues already
encountered with graphene (as shown in section 3). The
authors grew the MoS, layers by CVD on SiO; and identified
triangular islands ~10 microns wide to be monolayer MoS,
using photoluminescence and Raman spectroscopy techniques.
The authors had to introduce particular electrodes which sus-
tained the process with minimum oxidation issues: they used
a Au-protected NiFe electrode in order to avoid oxidation dur-
ing the MoS, transfer. They then further contacted the stack
on top with another NiFe electrode. The MR was shown to
increase from 0.4% to 0.73% by the introduction of the Au pro-
tection layer. While this study underlined the problem of MoS,
integration, the Au layer still led to the limitation of the spin
properties of the device. The same year Wu ef al [34] made
use of ferromagnetic oxide Fe3;O4 in MoS,-based MTJs. In this
case, the authors developed a technique of sulfurization of the
MBE-grown Mo layers to derive the MoS, sheets on Fe;O..
The devices were contacted on the top by a second Fe;O4 elec-
trode, and the junctions were defined by electron beam lithog-
raphy. While this process did not seem affected by oxidation
issues, the spin signal remained limited to an MR of 0.2%,
which was far from expectations. More recently, in 2016 an
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attempt was made to demonstrate an MTJ with micron-sized
exfoliated WS, flakes [38] (see figure 14). The authors exfoli-
ated WS, in air on patterned NiFe electrodes and contacted
them on the top with Co. The resulting NiFe/WS,/Co MTJs led
to measurements of MR = 0.47%, which were certainly still
limited by the oxidation of the bottom ferromagnetic electrode.

While h-BN has already given promising results, the use of
TMDCs in MTJs is still in its initial stage and much improve-
ment can be foreseen if the multiple fabrication parameters
are optimized, as they have been for graphene. For now, an
unexplored route for TMDCs (but successfully demonstrated
for graphene and h-BN) is the use of a direct CVD process on
the ferromagnets. This kind of process for TMDCs on an FM
remains to be demonstrated and studied, with the promise of
good opportunities for spintronics.

7. Conclusion and perspectives

Graphene has come a long way since the first attempt at its
introduction into MTJs. While the studies presented in this
review are just the first of a very emergent field, they have
already shown its potential. Up to now, two main properties
have been identified:

(i) Graphene, as an impermeable interfacial material, has been
shown to unlock wet/ambient processes for spintronics.
Mlustratively, a low-cost high-quality conformal ALD
process has been demonstrated for tunnel barrier growths
in functional MTJs, thanks to graphene protected FM
electrodes. The use of such an oxidative process, without
quenching the properties of a metallic FM, is unprec-
edented. Hence, graphene allows an integrative pathway
for wet processes in spintronics, with further perspectives
for robust and simplified spin-polarized contact to nano-
objects [74] and organic/molecular materials [75-77].

(i1) Graphene-based MTJs have shown a promising spin
filtering effect, which match the amplitude of the best Ni/
Al,Oj5 interfaces, with indications of experimental control,
in particular regarding the number of stacked 2D layers.
This spin filtering effect for graphene-covered nickel GPFE
has already shown a full reversal of the spin polarization
[29] compared to the best Ni/Al,O3 [61]. Convergence
between the theory and experiments (see figure 10) is very
encouraging, and will enable further understanding of the
underlying mechanisms, eventually leading to the precise
engineering of structures with very large spin signals.

The presented studies are very encouraging, as they dem-
onstrate the successful integration of different 2D materials,
each possessing very specific transport properties, in MTJ
spin valve structures. While many perspectives remain to
be explored in terms of functionality and performance (for
example it was shown that FM/graphene interfaces could lead
to strongly enhanced perpendicular magnetization [51, 78],
etc), new unique interesting properties have been unveiled
in these 2DM-based MTJs in addition to their reduced thick-
ness down to the atomic level. As of now, the most promising
road appears to be direct CVD on FM (see the state of the
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art in figure 2), which has provided the largest spin polariza-
tions to date with graphene [29] (P = —42%) and h-BN [35]
(P = 17%), and also unveiled the potential for perpendicular
magnetization.

Further integration engineering, especially the continued
understanding of 2D growth processes on FM, will certainly
lead to improved device performance. It will also allow the
particular properties of each 2DM to be captured more suc-
cessfully. In this regard, the presented studies are certainly
just a start; indeed, many integration parameters are still not
clearly understood. Each 2DM can been grown in very differ-
ent ways. Potentially, parameters such as the FM crystallinity,
the FM surface chemical state (in a particular dissolved spe-
cies), the 2DM quality, the FM/2DM interaction, the FM/2DM
relative crystallographic orientation, the 2DM thickness or
functionalization, and intercalation of FM at 2DM interfaces,
etc, will prove to have a fundamental impact on the interfa-
cial spin properties. Furthermore, many properties remain to
be explored in addition to the high TMR ratio, such as ther-
mal stability, mechanical stress, switching current, annealing
tolerance, device lifetime (see for instance [79]). The very
high stability of 2DMs, such as graphene and h-BN (strong
in-plane bonds), and their resistance to diffusion processes
will certainly prove to be a major asset in this regard. It is
also fascinating to realize that while the literature has mainly
focused on graphene so far, with a few other pioneering stud-
ies concerning h-BN and TMDCs, many other 2DMs are yet
to be explored, and their association in heterostructures is vir-
tually endless. This holds the promise of the introduction of
new concepts for layered spin valves with atomic level control
of their transport properties, tailored toward the specific pro-
cessing of the spin information flow.
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