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ABSTRACT: We report on the integration of atomically thin 2D insulating
hexagonal boron nitride (h-BN) tunnel barriers into magnetic tunnel
junctions (2D-MTJs) by fabricating two illustrative systems (Co/h-BN/Co
and Co/h-BN/Fe) and by discussing h-BN potential for metallic spin

Itering. The h-BN is directly grown by chemical vapor deposition on
prepatterned Co and Fe stripes. Spin-transport measurements reveal tunnel
magneto-resistances in these h-BN-based MTJs as high as 12% for Co/h-BN/
h-BN/Co and 50% for Co/h-BN/Fe. We analyze the spin polarizations of h-
BN/Co and h-BN/Fe interfaces extracted from experimental spin signals in light of spin Itering at hybrid chemisorbed/
physisorbed h-BN, with support of ab initio calculations. These experiments illustrate the strong potential of h-BN for
MTJs and are expected to ignite further investigations of 2D materials for large signal spin devices.

KEYWORDS: hexagonal boron nitride, 2D materials, chemical vapor deposition, spintronics

he magnetic tunnel junction (MTJ) is one of the building interface and high magnetoresistance ratios.*’*® Still, its
blocks of spintronics applications.” * The key element of characterization in functional MTJs remains an essential step in
an MTJ is its tunnel barrier, most commonly made of order to evaluate its full potential. Experimentally, several studies
MgO or Al,O5. Achieving precise control of the barrier thickness have reported on tunneling magnetoresistance (TMR) in MTJs
down to only a few atoms while avoiding thickness based on h-BN. The results were shown to vary greatly depending
nonuniformity, pinholes, or point defects remains a major on the h-BN integration pathway: wet transferred on
challenge for these metal oxides. This has led to considerable ferromagnets (TMR = 0.3 0.5%),"° exfoliated on perforated

interest in integrating materials that remain stable as atomically membranes (TMR = 19%),% or directly grown by large area CVD
thin monolayers, such as the layered 2D materials (2DMs), into on Fe (TMR = 6%).* '

4 : . .
It\)ATJr? Intelrestlnglilj, Iargg;_scale(r:n\e/xgufaﬁturéng ofﬂ;esg magerlalg Among these results, direct CVD growth of h-BN tunnel
y chemical vapor deposition ( 2 gas een ntroouced an barriers was one that showed great promise in order to improve
developed over the past few years,” * further enabling their the quality of the 2D-ferromagnet (FM) interfaces in MTJs
integration in MTJs. Among 2DMs, hexagonal boron nitride (h- guaity ¢ . g ; S
Indeed, seeking for increased performances, it must be taken into

BN), aninsulating isomorph of graphene with alternating Band N _ o :
atoms, is a very promising candidate for use as a tunnel barrier in account that the spin polarization P and the TMR are, especially

atomically thin MTJs. It has, for instance, already been introduced for 2D materials, strongly sensitive to the ferromagnet interfaces
in lateral graphene devices in order to enhance spin-transport of the junction. As the tunneling spin polarization is clearly
properties,”® *? as a barrier in van der Waals heterostructures™

and as a tunnel barrier in vertical devices.** *° Theoretically, h- Received:  February 20, 2018

BN is proposed as an ultimately thin covalent spacer for Accepted:  April 19, 2018

magnetoresistive junctions with strong exchange coupling at the Published: April 26, 2018
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Figure 1. Schematic of thedi erent process stepsto build Co/h-BN/Fe or Co/h-BN/Co magnetic tunnel microjunctions. (a) Borazine exposure in
a one-step CVD process at 900 °C. (b) Direct CVD grown h-BN covering the entire Fe or Co stripe. (c) Lithographic patterning of spin-coated
UVIII resist de nes small openings for the Co/h-BN/Fe and Co/h-BN/Co junction.
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Figure 2. (a) I(V) of aCo/h-BN/Fe and (b) a Co/h-BN/Co magnetic tunnel junctions as a function of the voltage. (c) Sketch of the 2D section of
the magnetic tunnel junctions.

in uenced by the 2D tunnel barrier ferromagnet combination, beam etching with ionized argon gas (in a Plassys MU600S setup
further improvement for h-BN-based MTJs is expected from the and Hiden SIMS detection of the etched species). The samples
study of growth parameters on di erent ferromagnets to reach are then placed in a customized cold-wall reactor, and the growth
higher performances. is performed using an undiluted borazine precursor (HBNH); at
In this paper, we report on h-BN-based MTJ structures with low pressure (Figure 1a,b) (see the Methods). This direct CVD
two di erent bottom electrodes (Co/h-BN/Co and Co/h-BN/ approach for h-BN integration is in contrast with exfoliation or
Fe), in which the large-area h-BN tunnel barrier is grown directly wet transfer of 2D materials on ferromagnetic electrodes reported
by CVD on prepatterned Co and Fe stripes (Figure 1). In both in the literature (see ref 22) as it enables ultraclean interfaces
cases, the atomically thin directly grown CVD h-BN exhibits without detrimental oxidation.>?*2*
tunneling of spin-polarized electrons (Figure 2) with a TMR of Asanextstep, microjunctions samples are de ned at one end of

12% with Co (Figure 3) and even greater TMR of 50% with Fe the ferromagnetic stripes by spin-coating UVIII photoresist on
(Figure 4). These values are up to 1 order of magnitude larger than the h-BN/Fe and h-BN/Co and subsequently patterning small
previously reported for direct CVD grown h-BN on FM and 2 openingsof 3x 3 m?and 30 x 30 m?in the resist. At the other

orders of magnitude larger than previously reported for exfoliated end of the stripe, alarge openingisde nedtoallow bonding. Then
or transferred h-BN on FM. The dependence of these spin signals the Co (15 nm) ferromagnetic top electrode is evaporated and
on applied voltage bias (Figure 5) as well as the estimation of the capped with Au (80 nm) on the micrometric junctions (Figures 1c
spin polarization of the h-BN/Fe and h-BN/Co interfaces are and 2c) while masking the bonding pads (deposition of Co/Au is
further discussed with support of ab initio calculations (Figure 6). prevented on the masked half). The junctions are then contacted
and wired on each side of the stripe (Figure 1c).

RESULTS AND DISCUSSION I(V) characterization of the junction and magnetic transport
Figure 1 illustrates the di erent process steps to fabricate Co/h- measurements has been carried out in a cryogenic setup at 1.4 K.
BN/Fe or Co/h-BN/Co magnetic tunnel microjunctions. The Figure 2a,b shows, respectively, the 1(V) characteristic in the
CVD process used for h-BN growth on the Fe and Co bottom 200 mV to 200 mV range of the Co/h-BN/Fe junction and the
electrodes has been calibrated for milder conditions than those Co/h-BN/Co junction, schematically represented in Figure 2c.
used in our previous growth study,®* with lower growth The (V) characteristics are indicative of typical nonlinear
temperature ( 50 °C lower) and borazine pressure (6x lower, tunneling behavior, validating our approach of integrating h-BN
exposure time isdoubled in order to reach full coverage), aswell as directly by CVD into the MTJ devices.

optimized stripe design. To start, sputtered Fe and Co thin Ims The resistance area products (RA) of the devices were
(200 nm) are grown on SiO,(300 nm)/Si wafers, and then stripes calculated and compared to the values obtained in ref 4. First,

of Fe and Co electrodes are patterned by lithography and dry ion the RA of Co/h-BN/Fe was found to be equivalent to the one
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Figure 3. Tunnel magnetoresistance signal measured at + 10 mV for a Co/h-BN/h-BN/Co magnetic tunnel junction. (a) At positive bias,a TMR

value of 12% is obtained. (b) At negative bias, the TMR is

4%. A sign reversal of the TMR is observed.

reported in ref 4 for an h-BN monolayer tunnel barrier grown on
Fe. Incontrast, the resistance of the Co/h-BN/Co MTJwas found
to be 102! times higher. The evolution of the resistance as a
function of h-BN layers has been previously measured with a value
of 10'% /layer of h-BN* (in agreement with other values
obtained in similar experiments, see refs 14 16). By comparing
the resistance increase of the Co/h-BN/Co MTJ with the
evolution of the resistance as a function of h-BN layers, it was
found that the tunnel barrier was an h-BN bilayer in our Co/h-
BN/h-BN/Co MTJ. We note that the slightly higher resistance
observed with respect to the expectations for a bilayer could be
related to the di erence between h-BN/Co and h-BN/Fe
interfaces.

Figure 4. Tunnel magnetoresistance signal measured on a Co/h-BN/
Fe magnetic tunnel junction at 2 mV.

Magnetotransport measurements of the Co/h-BN/h-BN/Co
and Co/h-BN/Fe MTJs (Figures 3 and 4) at 1.4 K were carried
out by measuring the resistance as a function of applied magnetic

eld. Figure 3 shows resistance and TMR vs applied magnetic eld
( 04T to+0.4T) for the Co/h-BN/h-BN/Co junction at two
di erent biases. TMR sign reversal as a function of bias voltage
was observed for the Co/h-BN/h-BN/Co MTJ with a peak
positive value of  12% at 10 mV (Figure 3a) and a peak negative
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value of 4% at 10 mV (Figure 3b). The TMR value is
calculated using the expression

TMR = ReeS R
Ro

In Figure 4, we show the results of magnetotransport
measurements obtained for the Co/h-BN/Fe MTJ by plotting
resistance and TMR vs applied magnetic eld ( 0.4T to 0.4T)
obtained at 2 mV. In contrast to the Co/h-BN/h-BN/Co MT],
the sign of the TMR in the case of this Co/h-BN/Fe junction is
nota ected by the bias voltage, and a larger TMR of up to 50% is
observed.

In Figure 5, we plot more systematically the bias dependence of
the TMR measured for both Co/h-BN/h-BN/Co and Co/h-BN/
Fe MTJsinthe 200 mV to 200 mV range. Each dot in Figure 5
corresponds to a resistance vs magnetic eld TMR measurement.
We hence con rm the observations of Figures 3 and 4. A clear
reversal of the TMR vs bias is observed for the Co/h-BN/h-BN/
Co MT]J. On the contrary, concerning the Co/h-BN/Fe MTJ, we
observe a positive TMR for both positive and negative biases.
Furthermore, as expected, we observe a clear decrease in the
absolute TMR amplitude as the magnitude of the bias voltage is
increased.

The TMR values obtained for Co/h-BN/h-BN/Co and Co/h-
BN/Fe MT]s clearly show the good performance of h-BN as a
tunnel barrier. More speci cally, the value of 12% for the Co/h-
BN/h-BN/Co MTJ is comparable to standard TMRs obtained
with ALO; tunnel barriers and Co electrodes.”® Based on the
TMR measured for the Co/h-BN/h-BN/Co MTJ and Julliere’s
relation?®?’

2
2F>h BN/Co

= 3
1S R anico

TMR =

2RRB
1SR

B (1)

we can estimate the average spin polarization at the h-BN/Co
interface as Py gnsco  25%. Similarly, thanks to the estimated
average value of Py, gn/co and
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Figure 5. TMR behavior as a function of the voltage for (a) Co/h-BN/h-BN/Co and (b) Co/h-BN/Fe MTJs. The blue dots are experimental data

points, and the red dashed lines are meant as a guide to the eye.

2F,h BN/Co RI BN/Fe

TMR =
)

for the Co/h-BN/Fe MTJ, we can deduce the spin polarization at
the h-BN/Fe interface as P, gnsre  80%. These values show that
the h-BN/Fe has a higher spin polarization than the h-BN/Co
interface (the ratio between the two spin polarizations is of
Phenee  3Phensco). Interestingly, this is in agreement with
theoretical predictions found in ref 17 for Co/h-BN/Co (fcc) and
Fe/h-BN/Fe (fcc). An alternative estimate of the spin polar-
izations in our devices is obtained using directly ref 17 and eq 2:
Phen/co  30% and Ppgnsco  60%. This allows an estimated
range for the spin polarizations at the h-BN/Co and h-BN/Fe
interfaces to be determined: P, gn/co 25 30% and Py, gnyee
60 80%. Several theoretical studies have shown that the spin
polarization of 2D materials depends critically on the interface
structure’” and the presence of strain.?® Therefore, further
dedicated theoretical calculations that consider these e ects for
our speci ¢ interface may help to better understand how these
in uence the values of spin polarization obtained and may
eventually reveal routes toward even larger spin polarizations
values.

Finally, in this direction, we discuss the sign inversion of the
TMR observed for the Co/h-BN/h-BN/Co junction. This result
is particularly striking as, following the above Julliere formula, one
might wonder how a symmetric junction with two h-BN/Co
interfaces might lead to such a bias-controlled inversion of the
spin signal. Indeed, one would expect the sign of the spin signal to
follow TMR Pisnsco, 16, tO remain positive, while
experimentally a negative sign is observed for this Co/h-BN/h-
BN/Co junction (it is interesting to note that this is in contrast
with the sign of the TMR measured for the asymmetrical Co/h-
BN/Fe, which remains strictly positive at all biases in our
experiments). Such a negative sign in an apparently symmetric
junction was already observed by Barraud et al.?° and ascribed to
the role of the di erent interfaces. This result underlines the
important fact that one has to consider the h-BN interfacial layer
propertiesasstrongly in uenced by the FM in contact. We believe
that the bottom interface may undergo a strong chemisorption,
while the top one is physisorbed. This would occur as a result of
thedi erent growth mechanisms giving risetodi erent coupling:
the bottom interface isde ned by a high-temperature direct CVD

1 é Ph BN/CORI BN/Fe
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step, while the top one is de ned by a soft room-temperature
evaporation process. This is supgorted by early experimental and
theoretical discussions on h-BN*® ** for the Ni(111) case (close
to the case of our CVD on Co) for which two di erent absorption
con gurations were found: chemisorption and physisorption. In
particular, hybridization between the metal 3d states and the
states of graphene or h-BN may lead to a strong interfacial
interaction and signi cant alteration of the band structure.®® 3®
The extent of this hybridization critically depends on the nature of
the interface between the FM and 2D material, including their
relative orientations. Interestingly, the chemisorption was shown
to lead to a metallic behavior for the h-BN monolayer after the
creation of adsorption-induced gap states,*>**3 which was not
expected for the physisorption.***

This expected strong dependence of the h-BN electronic
properties on the coupling with the FM electrode is further
investigated here by means of  rst-principles calculations. Figure
6 depicts the prototypical interfaces considered in our junctions
analysis. The h-BN/Co and h-BN/Fe geometries have been
obtained by full relaxation of the fcc 110 Feandhcp 0001 Co
surfaces in combination with monolayer and bilayer h-BN,
respectively. Owing to the closely matching lattice parameters of
h-BN and Co, h-BN/Co interfaces may be perfectly commensu-
rate or not depending on the h-BN integration pathway (as, for
example, using high-temperature CVD versus low-temperature
physical evaporation). On the contrary, the large lattice mismatch
with Fe systematically prevents the formation of a simple
commensurate interface with h-BN. In agreement with previous
theoretical predictions,*” our calculations indicate that the most
stable h-BN/Co commensurate interface is formed when
nitrogen atoms stand right on top of hcp 0001 surface cobalt
atoms (see Figure 6a). The average distance between the surface
and h-BN is only of 2.1 A, corresponding to the chemisorption of
h-BN on the Co surface. In the incommensurate cases (Figure 6),
a larger h-BN/metal distance of 3.1 A is observed and h-BN is
merely physisorbed to the metallic electrode. The computed spin-
resolved projected densities of state (PDOS) on boron and
nitrogen atoms are reported in Figure 6d f along with the spin
polarization of h-BN computed as

S

+

— _hBN h BN
IDhBN_

h BN h BN

DOI: 10.1021/acsnano.8b01354
ACS Nano 2018, 12,4712 4718


http://dx.doi.org/10.1021/acsnano.8b01354

ACS Nano

Figure 6. Representation of bilayer h-BN on Co (hcp 0001 ) within the (a) commensurate and (b) incommensurate con gurations. (c)
Representation of monolayer h-BN on Fe (fcc 110 ). Spin-resolved projected density of states onto the boron and nitrogen atoms (d f),
corresponding to the three atomic con gurations depicted in the upper panel. Gray curves correspond to the projection of the density of states on
the h-BN layers. Blue and red curves identify the contributions associated with the p-orbitals of nitrogen and boron, respectively. For each stacking
con guration, the spin polarization of h-BN is depicted on the right of each panel. The excess of majority spins is colored in turquoise, and the

excess of minority spins is colored in gold.

where | o (@) is the PDOS on h-BN for majority

(minority) spins. Upon formation of the junction, the energy
gap of free-standing h-BN is not preserved. One can see from
Figure 6e,f that the main contribution from physisorbed h-BN to
the gap states originates from the p-orbitals of boron atoms.
Compared to the physisorption case, upon chemisorption, h-BN
forms covalent bonds with the FM surface, and the p-orbitals of
nitrogen atoms dominate the low energy PDOS. Strikingly, this
modi cation of the h-BN/metal coupling also comes with an
inversion of the spin-polarization of the h-BN layer.

Within the Julliere approximation,”®?’ this result provides a
straightforward explanation for the sign inversion of the TMR
observed in the apparently symmetric Co/h-BN/h-BN/Co
junction. We believe that, as seen here, control over these
di erent coupling situations®® can be achieved by using di erent
growth conditions, for example, using high-temperature CVD
versus low-temperature physical evaporation. Hence, in the case of
the studied Co/h-BN/h-BN/Co junction the fact that h-BN is a
bilayer o ers the possibility for each h-BN layer to be
independently coupled to the FMs de ning two di erent
interfaces. Conversely, when only a single h-BN layer is present,
even if the two FMsare di erent, they both contribute globally to
this h-BN layer property, which is thus the same for both sides and
the TMR remains proportional to PZ gy em > 0.

4716

This illustrates the possibility of tinkering with spin- Itering
e ects at the h-BN/FM interfaces. One might expect that for
selected metals and biases ranges*®*" metallic spins extraction
would be favored at one interface. This would lead to the reversal
of the spin polarization at the interface and, thus, inversion of the
TMR of the device. The phenomenaat play is similar to the case of
Karpan et al., ** but with the enhanced transport of minority spins
being controlled by the applied bias. The other interface might
keep its role as a simple spin analyzer similar to previous
experiments with a graphene/Al, 05 spacer in-between FMs.?

Interestingly, while the presented result is already orders of
magnitude larger than previous reports, many parameters remain
open to exploration in these 2D-MTJs systems: dependence with
the h-BN growth conditions, dependence with the underlying FM
crystallography, dependence with the epitaxy/rotation of h-BN in
regard of the FM, h-BN layers stacking sequence (see, for
instance, ref 43). This o ers a large playground, unseen with
conventional oxides, toward more control to tailor spin transport
with 2D layers. Beyond MTJs, we expect these e ects to also
provide strong potential for lateral nonlocal spin valves based on
2D materials.”* *’

CONCLUSION

We presented in this study two illustrative MTJ spin devices
making use of h-BN tunnel barriers. Our results corroborate the

DOI: 10.1021/acsnano.8b01354
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pertinence of integrating atomically thin h-BN tunnel barriers by
direct CVD growth in magnetic tunnel junctions for two di erent
ferromagnets (Co and Fe). The values of the TMR and the spin
polarization show a large improvement over previous exper-
imental reports for MTJs using h-BN as a barrier in agreement
with theoretical predictions. The estimated spin polarizations of
the interfaces based on the measured TMR values are in excess of
25% for h-BN/Co and 60% for h-BN/Fe, the highest measured so
far. Following these estimates, the magnetoresistance of a
symmetrical Fe/h-BN/Fe could be even higher than predicted
with hint of aminority spin Iteringe ectath-BN/FM interfaces.

METHODS

h-BN CVD Growth on Fe and Co. The Feand Co samples are placed
inacustomized cold-wall reactor and are annealed in 4.2 mbar of H, up to
900 °C. Immediately after reaching 900 °C, the H, is removed. Borazine
isintroduced into the chamber viaa leak valve (Figure 1a) until a pressure
of 1 x 10 ®mbar is reached. The samples are exposed to borazine for 10
min. After growth (Figure 1b), the borazine is removed and the heater is
turned o , with the samples cooled in vacuo. Complete characterizations
including XPS, SEM, and TEM of these layers are given in refs 9, 21, and
24,

Electrical Characterizations. Data from Figures 2 5 have been
obtained using a low-noise AC/DC transport setup with a Signal
Recovery 5210 lock-inampli er, Kethley K2182A nanovoltmeters, and a
Yokogawa 7651 source.

First-Principles Calculations. The calculations have been per-
formed within the framework of the density functional theory as
implemented within the SIESTA code.*® Basis sets of numerical atomic
orbitals (double-zeta plus polarization) have been used to expand the
wave functions. To achieve a good description of the h-BN/metal
interaction, we have chosen the vdW-DF functional of Dion et al.*® with
the exchange modi ed by Klimes et al.*° Real-space quantities have been
represented on a grid characterized by a cuto equivalent to 400 Ry. For
the self-consistent calculation of the electronic density, integration over
the rst-Brillouin zone has been performed by means of regular grids
equivalent to a density of 12 x 12 k-points per h-BN unit cell. Grids 10
times denser have been used for the non self-consistent estimation of the
density of states. The computational cells consist of monolayer or bilayer
h-BN sandwiched between two slabs of transition metal (Co or Fe) made
of six atomic layers each. The bilayer h-BN considered in this study is in
the AA stacking con guration.
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