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The fabrication of an epitaxial ferromagnetic (FM) tunnel contact on a Si
channel is the key to developing semiconductor-based spin-transport devices such as a spin
metal-oxide-semiconductor field-effect transistor. In this project, we explore the use of a novel
epitaxial oxide, Sr0(001), as a tunnel barrier and investigate whether coherent spin-polarized
tunneling occurs through the Sr0(001) tunnel barrier. We demonstrate that large magnetoresistance
ratios can be achieved in epitaxial SrO-based magnetic tunnel junctions, indicating spin-polarized
coherent tunneling. Since SrO has a smaller lattice mismatch with Si (5%) than that between MgO and
Si (23%), this material appears as a promising epitaxial tunnel barrier for achieving high
magnetoresistance ratio in Si-based lateral spin transport devices.
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1. Background

The fabrication of an epitaxia ferromagnetic (FM) tunnel contact on a Si channel is the key
to developing semiconductor-based spin-transport devices such as a spin metal-oxide-
semiconductor field-effect transistor (spin-MOSFET). To date, MgO has been exclusively used
as an epitaxial tunnel barrier on Si.1® Recently we have succeeded in injecting a highly spin-
polarized current (P~ 0.9 at 10 K; P isthe spin polarization of tunneling electrons) from epitaxial
Fe(001)/MgO(001) tunnel contacts into Si(001) channel.>® Such high P could, in theory, give a
magnetoresistance ratio (MR) of several hundred %, according to the standard spin-transport
model for alateral device consisting of semiconductor channel with two FM contacts, like aspin-
MOSFET.” However, such high P has only been achieved in avery high resistance-area products
(RA) region (> 1 MQum?) for Fe/MgO contact,>® which significantly suppressesthe MR.” In a
low RA region (< 10 kQum?), on the other hand, the tunneling electrons can no longer keep such
high P (for example, P < 25% at 10 K).>® The observed degradation of P in the low RA region
can possibly be attributed to a poor crystalline quality of the very thin (< 1 nm) MgO tunnel
barrier caused by the large da/a between MgO and Si (22.6%).2 Consequently, the MR so far
achieved in Si-based | ateral devices has been lessthan 1%.Y Therefore, it is desirable to introduce
a new tunnel barrier material which, from the standpoint of high-quality thin epitaxial tunnel
barrier, can be adequately lattice-matched with Si, and thereby achieving high MR effect in Si-
based |ateral device.

2. (Purpose)

Owingtoitsrelatively small lattice mismatch (da/a) with Si (4.97%) and itsrock-salt structure,
SrO(001) is possibly a suitable and efficient tunnel barrier for Si. Although the growth of a high-
quality epitaxia of SrO(001) film on Si(001) has been demonstrated from an initial stage of the
growth.? the application of SrO to aspin-transport device has been limited to an amorphoustunnel
barrier on graphene.’® In this project, we investigate the structural and magneto-transport
propertiesof an epitaxial Fe/SrO/MgO/Fe magnetic tunnel junctions (MTJs) to determine whether
coherent spin-polarized tunneling occurs through the SrO(001) tunnel barrier. The results of this
project will in turn clarify whether SrO(001) is a promising candidate as a high-quality tunnel
barrier for Si-based spin transport devices.

3. (Method)

MTJ films as presented in Fig. 1 were grown by molecular beam epitaxy (MBE). The films
consisted of a Au cap (10 nm) / Co pinned layer (20 nm) / Fe top e ectrode (10 nm) / SrO tunnd
barrier (1.4 nm) / MgO underlayer (0.8 nm) / Fe bottom electrode (30 nm) / MgO buffer layer (5
nm) on a MgO(001) substrate. The MgO underlayer enables the SrO tunnel barrier to grow
epitaxially, and acts as an epitaxial tunnel barrier. The source materials were evaporated using



electron-beam guns (for Fe, SrO, and MgO) and Knudsen- Au (10) {Z ;gté;r::;aling
cells (for Au and Co). Single-crystal SrO granules and Co (20)

MgO block were used as source materials. Prior to the Fe (10) 300°¢
growth, the MgO substrates were cleaned by an ultrasonic MO0 (0 5) 200G
cleaner with acetone and isopropanol, and thermally Fe (30)

annealed at 800 °C for 10 min in the MBE chamber with a MgO (5) 800°C

base pressure 2 x 10° Torr. The MgO buffer layer and L M990 s”bs(ti':t:m)

Fe bottom electrode were deposited on the substrate at
100 °C, followed by an in situ annealing at 300 °C for 10
min to improve the surface morphology of the Fe bottom

Fig. 1: Schematic structure of
MTJ stack and in situ annealing

temperature adopted during the
eectrode. Then, the MgO underlayer was grown on the P P g

Fe bottom electrode at RT. Subsequently, the SrO tunnel
barrier was deposited on the MgO layer at RT under an O, pressure of 1-3 x 1077 Torr. The Fe

deposition processes.

upper electrode was grown on the SrO tunnel barrier at RT, and then annealed for 10 min at
300 °C to reduce the dislocation density at the Fe/SrO or SrO/MgO interfaces. Finally, Co-pinned
and Au-cap layers were deposited onto the Fe top electrode at RT. As areference, the same MTJ
stack without the MgO underlayer was aso grown.

Structural properties of the MTJ films were investigated by in situ reflection high energy
eectron diffraction (RHEED), ex-situ cross-sectiona high-angle annular dark field scanning
transmission eectron microscope (HAADF-STEM), and the elementa mapping by energy-
dispersive x-ray spectroscopy (EDX). For the magneto-transport measurements, the films were
patterned into tunnel junctionswith active areasfrom3 x 12 um?to 6 x 24 um? using conventional
micro-fabrication techniques (e.g., photolithography, Ar ion milling, and SiO, sputtering). The
measurements were carried out using a conventional DC two-probe method. The magnetic fields
were applied paralée to the mgjor axis of the junction corresponding to the easy axis of the
magnetization direction of the Fe electrodes.

4, (Results)

4.1. Structural characterizations:
Structural analyses were performed on the fully epitaxial film by means of HAADF-STEM and
EDX  observations as

illustrated in Figs 2(@) and
2(b), respectively. Both | et
images reveded steep | 1

interfaces without
interdiffusion among each
layer. Note that, from the
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soveral  atoms at the FI9.2: (a) Cross-sectional HAADF-STEM image, and (b) EDX

F/STO and SrO/Mgo  ©lemental mappings of Fe, O, Mg, and Sr of the Fe/SrO/MgO/Fe
interfaces  were clearly  Stack ([100] azimuth of MgO substrate).



observed, reflecting from the effect of large dafa. By assuming a45° in-plane rotation between
the Fe and SrO layers and a cube-on-cube rel ation between the SrO and MgO layers, thein-plane
Aala between the SrO tunnel barrier and Fetop electrode, and that between the SrO tunnel barrier
and bottom electrode are both estimated to be -21.6%. The estimated value is very close to the
expected value from the bulk material (-21.4%). Accordingly, the in-plane crystal orientations
were determined astop Fe[110] || SrO[001] || MgO[001] || bottom Fe[110], respectively. Note that
the 45° in-plane rotation between the MgO(001) tunnel barrier and Fe(001) electrodes is a
preferable crystal orientation for the coherent spin-polarized tunneling.t® Since SrO hasthe same
crystd structure as MO, the result implies that we can expect coherent tunneling with this type
of MTJ.

4.2. Magneto-transport properties

Typica magnetoresistance (MR) curves of the epitaxial MTJ are shown in Fig. 3(a). Here, the
MR ratio is defined as (Rar — Rp)/Rp, Where Re and Rap are the junction resistancesin parallel (P)
and antiparallel (AP) magnetization states, respectively. We observed MR ratios up to 98% at 20
K and 65% at RT, respectively. The observed MR ratios are almost twi ce as high as those reported
in a polycrystalline Felamorphous GaOy/MgO(001)/Fe(001) MTJ (50% at 20 K and 34% at RT,
respectively),’> where the coherent spin-polarized tunneling is considerably suppressed due to
the poly-crystalline nature of the Fe top eectrode and amorphous GaOx tunnd barrier. This
strongly suggests that coherent spin-polarized tunneling occurs through the SrO(001) tunnel
barrier, and A; state acts as the major tunneling channel in the P state.>'® In addition, it was
found that the Re has small temperature dependence, namely, relative changes in the Re between
20K and RT were very small (2-4%) compared with those for the Rap (10-13%). Thisisatypica
feature of fully epitaxial MgO- and MgAl,O4-based MTJs,*>%9 in which coherent tunneling has
been both experimentally and theoretically demonstrated. ()

The result supports our conclusion that the coherent
tunneling is achieved in the epitaxial Fe/SrO/MgO/Fe MTJ.
We did not observe MR effect nor a non-linear (tunnel-
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like) current-voltage characteristics in the reference MTJ,

implying that there are many imperfections such as pinholes 0 o=t

-100 50 0 50 100
Magnetic field (mT)

in the polycrystalline SrO tunnel barrier.

It is interesting to know how the asymmetric

barrier/electrode structure having such high-density
didocations among the interfaces affects the spin-

05

Normalized MR

dependent tunneling. In general, bias-voltage (V)
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barrier/electrode interface qualities. Namely, poor barrier Bias Valtage (mV)

quality results in a low biasV a which the MR ratio  Fi9- 3: (8) Magnetoresistance
reaches half of the zero-biasvalue (Viar). Asaresult, rapid ~ curves of the Fe/Sro/MgO/Fe MTJ
decrease in the MR ratio often occursin abias-V direction & 20 K and RT applying 10 mv
where the electrons tunnel into the dectrode having a  Voltege, and (b) bias-voltage (V)
lower interface quality. In Fig. 4(b), the MR ratio at RT is ~ dependence of the normalized MR



plotted as a function of biasV for the epitaxia Fe&/SFrO/MgO/Fe MTJ. Here, positive bias is
defined as the bias direction where the electrons tunnel from the Fe bottom electrode (MgO/Fe
interface) into the Fe top electrode (F&/SrO interface). The plot was almost symmetric despite the
asymmetric structure, and the Viar became as high as 800 mV regardless of the bias directions.
The observed high Vhat is even comparable to those in lattice-matched systems of epitaxia
Fe/MgO/Fe,*¥ Fe/MgAl,O./Fe'® and Fe/GaO,/MgO/FetY MTJs. Consequently, we could not
observe clear evidence of the influence on the MR ratio for the asymmetric barrier/electrode
structure with many dislocations at the interfaces. Conversely however, the observed high Viar in
both bias directions are favorable for efficient spin-injection/detection schemes in a Si-based
lateral device with two FM contacts.

To conclude, we studied the structural and magneto-transport properties of the lattice-
mismatched of Fe/SrO/MgO/Fe MTJ. The structural analyses revedled a fully epitaxial
Fe(001)/SrO(001)/MgO(001)/Fe(001) structure having many misfit dislocations at the Fe/SrO
interface. Despite the existence of such misfit dislocations, high MR ratio up to 98% at 20 K (65%
at RT) was observed, indicating that coherent spin-polarized tunneling takes place through the
SrO(001) tunnel barrier. The Vhar values in both bias directions were as high as 800 mV, which
are comparable to the reported value in the epitaxial Fe/MgO/Fe MTJs. Since SO has a much
smaller Aalawith Si, SrO(001) appears as a promising epitaxial tunnel barrier for achieving high
MR ratio in Si-based lateral spin transport devices.
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