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We investigated two novel approaches to increase the MR and determined optimum contact resistance

for large MR in Si-based spin transport devices. The results are essential to design silicon devices
with large MR and open exciting applications in areas ranging from electronics to quantum
computing.

The goal is_to develop silicon-based magnetoresistive devices that use the
electron spin to process and store information. A major prerequisite for the operation of such
devices is to obtain a sizeable two-terminal (2T) magnetoresistance (MR) in silicon. Thus, we
investigated two complementary approaches: (1) we fabricated 2T devices with thin silicon channels
and magnetic tunnel contacts, and (2) we investigated the growth of a novel tunnel barrier, Ba0, to
improve the spin injection efficiency. Whereas promising results were achieved by using thin Si
channels, the growth of high-quality BaO tunnel barrier on Si proved to be very difficult.
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In conventional electronics, the electron charge is used for information processing
in semiconductors devices, whereas the electron spin is used for long—term data storage
in magnetic materials. In recent decades, the continuous downscaling of transistors
has led to the increased power dissipation due to leakage currents. Therefore
information—processing systems that use the spin as a state variable offer appealing
opportunities to develop alternative energy—efficient electronics

Prerequisite for the operation of a device that combines the functions of a
traditional transistor with that of a two—terminal magnetoresistive device is two—
fold: first, efficient injection, transport, manipulation and detection of spin—
polarized carriers in a lateral semiconductor channel must be achieved. Second, a
sizeable two—terminal magnetoresistance (2T-MR) must be obtained. Over the last decade,
several groups have reported the electrical injection, transport and detection of spins
in Si [1-5], fulfilling the first prerequisite. However, the 2T-MR ratios in Si have
been so far very limited (0.1-1% [6,7]). Hence, finding new ways to significantly
enhance the 2T-MR in Si-based devices is crucial to advance the technological impact

of Si-based spin—-MOSFET.

2. WEDB

The aim of this project is to demonstrate that a large 2T-MR can be obtained in a
Si device with ferromagnetic (FM) source and drain contacts by using an ultrathin Si
channel with highly-spin polarized magnetic tunnel contacts. On the one hand, the
reduction of the Si channel thickness to quasi—two—dimensional (2D) will enhance the
magnetic signal for a given contact resistance. On the other hand, the development of
novel epitaxial ferromagnet/oxide tunnel contacts on Si is expected to improve the
spin injection efficiency. By combining these two approaches, a sizeable

magnetoresistance is anticipated

3. WHED Tk

Theoretical calculations have shown that a large 2T-MR can only be achieved if the
contact resistance—area product (RA) of the FM tunnel contact falls within a narrow
range that depends on parameters such as the silicon channel resistivity [8]. Most
importantly, it is predicted that by reducing the channel thickness, a large MR can be
achieved at a RA for which a high spin injection efficiency is still observed. Therefore,
one way to enhance the 2T-MR in Si is to reduce the channel thickness to quasi—two-—

dimensional (2D), while keeping the resistivity constant

Another limitation to the 2T-MR in Si is the poor crystalline quality of ultrathin

MgO tunnel barrier due to the large lattice mismatch between Si and Mg0 (& 22%).



Because the optimum MR value is proportional to the spin injection efficiency (P, it
is necessary to increase P for contacts having lower RA (i.e. thinner oxide tunnel
barrier). To solve this issue, we propose to fabricate fully epitaxial FM/oxide tunnel
contacts on Si using a novel oxide tunnel barrier BaO. This oxide is better lattice-

matched to Si compared to MgO and therefore, it can potentially act as a better spin—

filter on Si.
4. WFERE

As a first step, we examined the scaling of the 2T-MR as a function of the contact
resistance in devices with a Si channel and Fe/Mg0 tunnel contacts. The experiments
were performed on devices with a 70 nm thick, heavily doped n-type Si(001) channel
having two crystalline Fe/Mg0/ Si tunnel contacts. The 2T-MR is obtained by applying
a current between the two ferromagnetic contacts and measuring the two—terminal voltage
between the same contacts as a function of the external magnetic field applied in—
plane and along the long axis of the FM contacts. The contact RA-product spans range
well over 2 orders of magnitude and includes values that are only a factor of 1.7 away
from the optimum value. For the calculations of the 2T-MR, we use the P values extracted
from nonlocal spin—transport measurements in the same devices for each MgO thickness
This enables a quantitative comparison between experiment and theory. It is shown that
the scaling and the optimum of the 2T-MR are profoundly different from what the theory
predicts [9]. This behavior can be explained by the fact that the P of the magnetic
tunnel contacts is not constant when the barrier thickness is varied. It 1is, thus,

crucial to take this into account in the design and optimization of practical 2T-MR

devices.
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Fig. 1: The 2T-MR at 10 K as a function of the RA-product of the Fe/Mg0O magnetic
tunnel contacts. Solid symbols are the experimental data for devices and solid
lines represent the calculated 2T-MR. Labels denote the MgO thickness and the
tunnel spin polarization 2 in %. Note that all the values are shown after

correction for the nonlinear spin detection, as explained in Ref.9.



Next, we fabricated spin—transport devices with Fe/Mg0 tunnel contact and a lateral
Si channel having different thicknesses, ranging from 70 nm to 25 nm. The doping
concentration of the Si channel remains constant, regardless of the thickness. As in
the previous experiments, we used molecular beam epitaxy to epitaxially grow Fe/MgO.
In all the fabricated devices, the Fe/Mg0 tunnel barrier exhibits similar high-
crystalline quality, as indicated by the streaky reflection high—energy electron
diffraction (RHEED) patterns. In addition, the exact same MgO thickness was deposited
on all the devices, to ensure that the P is in the same order of magnitude. Because we
encountered some technical difficulties during the device fabrication (critical step
of etching the magnetic tunnel contact), our study has been significantly delayed.
However, we are confident that the measurements of 2T-MR as a function of the channel
thickness will give us some useful data to further improve our device design and,

ultimately enhance the 2T-MR in Si.

Finally, we investigated the epitaxial growth of BaO on Si as a novel tunnel barrier.
Different growth conditions such as the substrate surface reconstruction of the Si,
the substrate temperature and the post—annealing temperature, were tested and compared,
using in-situ RHEED technique, atomic force microscopy (AFM) and by probing the 2T
resistance. Depending on the substrate temperature, the films turned out to be either
Ba0 or metallic Ba due to the loss of oxygen at low growth temperatures. We achieved
epitaxial BaO tunnel barrier on Si when the following growth conditions were used:
(2x1) Si surface reconstruction, deposition of BaO at 625C without post—annealing.
However, AFM measurements show a large roughness due to the presence of large grains
of the deposited layer. This prevented us from fabricating spin—transport devices.
More fine tuning of the growth conditions will be carried out to improve the crystalline

quality as well as the roughness of the BaO barrier.
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