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Abstract— Silicon is perfectly suited for spin-driven applications. Recent progress and challenges regarding CMOScompatible spin-based devices are reviewed. A realization of an
intrinsic non-volatile logic-in-memory architecture in an MRAM
array is demonstrated.
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I. I NTRODUCTION
With CMOS miniaturization rapidly approaching its intrinsic limits a search for a new technology capable to compliment
or replace CMOS is accelerating. The principle of MOSFET
operation is fundamentally based on the charge degree of
freedom of electrons. Another intrinsic electron property, the
electron spin, attracts at present much attention as a possible
candidate for complementing the charge degree of freedom in
future devices [1]–[6]. The electron spin state is characterized
by one of the two of its possible projections on a given axis
and could be used in digital information processing. It takes a
small amount of energy to invert the spin orientation, which
is necessary for low power applications. The electron spin
can be pointing in any direction on a unit Bloch sphere. This
property is used in quantum computing, however, a successful
implementation of such a computer based on spin qubits in
silicon requires cryogenic temperatures [7].
The spin relaxation time for conducting electrons, describing the characteristic time of non-equilibrium spin relaxation
towards its equilibrium value, is in the range of nanoseconds at
room temperature [8], [9]. Thus, the spin diffusion length is in
a micrometer range, and the spin of conducting electrons can
be used to encode, transfer, and process information. In this
case the electron spin degree of freedom is used in its binary
mode. Importantly, transferring the spin information does not
require a charge current flow. This decoupling of spin from
charge makes the spin degree of freedom promising for lowpower application.
The idea of complimenting or even replacing the charge
degree of freedom by spin is around for almost three decades,
even a demonstration of basic elements necessary for spin related applications, such as injection of spin-polarized currents
in silicon, spin transport, spin manipulation, and detection, was
missing until recently. Although it seems straightforward to
inject spin-polarized carriers into silicon from a ferromagnetic
contact, a fundamental conductivity mismatch between a ferromagnetic metal contact and silicon prevents spin injection.
A special technique [10] based on the attenuation of hot
electrons with spins anti-parallel to the magnetization of the

ferromagnetic film allows creating an imbalance between the
electrons with spin-up and spin-down in silicon, thus injecting
spin-polarized current. The spin-coherent transport through the
device was studied by applying an external magnetic field
causing the precession of spins during their propagation from
source to drain [1]. The detection is performed with a similar
hot electron spin filter. The experimental set-up represents a
first two-terminal spin-driven silicon device which can be envisaged working at room temperature. The first demonstration
of coherent spin transport through an undoped 350µm thick
silicon wafer [11] has triggered a systematic study of spin
transport properties in silicon [6]. In the following we briefly
review the recent progress in spin-driven applications based
on silicon and CMOS-compatible devices.
II. S ILICON S PIN F IELD -E FFECT T RANSISTOR
A spin field-effect transistor (SpinFET) is composed of two
ferromagnetic contacts (source and drain), linked by a nonmagnetic silicon channel region. The ferromagnetic contacts
inject and detect spin-polarized electrons, in analogy to polarizer and analyzer as indicated already long ago by Datta and
Das [1]. Because of the effective spin-orbit interaction in the
channel the spin of an electron injected from the source starts
precessing. The electrons with spin, or to be more precise
with the direction of the magnetic moment, aligned to the
drain magnetization direction can easily leave the channel to
the drain, thus contributing to the current. The total current
through the device depends on the relative angle between the
magnetization direction of the drain contact. An additional
current modulation is achieved by tuning the strength of
the spin-orbit interaction in the semiconductor region, which
depends on the effective electric field and can be controlled
by applying a gate voltage. In order to realize the SpinFET,
an efficient spin injection, detection, and propagation must be
possible [12]. A solution to the impedance mismatch problem
preventing spin injection from a metal to a semiconductor
is the introduction of a potential barrier between the metal
ferromagnet and the semiconductor.
Two schemes to analyze the spin injection into a semiconductor are available [6]. A signal at room temperature
obtained for both n- and p-doped silicon was documented in
2009 [13]. Electrical signals believed to be corresponding to
spin injection through silicon dioxide at 500K have also been
reported [14]. However, there is a several orders of magnitude
discrepancy between the signal measured and the theoretical
value. It turns out that the signal is stronger in three-terminal

measurements, while it is weaker in the non-local scheme [6].
Similar observations were also made for germanium as well as
for other semiconductors [15]. Recently, the large amplitude of
the signal observed in the three-terminal injection method was
attributed to resonant tunneling through deep impurities [16].
The reasons for these discrepancies are heavily debated [6],
[16]–[19].
The spin signal observed with the non-local scheme in
degenerate silicon at room temperature [20] is believed to be
due to a genuine spin injection. The amplitude of the signal is
an order of magnitude weaker [6] than predicted by the theory,
which is consistent with a possible spin polarization loss at the
interfacial states in the ferromagnetic contacts. Spin transport
in a non-degenerate n-doped silicon at room temperature was
also successfully achieved [21]. Interestingly, the magnitude
of the spin signal exceeds 1mV for a bias electric current of
1mA, ten times larger than previously reported for degenerate
silicon.
For the functionality of a SpinFET the possibility to transfer
the excess spin injected from the source to the drain electrode
is essential. The excess spin, or more precisely the spin projection on a given axis, is not a conserved quantity, in contrast to
charge. While diffusing, it gradually relaxes to its equilibrium
value which is zero in a non-magnetic semiconductor. A good
agreement between the experimentally observed and calculated
spin life time as a function of temperature has been achieved in
bulk silicon [8]. In contrast to the mobility, the spin relaxation
depends significantly on the doping atom type in heavily doped
silicon [22]. As it has been revealed in [9], [22], [23], the spin
relaxation is due to the scattering between the valleys along
different crystallographic axes (f -processes), while the electron mobility is determined by intravalley elastic scattering.
Therefore, the momentum relaxation time is governed by the
tail of the ionized impurity potential at large distances from
an impurity, which is identical for donors considered in [22],
while the spin relaxation is due to the short range impurity
potential behavior where spin-orbit interaction is the strongest,
thus giving rise to spin relaxation dependence on the doping
atom type [22].
In confined electron systems of transistor channels the
valley degeneracy, or rather the degeneracy between the twodimensional subbands, is lifted due to different confinement
energies for different valleys. It is well known that in (001) oriented silicon inversion channels the energy spectrum consists
of primed and unprimed subbands. Despite partial degeneracy
lifting in confined systems, the spin lifetime is significantly
shorter in gated structures [24] due to the existence of the
interface. Uniaxial stress applied along [110] direction is
very efficient in boosting the spin lifetime in (001) silicon
films. It turns out that the remaining two-fold degeneracy of
the unprimed subbands is successfully lifted by shear strain
efficiently produced by [110] stress. This reduces significantly
the principal contribution to the spin relaxation in thin films
due to surface roughness and acoustic phonons mediated gtype scattering between the equivalent valleys along the same
crystallographic axis, or, more precisely, the intersubband spin
relaxation. Stress techniques and especially uniaxial stress

along [110] oriented channels are routinely used by the semiconductor industry to enhance the transistor performance. It
is therefore very attractive to use the same well developed
techniques to increase the spin lifetime. It makes the use of
thin SOI films for spin applications very promising, because
the spin lifetime is boosted by an order of magnitude.
Electric spin manipulation in silicon is possible, however,
because the spin-orbit interaction in silicon is weak, the
channel length needed to achieve a pronounced resistance
modulation is close to a micrometer [25]. As efficient means
of all-electric spin manipulation in silicon are yet to be discovered, the long spin lifetime and spin diffusion length allow
to transfer the injected spin at large distances. This makes
silicon attractive for use as efficient spin interconnects [26]
in lateral spin valves and logic gates [27] known as all-spin
logic [28]. Spin interconnects are critical for emerging spindriven devices as they allow avoiding the spin-charge signal
conversion thus reducing energy, delay, and circuitry.
For short silicon channels, the remaning option is to exploit
the relative magnetic orientation of the source and drain ferromagnetic contacts [12]. This adds reprogrammability, when the
information is additionally stored in the relative magnetization
orientation of the source and drain. It is important that, once
modified, the drain magnetization remains infinitely long without any extra power applied. However, the magnetoresistance
ratio of 10% demonstrated so far at 12K for a 10µm long
silicon [29] channel is not sufficient for applications. It is
far inferior to the magnetoresistance ratio in magnetic tunnel
junctions, where the two ferromagnetic metals are separated
by a thin tunnel barrier.
III. M AGNETIC T UNNEL J UNCTIONS AND MRAM
Spins do not interact efficiently with electric fields. The use
of magnetic fields for spin and magnetization manipulation
is undesirable due to scaling restrictions for the wire crosssections in magnetic coils. An efficient coupling between
the magnetic and electric degree of freedom is achieved in
magnetic tunnel junctions (MTJs) at the quantum mechanical
level. In MTJs a high resistance difference between the parallel
and anti-parallel relative magnetization orientation is reported.
These structures are attractive for information storage as they
allow reading the binary information by efficiently converting
relative magnetization orientations into very distinct voltage
signals. Importantly, a memory cell based on an MTJ is nonvolatile, scalable, simple in structure, requires relatively low
operating voltages, and exhibits low power consumption, high
operation speed, and high endurance. The prediction [30], [31]
of purely electrical switching of the magnetization by means
of the spin transfer torque (STT) makes STT magnetic random
access memory (MRAM) a promising candidate for future
universal memory. Indeed, STT-MRAM is characterized by
small cell size (4F 2 ) and high density inherent to DRAM,
fast access time (less than 10ns) intrinsic to SRAM, nonvolatility and long retention time subject to flash as well
as high endurance (1014 ). Most importantly, STT-MRAM is
compatible with CMOS technology as MTJs are typically
grown on the top of a silicon wafer. Several companies are

working on developing STT-MRAM commercially, with first
products already on the market.
The spin-polarized current is only a fraction of the total
charge current passing through the cell, high currents are
required to switch the magnetization direction of the recording layer. The reduction of the current density required for
switching and the increase of the switching speed without
compromising the thermal stability preserved are the most
important challenges in STT-MRAM developments.
Depending on the orientation of the layer magnetizations,
the magnetic elements are divided into perpendicular with outof-plane magnetization and in-plane with the magnetization
lying in the plane of the magnetic layers. The problem of a
relatively high switching current density in in-plane structures
is rooted in the specificity of the switching dynamics, when
the magnetization must turn out of plane, which results in
an additional penalty contribution to the switching barrier.
In in-plane structures the thermal barrier separating the two
stable states is due to the shape anisotropy alone and is
therefore lower than the switching barrier. The solution of
this problem is to resort to perpendicular MTJs. Indeed, in
perpendicular MTJs the switching path is the same as the path
for magnetization reversal due to thermal agitations. Therefore,
the switching barrier is equal to the thermal barrier. However,
the reduction of the Hilbert damping and thus the switching
current density [32] and the increase of thermal stability in
perpendicular structures [33] are substantial challenges for the
known materials and prompt an effortful search for new materials with superior characteristics. In order for STT-MRAM to
become a competitive alternative to DRAM, it is mandatory
to have MTJs with a large thermal stability barrier E over
80 kB T , a small junction size (less than 20nm in diameter),
and a higher than 100% TMR ratio [34]. Many materials for
the recording magnetic layer and the ferromagnetic electrodes
have been explored. It appears that a composite structure [35]
of the recording layer is needed to fulfill the requirements. It is
shown [34] that a carefully designed recording layer containing
a Co/Pt multilayer with a CoFeB/Ta insertion layer provides
MTJs with the desired characteristics.
Another solution to the switching time and current reduction
without sacrificing the thermal stability is to use an in-plane
structure with a composite free layer as recording layer, which
is made of two half-elliptic parts separated by a narrow
gap [36]. The switching becomes not only faster but also more
uniform, without compromising the thermal stability.
It has been discovered recently that a current passing
through a non-magnetic material with high values of the
spin Hall angle may flip the magnetization in a nanomagnet
fabricated on it [37]. Based on this phenomenon, a threeterminal MTJ has been suggested, where the magnetization
of the recording layer is switched by the torque generated by
the spin current appearing due to the Rashba effect and/or the
spin Hall effect from the current passing in a non-magnetic
material. If a VLSI compatible material, Cu doped with 10%
Ir, is used as a channel material, the switching happens at a
current density less than 106 Acm−2 [38], comparable to that
reported in two-terminal MTJs. Magnetization reversal in an

MTJ with perpendicular magnetization due to the spin torques
produced by the current in a non-magnetic material has also
been recently reported [39].
An electric field alters the properties of a ferromagnet, in
particular the magnetization anisotropy, through the modulation of the carrier density. A combination of STT and electric
field mediated switching allows to reverse the magnetization
faster and more reliably [40]. An electric field also helps to
invert the magnetization in a three-terminal MTJ.
Materials with high spin Hall angle or Rashba torques are
required for efficient switching in three-terminal MTJs. Due
to the spin-momentum locking in the conducting states at the
interface resulting in a large spin polarization, when the current
is flowing through the states [41], a relatively new class of
materials, topological insulators, are promising for spintronic
applications. Indeed, a very large spin transfer torque [42] and
magnetization switching by giant spin-orbit torque [43] were
recently reported in a magnetic heterostructure containing a
topological insulator, prompting for a swift appearance of
devices with topological insulators on the market.
IV. STT-MRAM-BASED L OGIC - IN -M EMORY
The realization of MTJ-based non-volatile logic gates has
been successfully demonstrated, for which the MTJ devices
are used simultaneously as non-volatile memory cells and
main computing elements [44], [45]. The logic implementation
using MTJ-based logic gates relies on a conditional switching
behavior provided by state-dependent current modulations on
the output (target) MTJs. This modulations are caused by
the differences in the MTJs’ resistances for different initial
logic states. Asymmetry between the source and target MTJs
channels is addressed by an innovative solution [46] of using
the access transistor as a voltage-controlled resistor. Therefore, implication logic can be intrinsically implemented with
commercial MRAM arrays.
V. C ONCLUSION
Because of the recent ground-breaking experimental and
theoretical findings silicon is now gaining momentum to be
used in electronic applications involving spin. Mechanical
stress routinely applied to enhance the electron mobility can
also be used to boost the spin lifetime. An efficient coupling
between the electrical and the magnetic degrees of freedom
makes STT-MRAM a viable candidate for future universal
memory. Implication logic gates in STT-MRAM arrays opens
the road towards intrinsic logic-in-memory architecture, where
the same elements are employed to store and to process
information. Regardless of an ultimate progress, many challenges are laying ahead. In particular, finding efficient ways
of manipulating spins in silicon by voltages could open new
ways towards low-power high performance computational
architectures.
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