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I. INTRODUCTION

Traditional semiconductor devices rely on the manipulation of charge to store and transmit in-
formation. However, increasing power consumption and heat generation are becoming significant
concerns in the semiconductor industry, limiting the operating speeds of semiconductor chips. Ad-
ditionally, further miniaturization of these chips faces considerable challenges. Consequently, there
is a pressing need to find better alternatives that can either complement or replace the existing
technology. Spintronics offers a novel approach by incorporating the electron’s spin, alongside its
charge, into device functionality. This paradigm shift provides several advantages over traditional
charge-based semiconductor devices, including increased data storage density, non-volatility, lower
power consumption, and higher operational speeds.

In some semiconductors like GaAs, spin-orbit coupling causes the valence band to split into two
subbands: an upper subband (j = 3/2) and a lower subband (j = 1/2). The upper valence subband
is further divided into a light hole subband (|m;| = 1/2) and a heavy hole subband (|m;| = 3/2), as
illustrated in Fig. 1a. In 1968, Lampel [1| demonstrated the possibility of creating a non-equilibrium
spin distribution of electrons in Si by illuminating it with circularly polarized light. When the
photon energy, E, lies within the range £, < F < E, + A, where E, is the bandgap and A is the
splitting between the upper and lower valence subband, transitions from the heavy hole and light
hole subbands to the conduction band can be induced. These transitions are governed by optical
transition selection rules based on the helicity of the circularly polarized light, a process known as
optical spin orientation. However, this process is inefficient in an indirect bandgap semiconductor
like Si due to the spin relaxation time being much shorter than the carrier recombination time [2].
Consequently, research efforts shifted towards direct bandgap semiconductors such as GaAs, which
are more favorable to efficient optical spin orientation.

The fundamental concept of a spin transistor was introduced by Datta and Das [3]|. By consid-
ering the zero-field spin splitting and spin precession occurring in a two-dimensional electron gas
(2DEG) due to the dominant Rashba term in the Hamiltonian that arises from the perpendicular
electric field at the heterojunction interface, they proposed a device analogous to the electro-optic
light modulator. This device employs magnetic contacts to preferentially inject and detect spin ori-
entation in narrow-gap semiconductors such as InGaAs (Fig. 1b). Building upon their pioneering
work, several spin-based devices, including spin light-emitting diodes (LED) [4], all-spin logic [5],
and spin-based field programmable gate arrays [6] have been proposed.

This review provides an overview of the significant advancements and persistent challenges in
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FIG. 1: (a) Valence band-splitting in a direct bandgap semiconductor due to spin-orbit coupling (b) Concept of a spin-
transistor.

the electrical injection, manipulation, and detection of spins in semiconductors.

II. ELECTRICAL SPIN INJECTION

A. Fundamental problem: conductivity mismatch

A major factor affecting efficient electrical spin injection from a ferromagnetic material to a
semiconductor is the conductivity mismatch between the two materials [7]. Assuming we are in
the linear response regime where the conductivity of the system remains the same throughout the
experiment and all excitation energies are less than kg7, the electrochemical potential is different

for spin-down and spin-up electrons. Ohm’s law for both spin channels is given as [8]
i
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where o™+ represents the conductivities for the spin-up and spin-down channels respectively, j™+ are
the current densities for the respective spin directions, and e is the electron charge. In spin-polarized
transport, the total current density must be continuous at the interface i.e. V(5T + j+) = 0. The
interaction between the two spin channels can be described by the following diffusion equation [8]:
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where 75 is the spin-flip time, ,uT(,ui) is the electrochemical potential for spin-up (spin-down) chan-
nel, and D is the weighted diffusion constant. To solve equation 2, the boundary conditions are
based on the assumptions that ;' is continuous at any interface and ! and pt are equal at +00. In
a ferromagnet, u' and pt are different. Any current passing through the ferromagnet /semiconductor
interface causes a splitting of the electrochemical potentials (spin accumulation) for the two spin
directions. This spin accumulation decays away from the interface over a distance characterized by
the spin-flip length A = /D7, |9] as shown in Fig. 2a. The FM/SC device can be modeled using
a two-current resistor model assuming that the length scales being probed are comparable to the
spin-flip length. This is crucial because additional spin flips within the device diminish the usable
spin polarization [8].

In the parallel circuit (Fig. 2b), the resistances for the different spin channels in the FM are

given by [9]
2R
ot — ot
where Ry, is the total resistance of the FM and § = Py is the bulk spin polarization in the
ol +o

FM. Also, in the spin-unpolarized semiconductor, the resistance of each spin channel is 2R.. The

current spin polarization, « is given by [9]
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Restricting the analysis to the spin flip length scale, Ry, and R,. can be replaced by 2;—"‘ and ﬁ—:z

respectively. Hence, « is given by [9]:
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It is clear that the current spin polarization is proportional to the bulk spin polarization in the FM

Osc

=< is very small hence this conductivity mismatch gives rise to a
fm

and the ratio ;’J%:n In principle,

negligible current spin polarization and consequently inefficient spin injection.
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FIG. 2: (a) Splitting of the electrochemical potential at the FM/SC interface as current flows. Inset shows the FM/SC
device [9] (b) Two-current resistor model for the FM/SC device [9] (c) Schematic illustration of an FM /insulator(T)/SC
tunnel junction [10] (d) Two-current resistor model for the FM/T/SC device [9].

B. Possible solutions to the conductivity mismatch

1. Spin-polarized injectors

The use of ferromagnetic semiconductors has been explored as a promising approach to over-
come the conductivity mismatch between metals and semiconductors. Fiederling et al. [4] demon-
strated the effectiveness of Be,Mn,Zn;_,_,Se as a spin aligner, achieving a 90% spin injection
efficiency by injecting spin-polarized electrons into a GaAs/AlGaAs LED. Ohno and co-workers
[11] used a GayMn;_,As ferromagnetic p-type semiconductor and the n-type GaAs substrate to
inject spin-polarized holes and unpolarized electrons under forward bias into (In,Ga)As quantum
well (QW) respectively. Despite these significant achievements, the Curie temperature of magnetic
semiconductors remains below room temperature, thus limiting their integration into conventional
technologies.

Half-metallic materials are considered ideal spin injectors because of their exceptionally high spin
polarization and Curie temperatures that exceed room temperature. In a half-metal, the Fermi level
is uniquely positioned to exhibit metallic behavior for one spin orientation, where it intersects a

partially filled electronic band, allowing for conduction. For the opposite spin orientation, the Fermi



level lies within a band gap, resulting in insulating or semiconducting behavior with no available
electronic states. This unique electronic structure results in fully spin-polarized carriers at the Fermi
level [12]. Heusler alloys, particularly CosYZ (Y= Fe or Mn, Z= Si, Ge, Ga, Al) compounds have
been reported to show half-metallic properties in the fully ordered L2; phase [13, 14]. Despite the
theoretically predicted 100% spin polarization in half-metallic Heusler alloys, experimental results
have demonstrated significantly lower values. This reduced spin polarization has been attributed
to factors such as atomic disorder, the in-diffusion of magnetic impurities into the semiconductor
due to the high temperatures used during the growth process, and interfacial reactions [15-17|. In
2005, successful electrical spin injection from CooMnGe into an Aly1GaggAs/GaAs heterostructure
was demonstrated at 2 K, achieving ~ 27% spin polarization [18]|. Subsequently, Ramsteiner et al.
[16] reported a spin injection efficiency of at least 50% at 20 K using CogFeSi as a spin injector
in a GaAs spin-LED. Furthermore, at 5K, Damsgaard and co-workers [19] measured a 6.4% spin

polarization with an epitaxial CooMnGa spin injector deposited on GaAs (001).

2. Tunnel barriers

To circumvent the conductance mismatch, Rashba [20] showed that a spin-selective tunnel con-
tact in the FM /SC interface decreases the conductivity mismatch thereby increasing spin injection
efficiency. The spin injection results in an imbalance of polarized electrons in the semiconduc-
tors which can be described by a spin splitting Ay = ! — pt of the electrochemical potential as
shown in Fig. 2c. An ideal tunnel barrier must exhibit uniform thickness to ensure consistent
tunneling probability, minimal defects to prevent scattering and maintain spin coherence, and a
low resistance-area product to reduce power consumption and allow efficient operation at lower
voltages [21]. Additionally, it should be highly compatible with both the ferromagnetic material
and the semiconductor to form stable, high-quality interfaces that preserve spin polarization and
prevent the formation of interfacial states or Schottky barriers, ensuring efficient spin transfer and
retention across the interface. Taniyama et. al [9] have shown that the current spin polarization in

this FM/T/SC device can be obtained as
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where ¥4, are the tunnel contact conductances for the different spin channels. Since the contact

yh -
resistance 7. >> 1y, Tse, equation 6 reduces to a ST This implies that the electrical
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FIG. 3: (a) Spin injection mechanism through an FezO4 layer, both above and below Ty, (b) Spin polarization as a function
of temperature across Ty [9].

properties of the tunnel contact dominate the current spin polarization. For instance, the spin
polarization of electrons injected into GaAs quantum well has been shown to be dominated by the
properties of the FesOy tunnel contact used [22]. Fe3Oy is a ferrimagnetic metal above the Verwey
transition temperature (7y/) and a ferrimagnetic insulator below Ty. Hence, the conductivity
mismatch is drastically reduced below Ty, increasing the spin polarization (33% at 10K) and
injection efficiency as shown in Fig. 3b. As a magnetic insulator, it selectively transmits electrons
based on their spin orientation, due to its spin-dependent electronic band structure. Electrons with
spins aligned with the magnetic moment of the insulator face a lower energy barrier and can tunnel
through more easily, while those with the opposite spin orientation encounter a higher barrier and
are less likely to tunnel (Fig. 3a). This results in a highly spin-polarized current emerging from
the insulator, as it effectively filters out electrons of the non-preferred spin type. This spin filtering
effect can increase the spin injection efficiency into semiconductors.

The Schottky barrier, which forms spontaneously at a FM /SC interface, presents an ideal option
for a tunnel barrier. However, for spin-dependent tunneling to occur, the barrier must be reverse-
biased. When the device is forward-biased, with a positive voltage applied to the metal relative to
the n-type semiconductor (Fig. 4a), the Fermi level of the metal (Ey,,) drops below that of the
semiconductor (Ey,). This lowers the barrier height across the semiconductor, allowing electrons to
flow from the semiconductor into the metal. In the reverse-biased case, a negative voltage is applied
to the metal relative to the n-type semiconductor (Fig. 4b). This causes Ef,, to rise above Ej,,
increasing the barrier height (¢¢p). As a result, the barrier becomes more resistive, impeding the
flow of electrons from the metal to the semiconductor. In this configuration, the Schottky barrier

acts as an effective tunnel barrier. Notably, Hanbicki et al. [23] reported spin injection from a
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FIG. 4: Energy band diagram of a metal-semiconductor (SC) device under (a) forward bias (b) reverse bias

reverse-biased Fe/AlGaAs Schottky contact into a GaAs quantum well, achieving a 32% net spin
polarization at 4.5 K. Recently, a spin injection efficiency of 21% has been achieved in heavily doped
n-GaN using the Schottky barrier [24].

Oxide barriers can also address the conductance mismatch issue. The thickness of this barrier
significantly influences the spin accumulation in the semiconductor. If the barrier is too thick,
the tunneling probability of spin-polarized electrons decreases, thereby reducing spin accumulation.
Conversely, if the barrier is too thin, the formation of pinholes occurs, leading to reduced spin
accumulation and lower spin injection efficiency. Room-temperature electrical spin injection in
both n-type and p-type Si using NigoFeag/Al2O3 contacts were first reported by Dash et al. [25]. In
heavily doped n-Si, a 142 ps spin lifetime and a spin diffusion length of 230 nm were recorded. Also,
in doped p-type Si, a 270 ps spin lifetime and a 310 nm hole spin diffusion length were observed.
Other oxide barriers such as MgO [26-28], SiO4 [29], GaO, [30] have been used as tunnel barriers
to inject spins into semiconductors.

Van der Waal materials are also excellent candidates as tunneling barriers. Monolayer graphene
has been used as a tunnel barrier to inject and detect spins in Si at room temperature. The
resistance-area (RA) products obtained are three orders of magnitude lower compared to those
achieved with oxide barriers on silicon substrates at equivalent doping levels [21]. Recently, Lin et
al. [31] demonstrated efficient spin injection in n-GaN using an h-BN tunneling barrier at room
temperature. By adopting a three-terminal device with Fe, Co, and CoFeB as spin injectors, they
showed that CoFeB was a better spin injector compared to the others with a spin relaxation time

of 51ps and spin diffusion length of 182nm, which is significantly better than previously reported



results with an AlyOs tunneling barrier [32]. CoFeB was further investigated in a non-local spin
valve configuration using both bilayer and monolayer h-BN as tunneling barriers. The study revealed
that the spin polarization with bilayer h-BN tunneling barrier was higher compared to that with
a monolayer h-BN. This enhancement is attributed to the smoother interface and higher tunneling
potential barrier with bilayer h-BN, which effectively mitigates the conductivity mismatch between
CoFeB and GaN.

In addition to electrical methods of spin injection, the thermal approach has also been explored.
In 2011, Breton et al. [33] demonstrated that spin accumulation can be induced in silicon through
Seebeck spin tunneling. In their experiment, Si was heated by applying a constant current through
Cr/Au contacts positioned at opposite ends of the sample, creating a temperature gradient (A7)
between Si and the ferromagnetic electrode. This gradient drives electrons with either majority or
minority spins from the NiggFegg electrode into Si through a SiO2/AlsO3 tunnel barrier, with the
induced spin accumulation changing sign when the temperature gradient is reversed. The Hanle
effect which describes the depolarization of electron spins due to their precession in a magnetic field
can be used to obtain parameters such as spin lifetime and spin accumulation. Hanle measurements
(Fig. 5a) revealed that the thermally induced spin accumulation in Si is 0.87 meV. Notably, the
Hanle curves were identical for both directions of the current density (J), indicating that the
sign and magnitude of the induced spin accumulation remain consistent regardless of the current

direction (Fig. 5b).
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FIG. 5: (a) Device layout (b) Thermal spin signal as a function of the perpendicular magnetic field, B, for opposite heating
current directions [33].
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IIT. SPIN MANIPULATION AND DETECTION

The spin orientation of injected spin-polarized electrons in the semiconductor may eventually
become randomized due to various spin relaxation mechanisms. These include the D’yakonov-
Perel mechanism, arising from the spin-splitting of the conduction band due to material inversion
asymmetry, leading to the precession of electron spins in random directions [34]; the Elliot-Yafet
mechanism arising from spin-orbit coupling during electron scattering processes, where each scat-
tering event can flip the electron’s spin [35]; the Bir-Aronov-Pikus mechanism, resulting from the
exchange interaction between electrons and holes, causing spin relaxation through recombination
process [36]; and hyperfine relaxation, resulting from the interaction between electron spins and

nuclear spins, leading to spin dephasing [37].

A. Optical detection

The optical approach to spin detection quantifies the spin polarization of electrons in semiconduc-

tors. In this method, spin-polarized electrons in the conduction band recombine with unpolarized
1nt —nt
2nt +nt
where n'(nt) are the number of spin-up (spin-down) electrons recombining with holes. According to

holes in the valence band, emitting photons with an optical circular polarization, v =

optical transition selection rules, assuming the spin quantization axis of the carriers is in the same
direction as the emitted photon [8], a spin-up electron can only recombine with either a hole of spin
-1/2 or +3/2 as shown in Fig. 6a. Conversely, a spin-down electron can only recombine with either
a hole of spin +1/2 or -3/2. This is because the emitted photon carries a spin +1, which must be
conserved in the recombination process. The spin polarization Ps of the injected electrons is closely
related to the circular polarization P, of the emitted photon by the relation Ps = 2P.. The spin
polarization measured using this method is considered a lower bound because various relaxation
mechanisms may have caused partial depolarization of the spins before recombination occurs. Suc-
cessful room temperature spin injection from Fe into GaAs with ~2% spin injection efficiency has
been demonstrated through the observation of circular polarization in the electroluminescence of a
GaAs/(In, Ga)As LED [38]. Despite silicon being an indirect bandgap semiconductor, successful
spin injection from Fe through an AlyO3 tunnel barrier into Si (Fig. 6b) was first optically detected
by Jonker et al. [39] in 2007. The Fe magnetization was mirrored by the circular polarization of the
electroluminescence (Fig. 6¢), confirming that the source of the injected spin-polarized electrons

was the Fe contact. A 30% spin polarization was estimated at 5K.
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FIG. 6: (a) Polarized light emission governed by optical transition selection rules [9] (b) Schematics of a spin-LED (c) Cir-
cular light polarization as a function of magnetic field [39].

B. Electrical detection

Spin accumulation can also be detected electrically because the total tunnel current I = IT 4 I
depends on the spin accumulation, Ay as follows [10]:

=GV - PG <A2“> (7)

where Pg is the tunnel spin polarization and G is the total conductance. By rewriting equation 7:

V = Ryl + (PQG) A (®)
where Ry, = 1/G.

The two major device configurations for spin injection and detection include the three-terminal
(3T) and non-local (NL) geometries. In the three-terminal (3T) configuration (Fig. 7a), spin
polarization in the semiconductor is generated and detected using a single ferromagnetic contact.
Hence, the spin accumulation measured is directly beneath the ferromagnetic contact where it is
largest [10]. When a magnetic field B is applied at an angle 8, the spins precess about the magnetic
field. This spin precession causes a decay in Ay. As the magnetic field is increased, the precession
frequency w = gupB/h also increases resulting in further decay in the spin accumulation (Fig.
8a). Assuming the Ry, is sufficiently large leading to a negligible contribution to Ay from the

ferromagnetic injector, the spin accumulation is given by [10]:
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where Ap(0) is the spin accumulation when B = 0, and 75 is the spin lifetime.
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FIG. 7: Electrical injection and detection in the (a) three-terminal (3T) and (b) non-local (NL) geometry [10].
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Experimentally, a fixed bias current is applied and the voltage change is measured via a lock-

in amplifier when the magnetic field is applied perpendicular to the spins. The voltage change
Pa
2
B and fitting the Lorentzian in equation 9 when 6 = 90°, the spin lifetime 75 can be obtained.

can be obtained from equation 8 as AVyanie = Apu(0). By plotting AViane as a function of
Furthermore, the spin diffusion length can be calculated based on the relation Ay = \/ (D7), where
D = kpTu/q is the diffusion constant, T is the absolute temperature, p is the carrier mobility, kp

is the Boltzmann constant, and ¢ is the charge of electrons.
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FIG. 8: (a) Schematic of the Hanle effect [10] (b) Hanle curves obtained from a n-Si/AlsO3/NiggFe20/Co tunnel junction at
300 K. Image on the right shows the Hanle curves at various temperatures [25].

The presence of ferromagnetic contacts can introduce spurious signals into the true spin transport
signals, caused by local magnetic stray fields, magnetoresistive effects, and alterations in the carrier

transport parameters of the semiconductor [10]. To address this, Patel et al. [40] demonstrated that

13



the interface sensitivity of spin-polarized tunneling could be exploited by introducing a nanolayer
of a low-work function nonmagnetic material, such as Yb, between the tunnel barrier and the
ferromagnetic electrode. By employing this approach, the spin polarization of the tunnel current
is suppressed without generating any Schottky barrier, thereby eliminating the true spin signals
while retaining any artifacts. This control experiment can effectively determine whether the Hanle
signal originates from spin accumulation induced by the injection of spin-polarized tunnel current.
In a 3T device comprising of a NiggFegyp/AlaO3 tunnel contact on n-Si, Dash et. al [25] reported a
large spin accumulation of 1.2 meV and a spin lifetime of 142 ps. Furthermore, by introducing a
2nm layer of Yb between NiggFeoy and AlsOg, the Hanle signal is completely suppressed as shown
in Fig. 8b.

In the four-terminal NL geometry (Fig. 7b), a lateral device configuration is used where a
spin-polarized current is injected from a ferromagnetic electrode into the semiconductor. The spin
current diffuses through the semiconductor without an accompanying charge current, creating a
region of spin accumulation. A second ferromagnetic electrode, positioned at a distance from the
injection point, detects this spin accumulation by measuring a voltage signal (AV};) induced by the

spin-dependent electrochemical potential. The non-local magnetoresistance is expresssed as [24]:

A-Rnl =

AV, P2pA, I
L2 P exp( ) (10)

I A As
where p is the resistivity of the semiconductor, A is the cross sectional area, A4 is the spin diffu-
sion length, L is the distance between the spin injector and detector, and P is the spin-injection
polarization.

Figure 9 illustrates a non-local lateral spin valve setup with five epitaxial Fe Schottky-tunnel-
barrier contacts, each with dimensions of 10 pm x 50 um, patterned on lightly n-doped GaAs. The
central contacts are spaced 12 ym apart, while the two end contacts are set 160 ym from the central
trio. Through contact 3, spin-polarized electrons are fed into the GaAs channel and move towards
contact 1, while the voltage difference (AV') is measured non-locally between contacts 4 and 5. To
conduct the spin valve measurement, the magnetic field is varied along the magnetic easy axis while
monitoring voltage changes within the field range where the magnetizations of contacts 3 and 4
are aligned antiparallel [41]. The data obtained indicate that the spin polarization of GaAs at 50
K is 2%. Additionally, Hanle measurements were conducted with the magnetizations of contacts 3
and 4 in both parallel and antiparallel configurations (Fig. 9c), revealing a measured spin diffusion

length of 6 um at 50K.
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FIG. 9: (a) Schematic diagram of the non-local lateral spin valve consisting of five Fe electrodes on n-GaAs. (b) Non-local
voltage (AV) as a function of By, swept in both directions at a current I1 3 =1.0 mA at 50 K with the background cor-
rected. Inset shows the direction of the in-plane magnetic field. (c) Non-local voltage versus B, at the same bias conditions
and temperature. The inset shows the dirrection of the perpendicular magnetic field [41].

IV. RECENT DEVELOPMENTS AND CONCLUSION

Chiral-induced spin selectivity (CISS) has recently been explored as a method for generating
spin-polarized currents without the need for external magnetic fields or ferromagnetic materials.
CISS leverages the intrinsic chirality and spin-orbit coupling of certain materials to selectively filter
electron spins, generating spin-polarized currents. This property has been explored in chiral metal-
halide perovskite (c-MHP) semiconductors. In 2021, Kim et al. [42] used c-MHP semiconductors to
demonstrate a spin-LED emitting polarized light with 2.6% degree of circular polarization (DOCP)
at room temperature. Hautzinger et al. [43] recently demonstrated room-temperature spin injection
into (Al,Gaj_y)o5In05P, a standard III-V semiconductor using chiral semiconductors based on
halide perovskites. The measured spin lifetime 73 &~ 100 ps. By analyzing the emitted circularly
polarized light, the DOCP was estimated to be 15 + 4%. This high spin-injection efficiency can be
attributed to the direct semiconductor/semiconductor interface, which heralds a new generation of
semiconductor-based spin injectors for various spin functionalities.

In this review, we have examined the key advancements and ongoing challenges in the injec-
tion, manipulation, and detection of spin polarization in semiconductors. Although considerable

progress has been achieved in both theoretical and experimental fronts, semiconductor spintronics
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still encounters significant obstacles that need to be overcome to fully harness its potential. Future

efforts should prioritize the development of improved spin injectors with low work function and

high spin polarization at room temperature, the exploration of semiconducting 2D materials, and

the creation of more efficient detection methods.
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