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Spintronic devices are of fundamental interest for their nonvolatility and great potential for low-power

electronic applications. The implementation of those devices usually favors materials with long spin

lifetime and spin diffusion length. Recent spin transport studies in semiconductor nanowires have shown

much longer spin lifetimes and spin diffusion lengths than those reported in bulk/thin films. In this paper,
10 we will review recent progress in the electrical spin injection and transport in semiconductor nanowires
and draw a comparison with that in bulk/thin films. In particular, the challenges and methods of making
high-quality ferromagnetic tunneling and Schottky contacts on semiconductor nanowires as well as thin
films will be discussed. Besides, commonly used methods for characterizing spin transport will be
introduced, and their applicability in nanowire devices will be discussed. Moreover, the effect of spin-
orbit interaction strength and dimensionality on the spin relaxation and hence the spin lifetime will be
investigated. Finally, for further device applications, we will examine several proposals of spinFETs and
provide a perspective of future studies on semiconductor spintronics.

i
o

so lifetime ranges from tens of picoseconds to several nanoseconds,

1. Introduction and the diffusion length is typically hundreds of nanometers (see
Table 1 later).

In the efforts to reduce the power dissipation and variability in Recently, several works on spin injection into semiconductor

20 the continuous scaling of Si technology,” spin-based electronics nanowires revealed a longer spin lifetime and diffusion length

(spintronics) has emerged as an appealing solution, which utilizes

compared with their bulk/thin film counterparts.**® Theoretical
both charge and spin of the electron for information processing.>” ® P P

Since the discovery of the giant magnetoresistance (GMR) effect studies also_sugges_ted that_ the spin relaxation can be 3|gn|f|2gantl_y
in the 1980s,*5 numerous efforts have been devoted to study the suppressed in quasi-one-dimensional (1-D) nanostructures.= This

25 Spin transport in various metals and semiconductors, including raises great interest to study the electrical spin injection and

Cu,® Al Si,*? Ge,'*!! GaAs,'>" and graphene.'*'” Furthermore, transport in nanostructures. Hereby, in this paper, we will review
several variants of spin field-effect transistor (spinFET) have e recent progress in the spin transport studies in semiconductor
been proposed as an attractive candidate to substitute the nanostructures, mainly focusing on Ge/Si nanowires. This review
traditional charge-based Si metal-oxide-semiconductor (MOS) paper is structured as follows: we will first discuss several
= transistor for low-power applications.**" A typical spinFET important issues in the material preparation for spin injection

consists of a semiconductor channel with two ferromagnetic
contacts, whose relative magnetization orientation modulates the haracterizi in t t The literat lts of spi
transistor’s current drivability. The operation of spinFETs usually C ar_ac enzing SP'” _rans_por ) € _' erature resuts (_) s_pln
involves the injection, manipulation and detection of electron  lIfetime and spin diffusion length in several bulk/thin film
to provide unique advantages of low power dissipation and review recent progress of spin injection and transport studies in

studies, followed by introducing commonly used methods for
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increased functionalities because of their nonvolatility nature and semiconductor nanostructures, mainly focusing on nanowires.
additional control of the current from the ferromagnetic state 7 Experimental results for both tunneling and Schottky contact spin
other than the gate electrode. In order to realize most spintronic injection into semiconductor nanowires will be highlighted. In
0 devices, it is essential to achieve efficient spin injection into particular, the issues of fabricating high-quality ferromagnetic

semiconductors and further to effectively manipulate the spin
transport in them. For this purpose, the electrical spin injection
and transport in a broad range of semiconductors have been
extensively studied to find materials with long spin lifetime and

contacts on nanowires considering their unique 1-D geometry
will be discussed. We will also compare the spin lifetime and spin

75 diffusion length values in nanowires with those reported for bulk

a

s diffusion length. >'* In the literature, most pioneer work has been ~ and thin films. Finally, we will recap several proposals of
conducted on bulk and thin film semiconductors, because they are SPinFETs and provide a perspective of future studies on
easy to tune the doping profile and fabricate into devices. Si and semiconductor spintronics.

Ge are of particular interest due to their easy integration into
current CMOS technology in the future. The observed spin
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Fig. 1: Fermi level pinning issue in metal/semiconductor contact. (a)
Schottky barrier heights for various metal/Si and metal/Ge contacts with
different metal work functions. In the case of Ge, the Fermi level is
strongly pinned close to the Ge valence band edge. Reproduced with
permission from Ref. [33]. Copyright 2009, Elsevier. Schematics of the
band diagram of (b) a strongly pinned Ge Schottky contact (Femi level
pinned at the charge-neutrality point) and (c) a pinning-alleviated Ge
contact by insertion of a thin tunneling oxide/nitride. Reproduced with
permission from Ref. [37]. Copyright 2008, AIP Publishing LLC.

2. Electrical spin transport in semiconductor
bulk and thin films
2.1.  Material preparation for electrical spin injection

As discussed above, successful spin injection into semiconductors
is one of the key steps to demonstrate many novel spintronic
devices. However, while the electrical spin injection into ordinary
metals can be readily demonstrated in metallic spin valve
structures,®” the realization of efficient spin injection into
semiconductors is much complicated by several factors: 1) the
large conductivity difference between ordinary ferromagnetic
metals (FM) and semiconductors (SC) would make the spin
injection efficiency negligibly small, which is well known as the
conductivity mismatch problem;?’ 2) the increase in the doping
concentration of the semiconductor channel in order to reduce
such a conductivity difference, however, would decrease the spin
lifetime due to the aggravated spin relaxation from impurity
scatterings;® 3) while the insertion of a tunneling or Schottky
barrier helps alleviate the conductivity mismatch problem,?®° the
preparation of a high-quality tunneling oxide without pinholes or
a defect-free Schottky contact without Fermi-level pinning is not
trivial.>>3! Moreover, the localized states at the FM/SC interface
and the surface roughness could significantly complicate and
jeopardize the spin injection process.* It is also worth noting that
the interface states would induce Fermi level pinning in typical
metal/semiconductor contacts. For example, the Fermi level in
conventional metal/Ge contacts is strongly pinned close to the Ge
valence band edge due to a high density of interface states, as
shown in Fig. 1(a).> Even for Si with a lower density of interface
states, the ideal Schottky-Mott limit is hardly observed.

In order to alleviate the Fermi level pinning in
metal/semiconductor contacts, inserting a thin intervening
insulator is an effective approach to modulate the Schottky
barrier height. As illustrated in Figs. 1(b-c), the thin insulator
layer is considered either to passivate the semiconductor surface
states and/or to reduce the metal-induced gap states by
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Fig. 2: Ferromagnetic contacts with atomically clean interfaces for
electrical spin injection. (a) TEM image of an epitaxial Fe/MgO/Ge
tunnel junction grown by MBE. Reproduced with permission from Ref.
[30]. Copyright 2009, Elsevier. (b) TEM image of an epitaxial Fe;Si/Ge
Schottky junction grown by low-temperature MBE. Reproduced with
permission from Ref. [43]. Copyright 2012, AIP Publishing LLC. (c)
TEM image of a MnsGes/Ge nanowire heterostructure fabricated by RTA
at 450 °C. Reproduced with permission from Ref. [47]. Copyright 2012,
American Chemical Society. All of these structures for electrical spin
injection maintain atomically smooth interfaces to minimize interface
states.

suppressing the wave function tailing of the metal into the band
gap of the semiconductor.®* Experimentally, various insulators,
including GesN,,*® GeO,,*® ALO,* and MgO,*® deposited by
plasma nitridation, sputtering, electron beam evaporation, or
molecular beam epitaxy (MBE), have been studied as the
intervening layer to effectively depin the Fermi level in metal/Ge
contacts. Among those deposition methods, the epitaxial growth
of MgO using MBE is considered as the one of the best options
for Ge because the single-crystalline and atomically smooth MgO
can be grown epitaxially on Ge, in which the MgO thickness and
epitaxial relationship can be precisely controlled (see Fig. 2(a)).*
Moreover, the epitaxial Fe/MgO/Ge tunnel junction possesses a
unique 45 degree rotation between the MgO and Ge lattices to
minimize the lattice mismatch of the two and to enhance the spin
filtering.% Indeed, the first nonlocal electrical spin injection and
transport in Ge was demonstrated using epitaxial Fe/MgO/Ge
tunnel junctions, which will be discussed later.'® Besides to MgO,
native oxides (SiO, and GeO,) and Al,O3 (usually by oxidizing a
thin layer of Al) are also widely used as the tunneling oxide in the
spin injection into Si and Ge. %% 4042

On the other hand, direct deposition of ferromagnetic contacts
with  Schottky barriers have also been attempted on
semiconductors for spin transport studies. Here it is very
important to maintain atomically smooth interface for the FM/SC
Schottky contacts to minimize defects-induced interface states
and Fermi level pinning.®' Recently, MBE epitaxial growth has
been demonstrated to grow single-crystalline silicide contacts on
Ge/Si with atomically smooth interfaces, as shown in Fig. 2(b).*
Besides to the epitaxial growth, although it is possible to form
ferromagnetic  germanide/silicide contacts in a standard
germanidation/silicidation process, it is very difficult to maintain
high-quality interfaces with bulk Ge/Si. For Ge/Si nanowires,
however, the 1-D germanidation/silicidation with rapid thermal
annealing (RTA) has been extensively studied to produce single-
crystalline germanide/silicide contacts with atomically clean
interfaces.?? " For example, Fig. 2(c) shows the transmission
electron microscope (TEM) image of a MnsGes/Ge nanowire
heterostructure fabricated by the solid-state reaction between a
Ge nanowire and Mn metal contacts upon RTA at 450 °C.*" We
will discuss more in the Section 3.3 of Ge/Si nanowires.
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Fig. 3: Nonlocal spin valve and Hanle measurements. (a) Schematic
illustration of nonlocal spin valve measurement in which an in-plane
magnetic field is applied along the easy axis of the ferromagnetic spin
injector and detector. (b) Typical nonlocal spin valve signal measured in
n-Ge at 4 K. The black and red arrows indicate the sweeping direction of
the magnetic field. The blue arrows indicate the relative magnetization
directions of the spin injector and detector. (c) Schematic illustration of
nonlocal Hanle measurement in which an out-of-plane magnetic field is
applied perpendicular to the FM/SC interface. (d) Typical nonlocal Hanle
precession signal measured in n-Ge at 4 K. (b) and (d) are reproduced
with permission from Ref. [10] Copyright 2011 by the American Physical
Society.

2.2.  Electrical characterization of spin transport

Spin injection and transport is usually electrically characterized
by nonlocal spin valve and Hanle precession measurements, from
which the spin lifetime and spin diffusion length can be
extracted.5" %1% Likewise, optical detection of the spin injection
has also been reported in a Si n-i-p spinLED structure with an
Fe/Al,O; ferromagnetic tunneling contact by detecting the
emitted polarized light.® Here we only focus on the electrical
detection in this review paper. In the nonlocal spin valve
measurement as illustrated in Fig. 3(a), a spin-polarized current is
injected from a ferromagnetic contact (spin injector) to create a
spin accumulation in the semiconductor channel, while another
ferromagnetic contact (spin detector), placed outside the charge
current loop, probes the spin-dependent electrochemical potential
of one spin channel (spin up or down) in relation to the reference
contact. As the relative magnetization direction of the spin
injector and the detector switches from parallel state to anti-
parallel state by the in-plane magnetic field, a bipolar nonlocal
voltage Vi, should be sensed, namely Vp > 0 and Vap < 0 in the
ideal case. Fig. 3(b) shows an example of typical nonlocal spin
valve signals measured from Ge.'® In this measurement, the spin
potential (voltage) sense loop is separated from the current loop
to avoid any suspicious artifacts; therefore, nonlocal spin valve
signal is usually considered as a clear evidence for successful
spin injection.

Theoretically, in the tunneling contact spin injection case
where the tunnel barrier resistance is typically much larger than
the channel resistance over a spin diffusion length (Ry =
Asg/05A), the nonlocal spin valve signal can be derived from the
1-D spin drift-diffusion model as:’
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where P; is the spin polarization of the current I;,,; injected from
the spin injector into the semiconductor channel, Af is the spin
diffusion length, o is the semiconductor conductivity, A is the
semiconductor channel cross-sectional area, and L is the spatial
distance between the spin injector and detector. The +(—) sign
denotes the parallel (anti-parallel) magnetization state for the spin
injector and detector. In experiments, there is typically a nonzero
background voltage on the measured Vy,,* and the total change
in the nonlocal spin valve signal is usually measured for further
physical interpretation (such as the extraction of the spin
diffusion length), and it is given by:

@,

Iinj

ARNL = M = P]Zﬂexp (—L) (2),

Iinj gsA lsf
which is a simple exponential decay function of the spatial
distance L with respect to the spin diffusion length A/ (typically
hundreds of nanometers as shown in Table 1 later). It also

s0 suggests that, in order to observe appreciable nonlocal spin valve

signal, the designed distance between the spin injector and
detector in practical devices is required to be at most comparable
with the spin diffusion length, and hence high-resolution e-beam
lithography is usually adopted in the device fabrication.

Unlike the nonlocal spin valve measurement with in-plane
field, in the Hanle effect measurement, an out-of-plane magnetic
field is applied to induce the spin precession about the magnetic
field direction, as shown in Fig. 3(c).” Hanle measurements can
be performed in both three-terminal (3-T, usually referred as
“local”) and four-terminal (4-T, referred to as “nonlocal” or “NL”)
device structure. However, the latter is usually adopted to avoid
any spurious signals and to provide a conclusive evidence for
successful spin injection.* In the 4-T configuration, the spin
injector and the spin detector are spatially separated so that the
spin signal sense loop is separated from the charge current loop
(similar to the nonlocal spin valve device), compared with the 3-
T configuration in which the spin injector and detector are the
same ferromagnetic contact. Theoretically, the precession and
dephasing of the injected spins as a function of the magnetic field
can be described using the 1-D spin drift-diffusion model:’

Vni _ 2D (o1 2 _t
Imj asAfo mexp( 4Dt)cos((uLt)eXp( rs)dt @),

where D is the diffusion constant, z is the spin lifetime, and @ =
gusB,/h is the Larmor frequency (g is the Landég-factor of the
electron, 4z is the Bohr magneton, B, is the out-of-plane magnetic
field, & is the reduced Planck constant). Again, the +(—) sign
denotes the parallel (anti-parallel) magnetization state for the spin
injector and detector. D and 7z can be obtained by numerical
fitting of the Hanle curve, and then the spin diffusion length can
be calculated as Ay = /Dts . Under certain circumstance
(especially for the 3-T device geometry where the dimension of
the ferromagnetic contact is typically much larger than the spin
diffusion length), the Hanle curve can be approximately

represented by a Lorentzian function:
Ve = Vo/[1 + (w,75)?] 4.

Fig. 3(d) shows an example of typical nonlocal Hanle curves

This journal is © The Royal Society of Chemistry [2015]
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Table 1. Typical spin lifetime and spin diffusion length in Ge/Si bulk and thin films

3

1S}

a

SC norp (cm®) FM Barriers Methods T (K) 7t (NS) gt (um) Ref.
i-Si undoped CogsFess Schottky Hot e~ 85 1 N/A [50]
510" Fe AlLO; NL 10 0.9 0.95 [51]
5%10" Fe MgO NL/3-T 8 8.95/8.50 1.72/1.68 [52]
s 310" NigoFeso Sio, 3-T 10 0.32 0.19 [53]
110" NigoFezo Graphene 3T 4 0.14 0.12 [54]
1.8x10" NigoFexo Al,03 3T 300 0.14 0.23 [9]
610" CoFe Schottky 3-T 300/40 1.36/3.02 N/A [55]
p-Si 4.8%10"® NigoFeso AlLO; 3T 300 0.27 0.31 [9]
p-Ge 8.2x10'® Fe MgO 3-T 300 0.013 0.08 [41]
2x10" Fe MgO NL 4 1.08 0.58 [10]
G 2.5%10'® CoFe MgO 3-T 300 0.12 0.683 [11]
n-Ge
10'8-10"° NigoFezo Al,04 3T 10 0.035 N/A [56]
10 Fe Schottky 3-T 50 0.14 0.63 [43]
W . . — —— lifetime and spin diffusion length in both n- and p-type Ge/Si
* Graphene [14-15] under a wide range of conditions, including doping
i o zglagl[z]ﬂ 20 concentrations from intrinsic to degenerate level, temperatures
10" E W n-Ge[10-11,43,56] |3 from liquid helium temperature to room temperature and even up
n-GaAs [12,58] to 500 K, with different ferromagnets and barriers (tunnel oxides
< n-InAs [59] and Schottky barriers). Most experiments are carried out in 3-T
10° v > ”:'S”isfg][ﬁo] g geometry rather than 4-T, mainly because the former one benefits
Tg‘ *\ v E_Ge [41] ] = from its simple device fabrication process with convenient
= | S~ - < | photolithography rather than electron-beam lithography. For bulk
©10t | i *\'\ 3 Si/Ge with crystal inversion symmetry, the spin relaxation is
F e v \‘\\ ] dominated by the Elliott-Yafet mechanism, in which the spin
3 R - relaxation is accompanied by momentum scattering (by phonons
107 v < S~ - 3 w0 and impurities) through the spin-orbit interaction (SOI).> Table 1
i S~ lists selected literature results of spin lifetime and spin diffusion
i > length for Ge/Si bulk and thin films. %t 4% 43 5056 A proader
08— L L L L literature survey of spin lifetime specifically in n-type Si can be
0 100 200 300 400 500 600 700 800 900 i 48
found in Ref. [48].
E., (meV)

Fig. 4: SOI effect on the spin lifetime in semiconductors. Literature-
reported spin lifetimes in various semiconductors as a function of the SOI
strength represented by the spin-orbit splitting energy Eso. The dash line
is a guide to the eye: stronger SOI generally leads to smaller spin lifetime.

measured from Ge.'® Besides, it is worth mentioning that also
inverted Hanle effect measurements are reported as an important
evidence for successful spin injection,®? especially for 3-T device
configuration. Different from the normal Hanle measurement, the
magnetic field in the inverted Hanle measurement is applied in
plane, which effectively suppresses the spin precession and
increases the spin accumulation. Therefore, the measured inverted
Hanle signal looks like a upside-down (so-called “inverted”)

Lorentzian function.®
2.3.  Spin lifetime and spin diffusion length in bulk Ge/Si

In literature, there have been extensive studies on the spin

s Itis noted that there is a considerable discrepancy among the
values obtained by different research groups. This is because the
spin injection process is very sensitive to the FM/SC interface,
including the surface roughness and interface states, which is
closely related to how the FM/SC junction is prepared. Also,

«0 different measurement methods (3-T versus 4-T) could also give
very different results, arising from the surface roughness-induced
magnetostatic fields and the bias effect on the spin transport
process.®* #° In general, Si is found to have a relatively longer
spin lifetime compared with Ge, which is because Si (Eso = 0.044

45 €V) has a much weaker SOI than Ge (Eso = 0.29 eV).

To get a better understanding of the spin lifetime dependence
on the SOI, we plot the measured spin lifetime of Ge/Si as a
function of the SOI strength represented by the spin-orbit
splitting energy (Esp), as shown in Fig. 4. We also included

s selected literature results from both weak SOI (graphene,**® and
GaN®") and strong SOI materials (GaAs,** %8 InAs,*® and InSb%).

This journal is © The Royal Society of Chemistry [2015]
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Table 2. Comparison of spin lifetime and diffusion length in semiconductor nanowires and bulk

SC norp (cm®) FM Barriers Methods T (K) 7t (NS) At (um) Ref.

e NW 3x10" Co Al,05 2-TINL 5 90 6 [25]
bulk 5x10% Fe AlLO; NL 10 0.9 0.95 [51]

Ge NW 9x10'® Fe MgO NL 40 7.2 257 [20]
bulk 2x10"° Fe MgO NL 4 1.08 0.58 [10]

NW 8x10% MnsGes Schottky 2-T 10 0.244 0.48 [19]

PGe ok 8.2>10% Fe MgO 3T 5300 0013 0.08 [41]
o GaN NW 110" CoFe MgO NL 300 0.1 0.26 [23]
bulk 4.2x10Y MnAs AlAs 3T 300 0.044 0.175 [57]

n-InN NW 1.1x10% Co AlLO; NL 4 0.27 0.31 [24]

Elliott has shown that the electron spin relaxation time (spin

lifetime) 74 is related to the elastic scattering time (momentum

relaxation time) t, through the SOI in the case of Elliott-Yafet
s spin relaxation mechanism:®*3

(5).

Te A\2

T_sf = const «< (E)
where A is the atomic SOI constant for a specific energy band, AE
is the energy gap between the considered energy band and the
nearest one that is coupled through the atomic SOI, and the ratio

10 Of 7. /74 IS shown to be temperature independent. Although in
compound materials (like GaAs) lacking crystal inversion
symmetry, the D'yakonov-Perel' spin relaxation mechanism
(mediated by intrinsic internal magnetic fields induced by
inversion asymmetry) becomes important and even dominant,®

1s the general trend in Fig. 4 qualitatively agrees with Eq. (5): the
stronger SOI strength, the stronger spin relaxation, and hence the
smaller spin lifetime. It should be pointed out that SOI is not
generally detrimental for spintronic device applications, because
it also offers an important means for electrical spin manipulation

2 (e.g., gate-controlled spin procession in Datta-Das spin-polarized
FET, as to be discussed in Fig 10(a)).

3. Electrical spin transport in semiconductor
nanostructures
3.1.  Motivation from semiconductor bulk  to
25 nanostructures

To further explore new materials with long spin lifetime and
diffusion length, low-dimensional semiconductor nanostructures
have attracted considerable interest because of their unique
physical properties for carrier and spin transport. For example,
30 Ge/Si quantum well structures produce a high-mobility two-
dimensional electron/hole gas channel, which may promise a long
spin diffusion length. Ge/Si nanowires on the other hand provide
a quasi-1-D channel with significant quantum confinements. In
those low-dimensional Ge/Si nanostructures, the crystal inversion
35 symmetry is not preserved (for example, the inversion symmetry
in Ge/Si heterostructures is broken by the presence of asymmetric

confining potentials). Therefore, the absent D'yakonov-Perel' spin
relaxation mechanism in bulk crystals may become appreciable in
Ge/Si nanostructures. The breaking of inversion symmetry in
quantum wells increases the SOI, which enhances the Rashba
effect for gate modulation of the spin transport but meanwhile
could decrease the spin lifetime. Although tremendous work has
been done in the electrical spin injection into I1I-V based
quantum wells,> 8- little progress has been made yet on the
electrical spin injection into Ge/Si quantum wells. Very recently,
the optical spin injection into Ge/SiGe quantum wells was
evidenced by the photoluminescence, showing a very short spin
lifetime for holes of 0.5 ps.5’

Despite of the short spin lifetime in quantum well structures,
semiconductor nanowires on the other hand could have very long
spin lifetimes, even larger than those in bulk materials. This is
because the phonon scattering is significantly suppressed in
nanowires because of the reduced density of states,®® so that the
momentum relaxation and hence the spin relaxation is effectively
reduced in the Elliott-Yafet mechanism. Also, the 1-D channel
confines the momentum along the wire axis, and all the spin
rotations are limited to a single axis; therefore, the spin dephasing
induced by the randomizing momentum-dependent magnetic field
in the D'yakonov-Perel' spin relaxation mechanism is
minimized.? It has been experimentally observed that the spin
relaxation rate in submicron InGaAs wires is significantly
suppressed for widths up to one order of magnitude larger than
the electron mean free path.®" Although surface roughness
scattering, considering the large surface-to-volume ratio of
nanowires, may contribute to additional spin relaxation,” the
suppressed Elliott-Yafet and D'yakonov-Perel' mechanisms,
along with surface passivation and engineering, could effectively
reduce the overall spin relaxation in nanowires compared with
bulk materials. In fact, it has been experimentally demonstrated
that spin relaxation can be suppressed by quantum confinements
in both Ga,In;,As/InP quantum wires and InAs nanowires, as
evidenced by the crossover from weak antilocalization effect to
weak localization effect as the wire width (diameter) is
reduced.””” Recently, there have been increasing efforts in
75 realizing electrical spin injection into semiconductor nanowires
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Fig. 5: of ferromagnetic tunnel junctions on
semiconductor nanowires. (a) Schematic illustration of the AlO3
deposition on semiconductor nanowires by ALD as the tunneling oxide

s for spin injection. (b) Schematic illustration of the nanowire spin injection
device after the ferromagnetic metal deposition, showing a buckled
morphology on top of the nanowire. Reproduced with permission from
Ref. [25]. Copyright 2013, American Chemical Society. (c) Schematic
illustration of the planarization process using an HSQ lifting layer

10 followed by CHF; plasma etching. (d) Colored SEM image of the
fabricated nanowire spin injection device with smooth ferromagnetic
contacts. Reproduced with permission from Ref. [24]. Copyright 2012,
American Chemical Society. (e) Schematic illustration of the tilted three-
step deposition process to grow Al,Os/Fe/MgO tunnel junctions on Ge

15 nanowires. (f) Cross-sectional TEM image of a Fe/MgO/Ge nanowire
tunnel junction, showing a uniform coverage of 2 nm MgO on the Ge
nanowire surface. Reproduced with permission from ECS Trans., 64, 613
(2014). Copyright 2014, The Electrochemical Society.

using both ferromagnetic tunneling and Schottky contacts. The

20 observed spin lifetimes and diffusion lengths in nanowires,
including Ge,**?! Si,** 2 GaN,® and InN,?* are indeed much
larger than those reported in their bulk counterparts. Table 2
summarizes the results from literature for comparison, and the
experimental details will be reviewed as follows.

55 3.2, Tunneling contact spin injection into semiconductor

nanowires

Experimentally, the cylindrical geometry of nanowires has been a
major challenge in depositing high-quality tunnel oxides or
Schottky contacts on nanowire surface for spin injection. Firstly,

3 there is no well-defined lattice plane on the curved nanowire
surface; therefore, the favorable epitaxial growth of tunnel oxide
(i.e., [110]Fe(001) // [100]MgO(001) // [110]Ge(001) in the
Fe/MgO/Ge epitaxial tunnel junction®®) can hardly be utilized in
nanowire devices. Secondly, the high surface-to-volume ratio of

35 nanowires yields a large surface area with a high density of
interface states, as usually evidenced by the large gate hysteresis
in nanowire transistors.*® Such a high density of interface states
would lead to strong Fermi-level pinning in ferromagnetic metal
contacts, which could jeopardize the spin injection process.

0 In the efforts of fabricating high-quality ferromagnetic
tunneling contacts to semiconductor nanowires, several
approaches have been employed, as illustrated in Fig. 5. Firstly,
atomic-layer deposition (ALD) was used to grow conformal
AlL)O;3 tunnel oxide on Si nanowires as shown in Fig. 5(a);®

45 however, the nucleation of ALD is very sensitive to the initial
surface condition and the ALD films may be discontinuous with
pinholes in the ultrathin film regime.”” Besides, the metal
electrode, which is usually deposited by directional electron beam
evaporation, is buckled on top of the nanowire as schematically

so illustrated in Fig. 5(b). Such contact morphology would prevent
abrupt switchings of the magnetization,”> especially for
nanowires with large diameters (which essentially require thick
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Fig. 6: Ferromagnetic Fe/MgO tunnel junctions on Ge nanowires.

55 Temperature-dependent |-V curves of a series of Fe/MgO/Ge nanowire

devices with nominal MgO thickness of (a) 1.0 nm, (b) 1.5 nm, (c) 2.0 nm,
and (d) 3.0 nm, respectively. For MgO thickness of 1.0 nm and 1.5 nm,
the I-V curves are linear, implying pinholes may exist in the ultrathin
MgO films on the Ge nanowire surface. However, as the MgO thickness

60 reaches 2.0 nm and 3.0 nm, the I-V curves become nonlinear, suggesting

65

apparent tunneling behaviors for slightly thicker MgO. The inset of (d)
shows the RA product extracted from the temperature-dependent I-V
curves at a bias voltage of 0.4 V for the MgO thickness of 3.0 nm. The
weak temperature dependence affirms the tunneling nature for the
Fe/MgO/Ge nanowire junction. Reproduced with permission from ECS
Trans., 64, 613 (2014). Copyright 2014, The Electrochemical Society.

metal electrodes). To solve this issue, Heedt et al proposed a
planarization procedure using a hydrogen silsesquioxane (HSQ)
lifting layer to reduce the metal electrode thickness and hence

70 make smooth ferromagnetic contacts to cylindrical nanowires,**

75

80

85

90

95

as shown in Figs. 5(c-d). This process is useful for nanowires
with facets and large diameters; however, it is susceptible to the
nonuniformity of the nanowire diameters and also process
variations (such as the HSQ thickness and etching depth).
Alternatively, a tilted three-step deposition process has been used
to grow high-quality Fe/MgO tunnel junctions on Ge nanowires
inside an MBE chamber, as illustrated in Fig. 5(e). Firstly 0.5¢-
thick MgO was deposited under +5 degree tilting and then 0.5z-
thick MgO deposition under -5 degree tilting (¢ is the nominal
total thickness of the MgO tunnel oxide). Finally 120 nm-thick Fe
was deposited with normal incidence (0 degree tilting) followed
by 10 nm-thick AL,O; capping to prevent Fe oxidation. The
purpose of this tilted deposition process is to promote a good
coverage of MgO on the nanowire surface and hence minimize
undesirable short circuit between the Fe electrode and Ge
nanowire. Indeed, cross-sectional TEM image of the grown
Fe/MgO/Ge nanowire tunnel junction revealed a relatively
uniform coverage of MgO on the Ge nanowire surface, as shown
in Fig. 5(f).

To obtain an electrically functional tunnel junction on n-Ge
nanowires for spin injection, the tunnel oxide MgO thickness was
fine tuned. Fig. 6 shows the temperature-dependent I-V
characteristics of Fe/MgO/Ge nanowire devices with nominal
MgO thickness from 1 nm to 3 nm.** We can see that for MgO
nominal thickness of 1.0 nm and 1.5 nm, the /-V curves were
linear from 300 K to 10 K, implying that there might be
pinpholes or leakage paths in the ultrathin MgO oxide layer.
However, as the MgO nominal thickness is increased to 2.0 nm
and 3.0 nm, the current decreased dramatically, and more

w0 importantly the I-V curves became nonlinear, suggesting apparent
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tunneling behaviors for slightly thicker MgO. It should be pointed 35 a clear evidence for successful spin injection. Similar to spin

out that the critical MgO thickness in Ge nanowire devices (about
2 nm) to achieve tunneling behavior is larger than the value in
thin film devices (about 0.5-1 nm).'™ * This is because the Ge
15 thin film has a much flatter surface morphology that allows for a
smooth coverage of MgO on the Ge surface during the deposition
process. Nevertheless, the weak temperature dependence of the
resistance-area (RA) product shown in the inset of Fig. 6(d)

affirms the tunneling nature of the Fe/MgO/Ge nanowire junction.

Similarly, the three measurement techniques for bulk/thin
films discussed previously can also be used to study the spin
transport in semiconductor nanowires: 3-T Hanle, nonlocal (4-T)
Hanle, and nonlocal spin valve measurements. In practice,
however, considering the small diameter of nanowires, the
25 contact area in nanowire spin injection devices is typically much
smaller than that of bulk devices, and hence the 3-T Hanle signal
would be too small to detect. Also, the spin precession in an
ideally 1-D channel is expected to be confined to the nanowire
axis, which could make the nonlocal Hanle signal difficult to be
30 observed. In fact, to the best of our knowledge, the only report of
nonlocal Hanle signal was in GaN nanowires with FeCo/MgO
tunnel contacts.”’ Meanwhile, nonlocal spin valve signals have
been observed in several other semiconductor nanowires,
including Ge,”**' Si,?® and InN,?* which are usually considered as

3

@

injection in bulk, the nonlocal spin valve measurement setup is
shown in Fig. 7(a) for spin injection into p-Ge nanowires with
MBE-grown Fe/MgO tunnel junctions, and Fig. 7(b) shows the
nonlocal spin valve signal in n-type Ge nanowires at 7' = 40 K.
Using Eq. (2), the spin diffusion length can be extracted as A5 =
2.57 pm in the n-Ge nanowire, and the spin lifetime can be
further calculated to be 7sf = 7.2 ns. Both values are larger than
those reported in bulk n-Ge (45 = 0.58 pm and 74 = 1.08 ns)
with a similar doping level (Np =~ 10" cm™).'® Similarly, Figs.
7(c-e) depict the literature-reported nonlocal spin valve
measurements for Ge,?! Si,”> and InN nanowires,”* respectively.
For comparison, the change of the observed nonlocal spin valve
signal, namely the nonlocal resistance ARy, in nanowire devices
is much larger than the values observed in the bulk devices (one
exception is the InN nanowire, possibly due to a rather small
contact resistance and Py, or a relatively large o;), as summarized
in Fig. 7(f). This is mainly because that the channel cross-
sectional area in nanowire devices is much smaller, which would
give rise to a larger nonlocal spin valve signal according to Eq.
(2). Besides, longer spin diffusion length in nanowires compared
with bulk materials would enhance the nonlocal spin valve signal
as well. Admittedly, there may be small variations in o; and P;

This journal is © The Royal Society of Chemistry [2015]
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Fig. 8: Fabrication of ferromagnetic Schottky contacts in
semiconductor nanowires. (a-b) Schematic illustration of the formation
of Ge/Si nanowire transistors via RTA. The formed single-crystalline
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spintronic applications. (c) High-resolution TEM image of the formed
MnsGes/Ge nanowire heterostructure, showing an atomically smooth
interface and high-quality epitaxial relationship. The insets are the
diffraction patterns for Ge and MnsGejs, respectively. Reproduced with
permission from Ref. [47]. Copyright 2012, American Chemical Society.
(d) Arrhenius plots for three Ge nanowire transistors at a bias voltage of
0.1 V. The extracted Schottky barrier heights for the Ni,Ge, NiGe and
MnsGe; in contact with p-Ge are 0.08 eV, 0.11 eV and 0.25 eV,
respectively. The inset shows the energy band diagram for the
M,Ge,/Ge/M,Ge, nanowire transistor. The change in the Schottky barrier
height with different germanide contacts suggests that Fermi level pinning
is alleviated with these high-quality germanide contacts. © 2012 IEEE.
Reproduced, with permission, from Ref. [78]: 2012 12" IEEE Conference
on Nanotechnology (IEEE-NANO).
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for different materials that can also affect the observed ARy . Fig.
7(f) intends to show a general trend of larger ARy in
semiconductor nanowires, which could be advantageous for spin
signal sensing at a given injection current. A direct comparison of
the spin diffusion length (4y) and spin lifetime (z) between
semiconductor nanowires and bulk is made in Table 2. These
results imply that reduced dimensionality indeed helps suppress
the spin relaxation in semiconductors.

3.3.  Schottky contact spin injection into semiconductor
nanowires
Besides to the above-discussed tunneling barriers on

semiconductor nanowires for spin injection, Schottky barriers are
another approach to circumvent the conductivity mismatch
problem in realizing appreciable spin injection efficiency into
nanowires.”® However, because of the cylindrical geometry of
semiconductor nanowires, the epitaxial growth of high-quality
ferromagnetic Schottky contacts on nanowires is very difficult.
Alternatively, a convenient contact engineering method using
RTA has been established to fabricate high-quality
silicide/germanide Schottky contacts in Si/Ge nanowires with
atomically clean interfaces,”®”” as illustrated in Figs. 8(a-b) (see
recent review articles Ref. [76] and Ref. [77]). This unique 1-D
growth mode has many merits in fabricating high-performance
electronic and spintronic devices. Firstly, the formed

51

5!

S

o

silicide/germanide contacts are typically single-crystalline,> 4+’

and always maintain atomically clean interfaces with the Ge/Si
nanowires (see Figs. 2(c) and 8(c)), even in the presence of a
large lattice mismatch at the interface or a huge strain in the
nanowire heterostructure. Unlike conventional thin film expitaxy,
this unique growth mode in the 1-D regime is able to sustain
substantially large lattice mismatch because of quantum
confinements.*’” Besides, the atomically clean interface helps
alleviate the Fermi level pinning in conventional
metal/semiconductor direct contacts, and hence facilitates the
electron and spin transport. This is evidenced by the change of
Schottky barrier height in Ge nanowires with different germanide
contacts formed by RTA, as shown in Fig. 8(d), which is clearly
different from the scenario in Fig. 1(a) with strong Fermi level

e pinning.”® Moreover, the Si/Ge nanowire channel length can be
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easily scaled down to sub-tens nm by controlling the annealing
time and temperature.”> *”* 7 This approach hence provides a
simple and low-cost method to fabricate nanowire transistors with
a precisely controlled nanoscale channel length using a facile
RTA process.

Recently, the above approach has been used to form single-
crystalline ferromagnetic Schottky contacts in Si/Ge nanowires
with atomically clean interfaces for spin transport studies.'® *>*’
In general, the Curie temperature of ferromagnetic germanides is
much higher than that of ferromagnetic silicides, which offers an
important advantage for Ge-based materials over Si-based
materials for high-temperature spintronic devices. Unfortunately,
standard nonlocal spin valve measurement cannot be performed
in such Ge/Si nanowire heterostructure devices, because the
ferromagnetic germanide/silicide contacts are formed inside
rather than on top of the Ge/Si nanowire channel and hence the
channel is not continuous but isolated into segments by the
ferromagnetic contacts.'””  Alternatively, the formed Ge/Si
nanowire heterostructure can be treated as a vertical spin valve
with a current perpendicular-to-plane configuration.””*" Take the
Mn;sGes/p-Ge/MnsGe; nanowire transistor as an example shown
in Fig. 9(a). In this case, under a finite source-drain bias, spin-
polarized carriers are injected into the Ge nanowire from one
ferromagnetic MnsGe; contact (namely the spin injector) through
a Schottky barrier, and are then scattered as they travel along the
Ge nanowire channel before reaching the other ferromagnetic
Mn;sGe; contact (namely the spin detector). This process is
schematically illustrated in Fig. 9(b). The easy-axis of the
ferromagnetic MnsGes contact is found to be along the nanowire
axis because of the shape anisotropy.®! For the spin injection
measurement, an axial magnetic field was swept back and forth to
change the relative magnetization directions of the spin injector
and detector between parallel and anti-parallel states, representing
low and high resistance states, respectively. Fig. 9(c) shows the
MR curves of three MnsGe;/Ge/MnsGe; nanowire transistors
with different channel lengths (L., = 450, 550, and 700 nm) at 7=
10 K under a dc current bias of Jy, = 10 pA." The negative and
hysteretic MR characteristics indicated successful spin injection
in the Ge nanowire transistor. Likewise, similar MR behavior was
also observed in the MnSi/Si/MnSi nanowire heterostructure, in
which the ferromagnetic Schottky MnSi contacts served as the
spin injector and detector, as shown in Figs. 9(d-e).>> It is noted
that the observed MR characteristics do not resemble typical spin
valve signal with abrupt resistance steps, which correspond to the
magnetization switching of the spin injector and detector
successively.”™ This is likely due to the presence of multiple
domains in the formed ferromagnetic contacts and small
difference in their coercive fields,®' which is limited by the
device structure and the fabrication process itself.
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Fig. 9: Schottky contact spin injection into semiconductor nanowires.
(a) Schematic illustration of a MnsGes/Ge/MnsGes nanowire device with
spin injection measurement setup. (b) Energy band diagram of the p-type
5 MnsGes/Ge/MnsGe; nanowire transistor to schematically illustrate of the
transport process of spin-polarized carriers. (c) MR curves of three
MnsGes/Ge/MnsGe; nanowire transistor with different channel lengths
(Len = 450, 550, and 700 nm) at T = 10 K under a dc current bias of lq. =
10 pA. The black and red arrows indicate the backward and forward
10 sweeping directions of the axial magnetic field, respectively. All the MR
curves are intentionally offset by multiples of 0.1% for clarity. The inset
shows the semi-log plot of the MR magnitude at H, = 30 kOe versus the
channel length, in which the linear fitting (red curve) yields a spin
diffusion length of A¢ = 480+13 nm in the p-Ge nanowire at T = 10 K.
15 Reproduced with permission from Ref. [19]. Copyright 2013, American
Chemical Society. (d) TEM images of the formation of MnSi/Si/MnSi
nanowire heterostructure. (e) The resistance change of the MnSi/p-
Si/MnSi nanowire heterostructure as a function of magnetic field,
showing a hysteretic behavior. The inset shows the device SEM image.
20 Reproduced with permission from Ref. [22]. Copyright 2010, American
Chemical Society.

The spin diffusion length can be extracted from the channel
length-dependent MR signals using the modified Julliere’s model
to take into account the spin relaxation in the nanowire channel:*?

_Len

A
2P, Pye “Sf

_Len
14P,Pye *sf

25 TMR = (6),

where P, and P, are the spin polarizations of the two FM
electrodes, L, is the Ge nanowire channel length, and A is again
the spin diffusion length. Based on this model, the spin diffusion
length in the p-type Ge nanowire at T = 10 K was extracted to be
30 Agf = 480+13 nm, as shown in the inset of Fig. 9(c), and the spin
lifetime was further calculated to be about sy = 244 ps.*
Notably, both values in the p-type Ge nanowire exhibited more
than one order of magnitude enhancement over those reported for
bulk p-type Ge with a similar doping level (N, ~ 8x10™ cm?).
35 Again, this result affirms that the spin relaxation is indeed
suppressed in nanowires compared with semiconductor bulk.

Conclusions and perspective

In sum, tremendous efforts have been devoted to the study of
electrical spin injection and transport in various semiconductors.

40 Earlier work has been mainly focused on bulk semiconductors
and thin films, given that they are easy to tune the doping profile
and fabricate into devices. Semiconductor nanostructures, in
particular nanowires, are usually challenging to fabricate high-
quality ferromagnetic contacts for spin transports studies because

s of their curved geometry. Recent efforts have been made to
demonstrate electrical spin injection in several semiconductor
nanowires (including Si, Ge, GaN, and InN) using both
ferromagnetic tunnel junctions and Schottky contacts. Inspiringly,
the observed spin lifetime and spin diffusion length in
semiconductor nanowires are much higher than those reported in
bulk/thin film counterparts. As a signature for successful spin
injection, the nonlocal spin valve signals in nanowire spin
injection devices are typically orders of magnitudes higher than
those observed in bulk devices. These results suggest that the spin
relaxation is indeed suppressed in semiconductor nanowires, and
it implies the advantage of using low-dimensional semiconductor
nanostructures in making practical spintronic devices with long
spin lifetime and spin diffusion length.

In the future, more and more research efforts are expected to
devote to the realization of spin injection into different
semiconductor nanowires (as well as nanoribbons). By playing
with different parameters in nanowire spin injection devices, it
would be of fundamental interest and significance to investigate
the diameter effect (size-induced quantum confinements), the
doping effect (impurity-induced spin relaxation) and the surface
effect (interface states and surface roughness scattering) on the
underlying spin transport. Besides, many core/shell nanowires
with a 1-D hole/electron gas, such as Ge/Si and GaAs/AlGaAs
core/shell nanowires,® > could provide another degree of
70 freedom to tune the nanowire structure and hence the spin

transport properties for building practical spintronic devices.

Furthermore, it would be interesting to investigate the effect of

SOI on the spin relaxation and the observed spin lifetime. The

literature review on bulk materials in this paper already indicates

75 a general trend that strong SOI degrades the spin lifetime. On the
other hand, the recently discovered topological insulators with
extremely strong SOI exhibit unique spin-polarized surface states
with inherent spin-momentum locking,*® which provides another
interesting platform to study the spin transport in the presence of
strong SOL

It should be noticed that research of semiconductor spintronics
so far has been mainly focused on studies of the charge-spin
transport and spin dynamics. Through extensive spin transport
measurements, the observed spin diffusion length in many
materials (typically hundreds of nanometers) is already much
larger than the channel length of state-of-the-art MOS transistors.
The advanced microelectronics technology has provided us with
many sophisticated and reliable fabrication techniques. Therefore,
the future of spintronics should involve more efforts in building
practical spintronic devices that can provide nonvolatility, low
energy dissipation, high switching speed, and many other
advantages over conventional Si CMOS devices. In fact, several
prototypes of spinFETs have been proposed as shown in Fig. 10,
and in the meanwhile, theoretical modeling and experimental
os implementations have also been attempted. For example, as
shown in Fig. 10(a), Datta and Das proposed a spin-polarized
FET as an electronic analog to the electro-optic modulator,'’ in
which spin-polarized electrons are injected into a semiconductor
channel from one ferromagnetic contact (spin injector or
polarizer), then the electron spin precession is modulated by the
gate voltage through the Rashba effect,®” and is finally probed by
the other ferromagnetic contact (spin detector or analyzer). Here
the gate-modulated spin procession relies on the strength of SOI
in the channel; therefore, there is a tradeoff between the spin
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through the Rashba effect. Reproduced with permission from Ref. [17].
Copyright 1990, AIP Publishing LLC. (b) Sugahara-Tanaka type spin-
MOSFET with half-metallic source/drain contacts. Reproduced with
permission from Ref. [18]. Copyright 2004, AIP Publishing LLC. (c) all-
spin logic device with input and output nanomagnets (built-in memory)
that communicate through the spin-coherent channel. Reproduced by
10 permission from Macmillan Publishers Ltd: Nature Nanotechnology, 5,
266 (2010), copyright 2010. (d-e) diluted magnetic Ge nanowire-based
nonvolatile transpinor with Fe/MgO tunnel junctions and ferromagnetic
MnsGe; Schottky junctions, respectively. Reproduced with permission
from ECS Trans., 64, 613 (2014). Copyright 2014, The Electrochemical
15 Society.

3

diffusion length and the Rashba effect strength when choosing the
appropriate channel material for the device implementation.
Another variant using single-spin manipulation plus metallic
ferromagnets, proposed by Sugahara and Tanaka,'® is a spin-
20 MOSFET comprised of an ordinary MOSFET with half-metallic
source/drain contacts, in which the gate electrode modulates the
Schottky barrier shape at the source/drain junctions and hence the
current, as shown in Fig. 10(b). Besides, Behin-Aein et al
proposed an interesting all-spin logic device with built-in
s memory that uses spin at every stage of its operation to avoid
repeated spin-to-charge conversion, which could help reduce the
power dissipation.® The device structure is schematically shown
in Fig. 10(c), in which the input and output information are stored
as the magnetization of nanomagnets that communicate through a
30 spin-coherent semiconductor or metal channel. More recently, to
minimize the energy-dissipative charge current flow, a novel
transpinor has been proposed with diluted magnetic
semiconductor (DMS), whose ferromagnetism can be controlled
by an external electric field. Two prototypes are shown in Figs.
35 10(d-e), in which ferromagnetic Fe/MgO tunnel junctions and
Mn;sGe; Schottky contacts are integrated on a Mn,Ge,, DMS
nanowire channel for spin injection and detection, respectively.
Unlike the Datta-Das spin-polarized FET relying on the Rashba
effect to control the spin precession of individual electrons, the
40 proposed transpinor rather manipulates a collection of spins as a
single entity via the carrier-mediated magnetic phase transition
and thus is more energy-efficient and robust.”
Admittedly, each proposed device concept has its own merits
and challenges to be solved. It should be pointed out that one of

ss the key challenges to integrate spintronic devices into CMOS
circuits is to achieve efficient conversion between a spin signal
(magnetization) and a charge signal (current/voltage), and the
concatenability (device fan out). Novel device concepts and
materials may be required to realize spin-based information

so processing while minimizing dissipative charge current flow. In
the implementation of practical spintronic devices, low-
dimensional nanostructures, especially Ge/Si nanowires, could be
a promising material candidate because of their long spin lifetime
and diffusion length as well as their easy integration with

s5 mainstream Si technology.
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