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Abstract: Spin-optoelectronics is an emerging technology in which novel and advanced functionalities
are enabled by the synergetic integration of magnetic, optical and electronic properties onto
semiconductor-based devices. This article reviews the possible implementation and convergence of
spintronics and photonics concepts on group IV semiconductors: the core materials of mainstream
microelectronics. In particular, we describe the rapid pace of progress in the achievement of lasing
action in the notable case of Ge-based heterostructures and devote special attention to the pivotal role
played by optical investigations in advancing the understanding of the rich spin physics of group IV
materials. Finally, we scrutinize recent developments towards the monolithic integration on Si of
a new class of spin-based light emitting devices having prospects for applications in fields such as
cryptography and interconnects.
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1. Introduction

The microelectronics industry is striving for a paradigm shift, called More-than-Moore. This consists
of the exploitation of novel functionalities via advanced designs and technologies, rather than
pursuing progress via the typical scaling-down approach foreseen by the canonical Moore’s law [1].
Spintronics [2] and photonics [3] are two mainstream pathways that are separately explored to extend
and enrich the performances of the existing Si devices, notwithstanding the tremendous potential that
would be enabled by their joint implementation.

The discovery of the giant magnetoresistance [4,5] has spurred so far metal-based spintronics,
which encompasses the ever-evolving field of magneto-electronics for applications in non-volatile data
storage and magnetic field sensing. Efforts are however underway to hybridize conventional spintronic
concepts with logic operation, thus harnessing the favorable properties of ferromagnetic materials with
those of semiconductors [6-9]. The main goal of such an attempt is to encode digital data in the electron
spin, eventually overcoming the limitations of conventional charge-based electronics in terms of power
consumption and processing speed, while preserving the large-scale and cost-effective production
offered by the microelectronics foundries [10]. In this context, group IV materials, like Si and Ge,
are ideal candidates for their future use as solid-state hosts of spin-based information. Besides being
low-cost and readily-available substances that dominate the CMOS market, they possess highly desired
features, such as long spin lifetimes and diffusion lengths [11,12]. Notably, the natural abundance
of their spinless isotopes provides a clean environment, which is beneficial for the persistence of
quantum information coherence [13]. Finally, wafer-scale epitaxy introduces confinement, alloying
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and strain effects as effective degrees of freedom for the simultaneous manipulation of electronic and
spin properties.

Arguably, bandgap engineering has enabled the most impressive achievements in the field
of photonics. The monolithic integration of an optical circuitry onto the Si platform is driven by
the same motivations pursued by the spintronic community, namely the implementation of next
generation energy-efficient information technologies [3]. In this field, the main goal is to shuttle into
optical interconnects a stream of inter- and intra-chip data carried by photons [14,15], but schemes for
carrying out photon-based logic are also under scrutiny [16,17]. Despite Si photonics relies on mature
and commercially available building blocks, such as waveguides, modulators and detectors, its full
exploitation has been jeopardized by the lack of efficient light emitters, which stems from the typical
indirect nature of the bandgap of group IV semiconductors [18]. To address this challenge, during
the last decade, research efforts have been chiefly focused on Ge-based lasers as a viable alternative
to the more cumbersome hybrid integration on Si of direct gap III-V compounds [19]. Ge has been
indeed recognized as an interesting candidate because of its small energy difference, i.e., AE ~140 meV,
between the indirect and direct gap. This guarantees straight access to the direct optical transitions,
yielding in other words high absorption and emission efficiencies. Tensile strain [20] and alloying
with the heavier element Sn [21] have been extensively investigated as a means for minimizing AE
and successfully demonstrated to be key enabling factors for achieving optically [22,23], as well as
electrically stimulated lasing action [24].

Even though several decades ago, the seminal works of Lampel in Si [25] put forward optics as
a viable technique to address the spin physics of group IV materials, little progress had been made until
very recently, when a better understanding and exploitation of light-matter interaction, particularly in
Ge, have led to all-optical investigations of spin-dependent phenomena [26-28]. These research efforts
unfold the possibility to fruitfully couple the angular momentum of photons and the spin angular
momentum of charge carriers even in Si-based architectures [28]. These findings are contributing
to stimulate the emergence of spin-optoelectronics (SOE): a new research frontier at the intersection
between traditionally distant fields, such as magnetism, electronics and photonics [29].

SOE is yet at an infant stage, but its readily available spin-photon interfaces are inherently
capable of modulating the state of light polarization and have a substantial potential to inspire and
drive innovation in a wide range of applications spanning quantum information processing and
reconfigurable optical interconnects. The promise of SOE is well described by prototypical devices
like III-V-based spin lasers [29-31], which have already disclosed superior performances in terms
of threshold reduction [32], increased bandwidth [33] and ultrafast dynamics [34] compared to their
conventional counterparts. Most importantly, spin-polarized light-emitting devices (LED) [35,36] have
already provided fundamental insights, being utilized as compelling proofs of successful spin injection
and transport in Si [37].

This article reviews optical investigations aimed at a deeper understanding of the spin-dependent
properties of group IV semiconductors and discusses engineering approaches to achieve light emission
with a reasonable throughput. Our focus is on the current status of SOE with special emphasis on Ge,
rather than color centers in wide-band gap materials like diamond and SiC, and on the obstacles that
still need to be overcome in the implementation of spin-based light emitters on Si.

2. Light Emitters Based on Group IV Materials

Among all of the approaches used to develop Ge-based light emitters, strain engineering is
a prominent one because it allows the modification of the electronic band structure, lifting degeneracies
at high symmetry points of the reciprocal space and suppressing intervalley scattering. These ideas
have been originally applied to group IV semiconductors to enhance carrier mobility for improving
MOSEFET performances [38—40].

As mentioned before, Ge is characterized by an indirect gap, whose value at low temperatures is
Ep =0.744 eV. The absolute minimum of the conduction band (CB) lies at the four equivalent L-points of
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the Brillouin zone (L-valley). Other relative CB minima are located at the I' (I'-valley) and X (X-valley)
points at 0.898 eV and 0.920 eV above the top of the valence band (VB), respectively [41]. The VB
maximum occurs at the I' point and consists of two degenerate heavy hole (HH) and light hole (LH)
bands (see Figure 1a). Spin-orbit interaction leads to an additional hole band, termed the split-off
(SO) band, at about 0.29 eV below the VB top. A schematic representation of the Ge band structure is
demonstrated in Figure 1a.

Strain can notably modify the electronic structure, as shown in Figure 1b by an eight-band k-p
calculation carried out in the vicinity of the zone center. Theory furthermore predicts that the direct
gap demonstrates a more pronounced strain-induced redshift than the indirect gap, so that for a tensile
strain in the (001) plane of about 2% Ge becomes a direct semiconductor with a bandgap amplitude
close to 0.5 eV [20]. The extension of the spectral range of Si photonics into the mid-infrared (MIR) range
(e.g., 2-5 pum) is highly desired for many applications, such as chemical and biological sensing, medical
diagnostics, environmental monitoring, active imaging and free-space laser communications [42—-44].
It should be noted that the indirect-to-direct crossover has been predicted to occur also in the case
of uniaxial stress, even though this requires strain values as high as ~4% along the (001) and (111)
crystallographic directions [45,46]. Although theoretical studies disclosed the promising role of tensile
strain already some decades ago [20,45,47,48], its experimental implementation received very little
attention and remained beyond reach until very recently. The demonstration of a working Ge laser [22]
tantalized indeed the interest of a soaring number of research groups, sparking a worldwide race for
improving the laser design by pushing the boundaries of the experimentally-attainable strain.
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Figure 1. (a) Electronic band structure of unstrained bulk Ge along the (111) direction; (b) eight-band
k-p calculation of 1.07% tensile strained Ge.

Strain can be conveniently obtained via epitaxial growth of a Ge layer on Si. After cooling from
sufficiently high deposition temperatures, a tensile strain smaller than 0.3% is spontaneously induced
in the epitaxial layer thanks to the difference in the thermal expansion coefficients between Ge and the
thick Si substrate. This amount of strain, albeit very small, is nevertheless useful: various Ge-based
LEDs and photodiodes were successfully fabricated on Si (see for instance [49-53] and a typical layout
in Figure 2a). It is worth noting that the combination of the weak thermal strain and high n-type
doping was indeed the key enabling factor in the first observation of room temperature laser emission
under optical [22] and electrical injection [24].

A 0.25% tensile strain reduces the energy difference between the I'- and L-valleys from 140
to 115 meV. Further compensation can be provided by filling L-valley states via n-type doping,
as proposed by Liu et al. [54]. An impurity concentration of about 7.6 x 10!* cm—3
equalizing I'- and L-valley occupancy. This can mitigate the naturally occurring I'-to-L intervalley

would suffice in

scattering and, owing to the higher transition rate, favor radiative recombination events via the direct
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gap. The beneficial role played by tensile strain and n-type doping in enhancing direct gap emission,
albeit subtle (see [55,56]), has been pointed out by different authors [57-61].

It should be noted, however, that the enhancement of the direct bandgap emission does not
necessarily imply that optical amplification can be achieved. Indeed, the very high density of
extrinsic carriers due to the requested high n-doping level can drastically decrease the net optical
gain. Parasitic carrier loss channels might therefore lead to unacceptably high threshold current
densities (about 10° A/cm?). The optical gain had been first observed in the wavelength range
of 1600~1608 nm near the direct bandgap, and a maximum gain coefficient of about 50 cm~! was
measured at 1605 nm [62]. Such a value is two orders of magnitude lower than the first theoretical
evaluations [47]. The original description of the mechanisms leading to stimulated emission in Ge was
indeed put under severe scrutiny [63], boosting several theoretical works [47,64—66] aimed at accurately
evaluating gain/loss mechanisms in an effort to guide experimental investigations. More recently,
the high threshold current problem was investigated in [67]. According to these findings, n-doping
yields only a modest improvement under the low strain regime, and the threshold current remains in
the hundreds of kA /cm? regime. As a comparison, undoped Ge would possibly require a lower current
density at a biaxial strain level of ~1.3%, i.e., well below the indirect-to-direct crossover. Presently,
there is certain consensus on the fact that heavy doping is not the most efficient way to achieve
a sizeable amplification of the optical field, if current densities have to comply with the specifications
of state-of-the-art microelectronic devices [67].

Many alternatives focused on extending the limit of the attainable strain have thus promptly
emerged. As shown before, strain engineering was chiefly based on heteroepitaxy. However, the tensile
strain required to make Ge a direct bandgap material turns out to be significant. Above all, it imposes
a contrasting requirement on the deposition template, namely a substrate with a lattice constant
sufficiently larger than the one of Ge whilst enabling the possibility of growing the desired layer
thickness without incurring in the unwanted nucleation of dislocations. Such growth defects provide
plastic strain relaxation and competing nonradiative recombination channels [68].

Materials with a lattice constant close to, but somewhat larger than that of Ge, such as InGaAs,
have been investigated [69,70]. A biaxial tensile strain of 2.33%, i.e., above the onset for direct-bandgap
behavior, was reported in a 10 nm-thick Ge film pseudomorphically grown on a graded Ing 4Gag ¢As
substrate [69]. A large increase in the overall photoluminescence (PL) peak intensity relative to an
unstrained Ge sample was demonstrated (greater than 20x) at cryogenic temperatures, with the
transition energy estimated to be around 0.74 eV. However, no definite proof of directness was
provided [70].

A different approach relies on stressors. These consist of a layer of a material, like silicon nitride or
tungsten, overgrown under large compressive strain on a Ge membrane. By doing so, the layer transfers
its load to the underlying Ge film, inducing therein a tensile strain. Depending on the geometry,
different values of the equivalent biaxial strain were reported so far for SiN stressors, such as 0.7% in
micro-stripe structures [71,72]. A strain value of 1.35% has been reported for SiN all-around stressed Ge
nanopillars [73] and 1.5% in Ge microdisks [74]. Very recently, an indirect-to-direct transition has been
observed for this geometry, by applying tensile strain up to 1.75% [75], and the room temperature PL
intensity increased by two orders of magnitude. On the other hand, by depositing 80 nm of tungsten
on a 1.16 pum-thick Ge layer, a biaxial tensile strain up to 1.13% has been obtained [76,77].

Photodiodes [76] and LEDs [77] based on this technology were fabricated, as schematically shown
in Figure 2b. The responsivity and emission spectra could be red-shifted through the deposition
of stressor layers of increasing thickness. The LED forward current was found to increase with
the applied tensile strain, a behavior that was attributed to the expected increased intrinsic carrier
concentration and enhanced carrier mobility caused by the strain-induced bandgap reduction. Yet at
room temperature, the current density remains large, i.e., approximately 250 A/cm? [77]. Another
approach consists of utilizing SiGe directly deposited on Ge. After epitaxial growth, SiGe is patterned
in a ridge-like design via a top-down processing based on electron beam lithography and reactive ion
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etching (Figure 2c). With this technique, the fabrication of free surfaces in the compressed SiGe cap
allows strain relaxation and the transfer of a tensile load to the Ge regions in between two adjacent
SiGe stripes [78]. By doing so, a local uniaxial tensile strain as high as 4% can be obtained [78].
Such a technique is quite versatile, as it offer different designs and orientations of the SiGe pattern,
thus enabling one to tailor the strain from uniaxial to biaxial in a wide range of values [79].

Top Contact

a ) Top Contact b )

Bottom Contact Bottom Contact
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Figure 2. Strain engineering approaches. (a) Typical layout of Ge-based LED and photodiode

monolithically integrated on Si [49-53]; (b) Device obtained on highly strained Ge membranes. Adapted
with permission from [77], Copyright AIP Publishing, 2012; (c) SiGe stripes patterned on a relaxed Ge
layer directly grown on Si substrate. Adapted with permission from [78], Copyright AIP Publishing,
2015; (d) Suspended microbridges obtained from underetching of Ge-on-insulator wafers. Adapted
with permission from [80], Copyright AIP Publishing, 2016. Drawings not to scale.

Uniaxially-strained Ge layers have been also fabricated by taking advantage of the thermal
mismatch between Si and Ge [58]. At variance from the previously-described methods, constricted Ge
suspended microbridges were patterned using electron-beam lithography, as reported in Figure 2d.
Then, dry etching of the Ge layer and a selective wet etch of the material underneath (either Si or
SOI) were performed to release the Ge from the substrate. Since stress is inversely proportional to the
cross-sectional area of a microbridge, the freestanding constricted regions experience a much larger
tensile strain compared to the thermally-strained Ge slab. Uniaxial strain values up to 3.1% were
obtained alongside a concomitant 210 meV shift of the PL peak with respect to bulk material and
a strong increase (25x) of the spectrally-integrated PL intensity [58]. Very recently, this method offered
the possibility to systematically explore the high strain regime, leading to a detailed investigation of
deformation potentials and nonlinearities occurring for Raman modes and the energy gap [80-82].

Finally, Ge can be strained by utilizing external mechanical stress. This approach is attractive for
basic studies, as well as device applications, since it allows the control of the material properties simply
by varying the applied stress. The use of mechanical stress to enable optical gain has been investigated
numerically by Lim et al. in [83]. The geometry considered in that study consists of a cross-shaped
suspended Si platform supporting a Ge disk at its center. In the presence of a vertical force of 330 mN
applied at the platform center, where the Ge active layer resides, a maximum biaxial tensile strain
of about 2.7% is expected. This geometry should therefore be suitable for the development of direct
bandgap LEDs. In addition, a strain-tunable wavelength range of 400 nm opens up the possibility to
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get a tunable light source integrated on Si. The approach based on an external mechanical stress was
experimentally implemented by El Kurdi et al. [84] using a 28 um-thick Ge sheet obtained after chemical
etching of a bulk wafer. However, further benefits are expected from the use of nanomembranes,
which, owning to a reduced layer thickness, can mitigate the possible issues arising at large strain
because of plastic relaxation and concomitant defect formation [85]. This technology is based on the
complete or partial release of a semiconductor layer, with a thickness of a few tens of nm, from its
original substrate via the selective etching of an underlying sacrificial layer. When completely released,
the Ge membrane can be transferred and bonded onto a variety of substrates. Nanomembranes offer
novel opportunities for strain engineering, both through spontaneous elastic strain and through the
external application of mechanical stress. In recent works [42,86,87], biaxial tensile strain sufficiently
large to create a direct bandgap has been realized, but still no unambiguous proof of directness has
been demonstrated.

Alloying provides another research strategy. In this context, germanium-tin (GeSn) has attracted
a great deal of attention [88]. The reason for such an interest can be traced back to the fact that the
incorporation of Sn into the Ge lattice mimics the effects of tensile strain, perturbing the bandgap and
shifting the I'-valley at lower energies. Above all, an indirect-to-direct bandgap transition is expected
to occur at a certain critical Sn molar fraction [20,21].

Experimental investigations of binary GeSn alloys lagged well behind those on strained Ge
because of the fundamental limitations imposed by the very poor Sn solubility in Ge (less than 1%) [89]
and by the inherently large lattice constant of Sn, resulting in a mismatch of about 15% with Ge [88].
The first monocrystalline GeSn epitaxial layers were indeed based on out-of-equilibrium growth
techniques, such as low-temperature molecular beam epitaxy [90-92] and magnetron sputtering [93].
Seminal works relying on the chemical vapor deposition (CVD) growth technique demonstrated the
possibility to obtain samples with excellent structural and optical quality [88,94-96]. Remarkably,
these findings turned out to be crucial because they put forward the use of CVD, which is routinely
utilized for large-scale production in semiconductor foundries. Nevertheless, it was only the very
recent substitution of the original SnDy precursor with SnCly, a stable commercially available liquid
source [97], that has finally opened the door to a full exploitation of the novel and advanced optical
properties of these intriguing materials. The first PL studies focused on Ge-rich alloys in an effort to
explore the indirect-to-direct transition and to clarify the band structure dependence on experimental
parameters, such as Sn molar fraction [98], doping [99], temperature [100] and strain [101,102]. These
research efforts lead to the first observation at cryogenic temperature, i.e., below 90 K, of laser action
under optical pumping in CVD-grown GeSn with Sn content of 12% [23]. Such a milestone settled down
the debate about the realization of a group IV direct bandgap material, although recent findings [103]
have pointed out that the temperature-dependent PL characteristic, as put forward in [23], is not
sufficient to unambiguously unveil the direct nature of the bandgap. New investigations focused on
refinements of the optically-injected GeSn laser; indeed, stimulated emission up to 130 K has been
reported in microdisks [104] and up to 110 K in tailored ridge waveguide structures [105].

The creation of working photodiodes can be regarded as a preparatory step towards the realization
of an electrically-injected device. Prototype nip heterostructures were initially studied using GeSn
active layers directly grown on p-type Si(100) [106]. This device was shown to exhibit enhanced
responsivities, tunable absorption edges and an extended IR coverage beyond that of Ge into the
MIR. A direct-gap electroluminescence (EL) signal was also reported, pointing out the potential of this
class of materials. Improved emission was subsequently obtained by using a Ge-buffer layer, which
introduces a separation between the active device and the Ge/Si interface [107-110]. These devices
were fabricated as pn Ge/GeSn junctions [110] or in a double heterostructure p-i-n geometry [108,111],
directly on Ge or on Ge-buffered Si substrates. The Sn concentrations of the active regions varied from
2%-9%, while the layer thickness was kept below 300 nm, eventually suggesting that the fabrication of
LEDs with a tunable response in the MIR is within reach.
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Recent works comparing different emission efficiencies from GeSn diodes grown on Ge buffers
show evidence of a substantial droop as a function of Sn concentration [112]. This has been ascribed
to the emergence of strain relaxation. One of the major issues with LED designs is the nonradiative
recombination, which is caused by dislocations originated at the interfaces between the thick GeSn
layer and the strain-relaxed Ge buffer. Lattice constant engineering has been thus explored as a viable
path to tackle this problem. In particular, the Ge layers were replaced by Ge-richer GeSn alloys in order
to ensure carrier confinement and to promote light extraction. On the other hand, the Sn imbalance was
kept small enough to prevent massive dislocation injection [113]. These diodes adopt a conventional
design, in which the active region is sandwiched between a buffer and a Ge capping layer.

Even though the strain relaxation issue appears to be manageable in the GeSn system, a potential
additional problem in the direct gap regime is the low thermal stability associated with high Sn
contents. These alloys are likely to be metastable, and at high temperatures, they tend to decompose
via surface segregation and phase precipitation of Sn, compromising device functionality and structural
integrity. Yet, such a serious challenge has not been fully addressed in the literature. It should be noted,
however, that the first p-i-n device with Sn concentration up to 15% was realized [114]. The active
undoped GeSn layer presented an indirect gap owning to the residual compressive strain induced
by the underlying Ge-richer GegySnj; n-doped buffer. In addition, the electronic band alignment
between these two alloy layers turned out to be of type II. Under this condition, electrons and holes
are spatially separated at the opposite sides of the heterojunction, thereby reducing the radiative
recombination events.

An alternative to GeSn is represented by the SiGeSn ternary analogue, which should possess
an enhanced stability due to the increased mixing entropy associated with Si incorporation into the
lattice [115]. Recalling III-V compound semiconductors, SiGeSn is meant to be attractive because
its energy band structure is expected to be designed independently on the lattice constant via
a straightforward control of the molar fractions of the alloy components [96,116]. At a first glance,
the composition of SiGeSn can be adjusted in order to obtain, in principle, a direct gap energy ranging
from 0.2-0.6 eV [116]. To date, SiGeSn alloys have a larger bandgap compared to the binary GeSn alloys.
This makes them suitable as barrier layers in quantum well stacks (Figure 3a) [117] and in a double
heterostructure geometry [118]. Noteworthy, SiGeSn might offer thermally-robust alternatives to GeSn
light sources. A prototype of SiGeSn light-emitting diodes with direct and indirect edges has also been
demonstrated (see the device layout reported in Figure 3b) [119]. This first-generation device showed
diode current-voltage characteristics and absorption edges that in analogy to GeSn alloys red-shift
with increasing Sn content, covering all telecom bands and beyond.

b) Metal Contacts

) Metal
Contacts

p-SiGeSn

i-SiGeSn

Figure 3. GeSn-based LED devices. (a) Profile of a LED based on Ge barriers and GeSn quantum
well (QW) active layers. Adapted with permission from [117]. Copyright The Optical Society, 2016;
(b) Schematic representation of GeSiSn device. Adapted with permission from [119], Copyright AIP
Publishing, 2015. Drawings not to scale.
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3. Spintronics Based on Group IV Materials

3.1. Optical Investigations of the Spin Physics of Group IV Materials

In 1968, Lampel carried out a pioneering work [25] proving that at 77 K, the polarization of nuclear
spins induced in Si, by photogenerating CB electrons via circularly-polarized light, was 8.5-times
larger than the maximum achievable by using the, at that time conventional, Overhauser effect.
A compelling evidence of band-to-band optical pumping of spin-polarized electrons in semiconductors
was indeed provided a year later. In 1969, Parsons [120] successfully measured the low-temperature
spin polarization and spin lifetime of electrons in p-doped GaSb, by leveraging polarization-resolved
PL and the Hanle effect, i.e., the PL circular polarization dependence upon an external magnetic field.

The breakthrough studies of Lampel and Parsons put forward optical orientation, that is the
generation of a non-equilibrium spin population by means of circularly-polarized light absorption,
as a prominent technique to provide direct access to the spin properties of semiconductors.
As elucidated by the important book by Zakharchenya and Meyer [121], optical orientation yielded
a pivotal contribution to gain a deeper understanding of spin-dependent phenomena primarily in
direct gap III-V compounds. Noteworthy, such a technique was not fully applied to group IV materials,
which were wrongly disregarded because of their inherent indirect bandgap and the consequent poor
light absorption and emission efficiencies [122]. Before the late 2000s, only Allensbach and coworkers
studied the spin properties of CB electrons in Ge by means of the photoemission technique via
absorption of circularly-polarized light [123]. In this work, a Cs-coated Ge(001) crystal was utilized
as a proof of principle of an approach to experimentally determine the orbital wave function mixing
caused by the spin-orbit interaction of electronic states possessing a different symmetry.

In spite of the initial challenges imposed on the optical investigations by the subtleties of the
band structure, it was soon recognized that group IV semiconductors might have a unique potential
in the field of spintronics. Indeed, their centrosymmetric crystal structure guarantees intrinsically
long spin lifetimes, as it prevents spin relaxation due to the Dyakonov—-Perel mechanism, which is
otherwise important in the direct gap III-V counterpart [124]. In addition, the natural abundance of
zero-spin nuclear isotopes further reduces hyperfine interactions and lengthens the spin coherence
time [122,124-126]. Such motivations, alongside additional benefits, such as a sizeable spin-orbit
interaction and a feasible monolithic integration in the microelectronics technology, recently led Ge to
gain new momentum within the research community. Above all, Ge turns out to be an interesting SOE
candidate also because of its quasi-direct behavior and its close similarity with the III-V band structure
at the center of the Brillouin zone. This paved the way to the exploitation of optical orientation as
a viable tool to investigate spin-dependent phenomena occurring in Ge. All-optical spin injection in
(111)-oriented bulk Ge was indeed addressed by Loren et al. [26], who were able to demonstrate the
injection of pure spin currents via quantum interference between one and two photon absorption.
In addition, an experimental estimation of the I'-to-L intervalley scattering time was reported, in good
agreement with the value of (230 £ 25) fs previously measured at 295 K via time-resolved transmission
experiments on bulk Ge [127]. Some years later, ultrafast time- and polarization-resolved pump-probe
differential transmission demonstrated the spin relaxation of holes in Ge to be of about 700 fs at room
temperature [128].

In the meantime, Rioux and Sipe carried out the first detailed theoretical investigations of the
optical spin orientation in bulk Ge by using a refined 30-band k-p method [129]. They demonstrated
that the degree of spin polarization (DSP) is 50% (—83.3%) for electrons (holes) at the direct gap energy
threshold (i.e., 0.89 eV), as expected by considering the atomic-like character of the zone center energy
levels. It was also shown that the spectral dependence of the electronic DSP, as summarized in the
left panel of Figure 4 mimics the one of GaAs [130] and decreases at the onset of the absorption from
the SO band. This behavior was shown to be mainly caused by the LH rather than the commonly
argued transitions related to the SO band [129]. Interestingly, at 2.3 eV, the calculations demonstrated
a sizeable DSP, i.e., >20%, whose origin stems from the enhanced joint density of states between
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conduction and the HH band at the E; critical point [129]. The spin polarization of holes was found to
be well above 80% and to sharply decrease when the excitation energy is increased by 50 and 80 meV
above the direct absorption edge. At such photon energies, the coherence between the HH and LH
hole states is lost because their splitting reaches a cut-off value of 30 meV [129].

Magneto-optics experiments proved to be useful to study the spin dynamics of Ge [131-133].
Time-resolved Faraday rotation experiments, carried out at 8 K on a (111)-oriented and undoped Ge
wafer, evidenced two different mechanisms governing the spin precession. A high-frequency and
large-amplitude rotation component was shown to rapidly decay after about 50 ps, while a second
one persisted beyond 200 ps [131]. The former (latter) was ascribed to the Larmor precession of the
hole (electron) spin. The coherence time of the spin ensemble of holes was found to markedly depend
on the external magnetic field and excitation power density, approaching 150 ps in the absence of
a magnetic field and for a density of photo-excited carriers of 1014 cm~3 [131]. Finally, an effective hole
g-factor of 5.5 was derived. The ensemble spin coherence time of electrons was pointed out to exceed
1 ns and to be constant for a wide range of carrier densities and for temperatures up to 60 K [131].
The effective electron g-factor for bulk Ge was inferred to be about 1.83 [131], in reasonable agreement
with available electron spin resonance data and theoretical predictions [134,135].

A novel and sensitive radio-frequency (rf) modulation technique relying on optical orientation [136]
was introduced to detect spins in (100)-oriented n-doped bulk Ge by Guite and Venkataraman [27].
In this work, a magnetic field of few mT was sufficient to observe Hanle depolarization. Such fields are
weaker than the one needed for GaAs, stemming from a longer spin lifetime (Ts). A maximum spin
orientation efficiency of 4.8% was shown for Ge, and a Tg = (4.6 &+ 1.0) ns was derived at 127 K by
assuming an effective g-factor of 1.6. The same experimental technique was then employed to address
the temperature dependence of the spin lifetime, which in the 100-180 K temperature range was
demonstrated to decrease monolithically from 5 ns to 2 ns [137]. Such a result was explained in terms
of the Elliot-Yafet (EY) mechanism and shown to be in good agreement with theoretically-calculated
values of the intrinsic spin relaxation time. Such calculations include electron-phonon scattering and
were obtained by expansion of a spin-dependent k-p Hamiltonian in the vicinity of the L point [138].

The optical orientation process in bulk Ge was systematically investigated by comparing
polarization-resolved PL of the direct gap transition and Monte Carlo calculations over a wide doping
and temperature range [139]. This offered insights into the spin and energy relaxation mechanisms
of the out-of-equilibrium ensemble of spin-polarized electrons. It was shown that two electron
populations with spin pointing in opposite directions can be simultaneously photogenerated nearby
the zone center by infrared excitation at 1.17 eV. Notably, these two spin populations have a different
excess energy in the CB. Temperature and doping conditions were crucial in modifying the carrier
kinetics and in determining the final helicity of the direct gap PL [139]. An example of a complete
reversal of the circular polarization degree for a p-type Ge:Ga wafer at the critical temperature of
about 70 K is shown in Figure 5a. Such findings were explained by pointing out the role of energy
relaxation through the satellite X-valleys [139], largely underestimated in previous literature works.
Polarization-resolved PL measurements of a (001)-oriented, nominally intrinsic, bulk Ge demonstrated
a cross-polarized helicity for the direct and indirect bandgap recombinations, unveiling an intriguing
valley-dependent spin polarization [140]. The latter stems from the rich spin dynamics of electrons
in the multivalley CB of Ge [140]. By gathering access to the indirect gap recombination, this work
provided, in addition, an experimental proof of the spin-dependent selection rules theoretically
predicted for phonon-mediated optical transitions in Ge [141].

Such results point towards a long spin lifetime, namely in the hundreds of ns range in the low
temperature regime, as experimentally confirmed by experimental observations of different research
groups [133,140,142]. Yet, such findings fall well-below theoretical values [138,143], demonstrating the
opening of relaxation channels that limit the observable spin lifetimes in bulk material at cryogenic
temperatures and outweigh the intrinsic EY relaxation mechanism. A recent survey of the existing
literature spin lifetime data is reported in [140].
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The possible origin of these extrinsic processes lies in the subtle role played by impurities.
Song et al. [144] put forward a donor-driven spin relaxation, in which the spin flip of CB electrons is
governed by scattering off the central-cell potential of the impurity. This mechanism can be expected
to be effective at relatively high donor concentrations. A more recent work shed light on an additional
process [145]. By combining spin transport measurements and theoretical modeling, it was shown that
the exchange with donor impurity-bound electrons emerges in semiconductors such as Si in the low
temperature regime, and dictates the spin relaxation of CB electrons by prevailing over the intrinsic EY
process even in high purity samples.

In a recent paper, the dynamics of spin-polarized carriers in Ge was further addressed via
photoluminescence excitation (PLE) spectroscopy [146]. By using a tunable laser source, a PL circular
polarization degree of about 22% was reported for excitation photon energies close to the direct gap of
a high p-doped sample (see Figure 5b). This is in good agreement with the DSP expected in bulk Ge
(Figure 4).

It is worth noticing that in the low doping regime, the fraction of electrons suffering I'-X-T
scattering is expected to be reduced, thus decreasing the average lifetime of electrons recombining
radiatively via the direct gap transitions. This mechanism possibly leads to the breakdown of the
standard assumption of a negligible hole spin polarization and results in a circular polarization degree
of the PL as high as 35% [146]. In [146], a direct observation of resonant electronic Raman scattering
(ERS) was also reported and utilized to reconstruct the VB dispersion.

Besides enhancing the direct gap recombination, as discussed in the previous section, strain
was pointed out also as an effective degree of freedom for tailoring the spin-dependent phenomena.
Indeed, theoretical works predicted the possibility to remove the valley degeneracy, thus suppressing
an important spin relaxation channel due to intervalley scattering, eventually lengthening the spin
lifetime and diffusion length [138,143].

The optical orientation process in compressively-strained Ge epilayers was initially explored
by means of photoemission spectroscopy [147-149]. These studies demonstrate that, owing to the
strain-induced HH-LH splitting, it is possible to enhance the LH-SO orbital mixing along the growth
direction. This improves the DSP up to 62%, i.e., above the 50% bulk limit for an unstrained sample.
A further optimization of compressive strain leads subsequent works to achieve a spin polarization
of 72% in Sip 18Gey g2 / Sip 4Geg ¢ heterojunctions [150,151]. In this case, the vacuum energy level was
notably lowered below the CB edge, thus allowing access to photoemitted electrons resulting from HH
to CB band transitions at the I' point.

The impact of biaxial tensile strain on the spin-dependent direct-gap radiative recombination
was studied by Vitiello et al. utilizing epitaxial Ge-on-5i(001) heterostructures [152]. In this work,
a set of samples characterized by different doping, but the same tensile strain, was addressed,
demonstrating a record-high PL polarization degree of 85% at low temperatures for a not-intentionally
doped sample. First-neighbor tight-binding (TB) calculations including strain-induced effects clarified
that the DSP for CB electrons optically coupled to SO states is 90%, in striking agreement with the
experimentally-reported PL data [152]. This further corroborated the physical picture according to
which, in the low doping regime, the direct gap recombination is dominated by the small fraction of
electrons optically coupled to the SO states, whereas electrons excited from HH and LH VB states
possess a large kinetic energy and are more likely to be scattered out of the zone center.

Epitaxial Ge-based heterostructures open interesting perspectives towards the implementation of
photonics architectures with a tunable emission wavelength. In this context, optical and structural
properties of Ge-based multiple quantum well (MQW) heterostructures have been widely studied
throughout the last decade [153-159]. Nevertheless, it was only during the last few years that their
spin-dependent properties were actually addressed. In this respect, Virgilio and Grosso [160] explored
for the first time the possibility of attaining optical spin orientation in strained-balanced Ge/SiGe
MQWs. The DSP dependence on the photon energy was derived by means of TB calculations,
and an almost full polarization, i.e., 96%, was shown in correspondence of the HH1-cI'l transition
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(see the right panel in Figure 4). This result stems from the removal of the HH-LH VB degeneracy
due to the combined effect of strain and quantum confinement. Notably, as opposed to III-V QWs,
no sign inversion of the electron spin polarization, but rather a DSP minimum, was pointed out
at the LH1-cI'l energy threshold (Figure 4). Such a finding differs, however, from subsequent
experiments, which exploited polarization-resolved HH1-cI'l PL as a function of the well width
and demonstrated a complete reversal of the PL helicity by sweeping the excitation energy throughout
the LH absorption [161].
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Figure 4. Degree of spin polarization (DSP) of conduction electrons optically excited in bulk Ge
(left panel [129]) and in a Ge QW heterostructure (right panel [160]). Adapted with permission
from [129], Copyright the American Physical Society, 2010. Adapted with permission from [160],
Copyright the American Physical Society 2009.

a b
) (RN SARAN REASS RAREE RALLE RARES RALE= )03.1 rrrrrrr T LRARARLLLE IAARRRES~
02f ] o2 ¢y

GJ L 4 L
G,_J L ) [
o 0.1 1 o4}
2 [ ] _

: O o] B

a
c 00 A =5000=] 00
= m]
a

N 01F = 1 -01
L=
8 y - :
o 0.2} u| 1 -02f
a [ ] i

[-O—E_  =1.165¢eV ] A temperature 4 K

_013 oo o o b o oo ol oo oo boa gl i _0.3 Clos e e saa s lesusaanselassoansaalossy i
0 50 100150200250300 0.9 1.0 1.1 1.2
Temperature (K) E,..(eV)

Figure 5. Photoluminescence polarization degree dependences for a p-type bulk Ge wafer upon
temperature (a) [139] and excitation energy (b) [146]. Adapted with permission from [139], Copyright
the American Physical Society, 2013. Adapted with permission from [146], Copyright the American
Physical Society, 2015.
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The first experimental study of the spin lifetime of both optically-pumped holes and electrons
in Ge QWs was, however, carried out in 2012 [28]. In particular, an electron spin lifetime longer than
5 ns was inferred by a direct comparison of the temperature-dependent indirect gap transitions and
k-p simulations of the intrinsic relaxation mechanisms. The polarization analysis of the direct gap
emission was also used to investigate the spin lifetime of holes. It was shown that spin relaxation of
LH takes place on a time scale faster than the electron intervalley scattering time, namely 0.5 ps [162].
The opposite holds for the HH band, who suffers a large depolarization contribution due the parity
conserving scattering events guiding the LH energy relaxation.

Such a ultrafast hole spin dynamics was then confirmed and addressed in detail in Ge/SiGe QWs
by means of a white-light pump-probe method [163]. The unique possibility to lift HH-LH degeneracy
was pointed out to be useful in avoiding mixing of the VB states. A robust DSP of 80% was thus
attained along with a spin relaxation time for HH up to 2.1 ps at 10 K.

A very recent work proposed to avoid doping-induced relaxation of conduction band carriers by
spatially separating itinerant electrons from their parent donor atoms via remote doping in the SiGe
barriers [164]. This has led to the observation of a drastic increase of the low temperature spin relaxation
time of Ge MQWs compared to high purity Ge wafers. In addition, ref. [164] put forward the beneficial
role of confinement in further contributing to the suppression of the impurity-induced spin relaxation
channels and notably provided the first experimental demonstration of the confinement-induced
control over the g-factor of the conduction band electrons in Ge, as theoretically predicted a decade
ago [165]. Owning to spin-orbit coupling, Ge offers indeed a larger g-factor tuning range than Si.
This opens unexplored pathways for future studies of confinement-induced tailoring of the spin
physics in technologically relevant materials, such as group IV semiconductors.

3.2. Electrical Spin Injection in Ge

A spin-based light-emitting device should ideally consist of a semiconducting core where
spin-oriented carriers, injected by means of magnetic polarizing contacts, recombine, radiatively
generating photons with a well-defined angular momentum. Owning to the constraints on the spin
injectors, the amplified or stimulated emission can be extracted from the optically-active medium
through an aperture in the top or bottom contacts (vertical cavity surface emitting laser, i.e., VCSEL)
or through a side facet (slab laser) [166]. Whilst it is not necessary that both types of carriers are
spin-polarized, the more stringent requirement for any practical implementation of circularly-polarized
light sources is the efficient electrical spin injection at room temperature without high external
magnetic fields.

Electrical spin injection in Ge lagged behind the earlier studies on Si [37] and developed around
two classes of contact materials, i.e., diluted magnetic semiconductors (DMS) and ferromagnetic
materials (FM). The studies focused on DMS contacts were primarily concerned with the search for
materials with good thermal and magnetic stability at room temperature and exhibiting a ferromagnetic
behavior that guarantees high polarization of the injected carriers. Many different alloys have been
investigated, namely MnFeGe [167], FeGe [168], FeSi [169] and MnGe [170,171]. For information about
the material characteristics, we recall about [172]. Spin accumulation in Ge using DMS-based Schottky
tunnel contacts was first demonstrated in a Co/FeSi/n-Ge structure [173]. The results evidenced
deviations from the diffusion model, possibly due to inhomogeneous doping distribution. A second
work by Hamaya and coworkers [174] succeeded in observing evidence of spin accumulation in
a similar structure without the Co layer. These investigations highlighted the importance of the
interface and material quality to avoid uncontrolled fluctuations in the interface resistance, which
may affect the magnitude of the spin accumulation in the semiconductor channel. The use of MnGe
later on enabled the observation of large voltages, heralding successful spin accumulation, and the
measurement of a significant figure of merit, such as a spin-resistance-area product (spin-RA) of
~100 Q-pm? up to 200 K [175]. The clear-cut evidence of electrical spin injection using DMS was given
by Kasahara and coworkers in [176]. They measured 12% efficiency of spin injection, which doubled
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the one reported in structures with Fe/MgO contacts at that time, and resulted in a spin diffusion
length (As) of 0.6 um. In the meantime, spin accumulation in n-Ge at room temperature was reported in
a FeSi/n-Ge structure [177]. These recent results demonstrate that DMSs have intriguing prospects for
yielding efficient electrical spin injectors in Ge. However, it is important to notice that, up to now, these
materials have been successfully grown only on top of (111) Ge, due to the lattice match between the
DMS and the semiconductor. Such a requirement might hinder large-scale applicability in commercial
devices that typically rely on the more conventional (001) surface orientation.

A similar limitation does not concern FM contact devices, which to date proved to be the most
successful device architectures for III-V and group IV materials. The study of FM/Ge stacks followed
shortly the demonstrations of spin injection in Si [37,178] and were promptly improved by adding
a thin insulating layer between the FM and the Ge wafer. A similar structure realizes a tunnel contact
for the injected carriers, preventing the Fermi level pinning at the interface [179] and resolving the
conductivity mismatch between the FM and the semiconductor [180]. Several studies were carried out
on the oxides’ efficiencies in magnetic tunnel junctions [181,182] and on the structural and electrical
quality of the oxide deposition on Ge substrates, identifying materials and manufacturing processes
improving the spin-selective tunnel process [183,184]. Among all, MgO has been the most investigated
dielectric for realizing spin injection [185-187].

The first evidence of spin accumulation in Ge was reported by Saito et al. [188], who observed the
Hanle effect up to 100 K in p-type Ge, carrying out measurements by means of a Fe/MgO contact in
three-terminal geometry, and reporting a spin polarization of ~4.4%. Saito and coworkers noticed that
the measured spin signal was much larger than the value predicted from the commonly-used diffusion
model, similarly to the observations reported in Si [189]. Afterwards, several spin accumulation results
appeared in the literature in disagreement with the diffusion theory [190-192]. A part of these findings
was explained by the presence of localized states at the oxide/Ge interface [190]. The other results
stimulated improvements in the theoretical description of FM/insulator/non-magnetic junctions and
were recently described by Song et al. in [193]. Yet, the debate about the actual mechanisms leading to
spin injection is still on-going [194].

Measurements performed using a three-terminal device pointed out spin accumulation also in
n-type Ge in a Co/Py/Al,O3/Ge structure up to 220 K [190]. Importantly, in this work, the authors
identified a source of spin relaxation in the random fields arising from interface roughness, thus
highlighting the crucial role of oxide/Ge interface quality in electrical spin injection. A following
study, confirming this effect, reported an additional and competing depolarization mechanism due
to magnetic stray fields localized at the interface, due to the proximity of the FM contact [195]. Quite
quickly, the use of FM tunnel contacts in three-terminal geometry allowed researchers to observe spin
accumulation signals up to room temperature [196-198].

Dedicated investigations [199-201] contributed to casting doubts about the accuracy of the
demonstration of spin accumulation, as provided by three-terminal device geometries (Figure 6a)
and suggested the alternative exploitation of four terminal non-local devices (Figure 6b). The latter
is less prone to the interface issues associated with the use of the same contact for injection and
detection of spins induced in the non-magnetic material. In the meantime, important steps were
made towards the observation of spin transport through the conduction states in the semiconductor.
This was achieved for the first time at low temperature by spin valve measurements [202], then at room
temperature by enhanced three-terminal measurements [203-205]. Record high transport distance
and spin lifetime (about 1 ps) were obtained at T = 30 K by Li et al. [142] in the ballistic regime.
Nevertheless, recent results highlighted that hot electrons might also be affected by additional spin
relaxation processes [206]. Finally, the literature reports are suggesting that the resonance under
microwave radiation can offer an effective method for the adiabatic pumping of spins in nonmagnetic
semiconductors, such as Si and Ge, placed in direct contact with a ferromagnetic layer [12,204,207,208].

Besides the use of FM contacts for electrical spin injection, the same spin filtering properties
allowed Rinaldi and coworkers to demonstrate a spin-photodiode device [209] operating at room
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temperature. This result constitutes an important step towards the realization of a Fe/MgO/Ge-
based spin-LED.

The efforts in the field of electrical spin injection in Ge led to the recent investigation of a room
temperature spin-LED [210] relying on a Fe/GeO; contact. This device provides the first direct
evidence of electrical spin injection by means of the polarized emission in Ge. Although the use of
a 4 T magnetic field is needed in this device, this result points out that Ge is following shortly the
achievements on Si [178] and can provide a new route in the spin-optoelectronics field. The realization
of the Ge-based spin-LED can also be interpreted as a first step towards a more efficient spin-VCSEL
structure, obtained to date solely in III-V compounds [166].

a) O ——@ b) \

Metal Contacts
Ge

B Oxide

B Ferromagnet

Figure 6. Schematic representations of (a) three-terminal and (b) four-terminal Ge-based devices used
in electrical spin injection experiments. (c) Possible layout of a prototype of a Ge-based spin-LED .
Drawings not to scale.

4. Conclusions

We reviewed the development of Ge-based light sources heralding spin-dependent properties.
Such systems have the potential to introduce novel heteroepitaxial architectures, which are expected
to enrich conventional microelectronic devices with photonics and spintronics benefits in terms
of power consumption and processing speed. We discussed engineering approaches to tailor the
optical properties of Ge in an effort to enhance radiative recombination and deliver direct bandgap
materials suitable for the on-chip development of high-performance lasers. The future progress of
spin-polarized light sources based on group IV materials will likely rely on spin injection utilizing
ferromagnet/tunnel barrier/semiconductor structures, for which additional studies are mandatory to
move from lab prototypes to the device market.

We discussed progress in the injection of spins in Ge by optical means and underlined the
importance of this approach in gathering a deeper understanding of spin physics and relaxation
mechanisms. Investigations based on the optical orientation process pointed out a rich spin dynamics
and the compelling role of the multivalley nature of the CB of Ge in governing it. In this respect,
optical investigations of spin-dependent phenomena in novel Sn-based alloys are yet untapped and
might disclose puzzling phenomena, as the topological insulator characteristics of a-tin [211] seems
to suggest.
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While the research field reviewed here is still at an early stage, various efforts are ongoing, and the
available reports have already shown the effectiveness of group IV semiconductors for implementing
advanced spin-optoelectronic functionalities.
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