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The optical generation of an out-of-equilibrium spin population is a keystone process for quantum technolo-
gies and spintronics alike. Although this is an established technique for studying direct band-gap semiconductors,
it has been proven limited in materials that possess weak oscillator strengths for the optical transitions. We
address the problem by presenting an all-optical analog of the spin-pumping method. By applying this concept
to a Ge-on-Si heterostructure, we observe luminescence from Si with a polarization degree as high as 9%. The
progressive etching of the absorbing layer, assisted by magneto-optic experiments, allows us to ascertain that
the polarized emission is determined by effective spin injection aided by the carrier lifetime shortening due to
extended defects. These findings can facilitate the use of highly promising spin-dependent phenomena of Si,
whose optical exploitation has been hampered by fundamental limitations due to its peculiar electronic structure.
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The ability to inject and detect spins in solid-state systems
is of prime scientific and technological interest. Light-matter
interaction in the presence of spin-orbit coupling has been
shown to be one of the most effective strategies to achieve this
purpose [1]. In semiconductors, the absorption of circularly
polarized light transfers angular momentum to charge carriers,
generating an out-of-equilibrium spin ensemble: a process
commonly referred to as optical spin orientation [2,3]. The
spontaneous evolution of the system toward thermal equilib-
rium can then occur through radiative recombination events.
Due to the time reversal symmetry of the selection rules,
spin-dependent optical transitions yield emission of circularly
polarized light, making photoluminescence (PL) a convenient
experimental tool for fast and contactless detection of the spin
properties [2,3].

This all-optical injection-detection scheme was originally
applied to direct gap semiconductors, such as GaSb [4] or
GaAs [2], and lately contributed to gather a deeper under-
standing of the spin physics of emerging systems such as
two-dimensional materials [5,6] and perovskites [7,8]. De-
spite all these advances, optical spin investigation continues
to be highly ineffective for a large class of materials, namely,
indirect gap semiconductors. The latter are jeopardized by the
weak phonon-mediated transitions that make spin-dependent
absorption and recombination inherently inefficient processes.
The specific magnitude of the oscillator strength for these
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dipole-allowed transitions indeed results in (1) a weak spin-
injection rate, washing out almost completely the average
electron spin along the light propagation direction, and (2) a
lengthening of the lifetime of the electrons in the fundamental
indirect valleys to such an extent that spin relaxation occurs on
a timescale faster than the recombination process, yielding, in
other words, unpolarized PL.

The most prominent example in this context is Si, where
experimental evidence for circularly polarized emission has
long been awaited [9,10]. In this material, phonon-assisted
transitions hinder resonant excitation at the indirect gap
(~1.1eV), while the complete spin relaxation also makes the
excitation through the remote direct gap (~3.4eV) impracti-
cal [11]. Various methods using highly polarizing magnetic
fields [12,13], electro-optical hybrids [14,15], or purely elec-
trical/thermal means [16—19] have been pursued as attempts
to cope with the unfeasible, although more direct, measure-
ment of the weak luminescence polarization. A recent work
sets indeed the fundamental detection limit for the degree of
polarization under convenient continuous-wave excitation to
unpractical vanishing values of ~10~* [20], demonstrating
that in Si the all-optical approach still remains a severe issue.
Such a finding is in stark contrast with the fact that Si enabled
the first experimental demonstration of optical spin injection
in the solid state [1], and that the theoretical framework for
such a process is now well understood [10,21,22].

In this work, we propose an alternative approach that cir-
cumvents the limitations of using optics to study indirect
gap materials, and we illustrate it with Si as a prototypical
semiconductor. Specifically, we mimic the technique of spin
pumping [23,24] by introducing the optical analog depicted
in the schematics of Fig. 1. Spin pumping relies on radio-
frequency-induced magnetization dynamics to drive a spin
current (Jg) across a semiconductor/ferromagnet interface

Published by the American Physical Society
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FIG. 1. Schematics of the optical spin-pumping effect. (a) Ge
acts as a spin injector under optical excitation with circularly po-
larized light (o, shown in red). Si functions as a spin sink and emits
polarized luminescence (shown in black). The electron spin current
Js flows from Ge to Si because of diffusion gradient and thanks
to the favorable band alignment. (b) Photoluminescence spectrum
of the Ge/Si heterostructure measured at 7 = 4 K under excita-
tion with a 1.165 eV laser, showing that the dominant peak is due
to direct gap emission from the Ge epilayer. The inset shows a
magnification at higher resolution in the spectral region of the Si
band gap, highlighting from low to high energy: (1) low-intensity
processes like the overtone Raman scattering or the recombination
involving multiple emission of zone-center phonons and intervalley
scattering (below ~1.09 eV), (2) the free-exciton (FE) recombination
involving transverse-optical (TO) phonons (at 1.097 eV), and (3) the
one-phonon Raman mode (~1.1 eV), respectively.

[25]. Here, instead, we apply optical orientation to excite a
macroscopic magnetic moment and initiate spin dynamics in a
light-absorbing medium. The latter replaces the ferromagnetic
injector with a semiconducting film, which in our case is ad-
jacent to Si and whose direct gap transitions must be suitably
accessible. Inspired by a materials-by-design approach, our
choice for the spin generator naturally falls on Ge. In addition
to solving practical manufacturing constraints related to the
epitaxy on Si and enabling integration in electronic and pho-
tonic devices, Ge offers highly polarized direct gap excitation
[22,26-28] and a convenient band alignment at the interface
with Si [29,30]. The band lineup spontaneously results in
diffusion and transfer of spin-polarized electrons toward Si,
even in the complete absence of an external electrical bias and
without any impedance mismatch issue. This seemingly guar-
antees straightforward accumulation of a thermalized spin
population directly in the Si sink, favoring radiative recom-
bination events. Such profitable mechanisms, together with
a shortening of the electron lifetime at the heterojunction,

boast almost five orders of magnitude improvement of the
circular polarization degree with an exceptional value as high
as 9% [20]. The observation of the optical Hanle effect and
a numerical model of the carrier photogeneration and dif-
fusion process further corroborate such distinct result. The
proposed approach can widen the access to intriguing spin-
related properties of Si, whose optical exploitation has so
far been narrowed due to the fundamental indirect nature of
its electronic structure [31,32]. More generally, these find-
ings have the potential to open innovative research directions
in achieving spin injection and detection in spintronics and
quantum technologies, harnessing materials that are techno-
logically relevant and at the core of modern manufacture of
electronic and photonic circuits.

1. MATERIALS AND METHODS

A. Sample structure

The Ge/Si heterostructure was grown on a Si wafer using a
reduced-pressure chemical vapor deposition reactor. Starting
with a 100 mm (001)Si substrate, a unintentionally doped
1.3 um thick layer of Ge was grown using a dual-step process.
An initial low-temperature (400 °C) growth of a Ge seed layer
was followed by a higher-temperature (625 °C) overgrowth of
a thick relaxed Ge buffer layer. Cyclic annealing at 800 °C
was performed, yielding Ge under a residual tensile strain.
For the Ge film, we estimated a p-type background doping
of 2 x 10" cm™3, whereas the Si substrate is n type with a
phosphorus donor concentration of 2 x 10> cm—3. We selec-
tively etched the Ge film using a 0.1 M H,0,; solution with
a 10 nm/min etching rate [33]. After each etching step, we
monitored the thickness of the Ge film with a Veeco Dektak 8
profilometer.

B. Theoretical investigation

The electronic structure has been calculated by means of
first neighbor tight-binding Hamiltonian, with sp3d>s* or-
bitals in both spin configurations. Strain has been included
in the model to provide a more realistic description of the
heterosystem, even though its relatively small value has neg-
ligible impact on the overall spin and charge dynamics. Since
the presence of a type-II band discontinuity is accompanied
by electrostatic effects due electron-hole charge displace-
ment, the Hartree interaction potential has been taken into
account in a self-consistent iterative scheme. A modified
Scharfetter-Gummel discretization approach has been adopted
to implement the Fermi-Dirac statistics [34,35]. Materials
parameters are taken from the literature and are listed in the
Supplemental Material [36]. We also included both direct and
indirect optical absorption of the materials and the related
pump depletion effects, and considered n- and p-type doping
for Si and Ge, respectively. Pump reflection at the Si/Ge
interface has been also implemented in the calculation.

C. Optical investigation and statistical analysis

PL measurements were carried out in a closed-circuit
variable-temperature cryostat. The samples were excited by a
circularly polarized Nd:YVO, laser at 1.165 eV. The power
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density of the optical pump was on the order of kW /cm?.
The PL intensity was measured using a spectrometer equipped
with an (In, Ga)As array detector. The polarization state of
the PL. was determined using a homemade polarimeter con-
sisting of an optical retarder followed by a linear polarizer.
Details about the determination of the polarization param-
eters associated with the PL polarization can be found in
Refs. [28,37]. We computed the error bars of the polarization
as standard deviations of different measurements to account
for sample-to-sample variations related to possible unwanted
control of the wet etching conditions. Statistical analysis and
data presentation are based on the calculation of mean and
standard deviations. Sample size for each statistical analysis
is summarized in the Supplemental Material [36].

II. EXCESS CARRIER DYNAMICS
IN GE/SI HETEROSTRUCTURE

Figure 1(b) shows a PL spectrum of a heterostructure com-
posed of a Ge film epitaxially grown on a (001)Si wafer (see
Sec. I for details). The measurement is carried out at a lattice
temperature of 4 K using a Nd:YVOy, laser at 1.165 eV to
leverage the absorption through the direct gap of the epi-
layer. The spectrum is dominated by a peak at ~0.84¢eV,
pertaining to the interband transitions in Ge occurring at the
center of the Brillouin zone, i.e., the Ge direct gap [28,38].
Interestingly, in the energy range above the Ge band edge, at
about ~1.1eV, an additional weaker signal can be resolved.
A high-resolution measurement demonstrates the presence of
various components. The most prominent one consists of a
relatively brighter peak at 1.101 eV. Its energy separation from
the laser line and its temperature-dependent behavior (see Sec.
1 of the Supplemental Material [36]) are consistent with the
well-known one-phonon Raman spectrum of Si due to the
zone-center longitudinal optical (LO) phonons. The surface-
enhanced Raman scattering (SERS) origin can be ruled out
since the observed feature matches the conventional first-order
Si Raman mode and is measured in a planar epitaxial Ge/Si
heterostructures rather than in a SERS-active interface. Yet,
the magnified spectrum in Fig. 1(b) shows a set of minor bands
observed at slightly lower energy, which are the superposition
of second-order phonon Raman scattering [39,40] and low-
intensity radiative recombinations [41].

Notably, the intense one-phonon Raman mode is super-
imposed to a weaker structure that appears as a redshifted
shoulder at 1.097 eV. Such energy value is a strong indica-
tion that the likely source for this feeble component is the
recombination of free excitons (FEs) that develop, also in
this case, from the Si substrate [42,43]. Such FE emission is
nevertheless spectrally resolved from the first-order Si Raman
line in our high-resolution spectra, being separated by about
3 meV from the Raman peak, i.e., by more than three times the
Raman full width at half maximum (~1 meV). This ensures
that the FE polarization can be analyzed independently of the
Raman scattering contribution. Interestingly, the FE spectral
line originates from a radiative recombination mediated by
transverse-optical (TO) phonons, which is known to dominate
the low-temperature PL spectrum of lightly doped unstrained
Si [42,43]. The corresponding replica assisted by LO phonons
is relatively weaker and blueshifted, hence potentially

concealed by the one-phonon Raman peak. The formation
of electron-hole droplets associated with the characteristic
broad lower-energy emission has not been observed under our
excitation conditions, pointing toward a low-injection regime
[43]. The electronic nature of the FE peak is further confirmed
by the observation of a Varshni-like temperature-induced be-
havior (see Sec. 1 of the Supplemental Material [36]). These
experimental evidences strongly indicate that the PL emission
from the buried Si substrate occurs alongside the direct pho-
toexcitation of carriers in the overlying Ge film.

To explore the possibility of achieving spin-polarized op-
tical recombination from Si, we begin by modeling the band
structure around the I" point of (001)Ge, considering a 0.2%
biaxial strain caused by epitaxial growth at high temperatures
[44—46]. The electronic spectrum shown in Fig. 2(a) has been
calculated by means of first neighbor tight-binding Hamilto-
nian [47]. A tensile strain field is known to be induced upon
cooling the Ge/Si heterostructure to cryogenic temperatures,
due to the mismatch between the lattice thermal expansion co-
efficients of Si and Ge. This results in a splitting of the degen-
eracy of the light-hole (LH) and heavy-hole (HH) levels at the
I'" point and in a reduction of the amplitude of the direct gap.

At the chosen pump energy, the vertical transition in-
volving the split-off (SO) bands is active, as schematically
depicted by the red arrow in Fig. 2(a). Those photoexcited
electrons feature very small excess energy with respect to the
conduction band edge, I'.. By virtue of the optical selection
rules, a normally incident o " circularly polarized excitation is
expected to result for these SO-coupled electrons in a net spin
polarization pointing along the quantization axis [Fig. 2(b)].
The latter is defined by the light propagation direction and
corresponds with the growth direction, z. Due to energy
conservation, electrons originating from the SO band, hence
sitting close to the bottom of the I, valley, are expected to pro-
vide a negligible contribution to the Si FE shown in Fig. 1(b).
Rather, they primarily concur to the Ge recombination either
through the directgap transitions or through L-valley indirect
emission. The latter occurs upon intervalley scattering.

It is worth noting that the optical pump also excites conduc-
tion electrons from HH and LH bands [see arrows C and B in
Fig. 2(a)]. As shown in Fig. 2(b), this electron population has
the largest excess energy within the I, ensemble and, at the
same time, sustains a spin polarization (P;) as high as ~0.3.
This value originates from the modest energy separation be-
tween the two valence bands and from the mixing of the total
angular momentum J, induced by the finite value of the wave
vector k. We therefore argue that such spin-polarized high-
energy electrons can play a crucial role in the spin-pumping
process.

To demonstrate that their intertwined spin and energy re-
laxation dynamics can eventually yield circularly polarized
light also from the Si region, we show in Fig. 2(c) the valence
(HH, LH, SO) and conduction (L, I';, A) flat-band alignments
between cubic Si and tensile-strained Ge, calculated following
Refs. [48,49]. After photoexcitation in a neighbor of I'. of
Ge, high-energy electrons can subsequently diffuse toward the
heterojunction, while experiencing phonon-induced interval-
ley scattering toward the Avalleys rather than the L valleys,
owing to a larger transition rate [28]. Thanks to this process,
these electrons can be eventually funneled into Si due to a

023302-3



STEFANO ACHILLI et al.

PHYSICAL REVIEW RESEARCH 8, 023302 (2026)

—~~
)

~—

(d)

N
o

o
&)

Energy (eV)

©
o

) 100 200 300
Excess Energy (meV) (e)
EIA4 1 EAZ 1 1 1
(C) 16 | :I .
—  AE,=0523eV
. 12 | El‘c ELC ! cA .
3 |
508 [ LHHH AB= 03998V ]
o AEgo=0.296eV !
m04-4§r———ﬁﬁfoﬁwv-
00k i LH/HH
1 1 SOI 1 1
Ge S

20 _ 1 _ T T T 7]
ol G | S — Cond. Band
1 | — Val. Band
> - --
©12k Pt
> L
2 T
508 _ i
a | ' — Excited
04 '| w/o Excitation-
00F , L \I‘ = : - -
200 400 600 800
Position (nm)
~10% — . . —
s : — dn  —— t=0.5ns]
.51017: — dp -t=1ns 1
® I _ 1
=IO § t=5ns
g10™fp | Ll T
5 TR
C gk 3
5100 1
g 3 L
(@] r | S NN T L
I 10°f L
8 ;r Ge 400 600 800 j
& 105 r L | Position (nm) , 1
200 400 600 800

Position (nm)

FIG. 2. Excess carrier modeling. (a) Low-temperature electronic spectrum of Ge under biaxial tensile strain of 0.2%. (b) Electronic spin
polarization Py as a function of the excess kinetic energy with respect to the bottom of the conduction band edge I',.. (¢) Valence and conduction
band edge alignments between cubic Si (yellow) and 0.2% strained Ge (light blue). (d) Valence (red) and conduction (blue) self-consistent
band edge profiles for the n-type Si / p -type Ge heterojunction without (dashed) and with (solid) illumination (3 kW /cm?) for t5; = 1 ns. In
panels (c) and (d), the reference energy is kept constant at the Si HH level. (e) Excess carrier concentration profiles ép (red) and én (blue) in a
neighbor of the heterointerface, calculated for different values of ts;. The inset reports the corresponding recombination rate R.

favorable band lineup (type II) with the AS' band edge. In
other words, an electron ensemble can be injected, virtually
thermalized, at the absolute minimum of the Si conduction
band. This can be particularly beneficial for enhancing the
possibility of observing polarized PL, as it minimizes spin
losses associated with energy relaxation and dwelling in the
Si conduction band.

It should be also noticed that the robust potential barriers
present at both the SO and HH/LH band edge profiles retain
holes on the Ge side of the interface. It follows that the
PL observed in Fig. 1(b) at the Si FE energy of 1.097 eV
requires holes to be generated directly in the Si region. Direct
photoexcitation in Si is indeed possible, although the resulting
excess carrier concentration must be relatively small, since the
absorption coefficient at the pump energy is modest, i.e., on
the order of 10 cm™!, and the type II band lineup tends to drain
holes out of Si.

To quantitatively assess the excess carrier concentration
profile, we have performed self-consistent drift-diffusion
simulations considering the optically excited Si/Ge heteroint-
erface in a two-band approximation, assuming that the large
majority of electrons and holes populate the A valley and
the HH band, respectively. Materials parameters are listed
in Sec. 2 of the Supplemental Material [36] (see also Sec.
I for further details) [34-36]. As for the recombination dy-
namics, we expect the excess carrier lifetime being dominated
by a Shockley-Read-Hall mechanism, due to the well-known
presence of lattice defects at the epitaxial interface [50-52].

Thus, we have modeled this recombination channel follow-
ing Ref. [53] setting the same recombination time t for
electrons and holes. Due to the large uncertainty affecting
the value of this materials parameter, which is strongly ex-
citation and sample dependent, the simulations have been
performed varying tg; in the Si region in the 0.5-5 ns range,
while keeping a fixed value g, of 1 ns for the defective Ge
layer [50].

In Fig. 2(d), we show the band edges at equilibrium (i.e.,
without illumination) for a typical sample with a Ge thickness
of 280 nm. Using these parameters and the doping levels char-
acterizing the two semiconductors forming the junction (see
methods), the type II p-n heterojunction almost approaches
a broken-gap condition, resulting in an energetic barrier for
holes that is practically equal to the Si gap. Consequently,
spin-polarized electrons experience a potential step roughly
equal to the Ge gap.

When the sample is optically excited, with a pump fluency
of, e.g., 3 kW/cm?, a large density of carrier is created in
the Ge region, resulting in a negative charge transfer to the
Si material, triggered by the aforementioned potential step.
Remarkably, the hole backflow, i.e., from Si to Ge, is much
weaker because of the significantly smaller value of the ab-
sorption coefficient in Si with respect to Ge. As a result, a
complete flattening of the conduction band edge profile and
a lowering of the valence band discontinuity, whose value is
now close to the gap difference between Si and Ge, can be
observed.
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The corresponding excess electron (hole) density
dn=mn-—negq (Bp=p—pe) is reported in Fig. 2(e).
Considering that bulk Si features a much larger excess carrier
lifetime, this choice is motivated by the presence of crystal
defects near the Ge interface acting as an efficient nonradiative
recombination channel (see the following section discussing
magneto-optical experiments). As expected, away from the
Si/Ge junction the excess electron and hole concentration
profiles flatten and tend to a common value (not shown in
the figure for Si). Well inside the Si region, this quantity is
controlled by the indirect absorption of the pump and varies
in the 10'>-10"3 cm™> range, depending on the chosen ;.
Similarly, close to the top surface, the valence and conduction
excess carriers have practically the same concentration,
which for 7. = 1 ns is about 5 x 10'® cm~3, due to the much
larger optical absorption of Ge. Close to the interface, we
observe an accumulation (depletion) of conduction carriers
in the Si (Ge) region, with peak values exceeding 10'® cm—3,
triggered by the electron transfer from the Ge material and
the attractive electrostatic interaction with holes confined in
the epilayer. The same effect controls the sharp variation of
hole concentration across the interface.

Using the carrier concentration profiles, we have esti-
mated the spatially resolved radiative recombination rate
R = B(np — negpeq), reported in the inset of Fig. 2(e), by
varying 7. Here, B is the radiative recombination coefficient
(see Sec. 2 of the Supplemental Material [36]). We find that R
peaks at the interface, with values ranging from 10'* to 10"
s~ em™3, decaying inside the Si material with a length scale
of ~100 nm. For comparison, we observe that similar R peak
values in intrinsic bulk Si at low T require an excess carrier
concentration 8§p = dn ~ 10'%-10'> cm~3. Finally, we have
performed numerical experiments to consider also a spatial
inhomogeneous crystal quality in Si, related to the quenching
of the defects density far away from the Ge/Si interface. To
this end, we have set larger excess carrier lifetimes for depths
>400 nm. In this case, the main effect is the enhancement of
the hole density close to the Si top surface, which is caused
by the larger diffusion length of unpolarized holes generated
deep inside the Si bulk. This results in a overall increase of
the spatially resolved recombination rate, which, nevertheless,
still peaks within 100 nm from the heterojunction.

In conclusion, the calculations indicate that the PL ob-
served at the Si FE energy can be safely attributed to the
optical recombination of electrons, originally excited in Ge
by optical transitions from the HH/LH bands. These carriers
efficiently diffuse in Si where they recombine radiatively with
holes created therein by pump absorption through the indirect
gap. Despite the small hole concentration in Si, the large
electronic density due to carrier accumulation at the Si/Ge
type II interface results in observable recombination rates R
in the Si region in the proximity of the heterointerface.

This interesting mechanism leads to other notable con-
clusions. Electrons originating from HH/LH states can be
remarkably polarized through optical orientation (see Fig. 2).
The long-lived electron spins in Ge guarantee sizable spin
diffusion along with reduced intervalley losses [54,55]. It is
therefore reasonable to expect that optical spin pumping can
take place in the heterostructure with Ge acting as an elec-
tron spin injector and Si serving as a spin sink. Even tough

photogenerated holes will be almost unpolarized given their
relatively short spin relaxation time, quite naturally radiative
recombination events will involve the accumulated electron
spins, potentially leading to the observation of a robust cir-
cularly polarized PL from Si. Therefore, once viewed in the
framework of the type-II Ge/Si band lineup, the optical spin-
pumping process is a direct consequence of the spontaneous
transfer of spin-polarized electrons from Ge into Si, and the
observation of circularly polarized Si FE emission can provide
its experimental signature.

III. EXPERIMENTAL DEMONSTRATION
OF THE OPTICAL SPIN-PUMPING EFFECT

To exploit the favorable band alignment and demonstrate
the concept of optical spin pumping shown in Fig. 1(a), we
performed optical spin orientation in Ge and analyzed the
polarization pertaining to the Si FE emission. Specifically,
the degree and state of polarization of the PL can be com-
prehensively characterized by measuring the modulation of
the amplitude of the PL peak as a function of the relative
orientation (analyzer angle) between an optical retarder and
a polarizer [28,37,56].

This investigation was repeated while the Ge film was
progressively thinned by selective wet etching until its full
removal [33]. The outcomes, summarized in Fig. 3(a) under
ot excitation, unveil an intriguing scenario. The polarization
analysis of the Si FE performed on the pristine Ge/Si het-
erostructure (i.e., Ge thickness 1.3 um) shows indeed random
fluctuations of the PL intensity, thus suggesting that only a
minor fraction of the spin-oriented carriers is likely to be
injected into Si. As a consequence, the polarized emission,
if present, remains well below the noise level of the PL,
akin to the conventional direct excitation of bulk Si. Such
condition persists while further reducing the Ge thickness.
Remarkably, as the thickness of the epitaxial layer approaches
0.55 um, a net modulation of the PL starts to appear, re-
vealing a sinusoidal behavior whose amplitude is enlarged by
the subsequent etching steps. When the thickness of the Ge
layer is reduced to 0.05 wm, the polarization curve clearly
shows a distinct 90° periodicity oscillation with the largest
peak-to-valley ratio. The latter is the hallmark of a significant
circular polarization degree of the emission and is ultimately
related to the optically oriented electron spins. This finding
can also be better appreciated by having a close look at the
corresponding PL spectra resolved in Fig. 3(b) for the o~ and
ot polarizations. The former component is clearly larger than
the latter both for the Raman mode and, most importantly, the
Si FE (see Sec. 3 of the Supplemental Material for a deriva-
tion of the Raman selection rules under circular polarization
[36]). Since the FE shoulder is spectrally resolved from the
Raman peak in the high-resolution spectra, the larger intensity
observed in Fig. 3(b) can be unambiguously assigned to the Si
FE emission.

The transition from a featureless behavior to a full peri-
odic modulation of the PL is also reflected in the degree of
circular polarization, p. Figure 3(c) summarizes the statistical
values retrieved from the polarization analysis conducted on
several measurements on each sample. The precision in de-
termining the epilayer thickness is intrinsically limited by the
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FIG. 3. Observation of polarized emission from Si. (a) Polarization analysis of the Si FE PL at 1.097 eV performed at 7= 4 K as a function
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layer. (b) Polarization-resolved PL components of the Si FE measured at 7= 4 K for a Ge thickness of 0.05 um. The black curve corresponds
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as a function of the Ge film thickness. The error bars are obtained from the standard deviation of several measurements, and the shaded region

estimates the lower limit for the observation of spin-polarized emission.

reproducibility of the wet etching conditions, while the shaded
area suggests a confidence region in which polarization is
likely to be affected by signal-to-noise ratio limitations or
systematic errors. Initially, when the Ge layer is thick, the
PL is not polarized, so p is null. However, once the thickness
of the Ge absorbing layer decreases, p becomes increasingly
negative. These findings strongly support the emergence of
circularly polarized PL from Si. Moreover, in striking agree-
ment with the mechanism of optical spin pumping anticipated
previously, the sign of the circular polarization of the Si FE
demonstrates an opposite helicity with respect to that of the
Ge direct gap (see Sec. 4 of the Supplemental Material [36]).
Indeed, the latter originates from electrons optically coupled
to the SO states. Their spin orientation is antiparallel to that
of electrons photoexcited from the top of the valence band.
These carrieres undergo intervalley scattering, which moves
them out of the zone center and, after diffusion, produces the
Si FE and its polarization. The PL helicity of Si is ultimately
locked to that of Ge. The latter is itself nontrivially governed
by the multivalley carrier and spin dynamics of Ge and has
been extensively discussed and experimentally validated in
previous work (Ref. [38] and references therein).

By further etching the sample, carriers are no longer gener-
ated in Ge, but rather in Si, and the Si polarization fades away
as demonstrated in Fig. 3(c). Notice also the suppression of

the amplitude oscillations in Fig. 3(a). Remarkably, p reaches
a minimum when the Ge film is 0.05 um thick with an absolute
value | p | = 9% that is almost five orders of magnitude
larger than what can be expected for resonant excitation at
the steady state [20]. Therefore, we can argue that the previ-
ously described mechanisms of optical spin pumping and spin
accumulation are indeed at play, outperforming conventional
excitation schemes by providing a key strategy for injecting a
giant spin polarization in Si and, more broadly, in indirect gap
materials.

In the following, we will refine and expand our PL analysis
to clarify this puzzling finding and test the role of optical
spin pumping in determining the circular polarization of the
Si FE. Figure 4(a) reports polarization-resolved spectra of
the etched samples measured under o, linear (IT), and o~
excitation. Even though the largest polarization occurs at the
energy of the Raman mode (~50%), this effective polarization
is clearly affected by a sizable polarized baseline that pertains
to the broader FE PL. It can be noticed that the o~ PL
component dominates upon ot excitation, while the opposite
holds true when the helicity of the pump is reversed. This
perfect mirrorlike behavior stems from the Kramers conjuga-
tion, making a compelling case for a spin-dependent radiative
recombination. In addition, Fig. 4(a) consistently shows that
when a IT pump is applied, the two o -resolved spectra become
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FIG. 4. Magneto-optical investigation. (a) PL spectra (top) and polarization degree p (bottom) measured by changing the helicity of the
incident light. For each PL spectrum, the black (red) line corresponds to the o~ (6+) component of the Si FE PL. (b) p as a function of a
transverse magnetic field (Hanle effect) for the Raman line (blue squares) and for the Si FE PL (purple dots). The polarization is normalized
to the zero-field value (y) and mirrored to negative fields to highlight the consistency with the expected Hanle line shape. (c) PL data in the
spectral region of the direct gap of Ge for the samples with total Ge thickness equal to 0.28 um (green) and O um (violet). The spectral weight
at low energy, peaked at 0.82 eV, is ascribed to dislocations in Si [57,58].

indistinguishable, in excellent agreement with the fact that no
net out-of-equilibrium spin population can be expected under
linear excitation. Further evidence of spin-related emission
can be seen in the energy-resolved degree of the circular
polarization [see Fig. 4(a)] since p switches sign for o
and vanishes upon II excitation. It is worth noting that the
energy-resolved polarization associated with the Raman mode
is characterized by a line that is evidently narrower than the
spectral extension of the underlying p associated with the FE
emission. Figure 4(a) therefore provides an additional demon-
stration that the sharp Raman contribution does not interfere
with the polarization evaluated at the FE peak energy.

To provide conclusive proof of optical spin pumping in
Si, we also conducted a dedicated magneto-optical investi-
gation and leveraged the so-called Hanle effect [2,4]. This
phenomenon is observed as a luminescence depolarization
induced by a transverse magnetic field, i.e., orthogonal to the
z axis, and originates from the decrease of the z projection of
spin polarization because of the field-induced precession of
the optically injected spins [20,59].

Figure 4(b) shows the field dependence of p for both
the Raman and PL peaks pertaining to the Si substrate. The
Raman mode undergoes only a moderate depolarization by in-
creasing the magnetic field. Although we cannot rule out other
spurious contributions, it seems reasonable that this apparent

variation is affected by the behavior of the underlying broad-
ened spectral component of the PL [see also Fig. 4(a)]. Indeed,
the FE emission exhibits a drastic quenching, even in a weak
magnetic field of just few milliteslas. This marked difference
and the observation that luminescence exhibits a distinctive
Hanle lineshape provide final compelling evidences of the
spin-dependent nature of the polarized emission from Si.

Interestingly, the magneto-optical investigation discloses
additional information, which is instrumental in understand-
ing the spin dynamics characterizing the Ge/Si heterostruc-
ture. The full width at half maximum (AB) of the FE Hanle
curve is given by [4,59]

AB =2 (1

gusTs’
where 7 the reduced Plank constant, up the Bohr magneton,
and g the electron Landé factor. T is the spin lifetime, which
depends on the spin relaxation time t,; and the carrier lifetime
T as

1 1 1

Ts T, T

@

Owing to the non-negligible circular polarization degree of
the FE, it can be reasonably assumed that t; > 71, i.e., carriers
recombine before completely losing their spin orientation. As
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a consequence, Ty ~ 7. Equation (1) can be used, knowing the
well-established value of the electron g factor of Si, to esti-
mate T ~ 200 ps. Such a characteristic time is extraordinarily
short for an indirect band-gap transition: it is several orders of
magnitude shorter than the typical minority lifetime, which in
lightly doped Si wafers is in the ~us regime [60—62].

Such reduced lifetime ensures that in Si-based heterostruc-
tures carriers recombine while they are still spin polarized.
This might also explain the observation of polarized FE
emission when the Ge epilayer is fully removed by the wet
chemical etching [Fig. 3(c)]. On the contrary, spin loss in a
pristine Si wafer is known to occur on a timescale that is dras-
tically faster than the carrier lifetime, thus precluding optical
spin orientation to be identified through luminescence. We can
find reassurance of such process by the complete absence of
magnetic field dependence in control Hanle experiments con-
ducted on a pristine Si wafer (see Sec. 5 of the Supplemental
Material [36]).

A ultrafast lifetime is unexpected and hints at the presence
of extrinsic mechanisms that in the Ge/Si heterostructures sig-
nificantly accelerate the carrier dynamics compared to pristine
bulk Si and might ultimately contribute to the spin-pumping
process. Following the calculated carrier concentration pro-
files that show in Si a spatially resolved recombination rate
peaked within 100 nm from interface, it is reasonable to
expect that the drastic shortening of the lifetime is caused
by the emergence of parasitic nonradiative channels in the
proximity of the heterointerface. Crystal flaws, in the form
of dislocations, are known to develop in the heteroepitaxial
film because of the lattice mismatch with the substrate and
are thus a likely culprit for the unexpected carrier kinetics.
Such extended defects possess a large recombination velocity
that can efficiently drain the photogenerated carriers, reduc-
ing the interband transition rate and shortening the excess
carrier lifetime [59]. Although the defective interface does
not preclude the use of Ge/Si in technological applications,
it has been widely studied due to its impact on the radiative
recombination in Ge [50-52,63]. Yet, no attention has been
paid to its possible repercussions also on Si, and dedicated
investigations are still awaited.

Figure 4(c) demonstrates that, in the low-energy range,
the PL of the 0.28 um thick Ge film (green, solid line)
is dominated by the peak at about 0.84 eV due to recom-
bination through the Ge direct gap [47]. Interestingly, this
well-resolved PL appears to be superimposed onto a weaker
but broader structure. This broad emission becomes evident
in Fig. 4(c), observed when the Ge layer is completely re-
moved by etching and the corresponding direct gap PL is
suppressed. This previously hidden low-energy emission lies
well below the Si band edge and indicates the presence of
defect-induced energy levels within the Si band gap. The
energy of this emission is indeed in excellent agreement with
the well-established dislocation-related luminescence, the so-
called DI line [57,58]. The distinct presence of a D line in
the low-energy PL spectrum of Si demonstrates that extended
defects are injected into the substrate as also found in previous
structural investigations [64]. Finally, it should be noted that
defects developed at the Ge/Si interface might also provide an
additional source of spin-flip scattering during the Ge-to-Si
transfer. The luminescence polarization observed in Si should

be thus regarded as the residual polarization that survives the
competition between interfacial depolarization, if any, and the
ultrafast carrier dynamics inferred from the Hanle analysis.

IV. DISCUSSION AND CONCLUSIONS

The direct experimental observation of circularly polar-
ized emission in Si has been often considered difficult in
the conventional framework of optical spin orientation, due
to the negligible spin-injection rate and the extremely long
carrier lifetime associated with indirect gap transitions. The
measurable circular polarization accounts for the dynamical
evolution of the spin ensemble given by carrier recombination
and intrinsic spin relaxation. These processes effectively re-
duce the maximum spin polarization attainable at the moment
of photoexcitation, pmax, SO that the degree of the PL at the
steady state is p = a f;“}xts). A sizable measurement of the
polarization can thus be obtained whenever extrinsic means
enable a strong suppression of T compared tg, irrespective of
the initial py.x value. Viable strategies to achieve this pur-
pose include high optical excitation to enhance nonradiative
Auger recombination, as very recently shown by Ref. [20].
The magneto-optical results further corroborated the optical
spin-pumping approach in Si-based heterostructures.

Notably, this work demonstrates how to further increase
the polarization of the Si PL by manipulating pma, hence
overcoming the strict limitations hampering the direct optical
excitation of unstrained Si. Under optical spin pumping at the
steady state, a giant spin accumulation in Si can arise from
the large diffusive current given by the electron spins orig-
inally photogenerated in Ge. As suggested by the diffusion
model developed here, electrons optically coupled to the top
of the Ge valence band can transfer spin angular momentum
into Si up to an impressive maximum value of |Ps| ~ 30%
[see Figs. 2(a) and 2(b)]. Such spin-oriented carriers can then
decay radiatively, thereby emitting circularly polarized PL.

Symmetry arguments applied to the optical selection rules
of phonon-mediated transitions in Si predict an efficiency
for the emission of circular polarization in unstrained Si of
nLo = 27.7% and nto = 18.8% for recombination involving
LO and TO phonons, respectively. The LO/TO replicas should
be cross-polarized [21,22]. Consequently, in complete ab-
sence of spin relaxation mechanisms, the maximum circular
polarization degree of the FErg is expected to be |pomax| =
nto X Ps = 0.188 x 0.3 ~ 6% when the TO/LO splitting can
be resolved. Interference between the two optical phonons
otherwise decreases the efficiency, which weighted for the
relative luminescence intensity of the TO, Ito, and LO,
I 0, phonons becomes neg = % = 13.3% [13], thus
yielding | pmax| = Nefr X Ps = 0.133 X 0.3 ~ 4%. As a further
reassurance of the effectiveness of the optical spin-pumping
approach introduced here, we can notice that these expected
values of pm,x fall satisfactorily within the experimental un-
certainty of the largest p reported in Fig. 3(c) for a Ge
thickness of 0.05 um. Since under this condition p >~ pPmyax,
we can suggest that the injection in Si of electrons that are
practically thermalized is a condition that is genuinely sat-
isfied by the proposed optical spin-pumping approach and
guaranteed by the band alignment established between the
spin sink, i.e., Si, and the light-absorbing medium acting as
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spin injector, i.e., Ge. This requirement is further aided by
the ultrafast dynamics established by the extended defects.
Essentially, the polarization of the spin current funneled into
Si maps directly into the PL, giving rise to a nonmonotonic
behavior in which an increase of p is initially observed in
Fig. 3(c) compared to the case of pristine Si at low Ge cov-
erage, and eventually the polarization shows an asymptotic
tendency to unpolarized FE emision as the Ge epilayer ap-
proaches the micrometer range. Finally, we notice that the
physical phenomena described in this work are not limited to
Si, but can, in principle, be applied to every semiconductor
architectures involving indirect gap materials with suitable
band alignments. Moreover, optical spin pumping allows one
to devise novel methods to increase the polarized emission. In
Si, for instance, it can be expected that the use of an injector
comprising low-dimensional Ge structures, such as quantum
wells, can enlarge pm.x to almost unitary values thanks to
confinement-induced removal of the HH/LH degeneracy. This
can be used in addition to other means such as applying strain,
which has been presented by theoretical works as a strategy
to (1) modify n by lifting the degeneracy of the valence
band directly in Si [22] and (2) lengthen 75 by suppressing
intervalley spin loss mechanisms [65]. Ge/Si heterostructures,
despite the presence of crystal defects that can limit the overall
quantum efficiency of the radiative emission, already play
a central role in microelectronic and photonic technologies
and are now increasingly applied also in the quantum infor-
mation realm [55,66—-68]. Optical spin pumping could thus

facilitate the realization of sought-after Si-based spintronic
devices because it does not require the use of ferromagnetic
layers. Moreover, it allows for the development of advanced
integrated platforms combining photonics, spintronics, and
electronics, such as spin-photon interfaces or spin-orbitronic
devices.
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