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ABSTRACT

Due to the long spin lifetime and its optical and electrical properties, GeSn is a promising candidate for the integration of spintronics,
photonics, and electronics. Here, we investigate the photoinduced inverse spin-Hall effect in a GeSn alloy with 5% Sn concentration. We gen-
erate a spin-polarized electron population at the I" point of the GeSn conduction band by means of optical orientation, and we detect the
inverse spin-Hall effect signal coming from the spin-to-charge conversion in GeSn. We study the dependence of the inverse spin-Hall signal
on the kinetic energy of the spin-polarized carriers by varying the energy of the impinging photons in the 0.5-1.5eV range. We rationalize
the experimental data within a diffusion model which explicitly accounts for momentum, energy, and spin relaxation of the spin-polarized
hot electrons. At high photon energies, when the spin relaxation is mainly driven by phonon scattering, we extract a spin-Hall angle in GeSn
which is more than ten times larger than the one of pure Ge. Moreover, the spin-charge interconversion for electrons lying at the A valleys
of GeSn results to be ~4.3 times larger than the one for electrons at L valleys.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0046129

Group IV semiconductors are the materials of choice of modern
electronics. The integration of spintronic features with the mainstream
Si-based technology would thus be of extreme importance. A possible
route is the study of magnon spintronics in ferromagnetic/
semiconductor systems." Alternatively, it is possible to directly study
the spin-related properties of group-IV materials.”” While spin-orbit
phenomena are generally small in Si," ® Ge displays relevant spin-
related effects occurring in the bulk® ” or at the surface'’ and at inter-
faces with other materials.”'"'* The 4% lattice mismatch with Si
allows for the implementation of Ge functionalities on the mainstream
Si-based technology.'” Moreover, typical spin-diffusion lengths in Ge
are on the order of some micrometers,”* '® and spin lifetime can be
further enhanced in strain-engineered structures.'”

In this context, Sn can be a convenient material for the develop-
ment of a platform with increased spin-orbit coupling (SOC) within
group-IV materials. The absence of an energy gap in Sn does not allow
for field-effect operations. However, when less than 15% of Sn is
diluted in Ge, the resulting alloy behaves as a semiconductor, with a
gap larger than 0.4 eV.'®"” Despite the small equilibrium solubility of
Sn in Ge and the 14% lattice mismatch between the two materials,””'
high-quality GeSn alloys have been grown on Si.*” This led, for
instance, to the demonstration of the lasing action in GeSn.”
Literature reports also suggest that the spin lifetime in GeSn lies in the

nanoseconds range,”* making it an appealing material for the develop-
ment of spin interconnects.””* Conversely, other spintronics applica-
tions, e.g., ultrafast optical switches, require short spin lifetimes,”
which can be reached by engineering the dopant concentration of
GeSn. Hence, this alloy could represent a platform where optoelec-
tronic and spintronic architectures can be conveniently
implemented.”* "

In this work, we investigate the dependence of the spin-Hall
angle, i.e, the efficiency of the spin-charge interconversion, as a func-
tion of the kinetic energy of the spin-polarized carriers of a
Gey 95515 alloy. We generate a spin population by means of optical
orientation’ " at the I point of the GeSn conduction band, which
undergoes spin-dependent scattering, generating an inverse spin-Hall
effect (ISHE) electromotive field”>"® The optically injected spin
current density j, is thus converted to a charge current density j_,">*

jc = ’yjs X l.lp, (1)

7 being the spin-Hall angle and up the unit vector representing the
direction of the spin-polarization. Experimentally, we detect the volt-
age drop AVisyg across two electrodes at the edges of a GeSn bar, since
j.'” is a function of the incident photon energy, and characterize the
spin transport properties of hot electrons.” From the measured signal
and exploiting a model explicitly accounting for momentum, spin, and
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energy relaxation of hot electrons, we infer the spin—charge intercon-
version efficiency y as a function of the kinetic energy of the carriers.
For incident photon energies much larger than the direct GeSn gap,
the spin-dependent scattering is dominated by phonons, and we esti-
mate y ~ 0.3, a value ten times larger than the one of bulk Ge.
Moreover, in GeSn, we obtain a different efficiency of spin-charge
interconversion for electrons diffusing at the L and A valleys, the latter
being a factor 4.3 larger than the former.

The investigated sample is a single crystalline #-doped
Geo5Sng 05 stripe, grown on a 525 um-thick Si substrate, as sketched
in Figs. 1(a) and 1(b). The GeSn is doped with antimony with concen-
tration Ny = 7.4 x 10'7 cm 3, while the substrate has a boron doping
N, ~ 10/cm™. The geometrical dimensions of the stripe are
5 pum, 20 um, and 300 nm along the x, y, and z axis, respectively,
within the reference frame of Fig. 1(a). An optical image of the entire
investigated structure is shown in Fig. 1(c) (see the supplementary
material for complete growth and fabrication details).

The geometry of the measurements is illustrated in Fig. 1(a). We
exploit a supercontinuum laser’” as a light source, monochromatized
with a typical bandwidth of ~10 meV and tuned in the 0.5-1.5eV
energy range. The circular-polarization of the light beam is modulated
at 50kHz by a photoelastic modulator (PEM). The light beam is
focused on the sample with a polar angle ¥ = 30°, by partially filling
out-of-axis an objective with 0.7 numerical aperture. This results in
the generation of a spin-polarization P = Pup with a non-vanishing
component along the x-axis since up is antiparallel to the light wave-
vector inside GeSn. The electrical ISHE signal is acquired as a voltage
drop AVigig (along y) between two Al electrodes and is demodulated
with a lock-in amplifier at the PEM frequency. An off-normal illumi-
nation of the sample is fundamental since in our geometry the opti-
cally injected spin current j, diffuses along the z axis,” whereas the

p-Si(100)

FIG. 1. Sample and experimental geometry. (a) A single crystalline Geg.g5Sng o5
stripe of dimensions dy x d, x d; =5 x 20 x 0.3 um® lies on top of a Si sub-
strate. From two Al pads deposited onto the stripe, we measure the voltage drop
AVispe due to the photoinduced ISHE. A focused circularly polarized light beam
illuminates the sample at polar angle ¥ with respect to the sample normal. (b) The
molecular-beam epitaxy grown stack with doped GeSn layer on Si. (c) Optical
image of the investigated sample and zoom (red inset) on the GeSn bar.
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detected charge current j_ flows along y. Therefore, according to Eq. (1),
the projection of P along x is the only detectable component of the
spin polarization. To further increase the signal-to-noise ratio, the
light intensity is chopped at 1.12Hz and the ISHE signal is then
extracted by a second lock-in amplifier in cascade with the first one.
All the measurements are performed at room temperature.

Figure 2(a) shows the dependence of the ISHE signal upon the
degree of circular polarization (DCP) of the impinging light beam.
This is achieved by varying the phase delay of the PEM, as detailed in
the supplementary material of Ref. 13. The observed linear depen-
dence is in agreement with calculations performed by means of multi-
layer optical analysis”® related to the photoinduced ISHE. In Fig. 2(b),
we show the dependence of AVigyg as a function of the polar angle 9,
defined in Fig. 1(a). The x-component of the spin polarization P is
opposite for opposite ) values, thus yielding an opposite ISHE signal.
Moreover, the ISHE signal is linear with ), as expected for small angles
inside the GeSn sample (in our configuration Jgesn < 7°).% The data-
sets of Figs. 2(a) and 2(b) confirm the spin-related nature of the electri-
cal signal acquired with our experimental setup.

Finally, the dependence of AVisyg as a function of the incident
photon energy is reported in Fig. 2(c). The experimental data are nor-
malized to the flux of photons @y, transmitted into GeSn. For the sake
of clarity, a zoom of the ISHE signal in the 0.6-1.15 eV range is shown
in the inset: in this case, it is possible to observe that the signal is
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FIG. 2. Experimental data. [(a) and (b)] Dependence of AVisye on the degree of cir-
cular polarization (DCP) and on the polar angle +J, respectively, of the impinging light
beam. The dotted lines represent the linear fits of the data. (c) Photon energy depen-
dence of AVisye normalized to the flux of photons that are transmitted into GeSn.
The inset shows a zoom of the experimental data in the 0.6—1.15eV energy range.
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positive for photon energies larger than 0.7 eV, and it changes sign at
hv =~ 1.07 eV. At larger photon energies, the signal rapidly increases,
scaling almost linearly with hv. In the following, we will refer to
&sr = 1.07 eV as the photon energy corresponding to the sign reversal
in the ISHE spectrum.

In the investigated photon energy range, optical transitions
around the I" point of the GeSn Brillouin zone can promote electrons
from the heavy-hole (HH), light-hole (LH), and SO branches into the
conduction band, as shown in Fig. 3(a), which displays the band struc-
ture of GeSn with 5% Sn concentration, calculated with a full k - p
model.'””" If the semiconductor is illuminated with a circularly polar-
ized light beam, the spin-polarization of electrons excited from the
HH branch is opposite compared to the one of electrons promoted
from LH and SO bands. Moreover, the intensity of the transitions
from HH, LH, and SO has a relative weight of 3, 1, and 2, respectively.
This, combined with a larger joint density of states for the HH — CB
transitions, produces a net spin-polarization P at the generation time
mostly given by electrons promoted from HH within the whole inves-
tigated photon energy range. This has already been demonstrated in
Ge™ and is further discussed in the supplementary material for GeSn.
Since P = 50% if the incident photon energy is tuned to the direct
GeSn gap and monotonically decreases down to zero when the photon
energy is increased,” the detected sign reversal in the ISHE spectrum
cannot be ascribed to the energy dependence of the injected spin
polarization.

The key ingredient to explain the experimental results of Fig. 2(c)
is the dependence of the electron spin lifetime 7, as a function of the
kinetic energy &, which is reported in Fig. 3(b). Following the proce-
dure detailed in Ref. 8, 75 has been calculated by accounting for the
momentum scattering due to impurities and phonons (intra- and
inter-valleys for all the valleys), which is related to electrons in the L
and A valleys. Then, the energy dependence of the spin relaxation has
been evaluated by means of the Yafet-Elliott cross section.”’
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FIG. 3. (a) Band structure of GeSn with 5% Sn concentration, calculated within a full-
band k - p model."”*’ [(b) and (c)] Kinetic energy dependence of the spin lifetime (b)
and the probability of valley occupation (c), obtained from the model of Ref. 8.
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Similar to the case of Ge, for & =< 0.2 eV momentum (and spin),
relaxation is mainly driven by impurities, while phonons dominate
scattering at higher kinetic energies.” Due to energy conservation, elec-
trons from the HH band are always promoted to higher energies in
the CB compared to electrons coming from the SO branch. According
to the results of Fig. 3(b), this means that the former experience a spin
lifetime much shorter than the latter. Hence, the spin-polarized elec-
tron population coming from the HH band determines the spin polar-
ization P at the generation time. However, such a population rapidly
depolarizes and, under steady-state conditions, the spin character of
the entire electron population is given mostly by spins excited from
SO states. This explains the sign reversal at the onset of the optical
transitions from SO and nicely fits the ISHE experimental data
acquired in Ge.”

In the case of GeSn, the onset of the optical transitions from the
SO band is hv = 0.88¢V, while the sign reversal is observed at
&sr = 1.07 eV. Such an energy shift can be explained in a frame which
accounts not only the dependence of 75 upon &, but also the kinetic
energy dependence of the valley occupation at the steady state. Figure
3(c) displays the occupation probability 1, (na) of the L (A) valleys as
a function of &, assuming nr = 0 and exploiting the model of Ref. 8.
The occupation of the I" valley can be set to zero due to the negligible
density of states at I" compared to the one at L and A. From Fig. 3(c),
electrons with enough kinetic energy to reach A are favored to popu-
late this valley. This is a consequence of the larger density of states at
A compared to the one at L. Therefore, a larger electron kinetic energy
is associated with the decrease in the spin lifetime [see Fig. 3(b)] and
with the increase of the population at A compared to L [see Fig. 3(c)].
Notably, electrons coming from HH states start populating the A val-
ley from a photon energy hv = g5 + era = 0.88eV [see Fig. 3(a)],
which also corresponds to the onset of the transitions from the SO
branch. Hence, for photon energies larger than 0.88 eV, spin-polarized
electrons excited from HH diffuses at A, while the electrons with
opposite spin polarization promoted from the SO states are thermal-
ized and diffuse within the L valleys.

As previously observed in GaAs,""* the spin transport in differ-
ent valleys can be associated with different spin—charge interconver-
sion efficiencies. The reason for the shift of &g to higher energies with
respect to the onset of the optical transitions from SO states lies in a
larger spin-Hall angle of electrons occupying A states with respect to
those lying at the L valleys. Therefore, electrons diffusing along A pro-
vide a larger contribution to the ISHE signal. Thus, for hv > 0.88 eV,
although electrons coming from HH have a lower electron spin life-
time due to the larger kinetic energy, the diffusion along A ensures a
larger spin-to-charge conversion with respect to the electron popula-
tion excited from the SO band and lying at L. In conclusion, the sign
reversal of the ISHE signal is dictated by the trade-off between the
energy dependence of the electron spin lifetime and the valley-
dependent spin-Hall angle. It should be noted that we do not consider
the hole contribution to spin transport due to the lower spin lifetime
of holes compared to electrons, as we have demonstrated in Ref. 8.

We separately calculate the spatial average along the stripe thick-
ness of the steady-state spin current densities at the A and L valleys,
ie, jb and j2, respectively. The results are reported in Fig. 4(a), see the
supplementary material for details. Due to ISHE, the spin current den-
sities j- and j* generate a flow of charges at L (*) or at A (j*), each
characterized by a spin-charge interconversion efficiency y; or y,,
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FIG. 4. (a) Calculation of the spin current density flowing at L and A valleys as a function of the photon energy, see the supplementary material for details. Results are convo-
luted with a Gaussian function describing both the thermal broadening of the states (~26 meV) and the bandwidth of the light source (=10 meV). (b) Photon energy of the
sign reversal egg as a function of the relative weight of the spin-Hall angles of electrons at A (y,) and L (y,) valleys. The arrow corresponds to the experimental gr value.
The horizontal band accounts for the experimental error of esg, and the vertical band is the corresponding error on 7, /7, . (c) Estimated effective spin-Hall angle (see the text)
for GeSn (red circles) and Ge (blue squares, data from Ref. 8). The solid lines are guides for the eyes. Datasets are aligned to the energy of the direct gap of the materials.

respectively. Both the charge currents then contribute to the measured
AVigye. Since for either L and A valleys | j; X up| = js sin Ugesn, from
Eq. (1), the total ISHE signal can be expressed as

AVisie = (7.j- +7a/5) Rd Dy sin Ugesn, (2)

with R ~ 23kQ being the stripe resistance.”*' ** The sign reversal of
AVigug is related to a sign reversal of the term in the parentheses.
However, j- and j* become negative for different photon energies
[see Fig. 4(a)]: as a consequence, we can exploit the ratio y,/y; as a
free parameter to tune &sg to the experimentally detected value
esr = 1.07€V [see Fig. 2(c)]. In this case, we obtain 7y, /7, ~ 4.3,
meaning that the spin-orbit scattering of spin-polarized electrons at
the A valleys is almost 4.3 times more effective compared to the one of
electrons at the L valleys. Note that in Ref. 41 the larger spin-charge
interconversion at the L valleys compared to I" in GaAs has been
related to the larger p-like character of L. For the sake of clarity, in
Fig. 4(b), we show the dependence of &gg (calculated as the photon
energy by which y; j* + 7, j = 0) as a function of the ratio between
the spin—charge interconversion efficiencies y, /7;.

A macroscopic spin-to-charge conversion parameter y.; can be
extracted by weighting each valley-dependent spin—charge intercon-
version efficiency with the valley occupation,

Vet = VML + Yana R yp(nL + 4.3 ny). (3)

The result is reported in Fig. 4(c), where we compare & with the
spin-Hall angle of Ge y$, reproduced from Ref. 8. The data are
aligned to the photon energy corresponding to the direct energy gap
&4g- Note that the drop of 755" at hv — eqg ~ 0.55 corresponds to the
peak in j* at 1.25 eV [see Fig. 4(a)], which could be overestimated due
to the parabolic approximation of the band structure within the
employed model.

For photon energies close to &g, where the spin-dependent scat-
tering is mostly driven by impurities, the spin-charge interconversion
is almost constant within the experimental error and yfgs“ ~4 x107°,
while yG¢ ~ 2 x 107*. In this energy range, the efficiency of spin-
dependent scattering is determined by the SOC of the dopant (accord-
ing to the atomic number Z) and by the doping concentration. Despite
GeSn is Sb-doped (Zg, = 51) while Ge is P-doped (Zp = 15),
752 > 755 due to the large difference in the number of dopants

(Ngp = 7.4 x 107 cm™3, Np = 2 x 10 cm ™). This strongly reduces
the cross section of the impurities in GeSn compared to the Ge sample.
Moreover, in thin GeSn films, the large lattice mismatch between Si
and GeSn leads to defect-rich material,”> which contributes to further
decrease the spin-Hall angle.

As observed in Ge, the spin—charge interconversion is drastically
enhanced as the phonon-contribution to spin-dependent scattering
increases.” Here, the spin-Hall angle of GeSn becomes larger than the
one of Ge [see Fig. 4(c)]. Indeed, the phonon-mediated electron scat-
tering mostly depends on the SOC of the lattice rather than the one of
the scattering centers such as impurities, and, compared to pure Ge,
the SOC of GeSn is increased by the presence of Sn. The largest spin-
to-charge conversion efficiency for GeSn is Y55 & 0.3, at least ten
times larger than the one of Ge. Notably, such a large spin-Hall angle
could allow extending the lasing action already demonstrated in
GeSn™ to enable spin lasers where the exploitation of spin-polarized
carriers could outperform the best conventional semiconductor
lasers."*

We have exploited optical orientation to generate a spin-
polarized electron population in the conduction band of GeSn. We
have measured the inverse spin-Hall effect signal due to the spin-
dependent scattering taking place in GeSn itself, and we have exploited
a spin diffusion model based on the kinetic energy dependence of the
spin-relaxation time to reproduce the observed ISHE spectrum. The
spin-Hall angle of GeSn is more than a factor ten larger than the one
of Ge, when spin-dependent scattering is mediated by phonons, due to
the larger spin—orbit coupling of the GeSn lattice compared to Ge.

See the supplementary material for details about the growth and
fabrication of GeSn, the optical orientation in GeSn, and the calcula-
tion of the spin current density.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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