Inverse spin-Hall effect in GeSn
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We investigate the photoinduced inverse spin-Hall effect in a GeSn alloy with 5% Sn concentration.
We generate 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 upon the
kinetic energy of the spin-polarized carriers by varying the energy of the impinging photons in the
0.5 — 1.5 eV 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. In this
frame, 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 A valleys of GeSn results to be ~ 4.3

times larger than the one at L valleys.

I. INTRODUCTION

Group IV semiconductors are the materials of choice
of modern electronics. Therefore, the study of their spin-
related properties is extremely important in the perspec-
tive of developing spintronic devices compatible with this
platform [1, 2]. While spin-orbit phenomena are gener-
ally small in Si [3-5], Ge displays relevant spin-related
effects occurring in the bulk [5-8] or at the surface [9]
and at interfaces with other materials [8, 10, 11]. More-
over, typical spin-diffusion lengths in Ge are of the order
of some micrometers [12-14] and the 4% lattice mismatch
with Si allows for the implementation of Ge functionali-
ties on the mainstream Si-based technology [15].

In this context, Sn can be a convenient route for the
development of a platform with increased spin-orbit cou-
pling (SOC) within group-IV materials. The absence of
an energy gap in Sn does not allow field-effect operations.
Anyway by alloying Ge with Sn atoms an energy gap is
preserved while increasing the SOC of the lattice. De-
spite the small equilibrium solubility of Sn in Ge and the
14% lattice mismatch between the two materials [16, 17],
the growth of high quality GeSn alloys on Si has been ob-
tained [18]. This has paved the way to the demonstration
of fundamental features from the optical and electronic
point of view, such as the GeSn lasing action [19-21], or
the possibility to increase the electron mobility as a func-
tion of the Sn concentration while still keeping efficient
on-off transistor operations [22]. On the spintronic side,
the large SOC in a group-1V semiconductor boost the in-
terest in the spin-related properties of GeSn [23]. Since
literature reports also suggest that the spin lifetime in
GeSn lies in the nanoseconds range [24], this alloy could
represent a novel platform where optoelectronic and spin-
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tronic 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 intercon-
version, as a function of the kinetic energy of the spin-
polarized carriers of a Geg.g55ng.o5 alloy. We generate a
spin population by means of optical orientation [25-27]
at the I' point of the GeSn conduction band, which un-
dergoes spin-dependent scattering, generating an inverse
spin-Hall effect (ISHE) electromotive field [28, 29]. The
optically-injected spin current density j is thus converted
to a charge current density j. [28, 29]:

jc = ’Vjs X up, (1)

being v the spin-Hall angle and up the unit vector rep-
resenting the direction of the spin-polarization. Exper-
imentally, we detect the voltage drop AVisug due to j,
[11] as a function of the incident photon energy across
two electrodes at the edges of a GeSn bar, and charac-
terize the spin transport properties of hot electrons [7].
From the measured signal and exploiting a model explic-
itly accounting for momentum, spin and energy relax-
ation of hot electrons, we infer the spin-charge intercon-
version efficiency v 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 estimate v ~ 0.3, a
value ten times larger than the one obtained in bulk Ge
[7]. 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.

II. METHODS

The investigated sample is a single crystalline n-
doped Geg 9551905 stripe, grown on a 525 um-thick
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Figure 1. (Color online) Sample and experimental geome-

try. (a) A single crystalline Geg.95Sno.05 stripe of dimensions
dy X dy xd, =5x20x0.3 pmS lies on top of a Si substrate.
From two Al pads deposited onto the stripe we measure the
voltage drop AVisur due to the photoinduced ISHE. A fo-
cused circularly-polarized light beam shine the sample with
polar angle 9. (b) The molecular-beam epitaxy grown stack
with doped GeSn layer on Si. (¢) Optical image of the inves-
tigated sample and zoom (red inset) on GeSn bar.

Si substrate, as sketched in Fig. 1(a,b). The
GeSn is doped with antimony with concentration
Ng = 7.4 x 1017 ecm ™3, while the substrate has a boron
doping N, ~ 10'6 cm~3. The geometrical dimensions of
the stripe are 5 ym, 20 ym and 300 nm along the z, 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 (¢) (see Appendix A for com-
plete growth and fabrication details).

The geometry of the measurements is illustrated in
Fig. 1(a). We exploit a supercontinuum laser [30] as a
light source, monochromatized with a typical bandwith
of ~ 10 meV and tuned in the 0.5 — 1.5 eV energy range.
The circular-polarization of the light beam is modulated
at 50 kHz by a photoelastic modulator (PEM). The light
beam is focused on the sample with a polar angle 9 = 30°,
by partially filling out-of-axis an objective with 0.7 nu-
merical aperture. This results in the generation of a
spin-polarization P = Pup with a non-vanishing compo-
nent along the z-axis, since up is antiparallel to the light
wavevector inside GeSn. The electrical ISHE signal is ac-
quired as a voltage drop AVisyg (along y) between two
Al electrodes and is demodulated with a lock-in ampli-
fier at the PEM frequency. An off-normal illumination
of the sample is fundamental since in our geometry the
optically-injected spin current j, diffuses along the z axis
[7], whereas the detected charge current j, flows along y:
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Figure 2. (color online) Experimental data. (a,b) Depen-
dence of AVisug on the degree of circular polarization (DCP)
and on the polar angle 1, respectively, of the impinging light
beam. Dotted line show linear fits of the data. (c¢) Photon
energy dependence of AVigyg normalized to the flux of pho-
tons that are transmitted to GeSn. The inset show a zoom of
the experimental data in the 0.6 = 1.15 eV region.

therefore, according to Eq. (1) the projection of P along
x is the only detectable component of the spin polariza-
tion. To further increase the signal-to-noise ratio, the
light intensity is chopped at 1.12 Hz 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.

III. EXPERIMENTAL RESULTS

Fig. 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 Supplemental
Material of Ref. 31. The observed linear dependence is in
agreement with calculations performed by means of mul-
tilayer optical analysis [32] related to the photoinduced
ISHE. In Fig. 2 (b) we show the dependence of AVigyg as
a function of the polar angle ¥, defined in Fig. 1 (a). The
z-component of the spin polarization P is opposite for
opposite ¥ values, thus yielding an opposite ISHE signal.
Moreover, the ISHE signal is linear with 1, as expected
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Figure 3. (color online) Theoretical calculations. (a) Band
structure of GeSn with 5% Sn concentration, calculated
within a full-band k - p model [16, 33]. (b,c) Kinetic energy
dependence of the spin lifetime (b) and the probability of val-
ley occupation (c), obtained from the model of Ref. 7.

for small angles inside the GeSn sample (in our config-
uration Ygesn < 7°) [32]. The datasets of Fig. 2(a,b)
confirm the spin-related nature of the electrical signal
acquired with our experimental setup.

Finally, the dependence of AVigyg as a function of the
incident photon energy is reported in Fig. 2 (¢). The ex-
perimental data are normalized to the flux of photons
®pn 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 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 al-
most linearly with hAv. In the following, we will refer to
esg = 1.07 eV as the photon energy corresponding to the
sign reversal in the ISHE spectrum.

IV. PHYSICAL PICTURE

In the investigated photon energy range, optical tran-
sitions 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 [16, 33]. If the semiconductor is illu-
minated with a circularly polarized 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 transi-
tions from HH, LH, and SO have 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
investigated photon energy range. This has already been
demonstrated in Ge [34], and is further discussed in Ap-
pendix B for GeSn. Since P = 50% if the incident photon
energy is tuned to the direct GeSn gap and monoton-
ically decreases down to zero when the photon energy
is increased [34], 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 life-
time 7 as a function of the kinetic energy ey, which is
reported in Fig. 3 (b). Following the procedure detailed
in Ref. 7, 75 has been calculated by accounting for the mo-
mentum scattering due to impurities and phonons (intra-
and inter-valleys for all the valleys), 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 [35].

Similarly to the case of Ge, for e < 0.2 eV momen-
tum (and spin) relaxation is mainly driven by impurities,
while phonons dominate scattering at higher kinetic en-
ergies [7]. Due to energy conservation, electrons 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 electron popula-
tion coming from the HH band determines the spin po-
larization P at the generation time. However, such a
population rapidly depolarizes and, under steady-state
conditions, the spin character of the entire electron pop-
ulation 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 experimen-
tal data acquired in Ge [7].

In the case of GeSn the onset of the optical transitions
from the SO band is hv = 0.88 eV, while the sign rever-
sal is observed at egg = 1.07 eéV. Such an energy shift
can be explained in a frame which accounts not only the
dependence of 75 upon ¢y, but also the kinetic energy
dependence of the valley occupation at the steady state.
In Fig. 3(c) the occupation probability nz, (na) of the
L (A) valleys as a function of gy is shown, assuming
nr = 0, and exploiting the model of Ref. 7. The oc-
cupation of the I' valley can be set to zero due to the
negligible density of states of I' compared to L and A.
From Fig. 3 (c) if electrons have enough kinetic energy to
reach A they are favored to populate this valley. This is
a consequence of the larger density of states of A com-
pared to L. Therefore, a larger electron kinetic energy is
related to the decrease of the spin lifetime [see Fig. 3 (b)]
and the increase of the population at A compared to L
[see Fig. 3 (c)]. Notably, electrons coming from HH states
start populating the A valley starting from a photon en-
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Figure 4. (color online) Physical picture. (a) Calculation of the spin current density flowing in L and A valleys as a function
of the photon energy. Results are convoluted 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 esg as a function of
the relative weight of the spin-Hall angles of electrons in A (ya) and L (yr). The arrow correspond to the experimental egr
value. (c) Estimated effective spin-Hall angle (see text) for GeSn (red circles) and Ge (blue squares, data from Ref. 7). The

solid lines are guides for the eyes. Datasets are aligned to the direct gap energy of the materials.

ergy hv = g4y + era = 0.88 eV [see Fig. 3 (a)] which also
correspond 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 in A,
while the electrons with opposite spin polarization pro-
moted from the SO states are thermalized and diffuse
within the L valley.

As previously observed in GaAs [36, 37], the spin trans-
port in different valleys can be associated to different
spin-charge interconversion efficiencies. The reason of the
shift of egr to higher energies with respect to the onset
of the optical transitions from SO lies in a larger spin-
Hall angle of electrons occupying A states with respect to
those lying in the L valley. Therefore, electrons diffusing
along A provides for a larger contribution to the ISHE
signal. Thus, for hv > 0.88 eV, although electrons com-
ing from HH have a lower electron spin lifetime due to
the larger kinetic energy, the diffusion along A ensures a
larger spin-to-charge conversion with respect to the elec-
tron population excited from the SO 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. This produces the shift to larger photon energies
of egR.

V. DISCUSSION

We separately calculate the spatial average along the
stripe thickness of the steady-state spin current densities
at the A and L valleys, i.e., j& and j2, respectively.
The results are reported in Fig. 4(a), see Appendix C
for details. Due to ISHE the spin current densities jZ
and j2 generate a flow of charges in L (j£) or in A
(52), each characterized by a spin-charge interconversion
efficiency 7r or «ya, respectively. Both charge currents
then contribute to the measured AVisgg. Since for either

L and A valleys | j, X up| = js sin ¥gegn, from Eq. (1) the
total ISHE signal can be expressed as:

(2)

being R =~ 23 k() the stripe resistance [7, 36-38]. The
sign reversal of AViggg is related to a sign reversal of
the term in the brakets. However, jL and jsA become
negative for different photon energies [see Fig. 4 (a)]: as
a consequence, we can exploit the ratio ya /'yL as a free
parameter to tune egr to the experimentally detected
value egg = 1.07 €V [see Fig. 2 (¢)]. In this case, we ob-
tain ya /v &~ 4.3, meaning that the spin-orbit scattering
of spin-polarized electrons lying at the A valleys is almost
4.3 times more effective compared to the one of electrons
lying at the L valleys. This value results to be robust
against reasonably small variations of the input parame-
ter for the calculation. For the sake of clarity, in Fig. 4 (b)
we show the dependence of egg (calculated as the photon
energy by which vz jE + va j& = 0) as a function of the
ratio between the spin-charge interconversion efficiencies
YA/ VL

A macroscopic spin-to-charge conversion parameter
Yot can be extracted by weighting each valley-dependent
spin-charge interconversion efficiency with the valley oc-
cupation [37]:

AVisae = (723X + va j&) Rd @y, sinVgesn,

3)

The result is reported in Fig. 4 (¢), where we compare
’ygéfsn with the spin-Hall angle of Ge fygff, reproduced
from Ref. 7. The data are aligned to the photon energy
corresponding to the direct energy gap eq4s. Note that
the drop of y$£5* at hv — eqq ~ 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
bandstructure within the employed model.

For photon energies close to e€qg, where the spin-

dependent scattering is mostly driven by impurities, the

Vet = YLnL +Yana * yr(ng +4.3n4).



spin-charge interconversion is almost constant within
the experimental error and ’yﬁ‘fsn ~ 4 x 107°%, while
”YSCEE ~2x 107 In this energy range the efficiency of
spin-dependent scattering is determined by the SOC of
the dopant (according to the atomic number Z) and
by the doping concentration. Despite GeSn is Sb-
doped (Zs, = 51) while Ge is P-doped (Zp = 15),
'yeGHe > 'yg’fsn due to the large difference in the number of
dopants (Ngp, = 7.4 x 1017 em™3, Np = 2 x 10 ecm—3).
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 [18], which contribute
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 [7]. 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 conver-
sion efficiency for GeSn is ,ygfesn ~ 0.3, at least ten times
larger than the one of Ge.

VI. CONCLUSION

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 diffu-
sion 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.

Appendix A: Growth and farbrication of GeSn

All substrates are grown using solid source molecular
beam epitaxy (SS-MBE). Si is evaporated using an elec-
tron beam evaporator and Ge, Sn and Sb are evaporated
using resistively heated Knudsen-type cells. The Ge and
Si rates are measured and controlled using a quadrupole
mass spectrometer (QMS) and fixed to a rate 1 A -s71.
The Sn and Sb rates are controlled through the cell tem-
perature using a thermocouple. The Sn and Sb cell tem-
peratures are calibrated to the required rates. The Sn
rate is adjusted to achieve the required Geg 95519, 05 com-
position, resulting in a total Geg.g5Sng.5 growth rate
larger than 1 A -s~'. In the same manner, the Sb flux
is adjusted for each sample to achieve the required Sb
doping concentration. The growth is performed on in-

dustry standard p-Si(100) substrates with a specific resis-
tance of 10 — 20 €2 - cm. After sample loading, the wafers
are annealed at a substrate temperature of 900°C for
5 min to remove the native SiOy [39]. Afterwards, the
growth starts with an intrinsic Si layer with a thickness
of 50 nm at 600°C to overgrow any surface imperfection.
The sample temperature is then reduced to 160°C for
the subsequent Geg 9551005 growth. An initial intrin-
sic Geg.g59n0.05 wetting layer with thickness 10 nm is
grown. Since no Sb segregation is expected for Ge(100)
at 160°C [40], the Sb shutter is opened when starting the
growth of the final n-Geg.g5Sng g5 layer with d, = 300 nm
to enable doping via co-evaporation. The resulting layer
stack is shown in Fig. 1 (b). The samples are cleaned in
acetone and isopropanol ultrasonic bath for 8 min and
3 min, respectively (standard Ge clean). The structures
are defined using optical lithography. Immediately be-
fore photoresist spin-on, all samples are cleaned in HCI
with concentration 3 mol-17! to remove the native ox-
ide and then coated with hexamethyldisilazane (HMDS)
adhesion promoter to avoid photoresist liftoff.

All structures are etched using HBr by means of induc-
tively coupled plasma reactive ion etching (ICP-RIE).
The whole MBE grown stack is etched to achieve free-
standing structures that are electrically insulated from
their surroundings. After etching, samples are resist
stripped using TMAH, followed by a standard Ge clean
and Oy plasma clean. The samples are coated with
low temperature SiOs with 300 nm grown by plasma en-
hanced chemical vapor deposition (PECVD) at 250°C
using tetraethoxysilane (TEOS) and O, as precursors. A
final HC1 dip (3 mol - 17!) immediately before SiOy depo-
sition is used to achieve a clean Geg g55ng.05/Si02 inter-
face. Contact holes are defined using optical lithography
and a two-step etching process. First, CHF3 RIE in a
parallel plate reactor is used with 50 nm of SiO5 remain-
ing in the contact holes after dry etching. The remaining
SiO4 is then opened wet-chemically using buffered hy-
drofluoric acid to avoid overetching and roughening of the
Geg.955n0. 05 in the contact holes. For electrical contacts,
Al with thickness of 1.2 ym is deposited using magnetron
sputtering. The electrical contacts are defined using opti-
cal lithography and wet chemical etching. For wet chem-
ical etching, a standard Al etching solution containing
H3PO,4, HNO3 and HCOOH is used. The finished device
is shown in Fig. 1 (c).

Appendix B: Optical orientation in GeSn

We exploit a full-zone 30-band k - p model to calcu-
late the band structure of GeSn and to obtain the spin-
polarization at the generation time. The model is based
on Ref. 33 with properly adjusted parameters [41]. We
exploit ~ 380 x 103 k points to map the reduced Brillouin
zone, with a finest region around I'. The calculated band
structure of GeSn with 5% of Sn content is reported in
Fig. 3(a).
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Figure 5. (color online) Calculated optical spin polarization
of GeSn (blue continuous line) and Ge (red dotted line).

We follow the model of Ref. 34 to calculate the spin-
polarization at the generation time of GeSn. To validate
the calculations we compare our results with 0% of Sn
content, i.e., pure Ge, with the results of Ref. 34, the
two being in good agreement. The spin-polarizations at
the generation time are reported in Fig. 5. The calcu-
lated spin-polarization of GeSn results to be the same
of Ge, provided that everything is shifted in the energy
spectrum to follow the varitions of bandgap produced by
alloying.

Appendix C: Calculation of spin current density

To calculate the spatial average along the stripe thick-
ness of the steady-state spin current densities j! in the
generic " valley, we solve the coupled spin continuity
and diffusion equations [42]:

93 (2) = 7711(2) + Pya®,,e %, (Cla)
0z ;
i o anz
jiz) = -Do, (1)

where n;, 7, and P¢ are the spin-polarized electron pop-
ulation, spin lifetime and spin-polarization at the gener-
ation time of the i*® valley, respectively. « is the absorp-
tion coefficient and D, ~ 1.27 cm?/s the diffusion coef-
ficient. We solve Eq. (C1) by imposing the boundary
conditions ji(z = 0,d,) = 0, which account for the im-
possibility for spins to leave the stripe at the GeSn/air
(2 =0) and GeSn/Si (z = d,) interfaces. The value j’
results from the spatial average of ji(z) over the whole
stripe thickness d, .

It should be noticed that in Eq. (C1b) the drift term
—un; E, does not appear, being F, the electric field along
the z-axis. Anyway we demonstrate that a finite-element
method model accounting for both the presence of the Si
substrate and of the built-in electric field of the junction
(see Ref. 38 for details) does not provide for any notice-
able difference with respect to the one proposed in the
present work.
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