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We investigate spin transport in a set of Ge/Sig.15Geo.s5 multiple quantum wells (MQWSs) as
a function of the well thickness. We exploit optical orientation to photogenerate spin-polarized
electrons in the discrete energy levels of the well conduction band at the I' point of the Brillouin
zone. After diffusion, we detect the optically oriented spins by means of the inverse spin-Hall effect
(ISHE) taking place in a thin Pt layer grown on top of the heterostructure. The employed spin
injection/detection scheme is sensitive to in-plane spin-polarized electrons, therefore by detecting
the ISHE signal as a function of the photon energy we evaluate the spin-polarization generated
by optical transitions driven by the component of the light wavevector in the plane of the wells.
Moreover, we gain insight into the electron spin-diffusion length in the MQWSs. The sensitivity
of the technique to in-plane spin-related properties is a powerful tool to investigate the in-plane

component of the spin-polarization in MQWs, commonly hidden.

Group-1V semiconductors offer the opportunity to ex-
ploit spin-related features in platforms that are com-
patible with the mainstream Si-based technology [1-3].
Among them, germanium allows for long spin-diffusion
lengths [4-7] and efficient injection [8] and detection
of spin-polarized electrons either in Ge itself [9, 10] or
in Ge-based heterostructures [11]. The investigation of
Ge-based multiple quantum wells (MQWs), thanks to
the reduction of the dimensionality, adds peculiar conse-
quences. Indeed, the symmetry reduction produces the
appearance of Rashba [12] or Rashba-Edelstein [13] ef-
fects. Moreover, quantum confinement and strain effects
cause the removal of the degeneracy between heavy-hole
(HH) and light-hole (LH) states at the I" point of the
Brillouin zone, which is of particular interest for optical
orientation [14, 15]. Indeed, this allows photogenerating
a fully-polarized spin population at the I'" point of the
conduction band of the well [16]. In the case of Ge/SiGe
MQWs this population preserves its spin character on
long timescales [17].

It is worth noticing that, at variance from bulk sys-
tems, in MQWs the unit vector of the spin polariza-
tion up is not parallel to the light wavevector k [15].
This can be seen either as due to the symmetry reduc-
tion in a low-dimensional system or as a consequence of
the different probability for optical transitions excited
by circularly-polarized electric fields projected normally
to the in-plane or the out-of-plane component of the
light wavevector k [18]. Since the most exploited spin-
based devices (e.g., magnetic tunnel junctions) mostly
deal with in-plane magnetization [19], the knowledge of
in-plane spin-polarization P would be important. How-
ever, while it is usually quite simple to directly address
the spin-polarization P, generated by a light beam im-
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pinging out-of-plane the MQWs [16, 17], technical prob-
lems in the illumination and the detection process make
rather difficult to have access to P (generated by optical
transitions driven by in-plane component of k). A possi-
ble solution of this issue requires the exploitation of pla-
nar waveguides based on MQWs [20, 21] which, however,
would need to be engineered to be polarization insensi-
tive. Here, we demonstrate that a Pt/MQWs structure
can be employed to directly infer from experimental mea-
surement the dependence of the electron spin polarization
Py upon the incident photon energy, and thus to deter-
mine the effect of the in-plane component of the light
wavevector k on spin-related properties.

In this letter, we investigate the spin transport in
Ge/SiGe MQWs for different well thicknesses. Spin-
polarized electrons are photogenerated in the discrete
conduction levels of Ge wells by exploiting the optical ori-
entation technique [14, 15, 22]. Spins then diffuse towards
a thin Pt film grown on top of the MQW structure. In-
side Pt, they undergo the inverse spin-Hall effect (ISHE)
[23, 24], i.e., a spin-dependent scattering which trans-
forms the optically injected spin current density j, into a
charge current density j,. Following the phenomenologi-
cal ISHE relation [3] we have:

jc = ’Yjs X up, (1)

with v being the efficiency of the spin-to-charge conver-
sion. We use Pt as a spin detector due to the large v
value (ypy =~ 0.1 [25-29]). The ISHE signal is measured
under open circuit conditions as a voltage drop AVisug
across two electrodes placed at the edges of the Pt film.
Since in this configuration AVigyg is sensitive only to
the in-plane component of the spin-polarization normal
to the contact direction (P,) [30-32], we show in the
following that the investigation of the inverse spin-Hall
effect signal as a function of the impinging photon energy
allows to experimentally address the spectral dependence
of P|. Notably, our experimental findings are in agree-
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Sample " t,  HH1—c[l HH2 —»c[1 LHI —cll  HH3—c[l  HHI —cl[2  HH2 — c[2
(nm) (nm) (meV) (meV) (meV) (meV) (meV) (meV)
A 107 148 [ggg] [gzlag] [ggi} [Z;i} [ig;g} [iggg}
B 128 171 [SSZ] [ggg] [312} [gig} [ggé} [}88%
C 146 201 [Z;Z] [ZSZ] [3(1)3} 924 [ggg} [3;;]
D 6.1 221 [g% [Zgg] [ggg} [gﬂ} j947) [323}

Table 1. From the left to the right: relevant geometrical parameters of the investigated MQW samples, t,, and t, being the
thickness of the well and the barrier, respectively; values of the optical transitions between discrete energy levels around
the direct Ge gap, as extrapolated from the fitting of photoreflectance measurements (see Supplemental Material for further
information) and, in square brackets, the results of tight-binding calculations.

ment with the ones computed with a tight-binding ap-
proach. This points towards the exploitation of such spin
injection/detection scheme as a powerful tool to directly
access spin-related properties which are hardly accessible
to the common techniques available for spin-polarization
measurements.

In Fig. 1 (a) we report the structure of the investigated
samples. We employ the low-energy plasma-enhanced
chemical vapor deposition (LEPECVD) technique to
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Figure 1. (color online) Samples and experimental geometry.
(a) Sketch of the samples. Symbols ¢, and t,, represent the
thickness of the barrier and the well, respectively, which vary
from sample to sample. The spin generation occurs inside
the Ge well. Spins are then transferred to the Pt layer. We
acquire the electric signal due to spin-to-charge conversion in
Pt between two Au contacts. (b) Sketch of the energy levels
mostly contributing to optical transitions. (c) Experimental
setup.

grow high-quality group-IV heterostructures [33]. On a
500 pm-thick Si(100) substrate, we grow a virtual sub-
strate (thickness: 13 pm), fully relaxed, graded from
pure Si to Sig.09Gego1 with a grading rate of 7%/um.
This serves as a buffer layer for the growth of the first
Sig.15Geg.g5 barrier of the Ge quantum well. Then, we
grow 50 periods of Ge wells and Siy.15Geg g5 barriers,
with well and barrier thicknesses as reported in Tab. I.
The structure is then terminated with a 4 nm-thick Pt
layer, on which we deposit two Au contacts for the ac-
quisition of the electric signal. The direction between the
electrodes [y-axis in Fig. 1 (a)] is parallel to the [110] crys-
tallographic direction of the MQWs. In the following, we
name the samples from A to D as a function of the thick-
nesses of the barrier ¢, and of the well ¢, as reported
in Tab. I. The table also shows the energy of the direct
optical transitions [a sketch of the discrete energy levels
is shown in Fig. 1 (b)] that we extrapolate from photore-
flectance measurements (see Supplemental Material for
details) and the comparison with tight-binding calcula-
tions (see below). The agreement between the two is
good. Notably, the photoreflectance technique is sensi-
tive also to optical transitions between states of different
parity, which are barely visible in transmission [34], and,
thus, that do not contribute to the ISHE signal.

To theoretically estimate the energy resolved absorp-
tion coefficient and the initial optical polarization spec-
trum, we used a first-neighbor tight-binding (TB) Hamil-
tonian description of our Ge/SiGe MQW samples [35,
36]. The semiempirical parametrization adopted in our
model uses sp3d®s* orbitals in both the spin configura-
tions and the values of the associated TB parameters
for the Si and Ge crystal have been taken from Ref. 37
and 38, respectively. The SiGe barriers have been de-
scribed by linear interpolation of the Si and Ge param-
eters. Finally, since the parametrization of Refs. 37, 38
holds at low temperature, a rigid shift of —90 meV of the
conduction bands has been applied to take into account
the temperature induced band-gap shrinkage. Follow-
ing the procedure outlined in Ref. 39, the dipole matrix
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Figure 2. (color online) Calculated absorption coefficient (c,
dark green dotted line) vs measured optical density (OD, light
green continuous line) as a function of the photon energy for
samples A to D [reported in panels (a-d), respectively].

elements have been expressed in terms of the hopping
Hamiltonian parameters and of the first neighbor ion po-
sitions in the strained lattice. To calculate the spectrally
resolved absorption coefficient and the optical polariza-
tion spectrum, the Ge/SiGe MQW Brillouin zone has
been sampled in a neighbor of the I" point with a grid fea-
turing 800 nodes. Finally, to properly take into account
the effects due to the coherent superposition of the dou-
ble degenerate final states in the conduction band, the
spin polarization along an arbitrary direction, induced
by circularly polarized light propagating in the QW re-
gion with a given incidence angle, has been calculated as
the expectation value of the density matrix operator, as
reported for instance in Ref. 15.

In Fig. 1(c) we show the experimental setup that we
employ for the ISHE measurements. Optical orientation
is performed exploiting the monochromatized light (typ-
ical bandwidth of 10 meV) of a super-continuum laser
[40]. Within the reference frame of Fig. 1 (a), the Ohmic
contacts can detect a current density j. parallel to the y-
axis. The spin current density j, flows from the MQW to
the Pt layer, thus it is directed along the z-axis [30-32].
Hence, eq. (1) imposes that AViggg is sensitive only to
the z-component of the spin polarization P, (i.e., Py). To
get a significant P,, the light beam illuminates the sam-
ples in an off-normal configuration. This is obtained by
partially filling off-axis a 0.65 numerical aperture objec-
tive [10, 41, 42]. The light is focused on the sample with a
polar angle ¥ =~ 30°, resulting in a polar angle inside the
Ge layer ¥ge ~ 6.6°, almost constant within the investi-
gated photon energy range. The ISHE signal is measured
with a lock-in amplifier by modulating the circular polar-
ization of the light with a photo-elastic modulator (PEM)
operating at 50 kHz [30, 31]. All the measurements have
been performed at room temperature.

In Fig. 2 we report, for all the investigated samples,
the comparison between the value of the absorption co-
efficient «(fuw) resulting from the calculation (dark green

dotted line) with the measured optical density (OD) of
the MQWs (light green continuous line). The calculated
absorption coefficient nicely matches the experimental
measurement. The slight difference between the two is
related to excitonic absorption peaks that we do not ac-
count in our calculations. Anyway, the comparison be-
tween predicted and measured absorption spectra let us
to be confident with the reliability of our theoretical ap-
proach.

In Fig. 3 we report the value of AViggg normalized
to the flux of the incident photons ®,,. For all the
samples we can identify two shoulders, highlighted in
Fig. 3 with light blue arrows. From Tab. I we at-
tribute the first shoulder to the overall contribution of
HH1 — cI'l and LH1 — cI'1 transitions and the second
one to HH2 — cI'2. From sample A to sample D the en-
ergy difference between the two shoulders decreases, as
expected, due to the increase of the well thickness.

The interpretation of the ISHE spectra is subject to
the knowledge of the absorption coefficient and the initial
spin-polarization of the quantum wells. Indeed, within a
simple 1D spin drift-diffusion model, the dependence of
AVisgg on « and P, is expressed by the so-called Spicer-
like formula [43] as:

a(hw) by

Vst () o B ) T 0 Gy g,

(2)
with /5 being the effective spin-diffusion length of the
MQWs along an out-of-plane path. Here, in order to
gain insight into the spectral dependence of the ISHE
signals, we compute the value of P, resulting from the
same tight-binding model employed for the estimation of
a (see Fig. 2). We report in Fig. 4 the component of
the spin polarization at the time of generation projected
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Figure 3. (color online) Experimental results (blue circles) of
AVisur normalized to the photon flux @,y for the samples A
to D [in panels (a-d), respectively]. The experimental error
of the measurement is within the size of the circles. The
dark blue line represents the fitting exploiting the model of
Ref. 43, and is proportional to P, o (calculated). The light
blue arrows are placed close to the absorption edges of the
MQWs.
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Figure 4. (color online) In-plane (P,, brown dotted line) and
out-of-plane (P,, orange dashed line) component of the spin
polarization as a function of the photon energy calculated for
an incident angle Yge = 6.6° for samples A to D [respectively
reported in panels (a-d)]. Red circles show the value of P,
extrapolated from experimental measurements as detailed in
the text. Note the different spectral features of P, and P,
consequence of the symmetry reduction in MQWs.

along the z and z-axes [reference frame of Fig. 1(b)],
P, (brown line) and P, (orange line), respectively, calcu-
lated for ¥qe, = 6.6°. Since in MQWs the direction of the
spin polarization up is not parallel to the light wavevec-
tor k due to the reduction of the symmetry, it is not
possible to exploit the simple definition P, = P sindge
and the spectral shapes of P, and P, (i.e., P,) are dif-
ferent. The out-of-plane component reaches a value close
to 100% for all the investigated samples, whether P, re-
mains almost constant around the value of 2% after the
onset of the HH1 — cI'1 transitions, while a dip occurs in
correspondence of the HH2 — ¢I'2 transition. Here, we
point out that the small absolute value of P, is related to
the small polar angle ¥, exploited in our experimental
geometry. The tight-binding model predicts values of P,
which could reach 20% as Yg. approaches 90°.

The dark blue line in Fig. 3 shows the best fit
of AVigug/®pn obtained with the Spicer-like model
[eq. (2)]. We exploit the computed a and P, parame-
ters reported in Fig. 2 and 4, respectively, convoluted
with a gaussian function accounting for both the thermal
broadening of the energy states and the bandwidth of the
light source. The best fit for all the investigated samples
yields AVisgg « P, a, which means that the Spicer-like
model only provides the upper constrain f; < a~! [see
eq. (2)]. In the investigated energy range, the maximum
value of the absorption coefficient is o /= 200 cm ™, hence
ls < o™ ~ 50 um for all the MQWs.

However, we can analyze the signal intensity to give a
lower boundary estimation of £;. Indeed, on one hand, by
dividing the measured AVigug/®pn by the electric resis-
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tance (Ra.p A2 200 ) we get the value of the equivalent
charge current iisug/®pn in the Pt layer. Then, if we
assume ypy = 0.1 [25-29] we can estimate the spin cur-
rent i$*P needed to produce the detected AViggr. On
the other hand, we can also estimate the value of spin
current it" assuming that all the spins generated within
a distance ¢ from the Pt/MQWs interface reach the in-
terface. From Ref. 44 we have:

w
ith = W (1—e ) P, (3)
being W the light power transmitted to the MQW
and ¢ the elementary charge. Since the photon flux is
@, = W/(hw A), being A the area of the light beam, we
get ith /Dy, =q A (1 — e’af) P,. Now, we can find the
value of ¢ which allows the identity i&P/®y, = it /@y,
to be respected. This value of ¢ would correspond
to 45 in absence of the built-in electric field at the
metal/semiconductor junction. The presence of the
Schottky barrier, instead, reduces the number of spin en-
tering into Pt [45], hence 45 > . We get £ ~ 200 nm for
all the investigated samples and photon energies, thus ob-
taining the lower boundary ¢; 2 200 nm for vertical spin-
transport in Ge/SiGe MQWs. It is worth mentioning
that the range of {5 we extract from our measurements is
in agreement with previous estimations of the spin diffu-
sion length in GaAs/AlGaAs quantum wells [46, 47].

For what concerns the spin-polarization, exploiting the
Spicer-like model we concluded that AVisyg = c P a,
with ¢ a proper proportionality constant known from
the best fit. This means that with the measurements of
AVigar and of the OD (properly scaled to fit the calcu-
lated « values) and using the ¢ value estimated from the
Spicer-like model, we can directly estimate P,. In Fig. 4
we report the results of the procedure. Notably, this
experimentally-inferred P, nicely agrees with the calcu-
lated one, for all the investigated samples. In particular,
the comparison between the two is good for samples A
and B, while, from the theoretical predictions, a slightly
larger value of P, should be expected below 925 meV for
samples C and D. In any case, we conclude that the mea-
surement of AVisyg can be exploited to directly access
information about the in-plane spin polarization which,
to the best of our knowledge, is inaccessible to other ex-
perimental techniques.

In conclusion, we exploit a spin injection/detection
scheme in a Pt/MQWs system, based on optical orienta-
tion of spin-polarized electrons in the quantum wells, and
ISHE detection in the Pt layer. This allows us to expect
for all the investigated MQWs a spin-diffusion length /g
in the range between hundreds of nanometers and few
micrometers for vertical spin transport. More impor-
tantly, the sensitivity of the technique let us directly es-
timating from experimental measurements the value of
the in-plane spin-polarization, which nicely agrees with
theoretical predictions.
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