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ABSTRACT

We have investigated the electron spin diffusion length at room temperature in bulk n-doped germanium as a function of the doping concen-
tration. To this purpose, we exploit a nonlocal spin injection/detection scheme where spins are optically injected at the direct gap of Ge and
electrically detected by means of the inverse spin-Hall effect (ISHE). By optically generating a spin population in the conduction band of the
semiconductor at different distances from the spin detector, we are able to directly determine the electron spin diffusion length L in the Ge
substrate. We experimentally observe that Ly > 20 ym for lightly doped samples and, by taking into account the electron diffusion coefficient,
we estimate electron spin lifetime values 7 larger than 50 ns. In contrast, for heavily doped Ge substrates, the spin diffusion length decreases
to a few micrometers, corresponding to 75 » 20 ns. These results can be exploited to refine spin transport models in germanium and reduce
the experimental uncertainties associated with the evaluation of Ls from other spin injection/detection techniques.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5120967

I. INTRODUCTION

The electron spin diffusion length in semiconductors is a
parameter that plays a fundamental role in the design of spin-
tronic devices. Since spin is a nonconserved quantity, the choice
of a semiconductor platform where spins can be transported and
manipulated over large distances is of paramount importance. To
this aim, large values of the electron spin diffusion length Ls and,
consequently, of the spin lifetime 7 are required. In this frame, Ge-
based spintronics can take advantage from the inversion symmetry
of the Ge lattice, which avoids the presence of the Dyakonov-Perel
relaxation mechanism." * As a consequence, spin lifetimes exceed-
ing 10 ns in lightly doped Ge samples at room temperature have been
reported.1 On the contrary, in III-V semiconductors, where such a
mechanism is present,”’ the electron spin lifetime is limited to few
nanoseconds.

Therefore, germanium and Ge-based heterostructures repre-
sent natural hosting materials, where electronic and spintronic
architectures can be merged.” "’ The room-temperature spin life-
time of electrons at the indirect gap of n-doped Ge has been
investigated by means of several electrical spin-injection/detection

schemes, such as three-terminal (3T)'“'*"'° and four-terminal

(4T)"""" lateral spin valves and spin-pumping experiments.”’** In
this case, the spin-related voltage as a function of the applied exter-
nal magnetic field is measured exploiting the Hanle effect. How-
ever, especially for 3T-devices, the role of the surface states at the
metal/semiconductor junction and the presence of the impurity-
assisted tunneling magnetoresistance”’ make the evaluation of the
electron spin lifetime difficult, the latter being related to other
parameters, such as the interface spin-resistance, the spin mixing
conductance, and the injected spin polarization, which are generally
subject to non-negligible experimental uncertainties. Moreover, all
these techniques commonly require heavily doped Ge samples since
a tunneling region at the metal/semiconductor contact is needed for
spin injection and detection.

Spin transport and dynamics in undoped Ge has been mostly
studied by exploiting optical spin injection and detection tech-
niques.”””” The symmetry of the Ge bandstructure around the T
point of the Brillouin zone allows the optical generation of a spin-
oriented population of electrons in the conduction band, with a
maximum spin polarization P = 50%, when the incident photon
energy is tuned to the direct gap of Ge.”” ** Optical spin injection
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can be used also in Ge-heterostructures,'' in particular, SiGe multi-
ple quantum wells since the spin injection can be limited to the Ge
well, exploiting the different energy bandgap between Si and Ge.

Recently, a novel nonlocal spin injection/detection scheme has
been developed in semiconductor-based platforms, where spins are
optically injected in the semiconductor and detected by the inverse
spin-Hall effect (ISHE), taking place in a thin Pt pad deposited on
top of the Ge substrate.” In this case, the semiconductor surface is
patterned by growing a series of metal stripes and the spin injection
is performed through a focused light beam, impinging on the edge
of each stripe. This approach has the advantage of generating a well-
localized in-plane spin polarization in Ge at correspondence with
the edges of the stripes.'” We would like to stress that the spin injec-
tion and detection efficiencies, as well as the geometry of the spin
injector and ISHE detector, may affect the magnitude of the mea-
sured ISHE signal but have no influence on the determination of the
spin diffusion length, as explained in Ref. 4. Indeed, the ability to
independently address the spin injection and detection points with
microscopic resolution makes optical spin orientation combined to
ISHE detection the ideal platform to investigate spin diffusion in
semiconductors.

In this work, we exploit the aforementioned architecture to
determine the electron spin diffusion length at room temperature
in n-doped Ge substrates as a function of the doping concentration.
In particular, by optically injecting a spin population in the con-
duction band of the semiconductor at different distances from the
spin detector, we can directly determine the electron spin diffusion
length L.

Il. SAMPLES AND EXPERIMENTAL RESULTS

We have employed four different Ge(001) substrates: the first
one is unintentionally p-doped, with an acceptor concentration
N.=3x 10" cm™ (sample A), whereas the other three samples are
n-doped (with phosphorous), with a donor concentration Ng = 2
x 107 (sample B), 8.2 x 10'6 (sample C), and 1.2 x 10" e¢m™?
(sample D), respectively. All the substrates have been patterned by e-
beam lithography (EBL) with a staircase-shaped Pt structure, which
is used to inject spins in Ge when illuminated by a light beam (see
below). The thickness of this structure is 20 nm and the length of
each step is 50 ym. The staircase-shaped structure is faced by a 5 nm-
thick Pt pad of 200 x 50 um? size, used as an ISHE detector [see
Fig. 1(a)]. Two 150 nm-thick Ti/Au contacts, deposited at the edges
of the Pt pad along the x-axis, are exploited to measure the elec-
trical signal coming from ISHE. The Pt film has been deposited by
e-beam evaporation in two steps to achieve different thicknesses for
the spin injector and detector. The EBL resist has been spincoated
on the Ge substrate and then exposed to the electron beam of a
converted scanning electron microscope (SEM) along the designed
pattern (acceleration voltage of 30 kV). For these structures, a dou-
ble layer of PMMA diluted to 3.5% and 1.5% in toluene has been
employed. After the exposure, the PMMA has been developed to
remove the soluble exposed parts by a solution of methyl isobutyl
ketone (MIBK) and isopropanol (IPA) in a 1:3 ratio. Finally, during
the lift-off process, the resist has been removed with acetone.

Figure 1(b) shows the confocal microscopy setup used for
the measurements. The light source consists of a continuous-wave
laser delivering photons at an energy equal to 0.8 eV, resonant
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FIG. 1. (a) Scanning electron microscopy image of the Pt structures grown on
sample D (doping concentration Ny = 1.2 x 10% cm~3). The staircase-shaped Pt
structure [right-hand side in Fig. 1(a), brown-yellow] acts as spin injector, whereas
the Pt rectangular pad [left-hand side of Fig. 1(a), light gray] is used as spin detec-
tor. In this case, the distances between the different steps of the spin injector and
the right edge of the detector are 2.8, 6.6, 8.9, 12.3, and 15.8 um, respectively
(from bottom to top), whereas the right edges of the spin injector and detector are
separated by 32.2 um. The two Ti/Au contacts at the edges of the Pt pad are not
shown in the figure. (b) Sketch of the confocal microscopy setup: the optical beam
enters a beam splitter (BS), a linear polarizer (Pol), and a photoelastic modulator
(PEM). Finally, it is focused on the sample by a 0.7 numerical aperture objective.

with the direct Ge bandgap at room temperature. The light enters
a polarizer (Pol), a photoelastic modulator (PEM), and finally is
focused on the sample by an objective with a 0.7 numerical aperture,
yielding a full width at half-maximum beam size of approximately
1.5 um. The circular polarization of the light is modulated at 50 kHz
and the differential voltage signal AVisug is measured between the
Ti/Au contacts by a lock-in amplifier. All the measurements have
been performed at room temperature.

When the focused circularly polarized light beam impinges at
normal incidence on the edges of the staircase-shaped structure,
the amplitude and phase of the incoming electric field are modu-
lated so that it is possible to generate an elliptically polarized electric
field in the xz plane of the sample.” In this case, dipole selection
rules for direct optical transitions allow generating a spin-oriented
population of electrons at the T point of the Ge Brillouin zone,
with an in-plane spin polarization P = 50% along the y-axis of
the sample. Therefore, by rastering the staircase-shaped structure
with the focused light beam at normal incidence, we generate in
the Ge conduction band spin-polarized electron populations at cor-
respondence with the different edges of the Pt structure.”'” The
optically injected spins diffuse in the Ge substrate and give ori-
gin to the detected ISHE signal AVisye once they enter in the Pt
pad.””” Therefore, by measuring the ISHE signal, we are able to
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FIG. 2. ISHE map of the staircase-shaped structure for sample A (doping con-
centration N, = 3 x 10> cm=2). The measurements have been performed with
a photon energy hv = 0.8 eV and an incident power of W = 300 yW. The ISHE
profiles corresponding to the averaged AVsye along the entire length of each
step (50 um), are shown on the right. The origin of the y-axis is identified with the
position of the right edge of the Pt detector.

directly measure the spin diffusion length L, as already pointed out
in Ref. 4.

The ISHE map of sample A (Ge substrate with N, = 3 x 10"
cm™?) is shown in Fig. 2. The measurements have been performed
with an optical power of W = 300 yW. Since the length of the
staircase-shaped structure is larger than the maximum range of the
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FIG. 3. Dependence of the AV gy signal on (a) the degree of circular polarization
(DCP) and (b) the power of the light impinging on sample A (N, = 3 x 10™ cm~3).
The experimental points correspond to the amplitude of the ISHE signal, averaged
over the entire length of the edge at distance y = 13.8 um from the detector. In (a)
AV)she is normalized to the incident power W = 300 W and the red dashed line
corresponds to the linear fit of the dataset.
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microscope piezoelectric stage, AVisug, normalized to the incident
power, is only shown in the yellow boxes, corresponding to the dif-
ferent edges. The ISHE profiles, averaged along the entire length of
each step of the structure, are shown on the right-hand side of the
figure. The black profile of Fig. 2 shows a positive peak at y = 0,
which is related to the optically injected spins at the detector edge.
On the contrary, spins generated at the first step of the staircase-
shaped structure results in a negative ISHE peak, as requested by
the injection geometry of the pattern.”'” By increasing the dis-
tance between the Pt detector and the illuminated step, the ampli-
tude of the negative peak decreases due to the finite spin diffusion
length. The ISHE signal measured when the light beam is focused at
y = 322 ym is due to the spins optically injected at the right
edge of the staircase-shaped structure. As expected, the being latter
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FIG. 4. ISHE signal as a function of the distance between injection and detection
points for the sample (a) A (Na =3 x 10" ecm~2), (b) B (Ng = 2 x 10'® cm=3), (c)
C (Ng =82 x 10 cm=3), and (d) D (Ng = 1.2 x 10'® cm~?). Inset: bilogarithmic
plot of the estimated electron spin lifetime 75 as a function of Ny, as obtained in
Table | for samples B, C, and D. The red dashed line corresponds to the extrapo-
lated Ng“ dependence of 7s. The signal amplitude has been normalized to the
maximum value of each dataset. Measurements have been performed with a pho-
ton energy hv = 0.8 eV and an incident power of W = 300 4W. The red dashed
line corresponds to the exponential fit based on the unidimensional spin diffusion
model.
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always at the same distance from the detector, the amplitude of the
corresponding ISHE peak is the same for all the profiles.”

To check the consistency of our measurements, we have mea-
sured the dependence of the ISHE signal from the degree of circular
polarization (DCP) of the illuminating light. The experimental data
for the edge of the staircase-shaped structure at y = 13.8 ym are
reported in Fig. 3(a), where the ISHE signal has been normalized to
the incident power W = 300 yW. As expected, AVisug shows linear
dependence as a function of DCP since the latter is proportional to
the number of photogenerated spin polarized electrons in Ge. The
power dependence of AVisug [see Fig. 3(b)], measured at the same
position on the sample, tends to saturate at high incident powers,
according to the modulation imposed by the photovoltage across the
Pt/Ge Schottky junction.”"””

We have then performed ISHE measurements for all the Ge
substrates, by exploiting similar staircase-shaped Pt structures. The
results are summarized in Fig. 4. The ISHE signal has been normal-
ized to the maximum value for each dataset. The experimental points
are obtained by averaging the ISHE signal at the corresponding
injection edge over the entire length of the step.

I1l. DISCUSSION

The experimental data of Fig. 4 can be interpreted in the
frame of a unidimensional spin diffusion model:">"">* in this
case, AVisgyg o< e L where Ly = /Det, is the spin diffusion
length, with D. being the electron diffusion coefficient. Since the
ISHE signal is acquired as a function of the distance between the
injection and detection points, the relative variation of the signal
can only be ascribed to the spin depolarization. Therefore, it is pos-
sible to employ the AVisge dependence upon y to fit the experi-
mental datasets of Fig. 4 and estimate L, which is the only free
parameter that needs to be determined by fitting. For low doping
levels, corresponding to sample A and B, we obtain the extremely
large values Ly = 34 £ 7 ym and 23 + 2 um, respectively. For
the heavily doped Ge substrates, i.e., sample C and D, the spin
diffusion length decreases, and we estimate Ly = 11 + 2 ym and
6 + 2 um, respectively, in agreement with the results reported in
Ref. 4.

It is important to note that when the light beam impinges on
the edge of the staircase-shaped structure, a photovoltage is gener-
ated between the injection and the detection point,” resulting in
a photoinduced electric field E,y, along the direction of spin diffu-
sion. The latter might create a drift spin current that could affect
our estimation of the electron spin diffusion length, as explained, for
instance, in Ref. 38. However, spin transport associated with drift
currents becomes relevant when the amplitude of Ey, is larger than
~10* V/m. To rule this mechanism out, we have estimated Epn for
all the samples by measuring the photoinduced voltage between the
Pt spin injector and detector, when each step of the staircase-shaped
Pt structure was illuminated. We have found Eyy, < 10* V/m in all
cases, indicating that the photovoltage cannot give any sizeable con-
tribution to the spin transport and hence have no influence on the
measured L values. Possible artefacts on the estimation of the spin
diffusion length due the nonuniform illumination of the sample can
also be ruled out since all the measurements have been performed
with an incident power lying in a power range where the ISHE

ARTICLE scitation.org/journal/apm

TABLE I. From the left to the right: sample code, electron spin diffusion length Ls,
electron diffusion coefficient De from Ref. 39, electron spin lifetime 75, estimated from
the Ls values in the second column, and electron spin lifetime 72", calculated from the
spin relaxation cross sections reported in Refs. 41, 44, and 45.

Sample (cm™?) L (um)  De (cm?/s) 75 (ns) T;h (ns)
A:N, =3 x 10" 3417 87 132 + 61 48
B:Ng=2x10" 23+2 87 60 + 10 4.8
C:Ng=82x10"° 11x2 45 26+ 10 2.5
D:Ng=12x 10" 6+2 21 17 +11 0.5

signal is linear with respect to W. This is the expected behavior in
a diffusion regime where temperature gradients can be neglected.

The experimental results are summarized in Table I. By tak-
ing into account D., extracted from the mobility measurements of
Ref. 39, we can also give an estimation of the electron spin life-
time 7. Direct estimations of Ls in undoped Ge are not available
in the literature because electrical spin injection/detection schemes
require heavily doped Ge substrates to achieve a thin depleted region
at the metal/semiconductor contacts. Therefore, the comparison
between our L, values and those reported in the literature is only
meaningful for high doping levels. In this case, the estimation of
Ls for sample D in Table I is in agreement with the one reported
in Ref. 10, whereas it is larger than what observed in Refs. 21
and 22.

In the past years, experimental investigations of spin-related
properties in Ge have been mainly performed by means of the
Hanle effect in 3T- and 4T-devices, from which it is possible
to estimate the electron spin lifetime 7..?" The 7, values thus
obtained, however, are considerably smaller than those that we infer
from Ls in this work for similar doping concentrations. This is
true both for lightly and heavily doped Ge substrates, where 3T-
measurements estimate 75 < 1 ns'® and 0.3 < 75 < 0.7 ns,“’ respec-
tively. In this sense, since the role of the spin-dependent tunnel-
ing in 3T devices is still debated, whereas our estimation of L
does not depend on any other parameter involved in the measure-
ment, the comparison between the experimental results of Refs. 10
and 14-21 and those of Table I could help clarifying the mecha-
nism of spin injection and extraction at the metal/semiconductor
interfaces.

Nevertheless, it is worth noticing that the estimation of 7
for a n-doped Ge sample by means of optical techniques, reported
in Ref. 41, is consistent with the one obtained in Table I for
sample D.

Moreover, it has been theoretically proposed’” and experimen-
tally observed”’ that for heavily n-doped semiconductors the spin-
polarized electron diffusion coefficient can significantly differ from
that of unpolarized carriers, especially at low temperature. In our
case, this phenomenon could be significant only for sample D and
could affect the estimation of the electron spin lifetime, by reducing
T, at most by a factor two.

Finally, we have theoretically estimated the electron spin life-
time from spin relaxation cross sections’"**** (see the last column of
Table I). The circularly polarized light generates around the T’ point
of the Ge Brillouin zone a spin-oriented population of electrons,
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which is rapidly relaxed toward the L minima. Since the energy
relaxation occurs in a time scale much lower than the one character-
istic for spin depolarization,® it is possible to assume that the elec-
trons are transferred to the indirect Ge gap without losing their spin
polarization. At the L minima, spins can relax due to the intra- and
intervalley scattering as well as impurity-driven scattering, depend-
ing on the doping concentration. For samples A and B, we have
considered only intra- and intervalley spin relaxation mechanisms,
obtaining Téh ~ 5 ns, which is much lower than the value extrapo-
lated from our experimental measurements, but in agreement with
the well-established calculations of Ref. 44, whereas, for samples
C and D, we have also taken into account the impurity-assisted
spin relaxation mechanism.”*"*° Recently, a detailed calculations on
impurity-driven spin relaxation mechanisms in multivalley semi-
conductors has been proposed in Ref. 47, suggesting that the elec-
4

tron spin lifetime should follow a N, * dependence as a function of
the n-type doping concentration Ny. Although this has been exper-
imentally verified in degenerate n-Ge by means of electrical mea-
surements on lateral spin valves at low temperatures,”” our exper-
imental data rather indicate a N7 dependence on Ny, as shown
in the inset of Fig. 4(d). Such a discrepancy could be phenomeno-
logically justified by the fact that at room temperature and in the
investigated doping range, especially for samples B and C, spins are
mostly depolarized through intervalley spin relaxation promoted by
phonons, as suggested in Refs. 44 and 45. All the calculations appear
to underestimate the electron spin lifetime in Ge for at least an
order of magnitude, as already suggested in Ref. 4, so our measure-
ments can be exploited to better calibrate the parameters involved
in the models describing spin-related intervalley scattering at the L
minima of Ge.

In conclusion, we have determined the electron spin diffusion
length in bulk n-Ge by means of a nonlocal spin injection/detection
scheme. By varying the distance between the spin injection and
detection point, we are able to estimate the electron spin diffusion
length as a function of the doping concentration without any sup-
plemental parameter. Taking into account the large discrepancies
between our experimental data and the ones already reported in the
literature for similar systems, these results can be exploited to even-
tually refine spin transport and diffusion models in germanium and
reduce the experimental uncertainties associated with the evaluation
of the spin diffusion length L from other spin injection/detection
techniques.
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