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ABSTRACT
We have developed a non-local architecture for spin current injection, manipulation, and detection in n-doped bulk Si at room temperature.
Spins are locally generated at the indirect gap of bulk Si by means of circularly polarized light and then detected by exploiting the inverse
spin-Hall effect (ISHE) occurring inside a thin Pt pad deposited at the top of the Si substrate. We demonstrate that it is possible to modulate
the transport properties of the optically injected spin current by applying a bias voltage along the direction of motion of the particles. In this
case, we are able to explore both the spin diffusion regime, characterized by a spin diffusion length Ls ≈ 12 μm, and the spin drift regime with
applied electric fields up to E = 35 V/cm. We demonstrate that the spin transport length of the electrons can be increased (or decreased) by
more than 100% for electric fields antiparallel (or parallel) to the diffusion direction. As a consequence, the ISHE signal can be electrically
controlled to have high or low output voltages from the non-local device.

© 2023 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/10.1063/5.0130759

The integration of novel spin-based devices in CMOS-
compatible platforms is one of the great challenges of modern
spintronics. To this aim, it would be highly desirable to design
spintronic architectures in bulk silicon substrates.1–3 This would
further add functionalities provided by the spin degree of freedom
to the palette of digital/analogic operations of common electronic
devices, improving the performances of integrated circuits without
revolutionizing the industrial supply chain.

In this context, Si-based heterostructures have gained momen-
tum as platforms for spintronic applications in the past years,4
thanks to the advances in engineering efficient non-local archi-
tectures,5 mainly four-terminal devices, for electrical spin gener-
ation and detection in a wide range of temperatures and doping
concentrations.1,2,6 Electrical spin injection by means of magnetic
tunnel junctions has been efficiently achieved in heavily n-doped Si
at low7 and room temperature,8–10 whereas spin-polarized hot elec-
tron injection11 has been successfully employed at low temperatures
in lightly n-doped or undoped Si to circumvent the conductiv-
ity mismatch.12 Finally, optical spin injection has proven to be an
alternative route for spin injection in Si,13–15 since it allows gener-
ating a spin-oriented population of electrons at the Si indirect gap

(Eig = 1.12 eV at T = 300 K). A spin polarization of a few
percent can be reached at room temperature as a consequence of
phonon-mediated optical transitions.16,17

At variance with spin injection, spin manipulation in Si still
remains an unsolved task, mainly due to the low spin–orbit interac-
tion, which fosters spin transport, allowing for spin lifetimes of the
order of 10 ns at room temperature,1,13,15 but results in low electri-
cally driven effective magnetic fields,14,18,19 preventing spin preces-
sion by means of voltage gates.1,2 Indeed, seminal reports indicate
that the electrical manipulation of spins could be achieved only in
Si-based quantum wells or thin films, at least at low temperatures.2,20

Therefore, literature reports have focused on the large spin diffusion
length, suggesting that Si could be employed for spin interconnects,6
thanks to its good spin injection and detection efficiency,1,2,6–10

but relegating possible spin-based logic operations to high-Z or
magnetic thin films,21 eventually grown on top of Si. However,
technological applications of spin-based devices require the elec-
trical control of the output signals, which could be performed by
manipulating the spin current rather than directly the spin.

In this respect, we propose a non-local architecture for spin cur-
rent injection, manipulation, and detection in lightly n-doped bulk

APL Mater. 11, 021102 (2023); doi: 10.1063/5.0130759 11, 021102-1

© Author(s) 2023

https://scitation.org/journal/apm
https://doi.org/10.1063/5.0130759
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0130759
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0130759&domain=pdf&date_stamp=2023-February-2
https://doi.org/10.1063/5.0130759
https://orcid.org/0000-0002-0428-5184
https://orcid.org/0000-0002-4767-1894
https://orcid.org/0000-0001-7441-4626
https://orcid.org/0000-0002-0078-5085
https://orcid.org/0000-0002-8212-1337
https://orcid.org/0000-0001-5951-7440
https://orcid.org/0000-0002-9197-3654
https://orcid.org/0000-0002-1131-4748
https://orcid.org/0000-0002-3108-0563
mailto:federico.bottegoni@polimi.it
https://doi.org/10.1063/5.0130759


APL Materials ARTICLE scitation.org/journal/apm

Si at room temperature. We exploit optical orientation to inject a
spin current at the indirect gap of bulk Si, and we detect the inverse
spin-Hall effect22 (ISHE) signal generated in a thin Pt pad grown on
top of the Si substrate. We show that the ISHE signal can be mod-
ulated by applying a bias voltage along the direction of motion of
the spin-polarized electrons. We characterize the spin transport in
the Si platform in both the spin diffusion and the spin drift regime
with applied electric fields up to E = 35 V/cm, where the spin trans-
port length of the electrons can be increased (decreased) by more
than 100% for electric fields antiparallel (parallel) to the diffusion
direction.

The investigated sample is shown in Fig. 1(a). A set of 8 nm-
thick and 40 × 3 μm2-wide Pt pads, used as spin injectors, has been
deposited by e-beam evaporation on top of a lightly phosphorous-
doped Si(001) substrate (donor concentration Nd ≈ 1 × 1015 cm−3),

previously etched to obtain a 1.8 μm-thick and 300 × 50 μm2-wide
mesa. The center-to-center distance between the two consecutive
pads is 6 μm. Referring to the sample scheme of Fig. 1(a), the first Pt
pad on the left is employed as a spin detector; therefore, it is slightly
larger than the other pads (8 nm-thick and 40 × 5 μm2-wide) and
is contacted with two Au/Ti electrodes. The latter are obtained by
electron beam evaporation of 7 nm of Ti, 70 nm of Au, 7 nm of Ti,
and 100 nm of Al followed by lift-off. These contacts allow detecting
the voltage drop ΔV under open-circuit conditions, generated at the
two edges of the spin detector due to the ISHE taking place within
the Pt pad.22 A 150 nm-thick SiO2 layer [shown in green in Fig. 1(a)]
has been deposited between the Si substrate and the Au/Ti contacts
to avoid direct spin and charge absorption from the semiconductor
to the electrodes. Finally, two Al/Au/Ti ohmic contacts have been
deposited at the ends of the Si mesa along the x axis of the sample

FIG. 1. (a) Sample structure and exper-
imental geometry for non-local optical
spin orientation and ISHE detection mea-
surements (not to scale). A series of
Pt pads is grown on top of a Si mesa
to inject the spin-polarized electrons at
different distances with respect to the
ISHE detector (first Pt pad on the left).
The latter is contacted by means of two
Au/Ti contacts. Two Al/Au/Ti ohmic con-
tacts are deposited at the end of the Si
mesa. By applying a bias voltage Vb ≠ 0
between these contacts, one can gen-
erate an electric field along the x axis
of the sample. Reflectivity (b) and ISHE
(c) map for hν = 1.5 eV, W i = 7 μW
with no applied bias, acquired within the
red region of panel (a). The origin of
the x axis is set at correspondence with
the position of the right edge of the Pt
detector.
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to apply the bias voltage Vb. The suppression of the Schottky barrier
at the Ti/Si interface has been obtained by heavily doping the region
beneath the ohmic contacts by means of the spin-on-dopant (SOD)
technique.23,24

All the measurements have been performed at room temper-
ature by exploiting a confocal microscopy setup (see Refs. 15, 25,
and 26), in which the sample surface is scanned by a laser beam. The
circular polarization of the light is modulated at 50 kHz by means of
a photoelastic modulator (PEM), and the incident light is focused on
the sample by an objective with 0.7 numerical aperture, obtaining a
diffraction-limited spot size on the sample of the order of the light
wavelength. The reflectivity (R) and ISHE (ΔV) signals have been
simultaneously recorded by a photodetector and a lock-in amplifier,
respectively.

Optical spin injection is performed by illuminating the Pt pads
with the circularly polarized laser beam. At correspondence with
opposite edges of each pad, the phase and the amplitude of the inci-
dent electromagnetic field are modulated so that phonon-mediated
optical transitions generate two symmetric spin populations at the
indirect gap of Si,13,17 with opposite spin projections along the
x axis.15,25–28 The presence of several Pt pads enables us to locally
inject spins at different distances from the spin detector.

Spin-polarized carriers then diffuse toward the Pt detector, pos-
sibly driven by the electric field along x and enter the first Pt pad on
the left [see Fig. 1(a)] by means of thermionic emission,13,29 over-
coming the Schottky barrier formed at the interface between Pt and
Si.30 Inside Pt, the inverse spin-Hall effect takes place through spin-
dependent scattering with Pt nuclei. This spin-to-charge conversion
produces a voltage drop ΔV at the edges of the ISHE detector. Since
the spin current flows along the z axis inside Pt and ΔV is mea-
sured along y, only the x component of the spin polarization vector
can be detected.15,22,31 The latter is generated in the optical orien-
tation process, thanks to the Pt pads, whose exploitation as spin
injectors allows matching the requirements imposed by the ISHE
process.27

For the sake of clarity, it is worth bearing in mind that the opti-
cal orientation process in Si generates spin-polarized electrons at
the Δ valleys and spin-polarized holes at Γ. However, the literature
suggests that the hole spin lifetime lies in the picosecond range,8,32

whereas the electron spin lifetime is of the order of tens of nanosec-
onds [see Fig. 3(c)].13,33,34 Therefore, as a first approximation, we can
suppose that the ISHE signal is mainly produced by spin-polarized
electrons, neglecting the hole contribution.13

Figures 1(b) and 1(c) show the reflectivity (R) and the ISHE
(ΔV)map acquired in a 75 × 6 μm2-wide region of the sample, rep-
resented by the red window in Fig. 1(a). A pigtailed laser diode with
photon energy hν = 1.5 eV and incident power W i = 7 μW has been
employed as the optical source. The origin of the x axis is set at corre-
spondence with the position of the right edge of the Pt detector. ΔV
changes sign when the light beam illuminates opposite edges of each
Pt pad due to the opposite projection of the spin polarization vec-
tor along x and exponentially decreases when the distance between
the injection and detection point is increased. This is further high-
lighted in Figs. 2(a) and 2(b), which show the profiles of R and ΔV ,
respectively, obtained by integrating the signal along y within the
investigated sample region.

The amplitude of the ISHE signal as a function of the x position,
evaluated at correspondence with the left edge of each Pt injector,

FIG. 2. Reflectivity R (a) and ISHE signal ΔV (b) profiles, obtained by integrating
the signal of Figs. 1(b) and 1(c) along y, respectively. (c) ISHE signal ΔV (red dots)
as a function of the distance from the Pt detector, evaluated at correspondence
with the left edge of each Pt injector. The dashed red line represents the fit of
the experimental data by means of the function of Eq. (1), resulting from a one-
dimensional spin diffusion model with no applied bias. ΔV dependence on (d) the
incident optical power W i and (e) the degree of circular polarization (DCP).

can be exploited to estimate the electron spin diffusion length Ls with
no applied bias, as shown in Fig. 2(c). Indeed, the experimental data
can be fitted with the one-dimensional spin diffusion model,35

ΔV = ΔV0e−x/Ls , (1)

obtaining Ls = 12.6 ± 0.3 μm, which yields an electron spin lifetime
τs = L2

s/De ≈ 40 ns, with De = 36 cm2/s being the electron diffusion
coefficient for lightly doped Si.36 Such a value is in agreement with
previous literature reports, where τs in Si have been estimated with
different experimental techniques.1,2,13,15,30

Furthermore, we have characterized the ISHE signal by acquir-
ing different ΔV maps as a function of the incident power W i
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and of the degree of circular polarization (DCP) of the light. For
each map, a ΔV profile has been obtained and then fitted with
the one-dimensional spin diffusion model of Eq. (1), to estimate
the dependence of ΔV0 upon DCP and W i, as shown in Figs. 2(d)
and 2(e), respectively. As expected, ΔV is proportional to DCP and
W i;15,31,37 therefore, these datasets confirm the spin-related nature
of the detected signal.

We have then performed optical spin injection as a function of
the incident photon energy, by exploiting a supercontinuum laser,38

delivering photons in the 0.6–2 eV energy range. In this case, spin-
polarized electrons are promoted in the conduction band along the Δ
direction with a different kinetic energy, which definitely affects the
electron spin diffusion length [see Fig. 3(a)] and, as a consequence,
the electron spin lifetime τs, as shown in Fig. 3(b). Each Ls value
has been obtained by fitting the corresponding ΔV profile at fixed
hν with Eq. (1). For hν ≈ Eig and Ls ≈ 70 μm, Ls drastically decreases
with increasing hν. The origin of such a behavior stems from the fact
that for hν ≈ Eig, the spin-polarized electrons are promoted at the
bottom of the conduction band at the Δ valleys and spin relaxation
is mainly driven by spin-dependent scattering with impurity cen-
ters.39 Since the Si substrate is only lightly doped, the spin lifetime
is quite large. On the contrary, when hν is increased, spin-polarized
electrons are promoted in the Si conduction band with an energy
larger than the indirect energy gap and spin relaxation mainly occurs
via spin-dependent scattering with phonons.33,34 In this respect, we
have calculated the photon energy dependence of τs [green solid
line in Fig. 3(b)], by taking into account the spin–flip cross sec-
tions within the Yafet–Elliot picture40,41 for phonon-driven inter-ΔΔ
and intravalley scattering as well as for spin-dependent scattering
with impurities.39 The deformation potentials and the energies of
the phonon branches in Si, involved in the spin-relaxation pro-
cesses, have been taken from Ref. 42. The calculation is in fairly
good agreement with the experimental results and other literature
reports,33,34 although our model overestimates τs for hν→ Eig. Such
a discrepancy could be explained considering that in Ref. 43, the
intervalley spin–flip mechanism in Si has been mostly ascribed to
the spin-dependent scattering with impurity centers rather than with
phonons, whereas in our calculation, the former is only consid-
ered as an intravalley process. Although the spin-relaxation chan-
nel proposed in Ref. 43 should become relevant only for heavily

FIG. 3. (a) Photon energy dependence of the electron spin diffusion length Ls. (b)
Photon energy dependence of the electron spin lifetime τs (blue dots), evaluated
by considering experimental data of panel (a) and the electron diffusion coefficient
De = 36 cm2/s. The green solid line represents the calculated dependence of τs

upon hν, by taking into account spin-relaxation cross sections with impurities and
phonons for spin-polarized electrons at the Si indirect gap.

doped Si, it could still determine the slight difference between the
experimental and calculated values of τs in the low photon-energy
range.

Finally, we have investigated the bias dependence of the ISHE
signal by applying a voltage difference between the ohmic contacts
at the two sides of the Si mesa sketched in Fig. 1(a). In this case,
an electric field Ex is applied along the x axis of the sample, which
corresponds to the direction of motion of the spin-polarized elec-
trons. Positive and negative Vb values are applied to the left ohmic
contact of the sample [see Fig. 1(a)], whereas the right one is always
grounded. The experimental results are shown in Fig. 4(a), where
the ΔV profiles for hν = 1.5 eV and W i = 7 μW as a function of
the x position are compared for different values of the bias volt-
age Vb, comprised between ±7.5 V. For Vb > 0, the decay length
of the ISHE signal, in this case also named spin transport length
Ls,t, is evidently increased, since the spin-polarized electrons are
accelerated by the applied electric field Ex toward the Pt detec-
tor. On the contrary, for Vb < 0, the spin-polarized electrons are
slowed down by the presence of Ex, and therefore, Ls,t is strongly
quenched. A quantitative analysis on the experimental data can
be performed by fitting the ΔV profiles of Fig. 4(a) with the one-
dimensional model of Eq. (1), provided that the spin diffusion length
Ls is replaced with Ls,t, to take into account the spin drift regime
of the spin-polarized electrons.26 Figure 4(b) shows the dependence
of Ls,t upon the electric field Ex in the investigated Vb range. The
former has been estimated from Vb by means of numerical simu-
lations considering the three-dimensional field distribution in the
sample. For Vb = 0, Ls,t approximately matches the Ls value obtained
above, since for Vb = 0, the spin diffusion regime is restored.
However, for Vb = 7.5 V, i.e., Ex = 35 V/cm, Ls,t is enhanced by
more than 100%, where Ls,t ≈ 30 μm. On the contrary, if Vb < 0,
the spin transport length is suppressed down to Ls,t ≈ 3 μm for
Vb = −7.5 V (Ex = −35 V/cm).

The bias dependence of Ls,t, evaluated from the experimental
data of Fig. 4(a), can also be compared to the spin transport length
calculated from the analytical solution of the one-dimensional cou-
pled spin continuity and spin drift-diffusion equations [solid green
line in Fig. 4(b)],26,44–47

FIG. 4. (a) ΔV profiles as a function of the x position for bias voltages
−7.5 V < Vb < 7.5 V. (b) Experimental (gray dots) and calculated (green solid
line) dependence of the spin transport length Ls,t upon the applied electric field Ex .
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with kB being the Boltzmann constant, e being the elementary
charge, and T being the lattice temperature. Equation (2) reproduces
the experimental trend of Ls,t and is able to capture all the essential
parameters involved in the spin current modulation. The latter are
basically a finite spin diffusion length Ls, comparable to the device
length, and an applied electric field ∣Ex∣ < 2kBT/(eLs). We have also
performed two-dimensional (2D) finite-element spin-transport sim-
ulations on the xz plane, and we have found that the agreement with
the experimental results is not significantly improved.26 Anyway, the
experimental data of Fig. 4(b) indicate that the electrical spin current
manipulation can be efficiently achieved in bulk Si at room tem-
perature. A closer inspection of the ISHE signal at a fixed distance
with respect to the Pt detector reveals that the proposed non-local
architecture basically acts as a spintronic logic gate. Indeed, if the
spin current is injected at distances from the Pt detector larger than
Ls [for example, x = 2Ls, see Fig. 5(a)], it is possible to observe
a complete electrical modulation of ΔV between Vb = −2.5 V
and Vb = 2.5 V, which represents a voltage range fully compatible
with those already exploited in integrated circuits. In this case, the
two bias-dependent outputs of the device (ΔV) can be exploited
as logic signals. On the contrary, if spins are generated at distances
from the ISHE detector comparable or lower than Ls, it is manda-
tory to increase the voltage range to detect a full signal modulation
[for x = Ls, Vb = ±5 V, see Fig. 5(b)]. Eventually, no significant ΔV
modulation is observed in the investigated bias range at x = Ls/2
[see Fig. 5(c)]. It is worth noticing that Ls can be properly reduced
by increasing the doping concentration of the semiconductor,48

in order to match the typical dimensions of common electronic
devices.

In conclusion, we have demonstrated a non-local architecture
for spin injection, transport, and detection in lightly n-doped bulk
Si. By exploiting thin Pt pads deposited on top of the Si substrate,
it is possible to locally inject a spin current with a projection of
the spin polarization in the plane of the device, which can then be
detected by means of ISHE in a Pt detector. We have shown that the
spin current can be completely modulated by applying an electric
field along the direction of motion of the spin-polarized electrons, in
order to obtain a high or low signal output, depending on the direc-
tion of the applied electric field. These results pave the way to the
design and engineering of a novel class of spintronic devices, based
on spin-dependent logic operations.

FIG. 5. ISHE signal as a function of Vb for optical spin injection at a fixed distance
x from the Pt detector equal to (a) x = 2Ls, (b) x = Ls, and (c) x = Ls/2.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

C. Zucchetti: Conceptualization (equal); Data curation (equal); For-
mal analysis (equal); Investigation (equal); Methodology (equal);
Software (equal); Supervision (equal); Validation (equal); Visualiza-
tion (equal). F. Scali: Data curation (equal); Investigation (equal);
Software (equal). P. Grassi: Data curation (equal); Investigation
(equal). M. Bollani: Data curation (equal); Formal analysis (equal);
Investigation (equal); Methodology (equal). L. Anzi: Data cura-
tion (equal); Investigation (equal); Methodology (equal). G. Isella:
Formal analysis (equal); Methodology (equal). M. Finazzi: Con-
ceptualization (equal); Formal analysis (equal); Supervision (equal);
Validation (equal). F. Ciccacci: Conceptualization (equal); Super-
vision (equal); Validation (equal). F. Bottegoni: Conceptualization
(equal); Data curation (equal); Investigation (equal); Methodology
(equal); Supervision (equal); Validation (equal); Writing – original
draft (equal).

DATA AVAILABILITY

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

REFERENCES
1R. Jansen, “Silicon spintronics,” Nat. Mater. 11, 400–408 (2012).
2V. Sverdlov and S. Selberherr, “Silicon spintronics: Progress and challenges,”
Phys. Rep. 585, 1–40 (2015).
3E. Talamas Simola, V. Kiyek, A. Ballabio, V. Schlykow, J. Frigerio, C. Zucchetti,
A. De Iacovo, L. Colace, Y. Yamamoto, G. Capellini, D. Grützmacher, D. Buca,
and G. Isella, “CMOS-compatible bias-tunable dual-band detector based on
GeSn/Ge/Si coupled photodiodes,” ACS Photonics 8, 2166–2173 (2021).
4A. Ferrari, F. Bottegoni, G. Isella, S. Cecchi, and F. Ciccacci, “Epitaxial Si1−xGex

alloys studied by spin-polarized photoemission,” Phys. Rev. B 88, 115209 (2013).
5F. Rortais, C. Vergnaud, A. Marty, L. Vila, J.-P. Attané, J. Widiez, C. Zucchetti,
F. Bottegoni, H. Jaffrès, J.-M. George, and M. Jamet, “Non-local electrical spin
injection and detection in germanium at room temperature,” Appl. Phys. Lett.
111, 182401 (2017).
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