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Abstract

Spin transport in a semiconductor-based two-dimensional electron gas (2DEG) system has been
attractive in spintronics for more than ten years. The inherent advantages of high-mobility
channel and enhanced spin–orbital interaction promise a long spin diffusion length and efﬁcient
spin manipulation, which are essential for the application of spintronics devices. However, the
difﬁculty of making high-quality ferromagnetic (FM) contacts to the buried 2DEG channel in the
heterostructure systems limits the potential developments in functional devices. In this paper, we
experimentally demonstrate electrical detection of spin transport in a high-mobility 2DEG
system using FM Mn-germanosilicide (Mn(Si0.7Ge0.3)x) end contacts, which is the ﬁrst report of
spin injection and detection in a 2DEG conﬁned in a Si/SiGe modulation doped quantum well
structure (MODQW). The extracted spin diffusion length and lifetime are lsf=4.5 μm and
ts = 16 ns at 1.9 K respectively. Our results provide a promising approach for spin injection into
2DEG system in the Si-based MODQW, which may lead to innovative spintronic applications
such as spin-based transistor, logic, and memory devices.
S Online supplementary data available from stacks.iop.org/NANO/27/365701/mmedia
Keywords: spin injection and detection, spin transport, two-dimensional electron gas,
modulation-doped quantum well structure, Si/SiGe, Mn-doped SiGe
(Some ﬁgures may appear in colour only in the online journal)
transport as well as large spin signal for easy sensing [2].
Meanwhile, the effective spin manipulation is achievable
either by enhanced Rashba spin–orbit interaction from an
asymmetric E-ﬁeld structure [3, 4], or by direct control of
discrete density of states (DOS) within the quantum well
structure [5, 6]. Despite of these merits, very few studies of
direct electrical spin injection into 2DEG have been reported
so far, mainly because of the difﬁculty in making reliable
ferromagnetic (FM) contacts to the buried 2DEG channel.
Only recently, Oltscher et al [7] reported electrical spin
injection into a high-mobility 2DEG channel conﬁned at an
(Al,Ga)As/GaAs interface. They showed a giant spin signal

1. Introduction
Electrical detection of spin transport in a semiconductor (SC)
channel is one of the key requirements to realize spintronics
devices [1]. Among various SC materials, high-mobility twodimensional electron gas (2DEG) conﬁned in a modulation
doped quantum well structure (MODQW) is of particular
interest for device applications. This is because the high
mobility promises a long spin diffusion length for coherent
4
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while the device dimensions were comparable to the mean
free path (lmfp), and claimed that such a huge signal, which
greatly exceeds the expectations from the standard spin driftdiffusion model [8–10], was due to spin transport in the
ballistic regime. Therefore, spin transport in a high mobility
2DEG channel may provide a breakthrough for the spintronics application.
For the last decade, although there have been successful
demonstrations of electrical spin injection into thin ﬁlms of
GaAs [11, 12], Si [13–15], and Ge [16–18], using tunnel
contacts to overcome the conductivity mismatch problem [8–
10], it is still challenging to fabricate a reliable FM tunnel
contact to the buried 2DEG in MODQW. In literature, only a
few reports in Si/SiO2 [6] and III-V matrices [4, 7, 19] are
available up to now; however, electrical detection of spin
transport in the high-mobility 2DEG in a Si/SiGe MODQW
has not been reported. To make continuous progress in Sibased spintronics and to take full advantage of current CMOS
technology, there is an urgent need to develop Si-based
spintronics devices [20, 21]. In this work we demonstrate
electrical detection of spin transport in a 2DEG in a Si/SiGe
MODQW using FM Mn-germanosilicide (Mn(Si0.7Ge0.3)x)
Schottky [18, 22] end contacts, which is a new approach to
circumvent the difﬁculty of etching process adopted for the
typical spin valve devices [4, 7]. The experiments show that
the spin-polarized electrons could be laterally injected into
one side of the 2DEG conﬁned at the Si/SiGe interface, and
subsequently detected from the other side by the magnetoresistance (MR) of a FM/Si/FM spin valve. In what follows, we present a comprehensive material and device
analysis, including TEM characterization of the
Mn(Si0.7Ge0.3)x end contact, anomalous Hall effect (AHE)
measurements of a single FM Mn(Si0.7Ge0.3)x contact,
temperature-dependent contact resistance-area (RA) product
of the Mn(Si0.7Ge0.3)x end contact, and low-temperature Hall
measurements of the Si/SiGe MODQW. Most important of
all, symmetric resistance steps were clearly observed from a
series of FM/Si/FM spin valve devices with different channel lengths (Lch=1.5∼3.5 μm), by which the spin diffusion
length and spin lifetime,respectively, are calculated to be
lsf=4.5 μm and τs=16 ns at 1.9 K.

channel). After that, another 5 nm-thick Si0.7Ge0.3 layer was
grown to separate the doping region from the Si channel. The
Sb δ-doping and the ﬁnal 45 nm-thick Si0.7Ge0.3 layer was
achieved by a pre-established technique: 1/20 monolayer of
Sb was deposited prior to the overgrowth of Si0.7Ge0.3.
Figure 1(b) shows the simulated conduction band diagram
(lower axis) as well as carrier density (upper axis), in which
the 2DEG is located in the quantum well inside the Si channel
layer. As shown in ﬁgure 1(c), the depth proﬁles of the Sb
concentration (left axis) and Si, Ge composition (right axis)
were conﬁrmed by secondary ion mass spectrometry (SIMS)
that was carried out by Evans Analytical Group. Besides,
these data were used to simulate the conduction band diagram
in ﬁgure 1(b) by solving the one-dimensional Poisson and
Schrödinger equations self-consistently along the Z-axis [25].
It is important to note that the Sb δ-doping was intentionally
used to increase the 2DEG carrier concentration [26, 27] in
order to reduce contact resistance as well as minimize conductivity mismatch problem; [8–10] however, the δ-doping
also induced a parasitic channel in the Si/SiGe MODQW.
Therefore, its contribution to transport measurements will be
carefully considered in the following characterizations.
Because quantum conﬁnement in the Si/SiGe MODQW
is sensitive to the surface potential of the SiGe cap layers, the
2DEG could be depleted after destructive etching process
adopted in the previous approaches [4, 7]. To protect the
high-mobility 2DEG channel during device fabrication, we
developed a Mn solid-state reaction process [28, 29] for the
Si/SiGe MODQW, aiming to fabricate FM Mn(Si0.7Ge0.3)x
end contacts to the 2DEG. The device fabrication started with
a mesa-isolation (80 nm-height) by a reactive ion etching
(RIE), and then a 100 nm-thick SiO2 layer was deposited
using plasma-enhanced chemical vapor deposition (PECVD)
to passivate the surface. The contact windows (sizes of
10×20 and 5×20 μm) were patterned by photolithography
(PL) and structured by RIE and wet chemical etching. After
removing photoresist residues (PR), a 150 nm-thick Mn layer
was deposited on the patterned sample with e-beam evaporation, immediately followed by rapid thermal annealing
(RTA) at 360 °C for 2 min. During the annealing,
Mn(Si0.7Ge0.3)x only formed inside the contact windows,
while other regions were protected by the 100 nm-thick SiO2
mask. The remaining unreacted Mn layer was removed by
wet etching (see online supplementary ﬁgure S1). Finally,
metallization was accomplished by metal deposition of Ti/Au
(50/100 nm) to connect electrodes into the Mn(Si0.7Ge0.3)x
contact windows. In the above process ﬂow, the most critical
step is the rapid thermal annealing that drives Mn to diffuse
into the SiGe cap layer, in which the annealing temperature
should be chosen carefully so as to form FM Mn(Si0.7Ge0.3)x
contact [28, 29] but not to affect the doping proﬁle of the
Si/SiGe MODQW. Also, rather than using a Si (100) substrate, the (111) crystal orientation is chosen to improve the
crystallinity of the formed Mn(Si0.7Ge0.3)x upon annealing
[18, 30, 31]. Previously we showed that the formed Mn5Ge3
on a Si (111) substrate behaves like a ferromagnetic ‘bad
metal’, whose conductivity is comparable to that of highly
doped Ge; [31, 32] accordingly, we do not expect a serious

2. Experimental details
Experiments were carried out starting from a Sb δ-doped
Si/SiGe MODQW. Figure 1(a) shows the cross section of the
layer sequence. The whole structure was grown by solidsource molecular beam epitaxy (MBE) on a Si (111) substrate
[23, 24]. Firstly, a 50 nm-thick Si layer was grown as the
starting layer to cover remaining surface contaminants, followed by the growth of a 50 nm-thick Si0.95Ge0.05 layer. Then
the Ge content was linearly increased to 30% in a 1.5 μmthick graded buffer layer in order to accommodate the lattice
mismatch between the substrate and Si0.7Ge0.3, and thus
enable the subsequent growth of high-quality layers. On top
of this buffer layer, a 500 nm-thick Si0.7Ge0.3 layer was
grown, followed by a 10 nm-thick strained Si layer (Si
2
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Figure 1. Schematics of the Si/SiGe MODQW and device structure. (a) Cross section of the Sb δ-doped Si/SiGe MODQW structure. (b)

The simulated conduction band diagram (lower axis) and carrier density (upper axis) at 1.9 K. (c) SIMS spectra of Sb concentration (left
axis), and Si, Ge composition (right axis) respectively. It is noted that the SIMS detection limit of Sb concentration is about 1 ´ 1017 cm-3,
so the real Sb concentration in the SiGe cap layer and the SiGe buffer layer could be much lower. (d) Optical microscope (OM) image of a
typical fabricated device, where various dashed rectangles highlight the position of FM Mn(Si0.7Ge0.3)x contacts. (e) Schematics of the
measurements conﬁguration for electrical detection of spin transport in the 2DEG. The MR of the FM/Si/FM spin valve with a channel
length (Lch) could be obtained using a standard four-terminal setup.

conductivity mismatch at the Mn(Si0.7Ge0.3)x/Si interface
(see online supplementary ﬁgure S4b).
Figure 1(d) shows a typical device image, in which a
100 nm-thick SiO2 layer fully covers the mesa and substrate
except for ﬁve open windows for Mn(Si0.7Ge0.3)x contacts.
Five pairs of Ti/Au electrodes are connected to the upper (15) and lower (10-6) ends of Mn(Si0.7Ge0.3)x contacts for
magneto-transport measurements. Figure 1(e) illustrates the
conﬁguration for spin transport measurements: by ﬂowing a
current between contacts 2 and 5, spin-polarized electrons are
laterally injected into the 2DEG from the FM Mn(Si0.7Ge0.3)x
end contact, and the voltage is sensed between contacts 3 and
4. Though the parasitic channel from the Sb δ-doping contributes to the background signal in the MR, the spin polarization in the parasitic channel is randomized before reaching
the contact 4, because of the severe spin relaxation from high
density of ionized impurity charge [33–35]. The spin

diffusion length was reported to be about 190 nm when the
doping level was as high as 3×1019 cm−3 in Si [34, 35],
which is much shorter than the channel length of 1.5 μm in
our device. Consequently, in this case, the MR of the FM/Si/
FM spin valve between contacts 3 and 4 could be measured
using a standard four-terminal setup.
Figure 2 exhibits the structural characterization of the Si/
SiGe MODQW and Mn(Si0.7Ge0.3)x contacts. A ﬁeld-emission TEM (JEM-3000F), operated at 300 kV with a point-topoint resolution of 0.17 nm, was used to obtain the epitaxial
relationships. Figure 2(a) shows a high-resolution TEM
image of an as-grown Si/SiGe MODQW, in which the sharp
contrast among the SiGe cap layer, SiGe spacer, Si channel,
and SiGe buffer layer conﬁrms the high quality heterostructure. Figure 2(b) shows a low-magniﬁcation TEM image
on a typical device. Considering the high temperature
annealing process during device fabrication may affect the
3
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Figure 2. Structural characterization of the Si/SiGe MODQW and Mn(Si0.7Ge0.3)x. (a) High-resolution TEM image of the as-grown Si/
SiGe MODQW. The sharp contrast between each layer conﬁrms the high quality heterostructure. (b) Low-magniﬁcation TEM image on the
end of a Mn(Si0.7Ge0.3)x contact. The inset shows the center part of the device image and the FIB sample position. (c) High-resolution TEM
image of the Mn(Si0.7Ge0.3)x/Si channel interface, as indicated by the white square in (b). It shows that Mn vertically diffuses into the SiGe
cap layer and stops at the Si channel layer. (d), (e) High-resolution TEM images taken in the Mn(Si0.7Ge0.3)x and the Si regions respectively.
¯ ]) zone axis.
(f), (g) The corresponding FFT-diffraction patterns of Mn(Si0.7Ge0.3)x (Si) along the [021¯ ]([112

Si/SiGe MODQW, the TEM sample is directly cut from a
device using a focused ion beam (FIB) to double-check the
crystal structure. The center part of the device image in
ﬁgure 1(d) is shown in the inset of ﬁgure 2(b), in which the
double-headed arrow indicates the FIB sample position. In the
cross section image, the edge of SiO2 layer tilts up due to the
mismatched thermal expansion coefﬁcient during annealing.
For the right part without the SiO2 protection, the dark area in
the SiGe cap layer indicates the formation of Mn(Si0.7Ge0.3)x.
Further zooming in the white square, a high-resolution TEM
image in ﬁgure 2(c) shows that Mn diffuses into the SiGe cap
layer upon annealing, and the solid-state reaction is controlled
to stop at the Si channel layer. More importantly, the

crystalline structure of the Si channel layer is well preserved
after the fabrication process. To examine the material phase of
the formed Mn(Si0.7Ge0.3)x, the high-resolution TEM image
in ﬁgures 2(d) and (e) correspond to the Mn5(Si0.7Ge0.3)x and
Si regions respectively. Further, ﬁgures 2(f) and (g) are the
FFT-diffraction patterns from two marked regions of
ﬁgure 2(c), revealing the epitaxial relationship to be:
¯ ] and Mn5(Si0.7Ge0.3)3
Mn5(Si0.7Ge0.3)3 [021¯ ] //Si [112
¯ ¯ ). The formed Mn5(Si0.7Ge0.3)3 has a hex(212)//Si (131
agonal structure [36] (space group P63/mcm) with lattice
constants: ahex=6.912 Å and chex=4.812 Å. The lattice
¯ ¯ ) planes are
spacings for Mn5(Si0.7Ge0.3)3 (212) and Si (131
determined to be d212=1.64 Å and d131
¯ ¯ = 1.64 Å, which
4
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Figure 3. Low temperature magneto-transport characterization. (a) The magnetization curves of RAHE measured from a single FM
Mn(Si0.7Ge0.3)x contact by sweeping an external magnetic ﬁeld along the Z-axis (HZ) at 1.9 K. The RAHE is obtained by subtracting the
ordinary Hall components from the RHall, as shown in the inset. (b) RT as a function of d. They are measured between every two adjacent
Mn(Si0.7Ge0.3)x contacts from three TLM devices with different channel widths of w=20, 60, 100 μm (green squares, red circles, and blue
triangles). (c) Two series of the RA product as a function of temperature: the solid (empty) symbols utilize the Atop (Aside) for calculation. (d)
Temperature dependence of Hall mobility (left axis) and carrier density (right axis) measured from a Hall bar device.

results in good epitaxial growth between Mn5(Si0.7Ge0.3)3
and Si.

Hall resistance (RHall=V38/I25) can be expressed as a
combination of ordinary and anomalous Hall components:
RHalld=ROH+RAmz [37], where d is the channel thickness,
mz is the magnetization component in the Z-axis, and RO (RA)
is the ordinary (anomalous) Hall coefﬁcient. The AHE
resistance (RAHE) is obtained by subtracting the linear
ordinary Hall component from the RHall, as shown in the inset
of ﬁgure 3(a), whose linear background yields a carrier density of n = 2.5 ´ 10 20 cm-3, suggesting that the formed
Mn(Si0.7Ge0.3)x behaves like a ferromagnetic bad metal.
Furthermore, the angle-dependent measurements conﬁrms
that the easy axis of magnetization of the formed
Mn(Si0.7Ge0.3)x is in in-plane direction along the Y-axis (see
online supplementary ﬁgure S2(a)); temperature-dependent
AHE measurements were carried out to estimate the Curie
temperature (TC), in which the corresponding Arrot’s plot

3. Results and discussion
Figure 3 summarizes the low temperature magneto-transport
characterizations to check the typical device properties, which
were carried out in a Quantum Design physical property
measurements system (PPMS). First of all, we conﬁrm the
ferromagnetism of the Mn(Si0.7Ge0.3)x at 1.9 K by measuring
the AHE [37, 38] of a single Mn(Si0.7Ge0.3)x contact. As
shown in ﬁgure 3(a), the measurements were carried out on a
typical spin injection device, by applying a lateral current
(I25) between contacts 2 and 5 and measuring a transverse
voltage (V38) between contacts 3 and 8 (see ﬁgure 1(d)). The
5

Nanotechnology 27 (2016) 365701

L-T Chang et al

[38, 39] shows that TC>150 K for the formed
Mn(Si0.7Ge0.3)x (see online supplementary ﬁgures S2(b)
and (c)).
To have a better understanding of the contact and 2DEG
properties, a series of TLM and Hall bar devices were
simultaneously fabricated with the spin injection devices on
the same chip. Three kinds of TLM devices with spacing and
area variants were used to examine the Mn(Si0.7Ge0.3)x end
contact to the Si/SiGe MODQW. The dimension of the
contact size was designed to be Atop=w×w/2, where the
width has three different values of w=20, 60, and 100 μm.
Figure 3(b) shows the total resistance from two-terminal
measurements (RT) as a function of channel length (d) at
1.9 K, in which RT is extracted from slope of the I-V curves
between the bias ranges of ±10 mV (see online supplementary ﬁgure S3). In the diffusive regime, while the channel
length is much longer than the mean free path, RT can be
formulated as RT=Rsh·d/w+2RC, where Rsh is the sheet
resistance of the channel, d/w is the aspect ratio of the
channel, and RC is the contact resistance. From the linear
ﬁtting of experimental data in ﬁgure 3(a), we obtain
Rsh=3526, 4192, and 4827 Ω/sq; RC=720, 281, and
202 Ω for w=20, 60, and 100 μm (green squares, red circles,
and blue triangles) respectively. The extracted sheet resistances from three TLM devices with area variants show that
the channel property is much better within smaller areas (Rsh
reduces 27% by shrinking the width from 100 to 10 μm),
which is consistent with the TEM image in ﬁgure 2(b) that
there are some observable defects in the SiGe buffer layer.
On the other hand, because RC is dependent on the
contact size, in order to conﬁrm the effective contact area and
current path, we calculated the RA product from two different
aspect ratios of contact area (Atop and Aside), and plotted their
temperature dependence in ﬁgure 3(c). The top three sets
(solid symbols) utilize top area Atop=w×w/2 and the
bottom three sets (open symbols) utilize side area Aside=
w×t, where t=tparasitic+t2DEG= 3.6+3.5= 7.1 nm is
the sum of effective thickness of the parasitic (tparasitic) and
2DEG (t2DEG) channels estimated from the full width of half
maximum of the carrier density in ﬁgure 1(b). It is interesting
to see that, from three different TLM devices, the RA products are normalized in the case of RC×Aside. Three bottom
sets of RA product suggest that the Mn(Si0.7Ge0.3)x forms an
end contact instead of surface contact to the Si/SiGe
MODQW with the effective current path being illustrated in
the inset of ﬁgure 3(c). Meanwhile, since the RA product
remains almost constant from T=1.9 to 300 K, the weak
temperature dependence of the RA product also suggests that
the formation of Mn(Si0.7Ge0.3)x yields an sharp Schottky end
contact to the Si/SiGe MODQW, and the tunneling is the
dominant mechanism for the carrier transport.
In addition to TLM contact characterization, low-temperature Hall mobility is a crucial ﬁgure of merit to check
overall quality of the Si/SiGe MODQW. Figure 3(d) shows
the temperature dependence of the measured Hall mobility
(left-axis) and sheet carrier density (right-axis). Although at
room temperature the high-mobility 2DEG is screened by the
parasitic channel due to phonon scattering [27], the

temperature dependence of mobility shows that the 2DEG
starts to contribute when T<100 K, reaching the lowest
sheet carrier density of nH = 1.91 ´ 1012 cm-2 and the
highest mobility of m H = 865 cm2 V ⋅ s at 1.9 K. However,
the measured Hall mobility consists of a high mobility 2DEG
channel as well as a parasitic channel introduced by the Sb δdoping, as can be seen from the simulation of the carrier
density in ﬁgure 1(b). For a better analysis, the contribution of
the 2DEG channel can be extracted using a dual channel
model as follows [40]:
mH =

n1m12 + n2 m22
n1m1 + n2 m 2

, nH =

(n1m1 + n2 m 2 )2
n1m12 + n2 m22

(1 )

where n1, μ1 (n2, μ2) are sheet carrier density and mobility,
respectively, of the 2DEG (parasitic) channel and
n2=1.0×1013 cm−2 and μ2=49 cm2/V·s are measured
from a control sample that possesses a similar doping proﬁle
but without a 2DEG channel. Accordingly, we extracted the
mobility and sheet carrier density of the 2DEG as follows:
m1 =
n1 =

nH m 2H - n2 m22
nH m H - n 2 m 2

» 1200 cm2 V ⋅ s,

(n H m H - n 2 m 2 )2
nH m 2H - n2 m22

(2 )
» 9.6 ´

1011 cm-2.

Because our samples did not follow the standard
MODQW MBE protocols [41, 42] but rather were speciﬁcally
designed for spin injection devices, the extracted 2DEG
mobility (m1 » 1200 cm2 V ⋅ s) is two orders of magnitude
smaller than that of a typical Si/SiGe MODQW on
Si (100) substrate reported by Ismail [41,42] (m » 4 ´
10 5 cm2 V ⋅ s). As a reward, the contact resistance to the Si
channel is effectively reduced by using Si (111) substrate, Sb
δ-doping, and a thinner SiGe spacer layer (5 nm), which are
the key to realize spin injection into the Si 2DEG channel (see
online supplementary ﬁgure S4). The major mobility-limiting
mechanism, remote impurity scattering, is also discussed in
the online supplementary information.
So far we have conﬁrmed that (i) the Tc of the
Mn(Si0.7Ge0.3)x contact is higher than 150 K, and the easyaxis is along the in-plane direction, (ii) the formation of
Mn(Si0.7Ge0.3)x yields an sharp Schottky end contact to the
2DEG, and (iii) a high-mobility 2DEG is formed in the Si/
SiGe MODQW. To demonstrate spin injection and transport,
nonlocal measurement is the standard approach [7, 11],
unfortunately it cannot be performed on the present device
structure because the semiconductor channel is not continuous but separated into sections by the ferromagnetic
Mn(Si0.7Ge0.3)x contacts (see online supplementary ﬁgures
S5-6 for detailed discussion). To overcome this problem, we
alternatively use the Mn(Si0.7Ge0.3)x/Si/Mn(Si0.7Ge0.3)x
(FM/Si/FM) as a vertical spin valve with a current
perpendicular-to-plane conﬁguration [43, 44].
Figure 4(a) shows the bias-dependent MR curves of the
FM/Si/FM spin valve with a channel length of Lch=1.5 μm
at 1.9 K, and ﬁgures 4(b) and (c) show the corresponding
schematic energy band diagrams of the FM/Si/FM spin
6
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Figure 4. Electrical detection of spin transport in Si 2DEG. (a) MR curves (R25,34 º V34 I25) of the FM/Si/FM spin valve with a channel
length of Lch=1.5 μm under different DC bias currents (Idc=0, −9, −13 μA) at 1.9 K. In the experiment, an AC modulation current
(I25=1 μA) superimposing on a DC bias currents were applied through the FM/Si/FM spin valve, and AC response voltages (V34) were
measured by a lock-in ampliﬁer while sweeping the magnetic ﬁeld along the in-plane direction (HY). All MR backgrounds are removed from
the raw data, and all MR curves are shifted for clarity. The black and red arrows indicate the backward and forward sweeping directions,
respectively, of magnetic ﬁeld between −1500 and 1500 Oe. The blue double-headed arrow shows the spin-dependent resistance
(DR = R - R) between the parallel and antiparallel conﬁgurations of the FM/Si/FM spin valve. (b), (c) Energy band diagrams of the
FM/Si/FM spin valve under zero and large DC bias respectively.

valve under zero and large DC bias respectively. In
ﬁgure 4(a), the MR curves with zero DC bias show no indication of spin injection because the Schottky barrier at the
Mn(Si0.7Ge0.3)x/Si interface (jSB=0.65 eV [45]) blocks
spin transport (see ﬁgure 4(b)). On the other hand, while the
device is under a large DC bias (Idc=−13 μA), the spinpolarized electrons could tunnel through a sharper Schottky
barrier, creating spin polarization in the 2DEG channel. As
the spin-polarized electrons transport through the 2DEG
channel, another ferromagnetic contact probes the decayed
spin polarization (see ﬁgure 4(c)). The symmetric resistance
steps were clearly observed at the coercive ﬁelds of ±
∼300 Oe. They are typical characteristics of the spin valve

switching between a parallel and an antiparallel conﬁguration.
The bias-dependent hysteresis steps therefore provide strong
evidence of successful spin injection, transport, and detection
in the 2DEG.
Figure S7(a) in the online supplementary information
shows that the spin-dependent resistance is observable up to
T=10 K from the device with Lch=1.5 μm. In the meantime, the spin-dependent resistances are extracted from three
devices with increasing Lch under the same bias condition at
1.9 K (see online supplementary ﬁgure S7(b)). Because of
spin relaxation in the 2DEG, the amplitude of the spindependent resistance (DR = R - R) exponentially decays
as the electrode spacing increases from Lch=1.5 to 3.5 μm,
7
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Previously, the spin lifetimes in Si were reported to be
0.2 ns from Hanle measurements in Sb-doped n +-Si
(Nd = 1 ´ 1019 cm-3) at 4 K [35] and 2.5 ns from electron
spin resonance (ESR) measurements in Sb-doped n +-Si
(Nd = 3 ´ 1018 cm-3) at 1.9 K [49]. The spin lifetime from
Hanle measurements is usually considered as a lower bound
because the magnetostatic fringe ﬁeld causes additional spin
relaxation at the FM/SC interface [50] so the ESR measurements could show a much longer spin lifetime by one
order of magnitude [21]. Notably, a long spin lifetime (500 ns
at 60 K) was measured in a 350 μm-thick undoped Si using a
hot-electron device [51]. Our results are consistent with the
fact that spin lifetime is strongly dependent on the impurity
density [21, 33, 35, 52]. The spin lifetime of 16 ns in the Si/
SiGe MODQW at 1.9 K is mainly due to the spin transport in
a high-mobility 2DEG channel, where the impurity density is
as low as Nd » 1 ´ 1014 cm-3. In experiments, it is usually
difﬁcult to achieve spin transport in Si with such a low
impurity concentration because a heavily doped surface layer
is typically required to form a narrow depletion width for
optimized contact resistance [2, 10], which on the other hand
could cause serious carrier scattering and spin relaxation. In
contrast, in our case the impurities are separated from the
channel by a spacer layer in the Si/SiGe MODQW structures,
which have the unique ability to preserve a high carrier
density and a low impurity density at the same time.

Figure 5. Spin-dependent resistance as a function of channel length.

The linear ﬁtting yields a spin diffusion length of lsf=4.5 μm in the
Si 2DEG channel at 1.9 K.

as shown in ﬁgure 5. Combining the MR of the FM/Si/FM
spin valve as a function of channel length and temperature,
we could rule out the concern of suspicious effects [46]
including a local Hall effect and anomalous MR from the FM
electrodes. If the spin-dependent resistance is due to the
anomalous MR of a single FM electrode, its amplitude should
not exponentially decay with the increased channel length,
and the spin-dependent resistance should be observable to
T>10 K, considering the Tc of the Mn(Si0.7Ge0.3)x contact is
higher than 150 K.
To quantitatively estimate the spin diffusion length from
the channel length-dependent MR data, we take into account
the spin relaxation and modify Julliere’s model for the FM/
Si/FM spin valve as follows: [44, 47] R - R µ
2PinjPdet e-L ch lsf , where Pinj and Pdet are the spin polarization
of the FM electrodes, deﬁned as P = (N - N) (N + N), in
which N↑ (N↓) are the DOS at the Fermi levels for the
majority (minority) spin. The slope of a linear ﬁtting in
ﬁgure 4(b) yields a spin diffusion length of lsf=4.5 μm in
2DEG at 1.9 K. In addition, the spin lifetime can be estimated
by ts = lsf2 D. We calculated the diffusion coefﬁcient (D) for
a degenerate semiconductor particularly at low temperature
using equation (3), which is different from the simpliﬁed
Einstein relation (D m = kT q ) because only the electrons
having energies close to the Fermi level contribute to the
conduction current at low temperature: [7, 48]
D=

2
1 2
1 ⎛  2pns ⎞ m*m
v f tm = ⎜
⎟
= 13 cm2s-1
2
2 ⎝ m* ⎠ e

4. Conclusion
We have demonstrated electrical spin injection and transport
in a 2DEG using Mn(Si0.7Ge0.3)x/Si/Mn(Si0.7Ge0.3)x (FM/
Si/FM) as a vertical spin valve with a current perpendicularto-plane conﬁguration. The symmetric resistance steps were
clearly observed at the coercive ﬁelds of ± ∼300 Oe. More
importantly, we extracted the spin diffusion length and lifetime at 1.9 K of lsf=4.5 μm and ts = 16 ns respectively,
which is consistent with the fact that spin lifetime is strongly
dependent on the impurity density. In the future, the use of the
high-mobility channel and the functionality of heterostructure
systems for room-temperature applications will probably
require further efforts to improve the material quality of the
Si/SiGe MODQW: the Curie temperature of Mn(Si0.7Ge0.3)x
could be raised further by carbon-doping [32, 53, 54]; the
SiGe spacer layer thickness and the Sb δ-doping level could
be further optimized to increase the mobility [24, 55, 56]; the
implementation of front and back gating holds great potential
for device application to effectively tune the wave functions
in the MODQW [42]. Our ﬁndings in the Si/SiGe MODQW
may spur further work on semiconductor-based heterostructures that integrate high-mobility channel with magnetic
contacts, and may potentially lead to the innovation of novel
spintronics devices.

(3 )

in which vf =  2pns m* is the Fermi velocity,
tm = (m*m ) e is the momentum relaxation time,
m* = 0.22 ´ 9.11 ´ 10-31 kg is the effective electron mass
in Si, ns = n1 = 9.6 ´ 1011 cm-2 is the sheet electron density
in the 2DEG, and m = m1 = 1200 cm2 V ⋅ s is the electron
mobility in the 2DEG. As a result, the corresponding spin
lifetime at 1.9 K is estimated to be ts = lsf2 D = 16 ns.

8

Nanotechnology 27 (2016) 365701

L-T Chang et al

Acknowledgments
[19]

The authors acknowledge insightful discussions from the
Device Research Laboratory at UCLA. The authors also
acknowledge the support from National Science Foundation
ECCS 1308358, Deutsche Forschungsgemeinschaft under
Grant FI 1511/3-1, and Ministry of Science and Technology
through Grants no. MOST 103-2218-E-011-007-MY3. K.W.
acknowledges the support of the Raytheon endowed chair
professorship.

[20]
[21]
[22]
[23]
[24]

References

[25]

[1] Zutic I, Fabian J and Das Sarma S 2004 Spintronics:
fundamentals and applications Rev. Mod. Phys. 76 323
[2] Schmidt G and Molenkamp L W 2002 Spin injection into
semiconductors, physics and experiments Semicond. Sci.
Technol. 17 310
[3] Datta S and Das B 1990 Electronic analog of the electro-optic
modulator Appl. Phys. Lett. 56 665
[4] Koo H C et al 2009 Control of spin precession in a spininjected ﬁeld effect transistor Science 325 1515
[5] Pengke L and Dery H 2009 Tunable spin junction Appl. Phys.
Lett. 94 192108
[6] Jansen R, Min B-C and Dash S P 2009 Oscillatory spinpolarized tunnelling from silicon quantum wells controlled
by electric ﬁeld Nat. Mater. 9 133
[7] Oltscher M et al 2014 Electrical spin injection into high
mobility 2D systems Phys. Rev. Lett. 113 236602
[8] Schmidt G, Ferrand D, Molenkamp L W, Filip A T and
van Wees B J 2000 Fundamental obstacle for electrical spin
injection from a ferromagnetic metal into a diffusive
semiconductor Phys. Rev. B 62 R4790
[9] Rashba E I 2000 Theory of electrical spin injection: tunnel
contacts as a solution of the conductivity mismatch problem
Phys. Rev. B 62 R16267
[10] Fert A and Jaffrès H 2001 Conditions for efﬁcient spin
injection from a ferromagnetic metal into a semiconductor
Phys. Rev. B 64 184420
[11] Lou X et al 2007 Electrical detection of spin transport in
lateral ferromagnet-semiconductor devices Nat. Phys. 3
197
[12] Zhu H J et al 2001 Room-temperature spin injection from Fe
into GaAs Phys. Rev. Lett. 87 016601
[13] Jonker B T, Kioseoglou G, Hanbicki A T, Li C H and
Thompson P E 2007 Electrical spin-injection into silicon
from a ferromagnetic metal/tunnel barrier contact Nat. Phys.
3 542
[14] Dash S P, Sharma S, Patel R S, de Jong M P and Jansen R
2009 Electrical creation of spin polarization in silicon at
room temperature Nature 462 491
[15] Sasaki T, Oikawa T, Shiraishi M, Suzuki Y and Noguchi K
2011 Comparison of spin signals in silicon between nonlocal
four-terminal and three-terminal methods Appl. Phys. Lett.
98 012508
[16] Zhou Y et al 2011 Electrical spin injection and transport in
germanium Phys. Rev. B 84 125323
[17] Jeon K-R et al 2011 Temperature and bias dependence of
Hanle effect in CoFe/MgO/composite Ge Appl. Phys. Lett.
99 162106
[18] Spiesser A, Saito H, Jansen R, Yuasa S and Ando K 2014
Large spin accumulation voltages in epitaxial Mn5Ge3

[26]
[27]
[28]
[29]
[30]
[31]

[32]
[33]

[34]

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

9

contacts on Ge without an oxide tunnel barrier Phys. Rev. B
90 205213
Hammar P R and Johnson M 2002 Detection of spin-polarized
electrons injected into a two-dimensional electron gas Phys.
Rev. Lett. 88 066806
Zutic I and Fabian J 2007 Spintronics: silicon twists Nature
447 268
Jansen R 2012 Silicon spintronics Nat. Mater. 11 400
Jansen R, Spiesser A, Saito H and Yuasa S 2015 Nonlinear
spin transport in a rectifying ferromagnet/semiconductor
Schottky contact Phys. Rev. B 92 075304
Carns T K, Zheng X and Wang K L 1993 Enhancement of Si
hole mobility in coupled delta‐doped wells Appl. Phys. Lett.
62 3455
Werner J, Oehme M, Kasper E and Schulze J 2010 Inﬂuence of
the modulation doping to the mobility of two-dimensional
electron gases in Si/SiGe Thin Solid Films 518 S234
Snider G 2013 1D Poisson (PC version beta 8j1)(http://
www3.nd.edu/∼gsnider/)
Schubert E F, Fischer A and Ploog K 1986 The delta-doped
ﬁeld-effect transistor (deltaFET) Electron Devices, IEEE
Transactions on 33 625
Friedrich S 1997 High-mobility Si and Ge structures Semicond.
Sci. Technol. 12 1515
Murarka S P 1995 Silicide thin ﬁlms and their applications in
microelectronics Intermetallics 3 173
Tang J et al 2012 Ferromagnetic germanide in Ge Nanowire
transistors for spintronics application ACS Nano 6 5710
Spiesser A et al 2012 Magnetic anisotropy in epitaxial
Mn5Ge3 ﬁlms Phys. Rev. B 86 035211
Fischer I A et al 2014 Hanle-effect measurements of spin
injection from Mn5Ge3C0.8/Al2O3-contacts into
degenerately doped Ge channels on Si Appl. Phys. Lett. 105
222408
Fischer I A et al 2013 Ferromagnetic Mn 5 Ge 3 C 0.8 contacts
on Ge: work function and speciﬁc contact resistivity
Semicond. Sci. Technol. 28 125002
Chang L T et al 2013 Comparison of spin lifetimes in n-Ge
characterized between three-terminal and four-terminal
nonlocal Hanle measurements Semicond. Sci. Technol. 28
015018
Li C H, van ’t Erve O M J and Jonker B T 2011 Electrical
injection and detection of spin accumulation in silicon at
500 K with magnetic metal/silicon dioxide contacts Nat.
Commun. 2 245
van ’t Erve O M J et al 2012 Low-resistance spin injection into
silicon using graphene tunnel barriers Nat Nano 7 737
Lander G H, Brown P J and Forsyth J B 1967 The
antiferromagnetic structure of Mn5Si3 Proc. Phys. Soc.
91 332
Aronzon B A et al 2011 Room-temperature ferromagnetism
and anomalous Hall effect in Si1-xMnx (x ∼ 0.35) alloys
Phys. Rev. B 84 075209
Chiba D et al 2011 Electrical control of the ferromagnetic
phase transition in cobalt at room temperature Nat. Mater.
10 853
Chang L-T et al 2014 Electric-ﬁeld control of ferromagnetism
in Mn-Doped ZnO nanowires Nano Lett. 14 1823
Bube R H 1974 Electronic Properties of Crystalline Solids
(New York: Academic Press Inc.)
Ismail K et al 1994 Identiﬁcation of a mobility-limiting
scattering mechanism in modulation-doped Si/SiGe
heterostructures Phys. Rev. Lett. 73 3447
Ismail K, Arafa M, Saenger K L, Chu J O and Meyerson B S
1995 Extremely high electron mobility in Si/SiGe
modulation-doped heterostructures Appl. Phys. Lett. 66 1077

Nanotechnology 27 (2016) 365701

L-T Chang et al

[51] Huang B, Monsma D J and Appelbaum I 2007 Coherent spin
transport through a 350 micron thick silicon wafer Phys.
Rev. Lett. 99 177209
[52] Žutić I, Fabian J and Erwin S C 2006 Spin injection and
detection in silicon Phys. Rev. Lett. 97 026602
[53] Sürgers C et al 2008 Magnetic order by C-ion implantation into
Mn5Si3 and Mn5Ge3 and its lateral modiﬁcation Appl. Phys.
Lett. 93 062503
[54] Spiesser A et al 2011 Control of magnetic properties of
epitaxial Mn5Ge3Cx ﬁlms induced by carbon doping Phys.
Rev. B 84 165203
[55] Stern F and Laux S E 1992 Charge transfer and lowtemperature electron mobility in a strained Si layer in
relaxed Si1−xGex Appl. Phys. Lett. 61 1110
[56] Monroe D, Xie Y H, Fitzgerald E A, Silverman P J and
Watson G P 1993 Comparison of mobility-limiting
mechanisms in high-mobility Si1−xGex heterostructures
Papers from the 26th Conf. on the Physics and Chemistry of
Semiconductor Interfaces vol 11, p 1731

[43] Xiong Z H, Wu D, Valy Vardeny Z and Shi J 2004 Giant
magnetoresistance in organic spin-valves Nature 427 821
[44] Tang J et al 2013 Electrical spin injection and detection in
Mn5Ge3/Ge/Mn5Ge3 nanowire transistors Nano Lett. 13 4036
[45] Eizenberg M and Tu K N 1982 Formation and Schottky
behavior of manganese silicides on n-type silicon J. Appl.
Phys. 53 6885
[46] Filip A T et al 2000 Experimental search for the electrical spin
injection in a semiconductor Phys. Rev. B 62 9996
[47] Julliere M 1975 Tunneling between ferromagnetic ﬁlms
Physics Letters A 54 225
[48] Datta S 1997 Electronic Transport in Mesoscopic Systems
(Cambridge: Cambridge University Press)
[49] Zariﬁs V and Castner T G 1998 Observation of the conductionelectron spin resonance from metallic antimony-doped
silicon Phys. Rev. B 57 14600
[50] Dash S P et al 2011 Spin precession and inverted Hanle effect
in a semiconductor near a ﬁnite-roughness ferromagnetic
interface Phys. Rev. B 84 054410

10

