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Spin transport in Si-based spin metal-oxide-semiconductor field-effect transistors:
Spin drift effect in the inversion channel and spin relaxation in the n*-Si source/drain regions
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We have experimentally and theoretically investigated the electron spin transport and spin distribution at room
temperature in a Si two-dimensional inversion channel of back-gate-type spin metal-oxide-semiconductor field-
effect transistors (spin MOSFETs). The magnetoresistance ratio of the spin MOSFET with a channel length of
0.4 um was increased by a factor of 6 from that in our previous paper [Phys. Rev. B 99, 165301 (2019)] by
lowering the parasitic resistances at the source/drain junctions with highly phosphorus-doped n*-Si regions and
by increasing the lateral electric field in the channel along the electron transport, called “spin drift.” Clear Hanle
signals with several oscillation peaks were observed for the spin MOSFET with a channel length of 10 um
under the lateral electric field, indicating that the effective spin diffusion length is dramatically enhanced by the
spin drift. By taking into account the n"-Si regions and the spin drift in the channel, one-dimensional analytic
functions were derived for analyzing the effect of the spin drift on the spin transport through the channel and
these functions were found to explain almost all the experimental results. From the calculated spin accumulation
and spin current distribution, it was revealed that almost all the spins are unflipped during the spin-drift-assisted
transport through the 0.4-um-long inversion channel, but the most part of the injected spins from the source
electrode are relaxed in the n*-Si regions of both the source and drain junctions. This means that the spin
drift is useful and precise design of the device structure is essential to obtain a higher magnetoresistance ratio.
Furthermore, we showed that the effective spin resistances that are introduced in this study are very helpful to
understand how to improve the magnetoresistance ratio of spin MOSFETs for practical use by optimizing the
source/drain junctions and channel structure. The most remarkable finding is that the design guideline for spin
MOSFETs utilizing electron spin transport is different from that for the ordinary MOSFETs utilizing electron

charge transport.

DOI: 10.1103/PhysRevB.102.035305

I. INTRODUCTION

In the past decade, Si-based spin metal-oxide-
semiconductor field-effect transistors (spin MOSFETSs) [1-8]
have been extensively studied since they possess the possi-
bility of becoming key devices in next-generation electronics
due to their spin-functional nonvolatile/reconfigurable
characteristics. Spin MOSFETs have basically the same
device structure as the ordinary MOSFETs, but the source
and drain (S/D) electrodes are replaced with a ferromagnetic
material or a ferromagnetic tunnel junction. The most
unique and useful feature is that their transconductance
can be changed by the magnetization configuration of the
ferromagnetic S/D electrodes, which is realized by the
injection of spin-polarized electrons (spin injection) at the S
junction, electron conduction via the two-dimensional (2D)
channel with no spin flip, and the detection of spin-polarized
electrons (spin detection) at the D junction. The change in
the transconductance is evaluated by a magnetoresistance
(MR) ratio (or a magneto-current ratio) that is defined by
the normalized resistance (or current) change between the
parallel and antiparallel magnetization configurations in the
S/D electrodes. Although some previous experimental studies
showed the basic operation with a clear transistor action and
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a spin-valve signal, the MR ratio was lower than 1% [5-8],
which is too small for practical applications. To improve the
MR ratio, it is necessary to clarify the detailed spin transport
physics in Si-based spin MOSFETSs and to design the device
structure appropriately.

In our recent paper [8], we experimentally demonstrated
the spin MOSFET operation in back-gate-type Schottky-
barrier spin MOSFETSs with Fe-based ferromagnetic S/D elec-
trodes and a uniformly phosphorus-doped n-type Si channel
(the doping concentration was 10'7 cm~3), and quantitatively
analyzed the electron spin transport through the 2D channel.
It was found that the probability (1/ts) of spin flip scattering
is 1/14000 of the probability (1/7) of electron momentum
scattering and this ratio remains unchanged by the gate elec-
tric field vertically applied to the electron transport channel.
The remaining issues are (i) the MR ratio of only 0.003%,
which is smaller than another group’s value (~0.03%) [7]
and (ii) the relatively poor transistor characteristics compared
with those of an ordinary MOSFET with the same channel
width and length. From a simple consideration, one of the
origins of these poor characteristics are the large parasitic
resistances arising from the Schottky barrier formed under the
S/D electrodes. To improve these two device characteristics at
the same time, it is required to form highly phosphorus-doped
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FIG. 1. (a) Side and (b) top views of a spin MOSFET structure
having a 8-nm-thick p-Si channel and Fe (4 nm)/Mg (2 nm)/MgO
(1 nm)/n*-Si junctions prepared on a silicon-on-insulator (SOI)
substrate, in which the accepter doping concentration N, of the p-Si
channel is ~1 x 10" cm™3, the phosphorus donor doping concen-
tration Np of the n*-Si regions (yellow areas) is ~1 x 10 cm—3,
and the thickness of the buried oxide (BOX) SiO, layer is 200 nm.
The Cartesian coordinate is defined as follows: x and y are parallel
to the longitudinal and transverse directions of the source (S)/drain
(D) electrode, respectively, and z is normal to the substrate plane.
The channel length along the y direction is Ly, = 0.4 or 10 um,
the channel width along the x direction is W = 180 um, and the
short-side lengths along the y direction of the S and D electrodes
are Ls = 0.7 um and Lp = 2.0 um, respectively. The R1 and R2
electrodes are located at ~100 pwm away from the S and D electrodes,
respectively, and their short-side lengths along the y direction is 40
pm. (c) Cross-sectional transmission electron microscopy (TEM)
image around the left-hand-side edge of the D electrode, where the
electron beam incidence is along the x axis ([110] axis of Si). (d)
Two-terminal (2T) measurement setup of the spin MOSFET, where
the voltage between the S and D (the D and R2) electrodes are mea-

nt-Si regions under the S/D electrodes as ordinary MOS-
FETs. When this method is employed, since electron spins
are significantly relaxed in the n™-Si regions, it is necessary to
examine whether the channel structure consisting of n*-Si re-
gions and a 2D channel is really effective or not by performing
systematic experiments and by making a suitable theoretical
model which takes into account the detailed channel structure.

On the other hand, enhancing the effective spin diffusion
length Ag in a 2D channel is another method to improve
the MR ratio. Recent studies showed that the electron spin
lifetime 75 in a 2D electron accumulation/inversion channel
is ~1 ns at room temperature [6,8,9], which is significantly
smaller than that in bulk Si materials (10-100 ns) [10].
The reduction in 7g leads to a small intrinsic spin diffusion
length s = /D,ts of ~1 pum, which means that a channel
length less than a few-tens nm is required to achieve electron
transport with almost no spin-flips in the channel. In principle,
enhancing As can be achieved by reducing the probability
of spin-flip scattering during the electron transport through a
channel. Since the tg value is almost unchanged by the gate
electric field vertically applied to the 2D channel and the prob-
ability of spin-flip scattering is governed by the probability of
electron momentum scattering [8,11—13], one feasible method
for enhancing Ag is to increase the drift velocity vq of electrons
by increasing the electric field along the electron transport.
This is called “spin drift” [14]. So far, there have been some
experimental studies on the spin drift in four-terminal device
structures [15—-17], in which the theoretical model for the
signal analysis assumed a uniform electric field in the entire
channel even in the nonlocal regions (where no bias is applied)
outside the S and D electrodes.. However, this assumption
is not realistic because electric field is present only in the
local regions between the S and D electrodes in the actual
device. Our recent report on spin MOSFETs [18] showed that
the spin drift obtained in a wide range of bias conditions
can be consistently explained by our theoretical model with
an assumption that an electric field is present only in the
local regions between the S and D electrodes. Thus it is very
important to take into account the realistic channel structure
in detailed analyses of the spin transport.

In this study, we prepare Si-based back-gate-type spin
MOSFETs with highly phosphorus-doped n*-Si regions be-
neath the ferromagnetic S/D electrodes (see Fig. 1), and
systematically measure spin-valve and Hanle precession sig-
nals at room temperature with various bias currents and gate
voltages. To theoritically investigate the spin transport, we
construct analytical formulas that precisely take into account
the channel structure consisting of a Si inversion channel
sandwiched by two n™-Si regions as well as the spin drift
effect in the inversion channel. The spin transport from the

sured simultaneously by the voltage meters Vps (V) while a constant
current Ipg is driven from the D to S electrodes and a constant positive
gate-source voltage Vs is applied to the back side with respect to
the grounded S electrode. In spin-valve measurements, an external
magnetic field is applied along the plane (H = H,,, along the x
direction). In 2T Hanle measurements, an external magnetic field is
applied perpendicular to the plane (H = H,, along the z direction).
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S to D electrodes and appearance of magnetoresistance are
found to be strongly influenced by the relationship between
the gate-electric-field-, bias-, and direction-dependent spin re-
sistance in the inversion channel and a constant spin resistance
in the n-Si region. Our results help deep understanding of the
spin transport through a practical channel structure, which is
essential for designing high-performance spin MOSFETSs with
both high MR ratios and good transistor characteristics.

Section II describes the preparation of spin MOSFETSs
which have Fe (4 nm)/Mg (2 nm)/MgO (1 nm)/n*-Si
(5 nm) junctions at the S/D electrodes and an 8-nm-
thick p-type Si channel with channel lengths L, = 0.4 and
10 pm. Section III shows experimental results, such as tran-
sistor characteristics, spin-valve signals, and Hanle precession
signals at room temperature. In Sec. IV, we present our
original model that takes into account both the n*-Si regions
at the S/D junctions and the lateral electric field in the Si
inversion channel, and then analyze the experimental signals.
Section V shows the spin distribution in our spin MOSFETs
and discusses how the spin drift and the n*-Si region de-
termine the MR ratio. In Sec. VI, we describe concluding
remarks and address future issues.

II. DEVICE PREPARATION

Figures 1(a) and 1(b) show the side and top views of our
spin MOSFET structure, respectively, which has ferromag-
netic S/D electrodes and two reference electrodes (R1 and
R2) located outside of the S and D electrodes, respectively.
Since the device fabrication process is almost the same as
that in our recent study [8] except the substrate preparation
at the early stage of the process, the difference is mainly
described here. First, a substrate was cut from a (001)-
oriented silicon-on-insulator (SOI) wafer whose structure is
(from top to bottom) a 100-nm-thick p-type Si layer with
an accepter doping concentration of ~10'cm™3, a buried
silicon-dioxide (BOX) layer with a thickness 200 nm, and
a p-type Si substrate. The substrate was thermally oxidized
at 1050°C with dry oxygen gas to form a 220-nm-thick
surface SiO, layer and a 8-nm-thick Si channel layer. The
surface SiO; layer was thinned to 120 nm by buffered HF
(BHF). Using electron beam (EB) lithography, S, D, R1,
and R2 contact areas were defined by the EB resist, and
then the surface SiO, was etched with BHF so that the
SiO, thickness of these areas becomes ~20 nm. After re-
moving the EB resist, the substrate was cleaned by H,SO4
and H,O, mixture (SPM), followed by flowing de-ionized
(DI) water, and then the Si surface of the contact areas
was opened by dipping the whole substrate into BHF for
a few seconds. Next, these contact areas were doped with
phosphorous donor atoms using a spin-coated phosphorous
glass (P,0s) and thermal diffusion at 970 °C for 5 min to
form n*-Si regions [shown by yellow regions in Fig. 1(a)].
Note that the n*-Si regions reach the bottom of the Si layer
to eliminate the Schottky-barrier resistance beneath the S/D
electrodes. The phosphorous donor concentration Np in the
n*-Si regions was estimated to be ~1 x 10?° cm~3 by a Hall
measurement. After removing P,Os by 1% HF, the substrate
was cleaned again by SPM, followed by flowing DI water.
During the second SPM cleaning, the thickness of the n*-Si

region was decreased to t, = Snm. The thicknesses of the
p-Si channel (f5; = 8 nm) and the n*-Si regions (¢, = 5 nm)
were confirmed by a cross-sectional transmission electron
microscopy (TEM) observation as shown in Fig. 1(c). Then,
the substrate was installed into an ultra-high vacuum system,
and (from top to bottom) an Al (15 nm)/Mg (1 nm)/Fe (4
nm)/Mg (2 nm)/MgO (1 nm) layered structure was succes-
sively deposited at room temperature by molecular beam
epitaxy (MBE) and EB evaporation. After the deposition, a
back-gate-type MOSFET structure was fabricated by the same
procedure described in ref. [8]. The channel length L., along
the y axis ([110] axis of Si) are 0.4 or 10 um, the channel
width W, along the x axis ([110] axis of Si) is 180 wm,
the distance between the S and R1 (D and R2) electrodes
along the y axis is ~100 pum, the short-side lengths of the
S electrode Lg and the D electrode Lp along the y axis are
0.7 and 2.0 pum, respectively, and the short-side lengths of the
R1 and R2 electrodes along the y axis are 40 wm. Hereafter,
the ferromagnetic Al/Mg/Fe/Mg/MgQ/n*-Si tunnel junctions
at the S and D are referred to as “the S junction” and “the D
junction,” respectively.

Figure 1(d) shows our measurement setup for the two-
terminal (2T) spin transport signals, where the voltages (Vps
and Vp) between the two electrodes are measured while a
constant current Ipg is driven from the D to S electrodes
(electrons flow from the S to D electrodes) through the Si
channel, a constant gate-source voltage Vs is applied between
the back-gate electrode and S electrode, and a magnetic field
H is applied. The direction of H is parallel to the x direction
(H = Hj;) for spin-valve signal measurements, while it is
parallel to the z direction (H = H,) for Hanle precession
signal measurements. Vpg is the voltage between the D and
S electrodes, which is the total voltage drop through the Si
channel and the D/S junctions, and Vp, is the voltage between
D and R2, which is basically the junction voltage drop of the
MgO tunnel barrier at the D junction. All the measurements
were performed at 295 K.

III. EXPERIMENTAL RESULTS
A. Spin MOSFET operations in the device with L., = 0.4 pum

Figures 2(a) and 2(b) show Ips-Vps and Ips-Vigs character-
istics measured for a device with L., = 0.4 um, respectively,
which confirm clear transistor operations with a high on-off
ratio ~10%. Owing to the n*-Si regions at the S/D junc-
tions, the parasitic resistance was reduced compared with our
previous result of the spin MOSFET without n*-Si regions
[8]; the linearity in the Ips - Vpg characteristics is improved
and the Ipg is larger by ~2 times than the Schottky spin
MOSFET with the same channel length. Figures 2(c) and 2(d)
show the voltage change AVps as a function of H,, for the
same device, which were measured (c) with various Ipgs (=
2—10mA) and a constant Vgs = 40V, and (d) with various
Vos (=40—80V) and a constant Ips = 10mA. The green
solid and dashed curves in Fig. 2(c) are the major and minor
loop characteristics, respectively, measured with Ipg = 5 mA
and Vgs = 40V, which verify that these signals are originated
from the spin transport from the S to D electrodes. This
means that the spin-valve effect was clearly observed, which is
caused by the parallel (P) and antiparallel (AP) magnetization
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FIG. 2. (a) IpsVps characteristics measured at 295 K for a spin
MOSFET with L., = 0.4 um, where Vs was varied from 0 to 100
V in the step of 20 V. (b) IpsVgs characteristics measured at 295 K
for the same device, where Vps = 0.1 and 1 V. (c) Voltage change
AVps measured at 295 K with various Ipg and Vgg = 40V for the
same device, while an in-plane magnetic field (H = H,,) is swept.
The blue, green, orange, and red solid curves are the major loops
measured with Ips =2, 5, 8, and 10 mA, respectively, and the
green dashed curve is the minor loop measured with Ipg = 5 mA.
The amplitude of the spin-valve signal AV?" is defined as the
voltage difference between antiparallel and parallel magnetization
configurations. (d) Voltage change AVps measured at 295 K with
various Vgs and Ips = 10 mA for the same device. The red, green,
and blue solid curves are major loops measured with Vs = 40, 60,
and 80 V, respectively.

configurations of the S and D electrodes. Thus the basic spin
MOSFETsS operation was demonstrated at room temperature.
Here, we define the amplitude of the spin-valve signal AV 2T
as shown in Fig. 2(c). It is found that AV?T increases with
increasing Ipg in Fig. 2(c), whereas it increases with decreas-
ing Vgs in Fig. 2(d). These Ips and Vs dependences will
be discussed in Sec. V. The maximum MR ratio 0.02% was
obtained at Vgs = 40V and Ips = 10 mA, which is ~6 times
larger than that in our previous paper [8] mainly owing to the
reduction of the parasitic resistance in the S/D junctions.

B. Hanle precession signals measured by the device
with Ly, = 10 um

Hanle precession signals were measured to estimate the
spin-related physical parameters in the Si inversion channel,
such as the spin lifetime tg and spin diffusion length Ag
[15-17,19-21]. For detailed analyses and estimations, Hanle
precession signals with several oscillations are needed. Thus
a device with L, = 10 um was used for measurements. Fig-
ures 3(a) and 3(b) show the voltage changes AVsp and AVp as
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50 |
N
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FIG. 3. [(a) and (b)] Voltage change (a) AVps and (b) AVp
measured at 295 K with Ipg = 10mA and Vgs =40V for a spin
MOSFET with Ly, = 10 um, while a perpendicular-to-plane mag-
netic field (H = H,) is swept. Red and blue curves are row data
in the parallel (P) and antiparallel (AP) magnetization configura-
tion, respectively. [(c) and (d)] Extracted 2T and 3T Hanle sig-
nals, which were obtained using the data in (a) and (b). Red and
blue curves are extracted 2T Hanle signals in P and AP magne-
tization configuration using Eqs. (1b) and (lc), respectively, and
the bottom green curves are extracted 3T Hanle signals using
Eq. (1a). [(e) and (f)] Extracted 2T Hanle signals AVp?™™® (red
solid curves) and the fitting results of Eq. (4a) (black dashed curve).
(e) Bias current dependence measured with /pg = 10, 8, and 5 mA
and the same Vgs = 40V. (f) Gate voltage dependence measured
with Vs = 40, 60, and 80 V and the same Ips = 10 mA. Each graph
is vertically shifted for clear vision.

a function of H , respectively, measured with Vgg = 40V and
Ips = 10 mA, where red and blue solid curves are the signals
for P and AP magnetization configurations, respectively. In
the 2T measurement setup, the row Hanle precession data
include the spin transport signal (2T Hanle signal), local spin
extraction signal (narrower three-terminal Hanle (N-3TH) sig-
nal), and parasitic magnetoresistance (broader three-terminal
Hanle (B-3TH) signals at the S and D electrodes) [22-24].
Since only the 2T Hanle signal changes its sign depending on
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the P or AP configuration, each signal can be extracted from
the row experimental data using the following relations;

AVE) + AVAP)

AV3T = 3 , (1a)
AV® — AV (AP)

AVHTP) = — (1b)
AVAP) — AV ®)

AVITAP) — — (Ic)

where AV® and AV *P) are the row experimental Hanle pre-
cession data obtained in the P and AP configurations, respec-
tively, AV3T is the three-terminal Hanle signal including both
the N-3TH and B-3TH signals, and AV?T® and AV2TAP) gare
the 2T Hanle signals in the P and AP configurations, respec-
tively. In Figs. 3(c) and 3(d), the red and blue solid curves
are AV2T® and AV2TAP) regpectively, and the green solid
curves are AV3T, which were obtained by Egs. (la)—(1c).
Since the precession signals and the sign reversal depending
on the relative magnetization configuration (P or AP) were
clearly observed in the 2T Hanle signals, the spin transport
from the S to D electrodes through the 10-um-long Si 2D
inversion channel was confirmed. We found that the shapes
of the 2T Hanle signals in Figs. 3(c) and 3(d) are identical but
the amplitudes in AV, are almost half of those in AVsp. This
probably comes from the current crowding near the left-hand
edge of the D electrode: owing to the current crowding, the
electrical potential of the R2 electrode lies between those of
the D electrode and the left-hand edge of the n™-Si region
under the D electrode, leading to the result that the amplitude
of the 2T Hanle signal in Vp is almost half of that in Vpg (see
Sec. S1 in Ref. [25] for more detailed explanation).

On the other hand, the 3T Hanle signal AV3T in Fig. 3(d)
is a positive narrower bell-shaped curve. This is the N-3TH
signal due to the spin extraction of the D electrode, which
agrees with our prediction that an Fe/Mg/MgO/n*-Si tunnel
junction can extract the spins from the n*-Si region, but
an Fe/Mg/MgO/n-Si Schottky-tunnel junction can not [8]. In
contrast, the 3T Hanle signal AVS% in Fig. 3(c) is a negative
bell-shaped curve, which disagrees with our expectation that
both N-3TH and B-3TH signals are positive [23,24]. The
reason for this disagreement is unclear at present.

IV. ANALYSIS OF THE SPIN TRANSPORT SIGNALS
USING THE SPIN DRIFT-DIFFUSION MODEL

A. Theoretical model for our spin MOSFET structure

In this section, a mathematical 2T Hanle signal expression
is derived to analyze the spin transport signals obtained in
Sec. III B. The difference from our previous paper [8] is that
the spin drift effect in the inversion channel and the n*-Si
regions in the S/D junctions are taken into account in the
model channel structure. As will be described in Sec. V, the
n™-Si regions in the both S and D junctions strongly affect the
magnitude of the 2T spin-valve and Hanle signals.

Figure 4(a) shows the side view of the model channel
structure in our spin MOSFETs, in which the 2D inversion
channel (dark blue region) is formed at the bottom of the
8-nm-thick p-Si layer (light blue region) by the back-gate
electric field. Electrons flow mainly through the “n*-Si region

@) Spin injection
n*-Si region l

Spin extraction
drift-diffusion n*-Si region

}p-Si
H — 2%
-L L, L,+L
S 2D channel regionCh P
(b)
rNL(S) | Fchd, r,' | rNL(D)
ANV NN

FIG. 4. (a) Schematic illustration of our model for the spin
transport through the channel in our spin MOSFETs, where light
blue, dark blue, and yellow regions represent a p-Si, 2D inversion
channel, and n*-Si regions, respectively. The y axis is defined along
the spin transport direction in the device plane and its origin is
located at the right-hand edge of the S electrode. Spins are injected
and extracted at the right-hand side of the S electrode (y = 0) and
the left-hand side of the D electrode (y = L), respectively, and the
spin drift occurs only between S and D (0 < y < L,). (b) Equivalent

circuit expressed by the spin resistances, where 74, %, rf\,SL), and
rﬁ) are defined in Eqs. (52)—(5d). r&, and r4, are for spins that flow

positive and negative direction, respectively.

(yellow region)” and “2D channel region (dark blue region):”

(n*-Siregion) —Ls<y<O0 and Ly <y<Lp,

(2D channel region) y < —Ls, 0<y< Ly, and
Lch + LD g Y-

The device structure is uniform along the x direction, the
thicknesses of the nt-Si region and 2D channel region along
the z direction are 5 and ~2 nm, respectively, and they are
much smaller than the channel length (0.4 or 10 um) along
the y direction. In this channel structure, the distribution of
the spin density along the y direction can be descried by the
following one-dimensional (1D) spin drift-diffusion equation
[15,21,24-26];

d? d 1 Pslps
De——5() — va-50) — —SO) + 5(y)
dy dy g q
Ps
- o"/’“’%a(y — L) =0, )

where S(y) (cm~2) is the sheet spin density, D, is the electron
diffusion coefficient, vy = —ucnF () is the drift velocity, pen
is the electron mobility, F(y) is the lateral electric field,
s = 15/(1 +iy,tsH, ) is the complex spin lifetime taking
into account the spin precession [24], tg is the spin life-
time, y,(= 1.76 x 10" s71 Oe™!) is the gyromagnetic ratio,
oP/AP = 41 is the sign parameter expressing the parallel
(6” = +1) and an antiparallel (6*? = —1) magnetization
configurations of the S and D electrodes, §(y) is the Dirac
delta function, and Ps is the spin polarization of the in-
jected/extracted electron current from/by the S/D electrode.
Note that we use the sheet spin density in Eq. (2) instead of the
volume density because the effective thickness of the channel
can be changed by the gate electric field along the z direction.
The first, second, third, fourth, and fifth terms in Eq. (2)
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express the spin diffusion, spin drift, spin relaxation and
precession, spin injection, and spin extraction, respectively.
Here, it is assumed that the spin injection and extraction
are concentrated at the right-hand edge of the S electrode
(y = 0) and the left-hand edge of the D electrode (y = L),
respectively, because the electron current is concentrated at
these points. This assumption is consistent with the fact that
the 2T Hanle signals obtained in Vpg and Vp have different
amplitudes as mentioned in Figs. 3(c) and 3(d) in Sec. III B
(see also Sec. S1 in Ref. [25]). In our 2T measurement setup
in Fig. 1(d), the lateral electric field F (y) along the y direction
is present only in the 2D channel region between the S and D
electrodes;

—IpsReh/Len = —IpsRs/Wen (0
F(y)= ‘ ,

< Lch)
0 ( L

ch < y ) '

3
where R, is the channel resistance and Rs(= R.,Wen/Len) 1S
the sheet resistance of the 2D channel. By the continuity of
the spin current and the electrochemical potentials of both
up- and down-spins at the four boundaries (y = —Lsg, 0, Lcp,
and L., + Lp), the 2T Hanle signal AVDZTH(P/ AP) detected by
the D electrode are obtained from Eqgs. (1)—(3) (the detailed
derivation is shown in Sec. S2 in Ref. [25]);

P, 1 1
- —aP/APRe[ﬂ(— + T)yd}, (4a)

u
X rch Teh

w0
g al\ers
o1 1),
NI\ @
NG e/ \I'ng Ten
Len L

<Y
gov

AV DZTH(P /AP)

! = ! + LY + ! 4d)
AL 2A 2A Aen®’

1 v, IpsR

4 b Mch IDS s’ (4¢)
A Dgh Dgh Wen

where A is the effective diffusion length of electrons against
the drift, )»Sh and A} are the down-stream and up-stream
spin drift diffusion lengths [14] in the 2D channel region,

respectively, A = ,/DghrSCh (An = /D11d), Dgh (D3), and

th (¢8) are the intrinsic spin diffusion length without the
lateral electric field along the y direction, electron diffusion
coefficient, and spin lifetime in the 2D channel region (n*-Si
region), respectively, r$ and ! are the down-stream and
up-stream spin resistances, respectively, and rI(\ISIE and rﬁ?
are the effective spin resistances of the left-hand side of
the spin injection point (y < 0) and the right-hand side of
the spin detection point (Le, < y), respectively. Here, A9, is
the effective spin diffusion length for the spins transported
from the S to D electrodes, whereas 1Y, is that for the spins

transported from the D to S electrodes. On the other hand,
rgh and r, are regarded as the effective spin resistances of
the local region (0 <y < L¢y) viewed from the S and D
sides, respectively. Figure 4(b) shows an equivalent circuit of
Fig. 4(a) expressed by the spin resistances, where rS and r%
are the spin resistances for the spin transport along the +y and
—y directions, respectively. These spin resistances are very
helpful to analyze and understand the spin transport, as will
be shown in Sec. V. Here, rgh, Tehs rI(\,SIE ,and rI(\,?d) are expressed

by

RgAY,
d S/ch
= > Sa
Tch “rch ( )
RsAd
u ch
= e Sb
Teh “rch ( )
S) (rch rn) + (rch - ”n)eXP(—ZLS/)\n)
'NL = r, (5¢)
(en + 7)) — (Fen — 1) exp (—2Ls/Ay)
D) __ (Feh + 1) + (ren _rn)exp(_ZLD/)\-n)rn’ (5d)

'L = — — —
(ren +1n) — (ren — ra) exp ( 2Lp/Ay)

where rop = RsAch/Wen and 1, = pn Ay /1, Wen are the intrinsic
(without spin drift) spin resistances of the 2D channel re-
gion and n*-Si region, respectively, and p, is the electrical
resistivity of the n*-Si region. We should emphasize here
that up(down)-stream spin resistance rgﬁd) is proportional to
down(up)-stream spin drift-diffusion length )\Slg“) as shown
in Egs. (52) and (5b). This is because the spin resistance
of a nonmagnetic material is inversely proportional to its
effective spin diffusion length when 75 is unchanged, and
up- and down-stream spin drift-diffusion lengths are inversely
proportional to each other ()L‘Clh)nfh = (Aan)?) (see Sec. S3 in
Ref. [25] for the details). The magnitude of spin-valve signal
AV?2T can be calculated from Eq. (4a), since it is the difference
between AVSTH(AP ) and AV[fT PatH, =0;

2T __ 2TH(AP)
AV = AV]

_ AVDzTH(P)
H =0

2PIps [ 1 1
=— (= *+=)
eh  Teh

H.i=0

(6)

H, =0

The physical interpretation of Eqgs. (4a)—(4e) is as follows.
When |F(y)| is substantially large by a large Ips (>0), the
spin polarization decays with )\‘th (> Ach) from the S to D
electrodes, while the spin polarization decays with A%, (< Ach)
from the D to S electrodes. Thus the effective spin diffusion
length can be changed by the lateral electric field along the
y direction. When the spin drift dominates the spin transport,
A% approaches the spin drift length vqts and A% approaches
0. A remarkable feature is that 4, decreases and r% increases
as Ips increases, because Agh increases and A, decreases as
Ips increases.

To analyze the spin transport signals using Eqs. (4a) and
(6), some electrical parameters, such as Rs and p,, were
estimated using two Hall-bar-type MOSFET devices; type I
has the same channel properties as those in the spin MOSFET
of Fig. 1 and type II has a highly phosphorus-doped n*-Si
channel that was formed by the same procedure as that for
the nt-Si regions in the spin MOSFET. Figure 5(a) shows a
schematic illustration of the type-I device where the channel
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FIG. 5. (a) Schematic illustration of a Hall-bar-type MOSFET
(type-]) prepared on a SOI substrate, where the channel thickness is
tsi = 8 nm, the accepter doping concentration N is 1 x 10" cm™3,
and the channel length and width are 460 and 90 pum, respectively.
The measurement setup is also shown, where a constant drain-source
current Ipg and a constant gate-source voltage Vs were applied and
the longitudinal voltage Vi and transverse voltages Vr are measured
while a sweeping magnetic field was applied perpendicular to the
substrate plane. (b) Channel sheet resistance Rs (left axis) and sheet
electron density Ns (right axis) in the Si 2D inversion channel plotted
as a function of Vg estimated from Hall measurements at 295 K.
(c) Effective electron mobility 1., in the inversion channel plotted as
a function of effective gate electric field E.r = ¢q/€si(Ns/2 + Natsi),
where green open diamonds are those estimated from Hall measure-
ments and red open squares are those estimated form the 2T Hanle
signals in Fig. 3(d). (d) Electron diffusion coefficient D" plotted as
a function of E., where a blue solid curve was estimated from a
self-consistent calculation (see Sec. S3 in Ref. [25].) and red open
squares were estimated form the 2T Hanle signals. (e) Spin lifetime
M in the 2D inversion channel plotted as a function of effective
gate electric field E.i, where red open squares were estimated from
the 2T Hanle signals. The blue curve is the momentum lifetime £
multiplied by 25000, which was estimated from the self-consistent
calculation (see Sec. S3 in Ref. [25]).

length and width are 460 um and 90 pum, respectively, and
the Si channel thickness fg; is 8 nm. The measurement setup is
also shown in the same figure, in which a constant bias current
Ips and a constant source-gate voltage Vss were applied,
and the longitudinal voltage V1. and transverse voltages Vr
were measured while a magnetic field was applied perpen-

dicular to the substrate plane. From the measurement results,
the following values were estimated; Rs = 8481, 4604, and
3370 @ for Vgs =40, 60, and 80 V, respectively. On the
other hand, the sheet electron density Ng, the electron mobility
Ieh, the diffusion coefficient Dgh, and the electron momentum
lifetime 7" in the inversion channel were also estimated
using the same procedure as our previous paper [8] (see Sec.
S4 in Ref. [25] for the details). In Fig. 5(b), the blue-filled
circles and purple-filled squares are Ng and Rg, respectively,
as a function of Vgs. We confirmed that the slope of Ng is
consistent with the capacitance of the back-gate dielectric. In
Fig. 5(c), the green open diamonds are p., as a function of the
effective gate electric field E.r = q/¢esi(Ns/2 + Natsi) [27],
where ¢ is the elementary charge and ¢g; is the permittivity of
Si. In Fig. 5(d), a blue solid curve is Dgh as a function of Ee,
which was estimated by a self-consistent calculation.

Using the same measurement setup with Vgs =0V, p, =
0.89mQcm was estimated from the type-II device. Then,
D} =35 cm? /s was obtained by the Einstein’s relation [28].

B. Procedure of the analysis

Using the functions Egs. (4a) and Eq. (6), we analyze
the experimental 2T Hanle signals and spin-valve signals.
In Figs. 3(c) and 3(d), whereas the amplitudes in AVp are
almost half of those in AVpg, clear oscillations in the higher
magnetic fields are seen in Vp because of its high signal
to noise ratio. Since the fitting function Eq. (4a) for the
experimental 2T Hanle signals is nonlinear, clear oscillation
signals with larger number of peaks are necessary for accurate
estimation. Thus we use the 2T Hanle signals in Vp to estimate
Hchs Dgh, Ts , and tg. Since the actual signal magnitude is
necessary to estimate Ps, we estimate Ps by fitting Eq. (6) to
the AV?T values measured with various Ips, while e, DS,
t$h, and Tf are set at the values estimated from the 2T Hanle
signals. Then, we obtain Ay, Ach, A‘th, and A, values using the
above-mentioned parameters and discuss how AV?T changes
depending on both Ipg and Vs.

C. Analysis of the Hanle signals

Figure 3(e) shows the Hanle precession signals obtained in
the spin MOSFET with L., = 10 um, where red solid curves
are the experimental 2T Hanle signals AVZTH(P) measured at
Vs = 40V with Ips = 10, 8, and 5 mA, respectively. In spite
of the same Vgg, the period of the oscillation inceases with
increasing Ipg. Since Ng in the channel is the same for all the
Ips cases, the increase in the period is caused by the increase
in vg. Figure 3(f) shows the 2T Hanle signals obtained in
the same device, where red solid curves are the experimental
2T Hanle signals AVéTH(P) measured at Ins = 10 mA with
Vs = 40, 60, and 80 V. In spite of the same Ipg, the period
of the oscillation deceases with increasing Vgs. This is mainly
caused by the increase in Ng (decrease in vq), since i, and
D! are almost unchanged with increasing Vgs from 40 to 80
V, as shown in Figs. 5(c) and 5(d), while Ng is doubled as
shown in Fig. 5(b).

Using Rs and D} obtained in Sec. IV A, the experimental
signals in Figs. 3(e) and 3(f) were fitted by Eq. (4a) with
fitting parameters Ps, [ch, DCh, Ts , and 7. Among these
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fitting parameters, (ich, Dgh, and rSCh are assumed to depend
only on Vgs (independent of Ipg), while zg is assumed to
be independent of both Vss and Ips. In Fig. 3(e), all the
black dashed curves are fitting curves with the same pa-
rameter values: pep = 239 cm?/Vs, D" = 11.3cm?/s, 1" =
0.82ns, and g = 0.6ns. In Fig. 3(f), all the black dashed
curves are fitting curves and the following values were esti-
mated: pen = 253 cm?/Vs, DM = 11.0cm?/s, t§" = 0.84 ns
for Vgs = 60V, and pch = 241 cm?/Vs, DN = 10.8 cm? /s,
r§h = 0.77ns for Vgs = 80V. In both Figs. 3(e) and 3(f),
the experimental signals are almost perfectly reproduced by
Eq. (4a). Therefore the analytical function Eq. (4a) accu-
rately expresses the spin transport phenomena in our spin
MOSFETs.

To investigate further, the parameters pich, Dgh, and tSCh
estimated by the type-I device in Fig. 5(a) were compared
with those estimated from the fittings to the 2T Hanle signals.
In Fig. 5(c), pen estimated from the fittings are plotted by
red open squares, which agree well with the green diamonds
estimated from the Hall measurements. In Fig. 5(d), Dgh
estimated from the fittings are plotted by red open squares,
which reasonably agree with the blue curve obtained by
our self-consistent calculation (see Sec. S4 in Ref. [25]).
These results strongly support the accuracy of our analysis
with the 2T Hanle signals. On the other hand, the spin
lifetime tSCh values estimated from the Hanle measurements
are plotted by the red open squares in Fig. 5(e), where
the 7" values multiplied by 25000 are also plotted by a
blue curve obtained by our self-consistent calculation (see
Sec. S4 in Ref. [25]). Since the red open squares overlap
the blue curve, the spin-flip probability (spin-flip rate per
one momentum scattering event) is expressed by <"/ éh ~
1/25000 in the spin MOSFET examined in this study. This
spin-flip probability value is somehow smaller than that in
our previous spin MOSFET (z"/z$" ~ 1/14000) with a n-
type Si channel having a phosphorus donor concentration of
10'7 cm~=3 [8]. This suggests that the strength of spin-orbit
coupling (SOC) is reduced in the present spin MOSFETs
(with No ~ 1 x 10" cm™3 in the channel) examined in this
study due to the lack of ionized phosphorus donors in the
channel. Using the D" and t$" values estimated from the 2T
Hanle signals, the following A, values were obtained: 0.96
um for Vgs =40V, 0.96 um for Vgs = 60V, and 0.91 um
for Vgs = 80 V. These values will be used later in Secs. IV D
and V. Also, A, = 0.46 um was estimated from the D} and
7 values. A notable feature is that the clear 2T Hanle signals
were obtained in the spin MOSFET with Ly, = 10 um, even
though A, was estimated to be only ~1 pm for all Vigs. This
is caused by the enhancement of A%, by the spin drift [14].
Figure 6(a) shows the spin drift-diffusion lengths calculated
using Eq. (4d), where red, green, and blue solid curves are
Agh at Vgs = 40, 60, and 80 V, respectively, and the black
solid line is Aq,. In the same figure, the spin drift length
(vdtSCh) at Vgs = 40, 60, and 80 V are also shown by red,
green, and blue dashed lines, respectively, which indicate that
the spin drift dominates the spin transport when Ipg > 5 mA.
As Ips increases, Agh increases and exceeds 10 um when
Ips > 10mA at Vgg = 40V. Therefore it is reasonable that
the 2T Hanle signals were obtained in the spin MOSFET
with Ly, = 10 um. From the analysis of the 2T Hanle sig-
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FIG. 6. (a) Spin drift-diffusion lengths as a function of Ipg cal-
culated by Eq. (4e), where red, green, and blue solid curves are
down-stream spin drift-diffusion length (Agh) at Vgs = 40, 60, and
80 V, respectively, red, green, and blue dashed lines are spin drift
length (vg t§h) at Vs = 40, 60, and 80 V, respectively, and a black
solid line is the intrinsic spin diffusion length A, in the channel.
(b) AV?T as a function of Ips when signals were measured for the
spin MOSFETs with L, = 0.4 [Fig. 2(c)] and 10 um at Vgs =40 V.
Red and purple filled circles are experimental data for Ly, = 0.4 and
10 wm, respectively, and red and purple solid curves are theoretical
calculations by Eq. (6) with Py =7.3%. (c) AV?T as a function
of Ips when signals were measured for the spin MOSFETs with
Ly, = 0.4 um at various Ips (=2, 5, 8, and 10 mA) and Vgs (= 40,
60, and 80 V). Red, green, and blue filled circles are experimental
data [Fig. 2(d)] measured at Vgs = 40, 60, and 80 V, respectively,
and red, green, and blue solid curves are theoretical calculations by
Eq. (6) with Ps = 7.3%, 6.5%, and 5.6%, respectively. (d) MR ratios
of the spin MOSFETs with L., = 0.4 um, which were obtained using
the data in (c). Red, green, and blue open squares are values for
Vs = 40, 60, and 80 V, respectively, and dashed lines are guides
for eyes.

nal measured at Ips = 10mA and Vgs =40V for the spin
MOSFET with Ly, = 0.4 um, 96% of spins injected in the
2D inversion channel at y = 0 reaches y = L, i.e., almost
all the spins are conserved during the transport through the
channel.

Note that Eq. (4a) becomes identical with the conventional
function [15-17] by replacing r{} with Y and r) with 74,
but the conventional function can not reproduce our 2T Hanle
signals shown in Figs. 3(e) and 3(f) (see Sec. S5 in Ref. [25]).
Thus our channel model structure in Fig. 4(a) is appropriate
for the analysis of the 2T Hale signals.

D. Analysis of the spin-valve signals

o, rSCh, and tg values
are set to the values estimated from the 2T Hanle signals in
Figs. 3(e) and 3(f) and only P is the fitting parameter. Figure
6(b) shows the bias dependences of AV?T measured at Vgg =

In the following analysis, (ch, Dh
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40V, where red and purple filled circles are experimental
data of the spin MOSFETs with Ly, = 0.4 [Fig. 2(c)] and
10 pem, respectively, and red and purple solid curves are the
theoretical calculations using Eq. (6) with Ps = 7.3%. The
good agreement means that the superlinear bias dependence
of the spin-valve signals comes from the spin drift, since a
linear bias dependence would be obtained without spin drift.
As shown in Fig. 6(b), a spin-valve signal was not obtained
at Ins = 2mA in the spin MOSFET with L., = 10 um. This
is consistent with the fact that A%, was estimated to be only
~2 um at Ins = 2mA and Vgs = 40V as shown in Fig. 6(a),
which leads to the situation that the spins injected from the S
electrode can not reach the D electrode. Figure 6(c) shows the
bias dependences of AV?T with various Vgs (= 40, 60, and 80
V), where red, green, and blue filled circles are experimental
data [Fig. 2(d)] obtained for the spin MOSFET with Ly, =
0.4 um, respectively, and red, green, and blue solid curves
are theoretical calculations using Eq. (6) with Ps = 7.3%,
6.5%, and 5.6%, respectively. The bias dependences are well
reproduced by our model calculation in all the Vgg values
examined in this study. Thus Ps decreases with increasing Vgs.
The same feature was also obtained in our previous device [8],
but the origin is unclear at present.

Figure 6(d) shows the MR ratio of the spin-MOSFET
device with L., = 0.4 um. The MR ratio increases with in-
creasing Ips and with decreasing Vis. These features mainly
come from the increase in A, and Ps, since 1Y, increases with
increasing Ips and with decreasing Vs, and Ps increases with
decreasing Vgs.

V. DISCUSSION

We have shown that the almost all the experimental signals
can be explained by Egs. (4a) and (6) in Sec. IV. In this
section, to further investigate how the spin drift affects the
magnitude of the spin-valve signal AV?T, we perform the
calculation of the spin accumulation voltage and spin current
distribution in the Si channel structure consisting of the n*-Si
regions and inversion channel. Then, we introduce “input spin
resistance ™"’ and “output spin resistance r°“*"” which
are the effective spin resistances of the whole spin MOSFET
viewed from the S and D electrodes, respectively. It is well
known that a higher spin resistance is preferable for higher
spin-to-charge conversion (spin detection), however, at the
same time, it causes lower charge-to-spin conversion (spin
injection) [29-32]. The analysis with 7" and r°"®"t allows
us to easily capture how the spin injection and detection
efficiencies are changed by the spin drift; smaller +™ and
larger r°"P" lead to higher spin injection and detection effi-
ciencies, respectively. We find that the spin drift effectively
decreases "™, but it hardly increases r°"®" in the present
spin MOSFET structure. Next, using the experimental results,
we analyze r"P and r°"P'* and find that a part of the injected
spin current does not contribute to the spin-valve signal, i.e.,
not all of the injected spin current are transported from the
S electrode and accumulated under the D electrode, but the
injected spin current is partially wasted in the n™-Si regions
at the S and D junctions. Based on these results, we clearly
show that the design of these n-Si regions is a key to further
improve the MR ratio.
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FIG. 7. [(a) and (b)] Distribution of the normalized spin accumu-
lation AE /qlps in the channel with L, = 10 um when (a) Ips = 2
and (b) 10 mA, which were calculated by solving Eq. (2) with
Ps =1 (see S2 in S.M. [25]). Red and blue solid curves represent the
total spin accumulations in the parallel (P) and an antiparallel (AP)
configurations, respectively, a black dashed curve is the components
of the spins injected from the S electrode, and a black dotted curve
is the components of the spins extracted by the D electrode. [(c) and
(d)] Close-up views at around y = 10 um (near the D electrode) of
(a) and (b). Black double-headed arrows in (b) and (d) denote the
spin-valve signal observed by the D electrode.

A. Spin distribution in the spin MOSFET with different Ipg

In our spin MOSFETS, the electron density and the density
of states (DOS) are not uniform in the entire channel structure
consisting of the n*-Si regions and inversion channel. Thus
the sheet spin density S(y) becomes discontinuous at the
boundaries and is not suitable to describe the spin distribution
in the channel. For this case, it is more suitable to use the
spin accumulation AE = (E; — E_)/2 that is half of the
difference in the electrochemical potential between up-spin
(E+) and down-spin (E_) electrons (AFE is half of Au in
Ref. [30], see Sec. S2 in Ref. [25] for details).

Figures 7(a) and 7(b) show normalized spin accumula-
tion AE /qlps[2] calculated by Eq. (2) for the device with
Ips = 2 and 10 mA, respectively, where L., = 10 um, Vgs =
40V, and red and blue solid curves represent AE /qlps in P
and AP configurations, respectively. In the calculation, we
assume Ps = 1 for simplicity. Figures 7(c) and 7(d) show
close-up views of (a) and (b) at around y = 10 um (near the
D electrode), respectively. In each figure, the black dashed
curve is AE /qlps injected from the S electrode, which was
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calculated without the fifth term of Eq. (2), whereas the black
dotted curve is that extracted by the D electrode, which was
calculated without the fourth term of Eq. (2). As mentioned
in Sec. IV, when Vg = 40V and Ips = 2 mA, spins injected
from the S electrode do not reach the D electrode because A%,
is only ~ 2 um. This can be clearly seen in Fig. 7(a); the
black dashed curve exponentially decays from the S electrode
toward the D electrode and becomes almost zero at around y =
10 um. In this situation, the spin density near the D electrode
(y ~ 10 um) is determined only by the spins extracted by
the D electrode, which is represented by the dotted curve.
Since there is no difference in AE/qlps between the P and
AP configurations at the D electrode (y = 10 um) as seen in
Fig. 7(c), no spin-valve signal is obtained.

On the other hand, since )tgh is ~10 um at Ips = 10 mA,
spins injected from the S electrode reach the D electrode as
shown in Fig. 7(b); the dashed curve has a nonzero value
at y = 10 um. In this situation, a spin-valve signal AV?T is
obtained, since there is a difference in AE /glps between the P
and AP configurations at the D electrode (y = 10 um), which
is indicated by a double-headed black arrow in Figs. 7(b)
and 7(d).

Other notable features are (i) normalized spin accumula-
tion AE/qlps near the S electrode (y ~ 0 um) in Fig. 7(b)
is smaller than that in Fig. 7(a) and (ii)) AE /qlps near the D
electrode (y ~ 10 um) in Fig. 7(a) is almost the same as that
in Fig. 7(b). The former and latter correspond to 7" and
rouPut - respectively, and they are strongly related to the spin
injection and detection efficiencies, as will be explained in the
following subsections.

B. Expression of the spin-valve signals with input
and output spin resistances

When the spin drift dominates the spin transport in the in-
version channel, the spin back-flow from the D to S electrodes
is negligible ()\, & Ley and y* ~ 0) and 7}, becomes much
larger than r§, (rCh <K ry)- In this situation, Eq. (6) can be
written by the following simple form;

input

AV?T ~ 2 x Pslpg % x pd x Pgrou®ut, (7

d
Fen

Here, ™ and r°"P' are the input spin resistance and
output spin resistance, respectrvely, which are deﬁned by

the parallel resistances of (rNL and r h) and (r and ry),
respectively;
1 1\
L G (8a)
'NL r ch
-1
1 1
output __ _
r <r(D) + P ) , (8b)
NL ch

d u (S) (D) : :
where rg,, rg,, ry» and ry; are the spin resistances defined

by Eqgs. (5a)—(5d). It will be shown later that the term Pslpg x
rinPut/rd in Eq. (7) is related to the spin injection efficiency,
y9[= exp(—Len/28,)] is related to the spin transport effi-
ciency, and Psro®'P" is related to the spin detection efficiency.
To understand the physical meaning of Eq. (7), equivalent
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FIG. 8. [(a) and (b)] Equivalent circuit consisting of the spin
resistances around the S and D electrode, respectively, in which 4,
s rI(\Islj, and r(D) are defined in Egs. (52)—(5d). M= PsIps is the spin
current 1njected from the S electrode, I is the spin current that
flows into the local region (y > 0), and I"""lml(s) is the spin current
that flows into the nonlocal region (y < 0) 150 = Jlocalyd ig the spin
current transported from the S electrode through the channel, y¢ is
the decay factor defined in Eq. (4c), I3™"*“® is the spin current that
flows into the nonlocal region (y > Lch) and Igeﬂ“‘ is the spin current
that flows back to the local region (y < Lp).

circuits consisting of these spin resistances is helpful for
discussion.

Figure 8(a) shows an equivalent circuit consisting of the
spin resistances around the S electrode, where 1 n = Pslps
is the spin current injected from the S electrode 1l s
the spin current that flows into the local region (y > 0), and

12" 5 the spin current that flows into the nonlocal region

(y < 0). From the spin current continuity, Ig" = I’ +
Igonlocal(s) holds at y = 0. Thus 7" is the parallel resistance
of 74 and rNL, as defined in Eq. (8a). The spin-valve signal is
produced by I§ local that is the spin current transported to the D
electrode, Whereas 13onloeal diffuses toward the nonlocal region
and does not contrrbute to the spin-valve srgnal Srnce the ratio
of 109! to 3ol i determined by the ratio r{ to rS,, we can
estimate the local spin current ratio y5€ by

d input
1/rg,

S d
/ r 1(\IL) rch

C))

local local
LSC __ IS _ IS _

T 4inj — jlocal nonlocal ~— d
I, S I S + I S 1 / 18 ch +

Thus the term Pslps x r™/r4 in Eq. (7) is nothing
but 1, i.e., the actual spin current that is injected into
the 2D inversion channel. From the definition, the ratio
pinput /rd [= r(s) L/ (rCh + r(s))] takes a value between 0—1 and
rinPut/pd ~ 1 when r§ < rI(\ISL) Therefore lower 74, is needed
to obtain a higher )/LSC

It is noteworthy that r determines the conductivity
matching condition for the spin injection at the S junction
[29-32]. Based on Refs. [29-32], the effective spin injection
polarization is expressed by P§ = Ps r(s) / (r(s) + iU where
rlgs) is the tunnel resistance of the S junction (see Sec. S6
in Ref. [25] for the details). To obtain hi her MR ratio, it is
necessary to insert a tunnel barrier with r;” ~ ri"" between
the FM and Si, because P decreases when rl(as) <& rinPut gpd

the parasitic resistance increases when rés) > "t Thus

input
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TABLEI Spin resistances in our spin MOSFET at Vs = 40 V for different Ips = 2 and 10 mA calculated using Eqgs. (5a)—-(5d), (8a), (8b),
and (9). The local spin current ratio ¢ = [0 /1Y = ri"Pt /8 ig also listed in the last column.

Ins Fen rI(\ISL) rI(\I[E‘) rd r:;h input output J/LSC
2 mA 454 Q 49 Q 459 18.5 Q 111 39Q 43 Q 21%
10 mA 454 Q 49 Q 45Q 44 Q 467 Q 23Q 45Q 47%

lower r"PUt Jeads to lower r]gs). From Eq. (8a), lower r"P" is
realized by smaller 4, and/or smaller ). Since rd <« rl)
is needed to obtain large y"SC, smaller rg, 1s indispensable to
reduce the parasitic resistance.

Figure 8(b) shows an equivalent circuit consisting of the
spin resistances around the D electrode, in which Ig“““ =

1¢alyd js the spin current transported from the S electrode
through the channel, Ié“’"local(D) is the spin current that flows
into the nonlocal region (y > L), and Igeﬂ“‘ is the spin
current that flows back to the local region (y < Lg,). Since
the tunnel resistance r](gD) of the D junction is high enough in
our spin MOSFET, the spin current that flows from the n*-Si
region to the D electrode is neglected (see Sec. S6 in Ref. [25]
for the details). From the spin current continuity, [§*™ =
I;'O“local(D) + It holds at y = Ley. Thus r°U'P* is expressed
by the parallel resistance of r and r) as defined in Eq. (8b).
Since Eq. (7) can be written as AV?T ~ 2 x [fans x pgpouput,
larger r°UP" is needed to obtain lager AV 2T,

Note that almost ideal spin transport efficiency (y¢ = 0.96)
was achieved by the spin drift in our spin MOSFET under the
condition of Ly, = 0.4 um, Ips = 10mA, and Vgs =40V.
Thus, to obtain higher MR ratios, spin injection and detection
efficiencies must be improved.

C. Spin injection efficiency of the S junction

In the previous section, Sec. VB, we showed that the
decrease of 4 leads to both a higher y5C (= ri"Put /74 ) and
a higher MR ratio. As the spin drift increases (vq and Ips
increases), Ay, decrease, and thus rgh decreases. When vy is
high enough (v4 — o0) by the spin drift, rfh becomes almost
Zero (rglh — 0). Thus increasing the spin drift is very effective
to realize a high P¢ with a lower tunnel barrier resistance [14].

To analyze y5C in our spin MOSFETs, spin resistance
values at Vgs = 40 V with Ipg = 2 and 10 mA were calculated
using Egs. (5a)—(5d), (8a), and (8b), which are summarized
in Table I. When Ipg = 2mA, yLSC is only 21%. Thus, even
if Ps = 100% is realized, only 21% of the spins is injected
into the inversion channel and the rest (79%) is wasted in the
nonlocal region. To increase ySC, the increase of r and
decrease of rcdh are needed. As shown in Table I, when Ipg is
increased from 2 to 10 mA, rgh is decreased from 18.5 to 4.4
Q and r"P" decreased from 3.9 to 2.3 €2, which is caused by
the spin drift. When Ipg = 10 mA, the 5 value is increased
to 47%, but more than the half (53%) is still wasted. To further
increase yLSC, increase of '"1(\JSL) is needed.

D. Spin detection efficiency of the D junction

As the spin drift increases (Ips increases), A% and rY
increase. However, even though rj becomes large enough
(r§, — o0) with a large spin drift velocity (vg — 00), ro*P"

is limited by rl(\% (routeut rI(\IDL)). Indeed, as seen in Table 1,

ry, is enhanced from 111 to 467 Q by the spin drift when
Ips is increased from 2 to 10 mA, however, r°"" is almost
unchanged (from 4.3 to 4.5 Q) due to the low rI(\IIi). This
means that the most part of I{™ diffuses toward the nonlocal
region (y > L¢,) and the spin accumulation at y = L, is
reduced, which results in the reduction of the MR ratio. Thus
increase of "r(\JDL) is needed to increase ", Note that when

ot exceeds ry”, spin accumulation under the D electrode
decreases due to the spin current that flows out from the n*-Si
region to the D electrode. Thus the condition ro®Put ~ r](gD)
gives the maximum MR ratio (see Sec. S6 in Ref. [25] for

the details).

E. Design of spin MOSFET with a higher
magnetoresistance ratio

From the above-mentioned discussions, we obtained the
following guideline to improve the performance of spin MOS-
FETs. We must realize (a)—(f),

(a) High Ps to increase the spin injection/detection polar-
ization.

(b) Matching the conductivity of the tunnel barrier to
satisfy r§” ~ ri"Put and r{>) ~ pouteut,

(c) Long A‘c’h (>>L¢) to reduce the spin-flip during the spin
transport.

(d) Low rfh to increase the local spin current ratio ySC€ =
104 /1Y and to reduce 1Y)

(e) High r3 to enhance the spin accumulation at the D
junction.

(f) High rI(\ISIE and rﬁ?j to reduce the spin diffusion towards
the nonlocal regions.

It should be emphasized here that (c)—(e) have been real-
ized in our spin MOSFET by the spin drift, while (f) is not
realized by the n*-Si region formed at the S and D junctions.

We have introduced the nt-Si regions into our spin MOS-
FET to enhance the MR ratio by reducing the parasitic resis-
tance in the S/D junctions. However, it was found that these
n*-Siregions act as sinks of spins even though their thickness
t, = 5nm is far shorter than the spin diffusion length A, =
0.46 um. This is because electron spins diffuse along the y
direction in the n*-Si regions with the lateral length (Ls =
0.7 and Lp = 2.0 um) larger than X, and spins are flipped
significantly during the diffusion in the n*-Si regions. One
possible method to reduce such loss of spins is to use a
lower doping concentration of the n*-Si region. However, it
results in lowering the MR ratio by the increase of the total
channel resistance with higher Schottky barrier resistances
formed in the S/D junctions. Thus a promising method to
reduce the loss of spins in the n"-Si region and to increase
the MR ratio simultaneously is the decrease of the length of
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FIG. 9. [(a) and (b)] Schematic illustrations of two types of
spin MOSFET structures having short n*-Si region lengths of Lg
and Lp: (a) back-gate and (b) top-gate types. (c) Spin resistances
at Vgs =40V and Ips = 10mA as a function of Ls or Lp, which
were calculated using Eqgs. (5a)—(5d), (8a), and (8b). A green dotted
curve is 7 (= (), red and blue solid curves are r™" and roU",
respectively, and top, middle, and bottom dashed lines are ry, 7cn,
and r¢, respectively. A blue dotted curve is r°"P™ calculated for the
top-gate-type spin MOSFET. The inset shows the local spin current
ratio y5€ (= rimruty/ rfh). (d) MR ratio calculated under the condition
that Ly, = 0.4 um, Ps = 0.5, 7§ = 30.2Q,and r”) = 139 , where
solid and dotted curves represent values estimated for the back-gate-
type and top-gate-type spin MOSFETs, respectively. The r(s) and r(D)
values used in the calculation were determined by the conductivity
matching condition for the maximum MR ratio (see Sec. S6 in
Ref. [25]).

the n™-Si regions (Ls and Lp) along the y direction, as shown
in Fig. 9(a).

To demonstrate the effect of this method, theoretical spin
resistance values at Ipg = 10mA and Vgs = 40V are calcu-
lated using Eqgs. (5a) and (5b), (8a), and (8b). Figure 9(c)
shows calculated spin resistance values plotted as a functlon
of Ls (= Lp), where a green dotted curve is rI(\IL (= rNL) red
and blue solid curves are " and r°“P" respectively, and
top, middle, and bottom dashed lines are rj, re, and rfh,
respectively. The local spin current ratio 3¢ (= rinPut /74 )
is also shown in the inset. As Ls(Lp) decreases, r(S)(r(D))
increases, and thus y'SC and r°'® increase. This means
that the spin diffusion in the nonlocal regions is substantially
suppressed by reducing Lg and Lp, leading to larger spin-valve
signals. When Lg and Lp are reduced from ~1 um to 10
nm, for example, yLSC is enhanced by 1.9 times (from 47%
to 89%), r°"M™ is enhanced by 7.7 times (from 4.5 to 34.5
), and the spin-valve signal becomes 14.5 (= 1.9 x 7.7)
times larger than that obtained in our spin MOSFET structure
with Ls = 0.7 um and Lp = 2 um. Accordingly, our model
predicts that the MR ratio with Ly, = 0.4 um is improved
to ~0.3%. Note that even when ry, increases, r"™! keeps a
lower value thanks to the low rgh, so the conductivity matching
condition does not change.

In order to examine the potential of this method, the
MR ratio [= AV?2T /Isp(Ren + r]gs) + r]gD))] was calculated and
plotted in Fig. 9(d), under the assumption that the both S and
D junctions fulfill the conditions (a) and (b). In this calcu-
lation, Ps = 0.5, ry” = 30.2€, and r”’ = 139 Q were used;

these r(s) and rl(gD) values were determined by the conductivity
matchmg condition for maximizing the MR ratio (see S6 in
S.M. [25]). When Lg and Ly, are less than 10 nm, the MR ratio
is more than 5%. On the other hand, when Ls = Lp ~ 1 um,
the MR ratio is only ~0.5%. Thus the design of Lg and Lp is
critical to obtain higher MR ratios.

For further improvement of the MR ratio, an additional
method is necessary to realize rl(\ISL) and rl(\l[i) larger than r, that
is the upper 11m1t in Fig. 9(c). The saturation characteristics
of rI(\,Sf and rNL reflect the fact that the spin diffusion in
the nonlocal regions still occurs even when Lg = Lp = 0,
since a 2D channel is also formed in the nonlocal region in
our back-gate-type spin MOSFET structure. For complete
suppression of the spin diffusion in the nonlocal regions, one
possible solution is a top-gate-type MOSFET structure as
illustrated in Fig. 9(b). This is because a 2D channel is formed
only in the local region between the S and D junctions, but
not in the nonlocal regions. Since this situation corresponds
to infinity hl%h sheet resistance in the nonlocal regions
(Rs — 00), 1y and r{,) can be calculated by Egs. (5c) and
(5d). In consequence, r°"" increases up to rl, as plotted
by a blue dotted curve in Fig. 9(c). Finally, our prediction of
the MR ratio in the top-gate-type spin MOSFET structure is
plotted by a dashed curve in Fig. 9(d), in which it exceeds the
MR ratio in the bottom-gate type (solid curve) and reaches

more than 20% when Lg and Lp approach 0.

VI. CONCLUSION

We fabricated Si-based spin MOSFETs with a lightly p-Si
channel and Fe/Mg/MgO/n-Si source/drain junctions and in-
vestigated the spin transport phenomena in the Si 2D inversion
channel experimentally and theoretically. The n*-Si regions
were introduced to improve both the transistor characteristics
and MR ratio by reducing the Schottky barrier resistance at
the S/D junctions. We demonstrated the basic spin MOSFET
operations at room temperature; transistor characteristics with
a high on-off ratio (~10°) and clear spin-valve signals. The
maximum MR ratio was 0.02% in the spin MOSFET with
L, = 0.4 um, which was enhanced by ~6 times than that in
our previous paper [8].

To understand and analyze the experimental results
in our spin MOSFETs, we developed the spin transport
model by taking into account both the n'-Si regions
and the spin drift in the channel. The 2T Hanle signals
were clearly observed in the spin MOSFET with Ly, =
10 um, which were perfectly reproduced by our analyti-
cal formula. From the fitting results, we obtained Ps =
5.6%—17.3%, D = 10.8—11.3cm?/s, th = 0.77—-0.82 ns,
and Agy, = 0.91—0.96 um for Vgg = 40—80 V. Since 7" =
32—34fs, the momentum/spin lifetime was estimated to be
T /7§h ~ 1/25000. This value is somehow smaller than that
in our previous spin MOSFET (t"/ r§h ~ 1/14000) [8] hav-
ing a n-type Si channel with a phosphorus donor concentration
of 10'7 cm~3. This suggests that the strength of the spin-orbit

035305-12



SPIN TRANSPORT IN SI-BASED SPIN METAL-OXIDE- ...

PHYSICAL REVIEW B 102, 035305 (2020)

coupling (SOC) is reduced by the lack of ionized phosphorus
donors in the channel in the present spin MOSFETs.

Furthermore, we originally introduced the effective spin
resistances in the spin MOSFET; rl(\lsﬁ, rI(\IDL), o, rd Pt and
roUP which allow us to understand the spin transport physics
and to improve the performance of the spin MOSFETs. By
using these spin resistances, the spin injection and detec-
tion efficiencies can be easily analyzed without any complex
calculation. Through our experiments and analyses, we have
obtained the guideline (a)—(f) to improve the performance of
spin MOSFETSs, as described in Sec. V E.

It was found that, in our spin MOSFETS, the injected spins
are substantially flipped in the n*-Si regions of the S/D junc-
tions even though their thickness is far shorter (~5 nm) than
the spin diffusion length (~0.5 um). To solve this problem,
we showed that the device structure should be modified to
have large rI(\ISﬁ and rI(\I]i). One method is to reduce the lateral
lengths of the both n*-Si regions Ls and Lp.

There have been studies on spin MOSFETs for re-

cent years, but none of them has focused on the device

structure. We found that the optimization of the device
structure including the n*-Si regions of the S/D junctions
is very effective to improve the MR ratio of spin MOS-
FETs. In this study, we clarified the design guideline for spin
MOSFETs utilizing electron spin transport, which is different
from that for the ordinary MOSFETs utilizing electron charge
transport. Our findings enable researchers to analyze the spin
current distributions in spin MOSFETSs and show the guideline
of the device design to realize high MR ratios.
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