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Electron spin transport in a two-dimensional Si inversion channel is experimentally and theoretically
studied in terms of electron distribution in the subbands, electron momentum scattering processes, electron
momentum lifetime, and spin lifetime. The electrical properties, electron charge transport, and spin trans-
port are investigated by measuring a Si-based spin metal-oxide-semiconductor field-effect transistor with a
10-pm channel length under various bias and temperature conditions (4, 77, 150, and 295 K). In particular,
in our unique procedure, the same device is measured before and after annealing to quantitatively clarify
the change in the spin transport with lower and higher electron mobilities, by excluding device-to-device
variability. Even when the distribution of electrons in the subbands, electron mobility, and temperature are
significantly changed, the spin-flip probability, which is defined as the ratio of electron momentum lifetime
to spin lifetime, is nearly constant at approximately 1/25 000, probably due to the Elliot-Yafet mechanism.
The estimated spin conservation lengths at various temperatures are increased 2—50 times with increases
in both the electron mobility and spin drift. With a high electron mobility of 3065 cm?>V~'s~! at 4 K, spin

transport with a spin conservation efficiency of 94% is achieved through the 10-yxm-long channel.

DOI: 10.1103/PhysRevApplied.18.064071

I. INTRODUCTION

Recently, electron spin transport through a Si channel
has generated considerable interest since the spin-orbit
coupling (SOC) in bulk Si materials can yield electron
transport with a long spin conservation length. This charac-
teristic is attractive from the point of view of fundamental
material physics and spin-functional device applications
[1-9]. Based on the Elliott-Yafet (EY) mechanism that
takes into account the Si band structure and acoustic
phonon scattering [10,11], a spin flip occurs once in some
electron momentum scattering events with a constant rate
that is proportional to the strength of the SOC. Thus, when
this mechanism is applicable, the ratio of electron momen-
tum lifetime t to the spin lifetime 7 is constant, namely,
the spin-flip probability (SFP) 7/7g=constant. An addi-
tional spin scattering caused by the imperfection of the
lattice, such as impurities and defects, was found to follow
the EY mechanism [12]. This is regarded as an extrin-
sic property of Si. Experimental and theoretical studies
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on n-type bulk Si materials revealed that tg changes
with dopant species and their volume concentrations. For
instance, arsenic reduces tg by one order of magnitude
more than phosphorous under a similar concentration [13,
14]. On the other hand, a recent theory on optical phonon
scattering predicts that the intervalley g and f processes
are the spin-conserved and spin-flip scattering, respec-
tively [15]. This is regarded as an intrinsic property of
Si and has not yet been experimentally studied. Since it
has been unclear whether the SFP differs depending on the
electron momentum scattering process or not, it is nec-
essary to clarify the SFP in a Si two-dimensional (2D)
channel while the dominant electron momentum scattering
process is changed.

To clarify electron spin transport in semiconductors, a
very useful platform is a planar-type Si-based spin metal-
oxide-semiconductor field-effect transistor (spin MOS-
FET) [16—18] with ferromagnetic source (S) and drain (D)
electrodes and a SiO,/Si gate stack. This is because elec-
tron spin transport through the Si 2D electron channel can
be examined while the properties of the electron transport
significantly change with the gate electric field Eg, lat-
eral electric field £ parallel to the electron transport, and
temperature 7.

© 2022 American Physical Society


https://orcid.org/0000-0002-0313-9601
https://orcid.org/0000-0003-3599-663X
https://orcid.org/0000-0002-9059-9349
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.18.064071&domain=pdf&date_stamp=2022-12-23
http://dx.doi.org/10.1103/PhysRevApplied.18.064071

SATO, TANAKA, and NAKANE

PHYS. REV. APPLIED 18, 064071 (2022)

Using Eg and T, the electron distribution in the sub-
bands in the Si 2D electron channel can be changed, which
subsequently changes the dominant electron momentum
scattering process during the transport. The background of
this study and detailed electrical properties of the Si 2D
channel are summarized in Supplemental Material [19].
These characteristics offer rich opportunities to system-
atically study the relation between electron momentum
scattering and spin-flip scattering.

With decreasing 7 and fixing £ in the middle range, the
electron populations in the subbands with lower energies
increase and the contribution of the phonon scattering to
the electron momentum scattering is reduced. Using these
features, the contribution of the phonon scattering to t/tg
can be estimated. Moreover, when a high electron mobility
4 value, comparable to that in practical ordinary MOS-
FETs, is realized, /7 can be estimated when the dominant
electron momentum scattering significantly changes in a
wide E; range. To date, 7/7s has never been estimated
in the lower Eg range where the Coulomb scattering is
dominant [8].

On the other hand, the spin conservation length Ag is
also important for the establishment of spin-valve device
guidelines. When we apply Er, Ay changes while tg
remains unchanged for a certain E; and 7. This phe-
nomenon varies depending on the dominance of the spin
diffusion or spin drift [20]: A.g approaches the spin diffu-
sion length Agir = +/D.Ts near the diffusive transport limit
with a low £, whereas A approaches the spin drift length
Adgrit = METs near the drift transport limit with a high £,
where D, and u are the electron diffusion coefficient and
electron mobility, respectively. The enhancement of A.g by
the spin drift in a Si channel has been experimentally ver-
ified by other groups [6,21]. Our previous experiments on
a Si-based spin MOSFET [8] demonstrated the spin drift
effect at room temperature. We observed clear spin sig-
nals in a 10-um-long 2D inversion channel under a high
E; although Age at £, =0 Vem™' was estimated to be
approximately 1 wm. In consequence, the spin drift was
found to be actually effective in the 2D inversion channel
in the middle-to-higher Eg range. Since A4 1S propor-
tional to both u and tg, an o times increase in T under a
constant T/t increases Agrn by a? times. Therefore, it is
expected that the enhancement of t leads to the quadratic
enhancement of spin conservation length.

In this paper, we study the electron spin transport in a
Si 2D inversion channel with various u values while Eg,
T, and E; are varied in a wide range to comprehensively
understand the spin transport. The main purposes are as
follows: (1) to deeply understand the spin transport in a Si
channel by estimating t/ts when the electronic properties
and electron momentum scattering processes are changed,
and (2) to estimate the increase in Ao when 7 is increased.
We measure both as-prepared and annealed spin MOS-
FET devices with low and high u values, respectively,

which enables us to quantitatively reveal changes in the
spin transport with changes in the channel properties, by
excluding device-to-device variability.

II. DEVICE STRUCTURE

Figure 1(a) shows a schematic of a back-gate-type spin
MOSFET on a silicon-on-insulator (SOI) substrate with
a 200-nm-thick SiO, buried oxide (BOX) layer used in
this work. In this device, Fe/Mg/MgO/n*-Si ferromag-
netic tunnel junctions are used as the S and D, an 8-nm-
thick p-Si channel with a boron doping concentration
Ny=1x10" ¢cm™ has a length Ly, =10 um and width
Wen =180 um, the BOX layer is used as the gate dielec-
tric, and reference electrodes L and R are located outside
of the S and D, respectively. Note that the channel length
Ly, is defined by the distance between the n'-Si regions at
the S and D. Figure 1(b) shows the detailed structure of the

n*-Si region
Np~ 1x1020cm™3

Pt
Al
H, ﬂ
Back gate (G) 1 =0.7 um Lp,=2.0um sjo, (BOX)
-Si 200
L, =10pm p-Si channel nm

N,~1x10"5cm™3

(b) Pt <— Mg (1 nm)
Ta == Fe (4 nm)
Al T F Mg (1 nm)

|l MgO (1 nm)

p-Si channel n*-Si region
fgo =8 nM — t.=5nm

N~ 1x1 0" cm3 Lsio Ny~ 1x1 020 cm™3

FIG. 1. (a) Schematic illustration of a spin metal-oxide-
semiconductor field-effect transistor (spin MOSFET) examined
in this work. This device is fabricated on a silicon-on-insulator
substrate with a 200-nm-thick SiO, buried oxide (BOX) layer.
All the top electrodes (S, D, L, and R) are Fe/Mg/MgO/n*-Si
ferromagnetic tunnel junctions with a lateral length Ls =0.7 um
for the S and Lp =2.0 um for the D. An §-nm-thick p-Si chan-
nel with a boron doping concentration Ny =1 x 10'> cm™3 has a
length L., =10 um and a width W, = 180 um. The BOX layer
is used as the gate dielectric, and reference electrodes L and R are
located outside of the S and D, respectively. The measurement
setup for two-terminal Hanle (2TH) signals is also illustrated:
the voltage between the S and D is measured with a constant
drain-to-source current /pg and a constant gate-to-source voltage
Vs while an external perpendicular magnetic field H | is swept
along the direction parallel to the green arrow. (b) Close up view
of the Fe/Mg/MgO/n™-Si ferromagnetic tunnel junctions at the
top electrodes (S, D, L, and R), where the n*-Si with a phos-
phorus doping concentration Np = 1 x 102’ cm~3 has a thickness
t, =5 nm.
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ferromagnetic tunnel junctions at the S and D, in which
the width of the bottom n*-Si layer with a phosphorus
doping concentration Np = 1.3 x 10%° cm™3 is the same as
the channel width (W, =180 um), and Lg=0.7 um for
the S and Lp =2.0 um for the D. On the same substrate,
a back-gate-type Hall bar MOSFET with the same chan-
nel property and junction structure is also fabricated (see
Supplemental Material [19]), where the channel length and
width are 460 and 90 pum, respectively. The detailed fabri-
cation process of the devices is described in Ref. [8]. We
examine the electrical properties of the Si 2D inversion
channel in two types of spin MOSFET devices (Fig. 1):
(1) as-prepared device and (ii) annealed device. First, the
as-prepared device is measured, annealed at 250 °C for
30 min in a N+ 4% H, ambient, and then the annealed
device is measured. Both devices are measured under var-
ious bias and temperature conditions. The electron charge
and spin transport are measured at 7=4, 77, 150, and
295 K to examine various scattering processes and elec-
tron distributions in the subbands. Note that the L and R
electrodes are not used in this study.

III. ELECTRICAL PROPERTIES OF THE Si 2D
INVERSION CHANNEL

Two methods are used to investigate the electrical prop-
erties of the Si 2D inversion channel: a Hall measurement
with the Hall bar MOSFET and drain-to-source current /pg
vs. gate-to-source voltage Vg measurement with the spin
MOSFET. Then, the following parameters are estimated:
W, sheet electron density N, threshold gate voltage Vi,
and channel sheet resistance Rs. Next, the energy level and
electron population at each subband are estimated using
the experimental results and a self-consistent calculation
using Schrodinger and Poisson equations [7,8,22]. Here,
the effective electron conduction mass m* is calculated by
mt =33 4 m® N /N, where v (=2 or 4) denotes
the v-fold subband group, m"" denotes the effective mass
in the v-fold subband group (m® = 0.19 and m® =0.315),
i (=0, 1,2, ...) denotes the subband number counted from
the energy minimum of each subband group, and Ni(”)
denotes the sheet electron density at the ith energy in the v-
fold subband group. Finally, T values at various Vgg and T
are estimated using the relation T =m*u/q, where q is the
elemental charge. To characterize the scattering process, i
and 7 are plotted as a function of Ng.

Figures 2(a) and 2(b) show wu vs Ng, where open
and closed circles are the estimated values of the as-
prepared and annealed devices, respectively; different col-
ors denote 7; and dashed and solid lines connecting
nearest-neighbor circles are guides. The u-Ng curve for
the as-prepared device [Fig. 2(a)] changes little with
a decrease in 7, which indicates that the temperature-
insensitive Coulomb and surface roughness scattering pro-
cesses govern the electron charge transport. In contrast, the

u-Ng curve of the annealed device [Fig. 2(b)] increases
significantly with decreasing 7, which indicates a decrease
in the temperature-sensitive phonon scattering processes.
In these figures, the scattering processes that determine
the electron mobility are plotted using well-accepted for-
mulae, where black solid, dotted, and bold lines denote
Coulomb scattering (ox Ng*!), phonon scattering at 295 K
(¢ Ng7%3), and surface roughness scattering (ox Ns~2),
respectively [23]. Coulomb, phonon, and roughness scat-
terings are confirmed to be dominant in the lower, mid-

dle, and higher Ny ranges at 295 K, respectively, and
Coulomb and roughness scatterings are dominant in the
lower and higher Ns ranges at 4 K, respectively. The
effect of the annealing on the u-Ng curve shape can be
clearly observed in the lower Ng range. With decreasing
Ng, the o curve for the as-prepared device bends towards

the bottom at approximately 5 x 10'> cm™2, whereas that
for the annealed device bends at approximately 1.5 x 10!
cm™2. Since Coulomb scattering is the dominant scat-
tering process in the lower Ns range and it causes the
u-Ng curve to bend, the significant increase in u after
annealing is attributable to the reduction in the num-
ber of scattering events by Coulomb scattering, which is
shown by the black solid lines in Figs. 2(a) and 2(b).
It is most probable that hydrogen termination by anneal-
ing deactivates fixed charges either at the Si/SiO, inter-
face or in the SiO, layer, leading to the reduction in the
fixed defect state density [24]. This conclusion is sup-
ported by the experimental result where Vy, is negatively
shifted from 13 to 2 V due to annealing (see Supple-
mental Material [19]). It is noteworthy that the maximum
w=3065cm? V~!s~! at 4 K is comparable to that (about
4000 cm? V~!s71) at 25 K of a practical SOI MOSFET
[25]. This clearly proves that our annealed device has a
high-quality MOS gate stack with a low fixed defect state
density.

Figures 2(c) and 2(d) show Nf‘” vs N plots calculated at
4 and 295 K, respectively, where red and pale red regions
denote the electron populations at the twofold subband
with the lowest (i=0) and higher (i =1-9) energy lev-
els, respectively, and blue and pale blue regions denote
the electron populations at the fourfold subband with
the lowest (i=0) and higher (i=1-9) energy levels,
respectively. The detailed calculation method is described
in Supplemental Material of Refs. [7,8]. Here, we use
N;=10" cm™3, t5;=8 nm, and other parameters taken
from Ref. [22]. Below Ny =2 x 10'2 cm™2, all the elec-
trons are populated in the bottom energy level of the
twofold subband at 4 K (No(z) = 100%), whereas elec-
trons are distributed in various energy levels in the twofold
and fourfold subband groups at 295 K. Figure 2(e) shows
the N" vs. T plot calculated for Ny=2.3 x 10'2 cm™2,
where u at 4 K for the annealed device shows the maxi-
mum value. Considering Figs. 2(a) and 2(b), the electron
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(a),(b) Electron mobility u versus sheet electron density Ng for the (a) as-prepared (open circles) and (b) annealed (closed

circles) devices estimated from the electrical measurements at temperature 7, where blue, green, orange, and red colors denote 7=4,
77, 150, and 295 K, respectively, and lines connecting nearest-neighbor circles are guides. The dominant scattering processes in p are
also estimated using the simple power law of Ny [23], where black solid, dotted, and bold lines denote the Coulomb (axNg*!), phonon
(o< N5~°3), and surface roughness (o< Ny~2) scattering, respectively. (c)—(e) Electron population at each subband in the 2D Si channel
at (c) 4 K and (d) 295 K vs N, and (e) at Ny =2.3 x 10'2 cm™2 vs T, which are obtained from the electrical properties estimated from
the experiments and a self-consistent calculation with Schrodinger and Poisson equations (see Supplemental Material of Ref. [7]). We
use Ny =10 cm™ and f5; = 8 nm, and other parameters are taken from Ref. [22]).

momentum scattering for the Ng value in Fig. 2(e) is as
follows. In the as-prepared device, Coulomb scattering
is dominant at all values of 7. In the annealed device,
Coulomb scattering is dominant at 4 K, intra- and inter-
valley phonon scattering processes contribute more with
an increase in 7, and finally the intra- and intervalley
phonon scattering processes are dominant at 295 K. For
detailed analysis of the temperature dependence, we cal-
culate the phonon scattering rates at various temperatures
using our self-consistent calculation (see Supplemental
Material for the details [19]). We confirm that the con-
tribution of the intervalley f process shows the largest
increase among the phonon scattering processes with an
increase in temperature; the contributions of the interval-
ley f and g processes steeply increase with an increase in
temperature, and the former is more than 4 times greater

than the latter above 200 K. Thus, we can mainly evalu-
ate the contribution of the following scattering processes
to the spin flip.

(1) Coulomb scattering
Since Coulomb scattering dominates at 4 K in both
devices and annealing reduces the scattering rate, the
contribution of Coulomb scattering can be evaluated by
comparing the increase of T and 75 at 4 K.
(2) f-process intervalley phonon scattering
In the annealed device, the contribution of the inter-
valley f process increases the most with an increase in
temperature. Therefore, the SFP due to the intervalley f
process can be mainly evaluated when the temperature
dependences of 7 and 75 are analyzed in the annealed
device.
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IV. ELECTRON SPIN TRANSPORT

To estimate tg in the Si 2D inversion channel,
two-terminal Hanle spin precession signals (2TH signals)
[26,27] are measured with the setup shown in Fig. 1(a).
The voltage between the S and D is measured with a con-
stant Vs and Ipg (=5, 8, and 10 mA) while a perpendicular
external magnetic field H, is applied and swept between
+3000 Oe. For measurements at various 7, the Vg value
corresponding to the maximum p at 295 K is used; at
such Vs, Ns=3.1 x 10'2 cm™2 for the as-prepared device
and Ng=2.0 x 10'? cm™2 for the annealed device. Under
these Ng conditions, the electron distribution is calculated.
Here, the result with Ny = 2.3 x 10'2cm~? is shown in
Fig. 2(e), since the electron distributions in these Ng val-
ues are almost identical with each other. In addition, 2TH
signals are measured with various Ng, as shown in Table I.

Prior to the measurement of 2TH signals, the relative
magnetization configuration of the S and D electrodes is
set at the parallel (P) or antiparallel (AP) magnetization
state using the major or minor loop of spin-valve sig-
nals with an in-plane external magnetic field. It is well
known that voltage signals experimentally measured using
the setup in Fig. 1(a) include both the spin transport and
local spin accumulation signals [8,28—30]. In this study,
we use the following formula to extract the spin transport
signal, AV?TH(H | )=[VAP(H ) — VP(H 1)]/2, where VAP
and V* denote the voltage signals obtained in the AP and P
magnetization states, respectively.

Figures 3(a) and 3(b) show 2TH signals at 4 K mea-
sured with Ipg=25, 8, and 10 mA for the as-prepared
and annealed devices, respectively, where red curves are
experimental signals. In the 2TH signals, the oscillation
and envelope originate from the in-phase and dephas-
ing of the spin precession, respectively [1]. Hence, the
clear Hanle precession curves in Figs. 3(a) and 3(b) rep-
resent the electron spin transport in both the as-prepared
and annealed devices under all the bias conditions. In the
same manner, 2TH signals are measured at various 7.
Figures 3(c) and 3(d) show Hanle precession signals mea-
sured at 7=4, 77, 150, and 295 K with /pg =10 mA for
the as-prepared and annealed devices, respectively, where

TABLE I. Ng values used in the 2TH signal measurements for
the as-prepared and annealed devices at various 7.
Ns (cm™2)
T 4K 77K 150K 295 K
As-prepared 3.1 x 102 3.1 x 102 3.1 x 102 3.1 x 10'2
53 %10 5.3 x 10"
7.6 x 102 7.6x102 7.6x 102 7.6x10'2
Annealed 20x 102 2.0x10% 20x102 2.0x10"
4.3 x 10'2 4.3 x 10'2
6.6 x 102 6.6 x 102 6.6 x 102 6.6 x 10'2

red curves are experimental signals. In both cases, the
amplitude of the signal increases with a decrease in 7,
indicating that the spin polarization of electrons increases
with decreasing 7. When the signals at the same T of
both devices are compared with each other, the number
of the oscillation for the annealed device is larger than
that for the as-prepared device. The increase in this num-
ber by the annealing indicates the suppression of spin
dephasing, namely, the spin drift effect contributes more
to the spin transport in the annealed device than in the as-
prepared device. On the other hand, in each device, the
magnetic field positions for the peak or valley in the oscil-
lation remain unchanged when 7 is changed. It is clear that
the drift velocity v; = wE; remains constant with constant
Ns and Ips (= gNsvaWey), although w drastically changes
(1 =265-441 cm® V~! s~! in the as-prepared device and
w=451-3065 cm? V~! s~ in the annealed device) when
T is changed from 295 to 4 K.

Next, all the 2TH signals are fitted using the following
equation that takes into account the spin drift effect [8,20],

PS ]DS L) exp (_Lch)
e A
) ("ﬁ)ﬁ ch)
1
u
C

1
X = + —
(’”1(\?11 ”fh
”1(\?11 Feh ’”I(\IDL) th Aeh )‘fh
(2)

1 wE;L wEL\? 1\?
faw = ~Mop, \/ <2De) ) @

S0) _ Teh +7n tanh(LS(D)/)»n)
L = s 4)
¥Yn + eh tanh(LS(D)/An)

A J2TH-P(AP) (Hy)

— _gP@aPp,

where oPAP) = 11(—1) is the sign factor for the P(AP)
magnetization configuration, Py is the tunneling spin polar-
ization of the Fe/Mg/MgO/n*-Si junction at the S and
D electrodes, 7, = RS}A\ch /Wen is the intrinsic spin resis-
tance in the inversion channel, rgfld) = Rgif]g”)/ W is the
effective spin resistance with the spin drift in the inversion
channel, r, = pnk /t,Wen is the spin resistance in the nt-

Si regions below the S and D electrodes, Ly =0.7 um and
Lp=2.0 um are the n*-Si region lengths parallel to the
electron transport direction, ):n =./D,t,/(1 +iyH 1,)
and ):Ch = /D.ts/(1 + iy H, t5) are the complex spin dif-
fusion lengths [31] in the n"-Si regions and inversion

064071-5



SATO, TANAKA, and NAKANE

PHYS. REV. APPLIED 18, 064071 (2022)

(a) Ng=3.1x10" cm= (p)

FIG. 3. (a),(b)  Two-terminal

= X 13 -2
Ng =2.0x10™ cm Hanle signals AV?™ measured at

4K

- as-prepared annealed

AVZTH (V)
AV2TH (LV)

‘Ju Ips =5 mA

4 K with Ipg=35, 8, and 10 mA
for the (a) as-prepared device
and (b) annealed device, and
(c),(d) AV2™ measured at various
temperatures (’'=4, 77, 150, and
295 K) with Ipg=10 mA for
the (c) as-prepared device and
(d) annealed device, where Ny in
(a),(c) and (b),(d) are 3.1 x 102
and 2.0 x 10'2 cm™2, respectively.
Red solid and black dashed curves
represent the measured signals

4K]

Ips =5 MA |

-1000 0 1000 -1000

Magnetic field H, (Oe)

and fitting results, respectively.
! . Each curve is vertically shifted for
0 1000 clear vision.

Magnetic field H, (Oe)

(c) NS=3.1X1013 cm=2 (d) NS=2.0><1013 cm2
| as-prepared Ips =10 mA] L annealed Ips =10 mA,
Denaenin VA 7 [ W——- i
I 295K | - 295K 1
—~ | 1 />\ | g
I 150K 13 | . 150 K |
E r {=

~ ~ ) ]
< .Ié 7k {9 [ 2 77K
LS ﬁ - _Il .

o o

LYON 4 o
- - AN h
I 4K - i 4K .

-1000 0 1000 -1000 0 1000

Magpnetic field H, (Oe)

channel, respectively, and 7, and D, are the spin lifetime
and electron diffusion coefficient in the n*-Si regions,
respectively. The effective spin resistance of the nonlo-
cal regions rIS\,(LD) is the series spin resistance composed
of r, and rg. In the fitting, the experimentally estimated
7,=0.6-0.8 ns and D, =3.54.4 cm? s~! are used, as
in our previous paper [8]. From Eq. (1), it is clear that
the equation of AV?TH-PAP) js 3 nonlinear function of
the various fitting parameters (Ps, ts, i, and D,). For
highly accurate estimation, the signals with Ipg=35, 8§,
and 10 mA are fitted so that all the fittings converge
with the same D,, u, and tg that are independent of /pg.
As shown in Figs. 3(a)-3(d), the fitting curves (black
dashed curves) almost perfectly reproduce all the exper-
imental signals, from which we obtain tg=1.4 ns and
w=410 cm?> V~!s~! for the as-prepared device and
73=9.3 ns and u=3074cm? V~'s~! for the annealed
device. The validity of the fittings is supported by the
fact that the p values estimated from the 2TH signals are
almost identical with those estimated from the electrical

Magnetic field H, (Oe)

measurements, as shown in Figs. 4(a) and 4(b). In the same
manner, the 2TH signals measured at various temperatures
are fitted by Eq. (1), as shown by black dashed curves in
Figs. 3(c) and 3(d). As in the case of 4 K, the experimental
and fitting curves agree very well with each other.

V. SPIN-FLIP PROBABILITY AND THE SPIN
CONSERVATION LENGTH

Figures 5(a) and 5(b) show 75 and t plotted as a function
of Ny for the as-prepared and annealed devices, respec-
tively, and Fig. 5(c) shows tg and t plotted as a function
of T, where squares are tg estimated from the 2TH signals,
circles are t estimated from the electrical measurements
[Figs. 2(a) and 2(b)], and left and right vertical axes rep-
resent the scales for g and 7, respectively. Note that the
scale of the left axis is 25 000 times larger than that of the
right axis in Figs. 5(a)-5(c). As described in Sec. III, we
discuss the contributions of the (1) Coulomb scattering and
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FIG. 4. (a),(b) Electron mobility w versus sheet electron density Ng, which are estimated for the (a) as-prepared device and (b)
annealed device. (a) Open squares are the  values estimated from the 2TH signals and open circles with a dashed line are the  values
estimated from the electrical measurements [Fig. 2(a)]. Blue and red colors denote 7=4 and 295 K, respectively. (b) Closed squares
are the u values estimated from the 2TH signals, and closed circles with a solid line are the p values estimated from the electrical

measurements [Fig. 2(b)]. Blue, green, orange, and red colors denote 7'=4, 77, 150, and 295 K, respectively.

(2) f-process intervalley phonon scattering to the spin flip
based on our experimental results and theoretical fittings.

(1) Coulomb scattering
As shown by the blue symbols in Figs. 5(a) and 5(b),
both 75 and t at 4K are increased approximately 6 times
by the H, annealing while the ratio t/tgs (~1/25000)
remains unchanged, indicating that the SFP of Coulomb
scattering is approximately 1/25 000.
(2) f-process intervalley phonon scattering
As shown by the filled symbols in Fig. 5(c), 5 and
7 in the annealed device have almost the same temper-
ature dependences, indicating that the SFP of f-process
intervalley scattering is approximately 1/25 000.

From the these results, we find t/7g is almost constant
at approximately 1/25000 under any conditions, i.e., the
EY mechanism dominates the SFP (= 1/7g) in the Si 2D
inversion channel even when the electrical properties and
dominant scattering process change significantly. The EY
mechanism is supported by the increased t5 with increase
in u by the reduction in the fixed defect state density due
to annealing. This is because the anticorrelation between
7g and p should be obtained when the D’yakonov-Perel’
(DP) process is dominant [32,33]. It should be noted
that the 7/7¢ value (approximately 1/25000) in the p-Si
channel with light boron doping (N4 =1 x 10" cm™?) is
smaller than that (around 1/14 000) in the phosphorous-
doped 2D accumulation channel (Np=1 x 10'7 ¢cm™3)
when 7=295 K [8]. Considering that ionized dopant
atoms can also be spin-flip scattering centers at 295 K,
they likely originate from the differences in the channel

properties, such as the doping concentration and dopant
atoms.
From Ref. [20], L¢g is given by

E\’ 1\?
() (L)
2D, Adiff

i + V Aarin” + 4hain”
= 5 ,

—1

HEL
)\eff = | —

2D,

®)

where Agit = +/D.Ts and Agrip = wE;ts. To further under-
stand the spin-transport physics, it is worth plotting the
values of A.g estimated from Eq. (5) for a wide range of
E; [Fig. 5(d)]. The open and closed circles are the val-
ues obtained from Eq. (5) for the electric fields used in
the experiments for the as-prepared and annealed devices,
respectively, with the values of 7, 1, and D, as input.
The dashed and solid lines are obtained from Eq. (5) for
other values of the electric field for the as-prepared and
annealed devices, respectively. When E; increases, the
dashed curves for the as-prepared device show a gradual
increase at first, followed by a drastic increase. The former
and latter increases correspond to the diffusion-dominated
Aefr (~Agirr) and drift-dominated Aefr (~Agrift), TEspectively.
Regarding the solid curves for the annealed device, the Aeg-
E; curves at 4 and 77 K show a monotonic increase due
to the drift-dominated A in the entire E; range, which
is confirmed by the fact that these lines are parallel to
the drift-dominated A g for the as-prepared device. From
these features, it can be concluded that all the experimen-
tal results denoted by the closed and open circles are Aeg
enhanced by the spin drift.
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FIG. 5. (a),(b) Spin lifetime 75 and electron momentum lifetime t plotted as a function of the sheet electron density Ng, which
are estimated for the (a) as-prepared device and (b) annealed device. Left and right vertical axes represent the scales for tg and
7, respectively. (a) Open squares are the ts values estimated from the 2TH signals and open circles with a dashed line are the t
values estimated from the electrical measurements [Fig. 2(a)]. Blue and red colors denote 7=4 and 295 K, respectively. (b) Closed
squares are the ts values estimated from the 2TH signals, and closed circles with a solid line are the 7 values estimated from the
electrical measurements [Fig. 2(b)]. Blue and red colors denote 7'=4 and 295 K, respectively. (c) ts and t plotted as a function of 7,
where open circles/squares and closed circles/squares are estimated values for the as-prepared (Vg = 3.1 x 10'2) and annealed devices
(N5 =2.0 x 10'?), respectively. Left and right vertical axes represent the scales for rg and 7, respectively. Squares are the 7 values
estimated from the 2TH signals and circles with a dashed or solid line are the T values estimated from the electrical measurements
[Figs. 2(a) and 2(b)]. (d) Spin conservation length Ay obtained using Eq. (5) and the experimentally determined parameters tg, 1, and
D,, plotted as a function of £;. Open and closed circles are the values obtained using Eq. (5) for £, used in the experiments for the
as-prepared and annealed devices, respectively. The dashed and solid lines are those obtained using Eq. (5) for other values of £, for
the as-prepared and annealed devices, respectively. Blue, green, orange, and red colors denote 7=4, 77, 150, and 295 K, respectively.

For a deeper understanding of electron spin trans-
port in the Si 2D inversion channel, it is also impor-
tant to analyze A.g and the spin conservation efficiency
ns during the transport through the 10-um-long inver-
sion channel. Based on the spin drift-diffusion model, Ag
values for the as-prepared and annealed devices are esti-
mated to be 3.9 and 159 um, respectively, as shown in
Fig. 5(d), where E; =556 Vem™' at 4 K corresponds
to Ips=10 mA in the annealed device. Using these
values and ns =exp(—Len/derr) With Ly =10 um, we
obtain ns =8% in the as-prepared device and ns =94%
in the annealed device, indicating that ng is dramatically
enhanced by the annealing. Note that, in our spin MOS-
FET structure, the signal amplitude is mostly determined
by the spin resistance of the n*-Si region at the D junc-
tion (see discussion in Ref. [8]). Since the properties of
the n*-Si region remain unchanged by the annealing at
250°C, the absolute amplitudes of the Hanle signals in

Figs. 3(b) and 3(d) are not greatly increased. Combining
the enhancement of the spin transport efficiency developed
in this study with the appropriate device structure proposed
in our previous paper [8], significant improvement in the
spin transport signal as well as transistor characteristics is
expected.

VI. DISCUSSION

Our experiments and analyses reveal that the spin
MOSFETs with high and low p values have constant
SFP = t/t5~1/25 000 under any bias current and 7" condi-
tions, namely, the SFP is determined by the EY mechanism
even when the channel properties are greatly changed.

So far, the changes in 75 in a Si 2D channel with temper-
ature have not been clarified, to the best of our knowledge.
Thus, it is worth noting that the change in 75 in Fig. 5(c)
is less than 10 times in the 7 range 4-295 K, which is
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more gradual than that of a theoretical model and experi-
mental results in bulk Si. When only the phonon scattering
in Si bulk materials is considered, theory predicts that the
15-T relation follows a 77>/2 law [11], whereas electron
spin resonance and spin transport experiments reveal that
the 7g-T relation follows a 73 law [30]. This is likely
to be because, in Si 2D channels, Coulomb scattering is
dominant at low temperatures, that is, it limits T where
the strength of phonon scattering is weak (see Sec. S1 in
Supplemental Material [19]). On the other hand, at 295 K,
75 = 1.9 ns for the annealed device, as shown in Fig. 5(c),
which is significantly smaller than 75~8 ns in the exper-
imental results of Si bulk materials [34]. This is probably
due to the quantum confinement of the channel. In Si 2D
channels, the strength of phonon scattering is enhanced by
a form factor, determined by envelope wave functions of
both the initial and final states in the scattering process
[25,35]. Our self-consistent calculation reveals that the
phonon scattering strength is enhanced by approximately
3 times in our device with an 8-nm-thick channel [19],
which reasonably explains 75=1.9 ns for the annealed
device. This consideration cannot be applied to the as-
prepared device because Coulomb scattering is dominant
at any temperature, as shown in Fig. 5(c).

The detailed t/7g values at different temperatures may
explain the physics of the electron spin transport. In the
plot for the annealed device in Fig. 5(c), there are dif-
ferences between the open and closed circles, particularly
at 4 and 77 K. The t/tg value at 4 K is larger by 16%
than 1/25000, whereas that at 77 K is smaller by 11%
than 1/25 000. We consider that the deviation indicates the
difference in the SFP between the dominant scattering pro-
cesses. Nevertheless, the SFP remains nearly unchanged
depending on the momentum scattering process.

Here, we would like to briefly overview the SFP val-
ues reported in other materials where the EY mechanism
through phonon scattering processes is dominant. As sum-
marized in Ref. [36], the SFP in Al and Cu are estimated
to be approximately 1/10000 and 1/1000, respectively,
by several experiments on bulk materials, films, and
nanowires, as well as theoretical studies. On the other
hand, the SFP in an 85-nm-thick n*-Si with a phosphorus
doping concentration of approximately 5 x 10! cm™3 was
estimated to be approximately 1/100 000 by a spin trans-
port experiment [37]. From the general knowledge that
larger atomic number Z leads to larger SOC [38], the order
of the SFP values in Al, Cu, and the Si 2D channel can
be simply understood: Al (Z=13), Cu (Z=29), and Si
(Z =14). Despite the single-crystalline Si with the same
dopant atoms in both cases, the SFP value in the Si 2D
channel is 4 times that in the n-Si channel. To the best
of our knowledge, although the reason for the difference is
yet unclear, SOC in the 2D channel can become larger than
that in Si bulk materials. A possible origin for the increase
of SOC is the spatial symmetry breaking along the vertical

direction in the 2D channel, as suggested in our previous
paper [8].

Next, we focus on the electron spin scattering in the
annealed device at 4 K, where Coulomb scattering is
dominant, all the electrons are populated at the bottom
energy level of the twofold subband, the dopant boron
accepter atoms are frozen out, and the fixed defect states
are localized at the Si/Si0O; interface and in the SiO; layer.
Under such circumstances, the electron momentum scat-
tering occurs through the intravalley scattering owing to
the fixed defect states in the SiO, layer [39,40]. On the
other hand, although a theory on the impurity-dominated
electron spin-flip scattering in Si 2D inversion channels
has been reported [32], it cannot be applied to our anal-
ysis because it assumes that dopant atoms are ionized and
the electron spin flip occurs through the intervalley f* pro-
cess between the twofold and fourfold subbands even at
low temperatures. Besides, as pointed out in Ref. [32],
the spin flip due to the Coulomb scattering through fixed
defect states near a SiO, /Si interface has not been clarified.
To qualitatively analyze the effect of Coulomb scattering,
the strength of the SOC is estimated using the theory in
Ref. [12]. From the difference in Vy, between the theo-
retical and experimental values in the annealed device,
the fixed defect states density Ny is estimated to be
2.3 x 10" ¢cm™2 [19], which corresponds to the volume
density nge=1 x 10'7 cm™3, according to the conversion
procedure from the sheet to volume densities in Ref. [32].
Using this nger value and tg = 9.3 ns, the theory in Ref. [12]
predicts that the fixed defect states in SiO, have an SOC
effectively 2.3 times larger than that for Sb dopant atoms.
Thus, further theoretical consideration is needed to com-
pletely clarify the spin-flip scattering due to the Coulomb
scattering caused by defects. We speculate that spin at
Si** in our SiO, layer and screening potentials for ion-
ized defects may have an influence on the electron spin
scattering [12,41].

Our finding leads to a simple guideline that 75 at room
temperature is enhanced by the enhancement of w. This
conclusion is also supported by our result that even the
highest © value of 3065 cm? V~'s~! at 4 K is not high
enough for the appearance of the DP mechanism [32].
Hence, it is important to note that the established Si tech-
nology for the enhancement of x in ordinary MOSFETs is
also useful for spin MOSFETs, as we demonstrate that the
Si0,/Si interface with the lower N 4. achieved by anneal-
ing leads to the higher 75 value at a certain T than that
with the higher Ng4r. In Fig. 2(b), although the higher
values are realized by annealing, they are slightly lower
than the universal mobility of ordinary MOSFETs with a
bulk Si substrate. Since this arises from the enhancement
of phonon scattering due to the channel confinement [25],
higher t 5 can be obtained using a thicker SOI channel layer
or a top-gated spin MOSFET with a bulk Si substrate.
On the other hand, since tg increases with a decrease in
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temperature in the annealed device, as shown in Fig. 5(c),
the suppression of the intervalley scattering effectively
increases 7 through the increase in the population at the
lowest-energy twofold subband, as theoretically predicted
in Ref. [32].

At present, the factor governing the /7 value is still an
open question; in particular, there is still a lack of theory on
spin-flip scattering due to Coulomb scattering. Therefore,
further experimental and theoretical studies are needed to
accumulate the knowledge on the physics of electron spin
transport in Si 2D inversion channels.

VII. SUMMARY

We study the electron charge and spin transport prop-
erties in 10-um-long Si 2D inversion channels using the
spin MOSFET with the low and high electron mobility u
values. The electron momentum lifetime t and spin life-
time g are estimated from the electrical characteristics and
2T Hanle precession signals, respectively, under various
bias and temperature (7=4, 77, 150, and 295 K) condi-
tions. The spin-flip probability t/z for different o values
is found to be approximately 1/25000 under any bias
and temperature conditions, indicating that it is governed
by the EY mechanism even when the dominant electron
momentum scattering process is greatly changed. Owing
to the almost constant 7/7, the estimated spin conserva-
tion length A.g increases with increasing u, caused by the
combination of the spin drift and EY mechanism.

In the spin MOSFET with the high u value, the nearly
ideal spin conservation efficiency 94% is achieved at 4 K
where the intravalley scattering due to Coulomb scatter-
ing is dominant. This result indicates that the suppression
of the intervalley scattering is the key to higher 7¢ and
Aesr. Our systematic and quantitative results including the
experiments and theory contribute to advances in both the
physics and device applications of spin transport in a Si 2D
channel.
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