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Abstract—To study spin-dependent transport phenomena in Fe;Si/p-Si structures we fabricated 3-terminal
planar microdevices and metal/semiconductor diode using conventional photolithography and wet chemical
etching. I-V curve of prepared diode demonstrates rectifying behavior, which indicates the presence of
Schottky barrier in Fe;Si/p-Si interface. Calculated Schottky barrier height is 0.57 €V, which can provide nec-
essary conditions for spin accumulation in p-Si. Indeed, in 3-terminal planar device with Fe;Si/p-Si Schottky
contact Hanle effect was observed. By the analysis of Hanle curves spin lifetime spin diffusion length in p-Si
were calculated, which are 145 ps and 405 nm, respectively (at 7= 300 K). Spin lifetime strongly depends on
temperature which can be related to the fact that spin-dependent transport in our device is realized via the
surface states. This gives a perspective of creation of spintronic devices based on metal/semiconductor struc-
ture without need for forming tunnel or Schottky tunnel contact.
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INTRODUCTION

For realization of spin transport in ferromagnetic
metal/insulator/semiconductor (MIS) structures high
interface quality is required, because defects and
impurities cause scattering of spin-polarized carriers.
However, epitaxial growth of insulating tunnel trans-
parent layer is a non-trivial technological task. This
significantly complicates fabrication of MIS struc-
tures for spintronics. Despite the fact that tunnel
transparent insulator is required for solving the con-
ductivity mismatch problem [1], number of works
demonstrate possibility of spin transport creation in
ferromagnetic metal/semiconductor (MS) structures,
where the role of insulator is played by the Shottky
barrier [2, 3].

Fe;Si is one of the promising materials for creation
of MS structure. DO3-ordered Fe;Si is one of the fer-
romagnetic (FM) Heusler compounds with 45% spin
polarization at Fermi level and a Curie temperature
(T,) of 840 K. Fe,Si epitaxial growth can be controlled
easily, in comparison to three-component Heusler
alloys. Furthermore, Fe;Si can be epitaxially grown on
GaAs, Ge and Si substrates [2, 4—7]. At present, spin
transport in Fe;Si/GaAs hybrid structures is mostly
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studied. Interest to Fe;Si/GaAs is caused by the fact
that lattice mismatch between Fe;Si and GaAs is less
than for Ge and Si. Furthermore, GaAs has spin-orbit
interaction, which potentially allows to manipulate
spin current in GaAs. But on the other hand, spin-
orbit interaction leads to decreasing of spin lifetime
and therefore to decreasing of spin diffusion length. In
Si on the contrary, spin-orbit interaction is absent,
and spin diffusion length can reach the value of
350 um [8—12]. Also, using Si as a semiconductor in
hybrid structures allows integrating spin devices into
traditional semiconductor electronics.

For Fe;Si/Si, spin injection at room temperature
had been already demonstrated. However, in most of
the works devoted to spin injection in Si, n-type sub-
strates are used, while structures based on p-Si are
poorly studied. Earlier, we discovered some ac and dc
magnetoresistive effects in p-Si based MIS structures
[13—16], that reach gigantic values, up to 107% [17].
But those phenomena don’t relate directly to spin-
dependent carriers’ transport. In current work we
present results of transport study in Fe;Si/p-Si MS
structure. Analysis of experimental data confirms that
room temperature spin accumulation effect was real-
ized in boron doped silicon.
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Fig. 1. (a) High resolution TEM image of the Fe;Si/Si(111) structure cross section. (b) 3-Terminal planar microstructure optic
image. (c) MOKE hysteresis loops for each terminal of planar device. (d) Experimental scheme for studying Hanle effect.

EXPERIMENTAL DETAILS

The Fe,Si film was epitaxially grown on an atomi-
cally pure boron-doped silicon substrate p-Si(111)
(with resistivity of 7.5 Q cm) at 400 K by molecular
beam epitaxy (MBE) in ultra-high vacuum conditions
(UHYV) in Angara chamber [18]. The base pressure in
a working chamber was 1.3 x 10~ Pa. Before synthe-
sis, the substrate was chemically treated and annealed
in ultra-high vacuum. First, the Si (111) wafer was
gradually heated to 650°C and kept at this temperature
for 15 min; then it was rapidly heated to 800°C and
kept for 30s; finally, the temperature was decreased
again to 650°C. This treatment was repeated until the
Si (111) surface was restructured.

Fe and Si were simultaneously evaporated from
two Knudsen effusion cells. The ratio between the
deposition rates Si: F = 0.57 ensured the stoichiomet-
ric composition of the Fe;Si film. Structural in situ
and ex situ characterization of the films obtained was
made by reflective high-energy electron diffraction,
X-ray diffraction, and transmission electron micros-
copy (TEM), which confirmed single crystallinity and
interface abruptness of Fe;Si/Si structure. More
detailed information about sample fabrication and
characterization can be found in [19, 20], but here we
present only TEM image (Fig. la) which clearly
demonstrates film quality.

For Hanle measurements in Fe;Si/Si, we fabri-
cated 3-terminal planar microstructures (Fig. 1b)
using conventional photolithography and wet chemi-
cal etching, with solution of hydrofluoric acid and
nitric acid HF : HNO; : H,O =1:2:400. At this con-
centration of etching solution and constant agitation at
room temperature, the etching speed of Fe;Si film was
about 50 A/s. Complementary verification of etching
process was probed by MOKE microscopy with the
help of NanoMOKE 2 installation. For each terminal
of planar microstructure individual magnetic hystere-

sis loop was measured. As seen on Fig. 1c all loops are
coincide which indicate both high film quality and
successful 3-terminal device fabrication with ferro-
magnetic electrical contacts. Transport properties and
Hanle effect were studied using experimental setup,
equipped with helium cryostat (4.2 K < 7' < 300 K), an
electromagnet (—1T < H < IT) and Keithley 2634b
SourceMeter. Experimental scheme is presented in
Fig. 1d.

RESULTS AND DISSCUSIONS

Before studying magnetic field-dependent trans-
port properties at first we checked the main electrical
characteristics of Fe;Si/p-Si structure such as film
resistivity and Schottky barrier parameters. Fe;Si film
demonstrates metallic behaviour in temperature range
fron 4 to 300 K. In this temperature region the resistiv-
ity value rises from 55 wuOhm cm to 120 uOhm cm,
which is correlate with other results reported for epi-
taxial Fe;Si films [21, 22]. To identify Schottky barrier
parameters I—V characteristics of prepared diode were
measured. Ohmic contact on backside of silicon sub-
strate was made by indium alloyng (right inset on Fig. 2).
The main panel of Fig. 2 shows the absolute value of
the current density |J] as a function of bias voltage.
Typical rectifying behavior of a conventional Schottky
diode can be seen. Direct branch of the [-V curve was
analysed via Cheung’s method [23], which allows to
calculate the barrier height ¢p,, ideality factor n and
series resistance Ry of a Schottky barrier. Cheung’s
functions for voltage (U) and current density (J) con-
taining those parametrs can be expressed as:

dU kT

AU _ Roa.J+n*Bl 1
d(In J) s Aefr 7 (D
H(J) = V—nkB—Tln( J 2), )
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H(J) = RyAcrJ + nQy,. (3
Here, A is the effective area of the diode, A** is is
the Richardson constant (8.6 cm~2 K~2 A). Plot of

dU/d(InJ) vs. J give us RA as the slope and nM as

q

the y-axis intercept. Using eq. (2) H(J) function can be
plotted to determine barrier height ¢y, from y-axis
intercept according eq. (3). Approximating both
dependances showed on Fig. 3 by stright lines, ¢g,, n
and Ry values were calculated (see insets on Figs. 2 and 3).
Ideality factor has relatively high value. This suggests
that thermionic emission model, which lie in the basis
of used I—V curve analysis method doesn’t ideally
describes electron transport through our M/S diode.
Probably, there are some additional transport mecha-
nisms in Fe;Si/p-Si structure, which weaken rectifiy-
ing properties of the diode. As a result, low ratio of
direct and reverse current is observed on I—V curve
(about 25 for U = *0.3V). Nevertheless, the most
important parameter — Schottky barrier heigth has
value of 0.57 eV which is adequate for M/S diode
based on p-Si substrate. It is close to similar values
which were observed in both MIS [24] and MS [25]
structures, including Fe;Si/n-Si epitaxial structure
[25]. This can provide necessary conditions for spin
injection from Fe;Si to p-Si.

Spin-polarized current injection from Fe,Si to p-Si
produces an imbalance in the hole population in the
valence band. It can be explained by the difference of
electrochemical potentials, uT and ui, for the up and
down spin directions, respectively. Then the spin
accumulation can be written in the form Ay = MT - ui.
Maximal value of spin accumulation is observed under
ferromagnetic contact. With an increase of distance
from the interface, this value decreases according to
spin diffusion length in silicon, L. The orientation of
the spin polarization is determined by the magnetiza-
tion direction of the ferromagnetic contacts, which
magnetic moment lies in sample plane. When mag-
netic field is applied perpendicular to the sample
plane, it induces spin precession with Larmor fre-
quency:

o, = 2mgugB/h, 4)

where gis the Lande g-factor, |1y is the Bohr magneton
and /4 is Planck’s constant. Spin precession leads to
random generation and diffusion of spin carriers, as a
result spin accumulation decreases. Field dependence
of spin accumulation Ay has Lorentzian shape, and
given by expression:

AW(H) = A (0)/(1 + (@,7))), (5)

where 1, is the spin lifetime. Application of direct cur-
rent through ferromagnetic contacts 1 and 3 (Fig. 1d)
will cause spin injection from Fe;Si to Si (or extraction
from Si to Fe;Si), which will lead to spin accumulation
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Fig. 2. 1-V characteristic of the Fe;Si/p-Si Schottky diode at
295 K. The right and left insets show schematic illustrations of
the experimental scheme for Fe;Si/Si(111) diode and an
energy diagram of the Schottky barrier for Fe;Si/p-Si(111)
structure, respectively.
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Fig. 3. Plots of dV/d(InJ) (left panel) and H(J) vs. J (right
panel) of the Fe;Si/p-Si Schottky diode.

in silicon. This spin accumulation can be determined
by measuring 3-terminal voltage signal AV between 1
and 2 contacts (Fig. 1d). According to works [26—28]
3-terminal voltage signal can be defined as AV = A,
Au/2, where A, is efficiency coefficient of spin trans-
fer through interface ferromagnetic/semiconductor.
Then, expression (5) can be written as:

AV (H) = AV (0)/(1 + (@,1)). (6)

Using experimental geometry showed on Fig. 1d
measurements of direct and reverse Hanle effect [28]
had been performed for 3-terminal planar device with
5 um distance between closest FM Fe;Si electrodes.
Dependence of 3-terminal voltage vs perpendicular
magnetic field is presented on Fig. 4 (solid circles). At
constant dc current / = +500 HA, V" monotonically
decreases with an increase of magnetic field. It indi-
cates the occurrence of spin polarization in silicon due
to the spin-dependent hole extraction from silicon to
Fe;Si. External magnetic field suppresses this accu-
mulation. Experimental data described well by
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Fig. 4. Hanle curves for Fe;Si/p-Si 3-T device at 7= 300 K
200 K; 120 K (circles) and Lorentzians fits (solid lines).

Lorentzian line shape (6), Lorentzian fit is presented
at Fig. 4 (solid lines).

By the analysis of Lorentzian curve, one can calcu-
late spin lifetime T, = 1/®; =h/2ng,uzAB, where AB is
half-width of the curve in its half-max, g, is Lande
g-factor of holes (g, = 2). For our devices T, = 145 ps,
191 ps, and 268 ps, for 7= 300 K, 200 K and 120 K,
respectively. This spin lifetime values are typical for
silicon. For example, for structure with an epitaxial
MgO(001) tunnel barrier and Fe(001) electrode 1 in
highly doped p-Si is 133 ps at injection current of
0.85 mA [29]. In work [30] spin lifetime values in
highly doped p-Si with Al,O; tunnel barrier and differ-
ent ferromagnetic electrodes are 60 ps, 110 ps, and
270 ps for Fe, Co and NigyFe,, electrodes, respec-
tively. In another work [3] MS structure Fe;Si/n-Si
with 3-doped layer and Schottky tunnel barrier has
T, =470 ps.

Despite the fact that our structure doesn’t have
insulating tunnel barrier or Schottky tunnel contact,
spin current can tunnel through surface states which
are located at metal/semiconductor interface [31].
Furthermore, efficiency of spin-dependent tunneling
depends weakly on temperature, and changing of car-
riers’ mobility can’t increase spin lifetime more than
30—50% [28]. In our case, with decreasing of tempera-
ture from 300 to 120 K spin lifetime increases almost
twice. This also confirms that spin-dependent tunnel-
ing is realized through the surface states [32, 33].

Knowing spin lifetime we can define the spin diffu-

sion length Lg, =+/D,ts. Here D, is hole diffusion
coefficient in silicon, which for our device is
11.3 cm?/s at 7= 300 K, and the spin diffusion length
value is 405 nm. It should be noted that in experiment
we observe high vales of AV. According to expression
AV = A ,Al/2 this indicates either high efficiency of
spin-dependent hole extraction from p-Si to Fe;Si, or

TARASOV et al.

high value of spin accumulation ApL. If we suggest that
at room temperature (300 K) extraction efficiency is
10%, spin accumulation value will be 3.5 meV at / =
0.5 mA. These results give possibility to create spin
dependent transport in MS structure based devices
which will be realized via surface states.

CONCLUSIONS

High quality epitaxial Fe,;Si film was grown on a
the p-Si(111) substrate. From analysis of Fe;Si/p-Si
diode I-V curve, Shottky barrier height was deter-
mined, which is 0.57 eV at room temperature. Spin
accumulation in p-Si was studied using 3—T Hanle
method. By the Hanle curves analysis room tempera-
ture spin lifetime T, = 145 ps and spin diffusion length
Lgn, = 405 nm were calculated. With decreasing of
temperature to 120 K spin lifetime nearly doubles and
becomes 268 ps. Strong temperature dependence of
spin lifetime indicates that spin-dependent transport
between Fe;Si and p-Si is realized via surface states.
Analysis of Hanle curves amplitudes allows conclud-
ing that it is possible to create spintronic devices based
on MS structures without need of forming tunnel or
Schottky tunnel contact. This removes some techno-
logical obstacles in a way of integration of spintronic
devices into the modern semiconductor electronics.
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