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(57) ABSTRACT

An efficient spin polarizer in nonmagnetic semiconductors is
provided. Previous spin injection devices suffered from very
low efficiency (less than 35%) into semiconductors. An
efficient spin polarizer is provided which is based on ferro-
magnetic-semiconductor heterostructures and ensures spin
polarization of electrons in nonmagnetic semiconductors
close to 100% near the ferromagnetic-semiconductor junc-
tions at wide temperature intervals ranging from very low
temperatures to room temperatures even in the case when
spin polarization of electrons in the ferromagnetic layer is
relatively low.
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FERROMAGNETIC-SEMICONDUCTOR SPIN
POLARIZER OF ELECTRONS IN NONMAGNETIC
SEMICONDUCTORS

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] In general, the present invention relates to spin-
tronics. In particular, the present invention relates to creating
a spin polarization of virtually all of the electrons in non-
magnetic semiconductors at an arbitrary spin polarization
current in ferromagnetic material and at a wide range of
temperatures including room temperature.

[0003] 2. Description of the Related Art

[0004] The entire contents of each document listed below
is expressly incorporated herein by reference:
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[0024] Over the past decade, new ventures in solid state
electronic devices based on both the electron density and
spin of electrons has led to the development of a new field:
spintronics. Spintronics is the manipulation of electron spin
in solid state materials. Spintronics creates the possibilities
for designing ultra-fast, low-power scalable devices and
applications for quantum computing. Among the practical
spintronic effects is a giant magnetoresistance (GMR) in
magnetic multilayers and tunnel ferromagnet-insulator-fer-
romagnet (FM-I-FM) structures. Discovery of GMR in
magnetic multilayers has quickly led to important applica-
tions in storage technology. GMR is a phenomenon in which
arelatively small change in a magnetic field results in a large
change in the resistance of the material. The phenomenon of
a large tunnel magnetoresistance (TMR) of FM-I-FM struc-
tures is being studied by product development teams in
many leading companies. TMR is typically observed in
FM-I-FM structures made of two ferromagnetic layers of
similar or different materials, separated by an insulating thin
tunnel barrier 1, with thickness ranging between 1.4-2 nm.
The tunnel current through the structure may differ signifi-
cantly depending on whether the magnetic moment is par-
allel (low resistance) or anti parallel (high resistance). For
example, in ferromagnets such as Nig Fe,,, Co—Fe, and the
like, resistance may differ by up to 50% at room temperature
for parallel (low resistance) versus antiparallel (high resis-
tance) moments on ferromagnetic electrodes.

[0025] Recently, studies have been made in regard to giant
ballistic magnetoresistance of Ni nano-contacts. Ballistic
magnetoresistance is observed in Ni and some other nanow-
ires in which the typical cross-section of the nano-contacts
of'the nanowire is a few square nanometers. The transport in
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this case is through very short constriction and it is believed
to be with conservation of electron momentum (ballistic
transport). The change in the contact resistance can exceed
20-fold.

[0026] Of particular interest is injection of spin-polarized
electrons into nonmagnetic semiconductors, because of the
relatively large spin-coherence lifetime of electrons and the
possibility of controlling the electron spin by external fields.
The use of different ferromagnetic-semiconductor-ferro-
magnetic (FM-S-FM) heterostructures have recently been
suggested, including those using an electric field, an external
magnetic field, and a nanowire current. All the proposed
spintronic devices are spin valves in which one of the
ferromagnetic-semiconductor junctions works as a spin
injector, and another one works as a spin polarizer (spin
filter). Spin injection into nonmagnetic semiconductors (NS)
holds promise both for the new generation of high-speed
low-power electronic devices and quantum computing.

[0027] Relatively efficient spin injection in heterostruc-
tures with magnetic semiconductor as a spin source has been
reported in {Refs. [9]}, the entire contents of which are
expressly incorporated herein by reference. High enough
spin injection from ferromagnets into nonmagnetic semi-
conductors has recently been demonstrated at low tempera-
tures. However, the highest degree of spin polarization (the
amount of electrons whose spin is coherent, or oriented the
same) of injected electrons in nonmagnetic semiconductors,
P, observed in all of existent works was less than 32% at
low temperatures, and less than 10% at room temperatures.
Thus far, all of the attempts to achieve higher spin polar-
ization have faced fundamental difficulties.

[0028] The principal difficulty of the spin injection from a
ferromagnetic (FM) into a nonmagnetic semiconductor is
that a potential barrier (Schottky barrier) always arises in the
semiconductor near the metal-semiconductor interface.
Numerous experiments show that the barrier height A is
determined by surface states forming on the interface, and is
approximately (%3) E,, practically independently of the type
of the metal. B, is the energy band gap of the semiconductor,
that is, the difference between the conduction band energy
level E.. and the valence band energy level E5,. For example,
for GaAs and Si the barrier height is equal to 0.5 eV-0.8 eV,
with practically all metals, including Fe, Ni, and Co, and the
barrier width, the length of the Schottky depleted layer 1, is
relatively large (1,~40 nm for doping concentration N ~10""
cm™3).

[0029] FIG. 1A illustrates a schematic of a conventional
FM-S Schottky junction 100. As shown, the spin-injection
junction 100 includes a semiconductor 110 and a ferromag-
netic (FM) layer 120 above the semiconductor 110. The
device 100 also includes electrodes 130 and 140 connected
to the ferromagnetic layer 120 and the semiconductor 110.
As will be described below, the Schottky barrier forms in
such a way that the junction is very wide, which makes
tunneling of electrons practically impossible.

[0030] FIG. 1B illustrates an energy band diagram of the
conventional spin-injection device 100, illustrated in FIG.
1A. The barrier for electrons has a height A and width 1
(which is the thickness of the Schottky depletion layer).

[0031] The amount of spin injection from FM into NS
materials is determined by the current in reverse direction
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through the Schottky barrier, minus bias voltage applied to
the FM (electron flow is directed from FM to semiconductor,
and the current is directed to opposite direction). This
current is usually extremely small, mainly due to the rela-
tively large Schottky depleted layer 1, and A>>k, T, where
kg is the Boltzmann constant and T is the device tempera-
ture. In the forward-biased FM-S (ferromagnetic semicon-
ductor) Shottky junctions, a minus-bias voltage is applied to
the semiconductor, and the current can reach a large value
only at a bias voltage qV close to A, where q is the
elementary charge.

[0032] Realization of an efficient spin polarization in
nonmagnetic semiconductors (NS) due to such a thermoe-
mission current is problematic for several reasons. First,
electrons in FM, with an energy F+A are weakly spin
polarized, where F is the Fermi level. Second, according to
standard theory, the thermionic current through Schottky
junctions depends solely on the parameters of the semicon-
ductor and not on the parameters of the metallic ferromagnet
{13}. Therefore, the current could formally be spin-polar-
ized in Schottky contacts. Thus, the effective spin injection
in the conventional FM-S Schottky junction 100 is impos-
sible for all practical purposes.

[0033] 1t has been proposed to use an ultrathin heavily
doped semiconductor layer (3-doped layer) between the FM
material and a nondegenerate nonmagnetic semiconductor
to increase the spin injection at room temperature, as shown

in FIG. 2A. This 8-doped layer of a thickness 1,1 nm
sharply reduces the thickness of the Schottky barrier, and
increases its tunneling transparency. According to {14,
“EFFICIENT NONLINEAR ROOM-TEMPERATURE
SPIN INJECTION FROM FERROMAGNETS INTO
SEMICONDUCTORS THROUGH A MODIFIED SCHOT-
TKY BARRIER”, V. V. Osipov and A. M. Bratkovsky, Phys.
Rev. B 70, 205312 (2004); cond-mat/0307030 (2003).}, the
entire contents of which are expressly incorporated herein
by reference, the thickness of the d-doped layer, 1,, should
be on the order of a typical tunneling length for the barrier

1,¥, where
Io=(h2/82m*A) 12 (1)

And m* is the effective mass of electrons in the semicon-
ductor d-doped layer. Moreover, the bottom of conduction
band, E_,, in the semiconductor d-doped layer and the
nonmagnetic in equilibrium should be higher than the Fermi
level, E_,>F. The semiconductor has to be nondegenerate in
whole semiconductor region including the d-doped layer, as
shown in FIG. 2B. It has been shown theoretically that spin
polarization in the nonmagnetic semiconductor, P, both in
the reverse-biased and forward-biased FM-S junction can
approach that in the FM material at an electron energy of
E=E.. In the reverse-biased FM-S junction, the predictable
value of P, can achieve a maximum, P__ ., at room tem-
peratures when E_ corresponds to a spike of density of
minority electron states in the FM material, as shown in
FIG. 2B. Even a theoretical value of P, ., however is
substantially smaller than 1 at room temperatures and P, =0
at low temperatures. In the forward-biased FM-S junction,
P is determined by spin polarization of current in the FM
material which is substantially smaller than 1 (by about
30%-40%) {see [15]}.

[0034] Characteristics of all of spintronic devices improve
dramatically with increase in the degree of the electron spin
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polarization, P, and achieve to them, limited values when
P_V1 (100%). Moreover, a fundamental problem for quan-
tum computing is to obtain an electron spin polarization in
nonmagenetic semiconductos (NS) of P =100% at very low
temperatures, such as, T<1° K.

SUMMARY OF THE INVENTION

[0035] An object of the present invention is to substan-
tially solve at least the above problems and/or disadvantages
and to provide at least the advantages described below.
Accordingly, it is an object of the present invention to
provide a spin polarizer comprising a semiconductor, a
ferromagnetic layer, and a thin degenerate semiconductor
layer formed between the ferromagnetic layer and the semi-
conductor which is more highly doped than the semicon-
ductor layer. The concentration of shallow donors N * in this
layer satisfies the condition: 47N, **,/3>1, where a, is Borh
radius of the shallow donor; the thickness, 1, of this layer
satisfies a condition: 61,=21,=1<<Lg" wherein:

[0036] 1, represents a tunneling length for a Schottky
barrier between the ferromagnetic layer and the thin degen-
erate semiconductor layer given by the equation 1°=(h*/
Sﬂ:zm*A)l/z

[0037] 1, represents a thickness of the Schottky barrier
given by 1,=(2ee,A/q°N*)*? wherein ¢, is the permittivity
of free space, € is the relative permittivity of the thin
degenerate semiconductor layer, q>0 is the elementary
charge, and N ;" is the concentration of shallow donors in the
highly doped degenerate semiconductor layer, A is a height
of the Schottky barrier; and

[0038] L.* represents a length of electron spin relaxation
in the thin degenerate semiconductor layer given by the

LS+=\/D+‘US+ where D* and t4* are diffusion coefficient and
time of spin coherence of electrons in the thin degenerate
semiconductor n*-S layer, respectively.

[0039] According to an embodiment of the present inven-
tion, efficient spin polarizer of electrons in nonmagnetic
semiconductors that are ferromagnetic-semiconductor het-
erostructures comprises a magnetic semiconductor layer or
ferromagnetic metal layer, a nonmagnetic semiconductor,
and a thin high doped degenerate semiconductor layer,
satisfying certain requirements and situated between the
ferromagnetic layer and the nonmagnetic semiconductor.
The spin polarizer ensures spin polarization of electrons in
the nonmagnetic semiconductor at substantially 100% near
the ferromagnetic-semiconductor junctions at temperatures
ranging from very low temperatures (T<1° K.) to room
temperatures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] The various objects, advantages and novel features
of the present invention will be best understood by reference
to the detailed description of the preferred embodiments that
follow, when read in conjunction with the accompanying
drawings, in which:

[0041] FIG. 1A illustrates a schematic of a conventional
ferromagnetic metal-semiconductor Schottky junction;

[0042] FIG. 1B illustrates an energy band diagram of the
conventional Schottky junction 100 illustrated in FIG. 1A
along the line I-I;
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[0043] FIG. 2A illustrates a schematic of an earlier pro-
posed spin injection device that is a modified Schottky
ferromagnetic-semiconductor junction with an ultrathin high
doped layer, the §-doped layer, between the ferromagnet and
semiconductor;

[0044] FIG. 2B illustrates an energy diagram of the spin
injection device shown in FIG. 2A along the line II-II;

[0045] FIG. 3A illustrates an exemplary variant of a spin
polarizer according to an embodiment of the present inven-
tion based on a ferromagnetic-semiconductor heterostruc-
ture including a thin high negative doped degenerate semi-
conductor layer, n+-S layer that is situated between the
ferromagnetic layer and negative doped semiconductor (n-S
region), and has a narrower energy bandgap than that of the
n-S region;

[0046] FIG. 3B illustrates an exemplary energy diagram
of spin polarizer shown in FIG. 3A along the line III-III in
the case when the n-S region is a degenerate semiconductor;

[0047] FIG. 3C illustrates an exemplary energy diagram
of spin polarizer shown in FIG. 3A along the line III-III in
the case when the n-S region is a nondegenerate semicon-
ductor;

[0048] FIG. 4A illustrates an exemplary variant of a spin
polarizer according to an embodiment of the present inven-
tion based on a ferromagnetic-semiconductor heterostruc-
ture including two thin negative and positive high doped
degenerate semiconductor layers, n+-S and p*-S, which are
situated between the ferromagnet and negative doped semi-
conductor n-S region, and have the same energy bandgap
than that of the n-semiconductor region;

[0049] FIG. 4B illustrates an exemplary energy diagram
of spin polarizer shown in FIG. 4A along the line IV-IV in
the case when the n-S region is a degenerate semiconductor;

[0050] FIG. 4C illustrates an exemplary energy diagram
of spin polarizer shown in FIG. 4A along the line IV-IV in
the case when the n-S region is a nondegenerate semicon-
ductor;

[0051] FIG. 5A illustrates and exemplary variant of a spin
device according to an embodiment of the present invention
based on a ferromagnetic-semiconductor layer localized
between two ferromagnetic metal layers; and

[0052] FIG. 5B illustrates an exemplary energy diagram
corresponding to the spin device of FIG. 5A.

[0053] Throughout the drawings, like reference numbers
will be understood to refer to like elements, features and
structures.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0054] Several embodiments of the present invention will
now be described in detail with reference to the annexed
drawings. In the following description, detailed descriptions
of known functions and configurations incorporated herein
have been omitted for conciseness and clarity.

[0055] For simplicity and illustrative purposes, the prin-
ciples of the present invention are described by referring
mainly to exemplary embodiments thereof. In the following
description, numerous specific details are set forth in order





















