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ABSTRACT

A spin transistor comprises a spin injector for injecting, from
a first nonmagnetic electrode carriers with a spin parallel to a
spin band forming the band edge of a first ferromagnetic
barrier layer, to a second nonmagnetic electrode layer, as hot
carriers. It also comprises a spin analyzer whereby, due to
spin-splitting at the band edge of a second ferromagnetic
barrier layer, the spin-polarized hot carriers are transported to
a third nonmagnetic electrode when the direction of the spin
of the carriers injected into the second nonmagnetic electrode
is parallel to that of the spin of the spin band at the band edge
of the second ferromagnetic barrier layer, whereas the hot
carriers are not transported to the third nonmagnetic electrode
in the case of antiparallel spin. A memory element is also
provided that comprises such a spin transistor.
5 Claims, 14 Drawing Sheets
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SPIN TRANSISTOR BASED ON THE
SPIN-FILTER EFFECT, AND NON-VOLATILE
MEMORY USING SPIN TRANSISTORS

where the two ferromagnetic electrodes carry parallel magnetization and the case where they carry antiparallel magnetization is referred to as the TMR ratio, which is used for the
evaluation of the TMR effect.
In the MRAM, information is stored in terms of the conCROSS REFERENCE FOR RELATED
figuration of magnetization of the MTJ. Specifically, the relaAPPLICATIONS
tive magnetization configuration of the two ferromagnetic
electrodes is rendered either parallel or antiparallel using a
This application is a Divisional application of U.S. applicomposed magnetic field formed by magnetic fields induced
cation Ser. No. 11/979,220 filed on Oct. 31, 2007 now U.S.
Pat. No. 7,825,485, which is a Continuation application of 10 by currents that are caused to flow through the bitline and a
wordline for writing (not shown) disposed perpendicular to
U.S. application Ser. No. 10/522,241 filed on Oct. 5, 2005
the bitline.
now U.S. Pat. No. 7,423,327. Priority is claimed based upon
When sensing information stored in a particular cell, a
U.S. application Ser. No. 11/979,220 filed on Oct. 31, 2007,
voltage is applied to a specific wordline for sensing connected
which claims the priority date of U.S. application Ser. No.
10/522,241 filed on Oct. 5, 2005, which claims the priority 15 to the cell so as to bring the MOS transistor into conduction,
so that a current for sensing (to be hereafter referred to as a
date of PCT/JP03/09438 filed on Jul. 25, 2003 and Japanese
"drive current") flows through the MTJ via a specific bitline
Application 2002-217336 filed on Jul. 25, 2002, the content
connected to the cell. A voltage dropped across the MTJ due
of which is hereby incorporated by reference into this applito the TMR effect is then detected as an output voltage to
cation.
20 sense the stored information.
TECHNICAL FIELD
SUMMARY OF THE INVENTION
The present invention relates to a novel transistor, and more
Because the MRAMs based on MTJ employ ferromagnets,
particularly to a transistor the output characteristics of which
depend on the direction of spin of a carrier, and to a nonvola- 25 they are nonvolatile, energy-saving, and fast. In addition,
their simple cell structure renders the MRAMs suitable for
tile memory circuit (nonvolatile memory) utilizing the tranhigh-density integration. However, before the MRAM can be
sistor.
realized as a next-generation nonvolatile memory, the followBACKGROUND ART
ing problems must be overcome.
30
(1) An MTJ exhibits two resistance values corresponding
Conventionally, semiconductor memories used in electo parallel and antiparallel magnetization, and an MRAM
tronic devices such as microcomputers have mainly
detects these resistance values as output voltages by causing
employed dynamic random access memories (DRAMs) from
a drive current to flow through the MTJ. Thus, in order to
the viewpoint of operating speed and the degree of device
obtain a high output voltage, the tunnel resistance must be
integration. It is difficult, however, for DRAMs to accommo- 35 optimized by adjusting the thickness of the MTJ insulating
date the recent demands for lower energy consumption and
film. However, since the TMR ratio also depends on the
mobility because DRAMs consume energy for memory storinsulating film thickness, optimization of the tunnel resisage purposes and the stored data is lost once power supply is
tance is limited.
turned off. In order to address such demands, a novel memory
(2) Further, if the stored information is to be sensed accuis required that is nonvolatile as well as fast, highly integrated, 4o rately, the TMR ratio must be increased such that a high ratio
and energy-saving.
of output voltages of the two magnetization configurations,
Magnetoresistive random access memories (MRAMs) are
i.e., parallel and antiparallel, can be obtained. In order to
now gaining attention as a next-generation memory with the
achieve a high TMR ratio, a ferromagnet with a large spin
nonvolatile property, in addition to being capable of achievpolarization must be employed, and also the method of forming operating speeds and levels of integration comparable to 45 ing an insulating layer and its material and thickness, for
those of DRAMs. The MRAM stores information in terms of
example, must be optimized.
the direction of magnetization of a ferromagnet. The relative
(3) In an MRAM utilizing a MTJ, the bias applied to the
magnetization configuration of the information stored in the
MTJ must be increased in order to increase the operating
MRAM is electrically sensed utilizing the giant magnetorespeed. However, the MTJ has the fundamental problem that,
sistance effect in a spin valve element, or the tunneling mag- 5o as the voltage drop across the ferromagnetic electrodes
netoresistance (TMR) effect in a magnetic tunnel junction
increases, the TMR ratio drops. Thus, the rate of change of
(MTJ). Since MRAMs utilize a ferromagnet, they can hold
output voltages due to TMR decreases as the voltage applied
information in a nonvolatile manner without consuming
to the MTJ increases. This phenomenon is inherently based
energy.
on the TMR effect and hard to avoid as long as the configuFIG. 17 shows a typical cell configuration of an MRAM 55 ration of magnetization is sensed based solely on the TMR
utilizing a MTJ. As shown in FIG. 17(A), the MRAM comeffect.
prises a 1-bit memory cell consisting of one MTJ and one
Thus, in order to detect information stored in a MTJ with
metal oxide semiconductor (MOS) transistor. The gate of the
high sensitivity, the output voltages must be optimized by
MOS transistor is connected to a wordline for sensing, the
adjusting the impedance (junction resistance) of the MTJ. It is
source is grounded, and the drain is connected to one end of 6o also necessary to increase the output signal ratio of the two
the MTJ. The other end of the MTJ is connected to a bitline.
magnetization configurations, namely, parallel and antiparalAs shown in FIG. 17(B), the MTJ has a tunnel junction
lel, by increasing the TMR ratio. At the same time, the TMR
structure consisting of two ferromagnetic electrodes separatio must be prevented from being lowered by biasing.
rated by a thin insulating film. The MTJ provides the TMR
All of the aforementioned problems can be overcome if
effect in which tunnel resistance varies depending on the 65 output signal characteristics can be freely designed in terms
relative magnetization configuration of the two ferromagof peripheral circuitry regardless of the characteristics of the
netic electrodes. The rate of change of TMR between the case
memory elements.
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It is therefore an object of the present invention to provide
acteristics of the transistor that depend on the magnetization
a nonvolatile memory in which information is stored in terms
configuration. In this memory circuit, a memory cell can be
of the magnetization configuration of a ferromagnet conconfigured with a single transistor.
tained in a transistor and in which the information is sensed
In another aspect, the invention provides a nonvolatile
using the output characteristics of the transistor that depend 5 memory circuit comprising a spin transistor containing a
on the direction of spin of the carrier.
ferromagnet and having output characteristics that depend on
In one aspect, the present invention provides a transistor
the spin direction of the carriers, a means for storing inforcomprising: a spin injector for injecting spin-polarized hot
mation in terms of the relative magnetization configuration of
carriers by a spin-filter effect; and a spin analyzer for selectthe ferromagnet, and a means for electrically sensing inforing the thus injected spin-polarized hot carriers by the spinio mation stored in the spin transistor using the output characfilter effect. Thus, the output characteristics of the transistor
teristics.
can be controlled depending on the spin direction of the spin
The spin transistor preferably comprises at least one ferropolarized hot carriers.
magnet
(to be hereafter referred to as a "free layer") in which
The spin injector preferably comprises a first ferromagnetic barrier layer, a first nonmagnetic electrode layer joined 15 the relative magnetization configuration can be independently controlled, and at least one ferromagnet in which the
to one end surface of the first ferromagnetic barrier layer, and
relative magnetization-configuration is not changed (to be
a second nonmagnetic electrode layer j oined to the other end
hereafter referred to as a "pin layer"). Stored information is
surface of the first ferromagnetic barrier layer.
retained in the form of a first state in which the relative
The spin analyzer preferably comprises: a second ferromagnetic barrier layer; the second nonmagnetic electrode 20 magnetization configuration of the free layer is the same as
that of the pin layer, or a second state in which their magnelayer; and a third nonmagnetic electrode layer joined to the
other end surface of the second ferromagnetic barrier layer.
tization configurations are different.
The second nonmagnetic electrode layer is joined to one end
Preferably, the spin transistor comprises: a first electrode
surface of the second ferromagnetic barrier layer. The second
structure for injecting spin-polarized carriers; a second elecnonmagnetic electrode layer is common to the spin injector 25 trode structure for receiving the spin-polarized carriers; and a
and the spin analyzer.
third electrode structure for controlling the amount of the
The first and second ferromagnetic barrier layers preferspin-polarized carriers transported from the first electrode
ably comprise an insulating ferromagnetic semiconductor or
structure to the second electrode structure. The pin layer and
a ferromagnetic insulator. The energy band edge of these
the free layer are preferably included in any of the first to third
ferromagnetic barrier layers is preferably formed by an up- 30 electrode structures.
spin band or a down-spin band due to spin splitting. The
The invention also provides a memory circuit comprising:
thickness of the second nonmagnetic electrode layer is prefthe aforementioned spin transistors arranged in a matrix; a
erably not greater than the mean free path of the spin polarwordline connected to the third electrode structures; a first
ized hot carriers in the second nonmagnetic electrode layer.
line connecting the first electrode structures to ground; and a
In the spin injector, the tunneling probability with respect 35 bitline connected to the second electrode structures. A pluralto the carriers with a spin parallel to the spin band forming the
ity of wordlines are extended in the column direction, and a
band edge of the first ferromagnetic barrier layer is large,
plurality of bitlines are extended in the direction (the row
whereas that with respect to the carriers with an antiparallel
direction) perpendicular to the column direction. The spin
spin is small. Thus, carriers with a parallel spin with the spin
transistors are disposed near the intersections of the wordband forming the band edge of the first ferromagnetic barrier 40 lines and bitlines.
layer can be injected from the first nonmagnetic electrode to
In the aforementioned memory circuit, the magnetization
the second nonmagnetic electrode layer as hot carriers.
in the free layer can be reversed by a magnetic field induced
On the other hand, the spin analyzer, due to the spinby a current caused to flow through a first separate line and a
splitting at the band edge of the second ferromagnetic barrier
second separate line intersecting one another above the spin
layer, allows the spin-polarized hot carriers to be transported 45 transistor in an electrically insulated manner, whereby the
to the third nonmagnetic electrode layer when the spin direcrelative magnetization configuration between the free layer
tion of the spin-polarized hot carriers injected into the second
and the pin layer can be changed so that information can be
nonmagnetic electrode is parallel to the spin direction of the
stored (or written).
spin band at the band edge of the second ferromagnetic barrier
It is possible to use the wordline and/or the bitline instead
layer. However, the spin analyzer does not allow the spin- 50 of the first separate line and/or the second separate line.
polarized hot carriers to be transported to the third ferromagIn the aforementioned memory circuit, information can be
netic electrode when the spin direction of the spin-polarized
sensed using the output characteristics of the spin transistor
hot carriers is antiparallel to that of the spin band at the band
when the free layer and the pin layer in the spin transistor have
edge of the second ferromagnetic barrier layer.
parallel magnetization.
Thus, even under the same bias condition, the output char- 55
The memory circuit may comprise an output terminal
acteristics of the transistor depend on the relative magnetizaformed on one end of each bitline, and a second line branchtion configuration of the first ferromagnetic barrier layer and
ing from each bitline and connected to a power supply via a
second ferromagnetic barrier layer. Specifically, the current
load.
transfer ratio or current gain is large when the first ferromagIn this case, the information can be sensed from an output
netic barrier layer and second ferromagnetic barrier layer 60 voltage obtained from the voltage drop across the load due to
have parallel magnetization and it is small when they have
a current through the first and second electrode structures of
antiparallel magnetization.
the spin transistor, the output voltage depending on the relaThe invention also provides a nonvolatile memory circuit
tive magnetization configuration between the free layer and
in which information can be stored in terms of the relative
the pin layer.
magnetization configuration of the second ferromagnetic bar- 65
Using the aforementioned circuit, a high-integration denrier layer and the first ferromagnetic barrier layer, and in
sity and high-speed nonvolatile memory circuit can be prowhich the information can be sensed using the output charvided in which the output voltages depending on the magne-
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tization configuration within the transistor can be designed
via the load and power supply.

FIG. 14 shows a cross section of an example of a spin
transistor comprising a ferromagnetic source, a ferromagnetic drain, and a nonmagnetic insulating tunnel barrier disposed between the source and the drain, wherein a gate insulating film and a gate electrode are formed on the tunnel
barrier.
FIG. 15 shows a cross section of an example of a spin
transistor comprising a ferromagnetic source, a ferromagnetic drain or a nonmagnetic drain, and an insulating ferromagnetic tunnel barrier disposed between the source and
drain, wherein a gate insulating film and a gate electrode are
formed on the tunnel barrier.
FIG. 16(A) shows an example of a memory cell with a
common-source configuration.
FIG. 16(B) shows a cross section of a memory cell with a
common-source configuration.
FIG. 17(A) shows the structure of a conventional MRAM
utilizing a MTJ. FIG. 17(B) shows the operating principle of
the MTJ.

BRIEF DESCRIPTION OF THE DRAWINGS
5

FIG. 1 shows the structure of a spin-filter transistor according to an embodiment of the invention. FIG. 1(A) shows a
schematic cross section. FIG. 1(B) shows an energy band
diagram of a conduction band (or a valence band) of the
structure shown in FIG. 1(A), together with the spin direction 10
of a spin band in the barrier layer.
FIG. 2 shows an energy band diagram in a case where a
common-base bias voltage is applied between the emitter
(first nonmagnetic electrode layer) and collector (third nonmagnetic electrode layer) of the spin-filter transistor of the 15
present embodiment. FIG. 2(A) shows a case where the relative magnetization configuration of the first and second ferromagnetic barrier layers is parallel. FIG. 2(B) shows a case
where the relative magnetization configuration of the first and
second ferromagnetic barrier layers is antiparallel.
20
FIG. 3 shows the static characteristics of the spin-filter
BEST MODE FOR CARRYING OUT THE
transistor of the present embodiment in a common-base conINVENTION
figuration. The horizontal axis shows collector-base voltage
V. sub.CB to the right and emitter-base voltage V.sub.EB to the
The transistor according to the present invention comprises
left at the top of the figure. The vertical axis shows emitter 25 a spin injector for injecting spin-polarized hot carriers having
current I.sub.E, base current I.sub.B, and collector current
a specific spin direction, and a spin analyzer for selecting the
I.sub.C. FIG. 3(A) shows the characteristics in a case where
thus injected spin-polarized hot carries by their spin directhe magnetization configuration between the ferromagnetic
tions. The spin injector comprises a first ferromagnetic barrier
barrier layers of the emitter and collector is parallel, while
layer with such a thickness allowing for tunneling, such as
FIG. 3(B) shows the characteristics in the case of antiparallel so Fowler-Nordheim tunneling or a direct tunneling; a first nonmagnetization.
magnetic electrode layer joined to one end surface of the first
FIG. 4(A) shows an example of a memory cell utilizing a
ferromagnetic barrier layer; and a second nonmagnetic elecspin-filter transistor 1 of the present embodiment. FIG. 4(B)
trode layer joined to the other end surface of the first ferroshows an example of a memory circuit. The vertical axis of
magnetic barrier layer. The spin analyzer comprises a second
FIG. 4(C) shows collector current I.sub.C, and the horizontal 35 ferromagnetic barrier layer; a second nonmagnetic electrode
axis shows collector-emitter voltage V sub.CE, together with
layer joined to one end surface of the second ferromagnetic
the I.sub.C-V.sub.CE characteristics of the spin-filter transisbarrier layer; and a third nonmagnetic electrode layer joined
tor 1 and a load line due to a load resistor.
to the other end surface of the second ferromagnetic barrier
FIG. 5(A) shows an example of the output characteristics
layer. The second nonmagnetic electrode layer is common to
of a current-driven spin transistor. FIG. 5(B) schematically 40 the spin analyzer and the spin injector. The thickness of the
shows an example of the output characteristics of a voltagesecond nonmagnetic electrode layer is preferably not greater
driven spin transistor.
than the mean free path of the spin-polarized hot carriers in
FIG. 6(A) shows an example of a memory cell employing
the nonmagnetic electrode layer.
a voltage-driven spin transistor of the present embodiment.
When the above-described structure is compared with that
FIG. 6(B) shows an example of a memory circuit. The vertical 45 of a conventional hot electron transistor, the first nonmagnetic
axis of FIG. 6(C) shows drain current I.sub.D, and the horielectrode layer and the first ferromagnetic barrier layer corzontal axis shows drain-source voltage V.sub.DS, the figure
respond to the emitter and the emitter barrier, respectively;
also showing the I.sub.D-V.sub.DS characteristics of a voltthe second nonmagnetic electrode layer corresponds to the
age-driven spin transistor 150 and a load curve due to an
base; and the second ferromagnetic barrier layer and the third
active load in the same chart.
5o nonmagnetic electrode layer correspond to the collector barFIG. 7 shows an energy band diagram of an example of a
rier and the collector, respectively.
hot-electron transistor type spin transistor.
The first and second ferromagnetic barrier layers comprise
FIG. 8 shows an energy band diagram of an example of a
an insulating ferromagnetic semiconductor or a ferromaghot-electron transistor type spin transistor employing therminetic insulator. The energy bands of these ferromagnetic baronic emission injection.
55 rier layers are spin-split by magnetic exchange interaction,
FIG. 9 shows an energy band diagram of an example of a
and only an up-spin band or a down-spin band exists at the
hot-electron transistor type spin transistor utilizing the spinband edges due to this spin splitting. The energy width in
filter effect.
which only one of the spin bands exists is referred to as a
FIG. 10 shows an energy band diagram of an example of a
spin-split width.
tunnel base transistor type spin transistor.
60
The spin-filter effect of the spin injector takes advantage of
FIG. 11 shows a cross section of a MOS transistor type spin
the following fact. Namely, in the tunneling effect, such as
transistor.
Fowler-Nordheim (FN) tunneling or a direct tunneling, in
FIG. 12 shows a cross section of a modulation-doped tranwhich a voltage is applied to the first ferromagnetic barrier
sistor type spin transistor.
layer via the first nonmagnetic electrode layer and the second
FIG. 13 shows a cross section of an example of a MOS 65 nonmagnetic electrode layer, those of the carriers in the first
transistor type spin transistor comprising a ferromagnetic
nonmagnetic electrode layer that have a spin direction corresemiconductor channel.
sponding to that of the spin band at the band end of the first
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ferromagnetic barrier layer (the spin direction being antiparromagnetic barrier layer can be switched to a current that
allel to the magnetization of the first ferromagnetic barrier
flows between the third nonmagnetic electrode layer and the
layer when the carriers are electrons, or parallel to the magfirst nonmagnetic electrode layer via the second ferromagnetization of the first ferromagnetic barrier layer when the
netic barrier layer, or a current that flows between the second
carriers are hole) have a large tunneling probability, whereas 5 nonmagnetic electrode layer and the first nonmagnetic electhose with a spin direction that does not correspond (the spin
trode layer. Namely, the current through the second ferromagdirection being parallel to the magnetization of the first fernetic barrier layer can be controlled by the relative magnetiromagnetic barrier layer when the carriers are electrons, or
zation configuration of the first ferromagnetic barrier layer
antiparallel to the first ferromagnetic barrier layer when the
and the second ferromagnetic barrier layer. When compared
carriers are holes) have a small tunneling probability.
io with the operation of known common-base or common-emitThe spin-filter effect of the spin analyzer takes advantage
ter hot electron transistors or bipolar transistors, the aboveof the fact that, when injecting spin-polarized hot carriers
described operation of the present embodiment corresponds
from the spin injector into the spin-split band of the second
to controlling the collector current by means of the base
ferromagnetic barrier layer, the spin-polarized hot carriers are
current. However, in the transistor of the present embodiment,
transported through the spin band in the second ferromag- 15 the factor of amplification of the collector current by the base
netic layer and arrive at the third nonmagnetic electrode layer
current can be controlled by the relative magnetization conwhen the spin direction of the injected spin-polarized hot
figuration of the first ferromagnetic barrier layer and the
carriers is parallel to that of the spin band at the band edge of
second ferromagnetic barrier layer. Thus, the transistor of the
the second ferromagnetic barrier layer (where the first and
present embodiment is capable of controlling the current
second ferromagnetic barrier layers have parallel magnetiza- 20 gain, whereby collector current can be controlled not only by
tion), whereas when the spin direction at the band edge of the
the base current (or the bias voltage between the first and
second ferromagnetic barrier layer is antiparallel to that of the
second nonmagnetic electrodes), but also by the relative magspin-polarized hot carriers (where the first and second ferronetization configuration of the first ferromagnetic barrier
magnetic barrier layers have antiparallel magnetization), the
layer and the second ferromagnetic barrier layer.
spin-polarized hot carriers cannot be transported through the 25
Furthermore, when the coercive forces of the first ferrosecond ferromagnetic barrier layer.
magnetic barrier layer and the second ferromagnetic barrier
In this arrangement, the carriers in the first nonmagnetic
layer are varied, or when the relative magnetization configuelectrode layer with the spin direction parallel to that of the
ration of one of them is fixed, the relative magnetization
spin band at the band edge of the first ferromagnetic barrier
configuration of the first ferromagnetic barrier layer and the
are injected as spin-polarized hot carriers into the second 30 second ferromagnetic barrier layer can be changed to be
nonmagnetic electrode layer by tunneling, such as Fowlerparallel or antiparallel as desired by applying a magnetic field
Nordheim tunneling or a direct tunneling. The transistor is
of an appropriate intensity such that the relative magnetizabiased such that the energy of the thus injected spin-polarized
tion configuration of either the first ferromagnetic barrier
hot carriers is larger than the energy of the spin band edge of
layer or the second ferromagnetic barrier layer is reversed.
the second ferromagnetic barrier layer and smaller than the 35 Namely, information can be stored in the transistor.
energy of the spin band edge to which the spin-split width has
Thus, a memory cell can be configured with the abovebeen added. Since the thickness of the second nonmagnetic
described transistor. An example of a nonvolatile memory
electrode layer is not greater than the mean free path of the
utilizing the transistor of the present embodiment will be
spin-polarized hot carriers in the second nonmagnetic elechereafter described. The second nonmagnetic electrode layer
trode layer, the injected spin-polarized hot carriers arrive at 40 of the transistor of the embodiment is connected to a wordthe second ferromagnetic barrier layer without losing energy.
line, and the third nonmagnetic electrode layer of the transisIn addition, the energy of the spin-polarized hot carriers is
tor is connected to a bitline. The bitline is connected to a
larger than that of the spin band edge at the band edge of the
power supply via a load, and the first nonmagnetic electrode
second ferromagnetic barrier layer and is smaller than the
layer of the transistor is grounded. In this arrangement, when
energy of the spin band edge to which the spin-split width has 45 a specific wordline is selected and a bias is applied to the
been added. Therefore, when the spin direction of the injected
second nonmagnetic electrode layer, the output voltage (voltspin-polarized hot carriers is parallel to the spin direction of
age that appears at the third nonmagnetic electrode) detected
the spin band at the band edge of the second ferromagnetic
by selecting a specific bitline is seen to vary depending on the
barrier layer, the spin-polarized hot carriers are transported
relative magnetization configuration of the first ferromagwithin the spin band by an electric field produced in the 5o netic barrier layer and the second ferromagnetic barrier layer
second ferromagnetic barrier layer, and transported to the
of the transistor. Namely, when the relative magnetization
third nonmagnetic electrode layer, producing a current that
configuration are parallel, the output voltage becomes
flows between the third nonmagnetic electrode layer and the
smaller, while when the relative magnetization configuration
first nonmagnetic electrode layer.
is antiparallel, the output voltage becomes larger. Thus, the
On the other hand, when the spin direction of the injected 55 information that is stored can be sensed on the basis of the
spin-polarized hot carriers is antiparallel to the spin direction
magnitude of the output voltage.
of the spin band at the band edge of the second ferromagnetic
In the above-described nonvolatile memory, the transistor
barrier layer, the spin-polarized hot carriers are scattered (or
of the present embodiment is used as a common-emitter tranreflected) by the boundary between the second nonmagnetic
sistor, a power supply and a load are provided to the collector,
electrode layer and the second ferromagnetic barrier layer, 6o and the collector voltage is obtained as the output voltage.
producing a current that flows between the second nonmagThus, using peripheral circuitry such as the power supply and
netic electrode layer and the first nonmagnetic electrode
load, desired output voltage values can be obtained when the
layer.
first ferromagnetic barrier layer and second ferromagnetic
Thus, depending on whether the relative magnetization
barrier layer have parallel magnetization or when they have
configuration of the first ferromagnetic barrier layer and the 65 antiparallel magnetization. Accordingly, the above-described
second ferromagnetic barrier layer, namely, whether they are
nonvolatile memory can overcome the aforementioned probparallel or antiparallel, the current that flows in the first ferlems of the MRAM based on MTJ, the problems being that
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the tunnel resistance as well as output voltages are small, that
the TMR ratio is so small that the information that is stored is
hard to be distinguished, and that the ratio of output voltages
decreases due to the applied bias.
In the following, the configuration and operation of the
above-described transistor is described in greater detail with
reference made to the drawings. The transistor of the present
embodiment will be hereafter referred to as a "spin-filter
transistor" for facilitating the understanding of the description of the invention.
FIG. 1 shows the configuration of a spin-filter transistor
according to the present embodiment. FIG. 1(A) shows a
schematic cross section. FIG. 1(B) shows an energy band of
the conduction band (or the valence band) of the configuration shown in FIG. 1(A), also showing the spin direction of
the spin band in the barrier layer. When the carriers are holes,
the direction of magnetization at the band edge corresponds
to the spin direction; when the carriers are electrons, the
relative magnetization configuration is opposite to that of the
spin direction of the band edge.
A spin-filter transistor 1 according to the present embodiment comprises a spin injector 5 comprising: a first ferromagnetic barrier layer 2; a first nonmagnetic electrode layer 3
joined to one end surface of the first ferromagnetic barrier
layer 2; and a second nonmagnetic electrode layer 4 joined to
the other end surface of the first ferromagnetic barrier layer 2.
The spin-filter transistor 1 also comprises a spin analyzer 8
comprising: a second ferromagnetic barrier layer 6; a second
nonmagnetic electrode layer 4 joined to one end surface of the
second ferromagnetic barrier layer 6; and a third nonmagnetic
electrode layer 7 j oined to the other end surface of the second
ferromagnetic barrier layer 6. As will be seen from FIG. 1(A),
the spin injector 5 and the spin analyzer 8 shares the second
nonmagnetic electrode layer 4.
The first, second, and third nonmagnetic electrode layers 3,
4, and 7 may be formed by a nonmagnetic metal, an n-type
nonmagnetic semiconductor, or a p-type nonmagnetic semiconductor. The thickness of the second nonmagnetic electrode layer 4 is preferably not greater than the mean free path
within the nonmagnetic electrode layer 4 of the spin-polarized hot carriers injected from the spin injector. By making
the base width shorter than the mean free path, the current
transfer ratio can be made 0.5 or greater, so that current
amplification can be achieved.
The first and second ferromagnetic barrier layers 2 and 6
may comprise an insulating ferromagnetic semiconductor or
a ferromagnetic insulator. The energy band of the ferromagnetic barrier layer is spin-split by magnetic exchange interaction, such that an energy region is created at the band edge
where only an up spin or a down spin exists. Such a spinpolarized band is referred to as a spin band, and this energy
region band is referred, to as a spin-split width .DELTA..
As shown in FIG. 1(B), the solid lines with an arrow
uparw. on the ferromagnetic barrier layers 2 and 6 indicate the
edge of the band where an up spin can exist, namely, an
up-spin band edge 9. The solid lines with an arrow .dwnarw.
indicate the edge of the band where a down spin can exist,
namely, a down-spin band edge 10. The region between the
up-spin band edge 9 and the down-spin band edge 10 in FIG.
1(B) is a region where only an up spin can exist. A region with
a higher energy than that of the down-spin band edge 10 is a
region where both up spin and down spin can exist. While
FIG. 1(B) shows a case where the spin band of up spin is lower
than the spin band of down spin, the opposite state is also
possible.
The first ferromagnetic barrier layer 2 has a thickness such
that the carriers can be transmitted from the first nonmagnetic
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electrode layer 3 to the second nonmagnetic electrode layer 4
by tunneling, such as Fowler-Nordheim tunneling (to be hereafter referred to as "FN tunneling") or a direct tunneling, in
response to the application of a voltage to the first nonmagnetic electrode layer 3 and to the second nonmagnetic electrode layer 4. A direct tunneling refers to the phenomenon in
which the carriers directly pass through a thin potential barrier. The FN tunneling refers to the phenomenon in which the
tunneling current due to a direct tunneling can be ignored up
to a certain applied voltage and in which the carriers tunnel
through the triangular potential at the top of a potential barrier
produced by the application of a voltage exceeding a certain
value.
The voltage applied to the first nonmagnetic electrode
layer 3 and the second nonmagnetic electrode layer 4 may be
in the voltage range used in the conventional memory circuit,
such as on the order of several hundred mV to several volts.
The second ferromagnetic barrier layer 6 needs to be sufficiently thick that there is no thermionic emission of the carriers or a current due to tunneling (the so-called leak current)
from the second nonmagnetic electrode layer 4 to the third
nonmagnetic electrode layer 7.
The nonmagnetic electrode layers 3, 4, 7 and the ferromagnetic electrode layers 2 and 6 form the energy band structure
shown in FIG. 1(B). Solid lines 11 in the nonmagnetic electrode layer FIG. 1(B) indicate the Fermi energy of the metal,
the Fermi energy of an n-type (p-type) semiconductor, or the
energy at the bottom of the conduction band (at the top of the
valence band). The lower energy barrier in the ferromagnetic
barrier layers 2 and 6 corresponding to the solid lines 11 at the
nonmagnetic electrode layer is indicated by .phi..sub.C, and
the spin-split width is indicated by .DELTA.. Although the
ferromagnetic barrier layers 2 and 6 may have different values
of .phi..sub.0 and .DELTA., the following description concerns a case where the ferromagnetic barrier layers 2 and 6
have the same values of .phi..sub.0 and .DELTA..
In the case where the carriers are electrons, a nonmagnetic
metal or an n-type semiconductor is used for the nonmagnetic
electrode layers 3, 4, and 7, and an insulating ferromagnetic
semiconductor or a ferromagnetic insulator is used for the
ferromagnetic barrier layers 2 and 6. In this case, the up-spin
band edge 9 and the down-spin band edge 10 are produced by
the spin splitting of the bottom of the conduction band of the
ferromagnetic barrier layers 2 and 6. In the case where the
carriers are holes, a p-type semiconductor is used for the
nonmagnetic electrode layer 3, 4, 7, and an insulating ferromagnetic semiconductor or a ferromagnetic insulator is used
for the ferromagnetic barrier layers 2 and 6. In this case, the
up-spin band edge 9 and the down-spin band edge 10 of the
ferromagnetic barrier layer 2 and 6 are produced by the spin
splitting of the top of the valence band.
Hereafter, the operating principle of the above-described
spin-filter transistor is described in detail. In the following
description, the notational system for the hot electron transistor will also be used for simplicity's sake. Specifically, the
first nonmagnetic electrode layer 3 and the first ferromagnetic
barrier layer 2 will be referred to as an emitter 21, the second
nonmagnetic electrode layer 4 will be referred to as a base 22,
the second ferromagnetic barrier layer 6 and the third nonmagnetic electrode layer 7 will be referred to as a collector 23,
the first nonmagnetic electrode layer 3 will be referred to as an
emitter electrode 3, and the third nonmagnetic electrode layer
7 will be referred to as a collector electrode 7. The following
also concerns the case where the carriers are electrons as an
example (the case where the carriers are holes will not be
described because such a case is substantially the same in
terms of operating principle).

US 8,026,563 B2
11

12

FIG. 2 shows energy band diagrams in a case where a
Thus, the current transfer ratio of the current that flows
common-base bias voltage is applied between the emitter,
from the emitter to the collector greatly differs depending on
base, and collector of the spin-filter transistor of the present
the relative magnetization configuration of the first ferromagembodiment. FIG. 2(A) shows a case where the magnetizanetic barrier layer 2 of emitter 22 and the second ferromagtion configurations of the first and second ferromagnetic bar- 5 netic barrier layer 6 of collector 23. In other words, the current
rier layers are parallel to each other, and FIG. 2(B) shows a
gain of collector current due to base current greatly differs.
case where the magnetization configurations of the first and
FIG. 3 shows the static characteristics of the spin-filter
second ferromagnetic barrier layers are antiparallel to each
transistor of the present embodiment in a common-base conother, corresponding to FIG. 2(A). A bias voltage V.sub.EB is
figuration. The horizontal axis shows collector-base voltage
applied across emitter 21 and base 22, and a bias voltage io V.sub.CB in the upper-right portion and emitter-base voltage
V.sub.CB is applied across base 22 and collector 23. The
V.sub.EB to the left. The vertical axis shows emitter current
magnitude of V.sub.EB is set such that the relationship
I.sub.E, the base current I.sub.B, and collector current
(.PHI..sub.0<gV.sub.EB<.PHI..sub.0+.DELTA.) is satisfied,
I.sub.C. FIG. 3(A) shows the static characteristics in a case
where q is the elementary charge.
where the magnetization configurations of the ferromagnetic
The emitter 21 functions as a spin injector for injecting 15 barrier layers of the emitter and the collector are parallel. FIG.
spin-polarized hot electrons to base 22. Thus, when causing
3(B) shows the static characteristics when the magnetization
the carriers to pass through the first ferromagnetic barrier
configurations are antiparallel. In both FIGS. 3(A) and (B), a
layer 2 from the emitter electrode 3 by tunneling using the
indicates the current transfer ratio, .beta. indicates the current
bias voltage V.sub.EB, since the conduction band of the first
gain, and the subscripts .uparw..uparw. and .dwnarw..uparw.
ferromagnetic barrier layer 2 is spin-split, the barrier height 20 indicate the parallel and antiparallel relative magnetization
for the up-spin electrode 24 and that for the down-spin elecconfiguration, respectively, of the ferromagnetic barrier laytrode 25 in the emitter electrode 3 are different.
ers of the emitter and collector.
Namely, in FIG. 2(A), the barrier height for the up-spin
As shown in FIG. 3(A), when the magnetization configuelectrode 24 corresponds to the energy up to an up-spin band
rations of the emitter and the collector are parallel, most of the
edge 9 of the first ferromagnetic barrier layer 2, or . 25 emitter current I.sub.E can serve as the collector current
PHI.. sub.C. The barrier height for the down-spin electrode 25
I.sub.C. As shown in FIG. 3(B), when the magnetization
corresponds to the energy up to a down-spin band edge 10 of
configurations are antiparallel, most of the emitter current
the first ferromagnetic barrier layer 2, or .PHI..sub.0+.
I.sub.E can serve as the base current I.sub.B. As in the known
DELTA.. Thus, by controlling the base-emitter voltage, elechot electron transistors or bipolar transistors, the collector
trons with a spin for which the barrier height is lower, namely, 30 current I.sub.0 can be controlled by the base current I.sub.B
an up spin, which correspond to electrons 24 in the illustrated
in the transistor of the present embodiment. In addition, the
example, can be selectively tunnel-injected to the base 22 (in
current gain can be controlled by the relative magnetization
a phenomenon called "spin-filter effect") as hot electrons.
configuration of the first and second ferromagnetic barrier
The collector 23 of the spin-filter transistor functions as a
layers.
spin analyzer for selecting the direction of the spin-polarized 35
The ferromagnetic barrier layer of the spin-filter transistor
hot electrons injected into the base 22. Specifically, the spinof the present embodiment may comprise a ferromagnetic
polarized electrons 26 that have been rendered into hot elecsemiconductor, such as EuS, EuSe, or EuO, for example. It
trons by the bias voltage V.sub.EB and injected into the base
may also comprise a ferromagnetic insulator, such as
22 can arrive at the boundary between base 22 and collector
R.sub.3Fe.sub.50.sub.12 (where R is a rare-earth element).
23 without losing energy, or "ballistically," because the width 4o The nonmagnetic electrode layer may comprise any material
of base 22 is set to be not greater than the mean free path of the
as long as it is nonmagnetic. Examples include metals, such as
spin-polarized hot electrons 26. In the second ferromagnetic
Al and Au, and nonmagnetic semiconductors, such as Si and
barrier layer 6 of collector 23, there is also produced two
GaAS, that have been doped with a high concentration of
barriers with different barrier heights due to the spin splitting
impurity. When, for example, the ferromagnetic barrier layer
of the conduction band. As shown in FIG. 2(A), when the 45 comprises EuS and the nonmagnetic electrode layer commagnetization configurations of the first and second ferroprises Al, the barrier height .PHI..sub.0 is 1.4 eV and the
magnetic barrier layers 2 and 6 are parallel to each other,
spin-split width .DELTA. is 0.36 eV. The spin-filter transistor
because the up-spin band edge 9 of the second ferromagnetic
of the present embodiment can be produced by a known
barrier layer 6 having a spin parallel to that of the spinmethod, such as molecular beam epitaxy, vacuum evaporapolarized hot electrons 26 is lower than the energy of the 50 tion, or sputtering, using the above-described materials.
spin-polarized hot electrons 26, the spin-polarized hot elecIn the following, a nonvolatile memory comprising the
trons 26 are transported to the collector electrode 7 across the
spin-filter transistor of the present invention as a memory cell
second ferromagnetic barrier layer 6, thereby producing a
will be described.
collector current I.sub.C.
FIG. 4(A) shows an example of a memory cell employing
On the other hand, when the magnetization configurations 55 a spin-filter transistor 1 of the present embodiment. In the
of the first and second ferromagnetic barrier layers 2 and 6 are
memory cell shown in FIG. 4(A), a number of spin-filter
antiparallel to each other, as shown in FIG. 2B), spin-polartransistors are arranged in a matrix, with the emitter terminals
ized hot electrons 27 with down spin are injected to a base 22.
E grounded and the collector terminals C and the base termiIn this case, however, because the down-spin band edge 10 of
nals B connected to a bitline BL for sensing and a wordline
the second ferromagnetic barrier layer 6 with down spin is 60 WL for sensing, respectively. A wordline for writing interhigher than the energy of the spin-polarized hot electrons 27,
sects a bitline for writing above the spin-filter transistors such
the spin-polarized hot electrons 27 cannot be transported
that these lines are electrically insulated from other wires.
through the conduction band of the second ferromagnetic
The wordline for writing and the bitline for writing may be
barrier layer 6. Instead, they lose energy as they are subjected
combined with the aforementioned bitline BL for sensing and
to spin-dependent scattering (or reflection) at the boundary 65 wordline WL for sensing, as shown in FIG. 4(A). In the case
between base 22 and collector 23, resulting in a flow of base
of FIG. 4(A), a memory cell can be formed by a single
current I.sub.B.
spin-filter transistor, and also a simple wiring arrangement
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can be adopted. Thus, the present memory cell arrangement
The memory circuit of the present invention relates to a
nonvolatile memory circuit utilizing a spin transistor. A spin
makes it possible to easily configure a layout suitable for
transistor includes a ferromagnet such as a ferromagnetic
high-density integration. The example shown in FIG. 4(B)
metal or a ferromagnetic semiconductor. The output characalso adopts a similar cell arrangement.
With reference to FIG. 4(B), a memory circuit according to 5 teristics are changed by controlling the spin direction of the
carriers depending on the magnetization configuration of the
the present embodiment will be described. In a memory cirferromagnet. Information is stored in terms of the magneticuit 41 of the present embodiment, a second nonmagnetic
zation configuration of the ferromagnet inside the spin tranelectrode 4, which is the base of the spin-filter transistor 1
sistor, and the stored information is sensed using the output
(FIG. 1), is connected to a wordline 42; a third nonmagnetic
io characteristics of the transistor that reflect the magnetization
electrode 7, which is the collector electrode of the spin-filter
configuration inside the spin transistor. Using the spin trantransistor 1, is connected to a bitline 43; the bitline 43 is
sistor, a 1-bit nonvolatile memory cell can be configured with
connected to a power supply (V.sub.CC) 45 via a load
a single spin transistor. Furthermore, the value of the output
(R.sub.L) 44; and a first nonmagnetic electrode 3, which is the
signal corresponding to the stored information can be optiemitter electrode of the spin-filter transistor 1, is connected to 15 mized by peripheral circuitry connected to the memory cell.
ground. Although a pure resistance is used as the load in the
Specifically, the spin transistor comprises at least one each
illustrated example, an active load consisting of a transistor
of a ferromagnet layer (free layer) capable of independently
may be used.
controlling the relative magnetization configuration using a
When sensing information stored in a specific memory
magnetic field or the like, and a ferromagnet layer (pin layer)
cell, a specific wordline 42 is selected and a bias is applied 20 with a fixed relative magnetization configuration or having a
across the emitter-base junction, and a power supply voltage
larger coercivity than that of the free layer. The output charV. sub.CC from the power supply 45 is applied to the bitline 43
acteristics of the transistor can be controlled by the relative
via the load resistance 44. Then, the stored information is
magnetization configuration of the free layer and the pin layer
sensed using the magnitude of an output voltage V. sub.O that
even under the same bias condition. By changing the relative
appears at the bitline 43. The vertical axis of FIG. 4(C) shows 25 magnetization configuration of the free layer using a magcollector current I.sub.C. The horizontal axis shows collectornetic field, for example, the relative magnetization configuemitter voltage V.sub.CE. The graph thus shows the I.sub.Cration of the free layer and the pin layer can be rendered into
V. sub.CE characteristics of the spin-filter transistor and a load
two configurations, namely, parallel or antiparallel. These
line 46 of the load resistance 44 in the same chart.
two magnetization configurations are associated with binary
The output voltage V.sub.O is determined by the intersec- 30 stored information.
tion of these characteristics. Specifically, the output signals in
In the spin transistor, based on a conduction phenomenon
the cases where the magnetization configuration between the
that varies depending on the spin direction of the carrier, such
first and second ferromagnetic barrier layers 2 and 6 is paras spin-dependent scattering, tunneling magnetoresistance
allel and antiparallel would be V.sub.O.uparw..uparov. and
effect, or spin-filter effect, output characteristics correspondVrub.O.dwnarw..uparw., as shown in FIG. 4(C). The abso- 3 5 ing to the internal magnetization configuration of the transislute values of V.sub.O.uparw..uparw. and V.sub.O.dwnarw..utor can be obtained. The spin transistor comprises a first
parw. and the ratio of V.sub.O.uparw..uparw. and V.sub.O.delectrode structure for injecting spin-polarized carriers, a secwnarw..uparw. can be optimized by means of circuit
ond electrode structure for receiving the spin-polarized carparameters (R.sub.L and V.sub.CC). Thus, using the nonvolariers, and a third electrode structure for controlling the quantile memory device of the present embodiment, output signals 40 tity of spin-polarized carriers that are transported from the
of required magnitudes and a required ratio of output signals
first electrode structure to the second electrode structure.
can be obtained without adjusting the structure of the eleThe spin transistors operate on the same principle as that of
ments themselves, as in a MTJ.
the conventional transistors with the exception of the involveThe spin-filter effect utilized by the transistor of the present
ment of the spin-dependent conduction phenomenon. Thus,
embodiment is provided by the spin band splitting of the 45 the spin transistors can be classified into current-driven tranferromagnet, such that a higher spin selectivity can be
sistors such as bipolar transistors, and voltage-driven transisobtained than is possible with the TMR effect of MTJ. When
tors such as field-effect transistors. In terms of the currentthe base width is set to be no more than the mean free path of
driven transistor, the first electrode structure corresponds to
the spin-polarized hot carriers, the current transfer ratio a
the emitter, the second electrode structure corresponds to the
(defined as being equal to I.sub.0/I.sub.E) can be 0.5 or more 50 collector, and the third electrode structure corresponds to the
when the relative magnetization configuration between the
base. The spin-filter transistor described with reference to the
first and second ferromagnetic barrier layers is parallel. Howpresent embodiment is a current-driven transistor. In terms of
ever, when the relative magnetization configuration is antithe voltage-driven transistor, the first electrode structure corparallel, the current transfer ratio is extremely small. Thus,
responds to the source, the second electrode structure correthe change in the current transfer ratio between parallel mag- 55 sponds to the drain, and the third electrode structure correnetization and antiparallel magnetization is even more amplisponds to the gate. The output current in the spin transistor
fied in terms of current gain .beta. (defined as being equal to
(collector current or drain current) changes depending on the
I.sub.E/I.sub.B). By optimizing the output signal using the
magnetization configuration of the ferromagnet contained in
above-described peripheral circuitry with reference to the
the spin transistor even under the same bias condition.
output characteristics of the spin-filter transistor that vary 60
The details of the spin transistor will be described later. In
greatly depending on the magnetization configuration, output
the following, the general output characteristics of a spin
signals of desired absolute values and their desired ratio can
transistor and a nonvolatile memory employing a spin tranbe easily obtained.
sistor will be described. It is assumed in the following that the
Hereafter a nonvolatile memory circuit utilizing a transisrelative magnetization configuration between the free layer
tor (to be hereafter referred to as a "spin transistor") with 65 and the pin layer can be rendered parallel or antiparallel by
output characteristics that depend on the spin direction of the
applying a magnetic field to the free layer in the spin transiscarriers is described.
tor. It is also assumed that the magnetization configuration
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can exist stably unless a magnetic field exceeding the coersuitable for microfabrication can be easily obtained by, for
civity of the free layer is applied.
example, causing adjacent memory cells to use the source in
FIG. 5(A) schematically shows an example of the output
common.
characteristics of a current-driven spin transistor. As in a
The aforementioned writing/sensing bitlines and writing/
conventional current-driven transistor, although the collector 5 sensing wordlines will be hereafter referred to simply as a
current I. sub.0 can be controlled by the magnitude of the base
bitline BL and a wordline WL, respectively.
current I.sub.B, it is also dependent on the magnetization
Information can be written over by causing a current to
configuration of the ferromagnet contained in the spin tranflow through the bitline BL and the wordline WL that intersistor. In the example of FIG. 5(A), even when the bias
sect over a selected memory cell and then inverting the free
applied to the spin transistor is the same (I.sub.B=I.sub.B1),
io layer of the selected memory cell with a composed magnetic
the collector current I.sub.C.uparw..uparw. in the case of parfield induced by the current through the respective lines. In
allel magnetization is large, whereas the collector current
order not to allow non-selected cells connected to the same
I. sub.C.dwnarw..uparw. in the case of antiparallel magnetizabitline
BL or wordline WL as those of the selected cell to be
tion is small.
FIG. 5(B) schematically shows an example of the output 15 inverted by magnetization, a current value that is caused to
flow in each line is set in advance such that no magnetization
characteristics of a voltage-driven spin transistor. As in a
inversion is caused by a magnetic field emitted by one of the
conventional field-effect transistor, such as a MOS transistor,
lines.
when the gate source voltage (V.sub.GS) is smaller than the
When sensing information, a voltage is applied to the
threshold value V.sub.T(V.sub.GS<V.sub.T), the spin transistor is in an off state where hardly any drain current flows. 20 wordline WL of a selected cell so as to cause the spin transistor to conduct, and then a voltage is applied to the bitline
Although the spin transistor conducts when a V.sub.GS
exceeding V.sub.T is applied, the drain current value differs
BL to detect the magnitude of the drain current. Based on the
depending on whether the ferromagnets contained in the spin
magnitude of the drain current, the relative magnetization
transistor have parallel magnetization or antiparallel magneconfiguration of the free layer and the pin layer can be
tization, even under the same bias condition 25 detected.
(Vsub.GS=V.sub.GS1). In the case of FIG. 3(B), the drain
FIG. 6(B) shows the memory circuit shown in FIG. 6(A), to
current I.sub.D.dwnarw..uparw. is larger for parallel magnea bitline end of which an output terminal V.sub.O is contization whereas the drain current I. sub.D.dwnarw..uparw. is
nected, with a branch from the output terminal V.sub.O consmall for antiparallel magnetization.
nected to a power supply voltage Vsub.DD via a load. FIG.
Thus, the spin transistor, whether it is current-driven or so 6(C) shows the static characteristics and operating points of
voltage-driven, can electrically detect the magnitude of the
the memory cell shown in FIG. 6(B). Although an active load
relative magnetization configuration of the free layer and the
160 consisting of a depletion-type MOS transistor is used as
pin layer contained in the device using the magnitude of the
the load in this example, pure resistance may be used, as
collector current or the drain current. As mentioned above, the
shown in FIG. 4(B). Referring to FIG. 6(C), when sensing
relative magnetization configuration in the ferromagnet can 35 information, a gate voltage V.sub.GS is applied to the gate of
exist stably unless a magnetic field exceeding the coercivity
a spin transistor 150 and a power supply voltage V sub.DD is
of the free layer is externally applied. Thus, the spin transistor
applied to the bitline BL via a load. This causes the operating
can store binary information in a nonvolatile manner by renpoint due to the active load to move along the load curve
dering the relative magnetization configuration of the free
shown in FIG. 6(C) (between P11 and P12) depending on the
layer and the pin layer contained in the device parallel or 40 magnetization configuration between the pin layer and the
antiparallel. Therefore, using the spin transistor, a 1-bit nonfree layer. As a result, the output signal V.sub.O would be
volatile memory cell can be configured with a single spin
V.sub.O.uparw..uparw. or Vsub.O.dwnarw..uparw. for the
transistor.
parallel or antiparallel magnetization, respectively. The absoIn the following, a nonvolatile memory employing a voltlute values of the output signals and their ratio (V.sub.O.uparage-driven spin transistor will be described. The same con- 45 w..uparw./V.sub.O.dwnarw..uparw.) can be optimized using
figuration can be adopted where a current-driven type spin
the transistor characteristics of the active load or the paramtransistor is used in a memory cell.
eters of peripheral circuitry, such as V.sub.DD. For example,
FIG. 6(A) shows an example of the memory cell using the
by optimizing the intersection of the static characteristics of
spin transistor. FIG. 6(B) shows an example of a memory
the spin transistor and the load curve of the active load, a large
circuit configured with the memory cell. The relationship 50 output signal ratio can be obtained even when the drain curbetween FIGS. 6(A) and FIG. 6(B) is the same as that
rent ratio I.sub.O.uparw..uparw./I.sub.O.dwnarw..uparw. is
between FIGS. 4(A) and FIG. 4(B). In the memory circuit
small. Further, even if there are variations in the values of
shown in FIG. 6(A), a number of spin transistors 150 are
I. sub.O.uparw..uparw. and I.sub.O.dwnarw.uparw. among
arranged in a matrix, with the sources S grounded and the
memory cells, the fluctuation in the output voltage can be
drains D and the gates G connected to a bitline BL for sensing 55 almost eliminated as long as the saturation current of the
and a wordline WL for sensing, respectively. A wordline for
active load is larger than I.sub.O.dwnarw..uparw. and smaller
writing and a bitline for writing are arranged to intersect one
than I.sub.C.uparw..uparw. Because, no sense amplifiers are
another above the spin transistors 150 in a manner electrically
used for sensing information, a high-speed sensing can be
insulated from other wires. The wordline for writing and the
performed. Thus, the memory circuit of the present embodibitline for writing may be combined with the aforementioned 60 ment is advantageous in that output signals of a desired magbitline BL for sensing and the wordline WL for sensing, as
nitude can be easily obtained and in that a high-speed sensing
shown in FIGS. 6(A) and (B). In the case of FIGS. 6(A) and
can be performed.
(B), a memory cell can be configured with a single spin
In the conventional memory cell utilizing the MTJ and
transistor, and also a very simple wiring arrangement can be
MOS transistors, output voltages produced by the resistance
adopted.
65 of a MTJ are sensed by a sense amplifier. In this case, howParticularly in the case of a voltage-driven spin transistor,
ever, because the output voltage is determined by the value of
which has a similar form to that of a MOS transistor, a layout
the current through the MTJ and the impedance of the MTJ
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(junction resistance), the output voltage ratio cannot be freely
227 may be formed by a nonmagnetic semiconductor. The
adjusted by peripheral circuitry.
collector 231 may be formed by a nonmagnetic semiconducIn the following, the structure of a spin transistor that can
tor or a nonmagnetic metal.
be used in the nonvolatile memory circuit of the present
Between the emitter 221 and the emitter barrier 223, an
embodiment will be described with reference to the drawings, 5 ohmic contact or a tunnel contact is formed. Between the base
using abbreviations FM for ferromagnetic metal, FS for elec225 and the emitter barrier 223, and between the base 225 and
trically conductive ferromagnetic semiconductor, IFS for
the collector barrier 227, a junction exhibiting a band disconinsulating ferromagnetic semiconductor, and NM for a nontinuity as shown in FIG. 9 is formed. This band discontinuity
magnetic material. In particular, an "NM metal" designates a
can be realized by a Schottky junction between NM semiconnonmagnetic metal, and an "NM semiconductor" designates io ductor and FM, or by a heterojunction between NM semicona nonmagnetic semiconductor. First, a group of spin transisductor and FS. Alternatively, a Schottky junction may be
tors of the current-driven type will be described.
formed between FS and FM, and the resultant Schottky barFIG. 7 shows an energy band diagram of a hot-electron
rier may be used as the emitter barrier, with FS and FM
transistor type spin transistor. A spin transistor 200 comprises
functioning as emitter and base, respectively.
an emitter 201 and a base 205 that are formed by FM or FS. 15
The spin-polarized carriers diffused from the emitter 221 to
Specifically, the spin transistor 200 comprises emitter 201
the emitter barrier 223 through the application of a bias to the
formed by FM (or FS); emitter barrier 203 formed by NM;
base 225 with respect to the emitter 221 are injected to the
base 205 formed by FM (or FS); collector barrier 207 formed
base 225 as hot carriers by thermionic emission. When the
by NM; and collector 211 formed by NM. NM may be either
emitter 221 and the base 225 possess parallel magnetization,
a nonmagnetic metal or a nonmagnetic semiconductor.
20 the spin-polarized hot carriers injected into the base 225 can
In the spin transistor 200 shown in FIG. 7, spin-polarized
reach the collector without being subjected to spin-dependent
hot carriers are tunnel-injected from the emitter 201 to the
scattering. However, when the emitter 221 and the base 225
base 205 via the emitter barrier 203. When the emitter 201 and
possess antiparallel magnetization, the spin-polarized hot
the base 205 possess parallel magnetization, the injected spincarriers are rendered into a base current by spin-dependent
polarized hot carriers hardly experience spin-dependent scat- 25 scattering. In this transistor 220 too, because it utilizes spintering within the base 205. Thus, by setting the base width
dependent scattering in the base, there is a tradeoff, as in the
such that the carriers can pass through the base 205 ballistiabove-described spin transistor 200, between the ratio of the
cally, the carriers can be transported beyond the collector
current transfer ratio in the case of parallel magnetization and
barrier 207 to the collector 211. This is a transistor operation
that in the case of antiparallel magnetization, and the current
similar to that of a conventional hot electron transistor.
30 transfer ratio in the case of parallel magnetization. The tranOn the other hand, when the emitter 201 and the base 205
sistor 220, however, is advantageous as compared with the
possess antiparallel magnetization, the spin-polarized hot
spin transistor 200, which utilizes tunnel injection, in that a
carriers injected from the emitter 201 to the base 205 lose
larger current driving force can be obtained and in that a room
energy due to the spin-dependent scattering within the base
temperature operation can be easily realized.
205 and are therefore unable to overcome the collector barrier 35
FIG. 9 shows an energy band diagram of a hot-electron
207, resulting in a base current. Namely, when the emitter 201
transistor type spin transistor utilizing the spin-filter effect.
and the base 205 possess antiparallel magnetization, the curAlthough the transistor has already been described in detail,
rent transfer ratio drops as compared with the case of parallel
its characteristics will be briefly described. A spin transistor
magnetization. Therefore, even if the same bias is applied to
240 shown in FIG. 9 comprises an emitter barrier 243 and a
the spin transistor 200, the current transfer ratio or current 40 collector barrier 247 that are formed by IFS. Via an emitter
gain varies depending on the difference in the relative mag241, which is formed by an NM semiconductor (or an NM
netization configuration between the emitter 201 and the base
metal), the carriers with one spin can be selectively injected
205. The spin transistor 200 can be operated at room temperainto the base 245, which is formed by an NM semiconductor
ture by appropriately selecting the collector barrier height, for
(or an NM metal), through the spin-filter effect provided by
example.
45 the emitter barrier 243. When the base width is set to be not
In the spin transistor 200, if the ratio of the current transfer
greater than the mean free path of the spin-polarized hot
ratio in the case where the emitter-base junction has parallel
carriers, the spin-polarized hot carriers injected into the base
magnetization and that in the case where the junction has
245 are transported to the base 245 ballistically. In this case,
antiparallel magnetization is to be increased, the base width
the spin transistor 240 is biased such that the spin-polarized
must be sufficiently large so that the spin-dependent scatter- 5o hot carriers are injected into the energy-split width between
ing can effectively function. However, when the base width is
an up-spin band (a spin band edge designated by the upward
increased, the current transfer ratio becomes smaller even
arrow in FIG. 9) and a down-spin band (a spin band edge
when the emitter-base junction has parallel magnetization,
designated by the downward arrow in FIG. 9). When the
dropping below 0.5, for example. Thus, there is a tradeoff
emitter barrier 243 and the collector barrier 247 have parallel
between an increase in the base width and a decrease in 55 magnetization, the spin-polarized hot carriers injected into
amplification function.
the base 245 can overcome the barrier of the spin band of
FIG. 8 shows an energy band diagram of a hot-electron
lower energy in the collector barrier 247 through the spintransistor type spin transistor in which thermionic emission is
filter effect of the collector barrier 247, and therefore propautilized as a mechanism for injecting spin polarized carriers
gate to a collector 251, which is formed by an NM semiconto the base. As shown in FIG. 8, a spin transistor 220 com- 6o ductor (or an NM metal). On the other hand, when the emitter
prises an emitter 221 formed by FM (or FS); a base 225
barrier 243 and the collector barrier 247 have antiparallel
formed by FM (or FS); and an emitter barrier 223 disposed
magnetization, most of the spin-polarized hot carriers cannot
between the emitter and the base and formed by NM. Furovercome the collector barrier 247 because of the spin-filter
thermore, on the opposite side to the junction between the
effect of the collector barrier 247, resulting in a base current.
base 225 and the emitter barrier 223, there is provided a 65
Thus, inthe spintransistor240, the currenttransferratio (or
collector barrier 227 formed by NM and a collector 231
the current gain) differs depending on the relative magnetiformed by NM. The emitter barrier 223 and collector barrier
zation configuration of the emitter barrier 243 and the collec-

US 8,026,563 B2
19

20

tor barrier 247. Because the spin-filter effect provides a very
high spin-selectivity, the ratio of current transfer ratio in the
case of parallel magnetization and that in the case of antiparallel magnetization can be increased.
Furthermore, in the spin transistor 240, the base width can
be made sufficiently small. Therefore, in contrast to the spin
transistor that utilizes spin-dependent scattering; as in the
cases shown in FIGS. 7 and 8, the spin transistor 240 is
advantageous in that there is no tradeoff between the current
gain relating to the base width and the spin selectivity.
FIG. 10 shows an energy band diagram of a tunnel base
transistor type spin transistor. As shown in FIG. 10, a tunnel
base transistor type spin transistor 260 comprises an emitter
261 and a collector 265 that are formed by a p-type (or an
n-type) FS, and a tunnel base 263, which is formed by an
n-type (or a p-type) NM semiconductor. In the emitter-base
junction and in the base-collector junction, a heterojunction
of type II is preferably used so that the base 263 becomes a
barrier to the holes (or electrons). The base width is reduced
sufficiently that a tunneling current from the emitter to the
collector is produced.
In the structure shown in FIG. 10, when the emitter 261 and
the collector 265 have parallel magnetization, the carriers
with the majority spin in the emitter can be easily transported
to the collector 265 through tunneling, namely, the tunnel
conductance is large. However, when the emitter 261 and the
collector 265 have antiparallel magnetization, the tunnel conductance is reduced by the tunneling magnetoresistance
(TMR) effect. Thus, the magnitude of the collector current
can be controlled by the relative magnetization configuration
between the emitter 261 and the collector 265.
If the TMR ratio in the spin transistor 260 can be increased,
the change in collector current that depends on the magnetization configuration between emitter and collector can be
increased. In order to allow the TMR effect to be effectively
exhibited in the spin transistor 260, it is preferable to prevent
the depletion layer from expanding towards the collector
when a reverse bias is applied across the base-collector junction. It is noted, however, that if the depletion layer is
expanded towards the base, a problem could possibly arise in
the collector current saturation characteristics.
When the base layer in the spin transistor 260 is heavily
doped so as to prevent the spreading of the depletion layer and
to cause the depletion layer in the base-collector junction to
spread towards the collector, the TMR effect in the base
cannot be expected. However, the carriers injected into the
collector are subjected to spin-dependent scattering in the
collector resistance, resulting in increased resistance. By utilizing this spin-dependent scattering, the magnitude of the
collector current can be varied by the magnetization configuration in the emitter-collector junction. It is possible, however, that the effect is not so large as that obtained with the
TMR effect because the resistance change through spin-dependent scattering is small.
Hereafter, a group of voltage-driven spin transistors will be
described with reference to the drawings.
FIG. 11 shows a cross-section of a MOS transistor type
spin transistor. As shown in FIG. 11, the MOS transistor type
spin transistor 300 comprises an NM semiconductor 301 on
which a source 303 formed by FM, a drain 305 formed by FM,
and a gate electrode 311 are formed, the gate electrode via a
gate insulating film 307. A Schottky junction of FM and an
NM semiconductor is used for the source 303 and the drain
305. The other structures are the same as those of a conventional MOS transistor.
Spin-polarized carriers injected from the source 303 into a
channel formed directly below the gate insulating film 307 of

the NM semiconductor 301 pass through the channel to the
drain 305 (hereafter, the influence of the Rashba effect due to
the gate electric field of the spins injected into the channel will
be ignored for simplicity). When the source 303 and the drain
305 have parallel magnetization, the spin-polarized carriers
injected into the drain 305 are not subject to spin-dependent
scattering. When they have antiparallel magnetization, however, resistance by spin-dependent scattering is produced in
the drain electrode 305.
Thus, in the transistor 300, the mutual conductance differs
depending on the relative magnetization configuration
between the source and drain.
The source 303 and the drain 305 may be formed by FS,
and a pn junction is formed between each and the semiconductor 301.
FIG. 12 shows a cross section of a modulation-doped transistor type spin transistor. The spin transistor 320 comprises a
source 323 of FM (or FS) in contact with the two-dimensional
carriers gas produced at the boundary between a first NM
semiconductor 321 and a second NM semiconductor 327; a
drain 325 formed by FM (or FS); and a gate electrode 331.
The spin transistor 320 is identical to a conventional modulation-doped transistor with the exception that the source 323
and drain 325 are formed by a ferromagnet.
Spin-polarized carriers are injected from the source 323 to
a channel 333 formed by the two-dimensional carrier gas. The
spin-polarized carriers that reach the drain 325 have different
mutual conductance depending on the relative magnetization
configuration of the source 323 and the drain 325 due to
spin-dependent scattering in the drain 325.
FIG. 13 shows a cross section of a MOS transistor type spin
transistor in which the channel region is formed by FS. The
spin transistor 340 shown in FIG. 13 comprises FS 341 on
which a source 343 formed by FM, a drain 345 formed by NM
(or FM or FS), and a gate electrode 351 via a gate insulating
film 347 are formed. A Schottky junction of FM and FS is
used in the source 343; except for that, the structure is identical to that of a conventional MOS transistor.
Spin-polarized carriers are injected from the source 343
into the channel 341 by tunneling through the Schottky barrier. Based on the TMR effect and the spin-dependent scattering in the channel of FS 341 during tunneling injection, a
mutual conductance that depends on the relative magnetization configuration of the source 343 and FS 341 is realized.
FIG. 14 shows a cross section of a spin transistor 360
comprising a tunnel junction structure in which an insulating
NM tunnel barrier 365 is disposed between a source 361
formed by FM (or FS) and a drain 363 formed by FM (or FS).
It is a spin transistor with the gate electrode 371 disposed such
that an electric field can be applied to the tunnel barrier 365.
The thickness of the tunnel barrier 365 is preferably set
such that no Fowler-Nordheim (FN) tunneling occurs when
only a source-drain bias is applied. A triangular potential at
the band edge of the tunnel barrier produced by applying a
bias across the source-drain junction is varied by the gate
voltage in order to induce FN tunneling and obtain a drain
current.
Spin-polarized carriers injected from the source 361 are
subject to spin-dependent scattering in the drain 363 depending on the relative magnetization configuration of the source
361 and drain 363. Thus, the mutual conductance of the
transistor can be controlled by the relative magnetization
configuration between the source and drain.
FIG. 15 shows a cross section of a spin transistor 380,
which is similar to the spin transistor 360 shown in FIG. 14
with the exception that the tunnel barrier comprises a tunnel
barrier 385 formed by IFS. While a source 381 must be FM or
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FS, a drain 383 may not be a ferromagnet. In the IFS tunnel
barrier layer 385, the barrier height differs depending on the
spin direction of the carriers. A bias is therefore applied
between the source and drain and across the source-gate
junction such that the transistor conducts when the source 381
and the tunnel barrier 385 have parallel magnetization. Under
the same bias condition, when the source 381 and tunnel
barrier 385 have antiparallel magnetization, the tunnel barrier
height as seen from the majority spin in the source 381
increases. As a result, the tunneling probability of the spinpolarized carriers decreases, leading to a decrease in drain
current. Because the spin selectivity provided by this spinfilter effect is extremely large, the change in mutual conductance depending on the relative magnetization configuration
of the source and drain can be increased by using a ferromagnet with a large spin polarization in the source 381.
Any of the above-described various spin transistors may be
used as the memory cells for the memory circuit shown in
FIG. 4 or FIG. 6.
It is also possible to form a configuration in which the two
voltage-driven spin transistors shown in FIGS. 11, 14, and 15
have a common source. FIG. 16(A) shows an example of a
memory cell of a common-source configuration. FIG. 16(B)
shows a cross section of the memory cell of a common-source
configuration.
The memory cell structure shown in FIGS. 16(A) and (B)
comprises a first spin transistor Trl and a second spin transistor Tr2 that are disposed adjacent to one another; a wordline WL connecting a gate electrode G1 of the first spin
transistor Trl and a gate electrode G2 of the second spin
transistor Tr2; a first bitline BL1 connected to a first drain D1
of the first spin transistor Trl; a second bitline BL2 connected
to a second drain D2 of the second spin transistor; a ferromagnetic source S common to the first and second spin transistors Trl and Tr2; and a line connecting the common source
to ground. In this configuration, the common source makes
the cell structure suitable for higher-density integration.
In particular, the voltage-driven spin transistors shown in
FIGS. 11, 14, and 15 preferably comprise a highly insulating
substrate, such as an SOI substrate as shown in FIG. 16(B), so
as to reduce leakage current when the transistor is off.
As described above, the spin-filter transistor and various
spin transistors according to the various embodiments of the
present embodiment are characterized in that the output characteristics can be controlled by the relative magnetization
configuration of the pin layer and free layer within the device.
The relative magnetization configuration is nonvolatile,
namely, the device does not require the feeding of power for
retaining the magnetization configuration. Thus, the device
can store binary information in terms of the relative magnetization configuration in a nonvolatile fashion. Further, using
the aforementioned output characteristics, the relative magnetization configuration can be electrically detected. Thus, a
1-bit nonvolatile memory cell can be configured with a single
spin transistor. Using a nonvolatile memory circuit comprising a spin transistor according to the embodiments of the
invention, the ratio of output signals as well as their magnitudes with respect to the stored information can be freely
designed.
Thus, using the spin transistor according to the embodiments of the invention and a memory circuit comprising the
spin transistor, the operating speed and the level of integration
of a nonvolatile memory circuit can be increased.
While the present invention has been described with reference to various embodiments thereof, the present invention is
not limited by any of these embodiments. It should be obvious

to those skilled in the art that various modifications, improvements or combinations can be made.
INDUSTRIAL APPLICABILITY
In accordance with the spin-filter transistor of the present
invention, the output characteristics can be greatly changed
by the relative magnetization configuration of the ferromagnetic barrier layers.
10 A nonvolatile memory circuit comprising a memory cell
employing this spin-filter transistor or a spin transistor with
equivalent characteristics can store binary information in
terms of the relative magnetization configuration of ferro15 magnets contained in the transistor. The relative magnetization configuration can also be detected electrically. Furthermore, using the nonvolatile memory circuit of the present
invention, the output signals with respect to the stored information can be freely designed. Using such a spin transistor, a
20 high-speed and high integration-density nonvolatile memory
circuit can be realized that comprises a 1-bit nonvolatile
memory cell made up of a single transistor.
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The invention claimed is:
1. A transistor, comprising:
a tunnel junction structure and a gate electrode, wherein
said tunnel junction structure comprises:
a tunnel barrier formed of a ferromagnetic material; a
source formed of a ferromagnetic material; and
a drain formed of a nonmagnetic material or a ferromagnetic material, said tunnel barrier being disposed
between said source and said drain, the source being
joined to one end surface of said tunnel barrier, and the
drain being joined to the other end surface of said tunnel
barrier,
wherein said gate electrode is formed over said tunnel
barrier and applies an electric field to the tunnel barrier;
the tunnel barrier has a thickness so that Fowler Nordheim
tunneling from the drain to the source does not occur in
the case that said gate electrode does not apply the electric field to the tunnel barrier and occurs in the case that
said gate electrode applies the electric field to the tunnel
barrier.
2. The transistor according to claim 1, wherein the ferromagnetic material used in said source or said drain is a ferromagnetic metal or a ferromagnetic semiconductor.
3. The transistor according to claim 1, wherein a thickness
of said tunnel barrier is set to be such that a tunnel current can
take place from said source to said drain with application of a
voltage to said gate electrode.
4. The transistor according to claim 1, wherein a magnitude
of mutual conductance or an output current is controlled by
relative magnetization directions of said source and said tunnel barrier.
5. A memory element, comprising:
a tunnel junction structure and a gate electrode, wherein
said tunnel junction structure comprises:
a tunnel barrier formed by a ferromagnetic material;
a source formed by a ferromagnetic material; and
a drain formed by a nonmagnetic material or a ferromagnetic material, said tunnel barrier being disposed
between said source and said drain, the source being
joined to one end surface of said tunnel barrier, and the
drain being joined to the other end surface of said tunnel
barrier,
wherein said gate electrode is formed over said tunnel
barrier,
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wherein a magnitude of mutual conductance or an output
current is controlled by relative magnetization directions of said source and said tunnel barrier,
wherein the transistor further comprises a spin injector for
injecting spin-polarized hot carriers by a spin filter 5
effect; and a spin analyzer for selecting the thus spinpolarized hot earners by the spin-filter effect,
wherein at least one of said spin injector and said spin
analyzer comprises a barrier layer formed of a ferromagnetic material, a free layer having a ferromagnetic mate- io
rial in which a direction of magnetization is indepen-

24
dently controlled, and a pin layer having a ferromagnetic
material in which a direction of magnetization is not
changed, and
wherein said free layer and said pin layer have a first state
and a second state, a first state being a state in which said
free layer and said pin layer have the same magnetization direction, and a second state being a state in which
said free layer and said pin layer have different directions of magnetization.

