13 June 2004 1 MRAM HAVING SEMICONDUCTOR DEVICE INTEGRATED THEREIN
BACKGROUND OF THE INVENTION 5 The present invention relates in general to memory cells and,
more particularly, to a Magnetic Random Access Memory Cell (MRAM). A variety of magnetic
materials and structures have been utilized to form magnetoresistive materials 10 for non-volatile
memory elements, sensors, read/write heads for disk drives, and other magnetic type a%lg)célations.
One prior magnetoresistive element utilized a magnetoresistive material that has uIcl)emagnetic layers
separated by a conductor layer. The 15 magnetization Viectors of the two magnetic layers typically are
anti-parallel to each other in the absence of any magnetic fields. The magnetization vectors of one of
the layers points in one direction and the magnetization vector of the other layer 20 always points in
the opposite directionMRAY aghktic ShAMECEdticd OR sDEY MagnbNE ReraniaRe typRyNequire a
width greater than one micron in order to maintain the orientation of the magnetization vectors along
the width of the cell. 25 The large width requirement limits the density of memories utilizing such
materials. Additionally, reading the stgﬁ\ecgﬁﬁgﬁ'\me%rfégﬁyﬂi&{l FE!]QI'N‘GS a two-phase read
operation that results in very long read cycles. The two phase read operation also 30 requires extra

circuitry to determine the slﬁt]e of the memory, thus 'ncreasin%ihq:cost af such mem(irie% An
1ne . Bresen rnventron  relateés 1n  genera o}
example of Such a magnetic material an

memory cells and, more particularly, to a Magnetic

Random Access Memory Cell (MRAM).
A variety of magnetic materials and structures
have been utilized to form magnetoresistive materials
10 for non-volatile memory elements, sensors, read/write
heads for disk drives, and other magnetic type
applications. One prior magnetoresistive element
utilized a magnetoresistive material that has two
magnetic layers separated by a conductor layer. The
15 magnetization vectors of the two magnetic layers
typically are anti-parallel to each other in the
absence of any magnetic Tfields. The magnetization
vectors of one of the layers points in one direction
and the magnetization vector of the other layer
20 always points 1in the opposite direction. The
magnetic characteristics of such magnetic materials
typically require a width greater than one micron in
order to maintain the orientation of the
magnetization vectors along the width of the cell.
25 The Ularge width requirement limits the density of
memories utilizing such materials. Additionally,
reading the state of such memories typically requires
a two-phase read operation that results in very long
read cycles. The two phase read operation also
30 requires extra circuitry to determine the state of
the memory, thus 1increasing the cost of such
memories. An example of such a magnetic material and



13 June 2004 2 memory is disclosed in United States Patent Number 4,780,848 issued to Daughton
et al. on October 25, 1988. Another prior material uses multi-layer giant 5 magnetoresistive materials
(GMR) and utilizes submicron width, in order to increase density. In this structure, the two magnetic
layers are also separated by a conductor layer and the magnetization vectors are parallel to the
length of the magnetic 10 material. In one embodiment the magnetization vec{%r 15 of one magnetic
material layer is always maintained in one direction while the magnetization Vector o e second
magnetic layer switches between parallel and antiparalfel to the first vector. In these two above
described materials, electrons having a specific "spin" (magnetization vector points in a specific
direction) conduct in- plane through the stack of the two magnetic layers and a conductor spacer
layer. If the spin of tHeMAsY0 hsagAdsckgeasard thelidhitedthStrtesnsHedrN thidughete stack

with low scattering whiglnesidis ii@g\{yégsis@gn%ﬁdhgéﬁin@f ong of tha Magpshe raysss is

opposite to the other magnetic layer, the electron of a given spin cannot easily travel to the 25 other

magnetic layer. Thisréi8its in increased electron scattering and therefore a higher resistance can be

measured. In order to detefmnehibe logiceb stateaker idmonsed | utiliding tHesematgiialstthe

memory g magnetoresistive materials (GMR) and utilizes
submicron width, in order to increase density. In
this structure, the two magnetic layers are also
separated by a conductor layer and the magnetization
vectors are parallel to the length of the magnetic

10 material. In one embodiment the magnetization vector
of one magnetic material layer is always maintained
in one direction while the magnetization vector of
the second magnetic layer switches between parallel
and antiparallel to the first vector.

15 In these two above described materials,
electrons having a specific 'spin" (magnetization
vector points in a specific direction) conduct 1iIn-
plane through the stack of the two magnetic layers
and a conductor spacer layer. If the spin of the two

20 magnetic layers are the same, the electrons travel
through the stack with low scattering which results
in low resistance. If the spin of one of the magnetic
layers is opposite to the other magnetic layer, the
electron of a given spin cannot easily travel to the

25 other magnetic layer. This results 1In increased
electron scattering and therefore a higher resistance
can be measured.

In order to determine the logical state of a
memory cell utilizing these materials, the memory

30 cell has a reference cell and an active cell. The
reference cell always provides a voltage
corresponding to one state (either always a "1" or



30 cell has a reference cell and an active cell. The reference cell always provides a voltage
corresponding to one state (either always a "1" or 13 June 2004 3 always a "0"). The output of the
reference cell is compared to the output of the active cell in order to determine the state of the
memory cell. The requirement for an active and a reference cell 5 reduces the density of a memory
that utilizes such elements. An example of such a magnetic material and memory is disclosed in
United States Patent Number 5,343,422 issued to Kung et al. on Aug. 30, 1952. YRPSn6ther prior
material using multi-layer 10 magnetoresistive materialg of submicron width comprises two magnetic
layers separated instead by an insulator spacer (known as a tunnel junction). In one embodiment the
magnetization vector of one magnetic material layer is always maintained in one 15 direction while the
magnetization vecto? bi@ys sacorfdf hagnetitgayii EpittheFbdineenpbediRnand cahkibakslel (parallel

but oppqsite_) to the Eb’?ﬁp_‘éﬁ%_@lr- ﬁbﬂiﬁéﬂ rtﬁ’l_ﬁ’tbh_”ﬁ“@% tigelrerscigdngal ?Q PRE6IFgeFPio
(magnetization vector %omts_ln a S£E0|flc direction) tLipneI rom one ma)?:etlc er through the
insulator spacer to tHE B8HASgndte layBtathe Phh oftthE re8SHAL agﬁ?elﬁt'layer iEHfe same as

the electron, the elecequ ersie A% turfioafs irdo theambpwetic &ayer aad tirerBéarerseclow 8@ Idsistance is
meag”edjémeSpméﬁﬁgagm%wg@density of a memory that utilizes such
elements. An example of such a magnetic material and
memory 1is disclosed in United States Patent Number
5,343,422 i1ssued to Kung et al. on Aug. 30, 1994.
Yet another prior material using multi-layer
10 magnetoresistive materials of  submicron width
comprises two magnetic layers separated instead by an
insulator spacer (known as a tunnel junction). In
one embodiment the magnetization vector of one
magnetic material layer is always maintained In one
15 direction while the magnetization vector of the
second magnetic layer switches between parallel and
antiparallel (parallel but opposite) to the Tfirst
vector.
In this tunnel junction, electrons having a
20 specific "spin” (magnetization vector points iIn a
specific direction) tunnel from one magnetic Ilayer
through the insulator spacer to the other magnetic
layer. IT the spin of the receiving magnetic layer
iIs the same as the electron, the electron easily
25 tunnels 1Into the magnetic layer and therefore a low
resistance iIs measured. If the spin of the receiving
magnetic layer is the opposite of the electron, the
electron cannot easily tunnel to the second magnetic
layer and a higher resistance i1s measured.
30 In order to determine the logical state of a
memory cell utilizing this material, a resistance
difference between the two possibilities is detected.



magnetic layer is the opposite of the electron, the electron cannot easily tunnel to the second
magnetic layer and a higher resistance is measured. In order to determine the logical state of a
memory cell utilizing this material, a resistance difference between the two possibilities is detected. 13
June 2004 4 An example of such a magnetic material and memory is disclosed in United States
Patent Number 5,734,605 issued to Zhu et al. on March 31, 1998. A magneti&rand%rg a0eess

memory (MRAM) is a non- 5 volatile memory which basically includes one of ese Rfatérs S, an

active device which can be a transistor or diode conneéted to a sense line, and a word line. The
MRAM employs the magnetoresistance effect to store memory states. Magnetic vectors in one or all
10 of the magnetic layers of the material are switched very quickly from one direction to an opposite
direction when a maynegxaspRlic aphlitH@tha magtrkboematedrdiakh@domenesdrdis) to the

direction of the magpgte Y8 inj Hheunateeal. Bxaieies asaeiaied. (Rhb&m Pk, e dpstion can
be defined as a logic "0", %{‘nd anather directjon can be defined as a I(r)%gic "1". The material maintains

these states even WitiiEQ g i BEMP A MR Tt stafeS ) the material can be read by
passing a 20 current through tlegoditinea samsolineadeeassemehdiny dffeRaNMe hetvwaeeendhe

e e SIS NSS40 RS, D s imeen
materials, an active device which can be a transistor
or diode connected to a sense line, and a word line.
The MRAM employs the magnetoresistance effect to
store memory states. Magnetic vectors in one or all

10 of the magnetic layers of the material are switched
very quickly from one direction to an opposite
direction when a magnetic Tield is applied to the
material over a certain threshold. According to the
direction of the magnetic vectors in the material,

15 states are stored, for example, one direction can be
defined as a logic "0, and another direction can be
defined as a logic "1". The material maintains these
states even without a magnetic field being applied.
The states iIn the material can be read by passing a

20 current through the cell i1In a sense line, because of
the difference between the resistances of the two
magnetic states. An example of such a magnetic
material and memory 1is disclosed in United States
Patent Number 5,838,608 issued to Zhu et al. on

25 November 17, 1998.

Each of the above described memory elements
require a diode or a transistor to control the
current through the element. The diode or transistor
IS connected 1In series with the material, e.g.,

30 drain, gate, source, magnetic layer, insulator (or
conductor), and magnetic layer. This transistor for
each memory cell increases the cost of the memory and



25 November 17, 1998. Each of the above described memory elements require a diode or a transistor
to control the current through the element. The diode or transistor is connected in series with the
material, e.g., 30 drain, gate, source, magnetic layer, insulator (or conductor), and magnetic layer.
This transistor for each memory cell increases the cost of the memory and 13 June 2004 55
decreases the density of the chip. An example of such a circuit arrangement {s discloseg in United
States Patent Number 5,734,605 issued to Zhu et al. on March 31, 1998. In additighSin“th& memory
elements based on conductive spacer layer, the resistdnce of the element is mainly controlled by the
resistance of the conductive spacer layer which is low. In the case of an insulating spacer layer, the
resistance of the 10 element is exponentially dependent on the thickness of the insulating spacer
layer and is high andegifiRagas cbhgodaiiphity afd tdsoshdiBly. MsexanpbstafcsidGhversely

proportional to the gjze-@reaief thg

size decreases for higher memoré density. BRIEF DESCRIPTION.OF THE DRAWINGS 2
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In addition, iIn the memory elements based on
conductive spacer layer, the resistance of the
element is mainly controlled by the resistance of the
conductive spacer layer which is low. In the case of
an insulating spacer layer, the resistance of the
element is exponentially dependent on the thickness
of the insulating spacer Qlayer and 1is high and
difficult to control uniformly and reproducibly.
Also the resistance is inversely proportional to the
size (area) of the magnetic bit; therefore, the
resistance increases as the cell size decreases for
higher memory density.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified side view of a multi-
layer magnetic memory cell in accordance with the
present invention;

FIG. 2 1i1s a simplified exploded view of the
multi-layer magnetic memory cell illustrated in FIG.
1;

FIG. 3 i1s a simplified section view of a memory
unit including the multi-layer magnetic memory cell
of FIG. 1;

FIG. 4 i1s a schematic representation of an array
of cells illustrated in FIG. 3.

PadneHemts hereirscsskelrepistanss tae eaigsrasthe cell

FIG.1lisa

Phagnétié ntiRolSeHGH abRordAhcE WithitheOBrdd@hERvention:



multi-layer magnetic memory cell illustrated in FIG. 25 1; FIG. 3 is a simplified section view of a
memory unit including the multi-layer magnetic memory cell of FIG. 1; FIG. 4 is a schematic
representation of an array 30 of cells illustrated in FIG. 3. 13 June 2004 6 FIG. 5 is a schematic
representation of another embodiment of an array of cells similar to those illustrated in FIG. 3. 5
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT Referring to FIG. 1, a memory cell
. . . . . . June 4

in accordance with the present invention includes a magnetic memory cell 1é%avmg a%os?
ferromagnetic layer 11 and a 10 second ferromagnetic layer 13, which are separated by a
semiconductor layer 12. First and second ferromagnetic layers 11 and 13 each can be, for example,
single layers of ferromagnetic materials such as nickel, iron, cobalt, or alloys thereof. As 15 another
example, the ferromagneti€ Eyero1 1 and@13GRNEHEG dpyeseTEabhynefic, auekhera layer of

nickel-iron-cobalt cavgfBa friaytr obgobaliraiy payhresrayes PrECty s inelydingdayerpgbcobalt-
iron and nickel-iron-cj alt and cobalt-iron with 20 cobalt-iron at the interface with adjacent layers. As

another example, orld S RIBthabhefid Gaydrs 11 and 13 could be exchange pinned by a layer of
antiferromagnetic manganese based material like iron-manganese, nickel-manganese, platinum

manganese, 25 irndiumypangaes e iR BT RBNINGEMAR B REFERRED EMBOD IMENT

Referring to FIG. 1, a memory cell in accordance
with the present invention includes a magnetic memory
cell 10 having a first ferromagnetic layer 11 and a

10 second ferromagnetic layer 13, which are separated by
a semiconductor layer 12. First and second
ferromagnetic layers 11 and 13 each can be, for
example, single 1layers of ferromagnetic materials
such as nickel, iron, cobalt, or alloys thereof. As

15 another example, the ferromagnetic layers 11 and 13
could be a composite ferromagnetic, such as a layer
of nickel-iron-cobalt covering a layer of cobalt-iron
or three layer structures including layers of cobalt-
iron and nickel-iron-cobalt and cobalt-iron with

20 cobalt-iron at the interface with adjacent layers.

As another example, one of the ferromagnetic
layers 11 and 13 could be exchange pinned by a layer
of antiferromagnetic manganese based material 1like
iron-manganese, nickel-manganese, platinum manganese,

25 iridium manganese or similar pinning material.

Materials that are suitable for semiconductor
layer 12 include, for example, most semiconductor
materials such as germanium, silicon, or gallium
arsenide. First and second ferromagnetic layers 11

30 and 13 typically comprise different materials and/or
different thicknesses or one being exchange pinned,
thereby providing a distinct ©resistance change

depending on the magnetic state.



Materials that are suitable for semiconductor layer 12 include, for example, most semiconductor
materials such as germanium, silicon, or gallium arsenide. First and second ferromagnetic layers 11
30 and 13 typically comprise different materials and/or different thicknesses or one being exchange
pinned, thereby providing a distinct resistance change depending on the magnetic state. 13 June
2004 7 Although shown having two ferromagnetic layers in this embodiment, igshould blg_ounderstood

the magnetic cell 10 could have additional layers stacked on top forming mu?tlpléTEéll?s. 094example,

another 5 semiconductor material (not shown) could be7positioned above the second ferromagnetic
layer 13, and a third ferromagnetic layer (not shown) positioned on top of the second semiconductor
layer. It should also be understood that there could be 10 an interfacial layer of another material
between the ferromagnetiédldyeeaal semivonddaviRgertivordee no@mhanes iise ihrraas of the

electron in and out oha feremagaetie ByREHHO a SeMIGORNUCDr Iayer. THAURGEG PEWAO flke 2, an
enlarged exploded view 1% 92‘: C%”e} isli(glu%tcr)%tfg. (?ortions &%f'G- 2 ttiat Qa\ée the sam ergference
I

ma e av l10na rs .
numbers as FIG. 1 aredhe same as the corresponding FIG T elements. I the pre?erre embodiment,

ferromagnetic layer®®1 &8 1508/ Rt tabgbiamaiRl sie¥ofmed WRA tIRGERLSxis BR28 Bdgnetization
along a length 27 antbnadicaladg enwitdth 26e Eerrdalagnetiadayers dA@and) 13 eaclubave be

magnetization VeCtOﬁ%glttq%tn%rg pgﬁicgiggedche second ferromagnetic layer 13,
and a third ferromagnetic layer (not shown)
positioned on top of the second semiconductor layer.

It should also be understood that there could be
10 an interfacial layer of another material between the
ferromagnetic layer and semiconductor layer in order
to enhance the injection of the electron in and out
of a ferromagnetic layer into a semiconductor layer.
Turning now to FIG. 2, an enlarged exploded view
15 of cell 10 is illustrated. Portions of FIG. 2 that
have the same reference numbers as FIG. 1 are the
same as the corresponding FIG. 1 elements. In the
preferred embodiment, ferromagnetic layers 11 and 13
are rectangular and are formed with the easy axis of
20 magnetization along a length 27 and not along a width
26. Ferromagnetic layers 11 and 13 each have
magnetization  vectors 21 that are positioned
substantially along length 27, that is, substantially
parallel to length 27. Additionally, width 26 1is
25 formed to be smaller than the width of the magnetic
domain walls or transition width within layers 11 and
13. Consequently, vectors 21 can not be parallel to
width 26. Typically, widths of less than 1.0 to 1.2
microns result 1in such a constraint. In the
30 preferred embodiment, width 26 is 1less than one
micron and is as small as can be made Dby
manufacturing technology, and length 27 is greater
than width 26, generally five times or greater.
As i1llustrated in FIG. 1, vectors 21 and 22 in
35 ferromagnetic layers 11 and 13 represent two



substantially along length 27, that is, substantially parallel to length 27. Additionally, width 26 is 25
formed to be smaller than the width of the magnetic domain walls or transition width within layers 11
and 13. Consequently, vectors 21 can not be parallel to width 26. Typically, widths of less than 1.0 to
1.2 microns result in such a constraint. In the 30 preferred embodiment, width 26 is less than one
micron and is as small as can be made by manufacturing technology, and Ieri th 27 is rg%téler than
width 26, generally five times or greater. As illustrated in FIG. 1, vectors 21 an 25%16‘3%
ferromagnetic layers 11 and 13 represent two 13 June 2004 8 different states of magnetization within
cell 10. In this embodiment, the magnetic vector 21 in ferromagnetic layer 11 is "pinned" in one
direction by a magnetic layer (described later). Another 5 embodiment could include the ferromagnetic
layer 11 having botf VEERIFERE Fkpdrst sHolg@eetidaticut bLthezeced khd damelNectors and

that they are given giffpgent iyBBerFRINX 0 indigrte diffgrpri gfaies. Qe dpte isyeferreghto as a 10
logic "0" and the other state is a I%%j%' “. While it will be understood hy those skjlled in the art that

any logic definition cant BEHESHR ]ai%rstage, ifShis RYAREE wiEh Pi&ord BHEFHAL magnetic
layers 11 and 13 bobypoit tmdgnlettikS inllayerd, cétldSas iladogita@esite andAmodmesector 22 in

ferromagnetic layer 433 iy figh ePRSTIFS M FRIFUER! 1hE "R I98habridtfe 1ayer 11
having both vectors 21 and 22. It should be
understood that these are the same vectors and that
they are given different numbers only to indicate
different states. One state 1is referred to as a

10 logic 0" and the other state is a logic "1". While
it will be understood by those skilled in the art
that any logic definition can be assigned to either
state, in this example when vectors 21 of
ferromagnetic layers 11 and 13 both point to the left

15 in FIG. 1, cell 10 is in a logic "0" state and when
vector 22 i1n TfTerromagnetic layer 13 1is in the
opposite direction cell 10 is in a logic "1" state.
Thus, for a first state magnetization vectors in both
layers 11 and 13 point in a first direction and for a

20 second state magnetization vectors iIn layers 11 and
13 are pointing i1In the opposite direction. The
magnetic vectors are only pointing 1in opposite
directions (antiparallel) when specific magnetic
fields are applied to cell 10, as will be explained

25 in more detail presently.

Cell 10 may be designed with one of
ferromagnetic layers 11 or 13 thinner than the other
so that a smaller magnetic Tfield will switch the
magnetization vectors of the thinner layer than is

30 required to switch the magnetization vector of the
other layer. Another way to accomplish this result
iIs to form one layer out of magnetic material that



Thus, for a first state magnetization vectors in both layers 11 and 13 point in a first direction and for a
20 second state magnetization vectors in layers 11 and 13 are pointing in the opposite direction. The
magnetic vectors are only pointing in opposite directions (antiparallel) when specific magnetic fields
are applied to cell 10, as will be explained 25 in more detail presently. Cell 10 may be designed with
one of ferromagnetic layers 11 or 13 thinner than the other so that a smaller ja netic field will switch
the magnetization vectors of the thinner layer than is 30 required to switch thé m§9n§|2a98n vector of
the other layer. Another way to accomplish this result i8 to form one layer out of magnetic material
that 13 June 2004 9 requires a higher magnetic field to switch the magnetization vectors. The
provision of semiconductor layer 12 between ferromagnetic layers 11 and 13 produces a medium 5
which allows a flow bEeUHERSeledtroR kB berpaanaididy tHfdedisl sefbtongudeeayetn®, from
ferromagnetic layer dA4adeioRepatic/Byep 3 (or vice versa). For example, in this structure

depending on the polarizatign of the ferramagnetic 10 material 11, a | r propartion of electrons with
2 Ghven spin (up or down) UTFO@RTAEA o tHe. SEMICHIRKR ORI M e 2IcRSHESI then
maintain their spin pblarizatiagrkiting trdrspers thidlighaihe sdiicqdodtaresateaial med wilh drift to 15

theoﬂuﬂfegomagnﬁﬂqgﬂm@gi}8Wgth%_ flow of current (electron drift)

perpendicularly through semiconductor layer 12, from

ferromagnetic layer 11 to ferromagnetic layer 13 (or

vice versa). For example, 1i1n this structure

depending on the polarization of the ferromagnetic

10 material 11, a larger proportion of electrons with a

given spin (up or down) will be iInjected into the

semiconductor material. The electrons will then

maintain their spin polarization during transport

through the semiconductor material and will drift to

15 the other ferromagnetic contact 13. IT the

polarization of the other ferromagnetic contact 13 is

same as the 1injecting ferromagnetic contact 11,

electrons will drift to the ferromagnetic contact 13

with a minimum resistance. IT the polarization of

20 the other ferromagnetic contact 13 i1s opposite to the

injecting Tferromagnetic contacts 11, some of the

electrons will not be able to drift to the

ferromagnetic contact 13. Therefore, the resistance

of the cell i1s higher. When the magnetization vectors

25 in layers 11 and 13 are antiparallel, the resistance

of cell 10 remains very high. When the magnetization

vectors in Tferromagnetic Hlayers 11 and 13 are

parallel, the resistance of cell 10 drops
perceptibly.

30 FIG. 3 i1s a simplified sectional view of a cell

30, similar to that illustrated in FIG. 1, connected

in a Tirst embodiment. It will of course be



polarization of the other ferromagnetic contact 13 is same as the injecting ferromagnetic contact 11,
electrons will drift to the ferromagnetic contact 13 with a minimum resistance. If the polarization of 20
the other ferromagnetic contact 13 is opposite to the injecting ferromagnetic contacts 11, some of the
electrons will not be able to drift to the ferromagnetic contact 13. Therefore, the resistance of the cell
is higher. When the magnetization vectors 25 in layers 11 and 13 are antiparailléal, the re%igtqmce of
cell 10 remains very high. When the magnetization vectors in ferromagnetic Iayel% afid 13 are
parallel, the resistance of cell 10 drops perceptibly. 301G. 3 is a simplified sectional view of a cell
30, similar to that illustrated in FIG. 1, connected in a first embodiment. It will of course be 13 June
2004 10 understood that for convenience FIG. 4 illustrates only one of a single row of cells in an array
and that the array extsleysshapandtdiabf thepas@reniangseto Héleft Andiddristeatesinciudes 5

first and second ferrgmp@nefielayars 41 apddPavithon layer efepnaicondugier maieripl khgandwiched
therebetween. In this embodiment, an antiferromagnetic Iayerld34 is%ogﬁiomﬁj in electrical contact
ec

with 10 ferromagnelib#yeF1¢ A iaing e REYnARE Qe B2 L1 iR, MRgnetic
layer 34 may compwed, Koreexartiple tirmn-nlafganasel ormichet-.mangeddse 20 plahcdmdesnganese

onnmun1mquanes$irst and second ferromagnetic layers 11 and 13 with
a layer of semiconductor material 12 sandwiched
therebetween.
In this embodiment, an antiferromagnetic layer
34 1s positioned in electrical contact with

10 ferromagnetic layer 11 for pinning the magnetic
vector 21 in a specific direction. Magnetic layer 34
may comprise, for example, iron-manganese or nickel-
manganese or platinum manganese oriridium manganese
or similar ©pinning material. An electrical

15 conductive material comprising a digit line 35 is 1iIn
electrical contact with the ferromagnetic layer 34.
Another electrical conductive material comprising a
bit line 36 1is in electrical contact with the
ferromagnetic layer 13.

20 Gate contacts 37 are optional In the present
invention. Without the gate contacts 37, the
semiconductor layer 12 serves as a diode, where it
can be either a Schottky or a p-n junction diode. In
this case the electron charge conduction iIs dependent

25 on the direction of the bias that is applied between
the contacts 35 and 36. With a gate 37, the
semiconductor serves as a transistor, where the
electron conduction 1is through a channel and the
electron charge is modulated by the gate. The gate

30 may be formed as taught 1in U.S. Patent Number
5,943,574 issued to Tehrani et al. dated August 24,
1999.



or similar pinning material. An electrical 15 conductive material comprising a digit line 35 is in
electrical contact with the ferromagnetic layer 34. Another electrical conductive material comprising a
bit line 36 is in electrical contact with the ferromagnetic layer 13. 20 Gate contacts 37 are optional in
the present invention. Without the gate contacts 37, the semiconductor layer 12 serves as a diode,
where it can be either a Schottky or a p-n junction diode. In this case the eleﬁron charge conduction
is dependent 25 on the direction of the bias that is applied between the contacts 38%4nd*36) With a
gate 37, the semiconductor serves as a transistor, whéré the electron conduction is through a
channel and the electron charge is modulated by the gate. The gate 30 may be formed as taught in
U.S. Patent Number 5,943,574 issued to Tehrani et al. dated August 24, 1999. 13 June 2004 11
Referring to FIG. 4, an emb&dfigient 8gartarrdy) @0 of cedisienodiaendo iefilusitateli i@ the cells

30 being oriented inggwg fn¢EeqIPEINg j MiNTfoutsellsep thpugh 3Gd prsitpaitagd g
convenience, but it WBI be ung rstoqd that any desired number of cells which can be practically

fabricated can be efiBfoyetf Ebgr ditie®21 MBroH A2LGH il SiralVSnBSch B2MY BSsociated
with each cell 30a-80d yn FosiembedihzenBdhe thresigtansesiofahe calld 8@xBateuhd foe diodes

41-44 are bgoth inheégw\)'gﬁli%ﬁgaicorbqpftorilayeovﬁ.l be understood that any
desired number of cells which can be practically
fabricated can be employed. Four diodes 41 through
44 are 1i1llustrated, one each being associated with
each cell 30a-30d. In this embodiment, the

10 resistances of the cells 30a-30d and the diodes 41-44
are both inherent in the semiconductor layer 12.
Continuing with FIG. 4, cell 30 has the
ferromagnetic layer 13 connected to the bit line 36
and the ferromagnetic layer 11 connected through the
15 ferromagnetic layer 34 to the digit line 35. Thus,
cell 30 is uniquely addressed by selecting bit line
36 and digit line 35. Any change in resistance of
cell 30 can be easily and quickly sensed by
connecting sensing apparatus between bit line 36 and
20 digit line 35. The diode action of the semiconductor
layer 12 limits current flow through cell 30 and
substantial prevents any other current paths from
being formed in array 40.
Referring to FIG. 5, another embodiment of an
25 array 50 of cells similar to cell 30 i1s illustrated
with the cells being oriented iIn rows and columns.
Only four cells 30e through 30h are illustrated for
convenience, but it will be understood that any
desired number of cells which can be practically
30 fabricated can be employed. A plurality of
transistors 51 through 54 are shown, one each being
associated with each cell 30e through 30h. In this



Continuing with FIG. 4, cell 30 has the ferromagnetic layer 13 connected to the bit line 36 and the
ferromagnetic layer 11 connected through the 15 ferromagnetic layer 34 to the digit line 35. Thus, cell
30 is uniquely addressed by selecting bit line 36 and digit line 35. Any change in resistance of cell 30
can be easily and quickly sensed by connecting sensing apparatus between bit line 36 and 20 digit
line 35. The diode action of the semiconductor layer 12 limits current flow thr gh cell 3

substantial prevents any other current paths from being formed in array 40. eFTrlng to

another embodiment of an 25 array 50 of cells similar #¢2cell 30 is illustrated with the cells bemg
oriented in rows and columns. Only four cells 30e through 30h are illustrated for convenience, but it
will be understood that any desired number of cells which can be practically 30 fabricated can be

employed. A pluralit9rapogdiigesibes Ihenrdigsi s4arcerowd, deedetldsn P sdBateandith each

cell 30e through 30R:Ha thig dsniierde4 12 embodirgeat, tmﬁ,mistzmq;%sr@fﬁlﬁe CplHs 3pg=30h and
the transistors 51-54 are both jnherent ip the semlconductor aye 12 jg each cell 30e-30h, the first

ferromagnetic layer $¢"d B0AEG YW IAY e skt IlneFS%ra tivPfansiktor 5184, and
the second ferromadmatstayks idoisapupietchelager thd digs Ilmmaﬁ bed the tespectivehieansistor

51- 54. The gates of{ip UR{13I510 SAA D SPe SPRRLRGe Ot PXATPE SP WISk Tfgrial. The
the second ferromagnetic layer 13 is coupled between
the digit line 35 and the respective transistor 51-
54. The gates of the transistors 51 through 54
comprise, fTor example, a polysilicon material. The

10 gate of each transistor 51 through 54 serves as a
switch for selecting a particular cell (bit) to read.
This arrangement of the diode or transistor
incorporated within the memory cell will allow for a
higher density over the prior art.

15 As shown above an active device 1is now
integrated inside the memory element. This results iIn
simpler memory element and reduces the cost of the
memory and increases the density of the chip.

In addition resistance of the element can be

20 easily controlled by the thickness and/or doping of
the semiconductor spacer layer. This results in a
well control of the resistance in order to achieve
high yield, low cost memory. In addition the easily
controllable resistance of the element can be

25 utilized to tune the resistance of element in order
to achieve the high speed integrated circuit.

In addition, since the resistance is controlled
by the doping in the semiconductor, the thickness of
the semiconductor 1layer does not have to be wvery

30 thin, unlike in the tunneling case. Therefore, the
Neel coupling Dbetween the magnetic 1layers can be
reduced and a symmetrical hysteresis loop can be

achieved.



10 gate of each transistor 51 through 54 serves as a 15 switch for selecting a particular cell (bit) to
read. This arrangement of the diode or transistor incorporated within the memory cell will allow for a
higher density over the prior art. As shown above an active device is now integrated inside the
memory element. This results in simpler memory element and reduces the cost of the memory and
increases the density of the chip. In addition resistance of the element can bel%o gasilé/ %ontrolled by
the thickness and/or doping of the semiconductor spacer layer. This results ina WeNControf of the
resistance in order to achieve high yield, low cost memgary. In addition the easily controllable
resistance of the element can be 25 utilized to tune the resistance of element in order to achieve the
high speed integrated circuit. In addition, since the resistance is controlled by the doping in the
semiconductor, the thickness of the semiconductor fy&Hddes not have to be very 30 thin, unlike in
the tunneling case. Therefore, the Neel coupling between the magnetic layers can be reduced and a
symmet_rical hysterqﬁﬁateoyggae%rﬁgaie g(_:l. 13 Jung 2004 13 CLAIMS What is cla_imed is:51. A
magnetic memory cell comprising: a first ferfomagnetic layer; a second ferromagnetic layer;

5 1. A magnetic memory cell comprising:
a Tirst ferromagnetic layer;
a second ferromagnetic layer;
a semiconductor layer positioned between the
first and second ferromagnetic layers, the

10 semiconductor layer <characterized as a charge
transport Qlayer for producing a magnetoresistive
signal.

2. The magnetic memory cell of claim 1 wherein the

15 semiconductor layer forms a p-n junction with at
least one of the first and second ferromagnetic
layers.

3. The magnetic memory cell of claim 1 wherein the

20 semiconductor layer forms a Schottky junction with at
least one of the first and second ferromagnetic
layers.

4. The magnetic memory cell of claim 1 further
25 comprising:
a digit line electrically connected to the first
ferromagnetic layer; and
a bit line electrically connected to the second
ferromagnetic layer.
30
5. The magnetic memory cell of claim 4 further
comprising a magnetic layer positioned between the
second ferromagnetic layer and the bit line for
pinning a magnetic vector within the second
35 ferromagnetic layer.



a semiconductor layer positioned between the first and second ferromagnetic layers, the 10
semiconductor layer characterized as a charge transport layer for producing a magnetoresistive

signal. 2. The magnetic memory cell of claim 1 wherein the 15 semiconductor layer forms a p-n
junction with at least one of the first and second ferromagnetic layers. 3. The magnetic memory cell of
claim 1 wherein the 20 semiconductor layer forms a Schottky junction with atllgast one 8fot82 first and
second ferromagnetic layers. 4. The magnetic memory cell of claim 1 further 25 28Mpri&ng* a digit
line electrically connected to the first ferromagnetic layet; and a bit line electrically connected to the
second ferromagnetic layer. 30 5. The magnetic memory cell of claim 4 further comprising a magnetic
layer positioned between the second ferromagnetic layer and the bit line for pinning a magnetic
vector within the second 35 ferromagnetic layer. 13 June 2004 14 6. The magnetic memory cell of

claim 1 further comgrising ggatereaRiRet pRacREmpAYt freEnthe lgrer Qfspmicondpgiariagterial for
controlling the 5 ele(%rr%gl%vi%o%g gjfeseé’gﬁgggltctgb@ga 7aJ§an?98ﬁ\tictW§n]%{¥§?” of claim

6 further ) B _
of semiconductor material Tfor controlling the
5 electron flow through the semiconductor layer.
7. The magnetic memory cell of claim 6 Tfurther
comprising:
a digit line electrically connected to the first
10 ferromagnetic layer; and
a bit line electrically connected to the second
ferromagnetic layer.
8. The magnetic memory cell of claim 7 further
15 comprising a magnetic layer positioned between the
second ferromagnetic layer and the bit Lline for
pinning a magnetic vector within the second
ferromagnetic layer.
20 9. A magnetic memory cell comprising:
a first ferromagnetic material;
a second ferromagnetic material;
a semiconductor material positioned between the
first and second ferromagnetic materials, the
25 semiconductor layer <characterized as a charge
transport Qlayer for producing a magnetoresistive
signal;

a Tirst bit line positioned near the first
ferromagnetic material and in electrical contact
30 therewith;
a digit 1line positioned near the second
ferromagnetic material and in electrical contact
therewith.

35 10. The magnetic memory cell of claim 9 wherein a p-n
junction is formed between the Tfirst ferromagnetic
material and the semiconductor material.



comprising: a digit line electrically connected to the first 10 ferromagnetic layer; and a bit line
electrically connected to the second ferromagnetic layer. 8. The magnetic memory cell of claim 7
further 15 comprising a magnetic layer positioned between the second ferromagnetic layer and the bit
line for pinning a magnetic vector within the second ferromagnetic layer. 20 9. A magnetic memory
w"wmm@w:amﬁmmmmwmmmmam;a%amdmmmmwammmmﬂmwam?mmam
material positioned between the first and second ferromagnetic materials, the 25’ §&RicoRddctor layer
characterized as a charge transport layer for producingl& magnetoresistive signal; a first bit line
positioned near the first ferromagnetic material and in electrical contact 30 therewith; a digit line
positioned near the second ferromagnetic material and in electrical contact therewith. 35 10. The
magnetic memory cell of claim 9 wherein a p-n junction is formed between the first ferromagnetic

material and the semicondior Rajaedi &3 e £904ckT 11. dfe Aranrliomamepesell of claim 9
wherein a Schottkyé'unction is formed between the ir%; ferrocgna netic material and the. semiconductor
chottky junction 1s orme etween the irst
ferromagnetic material and the semiconductor

5 material.

12. The magnetic memory cell of claim 9 further
comprising a magnetic layer positioned between the
second ferromagnetic layer and the bit Lline for

10 pinning a magnetic vector within the second
ferromagnetic layer.

13. The magnetic memory cell of claim 9 further
comprising a gate contact spaced apart from the
15 semiconductor material.

14. The magnetic memory cell of claim 13 further
comprising a magnetic layer positioned between the
second ferromagnetic layer and the bit Lline for

20 pinning a magnetic vector within the second
ferromagnetic layer.

15. A magnetic memory comprising:
a first electrically conductive portion;

25 a Tirst layer of ferromagnetic material in
electrical contact with the first electrically
conductive portion;

a second layer of ferromagnetic material;
a layer of semiconductor material positioned

30 between the first and second layers of ferromagnetic
material, the semiconductor layer characterized as a
charge transport layer for producing a
magnetoresistive signal;



5 material. 12. The magnetic memory cell of claim 9 further comprising a magnetic layer positioned
between the second ferromagnetic layer and the bit line for 10 pinning a magnetic vector within the
second ferromagnetic layer. 13. The magnetic memory cell of claim 9 further comprising a gate
contact spaced apart from the 15 semiconductor material. 14. The magnetic memory cell of claim 13
further comprising a magnetic layer positioned between the second ferromaigetic Iager %re)d the bit
line for 20 pinning a magnetic vector within the second ferromagnetic layer. 15K magne%ic
memory comprising: a first electrically conductive portiéi®; a first layer of ferromagnetic material in
electrical contact with the first electrically conductive portion; a second layer of ferromagnetic material;
a layer of semiconductor material positioned 30 between the first and second layers of ferromagnetic
material, the semiconductct layes@®arstieriftred i icied b trancpoAUSIy e prod@ERbaD

magnetoresistive sigiRaliig dHee 20P4 163 seepi¢ s eciiciivLopdugie Pogins Positignad in
electrical contact Wi:r the second a\r/er of ferromacgnetic materilal, vaﬁrein the firﬁte Ia¥:er of

ferromagnetic matel&@Y e 1kr §€ romagnetic material, erein t irst
layer of ferromagnetic material, the Jlayer of

5 semiconductor material, and the second layer of
ferromagnetic material form a magnetic memory cell
with the Tfirst and second electrically conductive
portions forming a sense line; and

an electrically conductive digit line positioned

10 adjacent the magnetic memory cell so as to provide a

magnetic field, when the digit line iIs activated, to

at least partially switch magnetic vectors on one of

the first and second layers of ferromagnetic material

from a first direction along a length of the one to a

15 second, substantially opposite direction, along the
length of the one.

16. The magnetic memory of claim 15 wherein a p-n
junction is formed between the first layer of

20 ferromagnetic material and the layer of semiconductor
material.

17. The magnetic memory of claim 15 wherein a
Schottky junction is formed between the first layer

25 of ferromagnetic material and the layer of
semiconductor material.

18. The magnetic memory of <claim 15 further
comprising a magnetic layer positioned between the

30 second layer of ferromagnetic material and the bit
line for pinning a magnetic vector within the second
layer of ferromagnetic material.



5 semiconductor material, and the second layer of ferromagnetic material form a magnetic memory
cell with the first and second electrically conductive portions forming a sense line; and an electrically
conductive digit line positioned 10 adjacent the magnetic memory cell so as to provide a magnetic
field, when the digit line is activated, to at least partially switch magnetic vectors on one of the first
and second layers of ferromagnetic material from a first direction along a Iength %f the o2n§ tg als
second, substantially opposite direction, along the length of the one. 16. The TRaghétic méfiory of
claim 15 wherein a p-n junction is formed between theTfifst layer of 20 ferromagnetic material and the
layer of semiconductor material. 17. The magnetic memory of claim 15 wherein a Schottky junction is
formed between the first layer 25 of ferromagnetic material and the layer of semiconductor material.
18. The magnetic memory of claim 15 further comprising a magnetic layer positioned between the 30
second layer of ferraagneijemat@ggiris ke biteliti-ler Pigfing a raggnetiq gectgryjigiia ghe second
layer of ferromagnetic material. 13 June 2004 17 19. The magé1etic memr%%/ of claim 15 further

comprising a gate r&fBR SR afarPRbm (hEIA SRR oS ialfdF cdAYGiling the flow
of 5 electrons betweashi thenfiisicubedomndiayers i Ifeflomagneticoddtengl abthfdogh € layer of

5 electrons between the Tfirst and second Ilayers of
ferromagnetic material and through the layer of
semiconductor material.

20. The magnetic memory of claim 19 further

10 comprising a layer of magnetic material positioned
between the second layer of ferromagnetic material
and the bit line for pinning a magnetic vector within
the second layer of ferromagnetic material.



semiconductor material. 20. The magnetic memory of claim 19 further 10 comprising a layer of
magnetic material positioned between the second layer of ferromagnetic material and the bit line for
pinning a magnetic vector within the second layer of ferromagnetic material. 13 June 2004 18 MRAM
HAVING SEMICONDUCTOR DEVICE INTEGRATED THEREIN ABSTRACT OF THE DISCLOSURE
5 A magnetic memory cell (10) has a semiconductor layer (12) positioned between first gll() and
second (13) ferromagnetic layers forming either a p-n or Schottky junction. 3ntljr%%8net?c ﬁayer (34)
is positioned between the second ferromagnetic layer &Rd 10 a digit line (35) for pinning a magnetic
vector within the second ferromagnetic layer. In a second embodiment, a gate contact (37) is spaced

apart from the layer of semiconductor material for controlling the electron flow through the
semiconductor layer. MBAtg HAME&EMPENESONRHDERRCDEVICE INTEGRATED THEREIN

ABSTRACT OF THE DISCLOSURE

5 A magnetic memory cell (10) has a semiconductor
layer (12) positioned between first (11) and second
(13) ferromagnetic 1layers forming either a p-n or
Schottky junction. A antimagnetic layer (34) is
positioned between the second ferromagnetic layer and

10 a digit 1line (35) for pinning a magnetic vector
within the second ferromagnetic layer. In a second
embodiment, a gate contact (37) is spaced apart from
the layer of semiconductor material for controlling
the electron flow through the semiconductor layer.

15 Fig. 1 accompanies this abstract.



