Office de la Proprieté Canadian CA 2713337 C 2013/12/10
Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 71 3 337
Un organisme An agency of 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2009/01/28 (51) CLInt./Int.Cl. G77C 771/76 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2009/08/13 G710 711/56(2000.01), HOTL 27722(2006.01),

(45) Date de délivrance/lssue Date: 2013/12/10

HO1L 43/08 (2006.01)
(72) Inventeur/Inventor:

(85) Entree phase nationale/National Entry: 2010/07/27 LI XIA, US

(86) N” demande PCT/PCT Application No.: US 2009/032209 | (73 Propriétaire/Owner:

(87) N° publication PCT/PCT Publication No.: 2009/099826 QUALCOMM INCORPORATED, US
(30) Priorité/Priority: 2008/02/01 (US12/024,157) (74) Agent. SMART & BIGGAR

(54) Titre : CELLULE A JONCTION A EFFET TUNNEL MAGNETIQUE COMPRENANT DE MULTIPLES DOMAINES

MAGNETIQUES
(54) Title: MAGNETIC TUNNEL J

(57) Abréegée/Abstract:

In a particular embodiment, a magr
sidewalls (110, 112, 114) that exter

UNCTION CELL INCLUDING MULTIPLE MAGNETIC DOMAINS

etic tunnel junction (MTJ) structure (100) Is disclosed that includes an MTJ cell having multiple
d substantially normal to a surface of a substrate (490). Each of the multiple sidewalls includes

a free layer (106) to carry a unigue magnetic domain. Each of the unigue magnetic domains Is adapted to store a digital value.

SoaoRRE f /[
TR - e St
R S N « w_® .-y
I ALY ""
[N

RE Wl

I*I ] . - ] Pen, B RN o
C an ad a http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C gm0

“y I 4 e, : x - \
L RSN
4
3

OPIC - CIPO 191




woO 2009/099826 A1 | I ]I DA! A 00 OO RROL 00 AORT LA LR

CA 02713337 2010-07-27

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date

13 August 2009 (13.08.2009)

(10) International Publication Number

WO 2009/099826 Al

(51)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

International Patent Classification:
G11C 11/16 (2006.01) HOIL 27/22 (2006.01)
G11C 11/56 (2006.01) HOIL 43/08 (2006.01)

International Application Number:
PCT/US2009/032209

International Filing Date:
28 January 2009 (28.01.2009)

Filing Language: English
Publication Language: English
Priority Data:

12/024,157 1 February 2008 (01.02.2008) Uus

Applicant (for all designated States except US): QUAL-
COMM INCORPORATED [US/US]; Attn: Internation-

al IP Administration, 5775 Morehouse Drive, San Diego,
California 92121 (US).

Inventor; and

Inventor/Applicant (for US only). LI, Xia [CN/US];
5775 Morehouse Drive, San Diego, Califormia 92121

(US).

(74)

(81)

(84)

Agent: TALPALATSKY, Sam; 5775 Morehouse Drive,
San Diego, California 92121 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ,
EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, TZ, UA,
UG, US, UZ, VC, VN, ZA, ZM, ZVW.

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
/W), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR),
OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML,
MR, NE, SN, TD, TG).

[Continued on next page]

(534) Title: MAGNETIC TUNNEL JUNCTION CELL INCLUDING MULTIPLE MAGNETIC DOMAINS

100ﬂ‘

130
112

120

T

102 — T 1-

==

106

1 N
150 116

FIG. 1

110 /—114

140

(57) Abstract: In a particular embodi-
ment, a magnetic tunnel junction (MTJ)
structure (100) 1s disclosed that mcludes
an MTJ cell having multiple sidewalls
(110, 112, 114) that extend substantially
normal to a surface of a substrate (490).
Each of the multiple sidewalls includes a
free layer (106) to carry a unique mag-
netic domain. Each of the unique mag-
netic domains is adapted to store a digi-
tal value.




CA 02713337 2010-07-27

WO 2009/099826 A 1IN0 RORD B RO G A A

Declarations under Rule 4.17: Published:
— as to applicant’s entitlement to apply for and be granted —  with international search report (Art. 21(3))
a patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(iii))



CA 02713337 2010-07-27
WO 2009/099826 PCT/US2009/032209

21 -

MAGNETIC TUNNEL JUNCTION CELL INCLUDING MULTIPLE
MAGNETIC DOMAINS

L Field

[0001] The present disclosure 1s generally related to a magnetic tunnel junction cell

including multiple magnetic domains.

11 Description of Related Art

[0002] In general, widespread adoption of portable computing devices and wireless
communication devices has increased demand for high-density and low-power non-
volatile memory. As process technologies have improved, 1t has become possible to
fabricate magneto-resistive random access memory (MRAM) based on magnetic tunnel
junction (MTJ) devices. Traditional spin torque tunnel (STT) junction devices are
typically formed as flat stack structures. Such devices typically have two-dimensional
magnetic tunnel junction (MTJ) cells with a single magnetic domain. An MTJ cell
typically mmcludes a fixed magnetic layer, a barrier layer (1.¢., a tunneling oxide layer),
and a free magnetic layer, where a bit value 1s represented by a magnetic field induced
in the free magnetic layer and an anti-ferromagnetic layer. A direction of the magnetic
field of the free layer relative to a direction of a fixed magnetic field carried by the fixed

magnetic layer determines the bit value.

[0003] Conventionally, to improve data density using MTJ devices, one technique
includes reducing the size of MTJ devices to put more MTJ devices 1in a smaller area.
However, the size of the MTJ devices 1s limited by the critical dimension (CD) of
fabrication technology. Another technique involves forming multiple MTJ structures 1n
a single MTJ device. For example, 1n one instance, a first MTJ structure 1s formed that
includes a first fixed layer, a first tunnel barrier, and a first free layer. A diclectric
material layer 1s formed on the first MTJ structure, and a second MTJ structure 18
formed on top of the diclectric material layer. Such structures increase the density of
storage 1n an X-Y direction while increasing a size of the memory array 1n a Z-direction.
Unfortunately, such structures store only one bit per cell, so the data density in the X-Y

direction 1s increased at the expense of area 1n a Z-direction and increased
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manufacturing costs. Further, such structures increase wire-trace routing
complexity. Hence, there is a need for improved memory devices with greater

storage density without increasing a circuit area of each of the MTJ cells and that

can scale with the process technology.

Il. Summary

[0004] In a particular embodiment, a magnetic tunnel junction (MTJ) structure is
disclosed that includes an MTJ cell having multiple sidewalls that extend
substantially normal to a surface of a substrate. Each of the multiple sidewalls
includes a free layer to carry a unique magnetic domain. Each of the unique
magnetic domains is adapted to represent a stored digital value. The MT]J cell also
has a bottom wall coupled to each of the multiple sidewalls, the bottom wall
extending substantially parallel to the surface of the substrate, the bottom wall

including a free layer.

[0005] In another particular embodiment, a magnetic tunnel junction (MTJ)
structure 1s disclosed that includes an MTJ cell having multiple sidewalls. The
multiple sidewalls include a first sidewall having a first free layer to carry a first
magnetic domain to store a first data bit, a second sidewall having a second free
layer to carry a second'rnagnetic domain to store a second data bit, and a third
sidewall including a third free layer to carry a third magnetic domain to represent a
third data bit; and a bottom wall coupled to each of the multiple sidewalls, the
bottom wall including a fourth free layer to carry a fourth magnetic domain to

represent a fourth data bit.

[0006] In still another particular embodiment, a magnetic random access memory
(MRAM) includes an array of magnetic tunnel junction (MTJ) cells. Each of the
MT]J cells includes multiple sidewalls. Each of the multiple sidewalls includes a
free layer to carry a respective independent magnetic domain adapted to store a

digital value. Each of the MTJ cells also includes a bottom wall coupled to each of
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the multiple sidewalls, the bottom wall extending substantially parallel to the

surface of a substrate, the bottom wall including a free layer.

[0007} One particular advantage provided by embodiments of the magnetic tunnel
junction (MT]J) device is provided 1n that multiple data bits may be stored at a
single MT]J cell. For example, a single MTJ cell may be configured to store up to

four data bits, which may be used to represent up to sixteen logic states in each

MT]J cell.

[0008] Another particular advantage is provided in that the multipie-bit MTJ cell
can scale with process technology, allowing for multiple bits per MT]J cell even as

the MT]J cell size decreases.

10009] Still another particular advantage is provided in that the MTJ cell can
include multiple independent magnetic domains to store data bits. In a particular
embodiment, the MTJ cell can include one or more sidewalls (extending vertically

from a planar
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surface of a substrate), where each of the one or more sidewalls carries a unique lateral
magnetic domain to store a data bit. Additionally, the MTJ cell can include a bottom
wall including a horizontal magnetic domain to store another data bit. In general, the
MT]J cell may include one, two or three sidewalls. In a particular example, the MTJ cell
can include four sidewalls and a bottom wall. In a one sidewall example, the sidewall
can be located on any side without restriction. In a two sidewall example, the sidewalls

may be located on opposing sides or on adjacent sides.

[0010] Y et another particular advantage 1s provided 1n that the MTJ cell can include
multiple independent magnetic domains that may be written to or read from without

changing data stored at other magnetic domains within the MTJ cell.

[0011] Other aspects, advantages, and features of the present disclosure will become
apparent after review of the entire application, including the following sections: Brief

Description of the Drawings, Detailed Description, and the Claims.

1V.  Brief Description of the Drawings

[0012] FIG. 1 is a perspective view of a particular illustrative embodiment of a

magnetic tunnel junction (MTJ) cell that can be used to store multiple data bits;

[0013] FIG. 2 1s a cross-sectional view of a magnetic tunnel junction cell that 1s adapted

to store multiple data bits;

[0014] FIG. 3 1s a top view of a particular illustrative embodiment of a memory device
including a magnetic tunnel junction (MTJ) cell that 1s adapted to store multiple data

bits;

[0015] FIG. 4 1s a cross-sectional view of the memory device of FIG. 3 taken along line

4-4 1n FIG. 3;

[0016] FIG. 5 1s a cross-sectional view of the memory device of FIG. 3 taken along line

5-5 1n FIG. 3;

[0017] FIG. 6 1s a top view of a second particular 1llustrative embodiment of a memory
device including a magnetic tunnel junction (MTJ) cell that 1s adapted to store multiple

data bits;
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[0018] FIG. 7 1s a cross-sectional view of the second embodiment of the memory device

of FIG. 6 taken along line 7-7 1n FIG. 6;

[0019] FIG. 8 15 a cross-sectional view of the second embodiment of the memory device

of FIG. 6 taken along line 8-8 1n FIG. 6;

[0020] FIG. 9 1s a top view of a third particular 1llustrative embodiment of a memory
device including a magnetic tunnel junction (MTJ) cell that 1s adapted to store multiple

bits;

[0021] FIG. 10 1s a cross-sectional view of the third embodiment of the memory device

of FIG. 9 taken along line 10-10 1n FIG. 9;

[0022] FIG. 11 1s a cross-sectional view of the third embodiment of the memory device

of FIG. 9taken along line 11-11 1n FIG. 9;

[0023] FIG. 12 1s a top view of a fourth particular illustrative embodiment of a memory
device including a magnetic tunnel junction (MTJ) cell that 1s adapted to store multiple

bits;

[0024] FIG. 13 1s a cross-sectional view of the fourth embodiment of the memory

device of FIG. 12 taken along line 13-13 1n FIG. 12;

[0025] FIG. 14 1s a cross-sectional view of the fourth embodiment of the memory

device of FIG. 12 taken along line 14-14 1n FIG. 12;

[0026] FIG. 15 1s a top view of a free layer of a magnetic tunnel junction (MTJ) stack

adapted to store multiple data bits where the MTJ cell 1s 1n a bit zero state;

[0027] FIG. 16 1s a diagram of a particular 1llustrative embodiment of layers of a

magnetic tunnel junction (MT]J) stack illustrating a write zero current flow direction;

[0028] FIG. 17 1s a cross-sectional view of the free layer of FIG. 15 taken along line 17-
17 in FIG. 15;

[0029] FIG. 18 1s a cross-sectional view of the free layer of FIG. 15 taken along line 18-
18 in FIG. 15;
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[0030] FIG. 19 1s a top view of a free layer of a magnetic tunnel junction (MTJ) stack

adapted to store multiple data bits where the MTJ stack 1s 1n a bit one state;

[0031] FIG. 20 1s a diagram of a particular illustrative embodiment of layers of a

magnetic tunnel junction (MTJ) structure 1llustrating a write one current flow direction;

[0032] FIG. 21 1s a cross-sectional view of the MTJ stack of FIG. 19 taken along line
21-21 1n FIG. 19;

[0033] FIG. 22 1s a cross-sectional view of the MT]J stack of FIG. 19 taken along line
22-22 1n FIG. 19;

[0034] FIG. 23 1s a diagram showing a cross-sectional view of an embodiment of an

MT]J cell coupled to a bi-directional switch to read data from and to write data to the

MT]J cell;

[0035] FIG. 24 1s a diagram 1llustrating a cross-sectional view of a second embodiment

of an MTJ cell coupled to a bi-directional switch to read data from and to write data to

the MT]J cell;

[0036] FIG. 25 1s a diagram showing a cross-sectional view of a third embodiment of an
MT]J cell adapted to store multiple data bits and coupled to multiple switches to read
data from and to write data to the MTJ cell;

[0037] FIG. 26 1s a diagram showing a cross-sectional view of a fourth embodiment of
an MTJ cell adapted to store multiple data bits and coupled to multiple switches to read

data from and to write data to the MTJ cell;

[0038] FIG. 27 1s a diagram showing a cross-sectional view of a fifth embodiment of an
MT]J cell adapted to store multiple data bits and coupled to multiple switches to read
data from and to write data to the MTJ cell;

[0039] FIGs. 28-29 1illustrate a flow diagram of a particular embodiment of a method of

fabricating a magnetic tunnel junction (MTJ) device adapted to store multiple data bats;

[0040] FIG. 30 1s a flow diagram of a particular 1llustrative embodiment of a method of
operating an MTJ device that 1s adapted to store multiple data bits; and
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[0041] FIG. 31 1s a block diagram of a wircless communications device including a

memory device including multiple magnetic tunnel junction (MTJ) cells.

V. Detailed Description

[0042] FIG. 1 1s a perspective view of a particular illustrative embodiment of a
magnetic tunnel junction (MTJ) cell 100 that can be used to store multiple data bats.
The MTIJ cell 100 includes a magnetic tunnel junction (MT]J) stack having a fixed
magnetic layer 102, a tunnel junction layer 104, and a free magnetic layer 106 arranged
in a substantially rectangular shape. An electrode layer having a first sidewall portion
110, a second sidewall portion 112, a third sidewall portion 114 and a bottom wall
portion 116 1s electrically and physically coupled to the fixed magnetic layer 102 via an
anti-ferromagnetic (AF) layer (not shown). A center electrode 108 1s electrically and
physically coupled to the free layer 106. In a particular embodiment, a voltage may be
applied to the center electrode 108 and an electrical current may flow from the center
clectrode 108 through the free layer 106, across the tunnel junction 104, and through the

fixed layer 102. The electrical current may flow as indicated by the arrows 120, 130,
140, and 150.

[0043] In a particular illustrative embodiment, the free layer 106 may carry multiple
independent magnetic domains, each of which may be independently configured by a
write current to orient a direction of a magnetic ficld within the free layer 106 relative to
a fixed magnetic field associated with the fixed layer 102 to represent a data value, such
as a bit value. In particular, when a direction (orientation) of a magnetic field of the
fixed layer 102 and the direction of the magnetic field of the free layer 106 are aligned,
a bit value of “0” 1s represented. In contrast, when a direction (orientation) of the
magnetic field of the free layer 106 1s opposite to the direction of the magnetic field of
the fixed layer 102, a bit value of *“1” 1s represented. A bit “0” state and a bit “1” state
may exhibit different resistances, and the bit state may be read by detecting a resistance
value or a current value. In a particular embodiment, the bit ““0” state has a lower
resistance. A direction of a magnetic field associated with the free layer 106 that 1s
adjacent to the sidewall 110 may represent a first bit value. A direction of a magnetic
ficld associated with the free layer 106 that 1s adjacent to the sidewall 112 may represent

a second bit value. A direction of a magnetic ficld associated with the free layer 106
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that 1s adjacent to the sidewall 114 may represent a third bit value. A direction of a
magnetic ficld associated with the free layer 106 that 1s adjacent to the bottom wall 116

may represent a fourth bit value.

[0044] In a particular embodiment, a magnetic domain represents a physical region of
magnetic material that carries a magnetic field having a homogenous magnetic
orientation. An interface between two magnetic domains may be called a domain wall.
The fixed layer 102 may have multiple fixed magnetic domains and associated domain
walls. The magnetic domains of the fixed layer 102 are “pinned” by an anti-
ferromagnetic layer after a magnetic anneal (1.¢., a fixed layer magnetic orientation 1s
fixed by the AF layer during fabrication by application of an external magnetic field
during a magnetic annecaling process). In a particular embodiment, additional layers
between the center electrode 108 and the free layer 106 may enhance MTJ performance.
In a particular embodiment, the MTJ stack may include additional layers. For example,
a synthetic fixed layer or synthetic free (SyF) layer structure may include two fixed
layers and one spacer layer or two free layers and one spacer layer, respectively. A dual
spin filter (DSP) structure may include two anti-ferromagnetic layers and pined layers.

In an alternate embodiment, the sequence of MTJ film stack layers can be reversed.

[0045] FIG. 2 1s a cross-sectional view of a magnetic tunnel junction (MTJ) cell 200
that 1s adapted to store multiple data values, such as multiple bits. The MTJ cell 200
includes a bottom clectrode layer 202, a magnetic tunnel junction (MTJ) stack 204, and
a top clectrode layer 206. The MTJ stack 204 includes a free magnetic layer 208 that
carrics a magnetic ficld, which may be programmed by applying a write current
between the top electrode 206 and the bottom electrode 202. The MT]J stack 204 also
includes a tunnel junction barrier layer 210 and a fixed magnetic layer 212. An anti-
ferromagnetic (AF) layer (not shown) may be located between the bottom electrode 202
and the fixed layer 212. In a particular embodiment, the MTJ structure may include
additional layers (not shown). For example, synthetic fixed layer or synthetic free (SyF)
layer structures may include two fixed layers and one spacer layer or two free layers and
oneg spacer layer, respectively. Dual spin filter (DSP) structures may include two anti-
ferromagnetic layers and pinned layers. In addition, in an alternate embodiment, the

sequence of MTJ film stack may also be reversed.
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[0046] The fixed layer 212 1s generally annealed and may be pinned by an anti-
ferromagnetic (AF) layer (not shown) to fix a direction of a magnetic field that 1s carried
by the fixed layer 212. The tunnel barrier 210 may be an oxide layer (MgO, Al,Os, etc)
or other diamagnetic layer that 1s adapted to provide a tunnel junction or barrier between
the fixed layer 212 and the free layer 208. The free layer 208 1s formed from a
ferromagnetic material that carries a programmable (writeable) magnetic domain, which

can be altered to store a bit value (1.¢., a “1” or a “0” bit value).

[0047] In a particular embodiment, the free layer 208 of the MTJ stack 204 may be
adapted to carry multiple independent magnetic domains. For example, the free layer
208 at a first sidewall 214 may store a first bit value. The free layer 208 at a second
sidewall 216 may store a second bit value. The free layer 208 at a bottom wall 218 may
store a third bit value. The particular orientation of the magnetic field within the free
layer at the sidewalls 214 and 216 and at the bottom wall 218 may be controlled, 1n part,
by controlling length, width, and depth dimensions of the MTJ cell 200. In general, a

magnetic field orients 1n a longitudinal direction along a length of a wall of the MTJ cell

200.

[0048] FIG. 3 1s a top view of a particular illustrative embodiment of a memory device
300 including a substrate 302 having a magnetic tunnel junction (MTJ) cell 304 that 1s
adapted to store multiple bits. The substrate 302 includes a magnetic tunnel junction
(MT)) structure 304 that has a bottom clectrode 306, an MTJ stack 308, and a center
clectrode 310. In a particular embodiment, the center electrode 310 may extend
between the sidewalls 334, 336, and 338 of the MTJ stack 308 such that a thickness of
the center electrode 310 1s approximately half of a difference between a smaller of a
width (b) or a length (a) of the trench minus a width of opposing sidewalls of the MTJ
stack 308, such as the second and third sidewalls 336 and 338. In a particular
embodiment, the thickness of the center electrode layer may be greater than half the
distance between the smaller of the width and the length minus the width of the
opposing sidewalls. Selecting an appropriate thickness of the center electrode layer may
enable a top surface of the center electrode to be substantially flat without a gap or

SCdI.
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[0049] The MT]J structure 304 has a length (a) and a width (b), where the length (a) 1s
grcater than the width (b). The substrate 302 includes a first center via 312 and a
second center via 314 that are coupled to the center electrode 310. The substrate 302
also includes a first lateral via 316, a second lateral via 318, a third lateral via 320, a
fourth lateral via 322, and a fifth lateral via 324 to access the MTJ structure 304. The
substrate 302 also includes a first wire trace 326 coupled to the first lateral via 316, a
second wire trace 328 coupled to the first and second center vias 312 and 314, a third
wire trace 330 coupled to the second and third lateral vias 318 and 320, and a fourth
wire trace 332 coupled to the fourth and fifth lateral vias 322 and 324. The substrate

302 also includes a process opening 335 to remove one sidewall.

[0050] The MT]J stack 308 includes a fixed magnetic layer that may be pinned by an
anti-ferromagnetic (AF) layer (not shown) and that carries a fixed magnetic domain
having a fixed orientation, a tunnel barrier layer, and a free magnetic layer having a
magnetic domain that can be changed or programmed via a write current. In a particular
embodiment, the fixed magnetic layer of the MTJ stack 308 may include one or more
layers. The MTJ stack 308 includes a first sidewall 334 to carry a first magnetic domain
344 m a first portion of the free layer, a second sidewall 336 to carry a second magnetic
domain 346 1n a second portion of the free layer, and a third sidewall 338 to carry a
third magnetic domain 348 1n a third portion of the free layer. The first, second and
third magnetic domains 344, 346, and 348 are independent and adapted to represent data
values. In a particular embodiment, the first magnetic domain 344 1s adapted to
represent a first bit value, the second magnetic domain 346 1s adapted to represent a
second bit value, and the third magnetic domain 348 1s adapted to represent a third bat
value. In general, the orientation of the magnetic domains 344, 346, and 348 18
determined by the stored bit value. For example, a “0” value 1s represented by a first
orientation while a “1” value 1s represented by a second orientation. In a particular
embodiment, a “0” value and a *“1” value may be represented by a parallel or anti-

parallel orientation with the fixed layer, respectively.

[0051] FIG. 4 1s a cross-sectional diagram 400 of the circuit device 300 of FIG. 3 taken
along line 4-4 1n FIG. 3. The diagram 400 1llustrates the substrate 302 including a first
inter-layer diclectric layer 452, a first cap layer 454, a second inter-layer diclectric layer

456, a second cap layer 458, a third cap layer 460, a third inter-layer dielectric layer
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462, and a fourth inter-layer diclectric layer 464. The substrate 302 has a first surface
480 and a second surface 490. The substrate 302 also includes the MTJ structure 304
including the MTJ stack 308. The bottom electrode 306 and the MTJ stack 308 are
disposed within a trench 1n the substrate 302. The trench has a depth (d). The substrate
302 1ncludes the first and second wire traces 326 and 328 disposed and patterned at the
first surface 480. The first wire trace 326 1s coupled to the first lateral via 316, which
extends from the first wire trace 326 to a portion of the bottom electrode 306. The
second wire trace 328 18 coupled to the first and second center vias 312 and 314, which
extend from the second wire trace 328 to the center electrode 310. The center electrode
310 1s coupled to the MTJ stack 308. The substrate 302 also includes the process
opening 335, which may be formed by selectively removing a portion of the MT)J
structure 304 and by depositing a cap film and an inter-layer dielectric material within

the processing opening 335.

[0052] In a particular embodiment, the MTJ stack 308 includes the first sidewall 334,
which carries the first magnetic domain 344 1n the first portion of the free layer. The
first magnetic domain 344 1s adapted to represent the first bit value. The MTJ stack 308
also includes a bottom wall 470 having a bottom magnetic domain 472 1n a bottom
portion of the free layer, which 1s adapted to represent a fourth bit value. A bit value
can be read from the MTJ stack 308 by applying a voltage to the second wire trace 328
and by comparing a current at the first wire trace 326 to a reference current.
Alternatively, a bit value may be written to the MTJ stack 308 by applying a write
current between the first and second wire traces 326 and 328. In a particular
embodiment, the length (a) and the width (b) of the MTJ stack 308 1llustrated in FIG. 3
ar¢ greater than the trench depth (d), and the magnetic domain 344 carried by the first
sidewall 334 extends 1n a direction that 1s substantially parallel to the first surface 480
of the substrate 302 and 1n a direction of the width (b) 1llustrated in FIG. 3. In the
particular view of FIG. 4, the magnetic domain 344 extends normal to the page view

66.99

(outward from the page as indicated by an arrow head (“*”’) or into the page as indicated

by a tail of an arrow (“*)).

[0053] FIG. 5 1s a cross-sectional diagram 500 of the circuit device 300 of FIG. 3 taken
along line 5-5 1n FIG. 3. The diagram 500 includes the substrate 302 having the first

inter-layer dielectric layer 452, the first cap layer 454, the second mter-layer dielectric
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layer 456, the second cap layer 458, the third cap layer 460, the third inter-layer
diclectric layer 462, and the fourth inter-layer dielectric layer 464. The substrate 302
includes the MTJ structure 304 having the bottom electrode 306, the MTJ stack 308,
and the center electrode 310. The substrate 302 includes the third wire trace 330
coupled to the second lateral via 318, which extends from the third wire trace 330 to a
first portion of the bottom electrode 306. The substrate 302 also includes the second
wire trace 328 coupled to the center via 312, which extends from the second wire trace
328 to the center electrode 310. The substrate 302 further includes the fourth wire trace
332 coupled to the fourth lateral via 322, which extends from the fourth wire trace 332
to a second portion of the bottom clectrode 306. The MTJ stack 308 includes the
second sidewall 336 to carry the second magnetic domain 346 1n the second portion of
the free layer, the third sidewall 338 to carry the third magnetic domain 348 1n the third
portion of the free layer, and the bottom wall 470 to carry the bottom magnetic domain
472 m the bottom portion of the free layer.

[0054] In a particular embodiment, the MTJ stack 308 1s adapted to store up to four
unique data values, such as four unique bit values. A first bit value may be represented
by the first magnetic domain 344, a second bit value may be represented by the second
magnetic domain 346, a third bit value may be represented by the third magnetic
domain 348, and a fourth bit value may be represented by the bottom magnetic domain
472. In another particular embodiment, a fourth sidewall may be included to carry a

fourth magnetic domain, which may represent a fifth bit value.

[0055] FIG. 6 1s a top view of a particular 1llustrative embodiment of a memory device
600 mcluding a substrate 602 with having a magnetic tunnel junction (MTJ) cell 604
that 1s adapted to store multiple bits. The substrate 602 includes a magnetic tunnel
junction (MTJ) structure 604 that has a bottom ¢lectrode 606, an MTJ stack 608, and a
center electrode 610. The MTJ structure 604 has a length (a) and a width (b), where the
length (a) 1s greater than the width (b). The substrate 602 includes a first center via 612
and a second center via 614 that are coupled to the center electrode 610. The substrate
602 also includes a first lateral via 616, a second lateral via 618, a third lateral via 620, a
fourth lateral via 622, and a fifth lateral via 624 to access the MTJ structure 604. The
substrate 602 also includes a first wire trace 626 coupled to the first lateral via 616, a

second wire trace 628 coupled to the first and second center vias 612 and 614, a third
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wire trace 630 coupled to the second and third lateral vias 618 and 620, and a fourth
wire trace 632 coupled to the fourth and fifth lateral vias 622 and 624. The substrate

602 also includes a process opening 635 to remove potion of sidewall of MT]J.

[0056] The MT]J stack 608 includes a fixed (pinned by AF layer (not shown)) magnetic
layer that carries a fixed magnetic domain having a fixed orientation, a tunnel barrier
layer, and a free magnetic layer having a magnetic domain that can be changed or
programmed via a write current. In a particular embodiment, the fixed magnetic layer
of the MTJ stack 608 may include one or more layers than depicted 1n FIG. 1&2. The
MT]J stack 608 includes a first sidewall 634 to carry a first magnetic domain 644 1n a
first portion of the free layer, a second sidewall 636 to carry a second magnetic domain
646 1 a second portion of the free layer, and a third sidewall 638 to carry a third
magnetic domain 648 1n a third portion of the free layer. The first, second and third
magnetic domains 644, 646, and 648 are independent and adapted to store data values.
In a particular embodiment, the first magnetic domain 644 1s adapted to represent a first
b1t value, the second magnetic domain 646 1s adapted to represent a second bit value,
and the third magnetic domain 648 1s adapted to represent a third bit value. In general,
the orientation of the magnetic domains 644, 646, and 648 1s determined by the stored
bit value. For example, a “0” value 1s represented by a first orientation while a “1”
value 1s represented by a second orientation. In a particular embodiment, a “0” value
and a “1” value may be represented by a parallel or anti-parallel orientation with the

fixed layer, respectively.

[0057] FIG. 7 1s a cross-sectional diagram 700 of the circuit device 600 of FIG. 6 taken
along line 7-7 in FIG. 6. The diagram 700 includes the substrate 602 having a first
inter-layer diclectric layer 750, a second 1nter-layer dielectric layer 752, a first cap layer
754, a third inter-layer dielectric layer 756, a second cap layer 758, a third cap layer
760, a fourth inter-layer diclectric layer 762, and a fifth inter-layer dielectric layer 764.
The substrate 602 has a first surface 780 and a second surface 790. The substrate 602
also includes the MT1J structure 604 including the MTJ stack 608. The bottom electrode
606 and the MT]J stack 608 are disposed within a trench 1n the substrate 602. The trench
has a depth (d).
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[0058] The substrate 602 includes the first wire trace 626 disposed and patterned at the
second surface 790. The first wire trace 626 1s coupled to the first lateral via 616, which
extends from the first wire trace 626 to a portion of the bottom electrode 606. The
substrate 602 also includes the second wire traces 628 disposed and patterning at the
first surface 780. The second wire trace 628 1s coupled to the first center via 612 and
614, which extend from the second wire trace 628 to the center electrode 610. The
center electrode 610 1s coupled to the MTJ stack 608. The substrate 602 also includes
the process opening 635, which may be formed by selectively removing a portion of the
MT]J structure 604 and by depositing a cap film and an inter-layer dielectric material

within the processing opening 6335.

[0059] In a particular embodiment, the MTJ stack 608 includes the first sidewall 634,
which carries the first magnetic domain 644 1n the first portion of the free layer. The
first magnetic domain 644 1s adapted to represent the first bit value. The MTJ stack 608
also includes a bottom wall 770 having a bottom magnetic domain 772 1n a bottom
portion of the free layer, which 1s adapted to represent a fourth bit value. In a particular
example, a bit value can be read from the MTJ stack 608 by applying a voltage to the
second wire trace 628 and by comparing a current at the first wire trace 626 to a
reference current. Alternatively, a bit value may be written to the MTJ stack 608 by
applying a write current between the first and second wire traces 626 and 628. In a
particular embodiment, the length (a) and the width (b) of the MTJ stack 608 1illustrated
in FIG. 6 are greater than the trench depth (d), and the magnetic domain 644 carried by
the first sidewall 634 extends 1n a direction that 1s substantially parallel to the first
surface 780 of the substrate 602 and 1n a direction of the width (b) illustrated in FIG. 6.
In the particular view of FIG. 7, the magnetic domain 644 extends normal to the page

CC.D?

view (outward from the page as indicated by an arrow head (“+”°) or into the page as

indicated by a tail of an arrow (“*7)).

[0060] FIG. 8 15 a cross-sectional diagram 800 of the circuit device 600 of FIG. 6 taken
along line 8-8 1n FIG. 6. The diagram 800 includes the substrate 602 having a first
inter-layer diclectric layer 750, a second 1nter-layer dielectric layer 752, a first cap layer
754, a third inter-layer dielectric layer 756, a second cap layer 758, a third cap layer
760, a fourth inter-layer diclectric layer 762, and a fifth inter-layer dielectric layer 764.
The substrate 602 has a first surface 780 and a second surface 790. The substrate 602
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includes the MTJ structure 604 having the bottom electrode 606, the MTJ stack 608,
and the center electrode 610. The substrate 602 includes the third wire trace 630
disposed at the second surface 790. The third wire trace 630 1s coupled to the second
lateral via 618, which extends from the third wire trace 630 to a first portion of the
bottom clectrode 606. The substrate 602 also includes the second wire trace 628 at the
first surface 780. The second wire trace 628 1s coupled to the center via 612, which
extends from the second wire trace 628 to the center electrode 610. The substrate 602
further includes the fourth wire trace 632 at the second surface 790. The fourth wire
trace 18 coupled to the fourth lateral via 622, which extends from the fourth wire trace
632 to a second portion of the bottom electrode 606. The MTJ stack 608 includes the
second sidewall 636 to carry the second magnetic domain 646 1n the second portion of
the free layer, the third sidewall 638 to carry the third magnetic domain 648 1n the third
portion of the free layer, and the bottom wall 770 to carry the bottom magnetic domain
772 1 the bottom portion of the free layer.

[0061] In a particular embodiment, the MTJ stack 608 1s adapted to store up to four
unique data values. A first bit value may be represented by the first magnetic domain
644 1 the first portion of the free layer, a second bit value may be represented by the
second magnetic domain 646 1n the second portion of the free layer, a third bit value
may be represented by the third magnetic domain 648 1n the third portion of the free
layer, and a fourth bit value may be represented by the bottom magnetic domain 772 1n
the bottom portion of the free layer. In another particular embodiment, a fourth sidewall
may be included to carry a fourth magnetic domain, which may represent a fifth bit

value.

[0062] FIG. 9 1s a top view of a particular illustrative embodiment of a memory device
900 1including a substrate 902 with having a magnetic tunnel junction (MTJ) cell 904
that 1s adapted to store multiple data bits. The substrate 902 includes a magnetic tunnel
junction (MTJ) structure 904 that has a bottom ¢lectrode 906, an MTJ stack 908, and a
center electrode 910. The MT]J structure 904 has a length (a) and a width (b), where the
length (a) 1s greater than the width (b). The substrate 902 includes a first center via 912
and a second center via 914 that are coupled to the center electrode 910. The substrate
902 also includes a first lateral via 916, a second lateral via 918, a third lateral via 920, a

fourth lateral via 922, and a fifth lateral via 924 to access the MTJ structure 904. The
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substrate 902 also includes a first wire trace 926 coupled to the first lateral via 916, a
second wire trace 928 coupled to the first and second center vias 912 and 914, a third
wire trace 930 coupled to the second and third lateral vias 918 and 920, a fourth wire
trace 932 coupled to the fourth and fifth lateral vias 922 and 924, and a fifth wire trace
931. The substrate 902 also includes a process opening 935 to remove a portion of MTJ

sidewall.

[0063] The MT]J stack 908 includes a fixed magnetic layer that may be pinned by an
anti-ferromagnetic (AF) layer (not shown) and that carries a fixed magnetic domain
having a fixed orientation, a tunnel barrier layer, and a free magnetic layer having a
magnetic domain that can be changed or programmed via a write current. In a particular
embodiment, the fixed magnetic layer of the MTJ stack 908 may include one or more
layers. The MTJ stack 908 includes a first sidewall 934 to carry a first magnetic domain
944 1 a first portion of the free layer, a second sidewall 936 to carry a second magnetic
domain 946 1n a second portion of the free layer, and a third sidewall 938 to carry a
third magnetic domain 948 1n a third portion of the free layer. The first, second and
third magnetic domains 944, 946, and 948 are independent and adapted to store data
values. In a particular embodiment, the first magnetic domain 944 1s adapted to
represent a first bit value, the second magnetic domain 946 1s adapted to represent a
second bit value, and the third magnetic domain 948 1s adapted to represent a third bat
value. In general, the orientation of the magnetic domains 944, 946, and 948 1s
determined by the stored data value. For example, a “0” value 1s represented by a first
orientation while a *“1” value 18 represented by a second orientation. In a particular
embodiment, a “0” value and a *“1” value may be represented by a parallel or anti-

parallel orientation with the fixed layer, respectively.

[0064] FIG. 10 1s a cross-sectional diagram 1000 of the circuit device 900 of FIG. 9
taken along line 10-10 1n FIG. 9. The diagram 1000 includes the substrate 902 having a
first inter-layer dielectric layer 1050, a second inter-layer dielectric layer 1052, a first
cap layer 1054, a third inter-layer diclectric layer 1056, a second cap layer 1058, a third
cap layer 1060, a fourth inter-layer diclectric layer 1062, and a fifth inter-layer dielectric
layer 1064. The substrate 902 has a first surface 1080 and a second surface 1090. The
substrate 902 also includes the MT]J structure 904 including the MTJ stack 908. The
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bottom clectrode 906 and the MTJ stack 908 are disposed within a trench 1n the
substrate 902. The trench has a depth (d).

[0065] The substrate 902 includes the first wire trace 926 disposed and patterned at the
second surface 1090. The first wire trace 926 1s coupled to the first lateral via 916,
which extends from the first wire trace 926 to a portion of the bottom clectrode 906.
The substrate 902 also includes the second wire trace 928 disposed and patterned at the
first surface 1080. The second wire trace 928 1s coupled to the first center via 912 and
914, which extend from the second wire trace 928 to the center electrode 910. The
center electrode 910 1s coupled to the MTJ stack 908. The substrate 902 also includes
the fifth wire trace 931 at the second surface 1090. The fifth wire trace 931 1s coupled
to bottom vias 1066 and 1068, which extend from the fifth wire trace 931 to the bottom
clectrode 906 adjacent to the bottom wall 1070. The substrate 902 also includes the
process opening 935, which may be formed by selectively removing a portion of the
MT]J structure 904 and by depositing a cap layer and an inter-layer dielectric material

within the processing opening 9335.

[0066] In a particular embodiment, the MTJ stack 908 includes the first sidewall 934,
which carries the first magnetic domain 944 1n the first portion of the free layer. The
first magnetic domain 944 1s adapted to represent the first bit value. The MTJ stack 908
also includes a bottom wall 1070 having a bottom magnetic domain 1072 1n a bottom
portion of the free layer, which 1s adapted to represent a fourth bit value. In a particular
example, a data value can be read from the MTJ stack 908 by applying a voltage to the
second wire trace 928 and by comparing a current at the first wire trace 926 and/or the
fifth wire trace 931 to a reference current. Alternatively, a bit value may be written to
the MTJ stack 908 by applying a write current between the first, second and fifth wire
traces 926, 928, and 931. In a particular embodiment, the length (a) and the width (b) of
the MTJ stack 908 1llustrated in FIG. 9 are greater than the trench depth (d), and the
magnetic domain 944 carried by the first sidewall 934 extends 1n a direction that 1s
substantially parallel to the first surface 1080 of the substrate 902 and 1n a direction of
the width (b) illustrated in FIG. 9. In the particular view of FIG. 10, the magnetic
domain 944 extends normal to the page view (outward from the page as indicated by an

66.99

arrow head (“»”) or into the page as indicated by a tail of an arrow (““*”)).
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[0067] FIG. 11 1s a cross-sectional diagram 1100 of the circuit device 900 of FIG. 9
taken along line 11-11 1 FIG. 9. The diagram 1100 includes the substrate 902 having a
first inter-layer dielectric layer 1050, a second inter-layer dielectric layer 1052, a first
cap layer 1054, a third inter-layer diclectric layer 1056, a second cap layer 1038, a third
cap layer 1060, a fourth inter-layer diclectric layer 1062, and a fifth inter-layer dielectric
layer 1064. The substrate 902 has a first surface 1080 and a second surface 1090. The
substrate 902 includes the MTJ structure 904 having the bottom electrode 906, the MT]J
stack 908, and the center electrode 910. The substrate 902 includes the third wire trace
930, the second wire trace 928, and the fourth wire trace 932 at the first surface 1080.
The third wire trace 930 1s coupled to the second lateral via 918, which extends from the
third wire trace 930 to a first portion of the bottom electrode 906. The second wire trace
928 18 coupled to the center via 912, which extends from the second wire trace 928 to
the center electrode 910. The fourth wire trace 1s coupled to the fourth lateral via 922,
which extends from the fourth wire trace 932 to a second portion of the bottom
clectrode 906. The substrate 902 includes the fifth wire trace 931 at the second surface
1090. The fifth wire trace 931 1s coupled to the bottom via 1066, which extends from
the fifth wire trace 931 to a portion of the bottom electrode 906 that 1s adjacent to the
bottom wall 1070. The MT]J stack 908 includes the second sidewall 936 to carry the
second magnetic domain 946 1n the second portion of the free layer, the third sidewall
938 to carry the third magnetic domain 948 1n the third portion of the free layer, and the
bottom wall 1070 to carry the bottom magnetic domain 1072 in the bottom portion of
the free layer.

[0068] In a particular embodiment, the MTJ stack 908 1s adapted to store up to four
unique bit values. A first bit value may be represented by the first magnetic domain 944
in the first portion of the free layer, a second bit value may be represented by the second
magnetic domain 946 1n the second portion of the free layer, a third bit value may be
represented by the third magnetic domain 948 1n the third portion of the free layer, and a
fourth bit value may be represented by the bottom magnetic domain 1072 1n the bottom
portion of the free layer. In another particular embodiment, a fourth sidewall may be

included to carry a fourth magnetic domain, which may represent a fifth bit value.

[0069] FIG. 12 1s a top view of a particular illustrative embodiment of a memory device

1200 including a substrate 1202 with having a magnetic tunnel junction (MTJ) cell 1204
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that 1s adapted to store multiple data bits. The substrate 1202 includes a magnetic
tunnel junction (MT]J) structure 1204 that has a bottom clectrode 1206, an MTJ stack
1208, and a center clectrode 1210. The MT]J structure 1204 has a length (a) and a width
(b), where the length (a) 1s greater than the width (b). The substrate 1202 includes a
first center via 1212 and a second center via 1214 that are coupled to the center
clectrode 1210. The substrate 1202 also includes a first wire trace 1226 and a second
wire trace 1228. The second wire trace 1228 18 coupled to the first and second center
vias 1212 and 1214. The substrate 1202 also includes a process opening 1235 to

remove a portion of MTJ sidewall.

[0070] The MT]J stack 1208 includes a fixed magnetic layer that may be fixed by an
anti-ferromagnetic (AF) layer (not shown) and that carries a fixed magnetic domain
having a fixed orientation, a tunnel barrier layer, and a free magnetic layer having a
magnetic domain that can be changed or programmed via a write current. In a particular
embodiment, the fixed magnetic layer of the MTJ stack 1208 may include one or more
layers. The MTJ stack 1208 includes a first sidewall 1234 to carry a first magnetic
domain 1244 1n a first portion of the free layer, a second sidewall 1236 to carry a second
magnetic domain 1246 1n a second portion of the free layer, and a third sidewall 1238 to
carry a third magnetic domain 1248 1n a third portion of the free layer. The first, second
and third magnetic domains 1244, 1246, and 1248 are independent and adapted to store
data values. In a particular embodiment, the first magnetic domain 1244 1s adapted to
represent a first bit value, the second magnetic domain 1246 1s adapted to represent a
second bit value, and the third magnetic domain 1248 1s adapted to represent a third bit

value.

[0071] FIG. 13 1s a cross-sectional diagram 1300 of the circuit device 1200 of FIG. 12
taken along line 13-13 1n FIG. 12. The diagram 1300 includes the substrate 1202
having a first inter-layer dielectric layer 1350, a second inter-layer dielectric layer 1352,
a first cap layer 1354, a third inter-layer dielectric layer 1356, a second cap layer 1358, a
third cap layer 1360, a fourth inter-layer diclectric layer 1362, and a fifth inter-layer
diclectric layer 1364. The substrate 1202 has a first surface 1380 and a second surface
1390. The substrate 1202 also includes the MTJ structure 1204 including the MTJ stack
1208. The bottom electrode 1206 and the MTJ stack 1208 are disposed within a trench
in the substrate 1202. The trench has a depth (d). The MTJ stack 1208 includes the first
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sidewall 1234 to carry the first magnetic domain 1244 1n the first portion of the free
layer and the bottom wall 1370 to carry a bottom magnetic domain 1372 1n a bottom

portion of the free layer.

[0072] The substrate 1202 includes the first wire trace 1226 disposed at the second
surface 1390. The first wire trace 1226 1s coupled to bottom vias 1366 and 1368, which
extend from the first wire trace 1226 to a portion of the bottom clectrode 1206 that 1s
adjacent to the bottom wall 1370. The substrate 1202 also includes the second wire
trace 1228 at the first surface 1380. The second wire trace 1228 1s coupled to the first
center via 1212 and 1214, which extend from the second wire trace 1228 to the center
clectrode 1210. The center electrode 1210 1s coupled to the MTJ stack 1208. The
substrate 1202 also includes the process opening 1235, which may be formed by
selectively removing a portion of the MTJ structure 1204 and by depositing a cap layer

and an 1nter-layer dielectric material within the processing opening 1235.

[0073] In a particular embodiment, the MTJ stack 1208 includes the first sidewall 1234,
which carries the first magnetic domain 1244 1n the first portion of the free layer. The
first magnetic domain 1244 1s adapted to represent the first bit value. The MTJ stack
1208 also 1ncludes a bottom wall 1370 having a bottom magnetic domain 1372 in the
bottom portion of the free layer, which 1s adapted to represent a fourth bit value. In a
particular example, a bit value can be read from the MTJ stack 1208 by applying a
voltage to the second wire trace 1228 and by comparing a current at the first wire trace
1226 to a reference current. Alternatively, a bit value may be written to the MTJ stack
1208 by applying a write current between the first and second wire traces 1226 and
1228. In a particular embodiment, the length (a) and the width (b) of the MTJ stack
1208 1llustrated in FIG. 12 are greater than the trench depth (d), and the magnetic
domain 1244 carried by the first sidewall 1234 extends 1n a direction that 1S
substantially parallel to the first surface 1380 of the substrate 1202 and 1n a direction of
the width (b) illustrated in FIG. 12. In the particular view of FIG. 13, the magnetic
domain 1244 extends normal to the page view (outward from the page as indicated by

66.99

an arrow head (*°*”) or 1nto the page as indicated by a tail of an arrow (“*”)).

[0074] FIG. 14 1s a cross-sectional diagram 1400 of the circuit device 1200 of FIG. 12
taken along line 14-14 in FIG. 12. The diagram 1400 includes the substrate 1202
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having a first inter-layer dielectric layer 1350, a second inter-layer dielectric layer 1352,
a first cap layer 1354, a third inter-layer dielectric layer 1356, a second cap layer 1358, a
third cap layer 1360, a fourth inter-layer diclectric layer 1362, and a fifth inter-layer
diclectric layer 1364. The substrate 1202 has a first surface 1380 and a second surface
1390. The substrate 1202 includes the MTJ structure 1204 having the bottom electrode
1206, the MT]J stack 1208, and the center electrode 1210. The substrate 1202 includes
the second wire trace 1228 at the first surface 1380 and includes the first wire trace
1226 at the second surface 1390. The first wire trace 1226 1s coupled to the bottom via
1366, which extends from the first wire trace 1226 to a portion of the bottom electrode
1206 that 1s adjacent to the bottom wall 1370. The second wire trace 1228 1s coupled to
the center via 1212, which extends from the second wire trace 1228 to the center
clectrode 1210. The MT]J stack 1208 includes the second sidewall 1236 to carry the
second magnetic domain 1246 1n the second portion of the free layer, the third sidewall
1238 to carry the third magnetic domain 1248 in the third portion of the free layer, and
the bottom wall 1370 to carry the bottom magnetic domain 1372 1n the bottom portion
of the free layer.

[0075] In a particular embodiment, the MTJ stack 1208 1s adapted to store up to four
unique data values . A first bit value may be represented by the first magnetic domain
1244 1n the first portion of the free layer, a second bit value may be represented by the
second magnetic domain 1246 in the second portion of the free layer, a third bit value
may be represented by the third magnetic domain 1248 1n the third portion of the free
layer, and a fourth bit value may be represented by the bottom magnetic domain 1372 1n
the bottom portion of the free layer. In another particular embodiment, a fourth sidewall
may be included to carry a fourth magnetic domain, which may represent a fifth bit

value. In a particular embodiment, only the fourth bit 1s accessible via the wire traces

1226 and 122%.

[0076] FIG. 15 1s a top view of a free layer 1500 of a magnetic tunnel junction (MTJ)
stack adapted to store multiple data bits. In this example, the free layer 1500 1s
illustrated 1n a bit-zero state, where each of the magnetic domains 1s oriented to
represent a zero value. The free layer 1500 includes a first sidewall 1502, a second
sidewall 1504, a third sidewall 1506, and a bottom wall 1508. Each of the sidewalls
1502, 1504, and 1506, and the bottom wall 1508 carry a respective magnetic domain
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configured to represent a bit value, such as a “1” or a ““0” value. The first sidewall 1502
carries a first magnetic domain 1512. The second sidewall 1504 carries a second
magnetic domain 1514. The third sidewall 1506 carries a third magnetic domain 1516.

The bottom wall 1508 carries a fourth magnetic domain 1518.

[0077] The first magnetic domain 1512 of the first sidewall 1502 1s separated from the
second magnetic domain 1514 of the second sidewall 1504 by a first domain barrier
1530. Simuilarly, the first magnetic domain 1512 of the first sidewall 1502 1s separated
from the third magnetic domain 1516 of the third sidewall 1506 by a second domain
barrier 1532. In general, the first domain barrier 1530 and the second domain barrier
1532 represent domain walls, which are interfaces that separate magnetic domains, such
as the magnetic domains 1512, 1514, 1516, and 1518, respectively. Such domain
barriers 1530 and 1532 represent a transition between different magnetic moments. In a
particular embodiment, the first and second domain barriers 1530 and 1532 may
represent a change 1n a magnetic moment where a magnetic field undergoes an angular

displacement of approximately 90 or 270 degrees.

[0078] The direction of a magnetic field associated with the first magnetic domain 1512
(1.c., a direction of a magnetic field within a free layer) at the first sidewall 1502 may be
altered using a first write current 1522. Similarly, a direction of a magnetic field
associated with the second magnetic domain 1514 carried by the sidewall 1504 may be
altered using a second write current 1524. A direction of a magnetic field associated
with the third magnetic domain 1516 that 1s carried by the third sidewall 1506 may be
altered using a thaird write current 1526. A direction of a magnetic field associated with
the fourth magnetic domain 1518 carried by the bottom wall 1508 may be altered using

a fourth write current 152%.

[0079] In general, a relative direction of the magnetic field carried by the free layer
1500 relative to a fixed magnetic field associated with a fixed layer of the magnetic
tunnel junction (MT]J) stack determines the bit value stored by that particular sidewall
1502, 1504, or 1506 or by the bottom wall 1508. In the example shown, the magnetic
orientation of the magnetic domain associated with the fixed layer and the free layer

orientations of the magnetic domains 1512, 1514, 1516, and 1518 are 1n parallel (as

illustrated by magnetic fields 1614 and 1616 in FIG. 16). Accordingly, each of the
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write currents 1522, 1524, 1526 and 1528 represent write “0” currents, placing the MT)J

stack 1n a bit “0Q” state.

[0080] FIG. 16 1s a block diagram of a magnetic tunnel junction structure 1600. The
MT]J structure 1600 includes a top electrode 1602, a free layer 1604, a magnetic tunnel
junction tunnel barrier 1606, a fixed layer 1608, an anti-ferromagnetic (AF) layer (not
shown), and a bottom clectrode 1610. In general, the top electrode 1602 and the bottom
clectrode 1610 are electrically conductive layers adapted to carry an electrical current.
The fixed layer 1608 1s a ferromagnetic layer that has been annealed to be pinned by the
AF layer to fix a direction of a magnetic ficld 1616 within the fixed layer 1608. The
free layer 1604 1s a ferromagnetic layer that has a magnetic field with an orientation
that can be changed by a write current.. The MTJ tunnel barrier or barrier layer 1606
may be formed from an oxide (such as MgQO, Al,Os, as 1llustrative examples) or other
diamagnetic material. The direction of a magnetic field 1614 within the free layer 1604

may be changed using the write current.

[0081] A direction of the magnetic ficlds 1n the free layer 1604 relative to the fixed
magnetic field of the fixed layer 1608 indicates whether the bit stored at the free layer
1604 of the particular MTJ cell 1600 1s a bit value of “1” or b1t value of “0.” The
magnetic direction of the magnetic field in the free layer 1604, generally indicated at
1614, may be changed using a write current 1612. As shown, the write current
represent a write 0 current that flows from the top electrode 1602 through the free layer
1604 across the magnetic tunnel junction barrier 1606 through the fixed layer 1608 and
through the bottom electrode 1610.

[0082] FIG. 17 1s a cross-sectional view 1700 of the free layer 1500 of the MTJ stack
taken along line 17-17 in FIG. 15. The free layer 1500 includes the first sidewall 1502
and the bottom wall 1508. In this example, a direction of a first magnetic ficld carried
by the magnetic domain 1512 at the first sidewall 1502 extends at an angle that 1s
normal to the page and 1n a direction corresponding to the arrow 1512 1illustrated 1n FIG.
15. The fourth magnetic domain 1518 associated with the bottom wall 1508 extends 1n

a direction that 1s substantially parallel to a surface of the substrate.

0083} The free layer 1500 includes a first portion 1740, a first domain barrier (wall)

1742 and a second domain barrier 1744. In a particular example, the first domain
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barrier 1742 separates the first magnetic domain 1512 from the first portion 1740 and
the second domain barrier 1744 separates the first magnetic domain 1512 from the
fourth magnetic domain 1518 associated with the bottom wall 1508. In a particular
embodiment, the first and second domain barriers 1742 and 1744 may correspond to
structural interfaces between the first sidewall 1502 and the first portion 1740 and
between the first sidewall 1502 and the bottom wall 1508, respectively. The first
magnetic domain 1512 may be configured using the write current 1522. The fourth
magnetic domain 1518 may be configured using the write current 1528. In a particular
embodiment, the first and fourth magnetic domains 1512 and 1518 may represent

unique bit values.

[0084] FIG. 18 1s a diagram of a cross-sectional view 1800 of the free layer 1500 of the
MT]J stack taken along lines 18-18 in FIG. 15. The free layer 1500 includes the second
and third sidewalls 1504 and 1506 and the bottom wall 1508. In this particular
example, the free layer 1500 includes a second portion 1850, a third magnetic domain
barrier 1852, a fourth magnetic domain barrier 1854, a fifth magnetic domain barrier
1856, a sixth magnetic domain barrier 1858, and a third portion 1860. The second and
third magnetic domain barriers (or walls) 1852 and 1854 1solate the second magnetic
domain 1516 carried by the second sidewall 1506 from the second portion 1850 and
from the fourth magnetic domain 1518 carried by the bottom wall 1508 1solate the third
sidewall 1504 from the third portion 1860 and from the fourth magnetic domain 1518
associated with the bottom wall 1508. In a particular embodiment, the second, fourth,
and fifth magnetic domain barriers 1744, 1854, and 1856 may correspond to respective
structural interfaces between the sidewalls 1502, 1504, and 1506 and the bottom wall
1508.

[0085] In a particular 1llustrative embodiment, the free layer 1500 1llustrated 1n FIGs.
15, 17, and 18 18 a portion of a magnetic tunnel junction (MTJ) stack that 1s adapted to

store up to four bits, which may be represented by the magnetic fields 1512, 1514, 1516,
and 1518.

[0086] FIG. 19 1s a top view of a free layer 1900 of a magnetic tunnel junction (MTJ)
stack adapted to store multiple bits. In this example, the free layer 1900 1s 1llustrated 1n

a bit “1” state, where each of the magnetic domains 1s oriented to represent a logic high
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or bit “1” value. The free layer 1900 includes a first sidewall 1902, a second sidewall
1904, a third sidewall 1906, and a bottom wall 1908. Each of the sidewalls 1902, 1904,
and 1906, and the bottom wall 1908 carry a respective magnetic domain in
corresponding portions of the free layer that 1s configured to represent a bit value, such
as a 1”7 ora “0” value. The first sidewall 1902 carries a first magnetic domain 1912 1n
a first portion of the free layer. The second sidewall 1904 carries a second magnetic
domain 1914 1n a second portion of the free layer. The third sidewall 1906 carries a
third magnetic domain 1916 1n a third portion of the free layer. The bottom wall 1908

carrics a fourth magnetic domain 1918 1n a bottom portion of the free layer.

The first magnetic domain 1912 of the first sidewall 1902 1s separated from the
second magnetic domain 1914 of the second sidewall 1904 by a first domain barrier
1930. Simuilarly, the first magnetic domain 1912 of the first sidewall 1902 1s separated
from the third magnetic domain 1916 of the third sidewall 1906 by a second domain
barrier 1932. In general, the first domain barrier 1930 and the second domain barrier
1932 represent domain walls, which are interfaces that separate magnetic domains, such
as the magnetic domains 1912, 1914, 1916, and 1918, respectively. Such domain
barriers 1930 and 1932 represent a transition between different magnetic moments. In a
particular embodiment, the first and second domain barriers 1930 and 1932 may
represent a change 1n a magnetic moment where a magnetic field undergoes an angular

displacement of approximately 90 or 270 degrees.

The direction of a magnetic field associated with the first magnetic domain 1912
(1.c., a direction of a magnetic field within a free layer) at the first sidewall 1902 may be
altered using a first write current 1922, Similarly, a direction of a magnetic field
associated with the second magnetic domain 1914 carried by the sidewall 1904 may be
altered using a second write current 1924. A direction of a magnetic field associated
with the third magnetic domain 1916 that 1s carried by the third sidewall 1906 may be
altered using a third write current 1926. A direction of a magnetic field associated with
the fourth magnetic domain 1918 carried by the bottom wall 1908 may be altered using

a fourth write current 192%.

In general, a relative direction of the magnetic field carried by the free layer

1900 relative to a fixed magnetic field associated with a fixed layer of the magnetic



CA 02713337 2010-07-27
WO 2009/099826 PCT/US2009/032209

_05

tunnel junction (MT]J) stack determines the bit value stored by that particular sidewall
1902, 1904, or 1906 or by the bottom wall 1908. In the example shown, the magnetic
orientation of the magnetic domain associated with the fixed layer and the orientations
of the free layer magnetic domains 1912, 1914, 1916, and 1918 are 1n anti-parallel (as
illustrated by magnetic fields 2014 and 2016 1in FIG. 20). Accordingly, cach of the
write currents 1922, 1924, 1926 and 1928 represent write “1” currents, placing the MT)J
stack 1n a logic high or bit “1” state.

[0090] FIG. 20 1s a block diagram of a magnetic tunnel junction structure 2000. The
MT]J structure 2000 includes a top electrode 2002, a free layer 2004, a magnetic tunnel
junction tunnel barrier 2006, a fixed layer 2008, and a bottom clectrode 2010. In
general, the top electrode 2002 and the bottom clectrode 2010 are electrically
conductive layers adapted to carry an electrical current. The fixed layer 2008 15 a
ferromagnetic layer that has been annealed to fix a direction of a magnetic field 2016
within the fixed layer 2008. The free layer 2004 1s a ferromagnetic layer that has not
been annecaled. The MTJ tunnel barrier or barrier layer 2006 may be formed from an
oxide or other anti-ferromagnetic material. The direction of a magnetic field 2014

within the free layer 2004 may be changed using the write current.

[0091] A direction of the magnetic ficlds in the free layer 2004 relative to the fixed
magnetic field of the fixed layer 2008 indicates whether the bit stored at the free layer
2004 of the particular MTJ cell 2000 1s a bit value of “1” or bit value of “0.” The
magnetic direction of the magnetic field in the free layer 2004, generally indicated at
2014, may be changed using a write current 2012. As shown, the write current
represent a write 1 current that flows from the bottom electrode 2010 through the fixed
layer 2008 across the magnetic tunnel junction barrier 2006 through the free layer 2004
and through the top electrode 2002.

[0092] FIG. 21 1s a cross-sectional view 2100 of the free layer 1900 of the MTJ stack
taken along line 21-21 in FIG. 19. The free layer 1900 includes the first sidewall 1902
and the bottom wall 1908. In this example, a direction of a first magnetic ficld carried
by the magnetic domain 1912 at the first sidewall 1902 extends at an angle that 1s

normal to the page and 1n a direction corresponding to the arrow 1912 illustrated 1n FIG.
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11. The fourth magnetic domain 1918 associated with the bottom wall 1908 extends 1n

a direction that 1s substantially parallel to a surface of the substrate.

10093} The free layer 1900 includes a first portion 2140, a first domain barrier (wall)
2142 and a second domain barrier 2144. In a particular example, the first domain barrier
2142 separates the first magnetic domain 1912 from the first portion 2140 and the
second domain barrier 2144 separates the first magnetic domain 1912 from the fourth
magnetic domain 1918 associated with the bottom wall 1908. In a particular
embodiment, the first and second domain barriers 2142 and 2144 may correspond to
structural interfaces between the first sidewall 1902 and the first portion 2140 and
between the first sidewall 1902 and the bottom wall 1908, respectively. The first
magnetic domain 1912 may be configured using the write current 1922, The fourth
magnetic domain 1918 may be configured using the write current 1928. In a particular
embodiment, the first and fourth magnetic domains 1912 and 1918 may represent

unique bit values.

[0094] FIG. 22 1s a diagram of a cross-sectional view 2200 of the free layer 1900 of the
MT]J stack taken along lines 22-22 in FIG. 19. The free layer 1900 includes the second
and third sidewalls 1904 and 1906 and the bottom wall 1908. In this particular
example, the free layer 1900 includes a second portion 2250, a third magnetic domain
barrier 2252, a fourth magnetic domain barrier 2254, a fifth magnetic domain barrier
2256, a sixth magnetic domain barrier 2258, and a third portion 2260. The second and
third magnetic domain barriers (or walls) 2252 and 2254 1solate the second magnetic
domain 1916 carried by the second sidewall 1906 from the second portion 2250 and
from the fourth magnetic domain 1918 carried by the bottom wall 1908 1solate the third
sidewall 1904 from the third portion 2260 and from the fourth magnetic domain 1918
associated with the bottom wall 1908. In a particular embodiment, the second, fourth,
and fifth magnetic domain barriers 2144, 2254, and 2256 may correspond to respective
structural interfaces between the sidewalls 1902, 1904, and 1906 and the bottom wall
1908.

[0095] In a particular illustrative embodiment, the free layer 1900 1llustrated in FIGs.
19, 21, and 22 1s a portion of a magnetic tunnel junction (MTJ) stack that 1s adapted to
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store up to four bits, which may be represented by the magnetic fields 1912, 1914, 1916,
and 1918.

[0096] FIG. 23 1s a diagram of a magnetic tunnel junction (MTJ) cell 2300 adapted to
store a bit. The MTJ cell 2300 may be utilized in a memory array including bit lines,
such as a bit line 2320, and including word lines, such as a word line 2322. The MTJ
cell 2300 includes an MT]J structure 2304 having a bottom eclectrode 2306, an MTJ stack
2308, and a center electrode 2310. The MTJ stack 2308 includes a fixed layer, a
magnetic tunnel barrier, and a free layer that carries a programmable magnetic domain,
which has an orientation that may be altered by applying a write current. The fixed
layer may be pinned by an anti-ferromagnetic (AF) layer (not shown). The bit line 2320
1s coupled to the center electrode 2310. The word line 2322 1s coupled to a control
terminal of a switch 2326 that includes a first terminal 2328 coupled to the bottom
clectrode 2306. In a particular embodiment, the switch 2326 may be a metal oxide
semiconductor field effect transistor (MOSFET), a transistor, or other switching circuit
component. In another embodiment, the switch 2326 can be a bi-directional switch to
allow current flow both into and out of the MT]J structure 2304. The switch 2326
includes the first terminal 2328 coupled to the bottom electrode 2306, a control terminal
coupled to the word line 2322, and a second terminal 2324 coupled to a source line

(SL), which may be coupled to a power source.

[0097] In a particular 1llustrative embodiment, a signal (or voltage) may be applied to
the bit line 2320 and to the word line 2322 to activate the switch 2326. After activating
the switch 2326, data may be read from the MTJ cell 2300 based on a current flow
through the MTJ cell 2300. For example, a fixed voltage may be applied to the bit line
2320 and a voltage may be applied to the word line 2322 to activate the switch 2326. A
bit value represented by an orientation of bottom magnetic domain 2316 at a bottom
wall 2350 of the MTJ stack 2308 may be determined based on a current flow measured
cither at the bit line 2320 or at the source line coupled to the terminal 2324, for example.
In this particular instance, the MTJ cell 2300 may store a single bit value. The MT]J cell
2300 may be a memory cell within a memory array, such as a magneto-resistive random
access memory (MRAM), an N-way cache, a non-volatile storage device, other memory

devices, or any combination thereof.
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[0098] Additionally, 1t should be understood that an additional terminal can be coupled
to a sidewall, such as the sidewall 2340 to access an additional magnetic domain
assoclated with the sidewall 2340 for storage and retrieval of an additional bit value.
Further, 1n a particular example, 1t should be understood that a third sidewall may be

provided with an associated switch for storage and retrieval of a third bat.

[0099] FIG. 24 1s a diagram of a magnetic tunnel junction (MTJ) cell 2400 adapted to
store multiple data bits. The MTJ cell 2400 includes an MTJ structure 2404 including a
bottom electrode 2406, an MTJ stack 2408, and a center electrode 2410. The MTJ stack
2408 1ncludes a fixed magnetic layer, a magnetic tunnel junction barrier layer, and a
free magnetic layer. The fixed magnetic layer may be pinned by an anti-ferromagnetic
(AF) layer (not shown). The free magnetic layer carries a magnetic domain that can be
changed using a write current to store a bit value. The MTJ cell 2400 may be a memory
cell within a memory array, such as a magneto-resistive random access memory
(MRAM), an N-way cache, a non-volatile storage device, other memory devices, or any

combination thereof.

[00100] The MT]J stack 2408 includes a first sidewall 2440, a bottom wall 2450, and a
second sidewall 2460. A bit line 2420 1s coupled to the center electrode 2410. A word
line 2422 1s coupled to a control terminal of a switch 2426. The switch 2426 includes a
first terminal coupled to a node 2428, which 1s coupled to the first sidewall 2440 and the
second sidewall 2460 via lines 2430 and 2432, respectively. The switch also includes a
second terminal 2424 that 1s coupled to a source line (SL), which may be coupled to a

first power source.

[00101] In a particular example, the switch 2426 may be activated by applying a voltage
or current to the word line 2422. Data may be read from the MTJ cell 2400 by
activating the switch 2426 and by applying power to the bit line 2420. The MT]J cell
2400 1s adapted to represent a single bit value via the first and second sidewalls 2440
and 2460. In another particular embodiment, an additional switch may be coupled to

the bottom wall 2450 to access the magnetic domain 2416.

[00102] FIG. 25 15 a diagram of a magnetic tunnel junction cell 2500 adapted to store
multiple data bits. The MTJ cell 2500 includes an MTJ structure 2504 including a
bottom electrode 2506, an MTJ stack 2508, and a center electrode 2510. The MTJ stack
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2508 includes a fixed magnetic layer, a magnetic tunnel junction barrier layer, and a
free magnetic layer. The fixed magnetic layer may be pinned by an anti-ferromagnetic
(AF) layer (not shown). The free magnetic layer carries a magnetic domain that can be
changed using a write current to store a bit value. The MTJ cell 2500 may be a memory
cell within a memory array, such as a magneto-resistive random access memory
(MRAM), an N-way cache, a non-volatile storage device, other memory devices, or any

combination thereof.

[00103] The MT]J stack 2508 includes a first sidewall 2540, a bottom wall 2550, and a
second sidewall 2560. Each of the sidewalls 2540 and 2560 and the bottom wall 2550
carrics a respective magnetic domain adapted to represent a bit value. The MTJ stack
2508 18 coupled to a bit line 2520 via the top electrode 2510. The first sidewall 2540 of
the MTJ stack 2508 1s coupled to a first switch 2526 via the bottom electrode 2506. The
first switch 2526 includes a first terminal 25235 that 1s coupled to a first portion of the
bottom clectrode 2506, a control terminal coupled to a node 2528, and a second terminal
2524 coupled to a first source line (SL1). A word line 2522 1s coupled to the node
2528. The second sidewall 2560 of the MTJ stack 2508 is coupled to a second switch
2532 via the bottom clectrode 2506. The second switch 2532 includes a third terminal
2531 that is coupled to a second portion of the bottom electrode 2506, a control terminal

coupled to the node 2528, and a fourth terminal 2530 coupled to a second source line

(SL2).

[00104] In a particular example, the first and second switches 2526 and 2532 may be
transistors. The first switch 2526 may be activated via the word line 2522 to provide a
current path from the bit line 2520 through the center electrode 2510, the MTJ structure
2508, the bottom electrode 2506, the first terminal 2525 and the first switch 2526 to the
second terminal 2524, as indicated at 2561. Current flow via the current path 2561 may
be compared to a reference current to determine a “1” value or a “0” value represented
by a magnetic domain of the first sidewall 2540. Similarly, a current path provided via
the terminal 2531 through the switch 2532 may be utilized to access data stored via a

magnetic domain at the second sidewall 2560 of the MTJ cell 2500.

[00105] In a particular 1llustrative embodiment, a third electrode may be coupled to the
bottom wall 2550 of the MTJ cell 2500 to access a third bit, which may be represented
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by a magnetic domain associated with the bottom wall 2550. Further, the MTJ cell
2500 may include a fourth terminal coupled to a third sidewall (not shown) to store and
retrieve a fourth bit. In this manner, the MTJ cell 2500 may be adapted to store multiple

unique bit values.

[00106] In general, to utilize multiple magnetic domains to store multiple data values at
the sidewalls 2540 and 2560 and at the bottom wall 2550, switches, such as the first and
second switches 2526 and 2532, may be used. An advantage of the MTJ cell 2500 18
that multiple lateral magnetic domains may be formed to allow multiple bits to be stored

within a single cell, thereby increasing storage density.

[00107] FIG. 26 1s a diagram of a magnetic tunnel junction (MTJ) cell 2600 adapted to
store multiple bits. The MTJ cell 2600 includes an MT]J structure 2604 including a
bottom electrode 2606, an MT]J stack 2608, and a center electrode 2610. The MTJ stack
2608 1ncludes a fixed magnetic layer, a magnetic tunnel junction barrier layer, and a
free magnetic layer. The fixed magnetic layer may be pinned by an anti-ferromagnetic
(AF) layer (not shown). The free magnetic layer carries a magnetic domain that can be
changed using a write current to store a bit value. The MTJ cell 2600 may be a memory
cell within a memory array, such as a magneto-resistive random access memory
(MRAM), an N-way cache, a non-volatile storage device, other memory devices, or any

combination thereof.

[00108] The MTJ stack 2608 includes a first sidewall 2640, a bottom wall 2650, a second
sidewall 2660, and a third sidewall 2670 (shown 1n phantom). Each of the sidewalls
2640, 2660, and 2670 and the bottom wall 2650 carries a respective magnetic domain
adapted to represent a bit value. The MTJ stack 2608 1s coupled to a bit line 2620 via
the top electrode 2610. The first sidewall 2640 of the MTJ stack 2608 1s coupled to a
first switch 2626 via the bottom electrode 2606. The first switch 2626 includes a first
terminal 2625 that 1s coupled to a first portion of the bottom electrode 2606, a control
terminal coupled to a word line 2622, and a second terminal 2624 coupled to a first
source line (SL1). The second sidewall 2660 1s coupled to a second switch 2634 via the
bottom electrode 2606. The second switch 2634 includes a third terminal 2633 that 1s
coupled to a second portion of the bottom electrode 2606, a second control terminal

coupled to the word line 2622, and a fourth terminal 2632 coupled to a second source
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line (SL2). The third sidewall 2670 1s coupled to a third switch 2630 via the bottom
clectrode 2606. The third switch 2630 includes a fifth terminal 2629 that 1s coupled to a
third portion of the bottom electrode 2606 adjacent to the third sidewall 2670, a third

control terminal coupled to the word line 2622, and a sixth terminal 2628 coupled to a

third source line (SL3).

[00109] In a particular embodiment, the first, second, and third switches 2626, 2630, and
2634 may be activated to read and/or write data from and to the MTJ cell 2600. In
another particular embodiment, the first, second, and third switches 2626, 2630, and

2634 are coupled to respective word lines, which may be selectively activated to read

and/or write data from and to the MTJ cell 2600.

[00110] FIG. 27 1s a diagram of a magnetic tunnel junction (MTJ) cell 2700 adapted to
store multiple bits. The MTJ cell 2700 includes an MTJ structure 2704 including a
bottom electrode 2706, an MT]J stack 2708, and a center electrode 2710. The MTJ stack
2708 includes a fixed magnetic layer, a magnetic tunnel junction barrier layer, and a
free magnetic layer. The fixed magnetic layer may be pinned by an anti-ferromagnetic
(AF) layer (not shown). The free magnetic layer carries a magnetic domain that can be
changed using a write current to store a bit value. The MTJ cell 2700 may be a memory
cell within a memory array, such as a magneto-resistive random access memory
(MRAM), an N-way cache, a non-volatile storage device, other memory devices, or any

combination thereof.

[00111] The MTJ stack 2708 includes a first sidewall 2740, a bottom wall 2750, a second
sidewall 2760, and a third sidewall 2770 (shown 1 phantom). Each of the sidewalls
2740, 2760, and 2770 and the bottom wall 2750 carries a respective magnetic domain
adapted to represent a bit value. The MTJ stack 2708 1s coupled to a bit line 2720 via
the top clectrode 2710. The first sidewall 2740 of the MTJ stack 2708 1s coupled to a
first switch 2726 via the bottom electrode 2706. The first switch 2726 includes a first
terminal 2725 that 1s coupled to a first portion of the bottom electrode 2706, a control
terminal coupled to a word line 2722, and a second terminal 2724 coupled to a first
source line (SL1). The second sidewall 2760 1s coupled to a second switch 2738 via the
bottom electrode 2706. The second switch 2738 includes a third terminal 2737 that is

coupled to a second portion of the bottom electrode 2706, a second control terminal
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coupled to the word line 2722, and a fourth terminal 2736 coupled to a second source
line (SL2). The third sidewall 2770 1s coupled to a third switch 2730 via the bottom
clectrode 2706. The third switch 2730 includes a fifth terminal 2729 that 1s coupled to a
third portion of the bottom e¢lectrode 2706 adjacent to the third sidewall 2770, a third
control terminal coupled to the word line 2722, and a sixth terminal 2728 coupled to a
third source line (SL3). The bottom wall 2750 1s coupled to a fourth switch 2734 via
the bottom electrode 2706. The fourth switch 2734 includes a seventh terminal 2733
that 1s coupled to a fourth portion of the bottom electrode 2706 adjacent to the bottom
wall 2750, a fourth control terminal coupled to the word line 2722, and an eighth
terminal 2732 coupled to a fourth source line (SL4).

[00112] In a particular embodiment, cach of the source lines (SL1, SL2, SL3, and SL4)
may be coupled to a common power source. In another particular embodiment, cach of
the source lines (SL1, SL2, SL3, and SL4) may be coupled to different power sources.
In a particular embodiment, the first, second, third and fourth switches 2726, 2730,
2734, and 2738 may be activated to read and/or write data from and to the MTJ cell
2700. In another particular embodiment, the first, second, third and fourth switches
27726, 2730, 2734, and 2738 are coupled to respective word lines, which may be
selectively activated to read and/or write data from and to the MTJ cell 2700.

[00113] FIGs. 28-29 1llustrate a flow diagram of a particular 1llustrative embodiment of a
method of fabricating a magnetic tunnel junction (MTJ) structure to store multiple bats.
In general, a depth of a trench for formation of the MTJ structure 1s tightly controlled.
The MT]J film deposit 1s made and the top electrode thickness 1s controlled to form
narrow turn gaps without scams. The magnetic anneal process 1s applied in two
dimensions (¢.g., along the (a) and (b) directions of FIG. 3, 6, 9, or 12 to mitialize the
bottom and the lateral magnetic domains with a fixed magnetic ficld direction). By
controlling the shape of the cell and the depth of the cell, such that the length 1s greater
than the width and the width 1s greater than the depth, a direction of the magnetic fields
within the MTJ cell may be controlled. In a particular example, a large aspect ratio of
the length to width and the width to depth can make the bottom MTJ and the sidewall
MTJ magnetic domains more 1sotropic. In a particular embodiment, the MTJ stack
structure 18 defined by a deep trench that sitmplifies a photo and etch process during

fabrication.
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[00114] At 2802, the method includes depositing and patterning a bottom metal wire. If a
Damascene process 1s used, the bottom wire patterning should combine with underneath
via process. Continuing to 2804, an inter-layer dielectric layer (IDL) film 1s deposited
and a Chemical-Mechanical Polishing (CMP) 1s performed. A cap film layer 1s
deposited. Advancing to 2806, 1f the circuit device includes a bottom via connection, the
method proceeds to 2808 and a bottom via 1s opened, filled and via Chemical-
Mechanical Polishing (CMP) process 1s performed. At 2806, 1f the circuit device does
not include a bottom via connection, the method skips 2808 and advances to 2810. At
2810, IDL film and cap film layers are deposited. Proceeding to 2812, a magnetic
tunnel junction (MTJ) trench 1s patterned and etched, stopping at the cap film layer, the
photo resist (PR) 1s stripped and the trench 1s cleaned.

[00115] Continuing to 2814, a bottom clectrode, MTJ film layers, and a top electrode are
deposited, and a magnetic anneal 1s performed. Advancing to 2816, an MTJ hard mask
1s deposited and MTJ photo/etched to stop at the bottom electrode, and the photo resist
(PR) are stripped and MT]J 1s cleaned. Proceeding to 2818, the bottom electrode 1s
photo/etched, photo resist 1s stripped and the MTJ 1s cleaned. Moving to 2820, the MT)J
stack 1s photo/etched to remove one or more sidewalls, stripped and cleaned. The

method continues to 2822.

[00116] Turning to FIG. 29, at 2822, the method advances to 2924 and a cap film 1s
deposited. Moving to 2926, an IDL film 15 deposited and a CMP process 1s performed.
Continuing to 2928, a top via 1s opened, cleaned and filled and a via CMP process 1s
performed. Proceeding to 2930, a top metal wire 1s deposited and patterned. If a
Damascene process 1s used, the 2928 via and 2930 metal processes can be combined.
The method terminates at 2932, In a particular embodiment, after deposition of the
MT]J film layers, a magnetic anneal process may be performed, such as in a horizontal
(a) direction and (b) direction as depicted in FIGs. 3, 6, 9, and 12 to configure the fixed

magnetic domains of the fixed magnetic layer.

[00117] FIG. 30 1s a flow diagram of a particular 1llustrative embodiment of a method of
accessing data stored at unique magnetic domains of a multi-bit MTJ cell. At 3002, the
method includes selectively activating a bit line coupled to a center electrode of a

magnetic tunnel junction structure including a plurality of sidewalls, where each of the
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plurality of sidewalls includes a free layer to carry a unique magnetic domain.
Continuing to 3004, the method includes selectively activating the one or more bi-
directional switches to allow current tlow to the MTJ structure, where the one or more
bi-directional switches are coupled to respective sidewalls of a plurality of sidewalls and
coupled to a power source. In a particular embodiment, a bi-directional switch may also
be coupled to a bottom wall. In a particular embodiment, the bi-directional switches
may be coupled to multiple power sources. Moving to 3006, during the read operation,
the method includes determining a data value associated with each of the unique
magnetic domains based on the resistance associated with the current path. Proceeding
to 3008, during a write operation, the method includes controlling a current direction
through the MTJ structure via each of the one or more switches to sclectively control a
magnetic correction within a free layer of selective magnetic domains, where the

magnetic direction 1s related to a bit value. The method terminates at 3010.

[00118] FIG. 31 1s a block diagram of an 1llustrative embodiment of a communications
device 3100 including a memory array of MTJ cells 3132 and a cache memory of MT]J
cells 3164, which are coupled to a processor, such as a digital signal processor (DSP)
3110. The communications device 3100 also includes a magneto-resistive random
access memory (MRAM) device 3166 that 1s coupled to the DSP 3110. In a particular
example, the memory array of MTJ cells 3132, the cache memory of MTJ cells 3164,
and the MRAM device 3166 include multiple MTJ cells, where each MTJ cell 1s

adapted to store multiple independent bit values, as described with respect to FIGs. 1-

30.

[00119] FIG. 31 also shows a display controller 3126 that 1s coupled to the digital signal
processor 3110 and to a display 3128. A coder/decoder (CODEC) 3134 can also be

coupled to the digital signal processor 3110. A speaker 3136 and a microphone 3138
can be coupled to the CODEC 3134.

[00120] FIG. 31 also indicates that a wireless controller 3140 can be coupled to the
digital signal processor 3110 and to a wireless antenna 3142. In a particular
embodiment, an mput device 3130 and a power supply 3144 are coupled to the on-chip

system 3122. Morecover, 1n a particular embodiment, as 1llustrated in FIG. 31, the

display 3128, the input device 3130, the speaker 3136, the microphone 3138, the
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wireless antenna 3142, and the power supply 3144 are external to the on-chip

system 3122. However, each can be coupled to a component of the on-chip system

3122, such as an interface or a controller.

[00121] Those of skill would further appreciate that the various illustrative logical
blocks, configurations, modules, circuits, and algorithm steps described in
connection with the embodiments disclosed herein may be implemented as
electronic hard\&are, computer software, or combinations of both. To clearly
illustrate this interchangeability of hardware and software, various illustrative
components, blocks, configurations, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such
functionality is implemented as hardware or software depends upon the particular
application and design constraints imposed on the overall system. Skilled artisans
may implement the described functionality in varying ways for each particular
application, but such implementation decisions should not be interpreted as causing

a departure from the scope of the present disclosure.

[00122] The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the disclosed embodiments. Various
modifications to these embodiments will be readily apparent to those skilled in the
art, and the generic principles defined herein may be applied to other embodiments

without departing from the scope of the disclosure. Thus, the present disclosure is
not intended to be limited to the embodiments shown herein but is to be accorded
the widest scope possible consistent with the principles and novel features as

defined by the following claims.
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WHAT IS CLAIMED IS:
1. A magnetic tunnel junction (MTJ) structure comprising;

a MT]J cell comprising multiple sidewalls extending substantially normal to a

surface of a substrate, each of the multiple sidewalls including a free layer

to carry a unique magnetic domain, each of the unique magnetic domains

adapted to store a digital value; and
a bottom wall coupled to each of the multiple sidewalls, the bottom wall extending
substantially parallel to the surface of the substrate, the bottom wall

including a f{ree layer.

2. The MT]J structure of claim 1, wherein a magnetic domain wall is formed within the

free layer between each of the multiple sidewalls, and wherein a magnetic domain wall 1s
formed within the free layer between each of the multiple sidewalls and the bottom wall,

the magnetic domain walls adapted to isolate the unique magnetic domains.

3. The MTJ structure of claim 1, wherein a depth of at least one of the multiple
sidewalls from one edge of the sidewall to the opposing edge is less than a distance

between at least two of the multiple sidewalls.

4. The MTJ structure of claim 1, further comprising an electrode coupled to the MTJ
cell, wherein the electrode is adapted to appiy an electrical current to read data from or

write data to the MTJ cell.

5. The MT]J structure of claim 1, wherein a depth of each of the multiple sidewalls
from one edge of the sidewall to the opposing edge is less than a length along which the

magnetic field orients of each of the multiple sidewalls.

6. The MT]J structure of claim 1, wherein the MTJ cell comprises a first sidewall
having a first magnetic domain, a second sidewall having a second magnetic domain and a

third sidewall having a third magnetic domain; and



CA 02713337 2013-02-12

74769-3018
-37 -
wherein the bottom wall 1s coupled to the first, second, and third sidewalls, the

bottom wall including a free layer to carry a fourth magnetic domain.

7. The MTJ structure of claim 6, further comprising a first terminal structure coupled
to the first sidewall, a second terminal structure coupled to the second sidewall, a third
terminal structure coupled to the third sidewall, and a fourth terminal structure coupled to

the bottom wall.
8. The MT]J structure of claim 1, wherein the MTJ cell is suBstantially U-shaped.

0. A magnetic tunnel junction (MT]J) structure comprising:

a MTJ cell comprising multiple sidewalls, the multiple sidewalls including a first
sidewall including a first free layer to carry a first magnetic domain to
represent a first data bit, a second sidewall including a
second free layer to carry a second magnetic domain to represent a
second data bit, a third sidewall including a third free layer to carry a
third magnetic domain to represent a third data bit; and a bottom wall
coupled to each of the multiple sidewalls, the bottom wall including a
fourth free layer to carry a fourth magnetic domain to represent a fourth
data bit.

10.  The MTJ structure of claim 9, wherein the first sidewall is substantially

perpendicular to the second sidewall.

11.  The MTJ structure of claim 9, wherein the first magnetic domain extends in a first
direction that 1s substantially parallel to a surface of a substrate, and wherein the second
magnetic domain extends in a second direction that is substantially parallel to the surface of

the substrate.

12. The MTIJ structure of claim 9, wherein the first magnetic domain extends in a

direction that 1s substantially parallel to a planar surface of a substrate and wherein the
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second magnetic domain extends in a direction that is substantially perpendicular to the

planar surface of the substrate.

13. The MTJ structure of claim 9, wherein the MTJ cell further includes a center
electrode proximate to and spaced approximately equally from each of the multiple

sidewalls and the bottom wall.

14. The MTJ structure of claim 13, wherein a thickness of the center electrode 1s
approximately half of a difference between a width of the MTJ cell minus a width of two

opposing sidewalls of the multiple sidewalls.

15.  The MT]J structure of claim 13, further comprising:
a first terminal coupled to the center electrode,
a second terminal coupled to the first sidewall;
a third terminal coupled to the second sidewall;
a fourth terminal coupled to the third sidewall; and

a fifth terminal coupled to the bottom wall.

16.  The MT]J structure of claim 9, further comprising:
a first terminal coupled to the first magnetic domain;

a second terminal coupled to the second magnetic domain; and

a third terminal coupled to a center electrode;

wherein the first terminal, the second terminal and the third terminal are adapted to
cooperate to selectively write data to and read data from the first and

second magnetic domains.

17. A magnetic random access memory (MRAM) comprising:
an array of magnetic tunnel junction (MTJ) cells, each of the M'TJ cells
comprising multiple sidewalls, each of the multiple sidewalls including a
free layer to carry a respective independent magnetic domain adapted to

store a digital value, and a bottom wall coupled to each of the multiple
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sidewalls, the bottom wall extending substantially parallel to the surface
of a substrate, the bottom wall including a free layer.
18.  The MRAM of claim 17, wherein each of the MTJ cells comprises four independent

CA 02713337 2013-02-12

magnetic domains.

19.

20.

21.

The MRAM of claim 17, wherein each MTJ cell comprises:

a first sidewall including a first free layer to carry a first magnetic domain
adapted to store a first bit;

a second sidewall including a second free layer to carry a second magnetic
domain adapted to store a second bit;

a third sidewall including a third free layer to carry a third magnetic domain
adapted to store a third bit; and

wherein the bottom wall includes a fourth free layer to carry a fourth magnetic

domain adapted to store a fourth bit.

The MRAM of claim 19, further comprising:

a first switch coupled to the first sidewall;

a second switch coupled to the second sidewall;

a third switch coupled to the third sidewall;

a fourth switch coupled to the bottom wall;

a bit line coupled to a center electrode proximate to each of the sidewalls; and

a word line coupled to each of the first, second, third and fourth switches, the

word line to selectively activate at least one of the first, second, third,

and fourth switches to read data from and to write data to the MTJ cell.

The MRAM of claim 20, further comprising:

a first source line coupled to the first switch to selectively apply a first current to the

first sidewall;

a second source line coupled to the second switch to selectively apply a second

current to the second sidewall;
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22.

- 40 -
a third source line coupled to the third switch to selectively apply a third current to
the third sidewall; and
a fourth source line coupled to the fourth switch to selectively apply a fourth
current to the bottom wall;

wherein at least one of the first, second, third and fourth currents are applied

during a data write operation.

The MRAM of claim 17, wherein each of the MTJ cells is substantially u-shaped.
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