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

(19) World Intellectual Property '

Organization
=

International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2020/222884 Al

05 November 2020 (05.11.2020) WIPO | PCT

(51) International Patent Classification:
G11C 11/16 (2006.01) HO1L 43/02 (2006.01)
HO1L 27/22 (2006.01)

(21) International Application Number:
PCT/US2019/068899

(22) International Filing Date:
30 December 2019 (30.12.2019)

(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
16/401,172 02 May 2019 (02.05.2019) UsS

(71) Applicant: WESTERN DIGITAL TECHNOLOGIES,
INC., [US/US]; 5601 Great Oaks Parkway, San Jose, Cali-
fornia 95119 (US).

(72) Inventors: WAN, Lei; c/o Western Digital Technologies,
Inc., 5601 Great Oaks Parkway, San Jose, California 95119
(US). KATINE, Jordan; c/o Western Digital Technolo-
gies, Inc., 5601 Great Oaks Parkway, San Jose, Califor-
nia 95119 (US). ROBERTSON, Neil; c/o Western Digi-
tal Technologies, Inc., 5601 Great Oaks Parkway, San Jose,
California 95119 (US).

(74) Agent: RADOMSKY, Leon et al.; The Marbury Law
Group, PLLC, 11800 Sunrise Valley Drive, 15th Floor, Re-
ston, Virginia 20191 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,

84

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 1IN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, 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, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

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

Published:

with international search report (Art. 21(3))

(54) Title: SPIN-ORBIT-TORQUE MAGNETORESISTIVE MEMORY CELL WITH INTEGRATED SELECTOR ELEMENTS

AND METHOD OF MAKING THE SAME

320

40

FIG. 1D

wO 20207222884 A1 |0 0000 K00 0 0 0 00

(57) Abstract: A spin-orbit-torque (SOT) magnetoresistive random access memory (MRAM) device includes a SOT MRAM cell
containing a first two terminal selector element, a nonmagnetic metallic assist plate, and a magnetic tunnel junction located between the
first two terminal selector element and the nonmagnetic metallic assist plate, and a circuit selection element selected from a transistor
or a second two terminal selector element electrically connected to the nonmagnetic metallic assist plate of the SOT MRAM cell.



WO 2020/222884 PCT/US2019/068899

SPIN-ORBIT-TORQUE MAGNETORESISTIVE MEMORY CELL WITH
INTEGRATED SELECTOR ELEMENTS AND METHOD OF MAKING THE SAME

RELATED APPLICATION
{0001] The present application claims the benefit of priovity of U.8. Non-Provisional
Patent Application Serial No. 16/401,172 filed on May 2, 2019, the entire content of which is
incorporated herein by reference.
FIELD
[6062] The present disclosure relates generally to the field of magnetc memory devices,
and particular to a spin-orbit-torque magnetoresistive memaory cell with an integrated selector
clement and methods of manufacturing the same.
BACKGROUND
{0003] Spin-orbit-torque {SOT) magnetoresistive random access memory (MRAM)
devices {also known as magnetic random access memory devices) use switching of
magnetization direction of a frec magnetic layer by injection of an in-plane current in an
adjacent conductive laver, which is refeired to as a spin-orbit-torque (SOT) layer. Unlike
spin-torque-transfer (STT) magnetorasistive random access memory (MRAM) devices in
which the electrical current is injected along a direction perpendicular into a magnetic tunnel
junction, the write operation is performed by flowing an electrical current through the SOT
taver. The read operation of a SOT memory cell is performed by passing electrical current
through the magnetic tunnel junction of the SOT memory cell.
SUMMARY
{60841 According to an aspect of the present disciosure, a spin-orbit-torque (SOT)
magnetoresistive random access memory (MRAM) device inchudes a 30T MRAM cell
containing a first two terminal selector element, a nonmagnetic metallic assist plate, and a
magnetic tunnel junction located between the first two terminal selector element and the
nonmagnetic metallic assist plate, and a circuit selection element sclected from a &ransistor or
a second two terminal selector element electrically connected to the nonmagnetic metallic
assist plate of the SOT MRAM cell.
[00685] According to another aspect of the present disclosure a method of forming a
magnetoresistive memory device includes forming first access lines over a substrate, forming

a two-dimensional array of circuit sclection elements electrically connected to the first aceess
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lines, forming a two-dimensional array of discrete nonmagnetic metallic assist plates such
that a first end portion of each of the discrete nonmagnetic metallic assist plates is electrically
connected to a respective circuit sclection element of the two-dimensional circuit sclection
clements, forming a two-dimensional array of vertical stacks on the two-dimensional array of
discrete nonmagnetic metallic assist plates, wherein each of the vertical stacks comprises
from top to bottom, a first selector element, a magnetic veference layer, a tunneling diclectric
layer and a magnetic free layer, and forming read lines over the two-dimensional array of
vertical stacks, wherein cach of the read lines is electrically connected to upper ends of a
respective subset of the first selector elements.

BRIEF DESCRIPTION OF THE DRAWINGS
{0006] FIG. 1A is a schematic side-cross sectional view of a spin-orbit-iorgue
magnetoresistive random access memory cell.
{0007] FI(3. 1B is a schematic diagram of a memory array device including spin-orbit-
torque magnetoresistive random access memory cells of the embodiments of the present
disclosure in an array configuration.
[0048] FIG. 1C is a first exemplary configuration for a unit cell of the memory array
device of FIG. 1B.
{0009] FIG. 1D is a second exemplary configuration for a unit cell of the memory array
device of FIG. 1B.
{6010] FI(3. 2A iliustrates a perspective view of an array region of a first exemplary spin-
orbit-torque (SOT) magnetoresistive memory array of the present disclosure.
{00111 FIG. 2B illustrates electrical current flow duoring a write operation of the first
exemplary 50T magnetoresistive memory array of the present disclosure.
{0312] FIG. 2C illustrates electrical current flow during a read operation of the first
exemplary SOT magnetoresistive memory array of the present disclosure.
{0013] FIG. 3 tliustrates a perspective view of an array region of a second exemplary
spin-orbit-torque (SOT) magnetoresistive memory array of the present disclosure,
{00141 FIGS. 4 — 12 are perspective views illustrating a sequence of processing steps that
can be emploved to form the second exemplary SOT magnetoresistive memory array of the
present disclosure.
{0015] FIGS. 13 - 21 arc perspective views dlustrating a sequence of processing steps

that can be emploved to form the fust exemplary 50T magnetoresistive nemory arvay or the
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second excmplary SOT magnetoresistive memory array of the present disclosure.
DETAILED DESCRIPTION

{0016] As discussed above, the present disclosure is directed to a spin-orbit-torque

magnetoresistive memaory cell with an integrated selector element and methods of

manufacturing the same, the various aspects of which are discussed herein in detail.

{0017] The drawings are not drawn to scale. Multiple instances of an element may be

duplicated where a single instance of the clement is illustrated, unless absence of duplication

of elements is expressly described or clearly indicated otherwise. Same reference numerals

refer to the same slement or to a similar element. Elements having the same reference

numerals are presumed to have the same material composition unless expressly stated

2% s

otherwise. Urdinals such as “first,” “second.” and “third” are employed merely to identify
similar elements, and different ordinals may be employed across the specification and the
claims of the instant disclosure. As used herein, a first element located “on” a second
element can be located on the exterior side of a surface of the second element or on the
interior side of the second clement. As used herein, a first element is located “directly on” a
second element if there exist a physical contact between a surface of the first clement and a
surface of the second element. As used herein, an “in-process” structire or a “transient”
structure refers to a structure that is subscquently modified. As used hercin, a “layer” refers
to a material portion including a region having a thickness. A laver may extend over the
entirety of an underlying or overlying structure, or may have an extent less than the extent of
an underlying or overlying structure. Further, a layer may be a region of a homogencous or
inhomogencous continuous structure that has a thickness less than the thickness of the
continous structure. For example, a fayer may be located between any pair of horizontal
planes between, or at, a top surface and a bottom surface of the continuous structure. A layer
may extend horizontally, vertically, and/or along a tapered surface. A substrate may be a
tayer, may include one or more layers therein, and/or may have one or more layer thereupon,
thereabove, and/or therebelow.

{0018] As used herein, a “layer stack”™ refers to a stack of layers. As used herein, a “line”
or a “line structure” vefers to a layer that has a predominant divection of extension, i.e.,
having a direction along which the layer extends the most.

{6019] As used herein, a “field effect transistor” refers to any semiconductor device

having a semiconductor channel through which electrical current flows with a current density

3



WO 2020/222884 PCT/US2019/068899

modulated by an external electrical field. As used herein, an “active region” refers to a
source region of a ficld effect transistor or a drain region of a field effect transistor. A *top
active region” refers to an active region of a field effect transistor that is located above
another active region of the field effect transistor. A “bottom active region” refers to an
active region of a field effect transistor that is located below another active region of the ficld
effect transistor.

{6020] As used herein, a “conductive material” refers to a material having electrical
conductivity greater than 1.0 x 10° S/cm. As used herein, an “insulating material” or a
“dielectric material” refers to a material having electrical conductivity less than 1.0 x 107
S/cm. As used herein, a “metallic material” vefers to a conductive material including at least
one metallic element therein.  All measurements for clectrical conductivitics are made at the
standard condition.

{6021 Magnetization switching via spin-orbit torque (SOT) is a promising alternative to
direct spin-transfer torque (STT) for writing bits in magnetoresistive random access memory
(MRAM) cells. A typical SOT MRAM cell 180 shown in FIG. 1A inclades a nonmagnetic
heavy metal SOT layer 200 with stong spin-orbit coupling with, and in contact with, a
magnetic layer, which is a free layer 136 that can switch magnetization directions. When an
clectric write current laterally passes through the SOT layer 200, spin current is generated in
a direction perpendicular to the electrical carrent via the spin Hall effect (SHE). The spin
current cxerts a torquc on the magnetization of the magunetic layer, i.e., the frec layer 136.
Thus, the SOT layer 200 assists in the transition of the magnetization direction in the free
layer 136 through the spin Hall effect. Thus, the SOT layer 200 is also referred to as metallic
assist layer, i.e., a metallic tayer that assists the magnetic transition in the free layer 136.
Since very little electrical current flows through the magnetic tunnel junction 130 including
the free layer 136, the SOT MRAM cells 180 exhibit higher endurance with lower write error
rate than STT MRAM cells. In addition, SOT MRAM cells 180 require lower write-energy
than STT MRAM cells. Finally, SOT switching can achieve nanosecond, and even sub-ns
writing speeds.

{00221 in one embodiment, the reference layer 126 may be a component layer within a
synthetic antiferromagnetic structure (SAF structure) 132. The SAF structure 132 can
include a fixed ferromagnetic layer 122 having a fixed magnetization, the reference layer 126

having a magnetization that is antiparallel to the fixed vertical magnetization of the fixed
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ferromagnetic layer 122, and an antiferromagnetic (AFM) coupling laver 124 located
between, and providing an antiferromagnetic coupling between, the fixed ferromagnetic layer
122 and the reference layer 126.

{0023] The reference layer 126 may comprise one of Ni, Fe, Co, B, Ge, Mn, and/or alloys
of Ni, Fe, B, Ge, Mn, and/or combinations and mixtores thereof, such as NiFe, CoFe, or
CoFeB, and/or Co/Pt, Co/Pd, or Co/Ni superlattices. The magnetic moment of the reference
tayver 126 may be in the plane of the layer or perpendicular to the plane of the layer. The
barrier fayer 134 may be made of a nonmagnetic metal such as Cu or Ag, or an insulating
material such as alumina, MgO, or HfO. The free layer 136 may comprise one of Ni, Fe, Co,
B, Ge, Mn, and/or alloys of Ni, Fe, B, Ge, Mn, and/or combinations and mixtures thereof,
such as NiFe, CoFe, or CoFeR. The magnetic moment of the free layver 136 may be in the
plane of the layer or perpendicular to the plane of the layer, however, it’s onentation i3
always collinear with that of the reference layer; i.e. they are cither both in-plane or both
perpendicular o the plane of their lavers. The SOT layer 200 may be made of a material
having large spin-orbit coupling strength, such as Pt, Ta, W, Hf, Ir, CuBi, Culr, AuPt, AuW,
PePd, PtMg(, or a topological insulator such as alpha-Sn.

{0024] The SOT MRAM cell 180 can include the magnetic tunnel junction (MTJ) 130,
which is a pair of magnetic lavers (126, 136) separated by a tunneling dielectric layer 134
(e.g.. a MgO layer). Oue of the two magnetic layers known as a reference layer 126 is
typically coupled to a pinning layer 122 and made magnetically stiff through a phenomenon
of exchange bias. The pinning layver 122 is typically an antiferromagnetic (AFM) material
layer {for example an IrMn layer) in the case of an in-plane reference layer, and is typically a
Co/Pt multilayer in the case of the magnetization is perpendicular to the film plane. The
reference layer 126 and the pinning layer 122 may be portions of a synthetic
antiferromagnetic strocture (SAF structure) 132, In a SAF structure, the layer adjacent to the
pinning layer is known as the pinned layer 124. A thin coupling layer 125 {(such as a
ruthenium layer) is provided between the pinned layer 124 and the reference layer. The
thickness of the coupling layer 125 can be selected such that the magnetization of the
reference layer 126 is anti-pavalle] to the magnetization of the pinned layer 124. The
magnetic moments of the pinned layer 124 and the reference layer 126 are typically chosen to
minimize the stray fields from the SAF 132, although they can be unbalanced if some amount
of stray field is desirable. The second magnetic laver known as the free layer 136 1s free to
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switch between two known configurations, creating a memory effect where the resistance of
the MTJ 130 is cither high or low to represent “07 or “17.

[G025] As shown in FIG. 1A, the SOT MRAM cell 180 can have the AFM layer 122
above the top magnetic layer {(which in this embodiment is the reference layer 126) to form a
top-pinned type SOT MRAM cell 180, Alternatively, the posttions of reference layer 126
and free layer 136 in the MTJ 130 can be reversed and the AFM layer 122 may be located
helow the bottom magnetic layer 126 (which in this embodiment s also the reference layer)
to form a bottom-pinned SOT MRAM cell. In the bottorn-puwned SOT MRAM cell, the SOT
tayer 200 is formed above the MTJ 130.

[0026] During sensing (i.c., reading) operation, a read current Irp may flow between
terminal 1 (which is electrically connected to the SAF 132 and the AFM layer 122) and
terminal 3 (which is electrically connected to one end of the SOT layer 200) through the
tannel junction 130, During a programming (i.e., writing} operation, a write current fwe
hetween the terminal 2 and terminal 3 (which is electrically connected to the other end of the
SOT layer 200). A fraction of the spin current can flow up and into (and down and out of)
the nonmagnetic SOT layer 200 to induce the transition of the magnetization of the adjacent
free layer 136. The write current does not flow through the manel junction 130 to terminal 1.
Thus, the read and write currents flow in different (¢.g., perpendicular) directions.

§B6271 Prior art 30T MRAM cells are fabricated as a 3-terminal device that requires two
transistors to control the write operation and the read operation. This resuits in larger bit-cell
footprint, and makes it difficult to scale down the device for high arcal density. In this case,
two transistors are electrically connected to teach SOT MRAM cell 180. A first “read”
transistor 1s electrically connected to termunal 1, while a second “write” transistor is
clectrically connected to terminal 2 of the SOT MRAM 180. The two transistors take up
device area and decrease the overall device density. Furthermore, the read and write
transistors are connected to the top and the bottom termunals respectively, which complicates
the fabrication process. In order to increase the operational speed and to reduce the write
crror rate, a large overdrive current is often used for prior art SOT MRAM cells. A larger
transistor is used for a large drive current, which further reduces the device density. Various
embodiments of the present disclosure provide a higher density SOT MRAM that includes a
combination of a transistor and a selector element for each SOT MRAM cell 180, or two

selector elements for each SOT MRAM cell 180, instead of two transistors for each
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conventional SOT MRAM cell. By reducing the nuraber of transistors used for each 507
MRAM cell from two to one or zero, the device density is increased.

{0028] Referring to FIGS. 1B — 1D, a schematic diagrams is shown for spin-orbit-torque
(SOT) magunetoresistive memory devices inchiding an array of unit cells {180, (160 or 3200}
of embodiments of the present disclosure in an array configuration. Hach unitcell {180, (160
or 32} includes a combination of a magnetoresistive memory cell 180 and a transistor 160,
or a combination of a magnetoresistive memory cell 180 and a sclector clement 320. The
magnetic memory device can be configured as a magnetoresistive randorm access memory
(MRAM) device 500 containing magnetoresistive memory cells, i.e., SOT MRAM cells 180.
As used herein, a “MRAM device” refers to a magnetoresistive memory device contaimng
cclls that allow random access, €.g., access 1o any selected memory cell upon a command for
reading the contents of the selected memory cell.

{6029] The MRAM device 500 of an embodiment of the present disclosure includes a
memory array region 350 containing an array of unit celis {{180, 160), (180, 320} located at
intersections of word lines {which may comprise first electrically conductive lines 30 as
itlustrated or as second electiically conductive lines 90 in an alternate contfiguration) and bit
lines (which may comprise second electrically conductive lines 90 as illustrated or as first
clectrically conductive lines 30 in an alternate configuration). Each unit ccll {{180, 160),
(180, 3200} } can include a sertes connection of a SOT MRAM cell 180 and a transistor 160 as
iHustrated in FIG. 1C, or can include a series connection of a SOT MRAM cell 180 and a
selector element 320 as illustrated in FIG. 1B, Access lines 40 are provided to each cross-
point at which a word line intersects a bit line. Thus, the MRAM device 500 is in a cross-
point array configuration with additional access lines 40 that access a row of transistors 160,
a column of transistors 160, a row of selector elements 320. or a column of selector elements
320. A bias line 70 having a fixed voltage (such as a power supply voltage or electrical
ground voliage) may be connected to a node of the umit cells {(180, 160), (180, 328)} as
needed.

{60301 The MRAM device 500 contains a row decoder 566 connected to the word lines,
sense circuitry 370 {e.g., a sense amnplifier and other bit line control circuitry) connected to
the bit lines, a column decoder 580 connected to the bit lines, and a data buffer 590 connected
to the sense circuitry. In the first embodiment, the MRAM device 500 can contain an access

line decoder 520 connected to access lines 440 if transistor circuit selection elements are used
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to write {0 a respective SOT MRAM cell 180, Multiple instances of the magnetoresistive
memory cells 180 are arranged in an array configuration that forms the MRAM device 500.
It should be noted that the location and interconnection of elements are schematic, and the
clements may be arranged in a different configuration. Further, the SOT MRAM cell 180 of
the embodiments of the present disclosure may be manufactured as a discrete device, i.e., a
single 1solated device.

{6031 Referring to FIGS. 2A - 2C, an array region of a first exemplary spin-orbit-torque
(30T magnetoresistive memory array 300 of the first embodiment of the present disclosure
is illostrated. The first exemplary SOT magnetoresistive memory array s magnetoresistive
memory device that includes a two-dimensional array of spin-orbit-torque (30T) MRAM
cclls 180 in a top-pinned configuration. It should be understood that the array 300 may be
tarned up-side down to form the SOT MRAM cells 180 in a bottom-pinned configuration.
Each of the SOT MRAM cells 180 comprises a vertical stack including, from top to bottom,
an optional metallic capping material portion 110, a first selector element 120, a magneatic
junction 130 and a SOT layer 200. The first selector elements 120 are also referred to as
apper selector elements in this embodiment. Each magnetic junction 130 includes a magnetic
reference layer 126 having a fixed magnetization direction, a nonmagnetic barrier layer 134,
such as a tunneling dielectric layer, and a magnetic free layer 136 configured to have a
magnetization divection that is pavallel or antiparallel to the fixed magnetization direction of
the reference layer 126, The magnetic junction 130 may be a magnetic tunnel junction. In
one embodiment, the first exemplary SOT magnetoresistive memory array 300 may be a
rectangular periodic array.

[6032] The metallic capping material portions 110 can include a metallic material such as
Ta. TiN, TaN. carbon, and/or WN. The magnetic junction 130 can include any magnetic
janction suitable for providing a 5OT MRAM cell 180, such as CoFe or CoFeB magnetic
reference and free layers (126, 136) separated by a tunneling dielectric layer, such as an MgO
layer 134,

{60331 The first selector elements 120 can include any suitable two terminal selector
clement, such as a first diode threshold switch material {e.g., materials for p-n semiconductor
diode, p-i-n semiconductor diode, Schottky diode or metal-insulator-metal diode) or a first
ovonic threshold switch material. The ovonic threshold switch material is a material that

behaves as a conductor above a critical electrical field thereacross and behaves as an insulator
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below the critical electrical field thereacross. In one embodiment, the first ovonic threshold
switch material can be a chalcogenide compound, such as a telluride compound, a selenide
compound, a sclenide-teluride compound, or a sulfide-selenide-telluride compound.
Exemplary ovonic switch materials include, but are not Hmited to zinc telluride compounds
{such as ZnixTey), germaniom telluride compounds, germanium selenide compounds doped
with a dopant selected from As, N, and €, such as a Ge-Se-As. In one embodiment, the
ovonic threshold switch material layer can include, and/or can consist essentially of, a
GeSeAs alloy, a ZnTe alloy, a GeSe alloy, a SeAs alloy, a GeTe alloy, or a Site alloy.
[6034] The first exempiary spin-orbit-torgue (SOUT) magnetoresistive memory array 300
includes a two-dimensional arvay of discrete nonmagnetic metallic assist plates (i.e., SOT
layers) 200 for the respective SOT MRAM cells 180. The discrete metallic assist plates (i.c.,
SOT layers) 200 configured to provide rotating spin transfer torque to a respective free layer
136 to assist switching of the magnetization direction of the respective free layver 136 during
programming. The discrete metallic assist plates 200 can comprise, and/or consist
cssentially of, at least one heavy elemental metal to maximize spin transfer across the
interface between the free layer 136 and the discrete metallic assist plates 200. In one
cmbodiment, the elemental metal can have an atomic number in a range from, and including,
72 to, and including, 79. For example, the at least one clemental metal can include one or
more of Hf, Ta, W, Re, Os, Ir, Pt, and Au. In one embodiment, the discrete metallic assist
plates 200 can comprise, and/or consist essentially of, tungsten. In other words, in an
embodiment, the discrete metallic assist plates 200 {s made of an elemental metal which is
undoped and unalloyed other than unavoidable impuritics that are introduced doring
manufacturing at trace levels. In one embodiment, the discrete metallic assist plates 200 can
have a respective rectangular shape, and may be elongated along the first horizontal direction
hdl, which in one embodiment can be parallel to the direction of the bit lines 90 in FIG. 1B.
§B635] In one embodiment, each of the discrete metallic assist plates 280 contacts a
hottom surface of a respective one of the free layers 136. In one embodiment, each SOT
MRAM cell 180 contains one respective, discrete metallic assist plate (i.e., SOT layer) 200.
In this embodiment, the two-dimensional array of discrete metallic assist plates 200 and the
two-dimensional array 300 of SOT MRAM cells 180 have a same two-dimensional
periodicity. In one embodiment, cach of the two-dimensional array of discrete metallic assist

plates 200 and the two-dimensional array 300 of SOT MRAM cells 180 can be a rectangular
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periodic array having a first pitch along the first horizontal direction hdl and a second pitch
along the second horizontal direction hd2 (which in one embodiment may be parallel to the
direction of the word lines 30 in FIG. 1B). In one embodiment, cach free layer 136 can
contact a center portion of a top surface of a respective one of the discrete metallic assist
plates 200.

§B636] In the embodiment of FIGS. 2A-2C, read lines 100 are provided over the two-
dimensional array of SOT MRAM cells 180. In one embodiment, the read lines 100 may
comprise the bit lines 90 illustrated in FIG. 1B or may be electrically connected to the bit
lines 90. In other device configurations, the read line 100 may the word lines 30 illustrated
in FIG. 1B or may be electrically connected to the word lines 30 if the word lines are instead
connected to read circuitry.

{0037] The read lines 100 can be metal lines that laterally extend along the first
horizontal direction hdl, and are laterally spaced apart along the second horizontal direction
hd2. In this embodiment, the read lines 100 are electrically connected to upperends of a
respective subset of the first selector elements located within a respective row of the SOT
MRAM cells 180. The metallic capping material portion 110, if present, contacts the fivst
selector element 120 and contacts a bottom surface of a respective one of the read lines 100.
A row of the SOT MRAM cells 180 can be activated by each read line 100.

{0038] One circuit selection element can be provided per SOT MRAM cell 180. The
circuit sclection clement may be sclected from a transistor and a second two terminal selector
clement. First access lines and second access lines laterally extending along mutually
perpendicular directions can be provided. The first access lines and the second access lines
can be the word lines 30 and the access lines 40 tllustrated in FIG. 1B. In one embodiment,
the first access lines can be the word lines 30 and the second access lines can be the access
lines 40. Alternatively, the first access lines can be the access lines 40 and the second access
lines can be the word lines 30. Generally, the first access lines and the second access lines
can be configured to activate clectrical current flow through a sclected one of the discrete
metallic assist plates 200 by activating a respective transistor circuit selection element.
{30391 Referring back to FIGS. 1B and 2A - 2C, in one embodument, the circuit selection
elements can include ransistors 160. One transistor 160 can be provided per SOT MRAM
ccll 180. FHach transistor 160 can include a gate electrode 165 clectrically connected to a

respective one of the first access lines (e.g., to one of the word lines 30 controlled by the row
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decoder 360}, a first active region 162 (which may be one of a source region and a drain
region) clectrically connected to a respective one of the second access lines {e.g., to one of
the access lines 40 controlled by the access line decoder 520}, and a second active region 168
(which may be another of the source region and the drain region) connected to a first end
portion of a respective one of the discrete metallic assist plates 200. Thus, the first end
portion of each of the discrete metallic assist plates 200 is electrically connected to a
respective second active region 168 of the two-dimensional array of transistors 160, and the
opposite second end portion of each of the discrete metallic assist plates 200 is electrically
connected to a common node having a same electrical potential, such as to electrical ground.
§3044] A two-dimensional array of transistors 160 can be manufacored on a substrate
cmploying methods known in the art, and the first access lines and the second access lincs
can be formed as metal interconnect structures overlying or underlying the ficld effect
transistors and embedded in metal-interconnect-level diclectric material layers. As noted
above, in an alternative embodiment, the array 300 may be turned up-side down to form the
SOT MEAM cells 180 in a bottom-pinned configuration.

§60411 FIG. 2B illustrates a write gperation on a selected SOT MRAM cell 180, {n this
case, a programming current Iwg flows through the discrete metallic assist plate 200 located
adjacent to the free layer 136 of a respective SOT MRAM cell 180. A prograraming voltage
Vurite can be applied to the first active region 162 of the ransistor 160 electrically connected
to the selected 50T MRAM cell 180 by the access ling decoder 520 through a respective
access line 40, and a gate turn-on voltage can be applied to the gate electrode 165 of the
transistor 160 electrically connected to the selected SOT MRAM cell 180 by the row decoder
520 through a respective word line 40. The wansistor 160 connected to the selected 30T
MRAM cell 180 is turned on to provide the programming current Fwr.

{60421 FIG. 2C illustrates a read operation on a selected SOT MRAM cell 180. The
transistor 160 connected to the selected SOT MRAM cell 180 is turned on with a read voltage
Vread which is lower than the write voltage Vyre (Such as Vieaa= 00X Vrie in which (tisin a
range from 0.1 to (1.9} at the first active region 162, and the read line 100 connected to the
selected SOT MRAM cell 180 is biased at a voltage that is the negative of the complement of
the read voltage Vieaa. For example if a read voltage Viea of 0.5V is applied to the first
active region, then -0.5V can be applied to the read line 100 by the column decoder 580 and
the sense amplifier circuitry 570. The read voltage Vieaq 15 greater than the threshold voltage
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Wiweshoa Of the first selector elerments 120, which is the minimum voltage across a first
selector elernent 120 that is needed to turn on the first selector element 120, The read current
Ieo flows through the MTJ 130 of a SOT MRAM cell 180 being read between its discrete
metallic assist plate 200 and its read line 100,

[0043] Referring to FIG. 3, a second exemplary spin-orbit-torque (SOT) magnetoresistive
memory array 400 of a second embodiment of the present disclosure is illustrated, which can
be derived from the first exemplary SOT magnetoresistive memory array of FIGS. 2A - 2C
by employing a second selector element 320 for each SOT MRAM cell 180 instead of the
transistor 160. The second selector elements 320 are also referred to as lower selector
elements if the MRAM cell 180 is in the top-pinned configuration. If the SOT MRAM cell
180 is in the hottom-pinned configuration, then the cell is turned upside down and the sccond
selector elements 320 become the upper selector elements. The second selector elements 320
can include a second diode or a second ovonic threshold switch material, and can have a
higher threshold voltage than the first selector elements 1260, Programming (write) operations
can be performed by turning on a vespective second selector element 320 which is electrically
connected to a respective discrete metallic assist plate (e, SOT layer) 200, and read {sense)
operations can be pertformed by turning on a respective first selector element 120 electrically
connected to the respective read line 100.

{0044] First access lines 310 and second access lines 390 laterally extending along
mutually perpendicular directions are provided. For example, the first access lines 310 may
comprise write lines (¢.g., word lines 30 shown in FIG. 1B or lines which are clectrically
connected to the word lines 30 shown in FIG. 1B) which laterally extend along the first
horizontal direction hd1, and the second access lines 390 may comprise ground lines which
laterally extcnd along the second horizontal direction hd2. The first access lines 310 and the
second access lines 390 can be configured to activate electrical current flow through a
selected one of the discrete metallic assist plates 200 by activating a respective second
selector element 320 which comprises the circuit selection element in this embodiment.
{00451 In onc embodiment, a first end portion of each of the discrete metallic assist plates
200 is electrically connected to a respective one of the first access lines 310 through a
respective one of the second selector elements 320, and a second end portion of each of the
discrete metallic assist plates 200 is electrically connected to a respective one of the second

access lines 390. In one embodiment, the {irst end portion and the second end portion of each
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of the discrete metallic assist plates 200 can be laterally spaced apart along the first borizontal
direction hdl, and each of the second access lines 390 laterally extends along the second
horizontal direction hd2. The second horizontal direction hdZ can be perpendicular to the
first horizontal direction hdl. Each of the second access lings 390 can contact bottom
surfaces of second end portions of a respective column of discrete metallic assist plates 200
that are arranged along the second horizontal direction hd2. Each of the second access lines
390 can also be connected to the electrical ground.

{0046] In onc embodiment, cach first end portion of the discrete metallic assist plates 200
is connected to an underlying one of the first access lines 310 by a rectangular pillar (320,
330) including a stack of a respective one of the second selector elements 320 and a
respective metal pitlar structure (e.g., metal electrode) 330, The rectangular pillar has a same
width along the second horizontal direction hd? as the underlying one of the first access lines
310 as will be described in more detail below.

{6047 In one embodiment, each second access line 390 that is located between
neighboring colurons of rectangular pillars (3290, 330) is latevally equidistant from the
neighboring colamns of rectangular pillars (320, 338). In thus case, the second access lines
390 can be formed by a self-alignment method that is described below. In one embodiment,
the first access lines 310 extend along the first horizontal direction hdl and underlies the
second access lines 390, and a row of second selector elements 320 is located between each
one of the first access lines 310 and first end portions of a respective overlying row of
discrete metallic assist plates 200 that are arvanged along the first horizontal direction hdl.
An insulating liner 380 is located between cach one of the second access lines 390 and the
underlying fivst access lines 310.

{0048] In one embodiment, a vertical spacing between the second access lines 390 and
the first access lines 310 (i.e., the height of the insulating spacer 380) is the same as a lateral
spacing between one of the second access lines 390 and respective neighboring columns of
rectangular pillars (320, 330).

{00491 FIGS. 4 — 12 are perspective views illustrating a sequence of processing steps that
can be emploved to form the second exemplary 30T magnetoresistive memory array 400 of
the second embodiment of the present disclosure.

{005G] Referring to FIG. 4, a layer stack including a first metal layer 3101, a lower

selector material layer 3201, and a second metal layer 330L can be deposited over a substrate
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10 including an insulating top surface. The insulating top surface may be provided, for
cxample, by forming semiconductor devices (such as field effect transistors for the various
circuitry illustrated in FIG. 1B) on a semiconductor substrate, and by forming at least one
insulating layer thereupon. Metal interconinect structures may be embedded within the at
least one insulating layer. The metal interconnect structures may be configured to provide
electrical contact to the first access lines 310 and the second access lines 390 to be
subsequently formed. Alternatively, an insulating substrate may be used instead and the
circuitry illustrated in FIG. 1B may be formed on the side of the array 400 instead of below
the array 400.

[0031] The first metal layer 310L includes at jeast one metallic matertal to be patterned
into first aceess lines 310, The lower selector material layer 320L. includes a second ovonic
threshold switch material or a sccond diode material to be subsequently patterned into a two-
dimensional array of second selector elements 320. The second metal layer 330L includes at
lcast one metaliic material to be subsequently patterned into a two-dimensional array of metal
pillar structures 330.

[0032] Referring to FIG. 5, a first photoresist layer 337 is apphied over the second metal
tayver 330L., and is lithographically patterned to form a line and space pattern thatf extends
along the first horizontal direction hdl and alternates along the second horizontal dircction
hd2. The line and space patiern may be a periodic pattern having a eniform pitch along the
second horizontal direction hdZ2, which is herein referred to as a second pitch.

{00531 Referring to FIG. 6, an anisotropic etch is performed to transfer the line and space
pattern of the first photoresist layer 337 through the stack of the second metal layer 3301, the
lower selector material layer 3201, and the first metal layer 310L. Remaining portions of the
first metal layer 310L include first access lines 310 that laterally extend along the first
horizontal direction hdl and have a uniform width along the second horizontal direction hd?.
Remaining portions of the lower selector material layer 320L include selector material rails
320R that laterally extend along the first horizontal direction hdl and have the uniform width
along the sccond horizontal direction hd2. Remaining portions of the second metal layer
330L inclode metal rails 330R that laterally extend along the first horizontal direction hdl
and have the sniform width along the second horizontal direction hd2. The first photoresist
layer 337 can be removed, for example, by ashing.

[0054] Referring to FIG. 7, a dielectric matrix material laver 340 can be formed by

-14-



WO 2020/222884 PCT/US2019/068899

depositing a diclectric material such as silicon oxide, and by planarizing the top surface of the
dielectric material. For example, chemical mechanical planarization {CMP) may be
employed to planarize the dielectric matrix material layer 340. The planarized top surface of
the dielectric matrix material laver 340 can be coplanar with the top surfaces of the metal
rails 330K, The dielectric matrix material layer 340 can include a plurality of dielectric rails
that laterally extend along the first horizontal direction hdl and has a respective uniform
vertical cross-sectional shape along vertical planes that are perpendicular to the first
horizontal divection hdl.

[0035] Referring to FIG. 8, a second photoresist layer 347 is applied over the metal rails
330R and the dielectric matrix material layer 340, and is lithographically patterned with a line
and space pattern that extends along the second horizontal direction hd2 alternates along the
first horizontal direction hdl.

{6056] Referring to FIG. 9, an anisotropic ¢tch process can be performed to transfer the
pattern of the second photoresist layer 347 through the diclectric matrix material layer 340,
the metal rails 330K, and the selector material rails 320R. Each remaining patterned portion
of the metal rails 330R constitutes a metal pillar structure 330. Hach remaining patterned
portion of the selector material rails 320R constitutes a second selector element 320. Fach
contiguous set of a metal pillar structure 330 and a second selector element 320 constitutes a
rectangular pillar (320, 330) having a rectangular horizontal cross-sectional area.  Thus, the
first access lines 310 extending along the first horizontal direction and an overlying two-
dimensional array of rectangular pillars (320, 330) can be provided.

{00571 Each of the rectangular pillars (320, 330) includes a stack of a respective one of
the second selector elements 320 (which can be diodes or ovonic threshold switch material
portions) and a respective metal pillar structure 330. The ovonic threshold switch material
portions are herein referved to as lower ovonic threshold switch material portions or second
ovonic threshold switch matervial portions. The metal pillar structures 330 include top
surfaces, which are a two-dimensional array of conductive surface portions. The two-
dimensional array of conducive surface portions of the metal pillar structures 330 are herein
referved to as a first subset of the conductive surface portions in contrast to a second subset of
conductive surface portions to be subsequently formed.

{0058] The remaining portions of the dielectric matrix material layver 340 include
diclectric strips including periodic castellations, i.e., a periodic arvangement of protruding
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portions. The castellations of the diclectric strips of the diclectric matrix material layer 340
can have the same periodicity along the first horizontal divection hdl as the rectangular pillars
(320, 330). Each rectangular pillar (320, 330) can have a same width along the second
horizontal direction hd2 as an underlying first access line 310. Line trenches laterally
extending along the second horizontal direction hd?2 can be formed between neighboring
columns of the rectangular pillars (320, 330) that are arvanged along the second horizontal
direction hd2. Each line trench is located between two columns of castellations of multiple
strips of the diclectric matrix material layer 340.

[0039] Referring to FIG. 10, an insulating layer 380L is deposited in the line trenches and
over the castellations of the dielectric matrix material layer 340 and the two-dimensional
array of rectangular pillars (320, 330). The insulating laver 380L includes an insulating
material such as silicon oxide. The thickness of the insulating layer 380L. is selected to be
lcss than one half of the width of cach line wwrench, and is less than the depth of each line
trench.

{00601 Referring to FIG. 11, at least one metallic material is deposited in remaining
volumes of the line trenches. The thickness of the at least one metallic material is selected
such that the remaining volumes of the line trenches are filled with the at least one metallic
material. The at least one metallic material can include, for example, a metallic nitride liner
material (such as TiN, TaN, or WN) and a metal fill material (such as W, Cu, Al, Co. Ru,
Mo, etc.).

{00611 Referring to FIG. 11, portions of the at least one metallic material and the
insulating layer 380L that overlie the horizontal plane including the top surfaces of the metal
pillar structures 330 can be removed by a planarization process, which can employ chemical
mechanical planarization and/or at least one recess etch process. Each remaining portion of
the at least one metallic material constitutes a second access line 390. Each remaining
portion of the insulating layer 380L constitutes an insulating liner 380. Each insulating liner
380 fills a bottom portion and a peripheral portion of a respective line trench, and a second
access line 390 is formed in a remaining volume of the respective line trench. Top surfaces
of the second access lines 390 inchude a second subset of the conductive surface portions, on
which second end portions of the discrete metallic assist plates 200 are subsequently formed.
{0062] The first access lines 310 and the second access lines 390 laterally extend along

mutually perpendicular directions over the substrate 10, A two-dimensional array of civouit
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selection elements such as the second selector elements 320 can be connected to the first
access lines 310, The two-dimensional array of circuit selection elements can include second
ovonic threshold switch material portions.

{0063] Generally, the two-dimensional array of circuit selection elements is configured to
electrically connect a selected one of the first access lines 310 and a selected one of the
second access lines 390 to a selected conductive surface portion or a selected pair of
conducive surface portions. In the structure illustrated in FIG. 12, the two-dimensional array
of second sclector elements 320 is configured to electrically connect each of the first access
tines 310 to a respective metal pillar structure 330.

{30641 If transistors 160 of the first embodiment are used as the circuit selection
clements, then the two-dimensional array of circuit selection elements can be configured to
electrically connect a selected one of the first access lines 310 to a respective electrode or via
structure that is clectrically connected to a second active region 168 of a respective transistor
160.

{0065] in one embodiment, each first end portion of the discrete metallic assist plates 200
is connected to an underlying one of the first access lines 310 by a rectangular pillar (320,
330) including a stack of a respective one of the second selector elements 320 and a
respective metal pitlar structure 330, The rectangular pillar (320, 330) has 3 same width
along the second horizontal direction hd2 as the underlying one of the first access lines 310.
In one embodiment, each second access line 390 that is located between neighboring columns
of rectangular pillars (320, 330) is laterally equidistant from the neighboring columaus of
rectangular pillars (320, 330) because the insulating liners 380 have a saroe lateral thickness
on both sides of the second access line 390. Further, the lateval thickness of vertically
extending portions of the insulating liners 380 can be the same as the vertical thickness of
bottom portions of the iosulating liners 380. In this case, a vertical spacing between the
second access lines 390 and the first access lines 310 can be the same as a lateral spacing
hetween one of the second access lines 390 and respective neighboring columns of
rectangular pillars (320, 330).

{0066] FIGS. 13 - 21 are perspective views illustrating a sequence of processing steps
that can be employed to form the first exemplary SOT magnetoresistive memory array 300 or
the second exemplary SOT magnetoresistive memory array 400 of the first and second

embodiments of the present disclosure.



WO 2020/222884 PCT/US2019/068899

{00671 Referring to FIG. 13, a metallic material layer 2001, a first magnetic material
layer 1361, a nonmagnetic barrier material layer 1341, a synthetic antiferromagnet material
layer stack 132L. an upper selector material layer 120L, and a metallic capping material layer
110L can be sequentially deposited as blanket layers (i.e., unpatterned layers). The metallic
material layer 200L includes the material of, and has the same thickness as, the discrete
metallic assist plates 200 described above. The first magnetic material layer 136L includes
the material of, and has the samc thickness as, the frec layer 136 described above. The
nonmagnetic barrier material layer 1341 includes the material of, and bas the same thickuess
as, the nonmagnetic barrier layer {(i.e., tunneling dielectric laver) 134 described above. The
synthetic antiferromagnet material layer stack 132L includes the material stack of the SAF
structure 132 described above. The upper selector material layer 120L. includes the material
of, and has the same thickness as, the fivst selector element 120 described above. The
metallic capping material layer 110L includes the material of, and has the same thickness as,
the metallic capping material portion 110 described above.

{00681 Referring to FIG. 14, a protective layer 147 can be applied over the metallic
capping material tayer 110L, and can be patterned to cover a two-dimensional array of
discrete arcas. This patterning could be achieved with photolithography, nanoimpring
lithography, or another suttable method. The protective layer 107 could be photoresist, or
some ctch mask that has created from the original patterning material via some tmage transfer
process. Each discrete area can be located between a respective neighboring pair of a
rectangular pillar (320, 330) and an adjacent sccond access fine 390 in a plan view, 1.2, ina
top-down view. In one embodiment, each discrete area can be located midway between a
respective neighboring pair of a rectangular pitlar (320, 330) and an adjacent second access
line 390 in a plan view

[0069] Referring to FIG. 15, an anisotropic etch process is performed to transfer the
pattern in the photoresist layer 117 through the layer stack including the first magnetic
material layer 136L, the nonmagnetic barrier material layer 1341, the synthetic
antiferromagnet material fayer stack 1321, the upper selector material layer 1201, and the
metallic capping material layer 110L. The metallic material layer 200L. can be eroployed as
an etch stop layer. A two-dimensional array of SOT MRAM cells 180 is formed. The
photoresist fayer 107 can be subsequently removed, for example, by ashing. The two-

dimensional array of SOT MREAM cells 180 can have the same two-dirmensional periodicity
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as the rectangular pillars (320, 338) located underneath.

{00701 Referring to FIG. 16, a sacrificial matrix material layer 103 can be applied over
the two-dimensional array of SOT MRAM cells 180, and can be planarized to provide a
planar stace. The sacrificial matrix material layer 103 may be a polymer material, a
carbon-based material (such as amorphous carbon), or a spin-on-glass. The sacrificial matrix
material layer 103 may be a self-planarizing material, or may be planarized by chemical
mechanical planarization.

{00711 Referring to FIG. 17, a photoresist layer 117 can be applied over the sacrificial
matrix material layer 103, and can be lithographicaily patterned to form a two-dimensional
array of discrete polygons or a discrete curvilinear shape. In one embodiment, the two-
dimnensional array of discreie polygous or a discrete curvilinear shape can be a two-
dimensional array of rectangles having the same periodicity as the two-dimensional array of
SOT MRAM ceils 180. In one embodiment, the two-dimensional array of SOT MRAM celis
180 can be entirely covered by the patterned portions of the photoresist layer 117,

{00721 Referring to FIG. 18, an anisotropic etch process can be performed to transfer the
pattern of the photoresist layer 117 through the sacrificial matrix material layver 103 and
through the metallic material layer 200L. The metallic material layer 200L is patterned into a
two-dimensional array of discrete metallic material plates that arc employed to assist
magnetic transition in the free layers through the spin Hall effect. As such, the discrete
metallic material plates are herein referred to as discrete metallic assist plates 200, The
photoresist layer 117 can be subsequently removed, for example, by ashing. Remaining
portions of the sacrificial matrix material layer 103 can be removed by a solvent or by ashing
[6073] The two-dimensional array of discrete metallic assist plates 200 can be formed
such that a first end portion of each of the discrete metallic assist plates 200 contacts a top
surface of a respective conductive surface portion within a first two-dimensional array of
conductive surface portions, and a second end portion of each of the diserete metallic assist
plates 200 contacts a top surface of a respective conductive surface portion within a second
two-dimensional array of conducive surface portions. The first two-dimensional array of
conductive surface portions can include top surfaces of the metal pillar structures 330, and
the second two-dimensional array of conductive surface portions can include surface portions
of the second access lines 390 that has an arcal overlap with the first access lines 310,

[0074] Each of the 5OT MRAM cells 180 comprises a vertical stack including, from top
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to bottom, a first sclector clement 120, a fixed magnetization (i.c., reference) layer 122
having a fixed magnetization direction, a tunneling dielectric layer134, free layer 136
configured to have a magnetization direction that is parallel or antiparaliel to the fixed
magnetization direction and discrete metallic assist plate 200. The first selector elements 120
can comprise first ovonic threshold switch material portions or first diodes. In one
embodiment, the first access lines 310 extend along the first horizontal direction hdl and
underlies the second access lines 390, and a row of second selector elements 320 is located
hetween each one of the first access lines 310 and first end portions of a respective overlying
row of discrete metallic assist plates 200.

[0075] Referring to FIG. 19, a dielectric material layer 106 can be deposited and can be
planarized to provide a top surface that is coplanar with the top surfaces of the metallic
capping material portions 110.

{6076] Referring to FIG. 20, a photoresist layer 127 can be deposited over the two-
dimensional array of SOT MRAM celis180, and can be lithographically patterned to form
line trenches in which top surfaces of a respective row SOT MRAM cells 180 are physically
cxposed.

{0077] Referring to FIG. 21, a metallic material can be selectively deposited in the line
trenches. The photoresist fayer 127 and portions of the deposited metallic material overlying
the photoresist layer 127 can be lifted off. The read lines 100 are formed by Lift-off over the
two-dimensional array of SOT MRAM cells 180. Each of the read lines 100 is electrically
connected to upper ends of a respective subsct of the first selector clements 120 located
within a respective row of the SOT MRAM cells 180. Alternatively, a metallic material may
be blanked deposited over the SOT MRAM cells and then photolithographically patterned to
form the read lines 100

[0078] A unit memory cell 180 of the embodiments of the present disclosure includes a
first two terminal selector element 120 and a single transistor 160, or a combination of a first
two terminal selector element 120 and a second twe terminal selector element 320.
Traditicnal SOT MRAM cells require two select transistors per SOT MRAM cell. Thus, the
devices of the embodiments of the present disclosure can achieve a higher device density.
Furthermore, by forming the first selector element 120 during the same patterning steps as the
MTJ 130, complex transistor formation and its electrical connection to MTJ 130 are avoided.

Still further, the one embodiment of the present disclosure provides second aceess lines 390
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that are self-aligned to rectangular pillars (320, 330), thereby reducing the number of
lithographic steps needed to pattern the device structure. If a large overdrive current is used,
then only a single large transistor of the first embodiment may be inchuded per memory cell
which reduces the device density compared to two large transistors per memory cell.

[0079] Although the foregoing refers to particular preferred embodiments, it will be
understood that the disclosure is not so Hmited. It will occuy to those of ordinary skill in the
art that various modifications may be made to the disclosed embodiments and that such
modifications are intended to be within the scope of the disclosure. Where an embodiment
crploying a particular structure and/or configuration is iHustrated in the present disclosure, it
is understood that the present disclosure may be practiced with any other compatible
structurcs and/or configurations that arc functionally equivalent provided that such
substitutions are not explicitly forbidden or otherwise known to be impossible to one of
ordinary skill in the art. Al of the publications, patent applications and patents cited herein

are incorporated herein by reference in their entirety.
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WHAT IS CLAIMED BS:

1. A spin-orbit-torgue (SOT) magnetoresistive random access memory {(MRAM) device
comprising:

a SOT MRAM cell comprising a first two terminal selecior element, a nonmagnetic
metallic assist plate comprising a SOT metal layer, and a magnetic tunnel junction located
between the first two terminal selector element and the nonmagnetic metallic assist plate; and

a circait selection element comprising transistor or a second two terminal selector
clement electrically connected to the nonmagnetic metallic assist plate of the SOT MRAM

cell.

2. The SOT MRAM device of Claim 1, wherein:

the magnetic tunncl junction comprises a magnetic reference layer, a magnetic free
layer and a tunneling dielectric layer located between the magnetic reference layer and the
magnetic free layer; and

the nonmagnetic metallic assist plate contacts a surface of the free layer.

3. The SOT MR AM device of Claim 1, wherein the first two terminal selector element

comprises a first diode.

4, The SOT MRAM device of Claim 1, wherein the first two terminal sclector clement

comprises a first ovonic threshold switch material.

5. The SOT MRAM device of Clairn 1, wherein the circuit selection element comprises the

second two terminal selector element.

6. The SOT MRAM device of Claim 5, wherein the second two terminal selector element
coraprises a second ovonic threshold switch material which is electrically connected to the

nonmagnetic metallic assist plate.
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7. The S3OT MRAM device of Clatm 1, wherein the circuit sclection element comprises the

transistor.

8. The SOT MRAM device of Claim 7, wherein the transistor comprises:
a gate clectrode electrically connected to a row decoder;
a first active region electrically connected to an access line decoder; and
a second active region clectrically connected to a first end portion of the nonmagnetic

metallic assist plate.

9. The SOT MRAM device of Claimn 8, wherein a second end portion of the nonmaguetic

metallic assist plate is electrically connected to an electrical ground.

18, The SOT MRAM device of Claim 1, further comprising:

a two-dimensional array of SOT MRAM cells, each SOT MRAM cell of the two-
dimensional array comprising the first two terminal selector element, the nonmagnetic
metallic assist plate, and the magnetic tunnel junction located between the first two terminal
selector clement and the nonmagnetic metallic assist plate;

read lines laterally electrically connected a respective subset of the first sclector
clements located within a respective row of the SOT MRAM cells; and

first access lines configured to activate electrical current flow through a selected one
of the nonmagnetic metallic assist plates by activating a respective circuit sclection clement

comprising the tansistor or the second two terminal selector element.

11. The SOT MRAM device of Claim 10, wherein:

the circuit selection elements comprise the transistors cach having a first active region
clectrically connected to a first end portion of a respective nonmagnetic metalhic assist plate;

a second end portion of the respective nonmagnetic metallic assist plate is electrically
connected to electrical ground;

the first access lines comprise word lines electrically connected to gate clectrodes of

the transistors; and
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the device further comprises access lines electrically connected to a second active

region of cach of the transistors.

12. The SOT MRAM device of Claim 10, wherein:

the circuit selection eclements comprisc the second two terminal selector elements;

a first end portion of cach of the nonmagnetic metallic assist plates is electrically
connected to a respective one of the first access lines through a respective one of the second
two terminal selector elements; and

a sccond end portion of cach of the nonmagnetic metallic assist plates is electrically

connected to electrical ground through a respective one of second access lines.

13, The SOT MRAM device of Claim 12, wherein:

the first access lines extend along the first horizontal direction and underlie the second
access lines: and

arow of the second two terminal selector elements is located between each one of the
first access Hnes and first end portions of a respective overlying row of the nonmagnetic

metallic assist plates.

14, The SOT MRAM device of Claim 13, wherein each of the first end portions of the
nonmagnetic metallic assist plates is connected to an underlving one of the first access lines
by a rectangular pillar including a stack of a vespective one of the second two terminal
selector elements and a respective metal pillar stroctore, wherein the rectangular pillar has a
same width along the second horizontal direction as the underlying one of the first access

fines.

15. The SOT MRAM device of Claim 14, wherein:
cach of the second access lincs that are located between neighboring columns of
rectangular pillars is laterally equidistant from the neighboring columns of rectangular pillars;

and
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a vertical spacing between the second access lines and the first access lines is the
same as a lateral spacing between one of the second access lines and respective neighboring

columns of rectangular pitlars.

16. A method of forming a magnctoresistive memory device, comprising:

forming first access lines over a subsirate;

forming a two-dimensional array of circuit selection elements electrically connected
to the first access lines;

forming a two-dimensional array of discrete nonmagnetic metallic assist plates such
that a first cnd portion of each of the discrete nonmagnetic metallic assist plates is clectrically
connected to a respective circuit selection element of the two-dimensional circuit selection
clements;

forming a two-dimensional array of vertical stacks on the two-dimensional array of
discrete nonmagnetic metallic assist plates, wherein each of the vertical stacks comprises
from top to bottom, a first two terminal selector element, a magnetic reference layer, a
tunneling diclectric layer and a magnetic free layer; and

forming read lines over the two-dimensional array of vertical stacks, wherein each of
the read lines is electrically connected to upper ends of a respective subsct of the first selector

elements.

17. The method of Claim 16, wherein the two-dimensional array of discrete nonmagnetic
metallic assist plates is configured to provide rotating spin transfer torque to the free layers to

assist switching of the magnetization direction of the free layers during programming.

18. The macthod of Claim 16, wherein:

the first two terminal selector elernents comprise first ovonic threshold switch
material portions; and

the two-dimensional array of circuit sclection clements comprises second ovonic

threshold switch material portions.

19. The method of Claim 18, further comprising:

.05



WO 2020/222884 PCT/US2019/068899

forming a two-dimensional array of rectangular pillars overlying the first access lines,
wherein the first access lines extend in a first horizontal direction, and wherein each of the
rectangular pillars includes a stack of a respective one of the second ovonic threshold switch
material portions and a respective metal pillar structare;

forming line trenches laterally extending along a second horizontal direction between
columns of the rectangular pillars;

forming insulating liners within the line trenches; and

forming additional lines m remaining volumes of the hine trenches.

20. The maethod of Claim 16, wherein:
the two-dimensional array of circuit selection elements comprises a two-dimensional
array of transistors; and
cach transistor comprises:
a gate clectrode connected to a respective one of the first access lines;
a first active region connected (0 a respective one of second access lines; and
a second active region directly clectrically connected to a respective ong of the

discrete nonmagnetic metallic assist plates.
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