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APPROACHES FOR STRAIN ENGINEERING OF PERPENDICULAR MAGNETIC TUNNEL
JUNCTIONS {(PMTJ8) AND THE RESULTING STRUCTURES

TECHNICAL FIELD

5 {0001} Embodiments of the imvention are in the field of ntegrated circuit fabrication and,
m particular, approaches for strain enginecring of perpendicular magnetic tunnel junctions
{(pMTJs), and the resulting structures.

BACKGROUND
10 je002) For the past several decades, the scaling of features in integrated circuits has been

a driving force behind an ever-growing seniconductor industry. Scaling to smaller and smaller
features enables increased densities of functional units on the limited real estate of
sermiconductor chips. For example, shnnking transistor size allows for the incorporation of an
mereased number of memory devices on a chip, lending to the fabrication of products with

15 increased capacity. The dnve for ever-morc capacity, however, 1s not without issuc. The
necessity (o optimize the performance of cach device becomes increasingly significant.
HEEIRY Non-volatile embedded memory, e.g., on~-chip embedded memory with non-
volatility can cnable energy and computational efficiency. However, there may be density
femitations for tradifional spin torque transfer magnetoresistive random access memory (ST71-

20 MRAM) integration to accommodate large write switching current and select transistor
requirements. Specifically, traditional STT-MRAM has a cell size limitation due to the dnve
transistor requuirerment to provide sufficient spin current. Furthermore, such memory 1s
associated with arge write current (> 100 pA) and voltage (> 0.7 V) requirements of

conventional magnetic tunnel junction (M) based devices.

N2
(671

[3004] Magnetic tunnel junction {M'TI) devices, typically comprising a fixed magnetic
laver and a free magnetic layer separated by a tunneling barrier layer, utilize a phenomenon
known as tunneling magnetoresistance (TMR). For a structure including two ferromagnetic
layers separated by a thin insulating tunnel layer, it 1s more likely that electrons will tunnel
through the tunnel matenal layer when magnetizations of the two magnetic layers arc in a

30 paralicl orientation than if they are not (non-paralicl or antiparallcl orientation}. As such, the
pMTJ can be switched between two states of electrical resistance, one state having a low
resistance and one state with a high resistance. The greater the differential in resistance, the
higher the TMR ratio: (RAP-RpyRp* 100 % where Rp and RAP are resistances for parallel and
antiparatlel alignment of the magnetizations, respectively. The higher the TMR ratio, the more

35 readily a bit can be reliably stored in association with the pMTJ resistive state. The TMR ratio of
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a given pMTJ is therefore an important performance metric of a apin transfer torque memory
(STTM) that employs an pMT]J stack.

[3005] For an STTM device, corrent-induced magnetization switching may be used to set
the bit states. Polanzation states of a first {(free) ferromagnetic laver can be switched relative to a
fixed polarization of the second (fixed) ferromagnetic laver via the spin transfer torgque
phenomenon, enabling states of the pMTI to be sct by application of current. Angular
momentum (spin) of the clectrons may be polarized through one or more structures and
techniques (¢ .g., direct current, spin-hall effect, ctc ). These spin-polarized clectrons can transter
their spin angular momentum to the magnetization of the free layer and cause if to precess. As
such, the magnetization of the free magnetic laver can be switched by a pulse of current (e.g., in
about 1-10 nanoseconds) excecding a certain critical value, while magnetization of the fixed
magnetic laver remains unchanged as long as the current pulse is below some higher threshold
associated with the fixed laver architecture.

[06006] MTs with magnetic electrodes having a perpendicular {out of plane of substrate}
magnetic casy axis have a potential for realizing higher density memory than in-plane vanants.
Generally, perpendicular magnetic anisotropy (PMA) can be achieved m the tree magoetic laver
through interfacial perpendicular anisotropy cstablished by an adjacent laver, such as magnesium
oxide (Mg(), when the free magnetic layer is sufficiently thin. Thin lavers however are often
assoctated with a relatively low coercive ficld He. Techniques and structures that can increase
Hc for a given magnetic layer thickness are therefore advantageous, for example to tmprove
pMT] stability.

{0067] Ag such, significant improvements are st needed in the area of non-volatile

memory arrays based on pMTis.

BRIEF DESCRIPTION OF THE DRAWINGS

HEEEY Figure 1 tllustrates crosg-sectional views of vartous operations in a method of
fabricating a pMTJ device including a strain enginecring laver, in accordance with an
embodiment of the present invention.

0609} Figure 2 itlustrates a cross-sectional view of a pMTJ device, in accordance with
some embodiments of the present invention.

0018} Figure 3 is a plot showing how free layer coercivity in a blanket MTJ stack varies
with the mtrinsic stress of a hardmask or top electrode layer, as controlled via sputtering
pressure, in accordance with an embodiment of the present invention.

{6011} Figure 4 is a plot of free layer coercivity of pMTI devices fabricated with

different intrinsic hardmask or top clectrode stress, 1n accordance with an crobodiment of the
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present mvention.

{6612} Figure 5 thhustrates a cross-sectional view of a logic region together with a
STT-MRAM memory array integrated on a common substrate, in accordance with an
embodiment of the present invention.

{6613} Figure 6 thlustrates a block diagram of an electronic system, in accordance with an

embodiment of the present invention.

{0014] Figure 7 iHlusirates a computing device in accordance with one embodinent of the
mvention.

[O015] Figure 8 illustrates an interposcr that includes one or more embodiments of the
mvention.

DESCRIPTION OF THE EMBODIMENTS

HEHES! Approaches for strain engineenng of perpendicular magnetic tunnel junctions
{pMTJs), and the resulting structures, are deseribed. In the following description, numerous
specific details are sct forth, such as specific magnetic tunne! junction {(MTJ) layer regimes, in
order to provide a thorough understanding of embodiments of the present invention, It will be
apparent 1o one skilled in the art that embodiments of the present invention may be practiced
without these specific details. In other instances, well-known features, such as operations
associated with embedded memory, are not described i detail in order to not unnecessarily
obscure embodiments of the present invention. Furthermore, if 13 {0 be understood that the
various embodiments shown in the Figures are illustrative ropresentations and arc not necessanly
drawn to scale.

{661 7] (Oue or more embodiments of the present invention are directed 5TT-MRAM
memory arrays including strain-engineered pMTIs. Embodiments mayv pertain to recessed
hardmask backfill approaches for strain enginecring of magnetic tunnel junctions.

{6618} In accordance with one or more embodiments of the present invention, a method
to apply strain application to M'TJ devices for control of magnetic properties 1s described. The
method may include mitial recess of an MTJ etch hardmask material followed by refill with a
stress-enginecred material. The approach provides direct control of lateral strain on MTJ
devices, especially pMTY devices, independently of the intrinsic film stress of the MTJ
hardmask. In one embodiment, lateral strain on the switching layer of pMTI devices can be used
to control thermal stability of the device via modulation of the coercivity of the magnetic free
laver. Implementation of a recess ctch and refill process replaces the hardmask with a strain
engimeered material, in close proximity to the MTI. In a specific embodiment, implementation

of the approach eliminates such sensitivity of the pMTI performance to hardmask stress
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conditions. The method may provide for enhanced flexability for pMTJ strain enginecring by
chiminating the need to simultancously optimize both stress and etch masking properties of the
hardmask material.

{18019} In an exemplary processing scheme, Figure | illustrates cross-sectional views of
various operations in a macthod of fabricating a pMTJ device including a strain engineering layer,
in accordance with an embodiment of the present mvention.

{0020] Referring to part {a} of Figure 1, a staring structurc ncludes an MTJ stack 102
disposed above a substrate 1006. The MTI stack 102 is formed within a trench 108 within an
mter-laver dielectric (ILD) layer 104, A hardmask layer 106 1s formed on the MTJ stack 102,
within the trench 108 of ILD layer 104, 1t is to be appreciated that the MTI stack 102 may be
formed prior to forming the ILD layer 104, or the ILD laver 104 and trench 108 are formed prior
to forming the MTJ stack 102,

{06621} Referring to part (b) of Figure 1, the hardmask 106 on MTJ stack 102 is removed
to provide an opening 110 within ILD 104 and exposing MTIF stack 102, In an embodiment, the
hardmask layer 108 is removed using a selective wet etch process. In another embodiment, the
hardmask layer 108 is removed using a selective dry or plasma etch process.

{6622} Referring to part {¢) of Figure 1, a strain engineering material 112 s formed over
the structure of part {(b) of Figure 1. In an embodiment, the strain engineering material 112 1s
formed within opening 110 as well as over ILD layer 104, e g, as a layer having an overburden
portion. Depending on the targeted propertics of the strain engingering material 112, deposition
of the strain engineering material 112 may include a technigue such as, but not hmited to,
physical vapor deposition (PVD), chemical vapor deposition (CVD), atomie layer deposition
{ALD), or an electro or electroless plating process.

[0023] Referring to part {d) of Figure 1, the strain engineering material 1172 is planarized
to remove any overburden of the strain engingering material 112, The plananizing confines a
strain engincering layer 114 to opening 110 of ILD laver 104 and re-exposes uppermost surfaces
of {L.D layer 104, In an crubodiment, the strain engineering material 117 is planarized to form
strain enginecring laver 114 using a chemical mechanical planarization (CMP) process. In
another embodiment, the strain engimecring material 112 is planarized to form stram engineering
layer 114 using an etch back process.

[0024] Referring again to part {d) of Figure 1. 1n an embodiment then, a memory
structure includes a perpendicular magnetic tunnel junction (pMTI) element 102 disposed above
a substrate 100. A lateral strain~-inducing material laver 114 is disposcd on the pMTJ element
102, An inter-layer dielectric (ILD) layer 104 is disposed laterally adjacent to both the pMTJ

clement 102 and the lateral strain-inducing material layer 114, In an embodiment, the 1LD laver
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104 has an uppermost surface co-planar or substantially co-planar with an uppermost surface of
the lateral strain-inducing material layer 114, as 1s depicted in part (d) of Figurc 1. However, in
other embodiments, it is not necessary to completely refill the recessed volume with the strain
mducing laver to achieve strain enhancing effect. In another embodiment, partial fill with a high
stress material 18 implemented to achicve the desired effoct. In one such embodiment, another
capping material is formed there above which is more favorable for integration, ¢.g., an upper
capping layer having higher conductivity, better compatibility with subsequent via etches, or
providing a barrier for oxidation or diffusion.

[6025] In an embodiment, the recess otch approach of Figure 1 enables close proximity
placement of a stress engineered material to an MTJ stack for enhanced MTI device strain effect.
It is to be appreciated that a scam may result, and ultimately be detectable by cross-sectional
transmission electron microscopy (TEM) that reveals such a scam in the stress-engingenng layer,
¢.g.. between the stress engineering laver 114 and the MTJ stack 102, Furthermore, strain
measurements may be performed using nanospot diffraction and measuring cocrcivity on the
fabricated pMT) devices. It is to be appreciated that embodiments associated with Figure 1 may
provide an improvement over stramn engineening of the hardmask matenial itself (¢.g., with a
layer above the hardmask), since the bardmask 1s replaced with a strain engineering layer having
targeted properties. In this vein, embodiments described herein can be tmplemented to relax the
film stress requirements for hard mask matenals, enabling optimization of the hardmask
propertics for improved etch or deposition characteristics or reduced manufacturing cost.
Embodiments may also realize mitigation or elimination of undesired effects of the mtrinsic film
stress of the hardmask. Additionally, embodiments can be implemented to enginecr thermal
stability or potentially critical current independently of free laver thickness.

06026} Referning again to Figure 1, exemplary matenals and structures suitable for
substrate 100, MTJ stack 102, or ILD layver 104 are described below. In an embodiment,
hardmask 106 1s a metal or conductive hardmask laver (or stack of lavers) that provides cich
resistance during carbier patterning of the layers making up MTJ stack 102, Suitable metal or
otherwise conductive hardmask materials include, but are not limuted to, one or more of titanium
nitride, tantabum nitride, tantalum, titandum, or ruthenium. In other embodiment, however, a
diclectric or insulating hardmask material is used. Suitable metal or otherwise conductive
hardmask materials include, but are not limited to, one or more of silicon oxide, sihicon nitride,
or silicon carbide. In either case, in an embodiment, all of hardmask 106 is removed in moving
from part (a} to part (b} of Figure 1. However, in the case that hardmask 106 is a metal or
conductive layer, in another embodiment, only a portion of the hardmask is actually recessed,

leaving being conductive remnants of the hardmask layer onto which the strain engincering
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material 112 is subseqaently formed. In the case that a rempant of a metal or conductive
hardmask layer 106 is retained, for case of description of embodiments herein, the renmant
portion is considered part of an MTJ matenal stack. Accordingly, whether or not a bardmask
portion is retained, the resulting devices are described as an MTU having a top electrode
mcluding a lateral strain-inducing material layer on an MTJ material stack.

{6027} In an embodiment, the strain engineenng material 112 (ultimately strain
engineering layer 114), is a lateral strain-inducing material laver. In one embodiment, the lateral
strain-inducing material layer is a compressive lateral strain-inducing material layer (¢.g., the
lateral stramn-inducing material layer is a tensile-stressed material and induces a compressive
strain to the underlving pMTJ element). In a specific such embodiment, the compressive lateral
strain-inducing material layer is one selected from the group consisting of a chemical vapor
deposited titannim material, an atomic layer deposited titariun matenal, and a chemical vapor
deposited tungsten. In another embodiment, the Iateral strain-inducing matenal laver is a tensile
lateral strain-inducing material layer (¢.g., the lateral stram-inducing material laveris a
compressive-stressed matenal and induces a tenstle strain 1o the underlving pMT) element). Ina
specific such embodiment, the tensile lateral strain-inducing material layer 1s one selected from
the group consisting of a tantalum limer and copper fill matenial stack, a metal film formed by
physical vapor deposition, and a metal seed and electroplated metal matenial stack. Other
materials suitable for use as the stram engineering material 112 (ultimately strain engincering
layer 114) are described below in association with Figure 2.

[6028] To provide greater detail, in accordance with an embodiment of the present
mvention, described herein are pMTJ material stacks, STTM devices employing such matenal
stacks, and computing platforms emploving such STTM devices. Applications for embodiments
described herein include embedded memory, embedded non-volatile memory (NVM), magnetic
random access memory (MRAM), and non-embedded or stand-alone memories.

{6629} Figure 2 thhustrates a cross-sectional view of a pMT) device 201, in accordance
with some embodiments of the present invention. pMTJ device 201 includes a pMTJ material
stack 202 disposed between two electrodes 207 and 280, In the exemplary embodiment, metal
clectrade 207 {e.g., bottom clectrode) is disposed over a substrate 205, A fixed magnetic
matenal layer {or stack) 220 including one or more layers of magnetic matenal 1s disposed over
clectrode 207. A tunneling dielectric material laver 230 is disposed over fixed magnetic material
laver or stack 220. A free magnetic material layer {or stack} 260 is disposed over tunneling
dielectric material layer 230. In the exemplary embodiment iHlustrated, a diglectric material
layver 270, such as a metal oxide (e.g., Mg(, VO, WO, VdO, Ta0, HIO, MoO), 1s disposed over

free magnetic material layer 260, Such a capping layer may be absent for spin-hall effect (SHE)}
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mplementations. Metal electrode 280 {¢.g., top electrode) is disposed over the capping
diclectric material layer 270, Notably, the order of the material lavers 207-280 may be mverted,
or extending laterally away from a topographic feature sidewall, in alternative embodiments. In
an embodiment, the top electrode 280 is, or includes, a lateral strain-inducing matenial layer, as
is described in greater detail below.

16030} In some embodiments, pMTJ material stack 202 is a perpendicular system, where
spins of the magnetic layers are perpendicuiar to the plane of the matenal layers (e.g., the
magnetic casy axis 18 in the z-direction out of the plane of substrate 205). Fixed magnetic laver
220 mav be composed of any material or stack of materials suitable for mamtaming a fixed
magnetization direction while the free magnetic material layer 260 is magnetically sofier {e g,
magnetization can easily rotate to parallel and antiparallel state with respect to fixed laver). In
some embodiments, a strain-cnhanced pMTJ device is provided by application of laterally
directed stress sufficient to mduce strain in the pMT]J stack parallel to the plane of the pMTJ
material layers. In one such embodiment, control of stress in films applied over a pMTJ material
stack to provide a significant impact on the coercivity of the magnetic material layers
corresponding to strain in one or more of the magnetic material layers.

{6631} As indicated briefly above, in an embodiment, the top electrode 280 of the device
of Figure 2 is or includes a lateral strain-indacing material laver. In one such embodiment, the
lateral stram~-inducing matenial layver 1s disposed over a top surface of the pMTJ matenal stack.
Accordingly. in some embodiments, a top-side lateral strain-inducing material laver further
functions as the top electrode 280 m a pMTI device. In some embodiments, the top-side lateral
strain-inducing material layer is Ta, either in pure elemental form or an alloy thereof (c.g., TaN,
ctc.}. In other embodiments, the top-side lateral strain-inducing matenal laver is Ti, cither in
pure elemental form or an alloy thereof {g.g., TIN, ¢tc.). Any other conductive material that may
be tuned to have high tensile stress or hight compressive stress {¢.g., 200 MPa, or more) may
also be employed. In other embodiments, the strain-inducing material layer is tuned to provide a
compressive stress. A top-side lateral strain-inducing material may also be a dielectric (e g,
SiN} capping a pMTI device electrode. For such embodiments, a conductive via may pass
through the lateral strain-inducing material to contact the underlying electrode. In sone
embodiments, to increase an amount of lateral straim within pMTJ stacks 202, the top-side lateral
strain-mducing material laver has a thickness greater than that of any matenal layver{e g,
magnetic or diclectric) in the pMTJ stack. In some further embodiments, the top-side lateral
strain-inducing matenal layer has a thickness greaier than that of the entire underlying pMT}
stack 202.

{6632} In accordance with an embodiment of the present invention, the sensitivity of free
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laver coercivity to lateral strain is explosted, which s illustrated by modulation of the stress of
the hardmask or top electrode material itself in {a) blanket MTJ stack measurcments or (b) in an
mtegrated pMTJ process flow. Figure 3 is a plot 300 showing how free laver coercivity in a
blanket MTJ stack varies with the infrinsic stress of a hardmask or top electrode layer, as
controlled via sputtcring pressure, in accordance with an embodiment of the present invention.
Figure 4 is a plot 400 of fiee laver coercivity of pMTI devices fabricaied with different intrinsic
hardmask or top electrode stress, in accordance with an embodiment of the present invention.
Referring to plot 400, free laver coercivity is obtained from resistance-ficld sweeps.

{6033} In another aspect, integrating memory directly onto a microprocessor chip is
advantageous since it enables higher operation speeds compared to having phvsically separate
logic and memory chips. Unfortunately, traditional charge-based memory technologies such as
DRAM and NAND Flash are now facing severe scalability issues related to increasingly precise
charge placement and sensing requircments. As such, embedding charge-based memory directly
onto a high performance logic chip 1s not very attractive for future technology nodes. However,
a memory technology that does have the potential to scale to much smaller geometries compared
to traditional charge-based memornies 1s spin-torque transfer magnetoresistive random access
memory (STT-MRAM), since it rehies on resistivity rather than charge as the information carrier.
However, i order to exploit the potential benefits of a high performance logic chip with
embedded STT-MRAM memory, an approprate mtegrated logic plus STT-MRAM structare and
fabrication method is needed. Embodiments of the present invention include such structures and
fabrication processes.

{8634} In accordance with one or more embodiments described herein, a structure 1s
disciosed in which spin transfer torque random access memory (STT-MRAM) arrays, which
mclude a multitude of magnetic tunnel junctions (MTIs}, are embedded within a back-end
mterconnect layer of a high performance logic chip. In accordance with a specific embodmment
of the present invention, the combination of “thin vias” beneath the MTls, the prescnce of an
MRAM pedestal material beneath the MTIs, and an MTI-first tvpe process flow where the MTls
are fabricated prior to the interconnect in the neighboring logic area 1s disclosed.

{0035] An STT-MRAM array may be embedded in a logic chip. As an exemplary
mmplementation, Figure 5 tllustrates a cross-sectional view of a logic region together with a
STT-MRAM memory array tntegrated on a common substrate, in accordance with an
embodiment of the present invention. Referring to Figure 3, a structure 500 inclades a logic
region 502 and a STT-MRAM array region 504,

18636} Referring to the STT-MRAM array region 504 of Figure 5, in a first layer, metal
2 (M2} 508 and via 1 (V1) 510 structures are formed above a substrate 506, The M2 508 and V1
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510 structures are formed in an inter-laver dielectric laver 512 disposed over an eich stop layer
514

{8037} Referring again to the STT-MRAM array region 504 of Figare 5, in a second
laver, a plurality of conductive pedestals 516 and corresponding pMT]J stacks 518 are formed in
an inter-laver dielectric layver 520 disposed over an etch stop laver 522. The plurality of
conductive pedestals 516 may be coupled to corresponding ones of the M2 508 structures by a
conductive layer 524, as 1s depicted in Figure 3. A dielectric spacer laver 526 may be formed on
sidewalls of the pMTJ stacks 518 and on the upper surface of the plurality of conductive
pedestals 516, as is also depicted in Figure 5. Each of the pMTJ stacks 518 may mchude a free
laver MTJ film or films 528, a dielectric or tunneling layer 330, a fixed layer MTJ film or films
532, and a top electrode 534, as is depicted m Figure 5. It is to be appreciated that the stack may
be reversed, in that layer 528 may be a fixed layer while layer 532 may be a free layer. Inan
embodiment, the top electrode 534 of the deviee of Figure § 18 or includes a lateral strain-
mducing material layer. In one such embodiment, the lateral stram-inducing material layeris a
compressive lateral strain-inducing material layer. In another such embodiment, the lateral
strain-inducing material layer is a tensile lateral strain-inducing material laver.

8038} Referring again to the STT-MRAM array region 504 of Figure 3, in a third layer,
an etch stop layer 336 is disposed on the mter-layer dielectric layer 520, Metal 4 (M4) 538 and
via to junction {VTI)} 540 structures are formed in an mter-layer diefectric layer 542 disposed
over the etch stop layver 536, It is to be appreciated that additional interconnect layer{s) may be
formed on top of the M4/VTI layers of the STT-MRAM array region 504 of Figure 5, e.g., using
standard dual damascene process techniques that are well-known in the art. Thus, it is also to be
appreciated that although in the lustrations the MTIs are shown cmbedded into a corresponding
ogic metal 3 (M3} laver, they may mstead be embedded into some other interconnect laver {¢.g.,
M1, M2, M4, etc.)

8039} Referring now to the logic region 302 of Figure 5, in the first laver, metal 2 (M2)
550 and via 1 {V1} 552 structures are formed in the inter-layer dielectric layer 512 disposed over
the ctch stop layer 514, In the second laver, the ctch stop laver 522 is disposed on the inter-layer
dielectric laver 512, Metal 3 (M3} 554 and via 2 (V2) 556 structures are formed in the inter-
layer diclectnic laver 520 disposed over the etch stop layer 522, In the third laver, the etch stop
flaver 536 is disposed on the inter-layer dielectric layer 520. Metal 4 (M4} 358 and via 3 (V3)
560 structures are formed i the inter-layer diclectric layer 542 disposed over the etch stop layer
536. Htisto be appreciated that additional interconnect laver(s) may be formed on top of the
M4/V3 lavers of the logic region 502 of Figure 3, ¢.g., using standard dual damascene process

techniques that are well-known ia the art.
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{8644} Referring again to Figure 5, in an embodiment, the free laver MTI film or films
528 {or, alternatively, 332} 18 composed of a material suitable for transitioning between a
majority spin and a minonty spin, depending on the application. Thus, the free magnetic layer
{or memory layer) may be referred to as a ferromagnetic memory laver. In one embodiment, the
free magnetic layer 1s composed of a laver of cobalt iron {(CoFe) or cobalt tron boron (CoFeB).
60411 Referring again to Figure 5, in an embodiment, the diclectric or tunneling layer
530 1s composed of a material suttable for allowing current of a majority spin to pass through the
layer, while impeding at least to some extent current of a minority spin to pass through the layer.
Thus, the diclectric or tunnehing laver 530 {or spin filter layer) may be referred to as a tunneling
laver. In onc embodiment, the dielectric layer is composed of a matenial such as, but not imited
to, magnesium oxide (MgO) or aluminum oxide (ALO3). In one embodiment, the dielectric
layer has a thickness of approximately | nanometer.

[0042] Referring again to Figure 5, in an embodiment, the fixed laver MTJ film or films
532 {or 528 in the case that 532 is a free laver) is composed of a material or stack of materials
suttable for maintaining a fixed majority spin. Thus, the fixed magnetic layer {or reference
faver) may be referred to as a ferromagnetic layer. In one embodiment, the fixed magnetic layer
is composed of a single laver of cobalt iron boron {Co¥FeB). However, in another embodiment,
the fixed magnetic layer is composed of a cobalt iron boron (CoFeR) laver, rutheruom (Ru)
layer, cobalt iron boron (CoFeB) layer stack. In an embodiment, although not depicted, a
synthetic antiferromagnet (SAF) is disposed on or adjacent the fixed layer MTU filim or films
532.

[6043] Referring again to Figure 5, in an ¢mbodiment, the plurality of conductive
pedestals 516 inclades a thick metal layer, such as a relatively thick titaniom nitride (TiN} layer.
In an embodiment, the conductive metal laver 524 1s a tantalum nitnde {(TaN) laver. In one
embodiment, the conductive metal laver 524 is reforred to as a “thin via” layer. Inan
embodiment, the top electrode 534 is or includes a lateral stram-tnducing material layer,
examples of which are described above and also in association with Figures | and 2.

[044] Referring again to Figure 3, in an embodiment, one or more interiayer dielectrics
(LD}, such as inter-layer diclectric material layers 512, 520 and 542, are used. The ILD layers
mayv be formed using dicleciric materials known for their applicability in integrated circuit
structures, such as low-k diclectric materials. Examples of diclectric materials that may be used
mclude, but are not limited to, silicon dioxide (5102}, carbon doped oxade (CDQO), silicon nitnde,
organic polvmers such as pertluorocyciobutane or polyietrafluorocthyiene, fluorosilicate glass
(FSG). and organosilicates such as silsesquioxane, siloxane, or organcsilicate glass. The LD

lavers may include pores or air gaps to further reduce their diclectric constant.
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{8045} Referring again to Figure 5, in an embodiment, the metal lines {such as M2, M3,
and M4} and vias (such as V1, V2, V3 and VT are composed of one or more metal or other
conductive structures. A common example is the use of copper lines and stractures that may or
may not include barmer lavers between the copper and surrounding ILD material. As used
herein, the toom metal includes alloys, stacks, and other combinations of multiple metals. For
gxample, the metal interconnect hines may nclude barrier layers, stacks of different metals or
allovs, etc. The interconnect lines are also sometimes referred to in the arts as traces, wires,
lincs, metal, or simply interconnect,

[0045] Referring again to Figure 3, in an embodiment, etch stop materials {(such as for
lavers 514, 522 and 336, are composed of dielectric materials different from the interlaver
dielectric material. In some embodiments, an ctch stop layer includes a laver of a nitride of
silicon (e.g., silicon nitride} or a layer of an oxide of silicon, or both, or a combimation thereof,
Other suitable matenals may include carbon-based matenals, such as silicon carbide.
Alternatively, other etch stop lavers known i the art may be used depending upon the particular
mmplementation. The etch stop layers maybe formed by CVD, PVD, or by other deposition
methods. In an embodiment, the diclectric spacer laver 526 1s a silicon nitride layer.

{8047} Referring again to Figure 5, in an embodiment, substrate 506 (or substrate 100 or
205 described below in association with Figures | and 2, respectively) 1s a semiconductor
substrate. In one implementation, the semiconductor subsirate may be a crystalline substrate
formed using a bulk silicon or a silicon-on-insulator substructure. In other implementations, the
senuconductor substrate may be formed using alternate matenals, which may or may not be
combined with silicon, that include but are not limited to germanium, indium antimonide, lead
telturide, indium arsenide, indium phosphide, gallium arsenide, indium galliom arsenide, galliom
antimonide, or other combinations of group -V or group IV materials. Although a few
examples of matenials from which the substrate may be formed are descubed here, any material
that may serve as a foundation upon which a semuiconductor device may be built falls within the
spirit and scope of the present nvention.

[06048] It is to be appreciated that the layers and materials described in association with
Figures 1, 2 and 5 are typically formed on or above an underlying semiconductor substrate or
structure, such as underiving device layver(s) of an mtegrated circuit. In an embodiment, an
underlying semiconductor substrate 100, 205 or 506 represents a general workpiece object used
to manufacture integrated circuits. The semiconductor sabstrate often mcludes a wafer or other
piece of silicon or another semiconductor material. Suitable semiconductor substrates include,
but are not himited to, single ervstal silicon, polverystalline silicon and silicon on nsulator (SO,

as well as similar substrates formed of other semiconductor materials. The semiconductor



o

10

15

20

25

30

@8]
(8]

WO 2017/171747 PCT/US2016/024898

substrate, depending on the stage of manufacture, often mchudes transistors, mtegrated circuitry,
and the hike. The substrate may also include semiconductor matenals, metals, diclectrics,
dopants, and other materials commonly found m semiconductor substrates. In one embodiment,
the illastrated structures depicted in Figures 1, 2 and 5 are fabricated on underlving transistor or
other semiconductor device layer(s) formed n or above the substrate 100, 203 or 506, In another
embodiment, the illusteated structures depicted in Figures 1, 2 and 5 are fabricated on undedying
lower level mterconnect layers formed above the substrate 100, 205 or 506.

{0049} It is to be appreciated that in certain aspects and at least some embodiments of the
present tnvention, certain terms hold certain definable meanings. For example, a “free”
magnetic layer is a magnetic laver storing a computational vanable. A “fixed” magnetic layer is
a magnetic laver with fixed magnetization (magnetically harder than the free magnetic layer). A
tonneling barrier, such as a tunneling dielectric or tunneling oxide. 1s one located between free
and fixed magnetic lavers. A fixed magnetic layver may be patterned to create inputs and outputs
to an associated circuit. Magnctization may be written by spin hall cffoct. Maguetization may
be read via the tunneling magneto-resistance effect while applying a voltage. In an embodiment,
the role of the diclectnc layer is to cause a large magneto-resistance ratio. The magneto-
resistance is the ratio of the difference between resistances when the two ferromagnetic lavers
have anti-paraliel magnetizations and the resistance of the state with the parallel magnetizations.
{8654} In an embodiment, the MTI functions essentially as a resistor, where the
resistance of an electrical path through the MTI may exist in two resistive states, either “high” or
“low,” depending on the direction or orientation of magnetization in the frec magnetic layer and
m the fixed magnetic laver. In the case that the spin direction is of minority m the free magnetic
layer, a high resistive state exists, wherein direction of maguetization in the free magnetic layer
and the fixed magnetic layer are substantially opposed or anti-paralle]l with one another. Inthe
case that the spin direction 1s of majority in the free magnetic laver, a low resistive state exists,
wherein the direction of magnetization in the free magnetic layer and the fixed magnetic laver is
substantially aligned or parallel with one another. It is to be understood that the terms “low” and
“high” with regard to the resistive state of the MTJ are relative to one another. In other words,
the high resistive state 1s merely a detectibly higher resistance than the low resistive state, and
vice versa. Thus, with a detectible difference in resistance, the low and high resistive states can
represent different bits of information (1.e. a2 “0" ora “17).

{0051} Thus, the MTJ may store a single bit of information (07 or “17) by its state of
magnetization. The information stored 1n the M'TY s sensed by driving a current through the
MTIJ. The free magnetic layver does not require power to retain its magnetic onentations. As

such, the state of the MTJ is preserved when power to the device is removed. Therefore, a
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memory bit cell such as depicted n Figure 1 s, in an embodiment, non-volatile.

{6652} In accordance with an embodiment of the present invention, each bit of data is
stored in a separate magnetic tunnel pmction (MT)). The MTI is a magnetic element that
meludes two magnetic lavers separated by a thin msulating tunnel barner Jlaver. One ofthe
magnetic lavers is referred fo as the reference laver, the fixed laver, or the pinned magnetic layer,
and it provides a stable reference magnetic orientation. The bit 1s stored in the second magnetic
laver which is called the free layer, and the onentation of the magnetic moment of the free layer
can be either in one of two states—parallel to the reference layer or anti~paraliel to the referonce
layer. Because of the tunneling magneto-resistance {TMR) effect, the clectncal resistance of the
anti-parallel state 1s significantly higher compared to the paraliel state. To write information m a
STT-MRAM device, the spin transfer torque effect is used to switch the frec laver from the
parallel to anti-parallel state and vice versa. The passing of current through the MTI produces
spin polarized current, which results m a torque being applied to the magnetization of the free
layver. When the spin polarized current is sufficiently strong, enough torque is applied to the free
laver to cause its magnetic orientation to change, thus allowing for bits to be written. To read
the stored bit, the sensing circuitry measures the resistance of the MTI. Since the sensing
circuitry needs to determine whether the M'TJ is 1n the low resistance (¢.g. parallel) state or in
the high resistance state (e.g. anti-parallel} with acceptable signal-to-noise, the STT-MRAM cell
needs to be designed such that the overall elecincal resistance and resistance variation of the cell
are minimized.

053] Relating to one or more embodiments described herem, it 18 to be appreciated that
traditional DRAM memory is facing severe scaling 1ssues and, so, other types of memory
devices arc being actively explored in the clectronics industry. One future contender is
STT-MRAM devices. Embodiments described herein include a fabrication method for
embedding STT-MRAM bit cell arrays into a logic process technology. Embodiments desenbed
may be advantageous tor processing schemes involving the fabrication of logic processors with
embedded memory arrays.

[0654] In an embodiment, transistors associated with substrate 100, 205 or 506 are metal-
oxide-semiconductor ficld-effect transistors (MOSFET or simply MOS transistors), fabricated on
the substrate 100, 205 or 506. In various implementations of the mvention, the MOS transistors
may be planar transistors, nonplanar transistors, or a combination of both. Nonplanar transistors
mehude FinFET transistors such as double-gate transistors and tri-gate transistors, and wrap-
around or all-around gate transistors such as nanoribbon and nanowire transistors.

{6055] In an embodiment, cach MOS transistor of substrate 100, 205 or 506 includes a

gate stack formed of at least two lavers, a gate dielectric layer and a gate electrode layer. The
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gate dielectric layer may mclude one layer or a stack of lavers. The one or more layers may
mclude silicon oxide, silicon dioxide (5102} and/or a high-k dielectric material. The high-k
dielectric material may include clements such as hafhium, silicon, oxygen, titanium, tantalum,
lanthanum, aluminum, zirconiom, barium, strontivm, yitrium, lead, scandim, mobium, and zine.
Examples of high-k matenals that may be used in the gate dielectric layer include, but are not
Iimited to, hafmum oxide, hafnium silicon oxide, lanthanum oxide, lanthanum aluminum oxide,
zirconium oxide, zircomum silicon oxide, tantalum oxade, ttaniwm oxide, barium strontium
titandum oxide, barium titanium oxide, strontium ttanium oxide, yitrivm oxide, aluminum oxide,
lead scandium tantalum oxide, and lcad zinc niobate. In some embodiments, an annealing
process may be carried out on the gate diclectric laver to improve its quality when a high-k
matenal 1s used.

{056] The gate clectrode layer of cach MOS transisior of substrate 100, 205 or 506 is
formed on the gate diclectne layer and may consist of at least one P-type workfunction metal or
N-type workfunction metal, depending on whether the trapsistor is to be 2 PMOS or an NMOS
transistor. In some implementations, the gate electrode layer may consist of 3 stack of two or
more metal layers, where one or more metal lavers are workfunction metal layers and at least
one mcetal laver s a fill metal fayer.

{057} For a PMOS transistor, metals that may be used for the gate electrode include, but
are not imited to, ruthenium, palladium, platinum, cobalt, nickel, and conductive metal oxades,
¢.g., ruthenium oxide. A P-type metal laver will enable the formation of a PMOS gate clectrode
with a workfunction that is between about 4.9 ¢V and about 5.2 eV, For an NMGS transistor,
metals that may be used for the gate electrode include, but are not hinuted to, hathium,
zirconium, titanium, tantalum, aluminum, alloys of these metals, and carbides of these metals
such as hafnium carbide, zirconnim carbide, tamum carbade, tantalom carbide, and alununum
carbide. An N-type metal laver will enable the formation of an NMOS gate clectrode with a
workfunction that is between about 3.9 eV and about 4.2 ¢V,

[058] In some implementations, the gate electrode may consist of a “U”-shaped
structure that includes a bottom portion substantially parallel to the surface of the subsirate and
two sidewall portions that are substantially perpendicular to the top surface of the substrate. In
another implementation, at least one of the metal layers that form the gate electrode may simply
be a planar layer that is substantially paralice! o the top surface of the subsirate and does not
mehude sidewall portions substantially perpendicolar to the top surface of the substeaie. In
further implementations of the invention, the gate electrode may consist of a combination of U-
shaped structures and planar, non-U-shaped structures. For example, the gate electrode may

consist of one or more U-shaped metal layers formed atop one or more planar, non-U-shaped
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layers.

LB In some implementations of the imvention, a pair of sidewall spacers may be
formed on opposing sides of the gate stack that bracket the gate stack. The sidewall spacers may
be formed from a material such as silicon nitride, silicon oxade, stlicon carbide, stlicon nutnide
doped with carbon, and silicon oxynitride. Processes for forming sidewall spacers are well
known m the art and generally include deposition and etching process steps. In an alternate
mplementation, a plurality of spacer pairs may be used, for instance, two pairs, three pairs, or
four pairs of sidewall spacers may be formed on opposing sides of the gate stack.

6060} Asts well known in the art, source and drain regions are formed within the
substrate adiacent to the gate stack of cach MOS transistor. The source and drain regions are
generally formed using either an implantation/diffusion process or an etching/deposition process.
In the former process, dopants such as boron, aluminum, antimony, phosphorous, or arsenic may
be ion-implanted into the substrate to form the source and drain regions. An anncaling process
that activates the dopants and causes them to diffuse further into the substrate typically follows
the ton implantation process. In the latter process, the sabstrate may first be etched to form
recesses at the locations of the source and drain regions.  An epitaxaal deposition process may
then be carried out to fill the recesses with matenal that is used to fabricate the source and drain
regions. In some implementations, the source and drain regions may be fabricated using a
silicon alloy such as silicon germamum or silicon carbide. In some implementations the
epitaxially deposited silicon alloy may be doped in situ with dopants such as boron, arsenic, or
phosphorous. In further embodiments, the source and drain regions may be formed using one or
more aliernate semiconductor materials such as germanium or a group HH-V matenal or alioy.
And in further embodiments, one or more lavers of metal and/or metal alloys may be used to
form the source and drain regions.

{6061} Figure 6 illustrates a block diagram of an electronic system 600, in accordance
with an embodiment of the present invention. The electronic system 600 can correspond to, for
example, a portable system, a computer system, a process control system, or any other system
that utihizes a processor and an associated memory. The clectronic system 600 may include a
microprocessor 602 (having a processor 604 and control unit 6063, a memory device 603, and an
mput/outpat device 610 (it is to be understood that the electronie system 600 may have a
plurality of processors, control units, memory device units and/or input/output devices in various
embodiments}. In one embodiment, the electronic system 600 has a set of imstructions that
define operations which are to be performed on data by the processor 604, as well as, other
transactions between the processor 604, the memory device 608, and the input/output device

610, The control unit 606 coordinates the operations of the processor 604, the memory device
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608 and the mput/output device 610 by cyching through a set of operations that cause instructions
to be retrigved from the memory device 608 and executed. The memory device 608 can inchude
STT-MRAM memory arrays integrated into a logic processor, as descnibed herein, Inan
embodiment, the memory device 608 is embedded in the microprocessor 602, as depicted in
Figure 6.

{0062} Figure 7 iHlustrates a computing device 700 in accordance with one embodiment
of the mvention. The computing device 700 houses a board 702, The board 702 may include a
number of components, inchuding but not lunited to a processor 704 and at least one
commumnication chip 706, The processor 704 is physically and electrically coupled to the board
702. In some mmplementations the at least one communication chip 706 is also physically and
clectrically coupled to the board 702, in further implernentations, the communication chip 706 is
part of the processsor 704,

{06663} Depending on its applications, computing device 700 may include other
components that may or may not be physically and electrically coupled to the board 702, These
other components include, but are not limited to, volatile memory (e.g., DRAM), non-volatile
memory {e.g., ROM), tlash memory, a graphics processor, a digital signal processor, a crypto
processor, a chipset, an antenna, a display, a touchscreen display, a touchscreen controller, a
battery, an audio codec, a video codec, a power amplifier, a global positioning svstem (GPS)
device, a compass, an accelerometer, a gyroscope, a speaker, a camera, and a mass storage
device (such as hard disk drive, compact disk (CD), digital versatile disk (DVD), and so forth).
(3064} The communication chip 706 enables wirgless communications for the transfer of
data to and from the computing device 700, The term “wircless” and its derivatives may be used
to describe circuits, devices, systems, methods, technigues, communications channels, ete, that
may conmmunicate data through the use of modulated electromagnetic radiation through a non-
solid mediwmn. The term docs not umply that the associated devices do not contain any wires,
although 10 some embodiments they might not. The communication chip 706 may implement
any of a number of wircless standards or protocols, inchiding but not limited to Wi-Fi (IEEE
R02.11 family), WiMAX (IEEE 802.16 family), IEEE 802.20, long term evolution (LTE), Ev-
DO, HSPA+, HSDPA+ HSUPA+ EDGE, GSM, GPRS, CDMA, TDMA, DECT, Bluetooth,
dertvatives thereof, as well as any other wireless protocols that are designated as 3G, 4G, 5G,
and bevond. The computing device 700 may mclude a plurality of communication chips 706.
For mstance, a first communication chip 706 may be dedicated to shorter range wireless
communications such as Wi-Fi and Bluetooth and a second commumication chip 706 may be
dedicated to longer range wireless commumications such as GPS, EDGE, GPRS, CDMA,
WiMAX, LTE, Ev-D0O, and others.
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[0065] The processor 704 of the computing device 700 mcludes an integrated circuit die
packaged within the processor 704, In some implementations of embodiments of the mvention.
the mtegrated circuit die of the processor includes one or more arrays, such as strain enginecred
pMTl-based STT-MRAM memory arrays integrated into a logic processor, built 1n accordance
with embodiments of the present invention. The teom “processor” may refer to any deviee or
portion of a device that processes electronic data from registers and/or memory to transform that
clectromic data into other electronic data that may be stored in registers and/or memory.

{0066} The communication chip 706 also includes an integrated circuit dic packaged
within the communication chip 706. In accordance with another implementation of an
embodiment of the invention, the mitcgrated circuit die of the communication chip includes strain
engineered pMTl-based STT-MRAM memory arrays integrated mto a logic processor, built in
accordance with embodiments of the present invention.

{0067] In further implementations, another component housed within the computing
device 700 may contain a stand-alone integrated cirant memory dic that includes one or more
arravs, such as stram engineered pMTI-based STT-MRAM memory arrays integrated into a
logic processor, butlt in accordance with embodiments of the prosent invention.

0068} In various implementations, the computing device 700 may be a laptop, a
netbook, a notebook, an ultrabook, a smartphone, a tablet, a personal digital assistant (PDA), an
wtra-mobile PC, a mobile phone, a desktop computer, a server, a printer, a scanner, a montor, a
set-top box, an entertainment control umit, a digital camera, a portable music plaver, or a digital
video recorder. In further implementations, the computing device 700 may be any other
slectronis device that processes data.

{8069] Accordingly, one or more embodiments of the present mvention relate generally
to the fabrication of embedded microclectronic memory. The microclectronic memory may be
non-volatile, wherein the memory can retain stored information even when not powered. One or
more embodiments of the present mvention relate to the fabrication of strain engineered pMTI-
based STT-MRAM memory arrays integrated into a logic processor. Such arrays may be used n
an embedded non-volatile memory, either for its non-volatility, or as a replacement for
embedded dynamic random access memory (eDRAM}. For example, such an array may be used
for 1T-1X memory or 2T-1X memory (X = capacitor or resistor) at competitive ccll sizes within
a given technology node.

18074} Figure 8 iHlustrates an interposcr 800 that includes one or more embodiments of
the invention. The interposer 800 is an miervenmg substrate used to bridge a first substrate 802
to a second substrate 804, The first substrate 802 may be, for instance, an integrated circuit die.

The second substrate 804 may be, for mmstance, a memory module, a computer motherboard, or
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another integrated circuit die. Generally, the purpose of an interposer 800 15 to spread a
connection to a wider pitch or to reroute a connection to a different connection. For example, an
mterposer 800 may couple an integrated circuit die to a ball grid array (BGA) 806 that can
subsequently be coupled to the second substrate 804, In some embodiments, the first and second
substrates 802/804 are attached to opposing sides of the interposer 800, fn other embodiments,
the first and second substrates 8302/804 are attached to the same side of the interposer 800, And
i further embodiments, three or more substrates are interconnected by way of the interposer
800.

06071} The mterposer 800 may be formed of an epoxy resin, a fiberglass-reinforced
epoxy resin, a ceramic material, or a polymer material such as polymude. In further
mmplementations, the interposer may be formed of alternate rigid or flexible materials that may
inchade the same materials described above for use in a semiconductor substrate, such ags silicon,
germanium, and other group -V and group IV matenals.

16672} The interposer may include metal interconnects 808 and vias 810, including but
not limited to through-silicon vias (TSVs) 812, The interposer 800 may further inchude
embedded devices 814, including both passive and active devices. Such devices include, but are
not limited to, capacitors, decoupling capacitors, resistors, inductors, fuses, dicdes, transformers,
sensors, and electrostatic discharge (ESD) devices. More complex devices such as radio-
frequency (RF) devices, power amplifiers, power management devices, antennas, arravs, sensors,
and MEMS devices may also be formed on the interposer 800. In accordance with embodiments
of the mvention, apparatuses or processes disclosed herein may be used in the fabrication of
mterposer 800,

{6673} Thus, embodiments of the present invention include approaches for strain
engineering of perpendicular magnetic tannel junctions (pMTIs), and the resalting structures.
16074} In an embodiment, a memory structure includes a perpendicular magnetic tunnel
junction {pMTI} element disposed above a substrate. A lateral strain-inducing material laver is
disposed on the pMTI element. An wter-laver dielectric {ILD} laver is disposed laterally
adjacent to both the pMTI clement and the lateral stram-inducing matenal laver. The ILD laver
has an uppermost surface co-planar or substantially co-planar with an uppermost surface of the
lateral stram-inducimg matenal layer,

[6675] In one embodiment, the lateral strain-inducing matenal layer i1s a compressive
lateral strain-inducing material layer.

[6076] In one embodiment, the compressive lateral straim-inducing matenial layer
mcludes a material selected from the group consisting of titanium and tungsten.

{8677} In one embodiment, the lateral strain-inducing material laver is a tensile lateral
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strain-inducing material layer.
{6678} In one embodiment, the tensile lateral strain-inducing material layer includes a

tantalum liner and copper fill matenal stack.

{6679} In one embodiment, the pMTJ element s disposed on a conductive pedestal.
ESH In one embodiment, the ILD laver s also laterally adijacent to the conductive
pedestal.

{6081} In an embodiment, a method of fabricating a memory structure mchudes forming a

perpendicular magnetic tammel junction (pMTI} element above a substrate, the pMTI having a
bardmask layer formed thereon. The method also includes forming an inter-layer dielectric
(1L.D3} laver laterally adjacent to both the pMTJ element and the hardmask layer. The method
also includes at least partially recessing the hardmask laver to form an opening in the ILD. The
method also includes forming a strain-inducing matenial over the ILD laver and in the opening.
The method also meludes planarizing the strain-inducing material to expose the ILD layer and to
form a lateral strain-inducing maternial layer on the pMT] element.

[0082] In one embodument, at least partially recessing the hardmask layer includes

completely removing the hardmask layer.

{0683} In one embodiment, the hardmask layer i1s a metal or conductive hardmask layer.
{0084} In one embodiment, the bardmask layer is a dielectric or insulating hardmask
layer.

10085 In on¢ embodiment, forming the strain-inducing material includes forming a

compressive lateral stram-inducing material.

[B086] In one embodiment, forming the compressive lateral strain-inducing material
mcludes forming a material selected from the group counsisting of a chemical vapor deposited
titanium material, an atomic laver deposited titanium material, and a chemical vapor deposited
tungsten.

[G087] In one embodiment, forming the strain-inducing material includes forming a
tensile lateral strain-inducing material,

{0088} In one embodiment, forming the tensile lateral strain-inducing material includes
forming a material selected from the group consisting of a tantalum Iiner and copper fill matenal
stack, a metal film formed by phvsical vapor deposition, and a mctal seed and cloctroplated
metal material stack.

[(089] In an embodument, a semiconductor structure includes a plurality of metal 2 (M2)
lime/via 1 (V1) painngs disposed in a first diclectnic layer disposed above a substrate. The
semiconductor structure also mcludes a plurality of metal 3 {M3) line/via 2 (V2) pairings and a

plurality of perpendicular magnetic tunnel junctions (pMTIs) disposed 1n a second dielectric
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laver disposed above the first diclectric layer, the plurality of M3/V2 pairings coupled to a first
portion of the plurality of M2/V 1 pairmgs, and the plurality of pMTs coupled to a second
portion of the plurality of M2/V1 pairings. Each of the plurality of pMTis has a top electrode
mehuding a lateral stram-inducing material layer on a MTJ matenial stack. The semiconductor
structure also includes a plurality of metal 4 (M4) line/via 3 (V3) pairings and a plurality of
metal 4 {M4)} line/via to junction {(V'TI) pairings disposed in a third dielectric layer disposed
above the second dielectric layer, the plurality of M4/V3 pairings coupled to the plurabity of
M3/¥V2 pairings, and the plurality of M4/VTI pairings coupled to the plurality of pMTTls.
3090} In one embodiment, the lateral strain-inducing matenal layer is a compressive
lateral strain-inducing material layer.

{6691} In one embodiment, the lateral strain-inducing material layer is a tensile lateral
strain-inducing material layer.

{6092} In one embodiment, cach of the plurality of pMTIs 1s disposed on a
corresponding one of a plurality of conductive pedestals disposed 1n the second dielectric layer,
[B083] In one embodiment, cach of the plurality of conductive pedestals includes a
material sclected from the group consisting of titaniom nitride, tantalum nitride, tantalum,
rutheniuom and cobalt.

{6084} In one embodiment, cach of the plurality of conductive pedestals is wider than the
corrgsponding one of the plurality of pMTIs disposed thercon.

{6695} In one embodiment, the semiconductor structure further includes a dielectric
spacer layer disposed along sidewalls of each of the plurality of pMTIs.

(096} In one embodiment,the dielectric spacer laver extends onto exposed top surfaces

of cach of the plurality of conductive pedestals.
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CLAIMS

What is claimed 1s:

1. A memory structure, comprnising:
a perpendicular magnetic tunnel junction (pMT]} clement disposed above a substrate;
a lateral strain-inducing material laver disposed on the pMTJ clement; and
an inter-layer dielectric (ILD)} layer disposed laterally adjacent to both the pMTJ element and
the lateral strain-inducing material layer, the ILD laver having an uppermost surface co-
planar or substantially co-planar with an uppermost surface of the lateral strain-mducing

material layer.

2. The memory structure of claim 1, wherein the lateral strain-inducinog material laverisa

compressive lateral strain-inducing material laver.

3. The memory structure of claim 2, wherein the compressive lateral strain-indacing material

laver comprises a material selected from the group consisting of titanium and tungsten.

4. The memory structure of claim 1, wherein the lateral strain-induciog material laverisa

tensile lateral strain-inducing material layer.

5. The memory structure of claim 4, wherein the tensile lateral strain-inducing material layer

comprises a tantalum Hner and copper fill material stack.

6. The memory structure of claim 1, wherein the pMTJ clement is disposed on a conductive

pedestal.

7. The memory structure of claim 1, wherein the LD layer is also laterally adjacent o the

conductive pedestal.

8. A method of fabricating a memory structure, the method comprising:
forming a perpendicalar magnetic tunnel junction (pMTI) element above a substrate, the
pMTI having a hardmask layer formed thereon;
forming an inter-layer diclectric (FL.D) layer laterally adjacent to both the pMTJ clement and
the hardmask laver;

at least parhially recessing the hardmask laver to form an opening in the ILD;
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forming a stramn-inducing material over the ILD layer and in the opening; and
g g ¥ pening
planarizing the strain-inducing material to expose the LD layer and to form a lateral strain-

inducing material laver on the pMTJ element.

9. The method of claim 8, wherein at least partially recessing the hardmask laver comprises

completely removing the hardmask layer.

10. The method of claim 8, wherem the hardmask laver is a metal or conductive hardmask laver.

11. The method of claim 8, wherem the hardmask layer is a dielectric or insulating hardmask

layer.

12. The method of claim §, wheremn forming the strain-inducing material comprises forming a

corapressive lateral stramm-inducing matenal.

13, The method of claim 12, wherein forming the compressive lateral strain-inducing material
comprises forming a material selected from the group consisting of a chemical vapor deposited
titanium material, an atomic laver deposited titantum material, and a chemical vapor deposited

tungsten.

14, The method of claim 8, wherein forming the strain-inducing material comprises forming a

tensile lateral strain-inducing material.

15. The method of claim 14, wherein forming the tensile lateral strain-inducing material
comprises forming a material selected from the group consisting of a tantalum liner and copper
fill matenal stack, a metal film formed by physical vapor deposition, and a metal seed and

clectroplated metal matenial stack.

16. A semiconductor struciure, comprising:
a plurality of metal 2 (M2} ine/via 1 (V1) pairings disposed in a first diclectric layer
disposed above a substrate;
a plurality of metal 3 (M3) hine/via 2 (V2) pairings and a plurality of perpendicular magnetic
tunnel junctions (pMTIs) disposed 1o a sccond diclectric laver disposed above the first
diglectric layer, the plurality of M3/V2 painings coupled to a first portion of the phurality

of M2/V 1 painngs, and the plurality of pMTJs coupled to a second portion of the
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plurality of M2/V1 patrings, wherein each of the plurality of pMTIs has a top electrode
comprsing a lateral strain-inducing material laver on a MTJ matenal stack; and

a phurality of metal 4 (M4) line/via 3 (V3) pairings and a plurality of metal 4 {M4) hine/viato
junction (VTI) pairings disposed in a third dielectric layer disposed above the second
dielectric layer, the plurality of M4/V3 painings coupled to the plurality of M3/V2
pairings, and the plurality of M4/V'T] pairings coupled to the plarality of pMTls.

17. The semiconductor structure of claim 16, wherein the lateral strain-inducing material laver

is a compressive lateral strain-inducing mateaal layer.

18. The semiconductor structure of claim 16, wherein the lateral strain-inducing matenial layer

1s a tensile lateral strain-inducing material laver.

19, The semiconductor structure of claim 16, wherein each of the plurality of pMTJs 1s disposed
on a corresponding one of a plurality of conductive pedestals disposed in the second dielectric

laver,
20. The semiconductor structure of claim 19, wherein cach of the plurality of conductive
pedestals comprises a material selected from the group consisting of titanium nitride, tantalum

nitride, tantalum, ruthenium and cobalt,

21. The semiconductor structure of claim 19, wherein each of the phurality of conductive

pedestals 1s wider than the comresponding one of the plurality of pMTIs disposed thercon.

22, The semiconductor structure of claim 21, firther comprising:

a dielectric spacer layver disposed along sidewalls of each of the plurality of pMTJs.

23. The semiconductor structure of claim 22, wherein the dielectric spacer laver extends onto

exposed top surfaces of each of the pluraiity of conductive pedestals.
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