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PERPENDICULAR MAGNETIC TUNNEL pinned layer . Thus , controlling the electron ( current ) flow 
JUNCTION ( PMTJ ) WITH IN - PLANE direction causes switching of the direction of magnetization 

MAGNETO - STATIC of the free layer . Resistance across the MTJ stack changes 
SWITCHING - ENHANCING LAYER between low and high states based on the magnetization of 

5 the free layer , i.e. parallel versus anti - parallel , relative to that 
of the pinned layer . 

Matter enclosed in heavy brackets [ ] appears in the However , a problem consistently experienced and pre 
original patent but forms no part of this reissue specifica venting advancement of the use of MTJs in STTMRAM 
tion ; matter printed in italics indicates the additions designs is reducing the threshold voltage or current used to 
made by reissue ; a claim printed with strikethrough 10 switch the free layer magnetization during write operations . 
indicates that the claim was canceled , disclaimed , or held Such current and threshold voltage requirements limit the 
invalid by a prior post - patent action or proceeding . use of spin transfer torque - based MTJ devices in practical 

applications . 
CROSS REFERENCE TO RELATED MTJs with perpendicular anisotropy , such that the mag 

APPLICATIONS 15 netic moments of the free layer and the fixed layer thereof 
are in perpendicular directions relative to the plane of the 

The present application is a reissue application of U.S. film , are more appealing than their in - plane anisotropy 
Pat . No. 9,679,625 , issued from U.S. patent application Ser . counterparts largely due to the density and thermal stability 
No. 14 / 930,523 , which is a continuation of the commonly improvements realized by the former . 
assigned application bearing Ser . No. 13 / 161,412 filed on 20 While attempts are made to reduce the switching current 
Jun . 15 , 2011 , entitled “ PERPENDICULAR MAGNETIC and voltage of the MTJ , such attempts have largely 
TUNNEL JUNCTION ( PMTJ ) WITH IN - PLANE MAG addressed in - plane MTJ designs and not perpendicular 
NETO - STATIC SWITCHING - ENHANCING LAYER , " MTJs . One way to reduce the switching current and voltage 
which is a continuation - in - part of a previously - filed con is to ease the switching of the free layer of an MTJ . Existing 
tinuation - in - part ( CIP ) U.S. patent application Ser . No. 25 perpendicular MTJ designs include a free layer whose 
13 / 099,321 , filed on May 2 , 2011 , by Zhou et al . and entitled magnetic orientation ( also referred to as anisotropy ) relative 
“ Magnetic Random Access Memory With Field Compensa to a reference ( “ fixed ” ) layer , while perpendicular in direc 
tion Layer and Multi - Level Cell ” , which is a CIP of U.S. tion , has high effective coercivity field ( Hc ) . Effective Hc 
patent application Ser . No. 13 / 029,054 , filed on Feb. 16 , throughout the free layer is non - uniform . That is , effective 
2011 , by Zhou et al . and entitled “ Magnetic Random Access 30 perpendicular coercivity field ( He ) of the free layer changes 
Memory With Field Compensation Layer and Multi - Level relative to the position within the free layer such that the 
Cell ” . center of the free layer generally has a lower effective Hc 

than the outer edges of the free layer with effective Hc 
BACKGROUND OF THE INVENTION essentially increasing from the center of the free layer to its 

35 outer edges . 
Field of the Invention Lower effective Hc of the free layer would allow easier 
The present invention relates generally to a magnetic switching of the free layer and would lower the threshold 

memory element having a magnetic tunnel junctions ( MTJ ) voltage and current required to switch the magnetization of 
and particularly to a magnetic memory element having an the free layer . 
MTJ with perpendicular anisotropy . Thus , the need arises for decreasing the overall effective 

Background perpendicular anisotropic field of the free layer of magnetic 
Magnetic random access memory ( MRAM ) is rapidly memory element and thereby reducing the threshold voltage 

gaining popularity as its use in replacing conventional and current required to operate the same , with minimal 
memory is showing promise . Magnetic tunnel junctions impact on thermal stability of the free layer . 
( MTJs ) , an essential part of the MRAM , used to store 45 
information , are made of various layers , at least some of SUMMARY OF THE INVENTION 
which determine the magnetic characteristic of the MRAM . 
An exemplary MTJ uses spin transfer torque to effectuate a Briefly , a spin transfer torque magnetic random access 
change in the direction of magnetization of one or more free memory ( STTMRAM ) element has a perpendicular mag 
layers in the MTJ . That is , writing a bit ( “ 1 ” or “ O ” in digital 50 netic orientation and is configured to store a state when 
logic ) of information is achieved by using a spin polarized electrical current is applied thereto . The STTMRAM ele 
current flowing through the MTJ , instead of using a mag ment includes a seed layer , a magnetic tunnel junction ( MTI ) 
netic field , to change states or program / write / erase the with a perpendicular magnetic orientation including , a 
MRAM . pinned layer with anti - ferromagnetic ( AFM ) layer formed 

In spin transfer torque ( STT ) MTJ designs , when elec- 55 on top of the seed layer and having a fixed perpendicular 
trons flow across the MTJ stack , which is commonly magnetic orientation , a barrier layer formed on top of the 
referred to as “ MTJ ” , in a direction that is perpendicular to pinned layer , and a free layer formed on top of the barrier 
the film plane or from the pinned ( sometimes referred to as layer . The free layer has a magnetic orientation that is 
“ reference ” or “ fixed ” ) layer to the free ( sometimes referred perpendicular and switchable relative to the magnetic ori 
to as " switching ” or “ storage ” ) layer , spin torque from 60 entation of the fixed layer . The magnetic orientation of the 
electrons transmitted from the pinned layer to the free layer free layer switches when electrical current flows through the 
orientates the free layer magnetization in a direction that is STTMRAM element . A switching - enhancing layer ( SEL ) is 
parallel to that of the reference ( or pinned ) layer . When formed on top of the MTJ . The SEL has an in - plane 
electrons flow from the free layer to the pinned layer , spin magnetic orientation and generates magneto - static fields 
torque from electrons that are reflected from the pinned layer 65 onto the free layer , causing the magnetic moments of the 
back into the free layer orientates the free layer magnetiza outer edges of the free layer to tilt with an in - plane com 
tion to be anti - parallel relative to the magnetization of the ponent while minimally disturbing the magnetic moment at 

40 
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the center of the free layer to ease the switching of the free the pinned layer and a free layer formed on top of the barrier 
layer and to reduce the threshold voltage / current . layer with the free layer having a magnetic orientation that 

These and other objects and advantages of the present is substantially perpendicular relative to the film plane and 
invention will no doubt become apparent to those skilled in switchable relative to the magnetic orientation of the fixed 
the art after having read the following detailed description of 5 layer . The magnetic orientation of the free layer switches 
the various embodiments illustrated in the several figures of when electrical current flows through the STTMRAM ele 
the drawing ment . The free layer , by itself , has a magnetic moment in a 

direction substantially perpendicular relative to the substrate 
IN THE DRAWINGS at its center , and further has magnetic moments at its outer 

10 edges that are also substantially perpendicular relative to the 
FIG . 1 shows the relevant portion of a spin transfer torque substrate in their magnetic directions . A switching - enhanc 

magnetic random access memory ( STTMRAM ) element 10 , ing layer ( SEL ) , along with a spacer layer , is formed on top 
in accordance with an embodiment of the present invention . of the free layer and has an in - plane magnetic orientation . 

FIG . 2 shows the relevant portion of an STTMRAM The SEL generates magneto - static fields affecting the outer 
element 30 , in accordance with another embodiment of the 15 edges of the free layer , causing the magnetization ( or “ mag 
present invention . netic orientation ” ) of the free layer at its outer edges to have 

FIG . 3 shows the STTMRAM element 10 when current is an in - plane component but minimally disturbing the mag 
applied with electrons flowing from the BL 12 to the cap netization at the center of the free layer . That is , magneti 
layer 28 and the element 10 is switching states from anti zation at the outer edges of the free layer tilts with an 
parallel to parallel . 20 in - plane component , caused by the magneto - static field from 

FIG . 4 shows the element 10 experiencing the application the SEL , thereby resulting in stronger spin torque at the 
of electron flow , shown in a direction by the arrows 31 , to outer edges to initiate the magnetization switching at the 
be applied at the cap layer 28 , flowing through the rest of the outer edges of the free layer . Moreover , through intra - layer 
element 10 , to the BL 12 . exchange coupling , magnetization switching at the outer 

FIG . 5 shows a graph 50 of the characteristics of the 25 edges propagates to the center of the free layer and starts the 
elements 10 and 30 having different thicknesses vs. prior art switching of the magnetization at the center of the free layer . 
magnetic elements . The latter is in addition to the switching of magnetization at 

FIG . 6 shows a graph 60 of the characteristics of the the center of the free layer owing to the spin torque asso 
elements 10 and 30 having different Hk vs. prior art mag ciated therewith . This advantageously results in easier 
netic elements . 30 switching of the free layer with a free layer edge magnetic 

FIG . 7 shows the element 10 to include various embodi moment that is tilted with in - plane component rather than a 
ments of the SEL 26 . magnetic moment that is completely perpendicular . 

FIG . 8 shows the element 10 to include still further FIG . 1 shows the relevant portion of a spin transfer torque 
embodiments of the SEL 26 . magnetic random access memory ( STTMRAM ) element 10 , 

FIG . 9 shows the element 10 to include various embodi- 35 in accordance with an embodiment of the present invention . 
ments of the layer 24 . The STTMRAM element 10 is shown to include a bottom 

FIG . 10 shows the relevant portion of an STTMRAM electrode ( BE ) 12 on top of which is shown formed a seed 
element 120 in accordance with another embodiment of the layer 14 , on top of which is shown formed an anti - ferro 
present invention . magnetic layer 16 , on top of which is shown formed a pinned 

FIG . 11 shows a graph 170 of the behavior of the element 40 layer ( PL ) 18 , on top of which is shown formed a barrier 
120 vs. that of a prior art magnetic memory . layer 20 , on top of which is shown formed a free layer ( FL ) 

22 , on top of which is shown formed a spacer layer 24 , on 
DETAILED DESCRIPTION OF THE top of which is shown formed a switching - enhancing layer 
PREFERRED EMBODIMENTS 26 , on top of which is shown formed a cap layer 28. It is 

45 noted that the layer 28 also serves as the top electrode , 
In the following description of the embodiments , refer readily known to those in the field . 

ence is made to the accompanying drawings that form a part It is noted that the pinned layer 18 is sometimes referred 
hereof , and in which is shown by way of illustration of the to as a “ fixed layer " and the barrier layer 20 is sometimes 
specific embodiments in which the invention may be prac referred to as a “ tunnel layer " or a “ barrier tunnel layer " or 
ticed . It is to be understood that other embodiments may be 50 a “ tunnel barrier layer " and the free layer 22 is sometimes 
utilized because structural changes may be made without referred to as a " switching layer ” or “ memory layer " or 
departing from the scope of the present invention . It should “ storage layer " and the spacer layer 24 is sometimes referred 
be noted that the figures discussed herein are not drawn to to as a “ separator layer " and the cap layer 28 is sometimes 
scale and thicknesses of lines are not indicative of actual referred to as a " capping layer ” . It is understood that other 
sizes . 55 layers , not shown in FIG . 1 , may be and are typically formed 

In an embodiment of the present invention , a spin transfer on top of the layer 28 , below the layer 12 and / or in between 
torque magnetic random access memory ( STTMRAM ) ele any of the layers shown in FIG . 1. It is also understood that 
ment and a method of manufacturing the same is disclosed . the same applies to alternative embodiments shown and 
The STTMRAM element has a substantially perpendicular discussed herein relative to subsequent figures . It is further 
magnetic orientation and is configured to program ( or write ) 60 understood that the BE 12 is formed on top of a substrate and 
a state . Relevant layers of the STTMRAM element include semiconductor device layers not shown in FIG . 1 but well 
a seed layer and a magnetic ( also referred to as “ magneto ” ) known to those in the art . 
tunnel junction ( MTJ ) having a perpendicular magnetic The layer 18 is shown to have a magnetic moment ( also 
anisotropy . The MTJ includes a pinned layer with anti known as “ magnetization ” ) in a direction shown by the 
ferromagnetic ( AFM ) layer , which formed on top of the 65 arrow 19 , the layer 22 is shown to have a magnetic moment 
seed layer , with a perpendicular fixed magnetic orientation . in a direction shown by the arrow 21 and the layer 26 is 
The MTJ further includes a barrier layer formed on top of shown to have a magnetic moment in a direction shown by 
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the arrow 23. Electrons flow into the element 10 , either at 31 a higher TMR . In one embodiment , about 1 nm thick 
or at 33 , during read and write operations . It is noted that Co2Fe60B20 was introduced on either side of the barrier 
electrical current is applied to the element 10 , during a write layer 20 . 
operation , at 31 and 33 but in a direction that is opposite to The layer 24 is a non - magnetic layer and is advanta 
the direction of electron flow . The element 10 is generally 5 geously non - spin - depolarizing , which causes the element 10 
used to store digital information ( or data ) during write or to be set apart from prior art MRAM structures because in 
program operations and this information is read during read the latter case , even when using a spacer layer , this layer has 
operations . For these operations , various devices are coupled to be non - spin - depolarizing . Non - spin - depolarizing refers to 
to the element 10 that are not shown in FIG . 1 , such as an electron spin not being disturbed or flipped when passing 
access transistor , known to those in the art . For a description 10 through the layer . Additionally , the element 10 is set apart 
of these devices and methods of reading from and writing to from prior art in - plane MRAM structures with spin polarizer 
the element 10 , the reader is directed to U.S. patent appli due to its perpendicular anisotropy . 
cation Ser . No. 11 / 674,124 , filed on Feb. 12 , 2007 , by Rajiv The layers 16 , 18 , 20 and 22 define the MTJ of the 
Yadav Ranjan , and entitled “ Non - Uniform Switching Based element 10 and due to the magnetization orientation of the 
Non - Volatile Magnetic Based Memory ” , the disclosures of 15 FL 22 and the PL 18 , the MTJ of the element 10 is 
which are incorporated herein by reference . considered to be a perpendicular MTJ ( PMTJ ) . 

The element 10 has a perpendicular anisotropy in that the As will be shown in greater detail shortly and discussed 
layer 22 has a magnetic moment that is perpendicular further , the SEL 26 advantageously causes the switching 
relative to the film plane . Similarly , the layer 18 has such a ( also referred to herein as the “ threshold ” ) current / voltage 
perpendicular anisotropy . The element 10 switches states to 20 required to program the element 10 to also be reduced . In 
store a digital value in correspondence with the magnetic some cases , such a decrease is 20-25 % or more over prior art 
orientation of the layer 22 in that when this orientation is structures that do not use the SEL 26. As shown by the arrow 
parallel to the magnetic orientation of the layer 18 , the 23 , the direction of magnetization of the SEL 26 is in - plane 
element 10 is in one state ( “ O ” or “ 1 ” ) , generally referred to and not perpendicular , this is important in the influence the 
as “ parallel ” , and when the orientation of the layer 22 is 25 SEL 26 has on the FL 22 relative to reducing the overall 
anti - parallel , relative to the orientation of the layer 18 , the effective Hc of the FL 22 , which contributes to the reduction 
element 10 is in an opposite state . These different states of the current and voltage required to switch the element 10 . 
result in unique resistances across the element 10. In this The structure of the element 10 is considered to be a 
manner , the digital value of “ 1 ” or “ 0 ” is distinguished “ bottom structure ” because the FL 22 is shown formed on 
during read operations . 30 top of the PL 18. In the case where an STTMRAM element 

In some embodiments , the BE 12 is made of tantalum has a top structure , the free layer thereof is formed below its 
( Ta ) , tantalum nitride ( TaN ) , titanium nitride ( TiN ) , ruthe pinned layer , as shown in FIG . 2 . 
nium ( Ru ) or copper ( Cu ) , the layer 14 is made of one or FIG . 2 shows the relevant portion of an STTMRAM 
more elements from tantalum ( Ta ) , titanium ( Ti ) , niobium element 30 , in accordance with another embodiment of the 
( Nb ) , nickel ( Ni ) , molybdenum ( Mo ) , vanadium ( V ) , tung- 35 present invention . The element 30 is analogous to the 
sten ( W ) , silicon ( Si ) , copper ( Cu ) , aluminum ( Al ) chro element 10 except that it has a “ top structure ” with the 
mium ( Cr ) , Ru , or multilayers made of any combination of pinned layer 18 formed on top of the free layer 22. Similarly , 
these materials . The layer 16 is made of platinum manganese some of the other layers are positioned differently in that the 
( PtMn ) , iron manganese ( FeMn ) , or iridium manganese seed layer 14 is shown formed on top of the BE 12 , the SEL 
( IrMn ) , and the layer 18 is made of Co , iron or Ni or an alloy 40 26 is shown formed on top of the seed layer 14 , the spacer 
made from a combination thereof or from Co , Fe , Ni or X layer 24 is shown formed on top of the SEL 26 , the FL 22 
or any combination thereof and where X is one or a is shown formed on top of the spacer layer 24 , the barrier 
combination of non - magnetic elements such as chromium layer 20 is shown formed on top of the FL 22 , the PL 18 is 
( Cr ) , platinum ( Pt ) , tantalum ( Ta ) , titanium ( Ti ) , tungsten shown formed on top of the barrier layer 20 , the AFM layer 
( W ) , boron ( B ) , vanadium ( V ) , niobium ( Nb ) , nickel ( Ni ) , 45 16 is shown formed on top of the PL 18 and the cap layer 
molybdenum ( Mo ) , tungsten ( W ) , silicon ( Si ) , copper ( Cu ) , 28 is shown formed on top of the AFM layer 16 . 
aluminum ( Al ) , gallium ( Ga ) , platinum ( Pt ) , palladium ( Pd ) , FIG . 3 shows the STTMRAM element 10 when current is 
samarium ( Sm ) , oxygen ( O ) , and nitrogen ( N ) . Similarly , the applied with electrons flowing from the BE 12 to the cap 
layer 22 is made of a material typically used by the industry layer 28 and the element 10 is switching states from anti 
for making a free layer , as is the layer 20 made of a material 50 parallel to parallel . The SEL 26 is shown to generate 
known for making a tunnel layer . magneto - static field , shown by the arrows 40 and 42 , on 

It should be noted that while the embodiments of FIGS . mostly the edges of the FL 22 causing tilting of the mag 
1 and 2 each show an AFM layer adjacent to the pinned netization with an in - plane component at the outer edges of 
layer , in certain embodiments this layer may not be present . the FL 22 yet resulting in minimal disturbance of the 
In such case , one or more seed layers may be introduced in 55 magnetization at the center of the FL 22. The magnetization 
place of the AFM layer 16 to facilitate better crystal growth at the edges of the FL 22 are shown by the arrows 44 and are 
of the pinned layer , leading to a higher anisotropy . substantially in a direction that is out - of - plane with small 

While the layers 22 and 18 are each shown to be made of in - plane component while the magnetization at substantially 
a single layer , in alternate embodiments , each of these layers the center of the free layer , shown by the arrow 46 , is 
may be made of multiple layers or one layer can be made of 60 perpendicular relative to the plane of the film . It is noted that 
a single layer and the other can be made of multiple layers . the longitudinal demagnetization field from the SEL 26 is 
Additionally and still alternatively , each of the layers 22 and stronger at the edges of the FL 22 and decays at the center 
18 may be made of synthetic anti - ferromagnetic materials . of the FL 22 as shown by the dashed line 48 in FIG . 3. In 
Additionally , it should be noted that a thin layer of CoFeB , this respect , while the magnetization at the outer edges of the 
typically less than 2 nm thick , is introduced on either side of 65 FL 22 is tilted in the presence of the SEL 26 , the magneti 
the barrier layer 20 , and between layers 20 and 22 , and zation at the center of the FL 22 is less affected and remains 
layers 20 and 18 to enhance the spin polarization , leading to substantially perpendicular . In FIG . 3 , the SEL 26 is shown 
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to have a positive magnetic charge 36 on its left side , recommended that an Hk of 1 kOe or larger is an effective 
indicated by the symbol “ + ” , and a negative magnetic charge magnetic anisotropy required for the SEL 26 . 
38 on its right side , indicate by the symbol “ - ” . FIG . 7 shows the elements 10 and 30 to include various 

In some embodiments , the SEL 26 has a thickness of 1 nm embodiments of the SEL 26. In one embodiment , the SEL 26 
to 10 nm . 5 is made of single layer 72 ferromagnetic ( FM ) material and 

With the electron flow shown by the arrow 33 , the has an in - plane anisotropy , as shown by the arrow 84. In this 
majority of the electrons with spin polarized by the pinned respect , in some embodiments , the SEL 26 is made of cobalt 
layer are transmitted through the barrier to the free layer . ( Co ) , iron or nickel ( Ni ) or an alloy made from a combina 
Spin momentum exerts larger spin torque at the outer edges tion thereof or from Co , Fe , Ni or X or any combination 
of the FL 22 to assist switching . Advantageously , in opera 10 thereof and where X is one or a combination of non 

magnetic elements such as chromium ( Cr ) , platinum ( Pt ) , tion , the magnetic moment , shown by the arrow 44 is tilted tantalum ( Ta ) , titanium ( Ti ) , tungsten ( W ) , boron ( B ) , vana with an in - plane component having a large torque contrib dium ( V ) , niobium ( Nb ) , nickel ( Ni ) , molybdenum ( Mo ) , uting to switching and the magnetization 46 , at the center of tungsten ( W ) , silicon ( Si ) , copper ( Cu ) , aluminum ( Al ) , the FL 22 , switches following edge switching through the 15 gallium ( Ga ) , platinum ( Pt ) , palladium ( Pd ) , samarium ( Sm ) , 
intra - layer exchange coupling thereof . The SEL 26 causes oxygen ( O ) , and nitrogen ( N ) . The direction of magnetiza easing of the switching of the FL 22 by providing an in - plane tion is set by a large external in - plane field without anneal 
biasing field at the outer edges of the FL 22 , which effec ing 
tively reduces the required switching current . In other embodiments , the SEL 26 is made of multiple 

FIG . 4 shows the element 10 experiencing the application 20 layers 74 formed from a ferromagnetic layer 80 on top of 
of switching or electrical current with electron flow , shown which is formed a spacer layer 78 , on top of which is formed 
in a direction by the arrows 31 , to be applied at the cap layer a ferromagnetic layer 76. In this respect , the layers 76 and 
28 , flowing through the rest of the element 10 , to the BE 12 . 80 are anti - ferromagnetically coupled ( AFC ) . The layer 80 
In the embodiment of FIG . 4 , the element 10 switches from has an in - plane anisotropy , as shown by the arrow 88 and the 
a parallel state to an anti - parallel state . The electrons with a 25 layer 76 has an in - plane anisotropy , as shown by the arrow 
spin not aligned with the pinned layer are back - scattered to 86. In some embodiments , the layers 76 and 80 are each 
reverse the free layer magnetic orientation . made of the same material as that disclosed above for the 

FIG . 5 shows a graph 50 including a y - axis representing layer 72. In some embodiments , the spacer layer 78 is made 
the resistance , in kilo ohms , of the MTJ of various STTM of the same material as that disclosed for the spacer layer 24 
RAM elements and an x - axis representing the voltage , in 30 herein . In this embodiment , the layers 74 comprise a syn 
milli volts , applied to the STTMRAM elements . The voltage thetic anti - ferromagnetic ( SAF ) structure having an in - plane 
in the x - axis is the voltage referred to herein as the " thresh anisotropy ( or magnetic orientation ) . 
old voltage ” and it is the voltage at which the STTMRAM In some embodiments , the layer 80 is formed on top of the 
element changes resistance . The curve 52 shows the simu layer 14 and in other embodiments , the layer 74 is flipped 
lated performance of a conventional pMTJ element with no 35 with the layer 76 formed on top of the layer 14 . 
SEL while the curve 54 shows the simulated performance of In still other embodiments , the SEL 26 is made of a FM 
the element 10 and the element 30 where the SEL 26 is 3 layer 82 that is a single layer but has an out - of - plane 
nano meters in thickness and the magnetic anisotropy , Hk , magnetic anisotropy , as shown by the arrow 90 and in this 
thereof is 5 kOe . As shown in FIG . 5 , there is somewhere respect is made of material that is different than the layer 72 . 
between a 20-25 % reduction in the voltage ( and current ) 40 In some embodiments , the layer 82 is made of CoPtX 
required to switch each of the elements 10 and 30 than that where X is selected from one of the following materials : Cr , 
of a counterpart prior art element . Ta , Mo , Zr , Nb , B , C , N , P , Ti , SiO2 , and TiO2 , and the 

The curve 56 shows the performance of the elements 10 magnetization of the layer 82 is tilted away from an in - plane 
and 30 where the SEL 26 is 5 nano meters in thickness and direction to be greater than 10 degrees . 
as shown , the thicker SEL yields more voltage reduction . 45 In this embodiment , the magnetization component of the 
For example , a 20 milli volt reduction is shown by the curve layer 82 is controlled and tilted toward a perpendicular 
56. It is noted that generally , the thicker the SEL 26 , the direction , as shown by the arrow 90. This helps to balance 
more effective the current reduction realized but the more the anti - parallel to parallel vs. the parallel to anti - parallel 
challenge in forming the MTJ due to the etching process switching current offset with controlled perpendicular field 
involved . 50 on the FL 22 from perpendicular magnetization component 

FIG . 6 shows a graph 60 of the characteristics of the of the layer 82 . 
elements 10 and 30 vs. prior art magnetic elements . In FIG . FIG . 8 shows the element 30 to include still further 
6 , the x - axis represents the threshold voltage , in milli volts , embodiments of the SEL 26. Accordingly , in one embodi 
applied to the magnetic elements and the y - axis represents ment , the SEL 26 is made of bilayer 92 , which is formed of 
the MTJ resistance , in kilo Ohms , of the magnetic elements . 55 a FM layer 100 on top of which is formed a FM layer 98 . 

The curve 62 shows the behavior of a prior art magnetic Each of the layers 98 and 100 is made of ferromagnetic 
element , whereas the curve 64 shows the behavior of the material and have either a different magnetic isotropy ( Hk ) 
element 10 where the thickness of the SEL 26 is 5 nano or a different saturation magnetization ( Ms ) or a different Hk 
meters and the Hk is 1 kOe . The curve 66 shows the and Ms relative to one another . The direction of magneti 
behavior of the element 10 with the SEL 26 having a 60 zation of the layer 100 is in - plane and shown by the arrow 
thickness of 5 nano meters and an Hk of 5 kOe . Again , there 116 and the direction of magnetization of the layer 98 , which 
is a substantial reduction of threshold voltage / current expe is also in - plane , is shown by the arrow 114 . 
rienced when the SEL 26 is employed over prior art mag In yet another embodiment , the SEL 26 is made of the 
netic memory . Additionally , the threshold voltage increases multi - layer 94 , which is shown formed of an anti - ferromag 
by 20 milli volts when the Hk is reduced from 5 kOe to 1 65 netic ( AFM ) layer 108 on top of which is shown formed a 
kOe . That is because a weakly - pinned SEL is another FM layer 106 on top of which is shown formed a spacer 
damping source for the FL 22 when it is switching . It is layer 104 , on top of which is shown formed a FM layer 102 . 
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In this embodiment , the AFM layer 108 is formed on top of positive magnetic charge adjacent to the MTJ and an in 
the layer 14. Alternatively , in a bottom MTJ structure plane anisotropy in a direction consistent with the direction 
configuration 10 , the multi - layer 94 is flipped such that the of the arrow 142 . 
FM layer 102 is formed on top of the layer 24 and the layer As in each of the elements 10 and 30 , the FL 122 has a 
104 is formed upon it and the layer 106 is formed on top of 5 perpendicular anisotropy , as does the layer 18. Also , the FL 
the layer 104 and the AFM layer 108 is formed on top of the 122 has magnetic moments , shown by the arrows 144 that 
layer 106. In both embodiments , the layers 106 and 102 are are tilted with in - plane components at the free layer's edges , 
anti - ferromagnetically coupled . as previously discussed . This is effectively done by the SELS 

In still another embodiment , the SEL 26 is made of the 126 and 130 , which in the element 120 are shown on the 
bilayer 96 , which is shown made of an AFM layer 112 10 sides of the MTJ of the element 120 instead of being in or a part of the MTJ , as in each of the elements 10 and 30 . formed below a FM layer 110. The AFM layer 112 is made Regardless , the element 120 operates in a manner analogous of the same material as the layers 108 and 16 , and the FM to the element 10 , as described above . layer 110 is made of the same material as the layer 72. The In some embodiments , the thickness of the layer 132 is layer 112 helps the magnetic orientation ( which is com 15 5-20 nano meters . There is a tradeoff for making the layer monly referred to as “ magnetization ” ) of the layer 110 132 too large or too small in thickness and therefore a remain in the same direction . The direction of the magnetic balance to be struck . It is contemplated that if the thickness 
orientation of the layer 110 , which is in - plane , is shown by of the layer 132 is made to be too large , the magneto - static 
the arrow 121 . field on the FL 122 from the SEL will undesirably decay , 

FIG . 9 shows the element 30 to include various embodi- 20 resulting in less switching current reduction . If the thickness 
ments of the layer 24. In one embodiment , the layer 24 is is made too small , the process of manufacturing the element 
made of a bilayer 200 , which is shown to be made of an 120 will become cumbersome or even unattainable because 
insulator layer 210 below a metal layer 208. In the embodi to make a narrow layer 132 with suitable step coverage is 
ment of FIG . 9 , the layer 210 is formed on top of the SEL extremely difficult without potential shorting of the MTJ and 
26 . 25 the SELs 126/130 . For this reason , currently , the manufac 

The layer 210 is made of any suitable insulating material , turing of each of the elements 10 and 30 is contemplated to 
some examples of which are magnesium oxide ( MgO ) , be easier than that of the element 120 . 

silicon dioxide ( SiO2 ) , silicon nitride ( SiN ) , and aluminum Similar to the element 10 , while the element 120 is shown 
oxide ( Al2O3 ) . The layer 208 is made of any suitable to be a “ top structure ” , in other embodiments , it may be a 
metallic material , some examples of which are Ta , Ti , Ru , Pt , 30 " bottom structure ” with the FL 122 formed on top of layer 18 . Cr , Cu , and Hf . FIG . 11 shows a graph 170 of the behavior of the element In other embodiments , the layers of the bilayer 200 are 120 vs. that of a prior art magnetic memory . The graph 170 flipped , as shown by the bilayer 202 where the metal layer has an x - axis representing the threshold voltage , in milli 214 is formed on top of the SEL 26 and the layer 212 is 35 Volts , and a y - axis representing the resistance , in kilo Ohms , formed on top of the layer 214 . of the MTJ of the magnetic memory whose behavior the Still alternatively , the layer 24 is made of a single layer , graph 170 captures . 
which is made of the same material as the layer 210. To this In the graph 170 , four curves are shown : Curve 172 shows end , the insulating layer 216 is shown as another embodi the behavior of a prior art magnetic memory with no SEL ; 
ment . 40 Curve 174 shows the behavior of the curve 54 in FIG . 5 with 

Yet another embodiment of the element 10 is where the the thickness of the SEL 26 being 3 nano meters and the Hk 
layer 24 is made of the metal layer 218 , which is a single thereof being 5 kOe ; Curve 176 shows the behavior of the 
layer and made of the same material as the layer 208 . curve 56 in FIG . 5 with the thickness of the SEL 26 being 

FIG . 10 shows the relevant portion of an STTMRAM 5 nano meters and the Hk thereof being 5 kOe ; and the curve 
element 120 , in accordance with another embodiment of the 45 178 shows the behavior of the element 120 with the presence 
present invention . The element 120 is shown to include the of the SEL 126 , which exhibits a greater improvement over 
BE 12 , the layer 14 , the free layer 122 , the layer 20 , the layer the already - improved Curves 174 and 176 . 
18 , the layer 16 , the layer 28 , a spacer layer 124 , an SEL Although the present invention has been described in 
layer 126 , a spacer layer 128 and an SEL 130. The layers 12 , terms of specific embodiments , it is anticipated that altera 
14 , 122 , 20 , 18 , 16 and 28 are shown separated from the 50 tions and modifications thereof will no doubt become appar 
layers 124 , 126 , 128 and 130 by an insulating layer 132 on ent to those skilled in the art . It is therefore intended that the 
either side thereof . The layer 122 , the layer 20 and the layer following claims be interpreted as covering all such altera 
18 and the AFM layer 16 collectively comprise the MTJ of tions and modification as fall within the true spirit and scope 
the element 120 . of the invention . 

In the embodiment of FIG . 10 , the layer 14 is shown 55 What is claimed is : 
formed on top of the BE 12 and the FL 122 is shown formed 1. A spin transfer torque magnetic random access memory 
on top of the layer 14 , the layer 20 is shown formed on top ( STTMRAM ) element comprising : 
of the layer 122 , the layer 18 is shown formed on top of the a magnetic free layer and a magnetic pinned layer in 
layer 20 , the layer 16 is shown formed on top of the layer 18 contact with a tunnel barrier layer interposed therebe 
and the layer 28 is shown formed on top of the layer 16. The 60 tween , said magnetic free layer having a variable 
SEL 126 is shown formed on top of the layer 124 , which is perpendicular magnetic orientation , said magnetic 
shown formed on top of the layer 132. Similarly , the SEL pinned layer having an invariable perpendicular mag 
130 is shown formed on top of the layer 128 , which is shown netic orientation ; and 
formed on top of the layer 132. The SEL 126 is shown to a switching - enhancing layer ( SEL ) separated from said 
have a negative magnetic charge adjacent to the MTJ and an 65 magnetic free layer by a first non - magnetic spacer 
in - plane anisotropy in a direction consistent with the direc layer , said SEL having an invariable in - plane magnetic 
tion of the arrow 140. On the other hand , the SEL 130 has orientation . 
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2. The STTMRAM element of claim 1 , wherein said a switching - enhancing layer ( SEL ) separated from said 
magnetic free layer includes multiple ferromagnetic layers . magnetic free layer by a first non - magnetic spacer 

3. The STTMRAM element of claim 1 , wherein said layer , said SEL having an in - plane magnetic orienta 
magnetic free layer comprises cobalt and iron . 

4. The STTMRAM element of claim 1 , wherein said 5 wherein said first non - magnetic spacer layer includes an 
insulator layer . magnetic pinned layer includes multiple ferromagnetic lay 20. The STTMRAM element of claim 19 , wherein said 

ers . magnetic free layer includes multiple ferromagnetic layers . 
5. The STTMRAM element of claim 1 , wherein said 21. The STTMRAM element of claim 19 , wherein said magnetic pinned layer comprises cobalt and iron . magnetic pinned layer includes multiple ferromagnetic lay 
6. The STTMRAM element of claim 1 , wherein said ers . 

magnetic pinned layer includes two ferromagnetic layers 22. The STTMRAM element of claim 19 , wherein said 
separated by a second non - magnetic spacer layer , said two magnetic pinned layer comprises cobalt and iron . 
ferromagnetic layers having opposite perpendicular magne 23. A spin transfer torque magnetic random access 
tization directions . memory ( STTMRAM ) element comprising : 

7. The STTMRAM element of claim 1 , wherein said SEL a magnetic free layer and a magnetic pinned layer in 
contact with a tunnel barrier layer interposed therebe includes multiple ferromagnetic layers . tween , said magnetic free layer having a variable 8. The STTMRAM element of claim 1 , wherein said SEL perpendicular magnetic orientation , said magnetic 

includes a ferromagnetic layer and an antiferromagnetic pinned layer having an invariable perpendicular mag 
layer formed adjacent thereto . netic orientation ; and 

9. The STTMRAM element of claim 1 , wherein said SEL a switching - enhancing layer ( SEL ) separated from said 
comprises cobalt and iron . magnetic free layer by a first non - magnetic spacer 

10. The STTMRAM element of claim 1 , wherein said layer , said SEL having an in - plane magnetic orienta 
SEL includes a first switching - enhancing sublayer ( SES ) tion , 
and a second SES separated by a third non - magnetic spacer wherein said magnetic pinned layer includes two ferro 
layer with said first SES formed adjacent to said first magnetic layers separated by a second non - magnetic 
non - magnetic spacer layer , said first and second switching spacer layer , said two ferromagnetic layers having 
enhancing sublayers having opposite in - plane magnetization opposite perpendicular magnetization directions . 
directions . 24. The STTMRAM element of claim 19 , wherein said SEL 

11. The STTMRAM element of claim 10 , wherein each of 30 includes multiple ferromagnetic layers . 
said first and second switching - enhancing sublayers further 25. The STTMRAM element of claim 19 , wherein said SEL 
includes a ferromagnetic layer . comprises cobalt and iron . 

12. The STTMRAM element of claim 10 , wherein said 26. The STTMRAM element of claim 19 , wherein said first 
second SES further includes a ferromagnetic layer and an non - magnetic spacer layer is made of a conductor material . 
antiferromagnetic layer formed adjacent thereto . 27. The STTMRAM element of claim 19 , wherein said first 

13. The STTMRAM element of claim 1 , wherein said first non - magnetic spacer layer is made of Ta , Ti , Ru , Pt , Cr , Cu , 
non - magnetic spacer layer comprises a metal layer and an or Hf . 
insulator layer . 28. A spin transfer torque magnetic random access 

14. The STTMRAM element of claim 1 , wherein said first memory ( STTMRAM ) element comprising : 
non - magnetic spacer layer is made of an insulator material . 40 a magnetic free layer and a magnetic pinned layer in 

15. The STTMRAM element of claim 1 , wherein said first contact with a tunnel barrier layer interposed therebe 
non - magnetic spacer layer is made of a conductor material . tween , said magnetic free layer having a variable 

16. The STTMRAM element of claim 1 , wherein said first perpendicular magnetic orientation , said magnetic 
non - magnetic spacer layer is made of Ta , Ti , Ru , Ru , Pt , Cr , pinned layer having an invariable perpendicular mag 
Cu , or Hf . netic orientation ; and 

17. The STTMRAM element of claim 1 further compris a switching - enhancing layer ( SEL ) separated from said 
ing a cap layer formed adjacent to said SEL opposite said magnetic free layer by a first non - magnetic spacer 
first non - magnetic spacer layer . layer , said SEL having an in - plane magnetic orienta 

18. The STTMRAM element of claim 1 further compris 
ing a seed layer formed adjacent to said SEL opposite said 50 wherein said SEL includes a first switching - enhancing 
first non - magnetic spacer layer . sublayer ( SES ) and a second SES separated by a third 

19. A spin transfer torque magnetic random access non - magnetic spacer layer with said first SES formed 
memory ( STTMRAM ) element comprising : adjacent to said first non - magnetic spacer layer , said 

a magnetic free layer and a magnetic pinned layer in first and second switching - enhancing sublayers having 
contact with a tunnel barrier layer interposed therebe- 55 opposite in - plane magnetization directions . 
tween , said magnetic free layer having a variable 29. The STTMRAM element of claim 28 , wherein each of 
perpendicular magnetic orientation , said magnetic said first and second switching - enhancing sublayers further 
pinned layer having an invariable perpendicular mag includes a ferromagnetic layer . 
netic orientation ; and 
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