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(57) Abstract: A semiconductor device comprises an array of
magnetic cell structures each comprising a magnetic tunnel
junction over an electrode on a substrate. Each of the mag-
netic tunnel junctions includes a magnetic material over the
substrate, a first tunnel barrier material over the magnetic
material, a second tunnel barrier material over the annealed
first tunnel barrier material, and another magnetic material
over the second tunnel barrier material. Each magnetic tunnel
junction is configured to exhibit a tunnel magnetoresistance
greater than or equal to about 180% at a resistance area
product of less than about 8 ohm m?® The semiconductor
device also includes another electrode over the another mag-
netic material. Semiconductor devices including the magnetic
tunnel junctions, methods of forming the magnetic tunnel
junctions, and methods of forming semiconductor devices in-
cluding the magnetic tunnel junctions are disclosed.
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SEMICONDUCTOR DEVICES, MAGNETIC TUNNEL JUNCTIONS,
AND METHODS OF FABRICATION THEREQF

PRICRITY CLAIM
This apphication claims the benefit of the filing date of United States Patent
Application Serial No. 14/597 903, filed January 15, 20135, for “Semiconductor Devices,

Magnetic Tunnel Junctions, and Methods of Fabrication Thereof.”

TECHNICAL FIELD
Embodiments disclosed herein relate to semiconductor devices inchiding magnetic
memory cells having a magnetic tunnel junction and methods of forming such devices and
magnetic funnel junctions. More specifically, embodiments disclosed herein relate to
magnetic tunnel junctions exhibiting a low resistance area product at a high tunnel
magnetoresistance, semiconductor devices including the magnetic tunnel junctions, and

methods of forming the magnetic tunnel junctions and semiconductor devices.

BACKGROUND

Magnetic Random Access Memory (MRAM) is a non-volatile memory technology
based on magnetoresistance. One type of MRAM 15 spin torque transfer MRAM
(STT-MRAM), in which a magnetic cell core includes a magnetic tunnel junction ("MTJ")
sub-structure with at least two magnetic regions, for example, a “fixed region” and a “free
region,” with a non-magnetic region (e.g., a tunnel barrier material) between. The free region
and the fixed region may exhubit roagnetic onentations that are either horizontally orented
(“m-plane™) or perpendicularly onented (“out-of-plane”) relative 1o the thickness of the
regions. The fixed region includes a magnetic material that has a substantially fixed (e g, a
non-switchable) magnetic orientation. The free vegion, on the other hand, includes a magnetic
material that has a magnetic ortentation that may be switched, during operation of the cell,
between a “parallel” configuration and an “anti-paraliel” configuration. In the paraliel
configuration, the magnetic orientations of the fixed region and the free region are directed in
the same direction {e. g, north and north, east and east, south and south, or west and west,
respectively). In the “anti-parallel” configuration, the magnetic orientations of the fixed
region and the free region are directed in opposite directions {e.g., north and south, east and

west, south and north, or west and east, respectively). In the parallel configuration, the
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STT-MRAM cell exhibiis a lower electrical resistance across the magnetoresistive elements
{e.g., the fixed region and free region), defining a “0” logic state of the MRAM cell. Inthe
anti~paraliel configuration, the STT-MRAM cell exhibits a hugher electrical resistance across
the magnetoresistive elements, defining a “17 logic state of the STT-MRAM cell.

Switching of the magnetic ortentation of the free region may be accomplished by
passing a progranyming current through the magnetic cell core, including the fixed and free
regions. The fixed region polarizes the electron spin of the programming current, and torque
is creaied as the spin-polarized current passes through the core. The spin-polarized eleciron
current exerts the torque on the free region. When the torque of the spin-polarized electron
current is greater than a critical switching current densuty (3. of the free region, the direction
of the magnetic onentation of the free region is switched. Thus, the programming current can
be used 1o alter the electrical resistance across the magnetic regions. The resulting high or low
electrical resistance states across the magnetoresistive elements enable the write and read
operations of the MRAM cell. After switching the magnetic orientation of the free region to
achieve the one of the parallel configuration and the anti-parallel configuration associated with
a desived logic state, the magnetic orientation of the free region is usually desired to be
maintained, during a “storage” stage, until the MRAM cell is 1o be rewritten to a different
configuration {i.¢., to a different logic state).

Switching of the magnetic orientation of the free region of a magnetic memory cell
mchuding a MTI may be affected by the turmel magnetoresisiance (“TMR”) and the resistance
area product ("RA™) of the cell. The TMR of a MTJ is a function of the resistance between a
top electrode and a bottom electrode, between which the MTJ 1s disposed, in the high
electrical resistance state and the low electrical resistance state. Specifically, the TMR
measures the difference between a cell’s electrical resistance m the anti-parallel configuration
{Rqp) and 1ts electrical resistance in the parallel configuration (R} to Ry (e, TMR = (R, -
Rpy/Rp). Thus, the TMR 1s equivalent to the change in resistance observed by changing the
magnetic state of the free layer. Generally, a MTJ with a homogeneous crystal structure {e.g.,
a hce (001) crystal structure), having few structural defects in the microstructure of s
magnetic matenial, has a higher TMR than a MTJ with structural defects. A cell with high
TMR may have a high read-out signal, which may speed the reading of the MRAM cell
during operation. A higher TMR is preferred for reliable read operation as 1t will generate a

larger signal difference between the on and off states of the cell. In other words, the higher
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the TMR, the more sensitive the device, and the easier to distinguish logic staies of an
associated memory cell.

Another significant charactenistic of a magnetic memory cell core includes the RA.
The RA of a magnetic memory cell is an indication of the voltage used to switch the magnetic
orientation of the free region during programming (e.g., the threshold switching voltage). An
mcrease in the RA of a magnetic memory cell may degrade the performance of the cell by
wilizing a higher threshold swiiching voltage, reducing the usable life of the cell. The RA
may be decreased by decreasing a thickness of the tunnel barrier material. However,
decreasing the thickness of the tunnel barmner material may also decrease the TMR. Thus,
although a high TMR and alow RA are desired, in general, an increase m the TMR of a MTJ
is obtained at the expense of a higher RA. A conventional MTJ exhibits a TMR of less than
about 120% at an RA of greater than about 4 chm unt’

Efforts to increase the TMR of a MTJ while mamntaiming a low RA include attenpts to
reduce structural defects in the crystal structure of the MTJ. For example, a magnesium oxide
tunnel barrier matenial may be formed at elevated temperatures to produce the tunnel barrier
matertal having stoichiometric proportions and manimal oxygen vacancies or nterstiiial
oxyvgen. However, the elevated temperatures may undesirably cause an underlyimg magnetic
material to crystalize in an undesired crystal orientation. A mismaich in crystal onentation of
the magnetic material and the tunnel barrier material undesirably mmcreases the RA and
decreases the TMR of the MTI. The increase in the RA mcreases the voliage required to
switch the magnetic orientation of the free region during programming, increases the junction
resistance, and increases the threshold switching voltage of the device. A decrease in the
TMR reduces the effective spin-polarization of the electrons as they pass through the MTJ,
reducing tunnehing through the MTJ.

Alternatively, the tunnel barrier material may be formed at lower temperatures.
However, when the tunnel barrier material is formed at lower temperatures, defects, such as
oxygen vacancies and nterstitial oxvgen atoms, within the tunnel barrier material increase.
The atomic defects in the tunnel barrier material may degrade device performance by causing

electrons to scatier as they travel through the MTJ and reducing the TMR of the MTJ.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 1s a simplified cross-sectional view of a magnetic cell structure according to an

embodiment of the disclosure;
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FIG. 2 15 a sumplified cross-sectional view of a magnetic material including alternating
portions of a magnetic matenial and a conductive material;

FIG. 3 1s asimplified cross-sectional view of a magnetic cell structure according to
another embodiment of the disclosure;

FIG. 4 is a simplified cross-sectional view of a magnetic cell structure according to an
embodiment of the present disclosure, wherein the fixed region and the free region exhibit
in-plane magnetic orientations;

FIGS. 5A through FIG. 5C are simplified cross-sectional views illustrating different
process stages for an embodiment of a method for forming the magnetic cell structure of
FIG. 1;

FIG. 6 15 a schematic of an STT-MRAM system including a memory cell having a
magnetic cell structure according 1o an embodiment of the disclosure;

FIG. 7 1s a sirophified block diagram of a semiconductor device including memory
cells having a magnetic cell structure according to an embodiment of the present disclosure;

FIG. 8 15 a sumplified block diagram of a system implemented according {0 one or
more embodiments of the present disclosure;

FIG. 9 1s a graphical representation comparing the TMR vs. the RA of magnetic tunnel
junctions formed according io embodiments of the present disciosure and magnetic tunnel
junctions formed by conventional methods; and

FIG. 10 is a graphical representation of the TMR vs. the RA of magpetic tunnel

junctions formed according to embodiments of the present disclosure.

MODE(S) FOR CARRYING QUT THE INVENTION

The illustrations included herewith are not meant to be actual views of any particular
gvstems or semiconductor structures, but are merely idealized representations that are
emploved to describe embodiments described herein. Flements and features comimon
between figures may retain the same numerical designation.

The following description provides specific details, such as matenal types, matenal
thicknesses, and processing conditions in order o provide a thorough description of
embodiments described herein. However, a person of ordinary skill in the art will understand
that the embodiments disclosed herein may be practiced without employing these specific
details. Indeed, the embodiments may be practiced in conjunction with conventional

fabrication techniques employed in the semiconductor industry. In addition, the description
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provided herein does not describe a complete process flow for mamufactuning semiconductor
devices, magnetic tunnel junclions, or magnetic memory cells, and the semiconductor devices,
magnetic tunnel junctions, and magnetic memory cells described below donot form a
complete semiconductor device, magnetic tunnel junction, or magnetic memory cell. Only
those process acts and structures necessary 1o understand the embodiments described heremn
are described m detail below. Additional acts to form a complete semiconductor device and a
magnetic memory cell including the semiconductor device may be performed by conventional
techniques.

According fo some ernbodiments, a semiconductor device may include a magnetic cell
structure comprising a MTJ. The MTJ may include a tunnel barrier material disposed
between adjacent magnetic materials. A magnetic material may overlie a substrate and the
tunnel barrier material may overlie the magnetic material. Another magnetic material may
overlie the tunnel barrier material. The tuonel barrier material may exhibit the same crystal
orientation as the adjacent magnetic materials. The semiconductor device including the MTJ
may exhibit a high TMR, such as greater than about 180%, at a low RA, such as at less than
about § ohm pm’.

The tunnel barrier roaterial according to embodiments of the disclosure may mclude at
least two portions. A first portion of the tunnel barrier matenial may be formed over the
magnetic material at a first temperature. The first portion of the tunnel barrier material and the
magnetic material may be annealed {o crystallize the magnetic matenal and orient the crystal
structure of the magnetic material in alignment with the crystal structure of the first portion of
the tunnel barner material. The magnetic matenial and the first portion of the tunnel barrier
material may be annealed at a temperature between about 300°C and about 600°C for an
amount of time sufficient to crystallize the magoetic material.  After annealing, a second
portion of the tunnel barrier material may be formed over the first portion at a second
temperature, which is higher than the first temperature at which the first portion of the tunnel
barrier matenial 1s formed. The tunnel barner material imchuding the first portion and the
second portion may exhibif a higher TMR, such as greater than about 180%, at a low RA,
such as at less than about 8 ohm uny’, than a conventional tunnel barrier material. The tunnel
barner material may also be thicker and exhibit the higher TMR than a conventional tunnel
barrier material, while mamtaining the low RA. In some embodiments, the RA of the tunnel
barrier material is between about 4 ohm um’” and about 8 chm pm” and the TMR of the tunnel

barrier material 1s between about 180% and about 205%.
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Referring to FIG. 1, a magnetic memory cell 100 including a magnetic cell core 101
according to some embodiments is llustrated. The magnetic cell core 101 may include a
magnetic tunnel junction 150 and may be disposed between a lower electrode 104 and an
upper electrode 126 over a substrate 102. The MTJ 150 may include a magnetic region and
another magnetic region, for example, a “free region 1107 and a “fixed region™ 140,
respectively. A tunnel barmer material 130 may be disposed between the free region 110 and
the fixed region 140.

The substrate 102 may include a base material or other construction upon which
components, such as those within memory cells, are formed. The substrate 102 may be a
senuiconductor substrate, a base semiconductor material on a supporting substrate, a metal
elecirode, or a semiconductor substrate having one or more materials, structures, or regions
formed thereon. The substrate 102 may be a conventional silicon substrate or other bulk
substrate meluding seniconductor matenial. As used herein, the term “bulk substrate” means
and inchudes not only silicon wafers, but also silicon-on-insulator (“SO17) substrates, such as
stlicon-on-sapphire {“SO8™) substrates or silicon-on-glass {“SGG) substrates, epitaxial layers
of silicon on a base semiconductior foundation, or other semiconductor or optoelectronic
materials, such as sithicon-germanmum (51,.,Ge,, where x is, for example, a mole fraction
between 0.2 and 0.8}, germanium {Ge), gallium arsenide (GaAs), galtium nitride (GaN), or
fdium phosphide (InP), among others. Furthermore, when reference 1s made to a “substrate”
i the following description, previous process stages may have been utilized to form materials,
regions, or junctions in the base semiconductor structure or foundation.

The lower electrode 104 may overlie the substrate 102. The lower elecirode 104 may
inclade a metal such as copper, tungsten, platinum, palladiom, tianium, tantalum, nickel,
titanum matride (TN}, tantalum nitride (TalN), tungsten nitride (WN), polysilicon, a metal
stlicide, a metal allov, or combinations theraof.

One or more lower intermediary regions 106 may, optionally, be disposed under the
magnetic regions {e.g., the free region 110 and the fixed region 140). The lower intermediary
region 106, if included, may be configured to inhibit diffusion of species between the lower
electrode 104 and matenials overlying the lower electrode 104, The lower intermeadiary
region 106 may include a conductive material such as one or more of copper, tantalum,
titanium, tungsten, rutheniurm, tantalum nitride, and titanium rutride.

A seed material 108 may overlie the lower imtermediary region 106, if present, or the

tower electrode 104 if the lower intermediary region 106 is not present. The seed material 108



WO 2016/114900 PCT/US2015/066828

W

10

20

N2
W

30

-7

may include tantalum, platinom, ruthenium, iron, nickel, cobalt, chromium, fitanium,
zivconium, vanadium, copper, zing, rhodium, silver, hafmum, tungsten, indium, tantalum
nitride, and combinations thereof. By way of non-limiting example, the seed material 108
may include tungsten and at least one of iron, cobalt, nickel, or another suitable material. In
other ernbodiments, the seed matenal 108 may mchide iron and cobalt and may further
mclude at least one transition element, such as tantalum, platinum, ruthenum, nickel,
chromium, titaniwm, zirconiwm, vanadium, copper, zing, rthodium, silver, hafnium, and
tungsten. In vet other embodiments, the seed material 108 may inciude at least one of
hafimum, zircomum, and tantalurm and at least one of ron, cobalt, and mckel, such as FeH{
The seed material 108 may be a homogeneous composition of the seed material 108 or may
include distinet portions of one or more of tantalum, platinum, ruthentum, iron, nickel, cobalt,
chromium, titanium, zirconium, vanadium, copper, zing, thodium, siiver, hafhium, fungsten,
and mdium adjacent 1o a distinct portion of another of tantalum, platinum, ruthenium, iron,
nickel, cobalt, chromium, titanium, zirconium, vanadium, copper, zinc, thodium, silver,
hafrium, tungsten, and iridium.

The free region 110 may overlie the seed material 108, In some embodiments, the
free region 110 directly overlies and contacts the seed material 108, The free region 110 may
incliude a magnetic matenial exhibiting a switchable magnetic orientation, indicated by
arrows 109, during use and operation of the magnetic memory cell 100. The switchable
magnelic orientation may be switched between a parallel configuration and an anti-parallel
configuration by the application of a current or applied field to the magnetic memory cell 100,

in some embodiments, the free region 110 may be a conventional free region. In other
embodirnents, the free region 110 may mchide alterating portions of a magnetic matertal and
a conductive material. However, the free region 110 is not so himited and mav mclude other
suitable magnetic materials that exhibit a switchable magnetic orientation.

In some embodiments, the free region 110 mayv include a ferromagnetic material
mncluding at least one of cobalt (Co) and ron (Fe) {e.g.. Co.Fey, whereinx =101t0 80 andy =
10 to 80} and, in some embodiments, also boron (B} {e.g.. Cofe,B,. wheremmx =100 80,y =
1¢ 1o 80, and z = 0 to 30). Thus, the free region 110 may include at least one of Co, Fe, and B
{e.g.. a CoFeB material, a CoFe malerial, a FeB matenal, a CoB material, efc.). As used
herein, the term “CoFeB material” means and includes a material comprising cobalt, iron, and
boron {¢.g.. CoFe,B,, wherein x =10 to 80, y = 10 10 80, and z = 0 t0 50). A CoFeB material

may or may not exhibit magnetism, depending on its configuration {e. g, iis thickness). In
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other embodiments, the free region 110 may alternatively or additionally include nickel (Ni}
{e.g.. an NiB maierial}. In some embodiments, the free region 110 may be substantially free
of boron and may include, for example, CoFe. The CoFe may be formed as CoFeB and the
boron may be diffused out of the free region 110 after formation thereof, or the CoFe may be
formed {e.g., deposited) as CoFe, without any boron,

The free region 110 may be homogeneous, or may wnclude one or more sub-regions
(e.g. a CoFeB material, with sub-regions having different relative atomic ratios of Co, Fe, and
B).

A tunnel barrter material 130 may overlie the free region 110, In some embodirents,
the tunnel barnier material 130 directly overlies and contacts the free region 110, The tunnel
barrier material 130 may include a nonmagnetic, crystalline material, such as magnesium
oxide {(MgQ), aluminum oxide (AL(:), titanium dioxide (Ti0,), tantalum oxide {TayGs),
ruthentum oxide (Ru(»), boron oxide (B,0;), or combinations thereof. The tunnel barrier
material 130 may be configured to induce interfacial magnetic anisotropy in the free
region 110 and the fixed region 140 and may also be configured to function as a tunnel region
of the MTJ 150 effected by interaction of the free region 110, the tunnel barrier matenal 130,
and the fixed region 140,

The tunnel barrier material 130 may include a first portion 112 and a second
portion 114. The first portion 112 may overlie the free region 110. In some embodiments, the
first portion 112 directly overlies and contacts the free region 110, The first portion 112 may
be formed over the free region 110 to form an interface 111 between the free region 110 and
the tunnel barmer material 130. A crvstal onentation of the MTJ 150 may not change at the
imterface 111 between the first portion 112 and the free region 110. By way of example and
not linutation, each of the free region 110 and the first portion 112 may extubit a bee (001)
crystal structure. As described m more detail below, each of the first portion 112 and the free
region 110 may be amorphous {e.g., not crystalline) as formed, with the desired crystal
structure occurring following an anneal. In some embodiments, the first portion 11215 an
oxide material and may include MgQ, AL (s, Ti0,, TaxOs, Ru(y. B.0;, or combinations
thereof.

The second portion 114 may overlie the first portion 112, In some embodiments, the
second portion 114 directly overlies and contacts the first portion 112, An interface 113
between the first portion 112 and the second portion 114 may be smooth and exhibit the same

crystal orientation as the first portion 112 and the free region 110 (e.2., a boe (001) crysial
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structure}. The second portion 114 may be an oxide material and may include Mg, ALGs,
Ti0s, TaOs, RuGs, Bo(;, or combinations thereof. The first portion 112 and the second
portion 114 may include the same material. In some embodiments, the first portion 112 and
the second portion 114 include MgQ. In some such embodiments, the second portion 114
mmchudes a ratio of oxygen to magnesium closer {o stoichiometrnic {e.g., 1.1} than the fivst
portion 112, Thus, the second portion 114 may have less oxvgen vacancies and less
mterstitial oxygen and also a higher density than the first portion 112, The second portion 114
may exhibit less structural defecis than the first portion 112 and, in some embodiments, may
exhibit a higher TMR and a lower RA than the first portion 112,

The tunnel barrier material 130 may have a total thickness (F.e., a sum of a thickness of
the first portion 112 and a thickness of the second portion 114) of between about 10 A and
about 30 A, such as between about 10 A and about 15 A, between about 15 A and about 20 A,
between about 20 A and about 25 A, or between about 25 A and about 30 A. The tunnel
barrier material 130 may have a thickness of between about 10 A and about 20 A. In some
embodiments, the thickness of the tunnel barrier material 130 is about 18 A,

The first portion 112 and the second portion 114 may have the same thickness, the
first portion 112 may have a greater thickness than the second portion 114, or the second
portion 114 may have a greater thickness than the first portion 112, The RA and the TMR of
the MTJ 150 may be tailored by altering the thickness of the first portion 112 relative to the
thickness of the second portion 114 of the tunnel junction matenial 130, A ratio of the
thickness of the first portion 112 to the thickness of the second portion 114 may be between
about 0.9 and about 2.0, such as between about 0.9 and about 1.0, between about 1.0 and
about 1.25, between about 1.25 and about 1.5, between about 1.2 and about 1.8, or between
about 1.5 and aboui 2.0. In some embodiments, the ratio 1s between about 1.0 and about 1.3
and the total thickness of the tunnel barrier material 130 is about 18 A.

The tunnel barrier material 130 having the first portion 112 and the second portion 114
may exhibit a TMR of between about 180% and about 600%, such as between about 180%
and about 200%., between about 180% and about 225%, between about 180% and about
300%, between about 200% and about 220%, between about 220% and about 250%, between
about 250% and about 300%, between about 300% and about 400%, or between about 400%
and about 600%. In some embodiments, the TMR 15 between about 180% and about 300%.
The tunnel barrier material 130 may exhibit a RA of between about 3 ochm pnt® and about 8

2 , 2 : 2 '
ohm pny, such as between about 3 ohm pmt™ and about 4 ohm pm”, between about 4 ohm
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unt’ and about 5 ohm unt’, between about 5 ohm um’ and about 6 ohm pm”. between about 6
ohm pm” and about 7 ohm pm?, or between about 7 ohm pm’ and about 8 ol pnt’. Tn some
embodiments, the RA is between about 6 ohm pm” and about 7 obm wm’. In other
embodiments, the tunnel barrier material 130 exhibits an RA of between about 4 ohm pm’ and
about & ohm pm” and a TMR of between about 180% and about 205%. By way of
non-limiting example, the tunnel barrier roaterial 130 may exhibit a RA of about 4 ohm pnt
and a TMR of about 180%, or a RA of about & chm um” and a TMR of about 205% at a
thickness of between about 10 A and about 20 A

The fixed region 140 may overhie the tunnel barrier material 130, Tn some
embodiments, the fixed region 140 directly overlies and contacts the second portion 114 of the
tunnel barrier material 130,

The fixed region 140 may include one or more magnetic materials and, optionally, one
or more non-~magnetc materials. For exaraple, the fixed region 140 may be configured as a
synthetic antiferromagnet including a sub-region of ruthenium or tantalum adjoined by
magnetic sub-regtons. The magnetic sub-regions may include a material inchuding cobalt, and
at least one of palladium and platinum, and combinations thereof, a CoFeB material, and
combinations thereof. Alternatively, the fixed region 140 may be configured with structures
of alternating sub-regions of magnetic material and coupler material. Each of the magnetic
sub-regions may include one or more materials and one or more regions therein.  As another
example, the fixed region 140 may be configured as a single, homogeneous magnetic
material. Accordingly, the fixed region 140 may have umform magnetization, or sub-regions
of differing magnetization that, overall, effect the fixed region 140 having a fixed magnetic
orientation during use and operation of the magnetic memory cell 100,

The fixed region 140 may mclude a first magnetic portion 116 over the second
portion 114 of the tunnel barrier material 130, a coupling material 118 over the first magnetic
portion 116, and a second magnetic portion 120 over the coupling material 118. In some
embodiments, the first magnetic portion 116 includes a {ivst magnetic sub-region 116a that
may include a CoFeR matenial overlying the second portion 114, a spacer 116b that may
include a tantalum material overlying the first portion 116a, and a second magnetic
sub-region 116¢ that may include a material including cobalt and at least one of palladium and
platinum {e.g., CoPd, CoP't) over the spacer 1 16b. The coupling moaterial 118 may mchude a
ruthenium material overlying the second magnetic sub-region 116¢ of the first magnetic

portion 116. The second magnetic portion 120 may include a material inchuding cobalt,
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palladium, platinum, and combinations thereof, such as cobalt and at least one of pailadium
and platinum. In some embodiments, the second magnetic portion 120 inchudes the same
material as the second magnetic sub-region 116¢ of the first magnetic poriion 116.

in other embodiments, the first magnetic portion 116 includes an artificial superlattice
structure and the second magnetic portion 120 includes another artificial superiattice structure
overlving the coupling material 118. Referring to FIG. 2, the artificial superlattice structure of
the first magnetic portion 116 may include alternating portions of a magnetic material 117 and
a conductive material 115, The conductive material 115 may enable the magnetic
matertal 117 to exhibit a perpendicular anisotropy {(i.e., a vertical magunetic orientation}. The
magnetic material 117 may include cobalt, iron, and combinations thereof. The conductive
material 115 may include at least one of platinum, palladium, nickel, and iridium. In some
embodiments, the magnetic material 117 includes cobalt and the conductive material 115
includes platinum. Although FI1G. 2 depicts six regions of magnetic matenial 117 and six
regions of conductive material 115 in the first magnetic portion 116, the artificial superlattice
structure of the first magnetic portion 116 is not so limited and may include anv number {e.2.,
one, two, three, four, five, eic.) of alternating regions of magnetic material 117 and conductive
matertal 115,

in some embodiments, a region of the conductive material 115 of the first magnetic
portion 116 may directly overlie and contact the second portion 114 of the tunnel barmer
material 130, For example, a region of the conductive material 115 may directly overlie and
contact the second portion |14 of the tunnel barrier material 130, In other embodiments, a
region of the magnetic material 117 may directly overlie and contact the second portion 114
of the tunnel barrier material 130

Referrng back to FIG. 1, the coupling material 118 may overlie the first magnetic
portion 116. In some embodiments, the coupling material 118 direcily overlies and contacts
the first magnetic portion 116 {e.g., the second magnetic sub-region 116¢ of the first magnetic
portion 116}, The couphing material 118 may mclude tantalum, ruthenium, thodium, and
combinations thereof. In some embodiments, the coupling material 118 is ruthentum. The
coupling material 118 may have a thickness between about 1 A and about 10 A, In some
embodiments, the coupling material 118 has a thickness between about 4 A and about 5 A,

The second magnetic portion 120 may directly overlie the coupling material 118, The
second magnetic portion 120 may include the same materials and may be substantially the

same as at least a portion of the first magnetic portion 116. In some embodiments, the second
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magnetic portion 120 includes a material mcluding cobalt and at least one of palladium and
platinum and may include the same material as the second magnetic sub-region 116¢ of the
first magnetic portion 116.

The first magnetic portion 116 and the second magnetic portion 120 of the fixed
region 140 may include a fixed magnetic orientation, indicated by arrows 119, The fixed
magnetic onientation may be north, south, east, west, efc. The fixed magnetic orientation of
the first magnetic portion 116 and the second magnetic portion 120 may be the same or may
be different.

One or more upper infermediary regions 124 may, optionally, be disposed over the
fixed region 140. The upper mtermediary region 124, if included, may be configured to
inhibit diffusion of species between the upper electrode 126 and underlying maternials during
operation of the memory cell. The upper mtermediary region 124 may include a conductive
material {e.g., one or more materials such as copper, tantalum, titantum, tungstern, ruthenium,
tantalum nitride, titanium nitride} that may form a conductive capping region.

The upper electrode 126 may overlie the upper intermediary region 124, The upper
electrode 126 may mclude copper, tungsten, platinum, palladium, titanmium, tantalom, nickel,
titaraum rutnde, tantalum rutride, tungsten nitride, polysilicon, a metal silicide, a metal alloy,
or combinations thereof. In some embodiments, the upper electrode 126 includes the same
materials as the lower electrode 104

The magnetic memory cell 100 of FIG. 1 1s configured as a “top pinned” memory cell
{(i.e.,, amemory cell in which the fixed region 140 s disposed over the free region 110},
However, in other embodiments, such as that of FIG. 3, a free region 110’ may overlie a fixed
region 140°. Thus, with reference to FIG. 3, a magnetic roemsory cell 100" inchuding a
MTJ 130" may be configured as a “bottor pinned” memory cell. The magnetic mermory
cell 100" may mchude a magnetic cell core 101" disposed between the lower electrode 104 and
the top electrode 126.

The magnetic memory cell 100" may include a lower intermediary region 106
overlying the lower electrode 104, The seed material 108 may overlie the lower mtermediary
region 106, if present. In other embodiments, the seed material 108 may directly overlie and
contact the lower electrode 104, The seed material 108 may be the same as described above
with reference to FIG. |

The fixed region 140" may directly overlie and contact the seed material 108, The

fixed region 140" may include a fixed magnetic orientation, indicated by arrows 119, The
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fixed region 140" may mehude the same materials described above with reference to fixed
region 140. In some embodiments, the fixed region 140" includes a second magnetic
portion 120", a coupling material 118', and a first magnetic portion 116", The first magnetic
portion 116’ may include a first magnetic sub-region 116a’, a spacer 116b', and a second
magnetic sub-region 116¢’. The first magnetic sub-region 1163, the spacer 116b', and the
second magnetic sub-region 116¢" may be the same as the first magnetic sub-region 116a, the
spacer 116b, and the second magnetic sub-region 116¢, respectively, described above with
reference to FIG. 1. Each of the first magnetic portion 1167, the coupling matenial 118, and
the second magnetic portion 120" may be the same as the first magnetic portion 116, the
coupling material 118, and the second magnetic portion 120, respectively, described above
with reference to FIG. 1. However, the fixed region 140" may not directly overlie the tunnel
barrier material 130 as in the magnetic memory cell 100 of FIG. 1. Rather, the second
magnetic portion 120 of the fixed region 140" may directly overlie and contact the underlying
seed material 108, The coupling material 118" may overlie the second magnetic portion 120
and the first magnetic portion 116 may overlie the coupling material 118",

The tonnel barrier material 130 may overlie the fixed region 140, The first
portion 112 of the tunnel barrier material 130 may directly overlie and contact the fixed
region 140'. The first portion 112 may be formed over the fixed region 140" to form an
mterface 111 between the fixed region 140" and the tunnel barrier material 130. The fixed
region 140" may exhubit a crystal structure that is aligned with a crvstal structure of the first
portion 112, By way of example and not limutation, gach of the first portion 112 and the fixed
region 140" may exhibit a bee (001} crystal structure without a change in the crystal structure
of the MTJ 150 at the interface 111

The tunnel barrier roaterial 130 may mclude the same materials as described above
with reference to FIG. 1. Thus, each of the first portion 112 and the second portion 114 of the
tunnel barrier material 130 may be the same as described above with reference 1o FIG. 1. An
mterface 1137 between the first portion 112 and the second portion 114 may be smooth and
exhibit the same crystal orientation as the interface 111 on which the first portion 112 1s
formed. The tunnel barrier material 130 may be disposad directly between the fixed
region 140" and the free region 110"

The tree region 110" may directly overlie and contact the tunnel barrier material 130,
In some embodiments, the free region 110 directly overlies and contacts the second

portion 114 of the tunnel barrier material 130. The free region 110" may include the same
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materials as described above with reference to FI{z. 1. The free region 110 may include a
switchable magnetic orientation, indicated by arrows 109,

The optional upper intermediary region 124 may overhe the free region 110", The
upper electrode 126 may overlie the upper intermediary region 124, if present.

The memory cells of embodiments of the disclosure may be configured as
“out-of-plane” STT-MRAM cells. “Cut-of-plane” STT-MRAM cells may include magnetic
regions exhibiting a magnetic orientation that is predomunately oriented in a vertical direction
{e.g.. a direction that is perpendicular 1o a widih and length of the respective region or a
direction that 13 perpendicular {o a primary surface of the substrate on which the STT-MRAM
cell 1s located). For example, as tlustrated in FIG. 1 and FIG 3, an STT-MRAM cell {e g,
magnetic memory cell 100, magnetic memory cell 100') may be configured to exhibita
vertical magnetic orientation in at least one of the magnetic regions (e.g., the free region 110,
110" and the fixed region 140, 140", As indicated in FIG. 1 and FIG. 3, each of the free
region 110, 110" and the fixed region 140. 140’ may exhibit a vertical magnetic orientation as
indicated by the arrows 109 and the arrows 119, The magnetic ortentation of the fixed
region 140, 140" may remain directed in essentially the same direction throughout use and
operation of the STT-MRAM cell, for exarople, in the direction indicated by arrows 119. The
magnetic onientation of the free region 110, 110/, on the other hand. may be switched during
use and operation of the cell, between a parallel configuration and an anti-parallel
configuration, as indicated by the arrows 109, As another example, as illustrated in FIG. 4, an
in~-plane magnetic memory cell 100" including a magnetic cell core 101" may be configured
to exhibit a horizontal magnetic ortentation in at least one of the magnetic regions (e.g., afree
region 1107 and a fixed region 140 of an MTJ 1507, as indicated by arrow 109 in the free
region 1107 and arrow 119" in the fixed region 140"

A semiconductor device may include at least one magnetic memory cell including the
magnetic cell cores 101, 101, 101" of the disclosure disposed between a pair of elecirodes.

Accordingly, a semiconductor device 1s disclosed. The semiconductor device

comprises a magnetic tunnel junction over a seed material on a substrate, the magnetic tunnel

junciion exhibiting a tunnel magnetoresistance of between about 180% and about 300% and

comprising a magnetic material over the seed matenal, an oxide material over the magnetic
matertal, another oxide matenal over the oxide matenal, the oxide matenal and the another
oxide material having a thickness of between about 10 A and about 20 A, and another

magnetic material over the another oxide material.
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Refernng to FIG. 5A through FIG. 5C, a method of forming the magnetic memory
cell 100 of FIG. 1 1s shown. The method may include forming a magnetic memory cell 200
over a substrate 202. A lower electrode matenal 204 roay be formed over the substrate 202.
The lower electrode material may include any of the materials described above with reference
to the lower electrode 104,

An intermediary region matertal 206 roay, optionally, be forred over the lower
electrode material 204, The lower intermediary region material 206 may be formed from any
of the materials described above with reference to the lower intermediary region 106, In some
embodiments, the lower mtermediary region material 206 may be infegral with the conductive
material of the lower electrode material 204. For example, the lower intermediary region
material 206 may be an upper-most sub-region of the lower electrode material 204.

A seed material 208 may be formed over the lower intermediary region material 206,
if present, or the lower electrode material 204, The seed material 208 may be formed as
described above with reference to FIG. 1. Each portion of the seed material 208 may be
formed by sputter deposition, such as by magnetron sputtering (e.g., high-power impuise
magnetron sputtering (HIPIMS), dc magnetron spullering, efe. ), ton-beam sputtering, or other
PV D methods. The seed material 208 may be also formed by at least one of atomic layer
deposition (ALD). chemical vapor deposition {CVD), plasma enhanced chemical vapor
deposition {(PECV D), low pressure chemical vapor deposition (LPCVE), or other film
deposition processes.

A free region material 210 may be formed over the seed material 208. The free region
matertal 210 may be formed of any of the materials described above with reference to the free
region 110, For example, the {ree region material 210 may include a CoFeB matenal. In
other embodirvents, the free region material 210 may mclude an artificial superlattice structure
material formed of alternating portions of the magnetic material 117 and the conductive
material 115, as described above with reference {o the first magnetic portion 116 of FI(z. 2.
The free region matenal 210 mav be amorphous when formed and may be formed at a
temperatiwe such that the free region material 210 remains in an amorphous state. The free
region material 210 may exhibit a switchable magnetic orientation, indicated by arrows 209.

As shown in FIGs. 5A and 5B, a tunnel barrier material 230 may be formed over the
free region material 210, The tunnel barmer material 230 may mclude a first portion 212 and a
second portion 214, The first portion 212 of the tunnel barrier material 230 may be formed

over the free region material 210 to form an interface 211, The first portion 212 of the tunnel
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barrier material 230 may be formed from the same materials as described above with
reference o the first portion 112 of the tunnel barrier material 130

The turst portion 212 may be formed by at least one of ALD, CVD, PECVD, LPCVD,
PV D, or other film deposition processes. In some embodiments, the first portion 212 is
formed by sputter deposition, such as by magnetron sputtering (e.g., high-power impulse
magnetron sputtering (HIPIMS), DC sputtering, erc.), RF sputtering, electron beam physical
vapor deposition, ion-beam reactive sputtering, or other PV methods. In some
embodiments, the first portion 212 is formed from MgO. The first portion 212 may be formed
as MgQ, rather than formed as a magnesium portion that 1s subsequently oxidized to Mg by
exposing the magnesium portion to oxidizing conditions. The source of the Mg(O may be a
single crystal MgQ or a muiti-crystal MgO deposition source or sputtering target.

The first portion 212 may be formed over the free region material 210 at a first
temperature such that the underlying free region material 210 15 not cryvstallized. In other
words, the free region material 210 may remain amorphous during formation of the first
portion 212 of the timnel barrier material 230, As formed, the first portion 212 may be
amorphous or crystalline. In some embodiments, the free region material 210 includes a
CoFeB matenial that rernains amorphous during formation of the first portion 212, In some
embodiments, the first portion 212 1s crystalline when inttially formed. The first portion 212
may be formed at a temperature between about -130°C and abowut 150°C, such as between
about -150°C and about 0°C, between about 0°C and about 23°C, between about 20°C and
about 25°C, between about 25°C and about 50°C, or between about 50°C and about 150°C.
In some embodiments, the first portion 212 s formed at room temperature (¢.g., between
about 20°C and about 25°C). If the first portion 212 1s formed ai room teroperature, the
underlying free region material 210 may reroain in its amorphous state.

Atter forming the first portion 212 of the tunnel barrier material 230 over the free
region material 210, the free region material 210 and the first portion 212 may be annealed,
such as by thermal annealing. Exposing the free region material 210 and the first portion 212
to annealing conditions may crystathize the free region material 210 from the mterface 211
through the free region material 210. After annealing the first portion 212 and the free region
matertal 210, the free region material 210 may have a crystal structure that is aligned with
(i.e.. matched to} a crystal structure of the first portion 212, In some embodunents, a CoFeB
free region material 210 is crystallized from the interface 211 and includes the same crystal

structure as the first portion 212 including MgO. Annealing the first portion 212 may also
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cause any oxygen vacancies within the first portion 212 to fill with oxygen, increasing the
stoichiometry of the first portion 212 of the tunnel barvier material 230, By way of
non-limiting example, where the first portion 212 includes MgQO, annealing the first

portion 212 may atfract oxygen to the first portion 212, filling any oxyvgen vacancies that may
have been formed during the low temperature formation of the first portion 212.

To anneal the free region material 210 and the first portion 212, the free region
material 210 and the first portion 212 may be exposed 1o a temperature sutficient to crystalize
the free region matertal 210 and for a sufficient amount of time. Exposing the first
portion 212 to anmealing conditions may increase the crystal quality of the first portion 212
upon which the second portion 214 may be subsequently formed, as described in more detail
below. The annealing may also form a smooth surface of the first portion 212, upon which
the second portion 214 s formed. The free region material 210 and the first portion 212 may
be exposed to a temperature of between about 300°C and about 600°C for between about 60
seconds and about one hour {1 hr.}. The free region material 210 and the first portion 212
may be exposed to a temperature of between about 300°C and about 350°C, between about
350°C and abowt 400°C, between about 400°C and abowt 5300°C, or between about 500°C and
about 600°C. The exposure fime may be between about 60 seconds and about five minutes,
between about 5 minutes and 15 minutes, between about 15 minutes and about 30 minutes, or
between about 30 minutes and about 60 minutes.

Referring to FIG. 5B, after annealing the free region material 210 and the first
portion 212, the second portion 214 of the tunnel barnier material 230 may be formed. The
second portion 214 mayv be formed directly over and in contact with the first portion 212. The
second portion may be formed of the same materials described above with reference (o the
second portion 114, In sorme embodiments, the second portion 214 15 formed of the sarme
material as the first portion 212, The first portion 212 of the tunnel barrier material 230 that
has been annealed may act as a seed upon which the second portion 214 1s formed, such that
the crystal structure of the second portion 214 matches the erystal structure of the first
portion 212, An exposed surface of the first porfion 212 may be a seed upon which the
second portion 214 1s formed fo the same crvstal orientation as the {irst portion 212 and the
free region muaterial 210, The first portion 212 and the second portion 214 may exhibit the
same crystal orientation at an interface 213,

The second portion 214 of the tunne! barrier material 230 may be formed at a second

temperature that is higher than the first temperature at which the first portion 212 is formed.



WO 2016/114900 PCT/US2015/066828

W

10

20

N2
W

30

- 18-

The second portion 214 may be formed by one of the same methods described above for
formung the first portion 212, For example, the second portion 214 may be formed by sputter
deposition, such as by atleast one of ALD, CVD, PECVD, LPCVD, PVD, or other film
deposition processes. In some embodiments, the second portion 214 1s formed by sputter
deposition, such as by magnetron sputiering (e.g., ligh-power impulse magnetron sputtering
(HIPIMS), DC sputtering, etc. ), RF sputtering, electron beam physical vapor deposition,
ion-beam reactive sputtering, or other PVD methods. However, the second portion 214 may
be formed at a different, higher temperature than the first portion 212 1s formed. For example,
the second portion 214 may be forrued at a teroperature between about 300°C and about
600°C, as described above. The second portion 214 may be formed at the same temperature
as the temperature at which the first portion 212 and the free region material 210 are annealed.
In other embodiments, the second portion 214 may be formed at a different temperature than
the temperature at which the first portion 212 and the free region material 210 are annealed.
By way of non-limiting example, the second portion 214 may be formed at a temperature
between about 300°C and about 600°C, such as between about 300°C and about 350°C,
between about 350°C and about 400°C, between about 400°C and about 500°C, or between
about 300°C and about 600°C. Fornung the second portion 214 at an elevated temperature
may form a more stoichiometric material having an increased crvstal quality. For example,
where the second portion 214 includes Mg(3, the second portion 214 may include a
storchiometric amount of oxyvgen with less oxvgen vacancies and less interstitial oxygen than
the first portion 212, In some embodiments, each of the first portion 212 and the second
portion 214 have a ratio of magnesium o oxygen of approximately one to one.

The second portion 214 may be formed to the same thackness, a greater thickuess, or a
lesser thickness than the first portion 212, In some embodiments, the ratio 1s about 1.5 and the
total thickness of the tunnel barrier material 130 is about 18 A, The ratio of the thickness of
the first portion 212 to the second portion 214 may be tatlored o increase the TMR and
decrease the RA of the tunned barrier matenial 230, The tunnel barmer material 230 may be
formed to exhibit a TMR of between about 180% and about 600% and an RA of between
about 3 ohm pm’” and about 8 ohm um’, as described above with reference to the tunnel
barner material 130, In some embodiments, the thickness of the second portion 214 1s less
than a thickness of the first portion 212.

With reference to FIG. 5C, a fixed region material 240 may be formed over the second

portion 214 of the tunnel barrier material 230. The fixed region material 240 may nclude a
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first magnetic material 216 over the second portion 214 of the tunnel barrier material 230, a
coupling material 218 over the first magnetic material 216, and a second magnetic
material 220 over the coupling material 218, The first magnetic material 216 may mclude a

first magnetic sub-region 216a, a spacer material 216b, and a second magnetic

W

B

sub-region 216¢. Each of the first magnetic sub-region 216a, the spacer material 216b, and
the second maguetic sub-region 216¢ may be formed of the sare materials as the first
magnetic sub-region 116a, the spacer 116b, and the second magnetic sub-region 116¢,
respectively, described above. Each of the first magnetic material 216, the coupling
matertal 218, and the second magnetic matenal 220 may be formed of the same materials as
10 the first magnetic portion 116, the coupling material 118, and the second magnetic
portion 120, respectively, described above. The first magnetic material 216 and the second
magnetic material 220 of the fixed region matertal 240 may include a fixed magnetic
orientation, indicated by arrows 219,
The coupling material 218 may be formed over the first magnetic material 216 (.2,
1S over the second magnetic sub-region 216¢ of the first magnetic material 216). The coupling
matertal 218 may be formed between the first magnetic material 216 and the second magnetic
material 220, The coupling material 218 may be formed by at least one of ALD, CVD, PVD,
PECYD, LPCVD, or other film deposition processes.
The second magnetic material 220 may be formed directly over the coupling
20 material 218, The second magnetic material 220 may be formed in the same manner and from
the same materials as the first magnetic material 216.
An upper intermediary region matertal 224 may optionally be formed over the second
magnetic material 220 and oay include the same materials as the lower intermediary region

material 206, An upper electrode material 226 may be formed over the upper intermediary
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region material 224, if present. or over the second magnetic material 220. The upper elecirode
material 226 may be formed of the same materials as described above with reference to the
upper electrode 126

The magnetic memory cell 200 may be processed to form the magnetic memory
cell 100 as shown m FIG. 1. The magnetic memory cell 200 structure may be processed by
30 conventional photolithography, matenial removal, etching, or other processes that are not
described 1n detait heremn.

Although the magnetic memory cell 200 described with reference to FIG. SA through

FI(. 5C describes forming the magnetic memory cell 100 of FIG. 1, the magnetic memory
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cell 100" of FIG. 3 may be formed by similar methods. However, the fixed region

matertal 240 would be formed over the seed matenal 208, the first portion 212 of the tunnel
barner material 230 would be formed over the fixed region material 240, and the free region
material 210 would be formed over the second portion 214 of the tunnel barrier material 230,
resuliing in the magnetic memory cell of FIG. 3. In other embodiments, the magpetic
memory cell 100" of FIG. 4 may be forroed by forming the free region matenial 210 and the
fixed region maternial 240 to exhibit a horizontal magnetic orientation.

Forming the tunnel barrier material 230 from the first portion 212 and the second
portion 214 may increase the TMR and decrease the RA of the magnetic tunne] junction. The
MTJ 130 may be substantially free of defects such as oxygen vacancies or miterstitial oxygen
within the crvstal structure of the tunnel barner material 230. The tunnel barrier material 230
may, therefore, exhibit improved tunneling characteristics at a high TMR and a low RA.

Accordingly, a method of forming a seniconductor device 1s disclosed. The roethod
comprises forming a magnetic material over an electrode on a substrate, forming a first tunnel
barrter material over the magnetic material, annealing the magnetic material and the first
turmed barrier matertal, forming a second turmel barrier matenial over the annealed first tunnel
barrier material, forming another magnetic material over the second tunnel barrier material,
and forming another electrode over the another magnetic material.

Accordingly, a method of forming a magnetic tunnel junction is disclosed. The
method comprises {orming at a tirst temperatare a barner material over a magnetic material,
annealing the barner material and the magnetic material, forming at a second temperatie
another barrier material over the annealed barrier material, and forming another magnetic
matertal over the another barrier ratenal.

Accordingly, a method of forming a sermiconductor device 15 disclosed. The method
comprises forming a seed material over a substrate, forming a magnetic material over the seed
matertal, forming at a first temperature an oxide material over the magnetic material, forming
at a second termperature higher than the first teroperature, another oxide malerial over the
oxide material, and forming another magnetic material over the another oxide material.

With reference to FIG. 6, illustrated is an STT-MRAM system 600 that includes
peripheral devices 612 in operable communication with an STT-MRAM cell 614, a grouping
of which may be fabricated {o form an arrav of memory cells in a gnid pattern mcluding a
number of rows and colurns, or in various other arrangements, depending on the system

requirements and fabrication technology. The STT-MRAM cell 614 may include a magnetic
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cell core 601, an access transistor 603, a conductive material that may function as a data/sense
line 604 {e.g . a bit ing), a conductive material that may finction as an access line 605 {e.g., a
word line} and a conductive maternial that may function as a source line 606. The peripheral
devices 612 of the STT-MRAM system may include read/write circuitry 607, a bit line
reference 608, and a sense amplifier 609. The magnetic cell core 601 may be any one of the
magnetic cell cores 101, 101, 1017 described above. Due 1o the structure of the cell core 601,
the method of fabrication, or both, the STT-MRAM cell 614 may have a high TMR and a low
resistance {(e.¢, low RA product).

In use and operation, when an STT-MRAM cell 614 15 selected to be programmed, a
programming current is applied to the STT-MRAM cell 614, and the current s spin~-polarized
by the fixed region of the magnetic cell core 601 and exerts a torgue on the free region of the
cell core 601, which switches the magnetization of the free region to “write to” or “program”
the STT-MRAM cell 614, In aread operation of the STT-MRAM cell 614, a current 1s used
to detect the resistance state of the magnetic cell core 601.

To initiate programming of the STT-MRAM cell 614, the read/write circuitry 607 may
generate a write current (.., a programing current) 1o the data/sense line 604 and the source
line 606. The polarity of the voltage between the data/sense line 604 and the sowrce line 606
determines the switch in magnetic orientation of the free region in the magnetic cell core 601
By changing the magnetic orientation of the free region with the spin polarity, the free region
is magnetized according to the spin polaniy of the programming current and the prograromed
logic state is written to the STT-MRAM cell 614,

To read the STT-MRAM cell 614, the read/write circuitry 607 generates a read
voltage to the data/sense line 604 and the source hine 606 through the cell core 601 and the
access transistor 603, The programuned state of the STT-MRAM cell 614 relates to the
elecirical resistance across the cell core 601, which may be determined by the voltage
difference between the data/sense hine 604 and the source line 606. In some embodiments, the
voltage difference may be compared to the bit line reference 608 and amplified by the sense
amplified 609.

FIG. 6 illusirates one example of a STT-MRAM svstem 600 inchuding at least one
magnetic memory cell. 1t 1is contemplated, however, that the magnetic cell cores 101, 101,
101" may be mcorporated and utilized within any STT-MRAM sysiem configured to

incorporate a magnetic cell core having magnetic regions. [t is also contemplated that the
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magnetic cell cores 101, 101°, 101" may be used in other magnetic memory cells besides
STT-MRAM cells.
With reference to FIG. 7, ilhustrated 15 a sumplified block diagram of a semiconductor
device 700 implemented according to one or more embodiments described herein. The
5 semiconductor device 700 includes a memory array 702 and a control logic component 704
The memory array 702 may include a plurahity of STT-MRAM cells 614 (FIG. 6) including
any of the magnetic cell cores {e.g., the magnetic cell corgs 101, 1017, 101" of FIG. 1, FIG. 3,
and FIG. 4, respectivelv) discussed above, which magnetic cell cores {e.g., the magnetic cell
cores 101, 1017, 1017} may have been formed according o a method described above and may
10 be operated according to a method described above. The control logic component 704 may be
configured to operatively interact with the memory array 702 so as to read from or write to
any or all memory cells (e.g, STT-MRAM cell 614 (FIG. 6}) within the memory array 702.
Accordingly, a serniconductor device 15 disclosed. The semiconductor device
comprises an array of magnetic cell structures, each magnetic cell structure comprising a
15 magnetic tunnel junction over an elecirode on a substrate, each magnetic tunnel junction
comprising a magnetic material over the substrate, a first tunnel barrier matenial over the
magnetic material, a second tunnel barner material over the first tunnel barrier matenal, and
another magnetic material over the second tunnel barrier material, each magnetic tunnel
junction configured o exhibit a tunnel magnetoresistance of between aboui 180% and about
20 600% at a resistance area product of less than about 8 ohm pm®. The semiconductor device
further comprises another electrode over the another magnetic matenial.
With reference to FIG. 8, depicted is a processor-based system 800. The
processor-based system 800 may include various electronic devices manufactured in

accordance with emsbodiments of the present disclosure. The processor-based system 800

N2
W

may be any of a variety of ivpes such as a computter, pager, cellular phone, personal organizer,
control circuit, or other electronic device. The processor-based system 800 may include one
or more processors 802, such as a mucroprocessor, to control the processing of system
functions and requests in the processor-basad system 800. The processor 802 and other
subcomponentis of the processor-based system 800 may include magnetic memory devices
30 manufaciured in accordance with embodiments of the present disclosure.

The processor-based system 800 may include a power supply 804 in operable
commmuncation with the processor 802, For example, if the processor-based svstem 800 1s a

portable system, the power supply 804 mayv inchude one or more of a fuel cell, a power
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scavenging device, permanent batteries, replaceable batteries, and rechargeable batteries. The

power supply 804 may alse include an AC adapter; therefore, the processor-based system 800

adapter such that the processor-based system 800 may be plugged inio a vehicle cigaretie
hghter or a vehicle power port, for example.

Various other devices roay be coupled to the processor 802 depending on the functions
that the processor-based system 00 performs. For example, a user interface 806 may be
coupled to the processor 802. The user interface 806 may include input devices such as
buttons, switches, a keyboard, a light pen, a mouse, a digitizer and siylus, a fouch screen, a
voice recognition system, a nucrophone, or a combination thereof. A display 808 may also be
coupled to the processor 802, The display 808 may include an LCD display, an SED display,
a CRT display, a DLP display, a plasma display, an OLED display, an LED display, a
three-dirensional projection, an audio display, or a combination thereof. Furthermore, an RF
sub-systenvbaseband processor 810 may also be coupled to the processor 802, The RF
sub-svstenybaseband processor 810 may include an antenna that is coupled to an RF receiver
and to an RF transmitter (not shown). A communication port 812, or more than one
commurication port 812, may also be coupled to the processor 802, The comnumnication
port 812 may be adapted to be coupled to one or more peripheral devices 814, suchas a
modem, a printer, a computer, a scanner, of a camera, or 1o anetwork, such as a local area
network, remote area network, intranet, or the Internet, for example.

The processor 802 may control the processor-based system 800 by implementing
software programs stored in the memory. The software programs may inchide an operating
system, database sofiware, drafling sofitware, word processing software, media editing
software, or media plaving software, for example. The memory is operably coupled to the
processor 802 to store and facilitate execution of various programs. For exaniple, the
processor 802 may be coupled to system memory 816, which may include one or more of spin
torque transfer magnetic random access memory (STT-MRAM), magnetic random access
memory {MRAM), dvnamic random access memory (DRAM), static random access memory
{(SRAM}, racetrack memory, and other known memory tvpes. The system memory 816 may
mclade volatile memory, non-volatile memory, or a combination thereof. The system
memory 816 is typrcally large so that it can store dynanmucally loaded applications and data. Tn
some embodiments, the svstem memory 816 may include semiconductor devices, such as the

semiconductor device 700 of FIG. 7, memory cells including any of the magnetic cell
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cores 101, 1017, 1017 of FIG. 1, FIG. 3, and FIG. 4, respectively, described above, or a
combination thereof.

The processor 802 ruay also be coupled to non~-volatile roeroory 818, which is not to
suggest that system memory &16 is necessarily volatile. The non-volatite memory 18 may
include one or more of STT-MRAM, MRAM, read-only memory (ROM) such as an
EPROM, resistive read-only memory {RROM), and flash memory to be used in corgunction
with the system memory 816, The size of the non-volatile memory 818 is typically selected to
be just large enough to store any necessary operating svstem, application programs, and fixed
data. Additionally, the non-volatite memory 818 may include a high capacily memory such as
disk drive memory, such as a hvbrid-drive including resistive memory or other types of
non-volatile solid-state memory, for example. The non-volatile memory 818 may include
semiconductor devices, such as the semiconductor device 700 of FIG. 7, memory cells
mcluding any of the magnetic cell cores 101, 101, 1017 of FIG. 1, FIG. 3, and FIG 4,

respectively, or a combination thereof.

EXAMPLES
Example

FIG. 9 15 a graphical representation comparing the TMR vs. the RA of MTJs formed
according to embodiments of the disclosure to MTIs formed by conventional methods. A
MgO tunnel barrier material was {ormed by RF sputtering at about 20°C over a CoFeB
magnetic material. The MO and the CoFeB were annealed at a temperature of about 500°C
to crystallize the CoFeB magnetic material in the same crystal ornientation as the MgO. A
second MgQO tunnel barrier matertal was formed by RF sputterimg at about 500°C over the
annealed MgQO. Another CoFeB magnetic material was forroed over the second MgO tunnel
barrier material. A tantalum material was formed over the CoFeB magnetic material and a
cobalt/paliadivm magnetic material was formed over the tantalum to complete the MT]
structure. A conventional MTJ was formed by forming an MgO turmel barrier matenal over a
CoFeB magnetic material at room temperature. The MgO and the CoFeB were annealed at a
temperature of about 5300°C. Another CoFeB magnetic material was formed over the MgQ.
The TMR and the RA of the MTJ structures were measured using conventional techmiques.
The upper left hne of FIG. 9 shows the TMR and the RA of MTIs formed according to
embodiments of the disclosure and the lower right line shows the TMR and the RA of the

MTIJs formed by conventional methods. As shown in the graph, the MTJs formed by the
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methods disclosed herein exhibit a higher TMR at a lower RA than MTJs formed by
conventional methods,

FIG. 10 15 a graphical representation of the TMR vs. the RA of MTJs formed
according to the present disclosure. A first MgO tunnel barrier material was formed to a first
about 20°C. The Mg0O and the CoFeB were annealed at a temperature of about 300°C to
crystallize the CoFeB in the same crystal orientation as the MgQO. A second MgO tunnel
barrier material was formed by RF sputtering at about S00°C over the annealed Mg, The
second MgO tunnel barrier matenal was formed 1o a second thickness ("Y™). Another CoFeB
magnetic material was formed over the second MgO tunnel barrier material. A tantalum
material was formed over the CoFeB magnetic material and a cobalt/paliadium magnetic
material was formed over the tantalum to complete the MTJ structure. The TMIR and RA of
the MTJ structure were measured by conventional techniques. FIG. 10 graphs the TMR and
the RA of MT s having different ratios of the thickness of the first MgO tunnel barrier
material to the thickness of the second Mg tunnel barner material {i.e., X/Y). Accordingly,
the ratio of X/Y may be tailored to form a MTJ exhibiting a desired TMR at a desired RA.

While certain illustrative embodiments have been described in connection with the
figures, those of ordinary skill m the art will recognize and appreciate that embodiments
encompassed by the disclosure are not himited to those embodiments explicitly shown and
described herein. Rather, many additions, deletions, and modifications to the embodiments
described herein may be made without departing from the scope of embodiments
encompassed by the disclosure, such as those hereinafter claimed, including legal equivalents.
In addition, features from one disclosed embodiment may be combined with features of
another disclosed embodiment while still being encompassed within the scope of the

disclosure.
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CLAIMS
What is claimed is:
1. A method of forming a semiconductor device, the method comprising;

forring a moagnetic material over an electrode on a substirate;

forming a first tunnel barrier material over the magnetic material;

annealing the magnetic material and the first tunnel barrier maternial;

forming a second tunnel barrier material over the annealed first tunnel barrier material;
formuing another magnetic material over the second tunnel barrier matenal; and

forming another electrode over the another magnetic material.

2. The method of claim |, further comprising forming an array of memory cells
over the subsirate, each memory cell comprising the magnetic material, the first tunnel barrier

material, the second tunnel barrier material, and the another magnetic material.

3 The method of claim 1, wherein fornung a first tunnel barrier material over the
magnetic material comprises forming at least one of magnesium oxide, aluminuim oxide,

fitanium dioxide, tantalum oxide, and ruthenium oxide over the magneiic material.

4. The method of claim 1, wherein forming a first tunnel barrier material
comprises forming magnesium oxide by sputter deposition.
5. The method of claim 1, wherein annealing the magnetic material and the first
tunnel barrier material comprises crystallizing the magnetic material and the first tunnel

barrier material to exhibit the same crvstal structure.

6. The method claim 1, wherein forming a second tunnel barrier matenial over the
anmealed first tunnel barner material comprises forming the second funnel barrier material at a

higher teroperature than the first tunnel barrier matenal,
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7. The method of claim 1, wherein forming a second tunnel barrier matenial over
the annealed first tunnel barrier material comprises forming the second tunnel barrier matenal

comprising the same matenal as the first turmel barner matenal,

3. The method of any one of claims 1 through 7, wherein forming a first tunnel
harrier material comprises forming the first tunnel barrer material to a thickness between

about 1.0 and about 1.5 times a thickness of the second tunnel barrier maternial.

9. The method of any one of claims 1 through 7, wherein formung a first tunnel
barner material over the magnetic material comprises forming the first tunnel barmer material

at a temperature between about 20°C and about 25°C.

10, The method of any one of claims 1 through 7. wherein annealing the magnetic
material and the first tunnel barrier material comprises exposing the magnetic material and the

first tunnel barner material to a temperature between about 300°C and about 600°C.

11 The method of any one of claims 1 through 7, wherein annealing the magnetic
material and the first tunnel barrier material comprises annealing the magnetic material and
the first tunnel barrier material prior to forming the second tumnel barrier material over the

first tunnel barrier material.

12. The method of any one of claims 1 through 7, wherein forming a second
tunnel barrier material over the annealed first tunnel barrier material comprises forming the

second tunnel barrier material at a temperature between about 300°C and about 600°C.

13. The method of any one of claims 1 through 7, wherein:

forming a first tunnel barrier matenal comprises forming the first tunnel bamer material at a
temperature between abouwt 0°C and about 25°C; and

forming a second tunnel barrier matenal comprises forming the second tunnel barner material

at a temperature between about 300°C and about 600°C.
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14. A semiconductor device, comprising;
an array of magnetic cell structures, each magnetic cell stracture comprising a magnetic tunmel

junction over an electrode on a subsirate, each magnetic tunnel junction comprising:

a magnetic material over the substrate;

a first tunmel barrier malerial over the magnetic material;

a second tunnel barmer material over the first tunnel barrier matenal; and

another magnetic material over the second tunnel barrier material, each magnetic
tunnel junction configured to exhibit a tunnel magnetoresistance of between
about 180% and about 600% at a resistance area product of less than
about & ochm pm’; and

another electrode over the another magnetic material.

15 The semiconductor device of claim 14, wherein the first turnel barrier matenal

over the magnetic material comprises magnesium oxide,

16. The semiconductor device of claim 14, wheremn each of the first tunnel barrier

material and the second tunnel barrer material comprises magnesium oxide,

17. The semiconductor device of any one of claims 14 through 16, wherein each
magnetic tunmel juncion is configured to extubit a tumnel magnetoresisiance of between
, / : ’ 2
about 180% and about 205% at a resistance area product of between about 4 ohm pm” and

about 8 ohm pm’,

18. The semiconductor device of any one of claims i4 through 16, wherein each
magnetic tunnel junction is configured to exhibit a tunnel magnetoresistance of between
about 180% and about 300% at a resistance area product of between about 6 ohm pn’ and

about 7 ohm pn’.

19. The semiconductor device of any one of claims 14 through 16, wherein a ratio
of a thickness of the first tunmel barrier matenial to a thicknese of the second tunnel barner

matental 1s between about 1.0 and about 1.5.
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20. The semiconductor device of any one of claims 14 through 16, wherein the

first tuonel barrier malerial extubits a higher density than the second tunnel barrier material.
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