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One embodiment of the present invention includes a diode
addressable current-induced magnetization Switching
(CIMS) memory element including a magnetic tunnel junc
tion (MTJ) and a diode formed on top of the MTJ for
addressing the MTJ.
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HIGH CAPACITY LOW COST
MULT-STACKED CROSS-LINE MAGNETIC
MEMORY
CROSS REFERENCE TO RELATED
APPLICATIONS

0001. This application claims priority to a previously
filed U.S. Provisional Application No. 60/795,755, filed on
Apr. 26, 2006 and entitled “High capacity low cost multi
stacked cross-line magnetic memory” and is a continuation
in-part of U.S. patent application Ser. No. 1 1/674,124
entitled “Non-uniform Switching Based Non-Volatile Mag
netic Base Memory”, filed on Feb. 12, 2007 and a continu
ation-in-part of U.S. patent application Ser. No. 1 1/678,515
entitled “A High Capacity Low Cost Multi-State Magnetic
Memory’, filed on Feb. 23, 2007, and a continuation-in-part
of U.S. patent application Ser. No. 11/739,648 entitled
“Non-Volatile Magnetic Memory With Low Switching Cur
rent And High Thermal Stability”, filed on Apr. 24, 2007 the
disclosures of which are incorporated herein by reference, as
though set forth in full.
BACKGROUND OF THE INVENTION

0002 1. Field of the Invention
0003. The present invention relates generally to non
Volatile magnetic memory and particularly to non-volatile
magnetic memory using diode for addressing thereof.
0004 2. Description of the Prior Art
0005 Computers conventionally use rotating magnetic
media, such as hard disk drives (HDDs), for data storage.
Though widely used and commonly accepted, such media
Suffer from a variety of deficiencies, such as access latency,
higher power dissipation, large physical size and inability to
withstand any physical shock. Thus, there is a need for a new
type of storage device devoid of Such drawbacks.
0006. Other dominant storage devices are dynamic ran
dom access memory (DRAM) and static RAM (SRAM)
which are volatile and very costly but have fast random
read/write access time. Solid State storage, such as solid
state-nonvolatile-memory (SSNVM) devices having
memory structures made of NOR/NAND-based Flash
memory, providing fast access time, increased input/output
(IOP) speed, decreased power dissipation and physical size
and increased reliability but at a higher cost which tends to
be generally multiple times higher than hard disk drives
(HDDs).
0007 Although NAND-based flash memory is more
costly than HDD's, it has replaced magnetic hard drives in
many applications such as digital cameras, MP3-players,
cell phones, and hand held multimedia devices due, at least
in part, to its characteristic of being able to retain data even
when power is disconnected. However, as memory dimen
sion requirements are dictating decreased sizes, Scalability is
becoming an issue because the designs of NAND-based
Flash memory and DRAM memory are becoming difficult to
scale with smaller dimensions. For example, NAND-based
flash memory has issues related to capacitive coupling, few
electrons/bit, poor error-rate performance and reduced reli
ability due to decreased read-write endurance. Read-write
endurance refers to the number of reading, writing and erase
cycles before the memory starts to degrade in performance
due primarily to the high Voltages required in the program,
erase cycles.
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0008. It is believed that NAND flash would be extremely
difficult to scale below 45 nanometers (nm). Likewise,
DRAM has issues related to scaling of the trench capacitors
leading to very complex designs which are becoming
increasingly difficult to manufacture, leading to higher cost.
0009 Currently, applications commonly employ combi
nations of EEPROM/NOR, NAND, HDD, and DRAM

memory in a system design. Design of different memory
technology in a product adds to design complexity, time to
market and increased costs. For example, in hand-held
multi-media applications incorporating various memory
technologies, such as NAND Flash, DRAM and EEPROM/
NOR flash memory, complexity of design is increased as are
manufacturing costs and time to market. Another disadvan
tage is the increase in size of a device that incorporates all
of these types of memories therein.
0010. There has been an extensive effort in development
of alternative technologies, such as Ovanic Ram (or phase
change memory), Ferro-electric Ram (FeRAM), Magnetic
Ram (MRAM), Nanochip, and others to replace memories
used in current designs such as DRAM, SRAM, EEPROM/
NOR flash, NAND flash and HDD in one form or another.

Although these various memory/storage technologies have
created many challenges, there have been advances made in
this field in recent years. MRAM seems to lead the way in
terms of its progress in the past few years to replace all types
of memories in the system as a universal memory solution.
0011. One of the problems with prior art memory struc
tures including MRAMs is their cell or memory size being
too large therefore not lending itself well to scalability. A
typical design of such MRAMs uses one or more transistors
for one memory cells that lead to nT-1 mem cell type design
where n=1-6. This makes the cell size too large leading to
issues of Scalability and cost. Recently, current-induced
magnetization Switching (CIMS) is being explored as an
alternative memory solution, and allegedly introduces a
better way of building higher capacity MRAM type memory.
But memories based on MRAM tend to have larger cell size
(16-24 F, where F is the minimum feature based on the
lithography technology).
0012. Therefore, in light of the foregoing, what is needed
is a non-volatile magnetic memory element utilizing mag
netic diodes for addressing memory cells, the memory cells
capable of being Stacked on top of each other (in the
direction of the Z-axis) enabling higher capacity, lower cost
designs and scalability (independent of lithography limits).
SUMMARY OF THE INVENTION

0013 To overcome the limitations in the prior art
described above, and to overcome other limitations that will

become apparent upon reading and understanding the
present specification, the present invention discloses a
method and a corresponding structure for a magnetic storage
memory device that is based on current-induced-magneti
Zation-Switching having reduced Switching current in the
magnetic memory and high memory capacity.
0014 Briefly, an embodiment of the present invention
includes a stackable diode-addressable current-induced

magnetization Switching (CIMS) memory element including
a magnetic tunnel junction (MTJ) and a diode formed on top
of the MTJ for addressing the MTJ.
0015 These and other objects and advantages of the
present invention will no doubt become apparent to those
skilled in the art after having read the following detailed
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description of the preferred embodiments illustrated in the
several figures of the drawing.
IN THE DRAWINGS

0016 FIG. 1 shows relevant layers of a diode-address
able current-induced magnetization switching (CIMS)
memory element 10, in accordance with an embodiment of
the present invention.
0017 FIG. 2 shows a three-dimensional perspective view
of an array of memory comprised of a multiple number of
memory elements 10.
0018 FIG. 3 shows a stack of CIMS memory elements
42, in accordance with an embodiment of the present inven
tion.

0019 FIG. 4 shows a memory structure 50, in accordance
with another embodiment of the present invention.
0020 FIG. 5 shows a cross-lined memory structure 60 for
addressing or selecting of bits therein made of the memory
element 10 of FIG. 1, in accordance with an embodiment of

the present invention.
0021 FIG. 6 shows the physical states of the diode 40 of
the memory element 10, in accordance with an embodiment
of the present invention.
0022 FIGS. 7 and 8 show two different examples of a
one-time programmable memory, made of memory elements
10, in accordance with different embodiments of the present
invention.

0023 FIG. 9 shows a stacked memory structure 200
made of a number of memory elements 10, in accordance
with an embodiment of the present invention.
0024 FIG. 10 shows a flow chart 300 of relevant steps
performed in manufacturing the Stack of memory elements,
Such as the Stack 200 of FIG. 9.

0025 FIGS. 11 through 14 show different embodiments
of the memory element 10.
0026 FIG. 15 shows a stack of memory 550 including a
first stack 558 on top of which is formed a second stack 560
0027 FIG. 16 shows a three dimensional perspective
view of a memory structure 570 including an array of
memory elements 572 and multiple word line decoder
transistors 574 and multiple bit line decoder transistors 576.
0028 FIG. 17 shows the memory structure 570 of FIG.
16 with the addition of an erase or program line 590 shown
between two of the bit lines.

0029 FIG. 18 shows a representation 600 of the behavior
of the memory element 10 or 572 with respect to the word
line 606 and the bit line 608.

0030 Table 1 shows the effect of number of stacks on the

memory cell size in F

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

0031. In the following description of the embodiments,
reference is made to the accompanying drawings that form
a part hereof, and in which is shown by way of illustration
of the specific embodiments in which the invention may be
practiced. It is to be understood that other embodiments may
be utilized because structural changes may be made without
departing from the scope of the present invention. It should
be noted that the figures discussed herein are not drawn to
scale and thicknesses of lines are not indicative of actual
S17S.
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0032. In an embodiment of the present invention, a
diode-addressable current-induced magnetization Switching
(CIMS) memory element is disclosed. In one embodiment of
the present invention, the memory element includes a mag
netic tunnel junction (MTJ) on top of which is formed a
diode for storing digital information. The memory element
is stackable into arrays of memory elements in each stack
and each stack separated by deposited dielectric and CMPed
Surface. In an embodiment of the present invention, a
magnetic shielding layer magnetically isolates one stack of
memory elements from other stacks.
0033 Referring now to FIG. 1, relevant layers of a
diode-addressable current-induced magnetization Switching
(CIMS) memory element 10 is shown, in accordance with an
embodiment of the present invention. The memory element
10 is shown to include a magnetic tunnel junction (MTJ) 12
on top of which is formed a thin-film diode 40 separated
from the MTJ 12 by a conductive seeding silicon layer 14.
The MTJ 12 is shown to include a pinning layer 24 on top
of which is formed a fixed layer 26 on top of which is formed
a tunnel layer 28 on top of which is formed a free layer 30.
In one embodiment of the present invention, the diode 40 is
a magnetic diode and in another embodiment of the present
invention, the diode 40 is a Schottkey type of diode and in
yet another embodiment of the present invention, the diode
40 is a silicon type of diode. In the case of the latter, in an
exemplary embodiment, the layer 22 is made of n-type or
p-type doped silicon using silicon nitride (SiN) or silicon
phosphor (SiP) or silicon germanium (SiGe) or silicon boron
(SiB) or any combination thereof.
0034. It should be noted that the memory element 10, in
various embodiments, may have a structure Such as that
disclosed in U.S. patent application Ser. No. 1 1/674,124
entitled “Non-uniform Switching Based Non-Volatile Mag
netic Base Memory”, filed on Feb. 12, 2007 or U.S. patent
application Ser. No. 1 1/678,515 entitled “A High Capacity
Low Cost Multi-State Magnetic Memory”, filed on Feb. 23,
2007, or U.S. patent application Ser. No. 11/739,648 entitled
“Non-volatile Magnetic Memory With Low Switching Cur
rent And High Thermal Stability”, filed on Apr. 24, 2007, the
disclosures of which are incorporated herein by reference, as
though set forth in full.
0035. The memory element of FIG. 1 includes a diode on
top of a MTJ, as stated above. The layers 16, 18 and 22 each
correspond to the thin-film diode where, in an exemplary
embodiment, the layer is n-doped or p-doped silicon, the
layer 18 is an oxide layer such as MgOX or AlOx and the
layer 16 is a ferromagnetic layer such as CoFeB. Layers 24,
26, 28 and 30 of the MTJ correspond to the magnetic-tunnel
junction. The layer 24 is the seed-layer and can also act as
the bottom electrode layer, and can be made out of tantalum
(Ta), in one embodiment of the present invention.
0036. In one embodiment, the layer 24 may consist of a
number of layers including an anti-ferromagnetic layer
consisting of PtMn or IrMn. The layer 24 is used to create
pinning for the fixed layer 26, which is the reason it is
referred to as a pinning layer. The layer 26 is typically made
of CoFeBPtX where the ratios of Fe, Co, Pt and B are varied

to make Sure that the resulting alloy has an Substantially
amorphous structure. Layer 28 is made of an oxide typically
MgOx where x<=1. This may have a very thin layer of Mg,

typically less than 5 A, to get the proper crystalline structure

of the MgOX layer which is required to get good tunneling
property. Layer-4 can have a similar material properties and
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structure as layer 26 and is made of CoFeBPtX alloy. Layer
26 is the “fixed layer, in that the magnetic orientation is
locked in a predetermined orientation based on the induced
magnetic anisotropy and the magnetic annealing of the
anti-ferromagnetic layer. Layer-4 is the “free-layer whose
orientation would change based on the input-current. The
two states of fixed versus free-layer being, parallel and
anti-parallel, inducing different resistances, leading to “0”

memory elements made of the memory element 10 or any
other memory element described or shown herein.
0041 FIG. 3 shows a stack of CIMS memory elements
42, in accordance with an embodiment of the present inven
tion. The memory elements 42 are shown to include one
stack of elements 41 stacked on top of another stack of
elements 43 with each stack separated from the other by a

and “1” states.

memory elements, such as the memory element 10 of FIG.
1. As shown and discussed in FIG. 1, each memory element
10 includes a diode 40 and a MTJ 12 and similarly, each of
the memory elements 10 of the stack of elements 41 also

0037. The isolation layer 14 is the base isolation layer on
which the diode 40 is deposited. In an exemplary embodi
ment, the diode 40 has the structure of FM (ferro-magnetic)/
oxide/N Si where, the layer 16 is the n-doped Si, the layer
18 is the oxide layer selected from any of MgOx, AlOX, or
ZrOX, and the layer 22 is a ferromagnetic layer comprising
of Co-Fe-B-Pt and acts as spin-injection layer.
Although the embodiment shown in FIG. 1, shows magnetic
moments being in-plane for the various layers, the magnetic
moments can also be perpendicular to the plane of the
memory element 10, which is especially useful for higher
capacity memory. Also, the location of the diode 40 can be
either on top or bottom of the MTJ 12, as will be shown in
other embodiments, depending upon the relative location of
“electrodes' as well as the bit lines and the word lines. The

in-plane design has the memory elements having elongated,
Such as ellipsoid, type structure where the long axis is
parallel to the “easy-axis' of the magnetic layers. The
perpendicular designs have in-plane circular shape. This
enables stacking the memory elements, made of the memory
element 10, much closer together and thereby obtain much
higher density of memory or storage capacity.
0038. The MTJ 12 acts like a resistor therefore forming
a resistor in series with the diode 40. The diode 40 is

essentially used to address the memory element 10 for
programming, erasing and/or reading operations. In opera
tion, current is applied at memory element 10 in the direc
tion that is favorable to the diode. The thin film diode may

CMPed surface 61. Each stack includes a number of

includes a diode 40 and a MTJ 12.

0042. The diode 40 of each of the memory elements 10
of the stack of elements 41 is shown formed on top of the
word line 48 and the diode 40 of each of the memory
elements 10 of the stack of elements 43 and is also shown
to be formed on the word line 48. The word lines for each

stack of elements 41 and 43 are different, as are the bit lines

46 shown formed on top of the memory elements 10 for each
element.

0043. In FIG. 3, the program lines 44 are shown formed
on top and between each two memory elements 10 and the
bit lines 46 and the program lines 44 and the word lines 48
are essentially made of metal. By way of perspective, the bit
lines 46 and the program lines 44 are wires going into the
page. Erasing, as referred thereto at times, is achieved using
the program lines 44.
0044. A magnetic shield 57 encompasses the top and
sides of two of the bit lines and memory elements and
program line, as shown in FIG. 4 and another magnetic
shield 59 encompasses the top and sides of another two of
the bit lines and memory elements and program line, as
shown in FIG. 4. In an exemplary embodiment the magnetic
shields 57 and 59 are made of a granular film comprising of
a mixture of nano-particles of high permeability magnetic
alloy such as conetic alloy in an oxide or nitride matrix

have different characteristics based on the structure of the

where the oxide can be SiO2 or nitride can be SiN. These

memory element 10. In one embodiment of the present
invention, the current flowing from the bottom up in FIG. 1
is the low resistance direction while the current flowing form
the top-down is the extremely high resistance direction like
the “reverse' direction of a pnjunction.
0039. The starting state of this magnetic memory is
“parallel state for the magnetic moments of layers 26 and
30. This is the “low resistance'. When a current of say 300
micro-amp is applied from the bottom-up for memory
element having a size of 100 nm 150 nm, the majority spins
travel across the barrier while the minority “opposite spin
is reflected back into the free-layer 30 applying enough
torque to the magnetic moments to flip in the opposite
direction, as shown by the opposite arrows in FIG. 1. This
is the high resistance state. In one embodiment the resistance

nano-particles of the high permeability magnetic alloy tend
to almost Super-paramagnetic and couple together in the
presence of magnetic field Such as that created during the
erase operation using. It is very likely that a thin layer, 10-50
nm, of magnetic alloy may be deposited on top of the
program line to focus the net magnetic field towards the
memory element 10. This would lead to a lower erase

of the “low resistance state' is between 400 to 600 ohms

while the “high resistance state' is between 1000 to 1500
ohm.

0040 FIG. 2 shows a three-dimensional perspective view
of an array of memory comprised of an array number of
memory elements 10. The memory elements 10 are coupled
using bit lines 32 and word lines 34 to form an array of
memory elements. Another array of memory elements 10
may be stacked on top of the word line 34, in a direction of
the Z-axis and another set may be stacked on top of another
word line and so on to form a three-dimensional or stack of

Current.

0045. In the embodiment of FIG. 3, for each stack of
elements 41 and 43 there is further shown erase lines 44 used

for erasing of the memory elements 10. More specifically,
the word line of a set of elements is excited thus activating
a set of elements and then a bit line is excited to activate a

particular memory element of the selected set of elements
and a corresponding program line is used to program the
activated or selected memory element to a particular value.
0046 FIG. 3 shows the stacking of the memory elements
10, as previously noted. To build the embodiment of FIG. 3,
as will be further described in additional figures later, the
process includes using a CMOS process to form the decoder
that would drive the word and bit lines at all stacked

elements. The word lines are then formed on top thereof
using aluminum (Al) or copper (Cu) or other types of metals.
The memory elements are deposited with appropriate mask
ing technique in each stack. The memory elements have the
structure as described earlier. The bit lines are covered by a
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thin silicon nitride (SiNx) or silicon oxide layer overcoat.
The erase lines Y1 and Y2 are then deposited. These are
followed by further encapsulation using further deposition
of SiNX or silicon oxide layer. A magnetic shielding layer,
Such as that shown in FIG. 4 is deposited and in an
exemplary embodiment includes a mixture of oxides/ni
trides such as SiO2, SiNx, ZrO2. . . . . with a soft-magnetic
material having very high permeability Such as the Conetic
alloys

of

Ni Fe Cu Mo

(example

being

NizzFeCusMo). A typical thickness of the magnetic
shield layer is approximately less than 1 um. The main
reason for magnetic shield layer is to keep the Stray magnetic
field from the erase lines 44 to be contained for bit lines 46.

0047. The magnetic shielding layer, such as the layer 57
in FIG. 4, also protects the recoded bits from any disturbance
from outside of the Stray magnetic field, such as from other
devices, whether applied intentionally or unintentionally.
The magnetic shielding layer is followed by the deposition
of SiNX or silicon-oxide layer to a thickness up to curves
indicated at 63 and 65 or e-f, in FIG. 4. This is then followed

by a CMP (chemical-mechanical polishing) layer to smooth
surface thereof up to G-H in FIG. 3 or 61 in FIG. 4. G-H
layer acts as the fresh layer on which additional word lines
48, memory elements 10, bit lines 46 and then the erase lines
44 are deposited. This sequence of formation can continue to
add a number of memory layers leading to a 3-dimensional
memory structure thereby increasing density and lowering
costs. It should be noted that the relative positions of word
lines and the bit lines can be interchanged depending on the
memory cell design and the relative location of the diode
with respect to the magnetic free-layer and the magnetic
fixed-layer of the memory element.
0048 One key aspect of the memory structures of the
various embodiments herein is that the electrical current

elements 10 and erase lines 54 shown positioned between
two memory elements 10, much in the same manner as that
shown with respect to the embodiment of FIG. 3.
0052. In FIG. 4, the memory structure is similar to the
memory structure 42 of FIG. 3 but shows further details in
that a magnetic shielding layer 57 is shown to cover the top
and sides of two of the bit lines and their respective memory
elements 10 and a program line 54 and another magnetic
shielding layer 59 is shown to cover the top and sides of two
other bit lines and their respective memory elements 10 and
a program line 54. The layers 57 and 59 serve to shield the
magnetic-field of the program lines 54 and so as to prevent
the magnetic field from going up and affecting the memory
elements of stack 41 when the memory elements of stack 43
directly below is being erased. Further shown in FIG. 4, the
layers 57 and 59 are CMPed up the surface 61 to smooth the
layers 57 and 59. Also, the surface 65 and the surface 63
serve to indicate the dielectric surface of SiO2 or SiNX prior
to being smoothened by the CMP process.
0053 FIG. 5 shows a cross-lined memory structure 60 for
addressing or selecting of bits therein made of the memory
element 10 of FIG. 1, in accordance with an embodiment of

the present invention. The structure 60 is a two-dimensional
top view of the bit and word lines as shown in a 3-D view
in FIG. 2. Bitlines BL0-BL3 are shown as vertical lines and

generally made of metal or wires, as are word lines WL0
WL3 shown as horizontal lines crossing the bit lines BL0
BL3. While four bit lines and four word lines are shown to

form the structure 60, any number of bit lines and/or word
lines may be employed without departing from the scope
and spirit of the present invention. At each of the crossings
of a word line and a bit line, there exits a memory element
and a diode, Such as the memory element 10. Thus, an array
of memory elements are formed at each of the crossings of

flows perpendicular to the memory-element 10, and pro
vides the necessary torque to the magnetic-spins to cause
current-induced magnetization Switching, CIMS, leading to
parallel and anti-parallel magnetic states of free versus
pinned fixed layers. The memory architecture utilizes
orthogonal word line and bit line architecture, as shown in
FIG. 5. As will be further explained shortly, in one embodi
ment, as shown in FIG. 5, all the word lines are grounded
floated except the one of concern, WL0 which is raised high.
The corresponding bit-line BL0 is grounded during pro
gramming or connected sense amplifier during reading.
Other bit-lines, BL1 . . . BL3 are kept floating.
0049. The cell-size of memory element 10, in an exem

the word lines WLO-WL3 with the bit lines BLO-BL3.

plary embodiment is: 4 F/N, where N corresponds to the

bit line is at a ground Voltage, the memory element that is
positioned at the crossing of the foregoing word and bit
lines, is selected and is programmed. For example, in FIG.
5, a memory element at 62 is selected because the word line
WL0 is driven to 1 V and BL0 is driven to OV thereby
selecting the memory element positioned at the crossing of
the WL0 and the BL0, for programming. During read
operation the selected bit line BL0 is connected to sense
amplifier which determines the cell is “0” or “1” based on

number of memory layers which are stacked on top. As

the value of the MTJ resistance.

shown in Table 1, as the number of stacks increase, the cell

0055 FIG. 6 shows the physical states of the key thin
film silicon-layers of the diode 40 of the memory element 10

is 0.5 F, this is same as that of the current Hard-disk drives.

ment of the present invention, has various crystal states. In
FIG. 6, the silicon thin film is amorphous at 102 and when
it is Supplied with some external energy Such as from a heat
Source, it becomes micro-crystalline, as shown at 104 and
when further additional energy is Supplied, it becomes a
single-crystalline, as shown at 106.
0056 While the energy source can be a heating source,
Such as a rapid thermal annealing process, in one embodi
ment of the present invention, during manufacturing the
magnetic memory elements of the MTJ should not be
affected by the processing of the diode of the memory
element. In an exemplary technique for achieving the latter,

size decreases proportionately.
0050. In accordance with Table 1, for N=8, the cell size

Hard-disk drives are highest density storage device and
thereby lowest cost. It is believed that in 3-5 years the
hard-disk drive industry will employ patterned media to
achieve higher areal density. The patterned media has a cell
size of F2. Thus the N=8 and N=10 based memory per this
invention is the Smallest cell-size memory-storage device
possible, leading to the lowest cost storage-memory.
0051 FIG. 4 shows a memory structure 50, in accordance
with another embodiment of the present invention. The
structure 50 is shown to include a word line 56, essentially
made of metal, bit lines 52 formed on top of the memory

0054 Typically and when not selecting any memory
elements, the word lines are at a 0 V state. When a word line

is driven to a positive (+) Voltage, such as -1 volts (V), the
word line selects the row of bit lines that it crosses and if a

of FIG.1. The silicon thin film used therein, in one embodi
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three techniques are employed to ensure that the magnetic
structure of the MTJ 12 is not impacted during the deposi
tion of the thin-film diode 40 namely, (i) and to this end, a
nucleating layer is used that is of less than 20 nano meters
(nm) in thickness of one of more metals or their alloys
chosen from the following material: Co, cobalt, Ni, nickel,
Pt, platinum; (ii) deposition of these film using a PVD
(physical deposition process) such as using rif- or dc-mag
netron Sputtering under typically a low argon pressure of less
than 10 mili-torr and having less than 50 percent of H2 in the
gas; (iii) having a pulsed laser Source for heating such as
using a Nd-YAG laser of peak power of less than 2 kW at 20
Khz. Laser annealing is typically carried out in the vacuum
following the deposition of the silicon seeding layer 14, Such

unwanted or accidental magnetic field. The layer 144, 146,
148 and 150 are chemically mechanically polished (CMPed)
to level or smooth them, such as shown at 142. The memory
elements 10 are programmed by passing an up-programming
current as explained earlier and cannot be re-programmed
and are accordingly referred to as one-time programmable

as shown in FIG. 1. In an alternative embodiment, an

to include four memory elements 10 and two magnetic
shield surfaces 212 and 214. The memory elements are
shown formed on top of a word line 210 in each stack and
on top of each of the memory elements 10 is shown formed
a bit line 216. In between and above each two memory

additional isolation metal layer is used, of thickness of less
than 100 nm and deposited to ensure heating during laser
annealing, which remains focused on the seeding-Si layer
14.

0057 FIGS. 7 and 8 show two different examples of a
one-time programmable memory, made of memory elements
10, in accordance with different embodiments of the present
invention. In FIG. 8(a), a one-time programmable memory
structure 108 is shown to include a word line 110 on top of
which is shown formed a number of memory elements 10,
each comprising a diode 40 and a MTJ 12 and on top of the
memory elements 10 are shown formed bit lines 112, which
are essentially made of metal extending into the page. Every
two memory elements is surrounded, on top, by a magnetic
shielding layer 114 and a magnetic shielding layer 116.
which serve to magnetically shield the bit lines 112. The
layer 114 and layer 116 are chemically mechanically pol
ished (CMPed) to a level indicated at 118 to smooth them.
After CMP, a dielectric SiO2 or SiNx surfaces 120 and 122
become smoother to surface 118 marked as GH.

0058. Additional stacks of such memory can be deposited
on top of the smooth surface 118, as mentioned with respect
to earlier embodiments. The memory elements 10 are pro
grammed by passing current from the bottom thereof. The
memory element, in the initial state, has both the layer 26
and the layer 30 having magnetization in the same direction
as set by the magnetic annealing process. This is the
“low-resistance' state. When a higher current, for example,
300 micro-amps, for a memory cell of size 90 nmx140 nm,
is applied from the bottom of the memory element 10 for
writing or programming (as compared to the read current of
50 micro-amps) spin-polarized electron having anti-parallel
spins from the free layer are reflected back into the free layer
30 and switch the magnetic moment of the freelayer into the
anti-parallel direction as shown by arrow in FIG. 1. This is
the “high-resistance' state. Since the memory elements
cannot be re-programmed and are accordingly referred to as
one-time programmable memory.
0059. In FIG. 8, a one-time programmable memory struc
ture 130 is shown to include a word line 132 on top of which
is shown formed a number of memory elements 10, each
comprising a diode 40 and a MTJ 12 and on top of the
memory elements 10 are shown formed bit lines 152, which
are essentially made of metal extending into the page. Every
two memory elements is Surrounded, on top, by a magnetic
shielding layer 134, a magnetic shielding layer 136, a
magnetic shielding layer 138 and a magnetic shielding layer
140, which are shields for magnetically shielding the
memory element 10 from the top stacks as well as any

memory.

0060 FIG. 9 shows a stacked memory structure 200
made of a number of memory elements 10, in accordance
with an embodiment of the present invention. The structure
200 includes four stacks of memory elements, a stack 202 on
top of which is shown formed the stack 204 on top of which
is shown formed the stack 206 and on top of which is shown
formed the stack 208. Each of the stacks 202-208 are shown

elements 10 is shown formed a erase line 218. The word line,
bit line and-erase lines are made of metal and the bit line 216

and the program line 218 are formed going into the page.
0061 Each of two memory elements above which is
formed the erase line 218 has a magnetic-shield layer 212 or
a formed on top and around the erase line 218 and the
memory elements 10 and above the magnetic-shield layers
212 and 214 are smoothed or flattened using a CMP process
so that an adjacent stack may be formed thereontop.
0062 FIG. 10 shows a flow chart 300 of relevant steps
performed in manufacturing the Stack of memory elements,
such as the stack 200 of FIG. 9. In FIG. 9, at step 302, a
CMOS process is performed to form the decoder transistor
and other circuitry (collectively referred to as the “CMOS
circuitry) used in conjunction with the stack of elements.
Next, at step 304, a metal-1 layer is deposited on top of the
CMOS circuitry and the MTJ and diode of the memory
element 10 are deposited on top of the metal-1 and an
etching process is performed after which a metal-2 layer is
deposited followed by the deposition of a silicon dioxide
(SiO2) layer.
0063) Next, at step 306, a metal-3 layer is deposited on
top of the deposited SiO2 layer forming a field erase or erase
line, such as the lines 218 or 54 or others. Next, at step 308,
a magnetic shielding layer is deposited on top of the depos
ited program line. The magnetic shielding layer is similar to
the shielding layers 116, 136, 138 or the like. Also, at step
308, a SiO2 layer is deposited on top of the deposited
magnetic shielding layer and CMP is performed. After the
completion of the step 308, the first stack of memory
elements is formed. Namely, steps 304-308 comprise the
steps performed for manufacturing the first stack, Such as the
stack 202. Next, a second stack is formed on top of the first
stack by performing the steps 310-314.
0064. At step 310, a metal-4 layer is deposited and a
second MTJ and diode comprising a second memory ele
ment is deposited on top of the metal-4 layer and an etching
process is performed and a metal-5 layer is deposited.
0065. Next, at step 312, a metal-6 layer is deposited on
top of the metal-5 layer to form a second program line and
thereafter, at step 314, a second magnetic shielding layer is
deposited on top of the deposited metal-6 layer and a second
SiO2 layer is deposited and CMP is performed and the
second Stack of memory elements is formed. Next, at step
316, if additional stacks are needed, they are formed,
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sequentially, on top do the second stack in accordance with
the steps discussed relative to the formation of the first and
second stacks. At step 318 and after the formation of all
requisite stacks, an encapsulation process is performed to
further shield the stack of elements.

0066 FIGS. 11 through 14 show different embodiments
of the memory element 10. FIG. 11 shows the MTJ 12
formed with a magnetic diode 350 on top thereof. The
magnetic diode 350 is shown to include an isolation layer
1100, such as tantalum (Ta), on top of which is shown
formed a silicon seeding layer 1102 for getting the primarily
single crystalline Si layer thereon, one or more Si-doped
layers 1104 shown formed on top of the layer 1102 and on
top of the layer 1104 is shown formed a barrier tunneling
layer 1106, on top of which is shown formed a metallic
magnetic layer 1108.
0067 FIG. 12 shows the MTJ 12 formed with a non
magnetic diode 400 on top thereof. The magnetic diode 400
is shown to include an isolation layer 1400, in an exemplary
embodiment made of Ta, a silicon (Si) seeding layer 1402
formed on top of the layer 1400 for getting the primarily
single-crystalline Silayer thereon, one or more Si-doped
layers 1404,1406 and 1408 on top of which is shown formed
a metallic non-magnetic layer 1410.
0068 FIG. 13 shows the MTJ 12 formed with a magnetic
diode 450 on top thereof. The thin film diode 450 is shown
to include the layer isolation layer 1300, which in one
embodiment is made of Ta, a Si-seeding layer 1302 formed
on top of the layer 1300 for getting the primarily single
crystalline Silayer thereon, one or more Si-doped layers
1304-1308 following by metallic non-magnetic layer 1310.
This diode could be a Schottky diode having low breakdown
Voltage for reverse biasing. In Such case the memory design
would not require the erase line or combination of the two
could be used to erase the programmable stacked-memory.
0069 FIG. 14 shows the MTJ 12 formed with a magnetic
diode 500 on top thereof. The magnetic diode 500 includes
metallic non-magnetic layer 1406 on top of which is formed
a Si-seeding layer 1402 on top of which is formed one or
more Si-doped layers 1404 on top of which is formed an
isolation layer 1400. The order of the formation of the layers
may be altered to change the position of the free layer, for
example. This diode 500 may be a Schottky diode having
low breakdown voltage for reverse biasing. In Such a case,
the memory element design would not require the erase line
or combination of the two could be used to erase the

programmable stacked-memory.
0070 FIG. 15 shows a stack of memory 550 including a
first stack 558 on top of which is formed a second stack 560,
which is separated from the first stack by a dielectric layer
having magnetic shielding layer embedded in the manners
described earlier which are smoothened by the CMP process
to provide a smooth surface 562. The stack of memory 550
is shown formed on top of CMOS circuitry 552, which is
shown to include row decoder transistors 554 and 556 and

may include other CMOS circuitry. The stack of memory
550 is shown to include the metal layers and memory
elements previously discussed relative to other figures. In
FIG. 15, the process for manufacturing the stack of memory
versus the CMOS circuitry is noteworthy.
0071. The stack of memory 550 is manufactured using
overall temperatures of less than 400 degrees Celsius while
the CMOS circuitry 552 is manufactured using temperatures
greater than 900 to 950 degrees Celsius. The lower tem
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perature for manufacturing the stack of memory is important
in that it allows the amorphous state of the diode to trans
form to a crystalline state, as noted with respect to FIG. 7.
As mentioned earlier with respect to FIG. 7, a laser anneal
process may be employed but such process involves heating
a very thin layer of the film typically less than 100 nm, and
does not raise the temperature of the Surrounding materials
to any where close to 400 degree C.
0072 FIG. 16 shows a three dimensional perspective
view of a memory structure 570 including an array of
memory elements 572 and multiple word line decoder
transistors 574 and multiple bit line decoder transistors 576.
The transistors 574 and 576 are CMOS circuitry, which are
accordingly manufactured pursuant to the techniques shown
and discussed relative to FIG. 15. The memory elements 572
are each similar to memory element 10. The memory
element transistors 576 are shown coupled to bit lines with
each of the transistors 576 being coupled to one bit and the
transistors 574 are shown coupled to the word lines with
each of the transistors 574 being coupled to a word line.
Selection of a memory element 572 is made by activating a
particular one of the transistors 576 and a particular one of
the transistors 574, in a manner similar to previously
presented discussions regarding the same. The decoder for
all stack layers is located in the silicon substrate. One bit of
extra address causes the decoder to select another stack of
memories.

(0073 FIG. 17 shows the memory structure 570 of FIG.
16 with the addition of an erase or program line 590 shown
between two of the bit lines. During an erase operation, as
the erase line 590, previously indicated, is activated, a
magnetic field at 592 is generated to erase the neighboring
memory elements to reset in the “parallel magnetic moment
or “low-resistance' state.

(0074 FIG. 18 shows a representation 600 of the behavior
of the memory element 10 or 572 with respect to the word
line 606 and the bit line 608, which form a memory cell. The
memory element 610 is shown to be coupled to the word line
606 and the bit line 608. More specifically, the memory
element 610 is shown to include a variable resistor 604

modeling the MTJ 12 of FIG. 1 and a diode 602, modeling
the diode 40 of FIG. 1, coupled to one another and the diode
602, also coupled to the word line 606. The resistor 604 is
shown also to be coupled to the bit line 608. In operation,
when current is applied to and passes through the forward,
low-resistance direction, to cause writing of the memory cell
to “anti-parallel' direction. The memory cell starts out with
“parallel state which is the low resistance state. The reading
is carried out passing a low current Such as less than 50
micro-amp in the forward direction of the diode. In contrast
the writing current could be as high as 500 micro-amp
depending on the structure of the MTJ as shown in FIG. 1.
If the diode is a Schottky type diode having low breakdown
Voltage in the reverse direction then an opposite current of
certain threshold can be applied to cause the erase operation
instead of the erase-line 590 in FIG. 18.

0075. It should be noted that the objects of the drawings
or figures discussed and presented herein are not necessarily
drawn to scale. Additionally, the relative locations of the
MTJ as well as the layers of MTJs such as the fixed and the
free-layers can be adjusted based on the type of the diode
and its characteristic in the forward and reverse direction.

0076 Although the present invention has been described
in terms of specific embodiments, it is anticipated that
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alterations and modifications thereof will no doubt become

a magnetic tunnel junction (MTJ) formed on top of the

apparent to those skilled in the art. It is therefore intended
that the following claims be interpreted as covering all Such
alterations and modification as fall within the true spirit and
Scope of the invention.

9. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 8.
including a conductive seeding silicon layer that separates

What is claimed is:

1. A diode-addressable current-induced magnetization
Switching (CIMS) memory element comprising:
a magnetic tunnel junction (MTJ); and
a thin-film diode formed on top of the MTJ for addressing
the MTJ.

2. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 1,
including a conductive seeding silicon layer that separates
the MTJ from the diode.

3. A diode-addressable current-induced magnetization
switching (CIMS) memory element, as recited in claim 1,
wherein the MTJ includes a pinning layer on top of which
is formed a fixed layer on top of which is formed a tunnel
layer on top of which is formed a free layer.
4. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 1,
wherein the thin-film diode is a magnetic diode.
5. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 1,
wherein the thin-film diode is a non-magnetic diode.
6. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 1,
wherein the thin-film diode is a Schottky diode.
7. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 1,
wherein the diode is operative to address the memory
element.

8. A diode-addressable current-induced magnetization
Switching (CIMS) memory element comprising:
a thin-film diode formed on top of the MTJ for addressing
the MTJ; and

diode.

the MTJ from the diode.

10. A diode-addressable current-induced magnetization
switching (CIMS) memory element, as recited in claim 8.
wherein the MTJ includes a pinning layer on top of which
is formed a fixed layer on top of which is formed a tunnel
layer on top of which is formed a free layer.
11. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 8.
wherein the thin-film diode is a magnetic diode.
12. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 1,
wherein the thin-film diode is a non-magnetic diode.
13. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 8.
wherein the thin-film diode is a Schottky diode.
14. A diode-addressable current-induced magnetization
switching (CIMS) memory element, a recited in claim 8.
wherein the diode is operative to address the memory
element.

15. A method of manufacturing A diode-addressable cur
rent-induced magnetization Switching (CIMS) memory ele
ment comprising:
Forming a pinning layer,
forming a fixed layer on top of the pinning layer,
forming a tunnel layer on top of the pinning layer,
forming a free layer on top of the tunnel layer to form a
magnetic tunnel junction (MTJ);
forming a conductive seeding silicon layer on top of the
free layer; and
forming a thin-film diode on top of the MTJ.
k
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