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ABSTRACT 

Asolid-state memory including an array of magnetic storage 
cells and a set of conductors. The process steps that pattern 
the conductors also patterns the magnetic layers in the 
magnetic storage cells thereby avoiding the need to employ 

CFR 1.53(d). precise alignment betWeen pattern masks. 
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SOLID-STATE MEMORY WITH MAGNETIC 
STORAGE CELLS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of Invention 

[0002] The present invention pertains to the ?eld of solid 
state memories. More particularly, this invention relates to a 
solid-state memory With magnetic storage cells. 

[0003] 2. Art Background 

[0004] Solid-state memories have a Wide variety of appli 
cations particularly in computer systems. Prior solid-state 
memories are usually constructed of semiconductor materi 
als. For example, prior semiconductor memories include 
dynamic random access memories (DRAMs) as Well as 
persistent or nonvolatile memories such as ?ash memories to 
name a feW. 

[0005] Aprior solid-state memory is typically arranged as 
one or more arrays of memory cells or storage cells. The 
structure of each storage cell usually provides a mechanism 
for storing a bit of information. For example, the storage 
cells in a typical DRAM include structures that form a 
capacitor for storing information as an electrical charge. In 
addition, the storage cells in a typical ?ash memory include 
structures that form a ?oating-gate for persistent storage of 
an electrical charge. 

[0006] Typically, such specialiZed structures in prior solid 
state memories require critical alignment in order to achieve 
high storage cell densities. For example, high density 
DRAM cells usually require critical alignments in the 
trenched or stacked capacitor structures contained therein. In 
addition, ?ash cells typically require critical alignment 
among the ?oating-gate structures contained therein. 

[0007] Such storage cell structures are usually formed 
using multiple pattern masks according to the particular 
process technology used for fabrication of the solid-state 
memory. Typically, the critical alignments of such structures 
requires a relatively precise alignment among the pattern 
masks. Unfortunately, process technologies that achieve 
precise alignment of pattern masks are usually expensive 
and therefore greatly increase the cost of prior high density 
solid-state memories. 

[0008] In addition, prior solid-state memories usually are 
formed on single crystalline semiconductor materials. 
Unfortunately, the requirement of a crystalline semiconduc 
tor substrate limits the ?exibility in Which any storage cells 
may be arranged. For example, a typical crystalline semi 
conductor substrate used for fabricating prior solid-state 
storage cells usually precludes the stacking of arrays of 
DRAM or ?ash storage cells into multiple layers. Such 
limitations limit the storage densities that may be achieved 
With prior solid-state memories. 

SUMMARY OF THE INVENTION 

[0009] A solid-state memory is disclosed Which includes 
an array of magnetic storage cells and a set of conductors 
coupled to the magnetic storage cells. The solid-state 
memory is manufactured so that the process steps that 
pattern the conductors also pattern the magnetic layers in the 
magnetic storage cells, thereby avoiding the need to employ 
precise alignment betWeen pattern masks. In addition, the 
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magnetic storage cells are not formed on a single crystalline 
semiconductor substrate. As a consequence, the arrangement 
of magnetic storage cells is not limited by the inherent 
limitations of such substrates. 

[0010] Other features and advantages of the present inven 
tion Will be apparent from the detailed description that 
folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The present invention is described With respect to 
particular exemplary embodiments thereof and reference is 
accordingly made to the draWings in Which: 

[0012] FIG. 1 is a top vieW of a solid-state memory Which 
includes an array of magnetic storage cells and an array of 
conductors that enable read and Write access to the magnetic 
storage cells; 

[0013] FIGS. 2a-2b illustrates the storage of a data bit in 
a magnetic storage cell; 

[0014] FIG. 3a is a cross-sectional vieWAAWhich shoWs 
a series of materials Which are initially deposited onto a 
substrate and Which are subsequently formed into conduc 
tors and magnetic storage cells; 

[0015] FIG. 3b is a cross-sectional vieW AAWhich illus 
trates patterning of the material shoWn in FIG. 3a; 

[0016] FIG. 3c is a cross-sectional vieW AAWhich shoWs 
a thin layer of protective dielectric that covers the sides of 
the patterned stacked structures and the exposed area of the 
substrate; 
[0017] FIG. 3a' is a cross-sectional vieW BB Which shoWs 
a conductor material and top conductor photo-resist depos 
ited over the stacked structures and the protective dielectric; 

[0018] FIG. 36 is a cross-sectional vieW BB Which shoWs 
the results of a milling step Which stops before the strip of 
pinned magnetic ?lm; 

[0019] FIG. 4 shoWs an arrangement for reading a mag 
netic storage cell; 

[0020] FIG. 5 shoWs an alternative arrangement of a 
magnetic storage cell Which incorporates a diode structure to 
increase the signal to noise ratio during read operations. 

DETAILED DESCRIPTION 

[0021] FIG. 1 is a top vieW of a solid-state memory 130 
Which includes an array of magnetic storage cells 40-50. The 
solid-state memory 130 also includes an array of conductors 
20-28 that enable read and Write access to the magnetic 
storage cells 40-50. The magnetic storage cells 40-50 use 
magnetic ?elds to store information. Each of the magnetic 
storage cells 40-50 enables storage of a corresponding bit of 
information Which may be referred to as a data bit. 

[0022] The magnetic storage cells 40-50 and the conduc 
tors 20-28 are formed onto a substrate 10. The conductors 
20-28 are arranged as a set of top conductors 26-28 and an 
orthogonal set of bottom conductors 20-24. Each of the 
magnetic storage cells 40-50 has rectangular dimensions dX 
and dy Which are de?ned by the Widths of the bottom 
conductors 20-24 and the Widths of the top conductors 
26-28, respectively. 
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[0023] FIGS. 2a-2b illustrates the storage of a data bit in 
the magnetic storage cell 42. The magnetic storage cell 42 
includes a magnetic ?lm 60 and a magnetic ?lm 64 Which 
are separated by a dielectric region 62. The structure and the 
functionality of the remaining storage cells 40-50 are sub 
stantially similar to that of the magnetic storage cell 42. The 
orientation of magnetiZation in the magnetic ?lm 60 is 
shoWn as M1 and the orientation of magnetiZation in the 
magnetic ?lm 64 is shoWn as M2. 

[0024] One of the magnetic ?lms 60 and 64 has a ?xed 
orientation of magnetiZation While the other has a non-?xed 
orientation of magnetiZation. The one of the magnetic ?lms 
60 and 64 having a non-?xed orientation of magnetiZation is 
the active magnetic ?lm of the magnetic storage cell 42. The 
active magnetic ?lm rotates its orientation of magnetiZation 
in response to electrical signals applied to the conductors 22 
and 26 during Write operations to the magnetic storage cell 
42. In one embodiment, a ?rst logic state of the data bit 
stored in the magnetic storage cell 42 is indicated When M1 
and M2 are parallel and a second logic state is indicated 
When M1 and M2 are anti-parallel. 

[0025] In other embodiments, other arrangements of mag 
netic orientations may be employed for storing information 
in the magnetic storage cell 42. For example, the pinned 
magnetic ?lm in the magnetic storage cell may be sWitched 
and in response the non-pinned magnetic ?lm sWitches to be 
anti-parallel to the pinned magnetic ?lm. The pinned mag 
netic ?lm may be the top magnetic ?lm 60 or the bottom 
magnetic ?lm 64. 

[0026] In one embodiment, the magnetic ?lm 64 is pinned 
With a ?xed orientation of magnetiZation M2 While the 
magnetic ?lm 60 has non-?xed orientation of magnetiZation 
M1. The orientation of magnetiZation M1 in the magnetic 
?lm 60 changes in response to electrical signals applied to 
the conductors 22 and 26 during Write operations to the 
magnetic storage cell 42. 

[0027] FIG. 2a illustrates a “0” logic state of a data bit 
stored in the magnetic storage cell 42. In the “0” logic state 
the orientation of magnetiZation in the magnetic ?lm 60 
(M1) is antiparallel to the orientation of magnetiZation M2 
in the magnetic ?lm 64. FIG. 2b shoWs a “1” logic state of 
the magnetic storage cell 42. In the “1” logic state, M1 is 
parallel to M2. 

[0028] The magnetic storage cell 42 is read by applying a 
voltage potential, Which may be referred to as a read voltage, 
across the conductors 26 and 22. The read voltage causes an 
electrical current, also knoWn as a sense current, to How 
betWeen the magnetic ?lms 60-64 as electrical charge 
migrates through the dielectric region 62 according to a 
phenomenon knoWn as spin tunneling. The storage cell 42 
may be referred to as a spin tunneling storage cell. 

[0029] The resistance of the magnetic storage cell 42 
differs according to the orientations of M1 and M2. When 
M1 and M2 are antiparallel, the “0” logic state, the resis 
tance of the magnetic storage cell 42 is at its highest. On the 
other hand, the resistance of the magnetic storage cell 42 is 
at its loWest When M1 and M2 are parallel Which corre 
sponds to the “1” logic state. As a consequence, the logic 
state of the data bit stored in the magnetic storage cell 42 can 
be determined by measuring its resistance. The resistance of 
the magnetic storage cell 42 is re?ected by the magnitude of 
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the sense current that ?oWs in response to the read voltage 
applied to the conductors 22 and 26. 

[0030] FIGS. 3a-3e illustrate the formation of the array of 
magnetic storage cells 40-50 and the conductors 20-28 on 
the substrate 10. In one embodiment, the substrate 10 is a 
silicon substrate that accommodates the formation of sup 
port electronics for the solid-state memory 130 such as sense 
ampli?er and multiplexor circuitry. The process steps for the 
formation of the magnetic storage cells 40-50 and the 
conductors 20-28 does not require that the substrate 10 be a 
semiconductor material. 

[0031] FIG. 3a is a cross-sectional vieWAAWhich shoWs 
a series of materials 70-78 Which are initially deposited onto 
the substrate 10. A layer of conductor material 70 is depos 
ited onto the substrate 10 and provides a layer of conductive 
material for the formation of the conductors 20-24 Which are 
the bottom conductors for the solid-state memory 130. The 
conductor material 70 is a sheet of conductive material such 
as copper, aluminum, or gold, or alloys of these materials. 

[0032] In one embodiment, an antiferromagnetic material 
72 is deposited on top of the conductor material 70. The 
antiferromagnetic material 72 provides a magnetic pinning 
material for ?xing the orientations M2 in the magnetic 
storage cells 40-50 to be formed on the substrate 10. The 
antiferromagnetic material 72 may be iron-manganese 
(FeMn) or nickel-manganese (NiMn). Alternative materials 
for the antiferromagnetic material 72 include NiO and IrMn. 

[0033] A magnetic ?lm 74 is deposited on top of the 
antiferromagnetic material 72. The effect of magnetic 
exchange coupling betWeen the magnetic ?lm 74 and the 
antiferromagnetic material 72 pins the orientation of the 
magnetiZation in the magnetic ?lm 74. The magnetic ?lm 74 
provides a layer of pinned magnetic material for forming the 
pinned magnetic ?lm regions of the magnetic storage cells 
40-50. For example, the magnetic ?lm 74 is subsequently 
formed into the pinned magnetic ?lm 64 of the magnetic 
storage cell 42. The magnetic ?lm 74 may be nickel 
iron(NiFe) or cobalt or alloys or layers comprised of com 
binations of these materials. Alternative materials for the 
magnetic ?lm 74 include Fe3O4 and CrO2 or other ferro 
magnetic or ferrimagnetic materials. 

[0034] An insulating material 76 is deposited on the 
magnetic ?lm 74. The insulating material 76 provides a layer 
for forming the dielectric regions of the magnetic storage 
cells 40-50, such as the dielectric region 62 of the magnetic 
storage cell 42. In one embodiment, the insulating material 
76 is aluminum-oxide (A1203). Alternative materials of the 
insulating material 76 include silicon-dioxide (SiOZ), tanta 
lum-oxide (TaZOS), and silicon-nitride (Si3N4). 

[0035] A magnetic ?lm 78 is deposited on top of the 
insulating material 76. The magnetic ?lm 78 provides a layer 
of material for forming the active regions of the magnetic 
storage cells 40-50, such as the magnetic ?lm 60 of the 
storage cell 42. The magnetic ?lm 78 may be nickel 
iron(NiFe) or cobalt or alloys or layers comprised of com 
binations of these materials. Alternative materials for the 
magnetic ?lm 78 include Fe3O4 and CrO2 or other ferro 
magnetic or ferrimagnetic materials. 

[0036] FIG. 3b is a cross-sectional vieW AAWhich illus 
trates a patterning of the material shoWn in FIG. 3a. The 
patterning is performed by forming lines of photo-resist, 
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including the photo-resist 80, on top of the magnetic ?lm 78 
using photolithography. The line of photo-resist 80 de?nes 
the length of the bottom conductor 22 and the dX dimension 
of the bottom conductor 22 and the magnetic storage cells 42 
and 48. An ion milling operation is performed to remove the 
materials from the substrate 10 that are not protected by 
photo-resist. The ion milling operation may be performed, 
for example, With a bombardment of argon ions. The pro 
tection provided by the photo-resist 80, for example, results 
in the formation of a stacked structure 82 from the materials 
shoWn in FIG. 3a. 

[0037] The stacked structure 82 includes the bottom con 
ductor 22 Which is a remnant of the conductor material 70. 
The stacked structure 82 also includes a strip of antiferro 
magnetic material 90 Which remains from the antiferromag 
netic material 72. The strip of antiferromagnetic material 90 
pins the magnetic orientations M2 of the magnetic storage 
cells 42 and 48 in a direction parallel to the length of the 
conductor 22. 

[0038] The stacked structure 82 includes a strip of mag 
netic ?lm 92, a strip of dielectric material 94, and a strip of 
magnetic ?lm 96, Which remain from the magnetic ?lm 74, 
the dielectric material 76, and the magnetic ?lm 78, respec 
tively. The strips of magnetic ?lm 92, dielectric material 94, 
and the magnetic ?lm 96 are to be formed into the magnetic 
storage cells 42 and 48 With subsequent patterning steps. 
[0039] FIG. 3c is a cross-sectional vieW AAWhich shoWs 
a thin layer of protective dielectric 100 that covers the sides 
of the stacked structure 82 and the eXposed area of the 
substrate 10. The protective dielectric 100 is initially depos 
ited over the stacked structure 82, and the photo-resist 80 
and eXposed areas of the substrate 10 as a thin layer, for 
eXample 500 A or less, of dielectric material. The photo 
resist 80 and other lines of photo-resist used for patterning 
the conductors 20-24 are then removed using for eXample an 
ultrasonic agitator With a solvent. The resulting protective 
dielectric 100 prevents short circuits betWeen edges of the 
magnetic ?lms 92 and 96 after the conductors 26 and 28 are 
formed. 

[0040] FIG. 3a' is a cross-sectional vieW BB Which shoWs 
a conductor material 102 deposited over the stacked struc 
ture 82 and the protective dielectric 100. The conductor 
material 102 provides a layer of conductive material for the 
formation of the top conductors 26-28. The conductor mate 
rial 102 is a sheet of conductive material such as copper, 
aluminum, or gold, or alloys of these materials. 

[0041] The top conductors 26-28 are then patterned from 
the conductor material 102. The patterning of the top con 
ductors 26-28 forms the dy dimensions of the magnetic 
storage cells 40-50 and the top conductors 26-28 and auto 
matically aligns the top conductors 26-28 and the layers of 
the magnetic storage cells 40-50. The top conductors 26-28 
are patterned by forming lines of photo-resist including the 
lines of photo-resist 110-112 on top of the conductor mate 
rial 102 using photolithography. The lines of photo-resist 
110-112 each have a Width dy_ 

[0042] An ion milling step is used to remove materials not 
protected by the photo-resist 110-112. In one embodiment, 
the milling step is used to remove materials doWn to the strip 
of antiferromagnetic material 90. In another embodiment, 
the milling step is stopped before the strip of magnetic ?lm 
92 is removed. The photo-resist 110-112 is then stripped 
aWay. 
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[0043] FIG. 36 is a cross-sectional vieW BB Which shoWs 
the results of the milling step Which stops before the removal 
of the magnetic ?lm 92. The magnetic storage cell 42 is 
shoWn With the magnetic ?lm 60 and the dielectric region 62 
formed from the strip of magnetic ?lm 96 and the strip of 
dielectric material 94, respectively. The magnetic storage 
cell 48 includes a magnetic ?lm 126 and a dielectric region 
124 formed from the strip of magnetic ?lm 96 and the strip 
of dielectric material 94, respectively. 

[0044] The strip of magnetic material 92 provides a con 
tinuous pinned magnetic ?lm for both the magnetic storage 
cells 42 and 48. This embodiment prevents magnetic ?elds 
that Would otherWise emanate from patterned edges of the 
magnetic material 92 from affecting the magnetic ?elds in 
the active magnetic ?lms of magnetic storage cells 42 and 
48. The eXchange coupling effect betWeen the strip of 
magnetic material 92 and the magnetic ?lms 62 and 124 pins 
the orientations of the magnetic ?uX in the magnetic ?lms 62 
and 124 in a direction that runs along the length of the strip 
of magnetic material 92 Which is also parallel to the length 
of the bottom conductor 22. 

[0045] The patterning of the top conductors 26 and 28 
patterns and automatically aligns the active magnetic ?lms 
in the magnetic storage cells 42 and 48 to provide the 
aligned dX and dy dimensions. As a consequence, there is no 
need to use separate pattern masks for the conductors 26-28 
and the active layers or dielectric layers of the magnetic 
storage cells 42 and 48 nor to precisely align any such 
pattern masks. 

[0046] The structure shoWn in FIG. 36 may subsequently 
be planariZed, using for eXample an dielectric layer, and 
another array of magnetic storage cells formed on top of the 
magnetic storage cells 40-50. This is possible because no 
single crystalline semiconductor substrate is required. The 
ability to have many layers of magnetic storage cells 
enhances the overall density that can be attained in the 
solid-state memory 130. 

[0047] FIG. 4 shoWs an arrangement for reading the 
magnetic storage cell 42. The magnetic storage cell 42 is 
read by applying a read voltage Vrd to the conductor 26 and 
coupling the conductor 22 to an input 150 of a current sense 
ampli?er 160. The potential Vrd across the magnetic storage 
cell 42 causes a sense current to How into the input 150 of 
the current sense ampli?er 160. The magnitude of the sense 
current indicates the resistance of the magnetic storage cell 
42 and therefore its logic state. 

[0048] During the read operation, the conductors 20 and 
24 are applied With a ground potential using a pair of 
transistors 200-202. In addition, the input 150 of the current 
sense ampli?er 160 has a virtual ground potential Which 
means that the conductor 22 has a virtual ground potential. 
The ground and virtual ground potentials of the conductors 
20-24 reduce the amount of current ?oW betWeen the 
conductors 20-24. This current How is knoWn as leakage 
current. The reduced amount of leakage current in the 
conductors 20-24 increases the signal to noise ratio during 
read operations on the magnetic storage cell 42. 

[0049] The equaliZed potentials among the conductors 
20-24 can be accomplished using a variety of circuits. For 
eXample, the transistors 200-202 may apply a potential VX to 
the conductors 20 and 24 and the input 150 may have a 
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potential of VX. In addition, each of the conductors may be 
coupled to a an input of a corresponding current sense 
ampli?er. The inputs of the current sense ampli?ers may be 
virtual grounds or may have some other potential so long as 
the potentials of all the conductors 20-24 are equalized. 
Moreover, any combination of transistors and current sense 
ampli?ers may be used to equaliZe the potentials of the 
conductors 20-24 during read operations. 

[0050] FIG. 5 shoWs an alternative arrangement of the 
magnetic storage cells 40-50 Which incorporates a diode 
structure to increase the signal to noise ratio during read 
operations. For example, the magnetic storage cell 42 in this 
arrangement includes a diode structure formed from a plati 
num layer 180 and a silicon layer 182. A high temperature 
processing step is used to form polysilicon from the silicon 
layer 182 prior to the deposition of the materials 60-64. 

[0051] The conductors 20-28 have a relatively loW imped 
ance compared to the impedance of the spin tunneling 
junctions of the magnetic storage cells 40-50. HoWever, as 
the siZe of the array of storage cells of the solid-state 
memory 130 increases, the loading effect of the conductors 
for the larger array can cause excessive leakage. Diode 
structures such as the one shoWn incorporated into the 
magnetic storage cells can decrease cross-talk or leakage 
current among the conductors The decrease in leakage 
current increases the signal to noise ratio attainable during 
read operations particularly for large array siZes. 

[0052] The foregoing detailed description of the present 
invention is provided for the purposes of illustration and is 
not intended to be exhaustive or to limit the invention to the 
precise embodiment disclosed. Accordingly, the scope of the 
present invention is de?ned by the appended claims. 

What is claimed is: 
1. A memory, comprising: 

array of magnetic storage cells each for storing a bit of 
information; 

a set of top conductors coupled to the magnetic storage 
cells Wherein a patterning step that formed the top 
conductors also patterned the magnetic storage cells. 

2. The memory of claim 1, Wherein the patterning step 
patterned a top magnetic ?lm in each of the magnetic storage 
cells. 

3. The memory of claim 1, Wherein the patterning step 
patterned a top magnetic ?lm and a dielectric region in each 
of the magnetic storage cells. 

4. The memory of claim 1, Wherein the patterning step 
patterned a top magnetic ?lm and a dielectric region and a 
bottom magnetic ?lm in each of the magnetic storage cells. 

5. The memory of claim 1, further comprising a set of 
bottom conductors that are substantially orthogonal to the 
top conductors and that are coupled to the magnetic storage 
cells Wherein a patterning step that formed the bottom 
conductors also patterned a top magnetic ?lm and a dielec 
tric region and a bottom magnetic ?lm in each of the 
magnetic storage cells. 

6. The memory of claim 1, further comprising a dielectric 
layer that prevents the top conductors from causing short 
circuits among layers of the magnetic storage cells. 

7. The memory of claim 5, further comprising: 

current sensing ampli?er having an input coupled to one 
of the bottom conductors to sense an electrical current 
from one of the magnetic storage cells being read; 
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circuitry for applying a potential to each of the bottom 
conductors not coupled to the magnetic storage cell 
being read such that the potentials of the bottom 
conductors not coupled to the magnetic storage cell 
being read are substantially equal to the potential of the 
input to the current sense ampli?er to reduce an amount 
of leakage electrical current among the bottom conduc 
tors. 

8. The memory of claim 7, Wherein the circuitry for 
applying a potential to each of the bottom conductors not 
coupled to the magnetic storage cell being read includes at 
least one transistor. 

9. The memory of claim 7, Wherein the circuitry for 
applying a potential to each of the bottom conductors not 
coupled to the magnetic storage cell being read includes at 
least one other current sense ampli?er having an input With 
the potential. 

10. The memory of claim 1, Wherein each magnetic 
storage cell includes a diode structure that reduces an 
amount of leakage electrical current during read operations 
in the memory. 

11. A process for forming a memory having magnetic 
storage cells, comprising the steps of: 

depositing a bottom layer of conductor material onto a 
substrate; 

depositing a set of layers of magnetic materials onto the 
bottom layer of conductor material; 

patterning a set of bottom conductors from the bottom 
layer of conductor material such that the layers of 
magnetic materials are patterned into magnetic storage 
cells in the same step. 

12. The process of claim 11, further comprising the step 
of depositing a dielectric layer over the layers of magnetic 
materials and the substrate. 

13. The process of claim 12, further comprising the steps 
of: 

depositing a top layer of conductor material onto the 
dielectric layer; 

patterning a set of top conductors from the top layer of 
conductor material such that the layers of magnetic 
materials are patterned in the same step. 

14. The process of claim 13, Wherein the layers of 
magnetic materials include a top magnetic ?lm and a bottom 
magnetic ?lm and an intervening dielectric region. 

15. The process of claim 14, Wherein the patterning step 
on the top conductors also patterns the top and the bottom 
magnetic ?lms and the intervening dielectric region. 

16. The process of claim 14, Wherein the patterning step 
on the top conductors also patterns the top magnetic ?lm and 
the intervening dielectric region but stops before patterning 
the bottom magnetic ?lm. 

17. The process of claim 11, further comprising the step 
of depositing a set of layers for forming a diode structure 
such that the patterning of the bottom conductors also 
patterns the layers for forming the diode structures. 

18. The process of claim 13, further comprising the steps 
of: 

forming a planariZed layer on the top conductors; 

forming another layer of magnetic storage cells on top of 
the planariZed layer. 


