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_ A multi-state spin-torque transfer magnetic random access 
(73) Asslgnee? Yadav Technology Inc‘: Fremont, memory (STTMRAM) is formed on a ?lm and includes a ?rst 

CA (Us) magnetic tunneling junctions (MT]) having a ?rst ?xed layer, 
a ?rst sub-magnetic tunnel junction (sub-MT]) layer and a 

(21) Appl' No‘: 126971255 ?rst free layer. The ?rst ?xed layer and ?rst free layer each 
. _ have a ?rst magnetic anisotropy. The STTMRAM further 

(22) Flled' Mar‘ 3’ 2009 includes a non-magnetic spacing layer formed on top of the 
. . ?rst MT] layer and a second MT] formed on top of the 

Related U's' Apphcatlon Data non-magnetic spacing layer. The second MT] has a second 

(63) Continuation-in-part of application No, 11 /678, 51 5, ?xed layer, a second sub-MT] layer and a second free layer. 
?led on Feb. 23, 2007, Continuation-in-part of appli 
cation No. 11/866,830, ?led on Oct. 3, 2007, Continu 
ation-in-part of application No. 11/860,467, ?led on 

MTJ2 

1162 

AFM 

Non-mag. spacing 

The second ?xed and second free layers each have a second 
magnetic anisotropy, Wherein at least one of the ?rst or second 
magnetic anisotropy is perpendicular to the plane of the ?lm. 

1800 f 
1143 
1141 

1154 

1122 
layer 

Cap layer 

MTJ1 

1502 

01120 

1106 

1104 



Patent Application Publication Sep. 3, 2009 Sheet 1 0f 18 US 2009/0218645 A1 

130 100 

l’ 1 
Top Electrode -/'102 

Pinning layer-2 _/'104 

w 
Fixed layer-2 __/'106 

W/1 08 >124 

Free-layer-2 -/'110 
J 

3 

_ Free-layer-1 _/'114 

7//////////////////WW 7/“ 116 >126 

Fixed layer-1 _/'118 
J 

Pinning Layer-1 __/'12() 

Bottom Electrode _./*122 

T/128 
FIG. 1 



Patent Application Publication Sep. 3, 2009 Sheet 2 0f 18 US 2009/0218645 A1 

204\l$tate 2 2OO\iState 4 

206% State 3 202 \IState 1 
FIG. 2 

208 

FIG. 3 



Patent Application Publication Sep. 3, 2009 Sheet 3 0f 18 US 2009/0218645 A1 

250 

150% Mgo thickness 14-24A 

c: 
E 
i. 
°\° 100% ------ -- , 2 

thickness 8-14A 

RA (ohm-pm2) 

2 ohm-pm2 10 ohm-pm2 

FIG. 4 



NNP wuobomm Eozom 

US 2009/0218645 A1 

ow? E33 @555 
w 3 E95 umxE 

mm? w: 

Sep. 3, 2009 Sheet 4 0f 18 

N5 

wow $622 @555 

c E mvoboom nob 

oow 

Patent Application Publication 







Patent Application Publication Sep. 3, 2009 Sheet 7 0f 18 US 2009/0218645 A1 

918 

Current (l5 

902 920 
.................. -_ [ 

I Current I 1X 

‘I 

i 5 
Ground ‘X ' 



Patent Application Publication Sep. 3, 2009 Sheet 8 0f 18 US 2009/0218645 A1 

1000 K1004 
Sense ampli?er ' 
Sequentially compares the selected Vcc 
memory elements to reference I 

resistors to determine the state of /1044 
the memory cell. 1020 /1042 

t‘ ________________________________ __ _[_1_006 

R1 \ 1 012 l l ,"élelect 1 Select 2 Select 3 \‘l‘ 
"/- Data out / 1022 

E E 810,10 11 / 1 024 ' 
5 (2,1010 ' ' 1026 / 5 

R2 E ~ 1 040 Ref. R1 get R2 Ref. R3 i 

i l 1030 1034 ‘1* Ac 'ess Access Access Access 1 
\ x ‘ ‘ _ _¥a slstor translstor translstor translstori 

‘ 1028 1032 1036 

\ _________________________________________ n‘ /’ 

Ground Ground Ground Ground 

FIG. 9 



Patent Application Publication Sep. 3, 2009 Sheet 9 0f 18 US 2009/0218645 A1 





Patent Application Publication Sep. 3, 2009 Sheet 11 0f 18 US 2009/0218645 A1 

1166 f 
TE _,1143 

Cap layer -’-1 141 

AFM _,1154 

r - r1163 
F dl - 
'xe ~§‘E'L-———~1126 

MTJ2 v 

F‘ 7///////////////A}11I‘>2 1161 

mum“? 
“ UL ..'-1128 

Non-mag. spacing ,1122 
layer ' 

Cap layer “'1 120 

f- FreeTlayer 
MTJ1 ‘l 

112r4< /////////A////////A-—1123 
,,1108 

" UL ,1106 

BE _,1104 

FIG. 15 





Patent Application Publication Sep. 3, 2009 Sheet 13 0f 18 US 2009/0218645 A1 

ww: EH52 NmNF om I. N22 

w? .QE 
2: 7‘ mm Q: T‘ .5 r\\ ‘I NC?‘ 55 8E mE?V///////////////, ow? PX. 622 amo 

> 
NNF T‘ mEomQMmdmEéoz 8 ? T‘ 5M2 V////V///////////? : 

Q: T‘ E 

vm: om: N752 





Patent Application Publication Sep. 3, 2009 Sheet 15 0f 18 US 2009/0218645 A1 

NN wk: :2 wk 
Now? 

mm: NEE 



Patent Application Publication Sep. 3, 2009 Sheet 16 0f 18 US 2009/0218645 A1 

2: T‘ mm 8:\ .5 
. 25.. 

8 .0E TI 

7///////////////, 5:: @ 

oowF\ 

mom? mm: N22 

vm .GE 
2: 3‘ mm 8:\ 5 ?/////////////%/, 4 EE 

ooh P\ 

20:2 8: 



Patent Application Publication 

1906 
\ 

Sep. 3, 2009 Sheet 17 of 18 US 2009/0218645 A1 

1902/ Data Received 

Apply 
Negative H Current 

Apply 
Positive H Current 

Apply 
Positive Lowl 

Apply 
Zero Current 

1918 
\ 

APP'Y 
Zero Current 

1920 
/ 

Apply 
Negative Low 1 

M 

/-1922 
End Prog./Writing 

FIG. 26 



Patent Application Publication Sep. 3, 2009 Sheet 18 0f 18 US 2009/0218645 A1 

FIG. 27(a) 

FIG. 27(b) 



US 2009/0218645 A1 

MULTI-STATE SPIN-TORQUE TRANSFER 
MAGNETIC RANDOM ACCESS MEMORY 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 11/678,515 ?led on Feb. 23, 2007, 
by Raj iv Yadav Ranjan and entitled “A High Capacity LoW 
Cost Multi-State Magnetic memory” and US. patent appli 
cation Ser. No. 11/866,830, ?led on Oct. 3, 2007, by Rajiv 
Yadav Rajiv and entitled “An Improved High Capacity LoW 
Cost Multi-State Magnetic Memory” and US. application 
Ser. No. 11/860,467, ?led on Sep. 24, 2007, by Rajiv Yadav 
Ranjan and entitled “LoW Cost Multi-State Magnetic 
Memory” and a continuation-in-part of US. patent applica 
tion Ser. No. 11/674,124 entitled “Non-Uniform SWitching 
Based Non-Volatile Magnetic Base Memory”, ?led on Feb. 
12, 2007, the disclosure of Which is 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-vola 
tile magnetic memory and particularly to multi-state mag 
netic memory having stacked magnetic tunnel junction 
(MT]) With at least one MT] having a storage layer With a 
magnetiZation direction being substantially perpendicular to 
the plane of the Wafer (or substrate). 
[0004] 2. Description of the PriorArt 
[0005] It has become clear that non-volatile memories, 
such as non-volatile random access memories (NV RAMs) 
are ?nding increasingly neW applications, and that their noto 
riety Would not only continue but that it Would explode due to 
the increasing demands in mobile devices and other applica 
tions. It is also believed that current volatile DRAM Will be 
replaced by the current-switching version or spin-torque 
transfer magnetic random access memory (STTMRAM), in 
the coming future. 
[0006] It is really important that in order for STTMRAM to 
gain broad acceptance, the cost of the memory and hence the 
cell siZe to be smaller and scalable to smaller feature siZe such 
as beloW 65 nm. 

[0007] One of the Ways to achieve higher density is by 
storing more than one bit of digital information in a memory 
cell of magnetic memory designs. Such memory cells are 
commonly referred to as multi-state (or multi-level) cells 
(MLCs). Current MLC designs include magnetic memory 
With a storage layer With a magnetiZation direction that is 
in-plane orparallel to the plane of the substrate or Wafer. Such 
MLCs suffer from loW density and therefore higher costs. 
[0008] Stated differently, current STTMRAM designs have 
storage layers With a magnetiZation direction that is parallel 
to the plane of the substrate. One of the key challenges for 
such type of designs using in-plane magnetiZation is that they 
cannot be scaled to loWer feature siZes such as beloW 65 nm. 
This is primarily because as the feature siZe reduces, the 
reduced memory bit siZe (for example: for 90 nm, the 
memory bit siZe is 90 nm><180 nm, but for 45 nm this Would 
be 45 nm><90 nm) becomes thermally unstable due to the 
reduction in the volume. The Perpendicular STTMRAM 
enables loWer sWitching current (therefore loWer program 
current), higher thermal stability and higher density. 
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[0009] Moreover, perpendicular STTMRAM does not 
require in-plane elongated memory bit like in the case of 
in-plane STTMRAM, mentioned above. In-plane circular 
shape or square shape is typically preferred for perpendicular 
STTMRAM over an elongated shape because in the latter, 
features pose large manufacturing challenges especially at 
loWer lithography geometry, such as beloW 90 nm. On the 
other hand, circular shape memory bit shapes alloW for loWer 
lithography and higher capacity memory, making the perpen 
dicular STTMRAM a preferred choice for future applica 
tions. It should be pointed out that the perpendicular STTM 
RAM can utiliZe high anisotropy magnetic alloys as 
compared to the STTMRAM having in-plane magnetiZation, 
leading to higher thermal stability and thereby enabling scal 
ability doWn to beloW 30 nm. 
[0010] What is needed is a multi-state current-switching 
version or spin-torque magnetic random access memory 
(STTMRAM) having stacked magnetic tunnel junctions 
(MTJs). 

SUMMARY OF THE INVENTION 

[0011] 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 
speci?cation, the present invention discloses a method and a 
corresponding structure for a multi-state magnetic storage 
memory device that is based on current-induced-magnetiZa 
tion-sWitching having reduced sWitching current With high 
thermal stability in the magnetic memory. 
[0012] Brie?y, an embodiment of the present invention 
includes a multi-state spin-torque transfer magnetic random 
access memory (STTMRAM) is formed on a ?lm and 
includes a ?rst magnetic tunneling junctions (MT]) having a 
?rst ?xed layer, a ?rst sub-magnetic tunnel junction (sub 
MT] ) layer and a ?rst free layer. The ?rst ?xed layer and ?rst 
free layer each have a ?rst magnetic anisotropy. The STTM 
RAM further includes a non-magnetic spacing layer formed 
on top of the ?rst MT] layer and a second MT] formed on top 
of the non-magnetic spacing layer. The second MT] has a 
second ?xed layer, a second sub-MT] layer and a second free 
layer. The second ?xed and second free layers each have a 
second magnetic anisotropy, Wherein at least one of the ?rst or 
second magnetic anisotropy is perpendicular to the plane of 
the ?lm. 
[0013] 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 
description of the preferred embodiments illustrated in the 
several ?gures of the draWing. 

IN THE DRAWINGS 

[0014] FIG. 1 shoWs relevant layers of a multi-state current 
sWitching magnetic memory element 100 are shoWn, in 
accordance With an embodiment of the present invention. 
[0015] FIG. 2 shoWs various states of the memory element 
100. 

[0016] FIG. 3 shoWs a graph of the level of resistance (R) of 
each ofthe layers 118, 114, 110 and 106 (shoWn in the y-axis) 
vs. the state of the memory element 100. 

[0017] FIG. 4 shoWs a graph 250 of the tunneling magneto 
resistance (TMR), shoWn in the y-axis, vs. the resistance area 
(RA). FIG. 5 shoWs. 




























