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Trade-off relation between 
“performance” and “cost” 
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Alternative eMRAM 
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No universal embedded MRAM, but some types of 
MRAMs must be suitable for embedded applications. 

High speed 
 eMRAM  

High density 
 eMRAM  



Embedded MRAM Issues  
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 Standard CMOS Process compatible 
 Suitable memory cell structure 
 ► Number of cell components; MTJ, transistor, wiring 
 ► Data write scheme; Magnetic Field, STT, …. 

 MTJ: Magnetic Tunnel Junction 
 ► MR ratio 
 ► Magnetic anisotropy; 
 
 
 ► Materials of stacked thin magnetic layers and 
    tunnel barrier film  

Free Layer 
Tunnel Barrier 
Fixed Layer 

in-plane 
anisotropy 

perpendicular 
anisotropy 

Free Layer 
Tunnel Barrier 
Fixed Layer 



CMOS Process Compatible 
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Standard CMOS Logic 

 MTJs formed in back-end of line, BEOL 
 ► CMOS characteristics unchanged 
 ► No Yoke (magnetic clad) lines  
 ► Cu & low-k interconnect applicable 
 ► 350 ºC thermal stability in BEOL fabrication process  
  
  MTJ 

Spintronics CMOS Logic 

MTJ Formation 



Typical MRAM Cells 
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MTJ 
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Write 
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High Density eMRAM Cell 
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 Simple cell structure without snake path 
 Random access read/write in cell array 
 Scalable MTJ size & write current 
 Large magneto-resistance(MR) ratio 
 BEOL process temperature 350 ºC 
 Reliability 
  Low tunnel current density 
  Non-volatality Δ=E/k BT 

0Tr + 1MTJ 
1Tr + 1MTJ 
2Tr + 1MTJ 

Magnetic Field 
STT 

DWM 

In plane 
Perpendicular 

Al2O5 

MgO 

MgO 

Requirements Choices 



CoFeB/MgO/CoFeB  MTJ 
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S. Ikeda et. al., Appl. Phys. Lett. 93, 082508 (2008). 
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Dependence of tCoFeB on Anisotropy 
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Ikeda et al., Nat. Mat., 9 (2010)  pp.721-724 
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CoFeB/MgO/CoFeB  MTJ 
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Perpendicular Anisotropy 

Ikeda et al., Nat. Mat., 9 (2010)  pp.721-724 

SiO2/Si sub.

Ta(5)
Ru(10)
Ta(5)

CoFeB(0.9 )

MgO(0.9)
CoFeB(1.5 )

Ta(5)
Ru (5)
Cr/Au

Al2O3

V-

V+

(nm)

40 nm 

-0.2 -0.1 0.0 0.1 0.210

20

30

40

50

 

 

R
 (k
Ω

)
µ0H (T)

Parallel 

Antiparallel 



Spin Transfer Torque switching 
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Ikeda et al., Nat. Mat., 9 (2010)  pp.721-724 
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K. Miura et al., 2011 VLSI Technology, 11B-3. 

Stability Enhancement Structure 
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K. Miura et al., 2011 VLSI Technology, 11B-3. 
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Alternative High Density RAM 
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1T+1R STT MRAM must have potential to be substituted 
for not only embedded DRAM but also commodity DRAM. 
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Alternative High Speed RAM 

16 

High speed RAM  
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High Speed eMRAM Cell 
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0Tr + 1MTJ 
1Tr + 1MTJ 
2Tr + 1MTJ 

Magnetic Field 
STT 

DWM 

In plane 
Perpendicular 

Al2O5 

MgO 

Requirements Choices 

 Disturb free cell structure 
 High speed random access read/write 
 Scalable MTJ size & write current 
 Large magneto-resistance(MR) ratio 
 BEOL process temperature 350 ºC 
 Reliability 
  Low tunnel current density 
  Non-volatality Δ=E/k BT 

Domain Wall 



Domain Wall Motion(DWM) Writing 
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Domain Wall 

R. Nebashi, et. al., 
Sym. VLSI Circuits. p. 300, 2011. 
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H. Honjo, et. al., 
56th MMM Conference, 2011. 
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Transfer  
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Perpendicular Anisotropy 
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     Hc(PL) >> Hc(FL) 



Domain Wall Motion(DWM) Reading 
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R. Nebashi, et. al., 
Sym. VLSI Circuits. p. 300, 2011. 

H. Honjo, et. al., 
56th MMM Conference, HR-10, 2011. 
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S. Fukami ,et. al.  
Appl. Phys. Lett. 
Vol. 98, 082504, 
2011. 
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DWM NVM Fabrication 
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“Non-volatile logic-in-memory architecture” 

FIRST Program Target  

New Energy Saving 
System on a Chip for 

Variety of applications 

NV logic-in-memory 

► NV full adder 
► NV TCAM 
► NV flip-flop 
► NV …… 
► NV …… 

Storage / Logic merged  

nsec 

Dynamic Power 
Reduction  

Logic  

Non-volatile 
memory 

Logic with NVM 

► 2 terminal STT  
► 3 terminal MRAM 
► …… 

Static Power 
Reduction 

By NVM  

Please visit our homepage 
http://www.csis.tohoku.ac.jp/ 

 



Summary 
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 1T+1MTJ STT(Spin Torque Transfer) MRAM has 
the potentials for substitution of embedded DRAM 
to apply high density embedded NVM application. 

 2T+1MTJ DWM(Domain Wall Motion) MRAM has the 
potentials for substitution of embedded SRAM to apply 
high speed NVM application. 

 These embedded MRAM technology leads to “logic-in-
memory architecture” for future new energy saving 
SoC(System on a Chip). 
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