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Magnetic Tunnel Junction (MTJ) Structure
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Free Ferromagnetic Layer

Fixed Ferromagnetic Layer

Tunnel Barrier 0      1

• 2 stable states – Parallel (0) & Anti-Parallel (1)

• 2 terminal device - behaves like R with 2 values

• Principle - Spin direction conserved in tunneling

• R1 = R0 * ( 1 + MR )

• MR typically ~ 100% => ~ 2x change in R
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Spin Transfer Torque (STT) Write Mechanism

• Earlier Field-Write MRAMs relied on B fields from 

large WL & BL currents, however doesn’t scale

• STT MRAMs written by passing current though MTJ

• Principle - Conservation of angular momentum

• Mechanism is reversible to write 1 (AP)



Motivation

• STT MRAM is the only emerging memory with the 

potential write performance & endurance (# cycles) 

required of cache & main memory applications

• STT write mechanism involves changing electron 

spin direction, NOT

– Trapping charge – Flash

– Melting & annealing material – Phase Change

– Moving ions within a lattice – Ferroelectric RAM 

– Growing & melting filaments – Resistive RAM

• STT MRAM a faster & higher endurance memory 
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More Motivation

• STT MRAM very attractive as an embedded memory for the 

following reasons:

– Density – 1 FET cell, like eDRAM, ~ 3x denser than SRAM

– MTJ small, integrated between 2 metals, unlike eDRAM

– Low voltage (Write ~ 0.5V) – compatible w/ advanced nodes

– Insensitive to array FET Ioff, unlike eDRAM or SRAM

– Low standby current – Array standby current can be 0

– Write mechanism scales well

– And it’s non-volatile!
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Final Motivation

• Many recent papers on MTJ materials, device & process

– Focus on increasing MR, reducing Wr I & spreads

– Further success critical

• Fewer, still many papers on STT MRAM circuit design

– Few to none including fully-functional chip-level data

– Why? – STT MRAM circuit design very hard!

• Focus of this work is to identify & demonstrate solutions 

to primary circuit design challenges of STT MRAM
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MR = 100% sounds like a lot, but>
• R change = 2x, whereas PRAM ~ 103x, SRAM ~ 105x

• Simple example

– R0 = 1K, MR = 100% => R1 = 2K

– Ideal V force, I sense Sense Amp (SA), no parasitics

– Ideal Ref R = 1/average of 1/R0 & 1/R1 = 1.33K

– Require 5 sigma of margin from 0 to Ref & 1 to Ref 

– Sigma_R0 < 0.33K / 1K / 5 = 6.66%, same for R1

• Haven’t included Ref variation, parasitics, SA offset

• Hard to meet, only harder at more advanced nodes

• This problem is not the circuit designer’s fault

– If 0 & 1 distributions overlap, no SA can discern

• As usual, we have to clean up this mess

– Our goal: SA offset ~ 1%
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As if that wasn’t hard enough>

• Sense V must be << Write V ~ 0.5V

– Or else we may disturb the cell

– Our goal was to sense ~ 100mV

– Makes 1% SA offset goal even harder

• Low sense V requirement unique to STT (vs Field) MRAM

– Field MRAM can use higher sense V

– B field, not MTJ bias switches the cell
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Sense Amplifier Schematic
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Local BL Clamp Amp
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• Field MRAM SA similar, but Vclamp a global reference

• Hence, forced V depends on long range matching of N0-2

• Fine for Field MRAM, not for lower sense V of STT

• Loop must be carefully designed, enabled every sense cycle



Sources of SA Offset
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1) Current mirror load (P0-2) 

2) BL clamp source follower (N0-2) 

3) Comparator



SA Trimming
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• 4 bit trimming enabled by adding W to P0-2

• Range ~ +/- 10% to cover expected variation of SA

• Step size ~ 20% / 16 steps ~ 1% 



SA Summary
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• Reference R, forced V, I comparison dependent on 

local matching only

• SA trimming to drive remaining offset down to ~ 1%

• Symmetry provides good noise immunity 
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What’s so hard about Write?
• Efficiency of STT mechanism drives minimum Wr I

– Subject of intense device research worldwide

• Our task: Maximize, yet control the MTJ Wr I & V

• Must minimize & control the parasitic Rs

• Bit Line (BL), Source Line (SL) & Array FET

• Must do so in both polarities

• Array FET in source follower mode for Wr1, like DRAM
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BL & SL Wiring R
• BL

– This is the easy one

– BL above MTJ, can occupy entire cell width (minus space)

• SL

– Below MTJ, shares cell with landing pad - FET to MTJ

• Our solution

– Wire SL redundantly on M1 & M2

– Drive BL & SL from opposite ends to match R vs WL address
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Array FET
• Motivated to use thin oxide logic FET for density & Wr I

• Conventional - Standby at Gnd, drive BL / SL high for Wr 0 /1

– Vpp limited by breakdown, unselected cells see full Vpp

– What good is unlimited endurance if the FET breaks down?

• Our solution

– Standby BLs & SLs at Vbleq (~ 0.5V) to allow higher Vpp

– Only Wr0 array FETs see full Vpp (~1000x lower duty)

– Double gate finger layout to maximize W / cell area
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Array Cross-Section
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STT MRAM susceptible to thermal errors

• Soft errors, not defects, inherent to all bits

• 3 types of error

– Storage errors

– Wr errors – Fails to Wr due to initial state of moment 

– Rd disturbs – Rd is a miniature Wr, drives low Sense V
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ECC Scheme - All cycles (Wr or Rd) include

1) Sense 80b, 1 per Segment (SA domain)

2) Data redundancy reduces 80b to 78b

3) ECC corrects up to 2b in 78b ECC word (64 data + 14)

4) For Rd, mux out 16b to the DQ (page mode Rd supported)

5) For Wr, mux in 16b from the DQ

6) Generate 14 new ECC check bits

7) Data redundancy expands the new 78b to 80 Segments

8) For each of the 78 active Segments, Wr the selected cell if 

the bit has changed OR if the old bit was in error 

9) If the old bit was in error, concurrently refresh the selected 

reference cells of that Segment
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Impact of our ECC scheme   

• Storage errors – Every Rd or Wr to ECC word scrubs data

• Wr errors – By nature, don’t accumulate over multiple cycles

• Rd errors – Don’t accumulate over multiple cycles incl Ref cells 

• Allows large, efficient ECC word

• Power efficient – Wr only if necessary
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128Kb Segment or SA Domain
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Chip Features
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Process 4Cu 90nm CMOS

Devices 1.2V - Array & Periph Logic

2.5V - SA, Row & Col Ckts

3.3V - IO & Power

MTJ R0 ~ 2Kohm, MR ~ 120%

Rd < 100mV, Wr ~ +/-600mV

Cell 50F2, MTJ under M4

Interface 3.3V x16 Asynch SRAM-like

Cycle 70ns incl Sense, ECC & Wr

Temp - 40C to 125C



Additional Features

• Digitally-trimmed on-chip timing generation & 

voltage regulation

• Conventional row & data redundancy for hard errors

– ECC intended for soft thermal errors only

• Redundancy & trim “fuse” data stored in ECC-

protected, twin cell extension of the array
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Chip Micrograph
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SA Trim Shmoos (of 8Mb, ECC off)
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SA Timing Shmoo (of 8Mb, ECC off)
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Write Shmoo (of 8Mb, ECC off)
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VPP Vwr0 26 0 0 0 0 0 0 0 0

Vwr1 64 2 0 0 0 0 0 0 0
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## 84 4 1 0 0 0 0 0
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## ## ## ## ## 18 3 0 0
## ## ## ## ## 77 3 1 1
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Additional technology-related data

• Thermal stability, T dependence, data retention, 

BER data available in Refs 9 & 10

• Use of this design as a One Time Programmable 

(OTP, using MTJ as antifuse) is described by Jan 

et al, 2015 Symposium on VLSI Technology
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Summary

• This work identified & demonstrated solutions to 

the primary circuit design problems of STT MRAM

– Sensing

– Write 

– Error Correction

• With this work as a starting point, further circuit 

improvements are needed to scale the technology 

to a more advanced node & higher performance 
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