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Link between α-particles, 3-D NAND and MRAM - Tunneling
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What is Tunneling?

Elementary Quantum Mechanics, R.W. Gurney, 2nd ed., Cambridge University Press, 1940

“We shall not expect to find in quantum mechanics 
anything so definite as this sharp dividing surface”
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Tunneling in Solid State Memories

 2-D NAND
 Charge tunneling to and from a Floating Gate

 3-D NAND
 Charge tunneling to and from:

 Silicon Nitride (Samsung, Toshiba, WD-SanDisk, Hynix)
 Floating gate (Intel, Micron)

 Classic SONOS
 Charge tunneling to and from silicon nitride

 STT-MRAM
 Electron tunneling between magnetic metals

Basic Components
Field Effect Device
 Electrometer to 

measure charge
Charge Reservoir
 Nitride or Floating Gate
Move Charge In/Out
 Tunneling
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2-D NAND Flash
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3-D NAND Flash
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Classic SONOS in 3-D

Polysilicon GATE 

Polysilicon
CHANNEL

Blocking oxide

Tunnel oxide

Polysilicon GATE 

Charge storage 
Reservoir Silicon nitride

A.J. Walker, IEEE Trans. Elect. Dev., vol.56, Nov.2009
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STT-MRAM
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Tunnel barrier MgO
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Low resistance P-state Logical “0”

High resistance AP-state Logical “1”
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Tunneling Damage
 Rule of Thumb:

 Tunneling creates more damage in thicker tunnel dielectrics
 What is thick and what is thin?

 >/~ 3.5nm is THICK (2-D and 3-D NAND)
 </~ 3.5nm is THIN (Classic SONOS and STT-MRAM)

 What is damage and what are the consequences?
 Charge trapping: 

 Threshold voltage shifts (in MOS-based memories – NAND and Classic SONOS)
 Shifts in Current-Voltage characteristics

 Stress induced damage: 
 Limited retention (in MOS-based memories – NAND and Classic SONOS
 Wear out and breakdown



2018 Storage  Developer Conference. © Spin Transfer Technologies.  All Rights Reserved. 11

The Golden Thread of Tunneling
- From Fundamental Physics to Technological Innovation (1)

Fowler-Nordheim

Kahng & Sze

Lenzlinger
&

Snow

Keshavan & Lin

Masuoka et al.

FUNDAMENTAL
PHYSICS

1928

MOSFET 1960

FLOATING GATE 1967

CHARGE TRAP 1967-68

EEPROM
1978

FLASH
1984

Atalla

Kahng

Wegener
et al.

Harari

Frohman-Bentchkovsky & Lenzlinger

Enlargements in Appendix
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The Golden Thread of Tunneling
- From Fundamental Physics to Technological Innovation (2)

NAND FLASH 1988
MULTI-BIT 1992

SYSTEM FLASH 1994

LIMIT of 2-D NAND FLASH
~2016

Momodomi et al.

Harari

Harari

Enlargements in Appendix
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The Golden Thread of Tunneling
- From Fundamental Physics to Technological Innovation (3)

Thin Film Transistor (TFT) SONOS 2003

TFT SONOS NAND 2006

Walker et al.

Lai et al.

DG-TFT SONOS NAND 2008

Walker

The Rise of Monolithic 3-D Flash

Enlargements in Appendix



2018 Storage  Developer Conference. © Spin Transfer Technologies.  All Rights Reserved. 14

The Golden Thread of Tunneling
- From Fundamental Physics to Technological Innovation (4)

Vertical Channel TFT SONOS BiCS NAND 
2007

Vertical Channel TFT SONOS TCAT NAND 
2009

Tanaka et al. The Rise of Vertical Channel 
3-D NAND Flash

Jang et al.

Enlargements in Appendix
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The Golden Thread of Tunneling
- From Fundamental Physics to Technological Innovation (5)
Rise of 3-D NAND FLASH > 2013
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The Golden Thread Continues: 
STT-MRAM: A Unique Tunneling Conundrum
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• Write Error Rate needs large tunnel current
– Limits endurance due to oxide wear out mechanism

• High endurance with low Write Error Rate needs 
reduced tunnel current
– Make Free Layer magnetically less “stiff”
– Reduce MTJ area
– Use special design techniques
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Tunneling Engineering
 NAND Flash increases electrical bits/cell:

 Cost in endurance (orders of magnitude reduction)
 Cost also in read and program speeds

 SLC NAND endurance limited by thick tunnel oxide damage
 New device architectures can allow thin tunnel oxides

 3-D Dual-Gate SONOS allows millions of endurance cycles
 STT-MRAM endurance boosted by design techniques

 Up to 6 orders of magnitude gain allowing 
SRAM/DRAM replacement

3-D NAND 
example
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Tunneling Conclusions
 A long and illustrious history
 The foundation of many solid state memory technologies
 Creates damage and must be monitored

 Architectures, circuits and systems can take advantage of the 
physics knowledge to control and boost endurance

 Continues to grow in importance:
 3-D NAND evolution
 Other 3-D solid state memory approaches
 STT-MRAM
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Tunneling in Silicon Valley - Fairchild 1967-68
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Appendix

 Enlargements of the articles in the Golden 
Thread timeline
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Fowler-Nordheim Tunneling
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Kahng and Atalla - MOSFET
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Kahng and Sze – Floating Gate Memory
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Wegener – “ON” Charge Trap Transistor 
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Keshavan – “ONO” Charge Trap Transistor
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Lenzlinger – Theory of FN tunneling in SiO2
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Frohman-Bentchkowsky – Charge Trap charge 
transport and storage
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Harari – EEPROM with tunneling
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Masuoka - Flash
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Momodomi – NAND Flash (2-D)
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Harari - Multibit
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Harari – System Flash
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Walker – TFT SONOS
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Lai – TFT SONOS NAND
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Walker – Dualgate TFT SONOS
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Tanaka – BiCS SONOS NAND
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Jang – TCAT SONOS NAND
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