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The Link between a-particles, 3-D NAND and MRAM?

- Quantum Tunneling
Flash Memory Summit
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Much has been written of the explosive violence
with which the a-particle is hurled from its place in the
nucleus. But from the process pictured above, one
would rather say that the a-particle slips away almost
unnoticed.
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[[3 What is Tunneling?
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Classically allowed region . Classically forbidden region

Edge of bucket —o.

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




i@ Tunneling in Solid State Memories

Flash Memory Summit

- 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




i@ 2-D NAND
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wordline 'j,'j’@*j’ﬁm’gg | 128 Gbit 16 nm 2-D NAND
aanfAnAAAn &1 tHam { from Intel/Micron

| Control Gate
Floating Gate

b . § between gates

Tunnel oxide

Wordline pitch ¥~32 nm
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Classic SONOS
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A.J. Walker, IEEE Trans. Elect. Dev., vol.56, Nov.2009




i@ STT-MRAM
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Low resistance P-state Logical “0”

Tunnel barrier MgO

Reference layer

High resistance AP-state Logical “1”

Tunnel barrier MgO

Reference layer

Tunnel Magnesium Oxide

& Spin Transfer Technologies




i@ Tunneling Damage
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* Rule of Thumb:
 Tunneling creates more damage in thicker tunnel dielectrics
 Whatis thick and what is thin?
« >/~3.5nmis THICK (2-D and 3-D NAND)
« </~3.5nmis 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




The Golden Thread of Tunneling
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JOURNAL OF APPLIED PHYSICS VOLUME co, NUMBER TULY 1969
F uSh Me m 0 ry SU m m " w Charge Transport and Storage” Metal-Nitride-Oxide-Silicon (MNOS) Structures*
MOSFET 1960 PPN o vo..., A ~oioplosciy NN

(Rec 19 February 1969; iu. i form 31 March 1969)
114 THE VARIABLE THRESHC uns»svon, A NEW ELECTRICAL-
TERABLE, NON-DEST VE RCEAD -ONLY SBGRAGT] d
ited S 3102230 VICE T AR Wesener A 3. Linens T M. R._0'Connell, an
United States Patent Office ..., i R. E. Oleksiak, Sperry R¢ " ‘Resez  Center, Sudbury, Mass. H. Law-
rence, Sperry Semicondu.  Norweix, Conn.
A 27, 1962 AWON KAHNG 3,102,230 A ‘memory element has been developed that has the structure of a typical
tonses sty e b, Yot sicon planar pehanel erjgrcement inaggesgate felatect tratssor
particle utsi s

/ Filod tay 31, 1560 salu.Interrogation 1s accomplished by applying a ; EEPROM
1614 Wegener to the threshold volt™ - extremes. Carrent will flow

13 the recorded thi  ld voltage is less negative _—
‘ ; e; none will .o if the recorded threshold
in secortanc il e gt i utte char - “.1igh (negative) threshold voltage is written by
Lt sl ity o oo . or higher for a duratianof 1 msec or less between
edgeofbucket —f i g gate and substrate. A lo's threshold voltage s~ ilarly obtained with posi-
v r¢ace of stored informauin has heen demonstrated

. . 4,115,914
he storage mechanism will be discussed and-experimental data that
describe the write ad-out, and storage chi teristics of this device darari Sep. 26, 1978
| be prosented. THSjsults of its application, 1ar fous experlmcn(dl”c:
Electron Emission in Intense Electric Fields. : uits, including a one-by-four electrically-alterable rgad-only memory, will be ELECTRICALLY ERASABLE
By R, H. F PRS 4 Dr. T. N United S P - NON-VOLATILE SEMICONDUCTOR
y R. H. Fo_ :r, F.R.S, and Dr. L. NorpHEIM. nited States Patent Office 206, MEMORY
Neaniidun 24.3_MONOS MEMORY ELEMENT B. V. Keshavan and H. C. Lin, West.
(Reesived March 31, 1928.) Sept. 14, 1965 M. M. ATALLA 3,206,670 ghouse Electric Corporatior .ntegrated Circuit Division, Linthicum Inventor:  Eliyahou Hararl, Trvine, Calif.
JAd.
The use of metal-nitride-oxide-samiconductor structure as a storage Assignee:  Hughes Aircraft Company, Culver
¢ ment was reported by Szedon the 1967 Device Research Confr City, Calif.
FIG.5 - . e. When such a structure is used as p-channel enhancement mc. . 70346
> device, a positive gate voltage exceeding a certain critical value changes the
device into depletion mode. Later wh 1 negative gate voltage of the ¢ er iled: Feb. 22, 1977
of this critical voltage is applied, the .cvice changes back to enhance at
plained as electron tunneling fron. he
A t‘“ traps in the nitride with a p tive
Keshavan & Lin e onductor with negative ga.. ias.
nory element. S . _
Tn order to study the emission through the  tentia rgy s _ of fig. A NEW FLASH E2PROM CELL USING TRIPLE POLYSILICON TECHNOLOGY

we have only to solve the wave equations
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MULTI-BIT
1992

NEW DEVICE TECHNOLOGIES FOR 5V-ONLY 4Mb EEPROM
WITH NAND STRUCTURE CELL

M.Momodomi, R.Kirisawa, R.Nakayama, S.Ardhor.e, T.Endoh, Y.Itoh,
Y.Iwata, H.Oodaira, T.Tanaka, M.Chiba, i ‘Shirota and F.Masuoka

ULSI Resear/ (Center

Toshiba Corporation, Komukai 1, iiwai-ku,Kawasaki 210,Japan
Bit Line CELL OPERATION
J

Select Ga:eé” This cell can be programmed and

Control Gate erased by F-N tunneling mechanism. There-
CG7 7 for current dissipation during these
66 operations is very small. High voltage
65 ) pulses are generated on the chip from an
o4 ] external single-5V power supply.

CG3
62

United States Patent (9 {11 Patent Number:

Harari*

' Ips (xh)

Structured” " Yiods of manufacturing and methods of
use of elect, <ally programmable read only memories
(EPROM) and -~ lectrically erasable and program-
mable read ‘only .nories (EEPROM) include split
channel and other cell co” Sigurations. An arrangement
of elements and coope. - processes of manufacture
provide self-alignment o tue elements. An intelligent
programming_technique allov: each m:

store more than the usual o of information. An
intelligent erase algonithm prolunc “he useful life of the
memory cells. Use of these varic  \tures provides a
memory having a very high storag. density and a long
life, making it particularly useful as a solic state memory
in place of magnetic disk storage dev i computer
systems.

5,095,344
Harari 5] Date of Patent: Mar. 10, 1992

CG1
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Momodomi et al.

412-TEDM 88

NAND FLASH
1988

United States Pater " {11 Patent Number:

Harari et al. - 45) Date of Patent:
Harari

A system of Flash EEprom memory chips with co« ol
ling circuits serves as non-volatile memory such.  .at
provided by magnetic disk drives. Improvements in-
clude selective multiple sector erase, in which any com,
binations of Flash sectors may be erased together. Se-
lective sectors among the selected combination may
also be de-selected during the erase operation. Another
improvement is the ability to remap and replace defec-
five cells with substitute cells. The remapping is per-

tected. When the number of defects in a Flash sector
becomes large, the whole sector is remapped. Yet an-
other improvement is the use of a write cache to reduce
the number of writes to the Flash EEprom memory,

thereby minimizing the stress to the device from under-
A T T —

5,297,148
Mar. 22, 1994

SYSTEM FLASH
1994

LIMIT of 2-D NAND FLASH

~2016
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Rise of 3-D NAND FLASH
> 2013




[[ M The Golden Thread Continues:
o STT-MRAM: A Unique Tunneling Conundrum
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The Stochastic “Top Hat”
Magnet/c

T /
Hnne Tunnel barrier MgO [PI - \

Junction
(MTJ) Reference layer CoPt

100 ns

 Low 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 105

— Use special design techniques (see “The Engine” 08 06 04 02 0 02 04 06 08
Wl M TJ VOI tage ( V) & Spin Transfer Technologies

Write Error Rate




i@ Tunneling Conclusions
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* A long and illustrious history
« The foundation of many solid state memory technologies
* Creates damage and must be monitored

« Circuits and systems can take advantage of the physics knowledge
« Continues to grow in importance:

« 3-D NAND evolution

« STT-MRAM

« Other 3-D solid state memory approaches
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