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NN 2'90N ¥ WY DNLVZRY? Dayn eV 4.9-3 7w NNk "7y 0nIvISN .(VNIM
n'n o7 EPROM-1 57 .n¥imnnin 0T NRxY

nm nipT 20~ :npnn nt .anan R van? or UV e o — T un qipw yange ji'n
N7 UV

-0 DX NMIN'Y 701'R 1971-2 :Dnnon nona

12101 [IYXRIN NNoNN XN NN NT (0 256) v 2048 7w Intel 1702 — EPROM

(80-n1 70-n nnnw) nn"on T — UV-EPROM 2.2
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TNX 7D .Awnn n¥alvyn nd>yn 751 '01mvo 117 190 EPROM-n ,80-n1 70-n ninw Ix?
nirman DIP-n ni7\an nx 2'on — 202K 7w nizaxoa 7710 — 1T n9ipna ntwyna Tayy

QIipwn (17nn oy

nvy "M J'l'?ll'.'! uITn

1971 Intel 1702 v" 256 mnon EPROM

UKD
1975 Intel 2708 KB 1 722N |I0NX
1977 Intel 2716 KB 2 Tn' 5V
1979 Intel 2764 KB 8 NNIQA NI9'OX
1984 Intel 27512 KB 64 3'7nn CMOS
1988 27C010 KB 128 N7wa NaI71100V

N'XIN7 X .nwp N'71von n7aan antn UV np'nn ,EPROM-n nn7xn qx 7y :UV-n niya
NZ'NNN 7D — PIMnn 270 [DTY7 1N X7 .NTNNYEL, NI DT INIR RN 7201000 2070 DX

J2TVYT M1 K7 ?2721w7 INY' 12D0W DMY'WON DY NNl LNNK N2 [N 7D Np'nn RN

(1978) n'"'mwn nj'nn — EEPROM 2.3
Da and1) EEPROM — Electrically Erasable PROM-n nio1o ny 1978-2 yan |nnon

-2 DAY 190 12 NiIaa NN N7won T Y UV X77 ntmwn ap'nn cpirvan L(E2PROM

xn wwinn nyinn (yonn 7w Fowler—Nordheim tunneling
nxmnn n'o'oin EEPROM-a :mann wiT'nn

AWON? FTD 2'o90N NPT IT N2OW .qxn Ww? nnnn (honm 10-7) Tnima npT tunnel oxide
2N 11'R 'YONN .0N7IAN DYMYN NITYA — 17N n2'Nd — 0N awa FN nn

.72unnn nxxYy

-n .Intel 28F256 (1988) .mnon jiwx1 Intel 2816 (1978) — EEPROM :p''1>n nranmn

.embedded ni>yni ,0'mdnN '0'v1d ,0"w'R D'avnn 7w BIOS-1 anY win'w xxn EEPROM

AP TN NVY NIX 7 Tanw nn ,N'NNN ]T1|71'7 Qo NIVO'TNL YWAIT KN 70 11N [Nno'n

OIXT NN

Masuoka (1984) 7w 70 1h n¥"9 — NOR Flash 2.4

nwa 19' ominn ,1984-a

N7 X XInY nwTn N1uuDR IEEE-IEDM 0102 arvn ,na'wiun Fujio Masuoka
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27N v .nan7xn 7w (flash) "pran™ nnn np'nninw 1on — Flash Memory

AYWONNI np'mop'mn TIN N'UNTT LYON NT .KN-KN X7 ,NNX N1d D'y D'|7I'73. n'7nin
.N2TN2 NNIAA NI9'OY

NYIAWOKRN NT .00 17 nN'w Nainn &N 75 ,NOR Flash 'xna :NOR mivpounax
NOR .nmw-1m 100~ :nwa ar .axp'? RAM jno' 17 nnima — v 757 nnrnn 'k
.01 012970 7w BIOS, firmware — Tip jonx? Wj7'va wn'w Flash

m EEPROM NOR Flash AYA

nZ'nn NN-KN (+64KB) 172 anir 'nn Flash
NXMP? NYn2 N'RIN NN NRIPN Mo XiP
NI9'ON ndIn nana DIVO'TINV NINY
NPy vy nNTaN Firmware/BIOS n7von Ty

(1987) nnxann nio'osxn — NAND Flash 2.5

'MW MI0PLVDIR Masuoka arvn 1987-a

N'RIPR NWA2 'R Ca7na X7 ,(NAND myw imd) qioa onainn o'knn |80 .NAND Flash
7w n'1722 nyyann np'nnn .KB 16—4 7w (pages) 0'oTa nyx¥ann nx"pn — 017 MY
.0'Tmy 256-64

11'8 NAND Flash .now nino ,n>nn Nia'n NiNS — N21n2 |07 XN 72 :y™ona N
INIX 190 N7 .0'71Ta 0'N912 02N [IoNX7 07w 7ax ,(XiP) nin'w' yan Ti IoNK7? 0'RkNn
J0I¥N X 7w "jlonkin o™

xn? o'va i — SLC, MLC, TLC, QLC 2.6

.(SLC — Single Level Cell) nnn nin1 'my — TnX v "X Flash xn %95 ,90-n nnw Ty
[TONX :NNXAN Nd9NNN

XN Wwwn 7Y NIy nhn niM |'2 "Mnan 'T 2V TNAX XN2 D'V 190N

117100V xn/n'ona NNN NinNN nnMmN nIo'OX
SLC 1 2 TINN NN ndIm
MLC 2 4 nniaa nana
TLC 3 8 nana NN
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QLC 4 16 N'oN' NdINa TINA NN

(rron) PLC 5 32 noIna n'mropn

%0 W 7w nniv nnn nimn 16 1 'nan? 11y ,QLC xna nroa 4 jonk? T taprmon
NNONINN NV'7Y NPINOVRR WAIT AT .TA72 070-"7"n NNYY XIN N7 NN 2 wionn
.(ECC — Error Correction Code) nadnm Tz MmN aNI

(3'72'x1 2007) 2190 '112a"% nnon — 3D NAND 2.7
-0 9w 9rron 712a% yvan NAND Flash-n i ,2010-2007 niaaoa

— 0unm 20-7 nnnn oN¥pnNn 0'RNNY 720 n-ITn scaling

17201 'M72 1D9n retention-n nirval ,0'mMo o'Rn 1 interference-n ,n'wyin

JINN9N

.N"MYUN 23 7Y NNKR 0'RN 7w NIDY oy L,2D-1 0'Rn oInT? DIpnAa .naia? nnaYy
n"71100

A1 nidw nikn TV nnwy nworn (V-NAND — Vertical NAND 1x) 3D NAND
,Samsung, Micron, SK Hynix ,n1'5> .2013-2 jwxn 3D V-NAND nx nnnnw Samsung

AN ninpdw 238—-176 ny 3D NAND nmyx''n nonxi Kioxia

Ao N""DIX NID'OX
2013 Samsung V-NAND 24 Gb/die 128
UKD

2016 64 naow 3D TLC 64 Gb/die 256
2019 nnow 128-96 128-96 Gb/die 512

2021 nnow +176 176 Tb/die 1
2023 nndw +238 238 Tb/die 2
(1ox) 2025 niow +300 +300 Tb/die 4

mnon jionx? Flash-n — SSD man 2.8

-1,00n (controller) 772 ,NAND Flash naw 7w ai'7'w xin SSD (Solid State Drive)-n

-0 NnwA w'ain 0Iwrn SSD-n .pwnnn n1'nan 710 porT a7 ntnnnw ,DRAM cache
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Intel 9w SSD oy 1 0o N 71w7 119 IR L (In'xwr nnan — SunDisk, M-Systems) 90
.2009-2008-2 Samsung-i

:SSD “Yw 'n19n n1ann

(SLC/MLC/TLC/QLC) mxy n>'tn — NAND Flash aaw

,mapping, wear leveling, garbage collection 7nimw miy» 1Tayn — Controller
ECC

NINAT NIAMY/NIRAPI NIAmd 7w (cache) (mon — DRAM
nownn XY X wpn — SATA, PCle/NVMe, M.2 — punn

|""oNn maion HDD | SSD SATA SSD NVMe

nwna Nt v"n 10-5 w"'n 0.1 v"n 0.05-0.02
NN NINN MB/s 200-100 MB/s 600-500 MB/s 7,000-3,000
D'yl D'?7N (porT+wN) ['R |'K
7nwn nony 10W-5 4W=-2 6W-3
D'VITYT NIT'NY ph]}ah! TIND DDA TINN NNI2A

X720 1na — Wear Leveling 2.9

:NP'NN-N2'ND NITNN 7w N722m nimda Tmy'? 710' kn 75 :Flash 7w 0'21man pnankn TnX

n"irnn SLC Flash: ~100,000

o"urnn MLC Flash: ~10,000

ournn TLC Flash: ~3,000

o~urnn QLC Flash: ~1,000

DY N'NN-N2N Thn ' Floating Gate-1 MNOS 7w np'monn 71'1a van 01 'K7a
,Si0, N2OW NX NW'7NN  NIYTN NITIRDA Ny tunnel oxide-n 0T Noon [yon npatn?

M2 n7nin INT NX NAATN2 MOl

795 7y Ny 9182 NNTONN NIMONY N'vany onNnYk — Wear Leveling xin [nnon

.SSD-2a controller-n 7¢ ni'toann NIYI90 NNX IT .0'7'WD DNITRA NITOINN X7 ,0'KNN

NITIYRA 'XaND NIRAY j17'n — ECC 2.10

0713 interference-1 n"nN D'wyIY |0 DD XIn NN DM 16 2 71ann ,QLC Flash-a
N71Y97 'n1dN XIn — n'x¥oIR 11'k ECC (Error Correction Code) |57 .nxM 7 nix'aw? ninaY?

NN

122 o'nTnn ECC mnnn7xa wim'y nwya nmn SSD-a
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INT .qT 222 D"IAw D'V NIXA [7n7 D*7210nw ,LDPC (Low-Density Parity-Check)
YT nomnn 1% Flash-n np'mo 2 71mn n71ve qin'w

SSD-? MNOS-n :X'm |nT ¥ 2.11

nvy yin'x / ananfnmo niynvn

1969 (PN Mmxn — MNOS qQ'T2-X7 |ND'T7 '"7j7'T'9 0'02
q217%171

1971 “01rx — FAMOS / EPROM mnon [IwK) Floating Gate

1978 2816 701'x — EEPROM NMIYXY N'Mun np'nn

1984 — NOR Flash [lwx Flash ;07172 njz'nn
Masuoka/Toshiba

1987 — NAND Flash NNI2A NI9'OX7 NIVPVDIN
Masuoka/Toshiba

1991 SanDisk FlashDisk 20MB lwx1 mnon Flash drive

1995 M-Systems DiskOnChip 17 porm Flash
(‘7xwr)

1998 USB Flash Drive (M- 229NN T |IONX
(Systems

2007 - iPhone — NAND Flash D1150xN02 Flash
storage

09-2008 Intel X25-M — nnon SSD D10 ¥N 7Iw? SSD

2013 Samsung 3D V-NAND 'W7wn TAN? Nayn

2019 +4TB n912 QLC 3D NAND D7y 0"1dx SSD M

+2023 3D NAND ninow 238 "N N*AI71200N 7122

Non-Volatile Memory Evolution 1969 — 2024

MNOS NAND Flash iPhone NAND| 3D V-NAND
Frohman PhD (Masuoka) Storage (Samsung)

9B ' 99 " 2009 ! 2024
NOR Flash USB Flash 5SD Consume
(Masuoka) Drive (Intel X25)

PROM/FAMOS
(Intel 1702)
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3D NAND 2024 1v MNOS 1969-n :q'13-X7 |1N>'T nInnonn 7¥ [arn 'Y — 3 U'X

n7xX 157 MNOS nj'm'o 7w niroan'nn 2.12

EPROM, EEPROM, NOR — 1770 nifai?1:oun 75 7w n'0'oan np'm'onw XIn D'NTY nn
11969 7w anxknnn nTiIona naiw na1'k — Flash, NAND Flash, 3D NAND

n?'nnal n2'nda — tunnel oxide 0T Fowler—Nordheim tunneling
Floating Gate — TT1Ian "2 Www v [yon jI0NX

YT [IONXY7 101D qoN NNN "'y

(N2md iTnn 752 1) M 'R7an 01 oxide-a Trapping
oxide-n 7'aa1 nITd7AN 7niva nitn — Retention

threshold voltage 1x charge loss Ix oxide degradation 7v N2 Flash ominn Wwxd
.NIYKRIT? N0 121'7X171 [NNND MNRNY NSWA 21" Ta 12T KIn — distribution

2v19 nnn TnX 7w ,NAND Flash 'xn '7x"7'n 7'on 037w awnn? rway Nainnw SSD-n

.M 7Y DTRN NN1 DAY MW DONISY D'TINY 12 |2 MKN IN'MY N'0'01 Nj7'T'S NNIX '97

q9'T2-XY? [ND'71 Nd'71n 2aan ,MNOS nian — *7j7'm'9n 0'oan :'a 1o
The Physics: MNOS Structure, Charge Transport & Non-Volatile Memory

n"9M1'72' n'vo .1

(V1) NN vIILPIT
nInn Charge Transport and and Its Memory...
Storage in MNOS Applications

Structures
nnann & Frohman-Bentchkowsky Dov Frohman-
Lenzlinger Bentchkowsky
ny and>/Tom  Journal of Applied Physics UC Berkeley
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mv 1969 1969
[1"7'a /770 Vol. 40, No. 8 —
D'TINy 3319-3307 —

MIVO'AN YN .2

D'7ITAN DMANKD TNX 191 N TAY N¥xNN? 0D"7mn nv'wyn ,20-n nxnn 7w 60 n nnw 910
core — TX D'M"PN NNND'TA .ANNN 71N NX? DA MOS 21 N2 vy w7 18D nhY
non-volatile memory-a 1ixn .0"0'R1I DM ,0"1TA I'N — VN9 DON ,D''01AN memory

N2 Nt AN v e

ana ,Martin H. Graham n"nan nnn 1969-2 *77722 VYIVEIT DX D*7WNY ,NNND QT
D720 ppron nximnn 2yn (SisNy) pz'?'o0 TV N1OW 0'9'0IN 1AW TNIM N1 IENY

DY NnE'NN Nifynwn 13'7 Wi — INT'R TTIAN 'R ,0NAN'Y 19D, TN0NN

nnpn MvLVDIX :MNOS nian .3

n'775n LN 3.1

PRY7'on yxn 7un ni7190 niMoprT nindw xin MNOS mian

NLY nin T'79N
WY (Al) monn NTY N2u90 ,121¥'N van

[I"7V ORI [177"7'0 701 — SizN, (trapping) [von jionx
[IMNN NOFRT  ApT ''o nximnn — SiO, DT N2l NN
yx¥n (n-type Ix p-type) [17"7'0 [VOn 'RW1 790
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MNOQOS Layer Structure

Metall Gate (Al)
Si0:
~2nm

SizNa

~50nm Sllicen N Sisha =S50nnm

Sfilicon Diesdele Si0z —20-210)

p=oype Silicen Sulsstrate

Charge trapped at SiO»fSisNs interface — Threshold Voltage Shift — Non-Volatile Memory Bit

SiO,/SizN, 7wnna jyonin n1%7 122301 MNOS niadw nian — 1w

:NI0P NI'X IT N90IN . TV N1OW NooIn KN (Metal/Oxide/Silicon) 7222 MOS-n YT1ann
VT K7 7a10n — 797 (TTIan) '2'09 N1ann N1ann 73 DX ND9IN KN

"3nmn wew" — SiO; naow 3.2

01102 angstrom 30-20 7w 7712 7702 — TRIMA AT X'n MNOS-2 n¥imnnn naow
NPN NI'R NRTA NPT .0'NATRIAN

S0P 2NN T (YU 12YNn NMYWONA NXINNNN ,NIAA *270WUNn NTYN TWURD
yon NNMa yamn 7'y nionn AN NXIMNNN L (NN'NMY [AT1) 1Ml NTYUN TWURD
.MNMY/N2MIN IThA 0'02 INT — 1M1 NIDA 12011 NIAA NI NN9IY "mMA" nd

79 P1TNN 11NN 0NN N [Yonn — T NPT 0K QMDY TWOK 'K — TN N2y NXINNNN DX
.MNOS [11on2 0"V PN D'MIANNA KIN NXIMNNN Q1Y

"lonn"n — SizN, naow 3.3

— (traps) nTd'N "ax¥n ¢ AnIA NI9OX 70 KIN .D7WIM TTIAN 12'K [I[77'7'0N TV
;o7 MOS neal7moua .o faxni L, (dangling bonds) n*i'7n nnwy ,0''1an 0'Nao
'WXNN NIX NINN [N — Xy [122na [0 nimpan ,MNOS-1 Ay w'w nwwa? n'awna traps
.lonxN

MIT .IX'N NN X727 DA DRI 0N OWIL1970 NITID7N 041271 71017 0'0121N DINVRPRN
DRI K7 W YT COQrTITRD NTh DTN
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Jyon Nd>71n 2nan 4

D'12211 7¥ NIANN .'NIDWTITN N1ANN 0T A (YN DAY 0DYTA DX VN9 NNIN MNRAN
.degradation-1 n*7w> 1217 D1 7w N7 1DN7 |0 NN AR

nximnna Fowler—-Nordheim Tunneling 4.1

n2'71n"7 TIama .Fowler—Nordheim 110n 21nan nawoxn nx¥innnNn ,NiAa '"mun nTwa
NIX NIXNYT N'0217 NIN2NON KX NINN NIDYIM X7 KIN 'TDINN DIAN KD ,N7'A0 N'NIX
.nionnn

— nayi N XN SiO, NN JNVRR 7¥ NANIRN DIONN ,NTY K77 2N 19 AN an
INXR YA NI 27T @210 nwyl DIoNARN LPTN "'2nWN NTY D'7'Yy9N TWKRD .1ayn 'K VYD
DY N'ONTT N7V NN NINANOoN TN 2700 T 11227 215 ,'0)IZ 72 I L, NuRIRN

.NTYa Ny

N7'NNN N2NON LMY ;NAMD 'R VYND 010N NTY? NNNN — ‘wUn 90 ¥' :N'YUYn Niynwn
("2 "TY) NaMd axn 7m (M1 NTY) NNMY a¥N NY70M0T N71V9 TWONN DT .NITNA

711022 Poole—Frenkel Conduction 4.2

370N 107 .(Frenkel-Poole na niapnin) Poole—Frenkel xin 'oxxmith jmamn ,7om
DIONN NIX TN 1IN *70WN DT (NTIDN) 781019 112 1IN KX¥NY [NVRIRN DTY—"NIN
DTR'MNN X'y

Poole—Frenkel-a .0%7w nionn 10T Yynmn jnovj7?xn FN-2 :Fowler—-Nordheim-n 71an
—F 2% .nmn nxx? 02X 17 pravn nTwni (TN KI9D) TI01IN N2 12D DY [NLVRIRN
QTN DM NN1015Nnv7 N wa P

17D .N122 NTYA ND7IN NNWONN DA NTD70 IR NNWORNY NITIDNA NI (T ndwa
NIINIT NIT NI "N Tnn" DImmn ,nmea nimnmn 0T 0IT [yun ,Na'mdl —
.TM010 7w nroroan

Hopping Conduction 4.3

[NV77X -hopping conduction n"nn7 715* ,NINN NIN1IVI9NVAI N'ON' 0'DIN] NITYA
N12N2 AIWN X L'O'R DT 70N .N071In0 097 N7y K9 ,NTId7NY ndimo nTidan "you7”
N AT

MNOS-2 yT'n 7w 'nmaTnn |TAIRD M1 — N1 XY drift

n7202 Nd71In 2aIn np'o 4.4
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[[hBHY) DIz'n D'NIN

Fowler—Nordheim SiO, (N2md) TIXn NI NTY
tunneling

Poole—Frenkel SizN, T >0 ,n22—"n1 nTw

Hopping SizN, mn T ,qmi nTv

A1nin) Field emission SizN, (awn) TIXA D' NITY
(nrTn'n

Inxnn A7 — Si0,/SisN, pynna [yon n11% .5

.TN0N 752 T'NN |DIXA 770NN 11K [YUNY NONIK DR'T'ON .NKRNAN 7Y 77O WIT'nn INT
0'2'7m ominn Y D 7007 .SizNy 2% SiO; faw punna 9Ty 91X ,020¥N KN

JNKR

"2;7'7'90 J1y'on 5.1

N1OW 01 nTwnw avnn (J = const) DATh NI9X 71N ,NIQDYW 'MW 1T DNT? 9% D7 1Y
nOWNN 7Y [INN9N ,001Y NITY D'D'YNN DRIY N27IN 1My INRN .waTn 0117 "o'xn”
mipm NTYY N2OW 73 7w NIMIDIN NIYATR DX 7197 'O — pwnna [yun NNALXN XN

.0'RNN
1 1 1 . 1 1 .
7720 7w nyana 'MM7a NpITIo ARNIN XIN LXIT7 IRXIN X7 XD 7wUnna [yonn NNNX 0'7'2

DY MY ' 012000

qon nnn 'N'wi Sheet Charge-n 5.2

> AIXNY7 N K190 [YOnn DR
AN'I0191 'w X 0T voun .Q [C/cm?] n'nown jyon Ni9'ox — pwnni sheet charge

AVEfb = -Q / Cox

— C-=V nnijpy v ntmnd Xvann AVib 'a'wn .nxmnnn n2ow v nir'ziarpn Xin Cox 1w
i i
NPTN INYOYN L |17'7'07 ANI' AN [yonnw 723 ("¥7 2wn .JNd'ta 7¢ TTNIA 1van INT

.10 pmy yon wwrn N 7w Sio,/SizN, pwnna jyon .anr

nNZ'NN AR , MY N2 [JINOTA TN .6

(Program) narn> 6.1
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NTYUN .NXIMNN2 27N “mwn 0T nxre (40V+ 1y 20V+ ,nnarT?) nia v nnn n7yon
12711 710127 "2 (yonn .nximnn? 177 onn Fowler—Nordheim tunneling "woxn
22 19N )'7NNn .pwnna

NNNN NAIA
0719n Jwn
NXIMNNN "2
NITIDNN NI9'OY
N1I09N0

(Retention) namw 6.2

ANY) [YUNN N2V NIX? XY DX Y'TNN DIONNAN .TINNA ]1N1 DX IMNN2 NTYUN L,IN'D NN X797
7w naixn (070 o'xana) 0w — MNOS % o190 Retention . 1010 nimid'na '
:0n Retention

NITRAN MON MNNY X' — DN N11015n0
N'NATH NAYYT? DNA7 7D — ' DY
NI X AT NNAWI — NITIT DTN

(Read) nx"j7 6.3

311 WY NN 0'7'von — NNRoYA X477 775 10T ,900 NNn NTTM YT 7Y NYXann aRnpn
[27 ,RI700 [yUNN NX NNYT? 2'90n1 11'K |ININ NNNAN .12 IX 7'M 1100'TINVN DX D TTINI

J1N12 NYAIS NYI'R AXRN

(Erase) nj'nn 6.4

IN) [VON R'¥IN 190N ATYUN 190 NN N7won T %y — n'mwn nyxann MNOS-1 njpz'nn
AIPNN 2¥NYT NP7 90N NN DX YT (190 [yon 7'Tn

Floating) nnino 7w nimn EPROM-n :EPROM nniy? MNOS v miynwn jnnt a7
wnT X7 MNOS .n72ana nno nwnTw ,(7120"n1072IK Nik) UV manjpa nz'nn wnT (Gate

JINT

I-V-1 C=V a1 nivw .7

C-Vn11mn 7.1

"2 7270 N nxn C=V nnipy .MNOS ninta% 'mnn 20 x'n (C-V) nnn-7121p N1

VUN NN 79 D'X7119) Y¥n? wwin

(722 MOS-2
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nzm e npnon ,MNOS-2 .nInT Nimipy ninn NINKIE NN TR npon (trapping X777
xin loop~n ann .hysteresis loop 1x11 .2nx 71700 7y Nyl nAth Apmon P71, D7 jyun

JNo'T 17N TN

(*7"7w yon) naim' — 1T 071D NNIRYN ,NTTTMN 197 N2aMd 0719 07'von (WK :C-V shift

NI720 Jyun? x9N 11N AV .(farn jyun) n7Rnv IX

-V nTmn7.2
N Y .07 2mm ninia? nunwn (I-V) nnn—oat N1

27 NIX NT — NN Nivnn ox :Poole—Frenkel ninty awoxn (nTwn wiw) EN 9 In(J)
Fowler—Nordheim nint? "woxn E/1 1in In(J/E?) N1y .PF conduction

.(FN-7 nm91x — 01 971 2¥ n"INa*? Nin)

MNOS v ni7aani ni'ya .8

MNoNN IVIN'Y NX 1720w nifmiinn nirvaa nn'm MNOS [ntaitnou ' nd

NnITR'M o 8.1

NNT NI'X NN 07197 NN 27 .N19'O¥] K71 NIy X7 — NIT'NXR 'R TN02 DITR'MN

. 1 1 1 1 .
"INo'T 170" NPT NVYY Y DY DT RN RNN

manTn "'y — Drift 8.2

DN — driff — OX7 TIT? 213' jyunnn 770 .'0I7N7 2% 1'K TITAN 90N NN ,N2'ND TNKY

0wt nn 7702 moipn refresh yxn nr Mo 7N AT 1w

X712 — Endurance 8.3

NNXN AT IRT .DN0PIRTA D'PTN D*70WN NITY DY72V91M Np'Nn/Namd ITnn ‘D2
11'kw y1ayp charge build-up xi'n% 2151 ,nnwn nmepn NITRMAN 7270 ,NIYTN NITNN

.N2'TON NIThn 190N — endurance NX 7'aan Nt "|"7i"|ﬂ RT4R1AR]

NIvISNnLA Nith 8.4

,N2'ND NiN'nn) MNOS-n voxn 27 .n11v1onva n17n hopping-1 Poole—Frenkel-n
D'YIITY D'N'YYN DAY DTN QYA IT .NI1I019N0N DY DNWN (N7 170 retention

AN NNIvYSNL NNV

Dov Frohman — MNOS, EPROM, Intel Israel | 23 Tiny



SSD-7 EPROM-n | 9'T3-'n7an [N2'Tn X'¥nn — NnnNo 2T

nxiwn :Floating Gate EPROM 7 MNOS .9

N78 — |I'van 7w nwrol i X7 Floating Gate EPROM-7 MNOS-n nnino 7w naynn
.1'0'02 NN NNIX 7Y '0TIN NI9'Y

|"oXNn MNOS EPROM (Floating Gate)

[yon 10NN (*®)PX) TV NITR'M (hTam) '7m gy ww
nZ'nn (190 nnn) n'wn (ux 1) UV

17N Ny (drift) naana NP NNIAA
N2'Md1 NLVMY nidIn NI NOVIYD
alN n'on' LIYS (p2*0*219) AN 20N

NPZ'N Np'NNn N"MYON 7n avn — UV

nx mwn MOS 7y qww n1an N2 Xi7> (yon ,0Mpnn Yl N9NIYAN NIIYYIN AXI97N
372 2y IX (MNOS) 07T NI A — [yunn DX DY D' 71 KIN 7Tann .Qon nnn
.(Floating Gate) TT1an

Vo T 1y .10

mv YN niynvn
69-1967 -1 *277722 MNOS Yj7nn 'UIIN'TI 101 0'02
Fairchild
1969 MNOS %y JAP "nkn 'T2N 'VTN DIOND
1969 277702 (NnNd 7w vIIPIT and Its Memory..."

"Applications

1970 Proc. IEEE-2 namhnxn nmiwt — MNOS transistor
1971 70182 EPROM-1 FAMOS aInon — Floating Gate
+1980 EEPROM, Flash NX'M n'mwn nz'nn
nI'n NAND Flash, 3D NAND 'Yy pwne

n'YV1I79N'X7 VAN atwyna aTIAY7? Wi .11

Dov Frohman — MNOS, EPROM, Intel Israel | 24 Tiny



SSD-7 EPROM-n | 9'T2-'n7an [N2'Tn X'¥xnn — Nnno 2T

NN DNAY X D7NNT7 NN YA XN — 'ATER NN 1T naxkwa n1'k MNOS njp'ro
NX DMDN NNT?9 D700 D1 Y7 NN DY ITAYY 1'70N '0TINN .0 TTIAN 7Y RfxX X7 N1'wo

.charging :nysinn

Gate Oxide-a Damage-1 Charging 11.1

,(MOS 0"M1V0'TIIV MWW [120) 19N 7Y NITTIAN NIDDY Y'Y NTNIM ,01' N7NWN 170NN
AXI' DT N2 7R'YI019.0'TTIAN 72V NN [Un 1YY 1N2'0N .N1AA NVY 7R'YIVID X7 71D
210 ,j7'oon N nTwn ox .MNOS-1 na'md |nm nd 71'Ta — WY NXINNA *mun aTY

NNy

wwin n¥imnna Fowler—Nordheim 1inan
oxide-a niwTN NITRN N

A100'Ton 7w Threshold shift

min breakdown

jnnon — Electron Shower 11.2

DINLFZ7R NV — ("DINVRR NN7") electron shower xin N'wyn1 'oX77n |INNON
NTNMIE— 22 XN N1AN XY NN [YVNN 7N017 ;191N 1aY7 0IN%'sn 0NN

ANYown NNt ,N9'R 1Y [yon nnd :MNOS nz'm's n1an na'nn — 17Y NI'VPONN

yIi ,n'wa X' 700 jpra n2wo yvim oa 'an MNOS fanw nxoa7on'® ominn ani'n
JTNAY 701 0 K7 — NN RINvon 7no13

nnN'o .12

nMannw nTIor Ny Ay Kin Lenzlinger (1969)-1 Frohman-Bentchkowsky 7w amxnn
i

(Fowler—Nordheim 11nan) n'oaupg nz'm'o

(Poole—Frenkel, trapping) pxin 2axn niz'm'o

(MOS, threshold voltage) napnin nomn

(jno'7 = N1I7D [youn) AUTN [I'VA

NYOIN NP7 NNND .NMp N7'NNA 28~ 2 pIN T 7V 1ANDIw 0''yTn 0TIy 24-1 111N
NIXN97 NNANY NA'WNN IT .27 NNIX 790 — NORRTA trapping — nwa? navniy

757 01>'w 2> — EPROM-n nx nT71n na'wn nnix ,1971-2 ,pn anx? o' .1
'7on DNA-N NX D'RYIIN D12 'TIR'™M — (19879 7071 ,nniPw awnn 707 'w'k awnn

1969 "7p1an vopITh Y

Dov Frohman — MNOS, EPROM, Intel Israel | 25 Tiny



SSD-7 EPROM-n | 9'T3-'n7an [N2'Tn X'¥nn — NnnNo 2T

1969 "nNn

Dov Frohman — MNOS, EPROM, Intel Israel | 26 Tiny



SSD-7 EPROM-n | 9'm-'n7an |Nd'Tn X'yan — PnNo 2T

AIP  Appiied Physics A\

Charge Transport and Storage in MetalNitrideOxideSilicon (MNOS)
Structures
D. FrohmanBentchkowsky and M. Lenzlinger

Citation: J. Appl. Phys. 40, 3307 (1969); doi: 10.1063/1.1658181
View online: http://dx.doi.org/10.1063/1.1658181

View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/V40/i8
Published by the American Institute of Physics.

Additional information on J. Appl. Phys.

Journal Homepage: http://jap.aip.org/

Journal Information: http://jap.aip.org/about/about_the_journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

ADVERTISEMENT

Special Topic Section:

PHYSICS OF CANCER

Why cancer? Why physics? @ view Articies Now

Dov Frohman — MNOS, EPROM, Intel Israel | 27 Tiny



SSD-7 EPROM-n | 9'T2-'n7an [N2'Tn X'¥xnn — Nnno 2T

JOURNAL OF APPLIED PHYSICS VOLUME 40, NUMBER 8 JULY 1969

Charge Transport and Storage in Metal-Nitride-Oxide-Silicon (MNOS) Structures®

D. Froaman-BENTCHEKOWSKY AND M. LENZLINGER
Fairchild Semiconductor, Research and Development Laboralory, 4001 Miranda Avenue, Palo Alte, California 94304
(Received 19 February 1969; in final form 31 March 1969)

A simple physical model that predicts charge accamulation at the dielectric interface of metal-nitride—
oxide-silicon (MNOS) structures is proposed and verified experimentally. The model is based on the
presence of steady-state current flow in the dielectric structure. Interface-charge accumulation is shown
to be determined by the requirement for continuity of current through the structure under steady-state
conditions. Continuity of current is established by accumulation of either positive or negative charge
for a given polarity of charging voltage, depending on the relative current-field characteristics of the silicon
nitride and silicon dioxide layers, Due to the exponential nature of the current-field characteristics, the
time required to reach steady state is a strong function of the applied charging voltage. This leads to the
observed charge storage property of MNOS devices. The hysteresis characteristic observed in MNOS
structures is shown to be time-dependent with a tendency to merge into a single-valued dependence of
accumulated charge on charging voltage as the steady-state condition is approached, The validity of the
theoretical model for both steady-state and transient behavior is confirmed by current-voltage, capacitance—
voltage, and turn-on measurements of MNOS capacitors and transistors for different dielectric thickness
ratios and over a wide temperature range. The underlying concept that charge accumulation establishes
current continuity in a two-layer dielectric structure should be valid, in general, for any two-dielectric

structure.

1. INTRODUCTION

Metal-nitride-oxide-silicon (MNOS) devices have
been shown to exhibit charge storage characteristics.!
As a result, considerable interest has been expressed in
their potential application as memory elements.? The
memory function of these devices has been attributed
to trapping of charge at the nitride-oxide interface.
Consequently, it becomes important to understand
charge transport mechanisms in MNOS structures.
This paper will present a consistent model of charge
transport and storage in MNOS structures.

Previous investigations have shown that steady-state
current flows in both metal-oxide-silicon (MOS)?
and metal-nitride-silicon (MNS)* structures. It is
proposed that steady-state current also flows through
the MNOS structure and that the charge trapped at the
nitride-oxide interface is determined by the balance of
the currents in the two dielectrics. Since the current-
field characteristics are different for the two materials,
the fields will tend to adjust themselves by charge
accumulation at the interface until current continuity
is established. On application of a positive voltage to
the gate electrode, this model predicts the possibility
of accumulation of either positive charge or negative
charge at the nitride-oxide interface, depending on the
conduction characteristics and thicknesses of the silicon
nitride and silicon dioxide layers. Although the MNOS
structure is used as a reference, the model is applicable
to the general case of any two-dielectric structure.

* This paper was presented at the IEEE International Elec-
tron Devices Meeting, Washington, D.C., October 1968.

1H. C. Pao and M. O’Connell, ARPI. Phys. Lett. 12, 260 (1968).

*H. A. R. Wegener ef al., “The Variable Threshold Transistor,
a New Electrically-Alterable, Nondestructive Read-Only Storage
Device,” IEEE Int. Electron Devices Meeting, Washington, D.C,,
October 1967.

3 M. Lenzlinger and E, H. Snow, J. Appl. Phys. 40, 278 (1969).

¢5.'M. Sze, J. Appl. Phys. 38, 3951 (1967).

The validity of the theoretical model is confirmed by
current-voltage, capacitance-voltage, and turn-on
measurements of MNOS capacitors and transistors for
different dielectric conduction characteristics and over
a wide temperature range. Current measurements are
consistent with results previously published for con-
duction in both the silicon dioxide,® due to tunneling
from the silicon into the oxide conduction band, and the
silicon nitride,* due to excitation from traps into the
silicon nitride conduction band. Both the conventional
mode of device operation (accumulation of negative
charge at the nitride-oxide interface for a positive
applied voltage) and the inverse mode of operation
(accumulation of positive charge at the nitride-oxide
interface for a positive applied voltage) have been
observed. Since current flow is predicted to persist
down to very low applied voltage levels, the hysteresis
characteristic observed in MNS and MNOS structures
should merge into a single line if true steady state is
obtained, i.e., if the voltages are applied for a long
period of time (hours and days). This tendency has
been confirmed experimentally on all structures
investigated.

II. CONDUCTION IN SILICON DIOXIDE AND
SILICON NITRIDE

Consider an MNOS structure as shown in Fig. 1. The
variation of the energy bands with distance in a direc-
tion normal to the surface, for positive and negative
bias on the metal electrode with respect to the semi-
conductor substrate, is illustrated in Fig. 2. An investi-
gation of charge transport and storage in this structure
requires an understanding of conduction mechanisms
in MOS and MNS structures. Results of studies on
these structures have been reported.®*

The dominant current-transport mechanism in MOS
structures was shown to be electrode-limited due to
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Al Gote When the thickness of the oxide is reduced to a value

below which direct tunneling is possible from the semi-

T conductor into the interface traps (<50 &), the ex-

SizNg Xy pression for the current component in the oxide (Jy)

AR has to be modified to account for the change in the

SN NNNNN N\ NNNN\\N ¥o  conduction mechanism from Fowler-Nordheim emis-

- sion to direct tunneling.® This case has not been

Semiconductor— substrate investigated in the present work. However, since the

basic derivations of current transport in the MNOS

structure are independent of the specific current mech-

anism in the oxide or the nitride, the model applies, in

principle, to a structure which allows direct tunneling
through the oxide.

Fi16. 1. Cross section of MNOS structure,

Fowler-Nordheim emission given by the following .
expression®: 10 E’

TE7ToK

- 9 k.t CkT/ .Eo ( :ﬁ) T
Jo=Goks sin(wckT/Ey) P Ey (0 —_ ,:z } computer solution
——

where E, is the electric field in the oxide, T is the tem- ok v Yopprox. solution
perature in °K, % is Boltzmann’s constant, and F

Ey, Cy, ¢ are characteristic constants depending on the
barrier height of the interface. The temperature
dependence of the Fowler-Nordheim current stems from
the dependence on temperature of the number of elec- 10710
trons of a given energy incident on the barrier. The

values of the constant terms in the current-density
expression [Eq. (1)] for the oxide-silicon interface

were found to be

Iglampl

T

Co=10"°A/V?, o
E;=2.54X10°V/cm, E
¢=1.12X10% (Crcm)™

M M o L 1012

T

- L i 1 S
oz5 o3 35 [
17V tvalt™)

F1e. 3. Current as a function of charging voltage at low tem-
peratures, zy=>350 A, x,="500 &, area=1.310"* cm?.

In MNS structures current transport was shown to
be bulk-limited due to Schottkye mission from traps
above room temperature and field emission (tunneling)
from the same traps into the silicon nitride conduction
band at low temperatures. At low fields there is an
additional ohmic component. The current-density
expression consists of three terms:*

Ju=Tut Tt Tna &)

Jm corresponds to field-enhanced thermal excitation
(Poole-Frenkel effect) and is given by

Tu=CEn exp(—gé/kT) exp[(g/kT) (BEa)'"],  (3)

Fic. 2. Energy band diagram of MNOS structure under (a) 5 J. Shewchun, A. Waxman, and G, Warfield, Solid-State Elec-
positive bias and (b) negative bias. tron. 10, 1165 (1967).

(1]
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- _Oq_, x10%(cm™2)
T=77°
Xo=100 o
Xn=10004A
L 0o ——Eaz=15x |0:vo|1/cm
—~E2=1.0x 10" volt/cm
| _go —-—E2=15x 10®voli/em
Approx. Solution
Fic. 4. Equilibrium induced interface
charge as a function of charging voltage //
at low temperature for two values of F,.
The dot-dashed line represents the ap-
proximate solution for E,=1.5x10% . o
Jem, +80
Ve [volt)

where E, is the electric field in the nitride, ¢, is the
depth of the trap-potential well, and C,, 8 are charac-
teristic constants depending on the trap level and the
dielectric constant. J,, is due to field emission of
trapped electrons into the dielectric conduction band:

Ju=CE,* exp(— Ep/Ey,). (4)

E; and C; are characteristic constants depending on the
trap level. J,3 results from hopping of thermally excited
electrons between isolated trapping states.®
Jns=CsEn exp(—qés/kT), (5)

where g¢; is the thermal activation energy.
The values of the constant terms in these current-

density expressions for silicon nitride were found to be
as follows:

Ci=30X10°A/Veem,  ¢=1.0-202V,
Ca=3.5X10-1 A/V?, Ey=1.2X108 V/em,
C:=50X10%A/Vecm,  ¢;=01V,

B=1.18X10"7 V-cm.

The deviation from the values reported in Ref. 4 is due
to a difference in deposition conditions affecting the
characteristic constants of the current-density expres-
sions. In the derivations that follow, the values of the
constants listed above (for the oxide and the nitride)
will be assumed unless otherwise specified.

¢ N. F. Mott and W. D. Twaose, Advan. Phys. 10, 107 (1961).

III. CONDUCTION AND STORAGE IN
MNOS STRUCTURES

Based on the results in Sec. 11, it is expected that
current will flow in the MNOS structure (Fig. 1) on
application of a bias voltage to the metal electrode.
Figure 2(a) depicts the case of a positive metal electrode
or gate voltage with respect to the semiconductor sub-
strate. In this case the steady-state current consists of
electrons tunneling from the semiconductor into the
oxide conduction band, dropping into traps at the
nitride-oxide interface, and being excited in turn into
the nitride conduction band to the metal electrode.
This corresponds to the current-transport mechanisms
described in Eqs. (1) and (2), respectively. The descrip-
tion is limited to electron transport since evidence of
hole transport in this structure has not been reported
and no evidence for it has been found in this investiga-
tion. For the case of a negative metal bias [Fig. 2(b)],
the steady-state current will similarly consist of elec-
trons, which are excited from traps into the silicon
nitride conduction band, tunneling through the nitride-
oxide barrier into the oxide and semiconductor con-
duction band. Note that conduction in this case involves
electron transport through the nitride-oxide interface
barrier. It is assumed here that the transport mechan-
ism is Fowler-Nordheim tunneling from the silicon
nitride into the silicon dioxide conduction band. (The
transport mechanism in this case could also be due to
hole emission from the silicon into the silicon dioxide
valence band. However, the two mechanisms could not
be distinguished experimentally.) Consequently, Eq.
(1) should apply with different values for Cy and Ey:

Jo-=Co E¢ EXP(—EIJW Eyl). (6)
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F16. 5. Equilibrium induced interface
charge as a function of charging voltage
at low temperature for two values of
oxide thickness.

-204

-30-

Since the energy-barrier height of this interface has not
been determined previously, the values of Co_ and i
were obtained from experimental measurements at low
temperatures on MNOS structures, resulting in

Co-=9.0X108A/V?,
E.=3.2X10° V/cm.
Because in this case the temperature dependence of the

Q:

Veglvalt) | — - w 10 em™®)
M ’
Xo =I00A /
Xp =5004 / e
— T=77°K /f ©
——— = 0|
T=300°k 100

0
Ve (volt)

number of carriers available for tunneling is not known,
no temperature dependence was assumed for Jo_.

On application of a charging gate voltage (V¢), the
fields in the oxide and the nitride ([, £,) are deter-
mined initially by the dielectric constant ratio of the
two dielectrics. The buildup of current through the
structure will depend on the current-field characteristics
of the nitride [Eq. (2)] and the oxide [Eq. (1)].
These characteristics, being different, result in a non-

Fie. 6. Telﬁpemture dependence of
equilibrium induced interface charge as a
function of charging voltage.
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Fic. 7. Induced interface charge as a / ¥n= 1000A
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equilibrium current discontinuity across the dielectric
interface. The current discontinuity leads to charge
accumulation at the interface, which in turn adjusts
the electric field distribution until current continuity
is established. This observation leads naturally to the
steady-state and transient solutions for both the current
and the charge. Note that the description of the inter-
face trapping levels is only qualitative, The steady-state
and transient solutions for charge transport in the
MNOS structure do not require knowledge of the exact
trap distribution.

A, Steady-State Analysis

The steady-state solution will consist of a deter-
mination of the electric fields in the two dielectrics
(Eq, E,) and the charge accumulated at the dielectric
interface (Qr). Current continuity in the steady state
requires that for a given applied voltage

Joy=T. (7
Continuity of the electric flux leads to
Koby— KuEy=Q1/e, (8)

where Qy is the charge accumulation at the nitride-
oxide interface, Ky=3.9 is the relative dielectric con-
stant of silicon dioxide, K, is the relative dielectric
constant of silicon nitride (taken to be 6.5 unless other-
wise specified), and ¢ is the permittivity of free space.
Summation of the potential drops across the structure
results in

Vo= Egtot Exta, ©)

where Ve is the voltage of the metal electrode with
respect to the silicon substrate.
Simultaneous solution of Egs. (7)-(9) leads to

expressions for charge accumulation at the dielectric
interface and current density in terms of the applied
voltage and the dielectric thicknesses. In order to gain
insight into the trends of the solution as a function of
different parameters, the solution will be demonstrated
at low temperatures. The similarity and relative sim-
plicity of the oxide and the nitride current expressions
in this temperature range [Egs. (1) and (4)] allow
for the derivation of closed-form expressions for current
density and induced interface charge. Substitution of
Egs. (1) and (4) into Eq. (7) yields the current con-
tinuity in terms of the electric fields at low temperatures

GiE exp(—E/| Eo|) =Gl exp(— Ey/l Eo ). (10)
To obtain a relatively simple solution, let us make the

following assumptions (generally satisfied for the range

9
Viglesitly ]

4183

| T x2508
F-40 >y %+ 1000A
N Vo z+50 = 0w g,
"O] \ — Vg *-50-=0 w\:}T T
Al —-=Ve = +50 ~=Qvolt -
L-30 Lm0 0o} 77300
‘ A
v
l-zo A
+50~ \
| \
S — \
-ig - '
\ A
LN
N
0? i0° i0* 0?

Fic. 8. Discharge of induced interface charge as a function of time
for liquid nitrogen and room temperature.
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Ez=1.5x 108 viem
L-ap Xg = 30,
w004 Xn =10004
F16. 9. Induced interface charge as a
801-30 function of time for a given charging
voltage (Ve=-+40 V) and two values
of initial interface charge [(Qr(0)/q].
&0 (a) Qr(0)/¢=0. (b) Q:(0)/g=—35.0%
o 103 e,
4.04
F=10
204
oYY BT AT TTT! S SN Y| B R T T SR
10 0% i0? I 0% 108
time (sec)
of practical interest) : and E,_ is substituted for E,. The electric fields are
(2) Fazc>Eim, Go2Cy given by 0
(b) In(E E2<KIn(Co/C). Fo=IiVe/(a| Ve | +mbatanks),  (12)
En=EsVo/ (2Bt 2aEs). (13)

Under these assumptions the simultaneous solutions of
Eqs. (8)-(10) yield the following expression for the
charge accumulated at the dielectric interface:

Substitution of the electric field in Eq. (10) results in
the current-density expression

0= [ eRoEr _ &K, E» ] v (11) U’n[ = J_]n[ .—-CW|: EaVe ]2 exp[ %E1+1"E2]
T al Vel Faobitals  wEt B © sExtanEe Vel
where (14)
a= In(Cy/Ca) Solutions for the current density as a function of ap-
. i plied voltage for a typical structure, based on Eq. (14),
for positive Ve. For negative Ve are shown in Fig. 3. The results for both positive and
a= In(Cy/C), negative charging voltages are compared with computer
9 -
Veglvolt) # ~ = %10%2(em=9)
T=T7oK
X =504
+254 00 X =1000A
-8.0
+209 o
[-eo F F16. 10. Induced interface charge as a
+151 function of charging voltage for different
L-5.0 1¢ =10 sec 1= Imsec values of charging time [(;(0) =0].
+|vr.'--_40 fc =100msec
k=30
+ 5_ll-—an
L-10
16 26 % ) 50 %6 78 85
Ve lvolf}
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solutions based on Egs. (7)-(9). Agreement between
the solutions is good since the simplifying assumptions
(a) and (b) are satisfied. Hence, Eq. (11) can be used
to determine the accumulated charge dependence on the
current-field characteristics and thickness of the
dielectrics.

1. Dependence of charge accumulation (Qr) on the
currenl-field characteristics and thickness of the dielectrics.
Equation (11) reflects the strong dependence of charge
accumulation at the silicon nitride-silicon dioxide inter-
face on the characteristic parameters (F;, Fz) of the
current-field relationships [Egs. (1) and (4)] for the
dielectrics. For a fixed dielectric thickness ratio (/)
and a given applied voltage, it predicts accumulation of
either positive or negative charge at the interface,
depending on the relative magnitude of these charac-
teristic parameters. If we assume the initial nitride-
oxide interface charge density to be zero and define the
initial dielectric currents Jgo, Ja9 under the condition
of no induced charge at the interface [Qr(V¢) =0]

Jo=Jo(Qr=0),
Jro=Ja(Qr=0), (15)

then the polarity of the induced charge is determined
by the difference between the initial current densities
Jao(Ve) —Jw(Ve). The charge at the silicon dioxide-
silicon interface does not affect the field distribution in
the dielectrics. A fixed charge’ Q,, at this interface will
result in a constant shift of the flatband voltage equal

to
AVpa=—(Qu/e0) [(%./Ka) + (0/ Ko) ].

"A. S. Grove, B. E. Deal, E. H. Snow, and C. T, Sah, Solid-
State Electron. 8, 145 (1965).

In the following theoretical calculation the silicon
dioxide-silicon interface charge is assumed to be zero.

To illustrate the dependence of induced interface
charge on the characteristic conduction parameters of
the dielectrics, the accumulated charge is plotted as a
function of charging voltage at low temperature for
two values of E, (Fig. 4) ; negative charge corresponding
to a positive flatband voltage Vpp=—x.07/Kuer is
plotted in the positive direction of the ordinate. At
large voltages (] Ve | >40 V) Eq. (11) is in good agree-
ment with computer solutions based on Egs. (1), (2),
and (7)-(9). A decrease in the value of %, and con-
sequently an increase in the value of J. with respect to
Jo, leads to a more positive accumulated charge for
positive applied voltages and to the opposite tendency
for negative voltages. At low voltages the current in the
nitride is dominated by the ohmic component J,3
[(Eq. (5)], which is not taken into account in the
derivation of Eq. (11). The deviation resulting from
this increase in the nitride current is again in the direc-
tion of more positive charge for positive applied
voltages.

So far we have assumed a fixed dielectric thickness
ratio (xo/x,). A variation in this ratio will clearly lead
to a modification of the electric field distribution. This
in turn will result in a variation of the induced charge
for a given charging voltage. Solutions including the
ohmic component /s are shown in Fig. 3. In agreement
with Eq. (11), an increase in the oxide thickness leads
to a more positive interface charge for large positive
charging voltages.

2. Temperalure dependence of Qr. So far we have
restricted the discussion to low temperatures because of
the relative simplicity of the current-field expression in
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this region. As the temperature is raised to room tem-
perature and above, the change in relative magnitude
of the current-density terms in Eqgs. (1) and (2) will
result in a medification of induced interface charge
characteristics. At room temperature and above, the
current density in the silicon nitride is dominated at
moderate and high voltages by J.1 [Eq. (3)], and at
low voltages by the ohmic component Jn.s [Eq. (5)].
For silicon dioxide the temperature-dependent term
in Eq. (1), which was negligible at low temperatures,
also leads to an increase in current. However, the silicon
nitride current increases more rapidly than the silicon
‘dioxide current, due to the exponential temperature
dependence of J,,. The computer solution for induced
charge as a function of applied charging voltage is
shown in Fig. 6 and compared with the low-temperature
solution for the same structure. As can be seen from a
comparison of Figs. 4 and 6, the effect of higher tem-
perature on the accumulated interface charge is in the
same direction as the tendency observed for a lower
value of E, This similarity is expected since the net
result of both increased temperature and a lower value
of E; is an increase of current density in the silicon
nitride with respect to the silicon-dioxide component for
the same applied voltage.

Finally, it should be noted that the charge-transport
model predicts the induced charge in the steady state to

D. FROEMAN-BENTCHEKOWSKY AND M. LENZLINGER

be a single-valued function of the applied gate voltage.
This implies that the MNOS device does not perform
a memory function if operated under steady-state con-
ditions. The reported charge storage characteristicsl:2:5*
are due to the transient behavior to be discussed next.

B. Transient Analysis

The rate of change in interface charge will be directly
proportional to the difference in current-density values
for both dielectrics at a given charging voltage and time

dQr(Ve, ) fdt=To( Ve, ) =Tu( Ve, 1) (16)

The initial condition for induced interface charge at the
nitride-oxide interface is determined by the past
history of the device. The computer solutions of Eq.
(16) for a given MNOS structure at both low and room
temperatures are shown in Figs. 7 and 8. The charging-
time dependence for both voltage polarities (Ve==50
V) is illustrated in Fig. 7. Note the significant decrease
in charging response time at room temperature due to
the increased current levels. The time response of
charge decay after the charging voltage is removed
(Ve=0) is illustrated in Fig. 8. Again, the room-
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Fre. 13. Theory and experiment for the current as a function
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8 J, T. Wallmark and J. H. Scott, Jr., “Switching and Storage
Characteristics of MIS Memory Transistors,” IEEE Int. Electron
Devices Meeting, Washington, D.C., October 1968.

*B. V. Keshavan and H. C. Lin, “MONOS Memory Element,"”
IEEE Intern. Electron Devices Meeting, Washington, D.C.,
October 1968.
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FAMOS—A NEW SEMICONDUCTOR CHARGE
STORAGE DEVICE
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Abstract— A new non-volatile charge storage device is described. The floating gate avalanche in-
jection MOS (FAMOS) structure is a p-channel silicon gate field effect transistor in which no elec-
tric contact is made to the silicon gate. It combines the floating gate concept with avalanche injection
of electrons from the surface depletion region of a p-n junction to yield reproducible charging

characteristics with long term storage retention.

INTRODUCTION

In recent years a growing interest has been ex-
pressed in nonvolatile semiconductor memories.
This interest stems from the need for high
density, low cost semiconductor memory chips
as well as an attempt to provide a substitute for
the nonvolatile storage capability (retention of
stored information without an external power
source) of magnetic memories. Initial research
efforts in this direction have centered in the area
of semiconductor Read Only Memories (ROM’s).
Most available semiconductor ROM’s are pro-
grammed permanently at the integrated circuit
fabrication stage by a custom mask which defines
the desired information pattern. As a result. pro-
gram changes involve the generation of a new
mechanical mask for every modified ROM pattern.
In addition to being an expensive step. it also
limits the flexibility of ROM applications because
of the delay involved in the production process.
Substitution of the delay in the generation and
processing of a custom mask provides an ideal
application area for mnonvolatile semiconductor
storage devices, since it does not impose a stringent
requirement on the speed of electrical programming.

Most proposed non-volatile semiconductor
storage devices rely on charge storage in a di-
electric which forms part of the gate of an insulated
gate field effect transistor. Feasibility has been
demonstrated for MNOS (metal-nitride-oxide-
silicon) memory devices[1,2] MAS (metal-
aluminum-oxide—silicon) memory  devices[3].
and a dual gate MNOS memory device[4].
Difficulties in controlling the electrical character-
istics of the storage dielectrics and additional
fabrication steps required to achieve on-the-chip

decoding, have limited the realization of these
approaches to undecoded memory arrays of up
to 256 memory bits.

Recently, feasibility of the ovonic amorphous
semiconductor memory device has been demon-
strated by fabrictaion of an undecoded 256 bit
memory array[5].

The recent introduction[6] of a novel semi-
conductor memory element —, the FAMOS charge
storage device. and its implementation in a fully
decoded 2048 bit electrically programmable
ROM][7]. constitutes a significant advance in the
state of the art of non-volatile semiconductor
memories. 1t is the first available large capacity
programmable ROM in which the information
pattern is recorded electrically by way of a re-
versible change in memory device characteristics.

The Floating gate Avalanche injection MOS
(FAMOS) memory device is essentially a p-
channel silicon gate MOS insulated gate field
effect device in which no electrical contact is made
to the silicon gate. Operation of the FAMOS
memory structure depends on charge transport
to the floating gate by avalanche injection of elec-
trons from either the source or drain p-n junctions.

The concept of an insulated gate field effect
transistor with a floating gate as a non-volatile
memory element was first advanced by Kahng
and Sze[8]. Operation of the proposed structure
was based on charge transport from the silicon
substrate across a thin insulator layer (~ 50 A) to
a floating metal electrode which is covered by a
second insulator and an upper metal gate. Charge
is stored in the floating metal gate in response to
an applied voltage between the upper metal and
the substrate. The charge transport mechanism

517
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involves tunneling of electrons from the substrate
through the thin oxide to the floating metal gate.
The formation of a metal gate over a very thin
dielectric layer is the major obstacle in practical
realization of this proposed structure. The same
concept evolved to the MNOS structure in which
the floating metal gate was replaced by a layer of
traps in the silicon nitride.

Nicollian et «l.[9]. reported that high current
densities can be achieved in MOS capacitors
by avalanche injection of electrons from a p-type
silicon substrate. They observed a considerably
lower current density level due to hole injection
from an n-type substrate.

The FAMOS memory structure investigated
in the present work combines the foating gate
concept with avalanche injection of electrons to
yield a new nonvolatile memory element.

DEVICE STRUCTURE AND CHARACTERISTICS

A cross-section of the Floating gate Avalanche
injection MOS (FAMOS) structure is shown in
Fig. I. It is a p-channel silicon gate MOS insulated
gate field effect device (made on 5-8 2 cm n-type
material of {(111) orientation), in which no elec-
trical contact is made to the silicon gate. The float-
ing gate is formed by deposition of a poly-silicon
layer over 1000 A of thermal oxide and is isolated
from the top surface by 1-0 um of vapor deposited
oxide, The FAMOS memory structure depends
on charge transport to the floating gate by avalanche
injection of electrons from a p-n junction. A junc-
tion voltage in excess ol —30V applied to a p-

Dov FROHMAN-BENTCHKOWSKY

channel FAMOS device will result in the onset
of injection of high energy electrons from the p-n
junction surface avalanche region to the floating
silicon gate. Since the silicon gate is floating, the
electron current through the oxide results in the
accumulation of & negative charge on the gate.
For a p-channel FAMOS device this negative
charge will induce a conductive inversion layer
connecting source and drain. The amount of charge
transferred to the floating gate is a function of the
amplitude and duration of the applied junction
voltage. Once the applied junction voltage is
removed, no discharge path is available for the
accumulated electrons since the gate is surrounded
by Si0,, which is a very low conductivity dielectric.
The accumulated negative charge on the gate will
result in a change of device turn on voltage given
by

AVy=— (Qfﬁ;(%_fo_))

where ()¢ is the charge per unit area transferred
to the floating gate, Q..(0) is the initial charge on
the floating gate, C, = g,K0/Xo0 is the capacitance
per unit area of the thermal oxide layer, «, is the
permitivity of free space, Ko is the relative di-
electric constant of silicon dioxide and Xo is the
thermal oxide layer thickness.
Device turn on voltage Vy is given by

) #(0
V= Vua"'ztb.r-"%ﬂ_g%l
i 0

Froating cate AvaLanche ingection MOS

FAMOS

Sl

02

FLOATING S| GATE

DEPLETION REGION

N-TYPE Sl
Fig. 1. Cross-section of FAMOS device under bias.
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where Qy is the charge within the substrate surface
depletion region,

Qss
Vip = thss— .—ij

is the flat-band voltage, ¢ is the polysilicon-
silicon work function difference, Qs is the fixed
charge at the silicon-silicon dioxide interface.
and ¢, is the Fermi potential of the silicon sub-
strate.

The presence or absence of charge on the float-
ing gate can be sensed by measuring the con-
ductance between the source and drain regions.
The I,-V, characteristics of a charged and un-
charged FAMOS device are shown in Fig. 2.
Note that the uncharged FAMOS device conducts
current for ¥, > —8-:0V even though no charge
was transferred to the floating gate. The current
is due to capacitive voltage feedthrough from the
drain terminal to the floating gate. An illustration
of the interelectrode capacitances in the FAMOS
structure is shown in Fig. 3. If a negative voltage
is applied to the drain of the device with the source
and substrate at ground potential, a negative charge
will be capacitively coupled to the floating gate by
means of a displacement current through C,,
(Fig. 3(b)). The value of the corresponding neg-

G

ative feedback voltage V., is given by

Cya
Vl’F'_f - VD Cuxd+ C”IK_‘_ (“.;‘.l,
where C,, is the series combination of C, and C,
(Fig. 3(b)). Once this capacitively coupled voltage
to the floating gate exceeds the turn on voltage V.
a conductive path is established between source
and drain resulting in the onset of current flow.
The same capacitively coupled voltage is re-
sponsible for the deviation of the charged FAMOS
device -V characteristic (Fig. 2) from that of
an MOS transistor with the same geometry and an
applied gate voltage equivalent to the amount of
charge on the floating gate of the FAMOS device.
To account for the capacitive feedback effect.
the amount of voltage capacitively coupled to the
floating gate was measured as a function of applied
drain voltage under two limiting conditions, V., =
Q./Cy=0 which corresponds to no electronic
charge on the floating gate, and V. >V, which
defines a charging condition of the gate resulting
in complete inversion between source and druain
without pinch-off. The feedback voltage value
Vs was obtained by measuring the drain to source
current flow for a given drain voltage on the
FAMOS device and determining the equivalent

<—— CHARGED FAMOS AVg =-10V

< MOS TRANSISTOR Vg=-10V

Vo

T

-

@

cg=ax10'% cm3

o
X =1100A

UNCHARGED FAMCS

8 10 12 14
vp (voLT)

Fig. 2. J{,~V‘= characterislics of charged and uncharged FAMOS device and the MOS transistor
characteristic with a gate voltage corresponding to the amount of charge on the floating gate of the
charged FAMOS device.
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Fig 3. (a) Cross-sectional view of the capacitances associated with the FAMOS structure. (b) Circuit

representation of inte

gate voltage by comparison to an identical (process
and geometry) MOS transistor. The two feedback
voltage plots are shown in Fig. 4. The range of
feedback factors AV /AV, stems from the varia-
tion of interelectrode capacitances as a function
of drain voltage. For the V,» > V,, shown in Fig.
5(a), the induced inversion layer extends from
source to drain and the gate capacitance C,
splits approximately evenly between C,, and
C,q which is reflected in a high feedback factor
AV dAV, =045, The condition Vg =V, was
obtained by charging the FAMOS device to a
maximum V-value of —22:0V. In the case of
V.. =0 (Fig. 5(b)) when the feedback voltage
V.. is greater than the turn on voltage V. the
FAMOS device I,-V}, characteristic corresponds
to that of an MOS transistor in saturation. The
capacitance C, will be partially diverted to the
source (C,,) through the pinched off inversion
layer. The capacitance C,., consists of a combina-
tion of the floating gate to drain overlap capacitance
in parallel with the capacitive feedback through
the pinched off surface depletion region Cgep
{Fig. 3(b)). The linearity of the feedback plot for
V. =V, is due to the presence of a continuous
conductive path between source and drain such
that the ratio of C,;ofC, is independent of V.

On the other hand, the reason for the apparent
linearity of the V. =0 plot over the measured
range of V), is more involved. While an increase

relectrode capacitances.

aVey

Vigs 1.9V
voLTy | f°

Cg=8xiD"cm™3
8.0+ x,=1200R

ot

Vg PVp Vg=0

Vo

Le2.0u
Zoy=i5p

- . .
-15
vp (VOLT)

Fig. 4. Voltage feedback to the loating gate as a function
of applied drain voltage.

in drain voltage is expected to increase the value
of lg, and thus affect the ratio of Cye,+ Cpaf/ Core
this tendency is countered by the effect of the elec-
trical field in the oxide on /4,[10]). This electric
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Si0z

INVERSION LAYER

N TYPE Si

N TYPE Si

Fig. 5. llustration of interelectrode capacitances for: (a) Vi, > V,,, (b) V., = 0.

field is a function of the potential difference V-V,
and tends to reduce the valuve of [, for increasing
values of V. Hence the linearity of the V, =0
plot can be traced to the opposing effect of the
lateral field in the silicon and the vertical field
in the oxide on the value of the drain surface
depletion length /e

Because of the pronounced effect of the feed-
back capacitance on device I~V characteristics
it is expected to play an important role in the
charging behavior.

DEVICE OPERATION

Consider the FAMOS device cross section shown
in Fig. 1. Initially all terminals are at a common
ground potential. The floating silicon gate is not
charged and assumes the common reference
potential. As the drain voltage is increased neg-
atively with respect to the source and substrate,
a positive potential drop appears across the overlap
region between the floating gate and the p* drain
diffusion. This increasing positive voltage will
tend to invert the heavily doped p* drain region:
however, because of the lack of supply of minority
carriers (due to the reverse biased condition of
the drain p-n junction) deep depletion will take
place at the p* surface region of the drain near
the Si0. interface. As the negative voltage on the

drain is increased further the electric field in the
induced surface depletion region will reach a
value at which an avalanche multiplication con-
dition is established. Some of the high energy
electrons generated in the avalanching surface
depletion region acquire a sufficient energy to
surmount the Si-Si0O, energy barrier and be
swept by the electric field in the SiO, toward the
conductive floating silicon gate.

The avalanche injection process is illustrated
in Fig. 6 in terms of the variation of the energy
bands with distance in a direction normal to the
p* drain region. Initially (Fig. 6(a)) the structure
is in equi.ibrium. The applied negative voltage
(Fig. 6(b)) results in impact ionization and emission
of electrons from the p* surface depletion region
over the Si-Si0. energy barrier to the floating
silicon gate. Finally (Fig. 6(c)) when the applied
voltage is removed, the electrons are trapped in
a potential well, bounded by polysilicon-silicon
dioxide energy barriers on both sides.

(a) Charge accumulation

A detailed investigation of avalanche injection
in response to an applied voltage pulse to metal-
oxide-silicon (MOS) capacitor structures was
performed by Nicollian et al.[11].

The current densities observed for hot electron
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EQUILIBRIUM

(b)

CHARGE
RETENTION

©)

N-SI

si0p siop

Fig. 6. Variation of the energy bands with distance in
a direction normal to the p* drain region for a FAMOS
device, (a) in equilibrium, (b) under avalanche injection,
(c) after voltage removal.

emission through the SiQ, layer of an MOS
capacitor made on a p-type substrate were of the
order of 10-* A/fcm? at an oxide field of 3-0X 10¢
V/em. Considerably lower current density levels
were observed for hole injection from an n-type
substrate.

Measurements of current flow through the oxide
of a silicon gate MOS transistor operated in the
avalanche injection mode (Fig. 7) indicate that
charge transport in the FAMOS structure can be
attributed to the same hot electron emission
mechanism observed in MOS capacitors. The
current density data in Fig. 7 are comparable to
those reported by Nicollian er al.[9] for a given
field in the oxide. An exact comparison between
the data is complicated by the gradual surface
carrier concentration profile along the surface of
the p* drain region. The two distinct plots in
Fig. 7 correspond to the initial and saturation
values of current density through the oxide. As
pointed out by Poirier and Olivier[12], when the
avalanche injection current is measured, a potential
drift is observed which corresponds to trapping
of negative charge in the oxide. As a result,
for a given d.c. applied voltage, the electric field
distribution in the oxide is time dependent, leading
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Fig. 7. Gate current as afunction of applied drain voltage
in an MOS transistor operating in the avalanche injection
mode, for two values of applied voltage duration.

to different initial and saturation values of current
density. The rapid increase in current density
and the gradual saturation is due to avalanche
multiplication followed by an avalanche breakdown
condition. In the carrier multiplication region,
an increase in applied voltage enhances the electric
field in the surface depletion region which leads
to an increase in the number of hot eclectrons
injected over the Si-Si0O, barrier to the silicon
gate. When the surface field reaches the critical
value fo1 the onset of avalanche breakdown, any
further increase in applied voltage is dropped
across the thermal oxide. resulting in the satura-
tion of current density. If under the same experi-
mental conditions (Fig. 7) the silicon gate is
floating, the avalanche injected current results in
the accumulation of a negative electron charge on
the gate. The amount of charge transferred to
the floating gate as a function of the applied
junction voltage pulse amplitude and width is
shown in Fig. 8. To verify that the charging effect
is due to electron storage on the silicon gate and
not due to trapping in the oxide at either interface,
the charging experiments were repeated with a
conventional silicon gate MOS transistor in which
the metal connecting to the gate was left floating.
The charging behavior was identical to that of
the FAMOS device, and the stored charge could
be removed by connecting the gate to ground. A
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small residual charge of less than 10 per cent of
the total accumulated charge was observed and
attributed to trapping in the oxide[9,12]. The
nature of this negative charge trapping will be
interpreted further in the discussion of charge
retention in the FAMOS structure. An attempt
to correlate the current density date (Fig. 7)
with the charge accumulated for a given applied
voltage (Fig. 8) becomes difficult because of the
different electric field distribution in the drain
region of the MOS transistor and the FAMOS
device. This difference in field distributionis caused
by both the negative charge accumulation and
capacitive feedback from the drain to the floating
gate (detailed in the previous section). Both of
these effects will reduce the potential difference
between the floating gate and the drain, causing
a decrease in the avalanche injected current with
time. An accurate numerical account of these
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Fig. 8. Charge transferred to the floating gate of a FAMOS device as a function of applied charging
voltage durations for different amplitudes of the applied voltage.
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effects requires detailed knowledge of the time
dependent field distribution in the deep depleted
p' surface depletion region.

An additional effect not reflected in the current
measurements in Fig. 7 is due to enhancement of
carrier multiplication in the pinch off region of
the FAMOS device by injection of carriers from
the inversion layer. Such an enhancement of carrier
mulitplication affecting drain junction breakdown
in an MOS transistor has been previously reported
{13]. As shown in Fig. 9, gate current measure-
ments under the condition |V, > |V (on the
MOS transistor used in Fig. 7) indicate an increase
of avalanche injection current which can be
attributed to onset of current flow. An increase in

ve (vour)

Fig. 9. Gate current as a function of applied drain voltage
in an MOS transistor operating in the avalanche injection
mode, for different values of gate to source voltage.

gate voltage to simulate current flow conditions
during charging of the FAMOS device would
lead to excessive currents through the MOS
transistor because of the large gate area required
to record the low level gate current.

Another aspect of interest concerning the charge
accumulation data is the existence of a charging
threshold. The value of this threshold was ob-
tained from a measurement of charge saturation
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as a function of applied charging voltage to the
drain. Saturation was defined as charge accumula-
tion after 12 hr of applied voltage. The results
are shown in Fig. 10. From knowledge of the
amount of charge accumulation and the feedback
voltage to the gate (measured by the same method
discussed with reference to Fig. 4), the saturation
gate to drain voltage was determined as a function
of applied voltage as shown in Fig. 11. The results
indicate that saturation of charge transfer occurs
at a constant gate to drain voltage of 8-0-9-0V
independent of the applied charging voltage. This
value is within measurement error of the charging
threshold voltage extrapolated from Fig. 10. The
low charging threshold points to the possibility

S —
W,
V“esnl Xo=1200 & ,.57’ ¢
tvomi Cg=Bx10'4erm3
-25.0+
-20.0-+
=15.0 +
.
-10.0+
5.0+
\— v + —_ } 4 }
-0 -15 -20 =25 -30 -35 -40 -45 -50

Ve {VOLTS)}

Fig. 10. The amount of charge transferred to the floating
gate as a function of the steady state applied charging
voltage.
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that initial charging takes place by way of thermally
generated electrons from the reverse biased surface
depletion region.

(b) Charge retention

Once the applied charging voltage is removed,
no discharge path is available for the accumulated
electrons, since the gate is surrounded by thermal
oxide which is a very low conductivity dielectric.
The electric field in the structure after the removal
of junction voltage is due only to the accumulated
electron charge and is not sufficient to cause
appreciable charge transport across the poly-
silicon-thermal oxide energy barrier. The maxi-
mum stored charge of 4 X 10" No./cm? (V,, = 50V,
Fig. 8) results in an electric field of approximately
2x 108 V/cm across the thermal oxide. Assuming
current transport by Fowler—Nordheim emission
from the poly-silicon gate into the oxide[14],
the estimated discharge current (for a polysilicon-
SiO; energy barrier of at least 3-2eV) is of the
order of 107%* Ajcm? at 300°K. Charge decay
plots as a function of time for different initial
charge values at 125 and 300°C are shown in
Fig. 12. The rapid initial decay followed by a
logarithmic time dependence cannot be explained
by electron transport across the oxide. It has been
shown[15,16] that an MOS structure subjected
to a high electric field in the oxide by means of
a negative bias applied to the gate at elevated
temperature exhibits positive charge accumulation
at the Si-Si0, interface. A charged FAMOS
device incorporates the negative bias in the form
of a negatively charged gate. Hence, one would

h Xp=I2004 Vo,V “
i cg=ax 10 ,{‘j
fvoLT) Loy =15p 4
lGDr ‘
. F |
wf O} ! ;¢
¢ ? b |
60+ l
| [
40* _
20t |
20 - S0 -a0 -a5 50
v [voLT)
Fig. 11. Floating gate to drain potential difference as a function of the steady state applied charging

voltage.
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Fig. 14. Hysteresis behavior of gate current as a function

of applied drain voltage in an MOS transistor operating

in the avalanche injection mode. A, is the gate to drain
overlap area.

charge trapped and is plotted as a function of the
steady state applied voltage V. in Fig. 15. The
AV,.-values were obtained by determining the
amount of voltage offset for each of the I-V plots
in Fig. 14 with respect to the (leftmost) steady
state / -V characteristic.

To evaluate the effect of high temperature
storage on the trapped charge, the experiments
leading to the I-V plots in Fig. 14 were repeated
with the following modification. After steady
state was reached at a given applied voltage.
the device was heated without bias for 60 sec
at 300°C. The voltage shift AV}, of the I-F charac-
teristics measured after storage is plotted as a
function of steady state voltage Vo in Fig. 15(b).
The lower values of AV, for a given V- compared
to plot A indicate a substantial loss of trapped
charge during high temperature storage.

For qualitative comparison, the initial charge
loss in a FAMOS device (as a function of the
applied charging voltage) after 60sec of storage
at 300°C, is also plotted in Fig. 15. While the
voltage and temperature dependence of both charge
loss mechanisms is similar, the magnitudes are
considerably different. If one assumes that the
trapped charge is a function of the avalanche in-
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Fig. 15. Charge trapping in an MOS transistor operated

in the avalanche injection mode, (a) before high tem-

perature storage, (b) after 60sec storage at 300°C.

Initial charge loss of a FAMOS device stored 60 sec
at 300°C is shown for comparison.

jected current density, the magnitude of trapped
charge in the FAMOS structure should be small
compared to that of the MOS structure because of
the lower gate to drain voltage drop for a given
applied drain voltage (section 2(a)). However, a
quantitative correlation between the charge loss
mechanisms in both structures requires detailed
knowledge of the field distribution in the avalanche
injection region.

(¢) Charge remouval

To provide a useful memory function, it is desir-
able to be able to remove the charge from the
floating gate. Since the gate is not electrically
accessible, charge removal by means of an elec-
trical pulse becomes difficult. The possibility
of compensating the electron charge by injection
of holes from the substrate is questionable due
to the lack of evidence for substantial hole con-
duction through the oxide. However, the initial
equilibrium condition of no electronic charge on
the gate can be restored by illuminating the
device with ultraviolet light or by exposure to
X-ray radiation. The two charge removal processes
are illustrated qualitatively in Fig. 16. Illumination
with ultraviolet light (Fig. 16(a)) of the appropriate
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UV LIGHT

X RAYS

Si0p

N-Si Si0p
(a) (b)

Fig. 16. llustrations of charge removal by ultraviolet
light and X-ray irradiation.

wavelength will impart sufficient photon energy
to the stored electrons to excite them over the
barrier with the aid of the built-in field in the
oxide to the silicon substrate, If we assume a
degenerate p* polysilicon gate, the energy barrier
faced by the electrons is approximately 4-3eV.
Hence, an ultraviolet wavelength corresponding
to a photon energy in excess of 4-3 eV will result
in a discharging photo current from the floating
gate to the substrate. A typical charge removal
plot for a FAMOS device obtained by exposure
to 2537 A (49eV) ultraviolet light is shown in
Fig. 17.

Charge removal by X-ray radiation (Fig. 16(b))
involves the generation of hole electron pairs in
the oxide by the ionizing radiation which has an
energy greater than the band gap of SiO, (approx.
8.0eV). A plot of charge removal as a function of
radiation dose is shown in Fig. 18. The radiation
dose required for complete charge removal,
5 X 10*rads, is comparable to the dose reported by

ULTRAVIOLET ERASE J
A =2537h

4300 KW o AT 3
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Fig. 18. Charge removal by X-ray irradiation as a

function of radiation dose.

Snow et al. [17] for the onset of radiation induced
turn on voltage shift in MOS transistors. As
reported in the literature concerning the exposure
of semiconductor devices to X-ray radiation,
[17.,18] the positive charge accumulation resulting
from trapping in the oxide can be annealed at
temperatures above 200°C. To evaluate the effect
of exposure to ionizing radiation on the storage
retention capability of the FAMOS device, the
charge decay characteristics at 200°C were com-
pared for irradiated (annealed at 200°C for 15 hr)
and non-irradiated units charged to the same
value. The results are shown in Fig. 19, and in-
dicate that no significant difference in retention
characteristics can be discerned.

vg' {voLr)

RN STORAGE AT 200°%C

100

50 =:%

&0/
FAMOS DFVICF
807 CcgmB X 109 o
46
xg=1000 &
407 X-DISCHARGE AFTER X-RAY
2.0 20 *-CONTROL, NO X-RAY
ORIGINAL V, |
—— L3 T -t —— T T T —_—,——— ——
20 40 &0 80 100 120 140 160 102 03 04 0% 0®

time (sec)

Fig. 17. The amount of charge removal by ultraviolet
light as a function of time, / is the measured intensity of
the light.

TiME {sEC)

Fig. 19. Comparison of charge retention for irradiated
FAMOS devices annealed 15hr at 200°C with non-
irradiated units.
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DEVICE APPLICATIONS

A non-volatile charge storage device with long
term retention and charge removal capability has
many potential applications in the areas of digital
and analog circuits. Semiconductor memories,
photo-sensitive storage arrays, depletion mode
load devices in digital circuits and analog storage
circuits are a few specific examples. However,
the most widespread potential application i1s in
the area of semiconductor programmable read
only memories. Fabrication of a monolithic 2048
bit fully decoded electrically programmable read
only memory with FAMOS devices in the basic
memory cell has been previously reported[7].
A photomicrograph of the integrated circuit
memory chip is shown in Fig. 20. While most of
the design aspects of the memory chip relate
to circuit design techniques detailed in another
publication|19], some of the considerations in-
volving the memory cell deserve elaboration
from a device standpoint. Two possible ways of
incorporating 1« FAMOS device in a programmable
read only memory cell are shown in Fig. 21. Since
the storage device (T,) is a two terminal device,
an additional isolation MOS transistor (T,) is
required to avoid erroneous interpretation of
information due to coupling between normally “on’
(charged) FAMOS devices in the memory array.
In both schemes shown in Fig. 2[. programming of
the storage device is accomplished by a coin-
cidence negalive voltage applied to the X and Y
select lines. resulting in avalanche injection and
retention of charge on the floating gate of the
storage device. Despite the apparent symmetry
of the two schemes (Fig. 21) they differ in their
programming characteristics.  Configuration 1
(Fig. 21{a)) for the same T, device size results in

[ I
Voo Vop
Vp b—' Vpo-—|
Y-SELECT Y-SELECT
X-SELECT T T,

X-SELECT

T — [

(A) (8)

Fig. 21. Two configurations for incorporating FAMOS
device in a programmable memory cell.
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a lower voltage at the drain terminal of the
FAMOS device for a given programming voltage
V, due to the lower conductance of T, under this
biasing configuration. Consequently, the amount
of charge transferred to the floating gate for a
given programming pulse amplitude and width
is less for Configuration I compared with that of
Configuration I1.

Proper operation of the memory requires the
capability to inhibit the programming of a non-
selected bit. In Configuration 1 (Fig. 21(a)) this
is simply accomplished by the lack of a Y-select
signal or the absence of an X-select excitation,
which inhibits the transfer of the programming
pulse to the drain of the FAMOS device. On the
other hand, in Configuration Il {Fig. 21(b)) the
inhibit mechanism in the case of no X-select
signal is more complicated. If the X-select line is
grounded while a negative voltage is present on
the Y-select line. the drain of the FAMOS device
(Fig. 21(h)) is still subjected to a high negative
voltage, however, no avalanche injection will
occur in this case because the source of the storage
device is foating (7, is ‘off’). The absence of
avalanche injection can be understood with the
aid of the capacitive feedback considerations
discussed in Section I. Under the programming
condition (7, ‘on’) the capacitance distribution in
the FAMOS device is similar to that illustrated
in Fig. 5(b). The feedback factor AV .JAV), is of
the order of (+:3. Hence the value of ¥, for a
typical drain voltage of —40'V during programming
is —12V. The potential difterence V.. —V, is
substantially above the charging threshoid shown
in Fig. 11. However. if the source is floating (in
the inhibit mode) the shunt c:lpucitéhﬁe to ground
is very small since €, through thenegatively

avg |
ol G

|
30+

2.0+

tima {sac)
Fig. 22, Charge accumulation as a function of time
in a memory cell for different values of applied READ
voltage.
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Fig. 23. Retention of the uncharged state in a memory
cell as a function of the applied READ voltage.

rising voltage on the floating source provides ad-
ditional feedback to the gate. As a result, the
feedback factor can be as high as 0-8-09. V.. —V,
becomes smaller than the charging threshold and
no avalanche injection occurs.

Once a memory cell has been programmed, it
can be interrogated in the READ mode by coin-
cidence selection (X, Y) with a lower negative
voltage (—15V). Hence the only difference
between selection in the PROGRAM mode and
the READ mode is the applied voltage level — 50
and — 15V, respectively. This brings up the
question of whether an uncharged memory cell
can be slowly charged by repeated selection in
the READ mode. The memory cell in configuration
IT (Fig. 21{b)) is particularly susceptible because
of its advantage in programmability.

Parasitic charging in this configuration was
measured for different voltages as a function of
time. The results shown in Fig. 22 indicate charging
characteristics followed by saturation similar to
those shown in Fig. 8. Computation of the satura-
tion value V., —V, vyields 7-5V for all three
voltages, which is in good agreement with the

SSE Vol. 17, No. 6—B

the long term effect of parasitic charging on the
retention of the uncharged memory state under
READ mode operating conditions (V, =—15V),
the time dependence is plotted in Fig. 23 as a
function of applied voltage for different values of
parasitic charge accumulation. A voltage shift of
AV=1-0V at V,=—15V will occur at an ex-
trapolated time of at least 10 years. Hence para-
sitic charging does not present a practical reliability
problem for memory cell operation.
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