1 6 JWUN 2004 i CONSTANT CURRENT PROGRAMM NG WAVEFORMS FOR NON- VOLATI LE
MENORI'ES 5 10 15 20 25 BACKGROUND OF THE INVENTION 1. Field of thﬁ 4
I nvention This invention relates to non-volatile nmenories includi & éw&éM
EEPROM and fl.ash nenory devices and nore particularly to the form of
progr anm ng -vol t ages applied to non- volqﬁlle menory devices which utilize

"Fow er - Nor dhei m PIRSN . anche injection
as' the met hod of progrann1ng lagﬁEggeﬁgégfhéﬂhﬁgé ﬁgﬁﬁﬁgﬁﬁﬁﬁ Rel ated Art
Electrons in the floating g ies repel electrons.
By: appl yi ng a progranmm ng p se mn %xeééﬁa gMéﬁgggd trace, the tunnelling
current produces spikes at the start of a progranm ng step and decreases
dramatically afterwards. This results in long progranmng tines. Such a
vol tage spi ke degr a@&ckmamnebwqwmwhr'ﬂ@- This results in a small
nunber of programm ng Cyclés avai e tunneling oxide | ayer
fails to beFisld ohshbalnvemtionyer. United States patent No. 5,485, 423 of

" Tang for "Method for Elrmnating of. Cycling-Induced El ectron Trapping in

t e This invention relates to non-volatile memories

including EPROM, EEPROM, and flash memory devices and more
particularly to the form of programming voltages applied to
non-volatile memory devices which utilize Fowler-Nordheim
programming, hot electron injection or avalanche injeciion
10 as the method of programming such devices.

2. Description of Related Art

Electrpns in the floating gatelof non-volatile memories
repel electrons. By applying a programming pulse with a
square shaped trace, the tunnelling current produces spikes
15_ at the start of a programming step and decreases
d;amatically afterwards. This results in long programming
timeé. Such a voltage spike degrades the tunneling oxide
{ layer. This resulps in a small number of programming cycles

available before the tunneling oxide layer fails to be an
20 insulating layer.

United States patent No. 5,485,423 of Tang for "Method
for Eliminating of Cycling-Induced Electron Trapping in the
Tunneling Oxide of 5 Volt Only EEPROMS" shows a method for
applying a relative low positive voltage to a source region

25 of a EEPROM during the erase cycle, However, this reference




Tynnel {ng Oxide of 5 Volt Only EEPROVE" shows a method for applying az JU

rel ative low positive voltage to a source region of a EEPROM during t g N 200¢
erase cycle. However, this reference 2 differs fromthe type of waveform

vol tage of the program and erase of the invention. United States patent No.
5,042,009 of” Kazerounian for "Method for Programm ng a Floating Gate

Menory Deyi ££4,-Sh od,. of _pr ogr afmi a flpoating gate using a
char ge pd%%fﬁ%réofﬁgmtgh%rggﬁgegg ﬁ?g?ﬁgfﬂrYgﬂgég?h%995$% 9%?953@ ?Fges
froma féféﬁeV@fUQhéoiﬁvéﬁEP€H val ue during progranm ng. However, the
gate voltage is used for the [ifmitation of the drain current rather than

to produce a consteat sPA0EEaPRLESL ﬁ&!rgpé‘;ﬁ?éoéhsfoﬁééeg}@%ﬁgg g%ﬁt o

programm ng speed and nunber  of progranmm ng cycl es.

pat ent NO'MeltHSd, 838 Pfo§Pakmbhgdh  F1b8EiAg SYSEE MRS or
"Programm ng Fl oating Gate EEv?ces". Cb%k et al. desé??%%gg?%crgﬁgﬁ?ing

tie gate avortlagd off progeppeingra afp@miﬁ@%?{;y ﬁé‘fﬁ§3§iéﬂa¥§’é}\g&ﬁ? such
as a linear or exponential ranmp. d ossary M = Random Access no
Menor i es,tanindoecide sa wirain caur bentac cerse dgate olioamge *a9bsl ¥rafcgssi bl e
for both witing and reading. ROM = Read Only Menory Menories in which the
read, butfimat ttelueite amecondwvalue during programming. However,

the gate voltage is used for the limitation of the drain

current rather than to produce a constant programming
S current for the optimization of programming speed and number

of programming cycles.

See United States patent No. 4,434,478 of Cook et al.

for a system and method for "Programming Floating Gate

Devices™. Cook et al. describes incrementing the gate
15 voltage in a stepped or a continuously increasing voltage

such as a linear or exponential ramp.

Glossary
RAM = Random Access Memory

{ o Memories, with cells which can be accessed at random,

20 rapidly accessible for both writing and reading.

ROM = Read Only Memory
Memories in which the read, but not the write operation
can be performed rapidly by a process referred to as

programming which is slower or more complex than

25 writing data into a RaM,.




can be performed rapidly by a process referred to as programm ng which is

sl ower or nore conplex than witing data into a RAM 16 Jt1N 2004 3 PRGNIN 2001
(Progranmabl e ROM Programmabl e ROV are ROV into which information can

be programmed, but then cannot be erased. When a PROMis originally

manuf actured, a data path exists between every 5 word and bit line so there

is a"1l" edpl t osition. S@orage cells are selectively
altered tgégﬁogpkg £ bid ¥ ng nmanufacture by destructively severing
sel ected wordpl-ggRL eghi@npat After the wite operation a 110"
programmed into agg?%mﬁgggtggﬁgcg%%ogagg i ggrggdcg;&EgofgﬁtFBHacaP' in a

PROM, o el pERASARREACTERR WNBRL EaRML. BeasaBleaPRONRAA & BROIPd-0f | V05

FET devi ces whi ch i nclude floati ng polysilicon gates, " t he
sense thatighRall9ainhnardatarkd, Nt n d y I eal o

conduct or, b%t S ?solated byrg?elgc?§?§ %%%grF%?gigTﬁgkggFéa%?ﬁé%bate
provi des wond- apdnbiet iheoBoothekeci kORI 611 CBahgR3a3nt BGery dat

i nformati on-storage nechani smof the EPROM The charge is ransférred to
the floatpogighon.fBborabe cellscapessbittaioelpr augbran tosHkaker al ayer.
20 A formof electrically programmabl e EPROM can be erased by irradiation
of the del@tefollpwingr menofactail)byi dattroctiesbyeseeeasiny theestewed
charge fromthe floating gate. For an NMOS EPROM during the read

oper at i or"o¥¢-t@ebit| sannagtjenepathaot Bfheyethei whikesopéiratdéon aunber of

"0" programmed into a bit location cannot be reversed back

fad to a "1" in a PROM.

EPROM (ERASABLE PROGRAMMABLE ROM)

Erasable PROMs are formed of MOS FET devices which
include floating polysilicon gates, floating in the sense
that the floating gate is not connected to any electrical

15 conductor, but is isolated by dielectric materials. The
floating gate provides long-term retention of electronic
dharge as the information-storage mechanism of the EPROM.
The charge is transferred to the floating gate from the

s silicon substrate through an insulator layer,

20 A form of electrically programmable EPROM can be erased
by irradiation of the device with ultraviolet (UV) light to
remove (erase) the stored charge from the floating gate.

For an NMOS EPROM, during the read operation, if the
floating gate is not charged with a sufficient number of

25 electrons, inversion of the channel region under the gate

will occur. A conducting channel region would then form




25 el ectrons, inversion of the channel region under the gate will occar. A
conducting channel region would then form | between the source and th 6 JUN 2004
drain, if an external gate 5t_j 15 20 25 voltage were applied. However,

wi th charge accunulated in the floating gate el ectrode, channel formation

Is prevented even with the application of a gate voltage. The presence of

a "1" or ndy.ddh eaedh Hi cat i is.thherefpore determned by the presence
or absenc?eé%%é%h condu%l?%%@c%ldnﬁ{e}fe R iJnlg %Pp‘:r"bfg?%cg"i‘d%%i ce. IOFor a
PMOS EP ' ' [ eq. . .he resence: of. the el ectron
assi st mnlﬁﬁﬁfﬁe%{%ﬁﬁgnﬂf} h?é"?%‘gélg’bg%lr\%}g %}?g]f%ez WU r Rents it.
FLOTOX ERFRONS d3edf g | Fe a t o) i of a
prior art FLGating- g%t%&T%%le%ﬁ%&C?)d déeﬂ%gf%c%y??gﬁéﬁ sllégt ]Fé/‘i%\i\{:?é shown

formed oreverP-wstbsilatappRl A dheot Wrdace W1vkheh Ff??%(ﬁgé%%i de)
regions 142, 142' are forned. Fornmed between FOX Tegi ons 142, on the

sorface af subSt’raie "0 far eedate | witke dl dofed ¢n CO$ Otied 198 £ St @ Ce lém i ned
conprising two polysilicon gates F& and C&; a polysilicon oxide

I nt er - cordudthe BrBsANJCRY; airmricdofim tdbodyct Didathakod Weesy 06k €in

el ectrodes F& and C&; and below the floating gate F& and over the drain
D2 is foln@FogRanned Waicexi de

For a PMOS EPROM device, the action is reversed. The
presence of the electron assist channel formation and the
Ly the absence of the electrons prevents it.

FLOTOX EEPROMS

Referring to FIG. 3, a fragmentary, sectiocnal view of a
prior art FLOating-gate Tunneling OXide (FLOTOX) tran-
sistor 102 is shown formed on a P- substrate 122 on the

15 surface of which FOX (Field OXide) regions 142, 142°' are
formed. Formed between.FOX regions 142, 142' on the surface
of substrate 111 are included a gate conductor stack 162
comprising two polysilicon gates FG2 and CG2; a polysilicon
oxide inter-conductor layer ICD2, about 50 nm thick, formed

20 between gate electrodes FG2 and CG2; and below the floating
gate FG2 and over the drain D2 is formed a thin tunnel oxide
(silicon dioxide) layer TX2 preferably about 10nm thick
(from about 8nm to about 12 nm). (Note that tunnel oxide
layer TX2 can be composed of an oxynitride.) The floating

25 gate CG2 is formed above channel region CH2 in the

substrate 122 and a portion of drain region D2 on the right.




(silicon dioxide) |ayer TX2 preferably about 1Owimthick (from about 8nmto
about 12 nm. (Note that tunnel oxide |ayer TX2 can be conposed of ani g JuN s
oxynitride.) The floating gate C& is formed above channel region CH2 in
the substrate 122 and a portion of drain region D2 on the right. 8 JUN 2004
S5 An N+ doped source region S2 is forped on the left side of the stack
162, self-aligned with stack 162, unl i ke’the drain region D2. The | ower
pol ysi | i cm Naydeppd shureéeozeghgngsReisefoctmeddenFtRe Wbifkestille ggper
polysilicon layer is the 5 control gate electrode C&. The remai nder of the
space bethReptearbalfig galé-rtdgnad wiathchbank| 162gi onl{ke &hd drain
source/drain regions S2/D2 is the gate oxide GOX which is typically 50 nm
(500A) t HEeFionrBgr anthfgleverneoysibikcenahaverois 1bbei E1dahéngygatie0
causi ng elfct%oaéﬁt? ?e thagsferred fromthe substrate 122 to the floating
gate el ectTode" ff ouiLGnRBE BRPAE PPAVeiliseon tangrrédel EheNor dhei m
tynnelin | ] occur t I gh control -gate voltage val ue of
v,ng,-_z %c";?%%faégg %ge?ﬁf%gﬁb‘gﬁ? - 187K FABALEARS 05 Hh ofPag8 Vx,,2 is O
V, 15t e [ apd.th ubstrate vo ge V,, is O
V. As eI2@??@%%ﬁa£¥§%%?g§eagﬁeff%gt%ﬁa gg ecﬁig?Efcﬁ%?bgnbhh?dgngn t he

floating Q&iﬁcgﬁgrﬁﬁﬂsfgﬁiéﬁﬁ §b?ﬁ%rk§ tﬁée%;QtéOondée&HﬁeShEQﬁrEby

decreasing electron flow Since the tunnelfng process is reverstdie, the
floating gadecd Py 260 Can PsoGARSEHiLY,. grounding the control gate C& (VG

= 0) and raising the drain voltage V'2 to a high enough voltage
Programming of the FLOTOX transistor 102 is done by

éio causing electrons to be transferred from the substrate 122
to the floating gate electrode FG2 through tunnel oxide
layer TX2 using Fowler-Nordheim tunneling. Tunneling occurs
at a high control-gate voltage value of V.o= of from
about 12 V to about 18 V, when the drain voltage Vo, is 0 V,

15 the source voltage Vg, is 0 V, and the substrate voltage V..
is 0 V. As electrons accumulate in floating gate FG2,
charge builds on the floating gate FG2 causing the electric
field to be reduced thereby decreasing electron flow. Since
the tunneling process is reversible, the floating gate FG2

20 can be erased by grounding the control gate CG2 (Vegz = 0)
and réising the drain voltage V5. to a high enough voltage
for that purpose, while the source voltage Vg, is
disconnected, and the substrate voltage Vgg is.O V. Thus,

Fowler-Nordheim tunneling is used both to program and to

25 + erase the FLOTOX transistor 102. Programming and erase




fior that purpose, while the source voltage V.2 is disconnected, and the
substrate voltage Vss is O V. Thus, Fow er-Nordheimtunneling is used Bodihh 2004
to programand to 25 erase the FLOTOX transistor 102. Programm ng and erase
5101520 25 16 tinmes are on the order of 0.1 to 10 m|liseconds. A

FLOTOX transistor 102 can retain a charge . for years, normally. in an

Pr ogr anm AR (31 AP KEESha T | Shasndan S | FLTak e
pbet 1 nct AR o, A en, ke tRlin, %ehanes o dteds s maR Y crent
Phe FLoTox eEston T ehie eyt se AT ey 'Y (e et etrave boen
[ aperol Gl o o o e o o M B SR A m | e
2 Bossi BTG {0 opt mae oty BUFAIRIRR i S Ml B et B T el 0 ano

is possible to optimze programmng tine an I eve tunne

CLTT Nt | VoRucls Cme Sep b L 00 qaldad o Y SR Ty 0 Lo

be gener abetirbyt! ithedr ani hoalysivhivald made of "the effect of some
different programming waveforms on the tunneling current and
threshold voltage of the FLOTOX EEPRbM...". It stated

E":Lu further, "Four waveforms have been considered; square,
linear ramping; exponential and, a new proposal,
trapezoidal. It is shown that the trapezoidal programming
waveform is the only one which can produce a constant
tunneling current, and therefore it is possible to optimize

15 programming time and achieve tunneling field and current
levels consistent with the objective of improving the long
term reliability of FLOTOX EEPROM. " Howevér, the shape of
the waveform needs to be generated by linear circuits which
are not easily optimized in digital circuit design. The

20 stepwise ramping waveforms proposed in FIGS. 7A and 7B use
only digital circuits and are therefore easier to
incorporate. Digital circuits also allow interactive
programming and threshold voltage detection, which results
in tight V.., control.

25 In a Flash memory device, the pregramming can be done

bit by bit and the erase can be done in the page mode,




afe not easily optimzed in digital circuit design. The stepwi se ranpjng
'mévefg1ns proposed in FIGS. 7A and 7B use only digital circuits and a.B‘MN 2004
therefore easier to incorporate. Digital circuits also allowinteractive
programm ng and threshol d vol tage detection, which results in tight Vim,,
control. In a Flash nenory device, the prpgranm ng can be domi5 26t22y38|55

and the gLass n,b o) | h age npde, .18 JUN 2004 10 .

7 mheregi a.?%? %ff%?tggcgﬁt%eg%ﬁaggdefaag?hg?gegh%rpre@gﬁtpr?ﬁﬁﬁﬁt|on

I ' E evices. i ncluding
he. FLoTo R RLYE A £ CELAn BienaPp, BhUEtoq 138 HRLF C¥enBRaRE  and

g(}ea Y?f EEEROR' @erbcdO! § ¥Budl Ry the "FRb¥Ox2EYPRO O = BXtvr. k. 1t"r
= +
The equations used in the article by Sik On Kong and

5 Chee Yee Xwok are as follows:

+ Write Operation

I't'.url = Atun * a * Ez exp (— %)

10 EXeun
' ke

' dvg Teun

Re = +
15 dt Con

where
Revevoonn Control gate voltage ramp

rate during write operation
®.......characteristic constant (pre-

20 exponential )-———~=———m-———————— 3.69x1077 AvV—=
B.......Characteristic constant _
(exponential) --———=-=mo———en 223 MV cm™*
Arun-...Tunneling area ---~————-==-————== 0.64 um=
Cep++...Plate to plate capacitance (CG2-FG2)
25 Eieuvon .Electric field across the tunnel oxide

Icun....Tunneling current defined by
Fowler-Nordheim equation

Xeun-+ . Tunnel oxide thicknesgs-~~—-==—===- 8.0 nm
Vee(0)..Control gate voltage at time = 0
30 Vew (0} Threshold voltage before
write operation-------——--mewao—— -3.0 V
Vess....Neutral cell threshold Voltage--- 0.0 V
Kws+eo..Write operation coupling
constant-~------~remmmm e 0.709
35 Erase Operation
Extun kw
Va(0) = ——— + [Ver = Vea(0)], where

Ko Ke




dt where Wite Operation E2 exp (- E) + (VM(O) - Vti ] , where It.. ....

Control gate voltage ranp rate during wite operation a ....... 18 JUN 2004
characteristic constant (pre exponential) -------------------- 3. 69x10-"

AV 8....... Characteristic constant (exponential) ------------------ 223
WwWcecm" A-s,,,.... Tunneling area ------- g oo 0.64 pn2 C.......

Plate to plate capagitance ( -F&) E.....0. Electric field across the

tunnel oxide }Lt~p..F=Tunpel] current defined by Fow er-Nordhei m

equati on X v e Tunnel oxide thickness---------- 8.0 nm
Vc, -(0)..Control gaP® voltagé=at tine = 0 V,,(0) Threshol d vol tage before

wite operation------ s q-A-gm--4 --3 0V Vt.Xx..... Neutral cell threshold
Voj tage--- 0. 0pV =kegb.].£§MZEﬁe]operation coupl i ng

constant------- T --fynn--1-- 0.709 Erase Operation EX .., kw Vd(0)
=+ [Vti - V,..(0)], where Ka k= T kw
where
kKee.......Erase operation coupling constant--- 0.83

Vee(0)....Threshold voltage before
10 erase operation -----—m-r-—m————— 3.0V
Re+sevvv..Control gate voltage ramp rate
during erase operation
teevve....Erase time
/\ Veo....Total change of threshold voltage
15 during erase operation --~-—-———-———~ 6.0V

SUMMARY OF THE INVENTION

An advantage of this invention is that it increases the
speed of writing and erasing data in a flash EEPROM device
or other EEPROM devices by a factor of two to three times.

20 Another advantage of this invention is that it
increases the lifetime of a flash EEPROM device by a number
of programming cycles.

A further advantage of this system is that linear
ramping waveforms are provided.

25 In accordance with this invention, an EEPROM MOSFET
memory device is provided with a substrate on which a gate
electrode stack is formed on a doped silicon semiconductor

material with a gate electrode stack including a tunnel




b tion coupling
' kY. 10 15 20 25 8 where k.......... Erase opera |
Cgﬁgtaﬁi--? 0.83 V e(O)FPP. Threshol d vol tage before erase operat|q§g<nnqﬂmqp
: Ll I3 OV R, Control gate voltage r?nphratﬁlgrlng_
----------- - [ ... Total change of thresho
erase operation te........ Erase tine Vtg..
P erase operation ----------"---- 6. OV SUWARY OF THE

'voltage durin
INVENTIONQﬁié%j

evi ce

that it ingreases the lifetime of a flash EEPROM eV|ce

pr ogr anm

rampi ng waveforms are provided. In accordance with this inven
c

EEPROM

25

e and (rheherorrhointoae @fl ddtirodw), stﬁma|l§ot th‘t o c{1eear

I on,

vieavene @fflﬁﬂ&n@\é_ﬁ’ﬁélzmé@t&té@ a,{ |n c’ﬁ"&%@é he speed of

witing and erasing data in a fla
by a fgctd"r legitnoge tvol tihraealie et ri AN RANAEYAYS,

Y] devi ces
|s |nvent|on IS

€ of

e gegions doimted! viint fthe wtb%tgrﬁtt@ on whi ch a gate
doped silicon sem conduct or
elgctrodes%&%caffagégned on _a dop

with the stack. The source region is at a

Source voltage, the drain region is at a drain voltage and

the substrate is at a substrate voltage. Means are provided
for writing data to the floating gate electrode by applying
an upwardly stepwise increasing control gate voltage
Ve waveform applied to the control gate of the

EEPROM device. The waveform is a voltage ramp providing a
substantially constant tunneling current into the floating
gate electrode which is approximately constant with respect
to time =o programming speed and the number of write/erase

cycles is increased. The means for threshold voltage

- testing compares the voltage of the drain electrode to a

reference potential. There is means for providing the
ramped pulse output to the control gate electrode by
producing a sequence of increasingly higher counts to a
decoder which provides sequential switching of successively
higher voltage pulses from a voltage divider, and there is
means for providing a ramping operational amplification to

the successively higher voltage pulses.

Further in accordance with this invention, the method of
operation of the above device is provided as described

above and hereinafter, .




na&eridl with a gate electrode stack including a tunnel 18 JUN 2904 V 1t6

JUN 2994 9 oxide layer, a floating gate electrode and a control gate } 6 JUN 2004
el ectrode with a dielectric |layer between the floating gate electrode and

the control gate electrode. It also includes source and drain regions

farmed in the substrate 5 self-aligned w R the stack. The source region is

at a source vol t RBIER MESCRIPTION O TEEADRAWINGS vol tage and the
substrate is at a substrate voltage. Means aré€ provided for witing data

to the floati ndhfatfensasdngodadoytipy wispectan ahldHaY: 3l e ﬂ}{}lﬁé easi ng
control gate voltage VCGL waveform applied to the control "'gate of the

EEPROM ded¥ENtHAE RfeBFphained wold sgsardhedbeliol kg th refstaud al |y
const ant unn%Iin current into the floating gate electrode which is
appr oxi mat8l y o ASCAMPERYERT, dXpwdngsto imi mbish :pr ogr anmi ng speed and t he

nugber of mmitﬁjggaﬁg gﬁcles is.increased. The neans for threshold voltage
_testing conpafés t H& FOPHEg@ BRirneijeldiestapdes: dneludiag ref erence

potenti al Qs ns,for, providing the ranped pulse output to the
control gg?gggﬁgéfigd §8§tr8P8d389n8+a%§édﬁéﬂb@lﬁptrﬁdﬁe§§pm;qxddgﬁgﬂ

counts togag;teeader Wk i.des sequential sw tching of successively
hi gher voltaée puﬁseéw??§§1gsgéFfage divider, and there is neans for

ol tage pursee. "EartRerrneoRRoraRaY UXAHCAR £8r,bER. AERIERN S el nod of

vol tage pul ses. Further in accor
FIG. 1A with an energy gap.

) FIG. 2 shows a Flash EEPROM (Electrically Erasable
PROgrammable Memory) device in accordance with this
invention formed on an P-doped silicon semiconductor
substrate.

FIG. 3 shows a fragmentary, sectional view of a prior

15 art FLOating-gate Tunneling OXide (FLOTOX) transistor.

FIG. 4A shows simulations of four programming waveforms
of voltage V.o, in Volts as a function of time in for
waveforms R1-R4

FIG. 4B shows the resultant tunneling current density

20 curves as a function of time produced in response to the

Vew: curves R1, R2, R3, and R4 in FIG. 47,

25




operation of the above device is provided as described above and
hereinafter. 25 10 BRI EF DESCRI PTI ON OF THE DRAW NGS The f oregoi ng aiﬁoe JUN 2004
ot her aspects and advantages of this invention are explained and descri bed
below with reference to the acconpanying drawings, in which: 5 FIG 1A
shows a pair of electrodes includingjpgolysilicon electrode and N+ silicon
el ectrode separated by a silicon dioxide layer. FIG 1B shows an energy
diagramfor the device of FIG IA wth an energy gap. -~ FIG 2 shows a
Fl ash EEPRGM {El sicdws cielhd ywibrias aiil e sheReg vainabkevianeegpodesi ce i n
accordance with this inv i for on_an_P-doped silicon sem conductor
subst r at gEeFV?ife%OErﬂ%V\%faeé%'ag%ntaﬁ%&/e%%é& %(Sﬁal ggl ew of a prior 15 art
FLGat i ng-gate Tunneling OXide (FLOTOX) transistor. FIG 4A shows

simul ati ons of four progranmm ng waveforns of voltage V.G in Volts as a

functionfof t PnERPHS RS WREARFHE RItRISFI(&) 9BNdABWESEFes ridil t ant

tunnel i ngugHELedt @LDSk toralkD SHIRS AS tdr-bunat Fen ofi« tiBErdM aduced in
response to the Vc,--1 curves Rl, R2, R3, and R4 in FIG 4A 25 i16 JUN

2004 10A FIG 4C shows the wite threshole voltage Vtu.w response to

FIG. 6A shows a constant value of V5 during programming.




rnms R, R2, R3, and R4 in FIG 4A FIG 5 shows the threshold
Lgft\gggezg/)n\fm ndow versus the number of wite/erase cycles of three 8 JUN 2004
different EEPROMs. FIG 6A shows a constant value of Vg during _
programmi ng. JUN 2004 11 In FIG 6B a trapezoidal programm ng waveformis
shown in which Vg ranps froma starting vaillue with a rate which

conpensat es then eF@.sSisBN a0t rabeebigRg p?%,gg%ﬂ}niﬁmﬁewa%‘é%‘i'd 3_ cg_{o‘rfrg\lit t ihisna

constant. 5 FIG 6Cillustrates a type 0 smart” “programnn
a chip, tharwhdch.N@nyampgomromebl3tggtgng4vaqhglh9Qh.aF&gtézaﬁggyw how a

‘ - - i ' . i in
F1C 765, Sompedathrtha sepiieaBhODEOLIE0SreRE] 0BENERatl caf G OB and I G
6C with a series of pulses, with ranping anplitudes applied to the contro
gate. Fl Gunueihogscunrest o6 pukbsastaatin FIG 7B with a ranping voltage
for each pulse. 15 FIG 8 shows actual ex er t 1 d anet 2025 naa L, a
od.., vs. tinBIG¢p8Bc.) fdlushratesve Bybheofystmaref pregrémming t he
pul sed where within a chip, there are many memory cells (e.g. 4
million}).
FIG. 7A shows how a stepped ramping pulse is employed
instead of-the linear ramping pulse in FIG. 6B.
‘iﬁo FIG. 7B shows a combination of the approaches of
FIG. 6B and FIG. 6C with a series of pulses, with ramping
amplitudes applied to the control gate.
FIG. 7C shows an set of pulses as in FIG. 7B with a
ramping voltage for each pulse.
15 FIG. 8 shows actual experimental data of Vep vs. time
~ (usec.) for the curve A the system of FIG. 6A vs. the pulsed
control gate voltage curve B in FIG. 7B.
FIG. 9A shows an analog circuit 90 comprising an
operational amplifier Al, with "+/-" inputs.
20 FIG. 9B shows the waveforms of voltages V, and V. with
8 square waveform for a duration "t" during which voltage V.

falls below 0V whereas voltage V, rises above 0V for

duration "t".
FIG. 9C shows the output on line 92 which is a pulse
25 for duration "t" with a sawtooth value rising from the

positive value V, by a delta amount.




control«gate voltage curve Bin FIG 7B. FIG 9A shows an anal og circuit 90
conprising an operational anplifier Al, with "+/-" inputs. FIG 9B 3’&5&“” 2004
the wavefornms of voltages V1 and V2 with a square waveform for a duration
"t" during which voltage V. falls below OV whereas voltage V2 rises above
Ov-for duration "t". FIG 9C shows the owygput on line 92 which is a pul se

f dur at.i "ty t h Iy 5 t.h Pt I VI

by a dei ta amunte- 10 s tR 3803 50 ER i Pnn, REbbaGasRB o BRLAR e ase
t t i t d f

7l ont i ng on & rdnor yeNEEPSoP | B0 AP BEnEER" B8 bEeChEBRC8T ol age

applied tofldetifhgC ﬂté%erﬁ@i‘g gbgctepge of floating gate nmenory MOS cel l.
FIG 11A shows an EPROM EEP or flash nmenory cell as an FET device with

a floating gaterbid DOBOSHGWS gadévieberitnds. vElGagdlBpphe € g Cui t
based upon the circuit of FIG | A FIG 12 shgws agse%gg a\r%%I Ittpl é-'f?‘ef or

t hBeshol d amitmle gaestélgrfods aosi 6164t Mg @aféqneééé\% fibg c&3jshows the
circuit diagramof the ranped pul se generator 24 of FI 11A. J1 s JUN

2004 12 ti | PTI THE PREFERRED E |, MENT - -
00 F&b.D§§gRsﬁowgnggrﬁPROM, EEPROM or %%ﬂw%emory cell as an
FET device with a floating gate and a control gate

electrode.

FIG. 11B shows the circuit based upon the circuit of FIG.
11A.

FIG. 12 shows a sense amplifier for threshold voltage

testing of transistor Q3 in FIG. 114,

FIG. 13 shows the circuit diagram of the ramped pulse

generator 24 of FIG. 11A.




Non-vol atil e EEPROM nenory devi ces contain isolated floating gates such-as
gates FGL and F& in FIGS. 2 and 3. Such devices can be programred bgB-JUN 2004
el ectronic tunnelling from 10 the channel region through a tunnel oxide

| ayer TXO such as the one shown in FIG |A FIG |A shows a pair of

el ectrodes including polysilicon electrode El and N+ silicon electrode E2
separated by silicon dioxide (5102) .tayer TX, with a 15 thickness of about

5nm (50A) . Polpysddi r Ilicon el ectrode E2 are

connected to EREPPION Ok PHE Fhe Ei&@@&éﬁﬁﬂﬁﬁibl', which is al so
applying a | argen-v¥814808 n._energy diagram for the device
of FIG IAwth an ener gy g%gh0%5m§ﬂ§§§iﬁsggF?ﬁnXPBFégés1F91éﬁedfIash
‘EEPROM defil eatsing BRAESY S o ELESTRLGAL L Pgd\/ﬁ P devices are
simlar to EPROM devices in str ctureﬁggﬁéﬁﬁg%ggt 4 IEERE%r%§de@ased

el ectricdigh dewides ¢hrbaipRograMmbd 9By SPLEEE ?J g 13 5 10 15 20
25 Fl ash EEPROVS In a flash EEPROM devi oF §ReGEfon %hg%é 278, kromi ' he
denory' s the sshaygie s regiomet lerasgdl a Stihhé BNERUSE Y1 8ve W o gH¥;,ERROM  not

with UV, but ‘
the one shown in FIG. 1A.

FIG. 1A shows a pair of electrodes including
polysilicon electrode El and N+ silicon electrode E2
separated by silicon dioxide (Siog) layer TX, with a

15 thickness of about 5nm (50A). Polysilicon eiectrode El and
N+ silicon electrode E2 are connected to opposite termiﬁals
| of DC voltage supply V,', which is also applying a large
voltage. FIG. 1B shows an energy diagram for the device of
FIG. 1A with an energy gap.
20 This invention relates to all flash, EEPROM devices.
EEPROMS = ELECTRICALLY ERASABLE PROMS
EEPROM devices are similar to EPROM devices in
structure but the data in a ROM is erased electrically,

rather than with a UV light source,




with an electrical erase signal. The speed is fast, i.e. the cells can be
erased rapidly (1 or 2 seconds, conpared to the 20 m nutes required t48 JUN 2004
erase a UV-EPROM. The erasing nechanismin flash EEPROVs is

Fow er- Nordhei mtunneling of the floating gate to, according to different
designs, the drain region, the source region or _the channel region.
Programri ng of the floating gates, is cd@ried:out in nost flash cells by
hot - el epi{ f9A kRPROMSON into the gate. . The upper polysilicon |ayer forns
a control gate electrode and the word lines of the structure, while the

| ower pol ysi | i conInhayerflaehp EHEPGEOM delviate dpegding acl(ebamygss. ofThargat e

oxi de can be about 10 nmthick, and the interpolysilicon dielectric can be
an oxi de/ ni t pifd&hex méaorfyONOp ewypeeiltle fdammbgbed@sEd nm thick. FIG 2
shows a Fl ash EEPROM (El ectrically Erasable PROgrammabl e _Menory) device 10
i n accor dance iwuilitamieions Liynwéntiidh oo ed FipVan motdeddd V4 &M

sem conductor substrate 12 doped with P type dopant in whic flash
Benory devi cwiitd Bor fdearaimedn emase sdehadecorfderEReSs%gidn@sar and 14
which are formed on the surface of the 16 JUN

XA 14 suypstrate, 11.
Cent ered bet de@n the Gelds S B ST T ns(]:'iz?,r %cﬁeﬁfm%%’ t he
surface of the substrate 12 i | ocated a gate gel.ectr st ack 16.
Vit dh.aritem e i 3

Sel f - al i gned SRR

he substrate 12 are a

source 5 regb%rlE%iRom the left and a drain region D1 on the right

10

15

20

25

The erasing mechanism in flash EEPROMs is
Fowler-Nordheim tunneling of the floating gate to, according
to different designs, the drain region, the source region or
the channel region. Programming of the floating gates, is
cafried out in most flash cells by hot-electron injection
into the gate.

The upper polysilicon layer forms a control gate
electrode and the word lines of the structure, while the
lower polysilicon layer comprises a floating gate electrode.
The gate oxide can be about 10 nm thick, and the
interpolysilicon dielectric can be an oxide/nitride/oxide
(ONO) composite film about 17 nm thick.

FIG. 2 shows a Flash EEPROM (Electrically Erasable
PROgrammable Memory) device 10 in accordance with this
invention formed on an P-doped silicon semiconductor
substrate 12 doped with P type dopant in which a flash
memory device is formed between first and second FOX

regions 14 and 14' which are formed on the surface of the




formed+in substrate 12. In the surface of the substrate.12, between th
sgurce S1 and the drain region D1, below the tunnel oxide Iayer X1 $r SUN ﬂﬂ%,
formed Channel region CHL next to the source region Si in the substrate
12. A pinch off region POR adjacent to the drain region Dl in the

substrate 12 is forned during the wite téycl e when suitabl e bias vol t ages

' ,. The d
Tor t age. of e fEREEPHLEC cHRLLROE Bt BHEr1k8 RhasserPndulon ot e 15 12
s The copégobngaie Akt 29° b3 Ve LoStack 18 igd g&ggtgggﬁt ygnel, oxi de

| ayer TX1 whi ch has I ckness 12 §é0n1a?gut X EZGSAn;orgFgCh
on the susé&a€edoh Qe SHPSEERL RVegl Negghgny
of f region FOR Abo%e ?un%e? ox?%e Fa er ?Xl I'S 20 ? EgH$ BSt i onal

floating gete eieetrode EgackCQ@DPﬁegheOéquQEQtQOH¥S%LbC8nE§QV'ng a

t hi ckness of from about 1,000 A to about 5,000 A. an I'nfer- uctor

Difel ectriregioyesl| 61thor B&Ef adhy goaﬁggﬁdrgélgthQSbhlgng r(_E@hql_e/sulcon
Nitride/silicon Oxide), and a control gate 25 el ectrode nposed of

doped pol ysilicon having a th|cknessoﬁﬁeareﬂlQbagtr&tQOQzA’thaﬁﬂgt

5, 000A. Shown to E _J 15 20 ~16 JUN ZOO 15 the left of the gate el ectrode

stack 16,54xfa¢e ofethe asulysierater UDpadetwaenethegsonrSs Bhi ahdi $hkocat ed
drain region D1, below the tunnel oxide layer TXl are formed a,
 Charmel region CHL. next to the source region S1 in the

{10 substrate 12. A pinch off region POR adjacent to the drain
region D1 in the substrate 12 is formed during the write
cycle when suitable bias voltages are applied. The source
voltage of the source region S1 is V5. The drain voltage of
drain region D1 is V,. The substrate voltage of substrate

15 12 is Vsun-. The control gate voltage is Vega.

Stack 16 includes the tunnel oxide layer TX1 which has

a thickness of from about 50 A to about 120 A formed on the
surface of the substrate 12 above the channel region CH1 and
pinch off region POR. Above tunnel oxide layer TX1 is

20 formed a conventional floating gate electrode FG1, composed
of doped polysilicon having a thickness of from about
1,000 A to about 5,000 A, an Inter-Conductor Dielectric
layer ICD1, preferably composed of ONO (silicon
Oxide/silicon Nitride/silicon Oxide), and a control gate

25 electrode CGl, composed of doped polysilicon having a

thickness of from about 1,000 & to about 5,000A. Shown to




bet ween. the gate el ectrode stack 16 and the first FOX region 14. The
self-alignedth doped drain region DI is |ocated between gate e!ectrgfgdwN 2004
stack 16 and the second FOX region 14'. The N+ doped source/drain re

S1/D1 are . doped with a concentration of phosphorus dopant fromabout 1 E

18 atoms/cnB to about 5 E 20 atoms/cnB. The N+ doped source region Si and

"the N+ d ' | da T ctivel y ‘Over]ap the opposing edges of
the gat o RS L T e, eﬁi{weo%%g%rﬁﬁ 14 O GO e Fash’
E]I‘E fP RrO(\a/lgi g\fe?g# ; iche'idgQj":“f}%(ﬁiaipnsose""a‘d“‘p E’f,ﬁlgpﬁéﬁyﬂgcﬁg ’r%l%‘??%?n%‘l’li p) with

the N+ dopretwibien nthd e dlectAdfe tg%%sp%it%faiﬁf{%%oé%’%he channel

[ [ ation
region CH. The POR is forned when the _ rased ur (
be_done by - Foul o - Nor dnei  turnal Ty e S0P B Rheeli ok oun
be done by Fow er-Nordheimtunnelling as in a _ OM'a omghln
the prior loacatext betwden ghtey dBEdﬂﬁodﬁfﬁﬁdéK‘idﬂHﬁa|ﬂﬂg)ééb?£¢a§8X mory
EPROM devices of FIG 2 normally. FIG 4A shows sinulations of four™ _
pr ogr anmi A§Sdreflcy e Tfe VoI daged/Gburde drad tfedions famesi ofrf time in

5 15 20 25 16 . ) .
doped with a concentration of phosphorus dopant from about

1 E 18 atoms/cm® to about 5 E 20 atoms/cm3,

The N+ doped source region S1 and the N+ doped drain

ot
i
[

region D1 respectively overlap the opposing edges of the
gate electrode stack 16 with the channel region CHl of the
Flash EEPROM device 10 located between N+ doped source
region S1 and the pinch off region[gpé)which is juxtaposed
(in side-by-side relationship) with the N+ doped drain
15 region D1, Note that the | péR is a part of the
channel region CH1l. The . FOR is formed when the
MOS is biased in the saturation region during the write
cycle,
For the write operation, the tunnelling can be done by
20 Fowler-Nordheim tunnelling as in a FLOTOX EEPROM as shown in
the prior art, as in FIG. 3 or by hot electron tunnelling in
Flash Memory EPROM devices of FIG. 2 normally.
FIG. 4A shows simulations of four programming waveforms

of voltage V.s: in Volts as a function of time in



mlliseconds. The wavefornms shown are as follows: Rl positive square _
voltadge pulse V,-,-1 R2 linear voltage ranp towards a constant val ue 1B&HMlzm4
exponentially rising voltage V., -,. R4 Trapezoidal V,--,--1 = 8.955V +
(7.096V * t) wheret =time Please note that the sinmulations in FIG 4A
are for the FLOTOX EEPROM only, not for the flash nmenory. When R positive
square voltage Rl pulse V,,, -1is appllited to the control gate CE which
i nitiat eBilhesecondel| i Bheayaviedammsn shioBn 44e BsGfodBosisaws t he resul tant
tunneling current density curves J~unTr (A/cnR) as a function of tine
produced in RéspoRs&itdvensquare- voltageepuRse R2..R3, and R4 in FIG 4A
The resultant_tunnel, current density produced for curves RlL, R2, R3, and
R4 in AnperesRénp ‘aR§azsveltaget rampof towpsdsna chastams sediue as FI G 4A.
FIG 4C shows éhe wite threihold vol tage _Vunw response to the waveforns
R4

R, R, R3, aR CFRORPRLIAALY 5ifdBgeVedtagRs Veepel el ectrons, referring
to FIG 4B, t result of . i gation qf |tage _pulse V.,,-1 R is that
t%e R prograﬁ%ingégﬁP?éﬁfgg sgéﬁliﬁ Pé¥8X8+Sﬁka§5Vt6 &lvery high val ue
above 0. 06 Anperesﬁﬁgkg.Fn=tggmrange of 1 Amperes/cm2 to 10 Anmperes/cm 2
at the start and then ater, tThe progranm ng current decreases

dramaticablyagb! fbcet BRat! 8hb- sTRA1GLIEAA! 1APFYE. OhaaYe Bodggiades the
FLOTOX EEPROM only, not for the flash memory.

When R1 positive square voltage Rl pulse V.., is

%-a applied to the control gate CGl which initiates the
tunnelling as shown in FIG. 4A.

FIG. 4B shows the resultant tunneling current density
curves Jeunw (A/Cm*) as a function of time produced in
response to the V.g, curves R1, R2, R3, and R4 in FIG. 4A.
15 The resultant tunnel current density produced for curves R1,
R2, R3, and R4 in Amperes/cm® vary as a function of time on
the same scale as FIG. 4A.
FIG. 4C shows the write threshold voltage V. unew
| response to the waveforms R1, R2, R3, and R4 in FIG. 4A.

20 Since electrons repel electrons, referring to FIG. 4B,
the result of application of voltage pulse V.s, Rl is that
the Rl programming current Jeun.. as Seen in FIG. 4B spikes
to a very high value above 0.06 Amperes/cm™* in the range of
1 Amperes/cm™* to 10 Amperes/cm™? at the start and then,

25 later, the programming current decreases dramatically after

the start. The current spike of wave Rl degrades the tunnel



15 20 25 30 17 oxide layer TXI, which results in a reduced nunber of

achi evable read/wite cycles, and the decrease in programm ng curreﬁiﬁﬁﬂﬂqzm4
in FIG 4B prolongs the programmng tinme which is typically 5 m crosecond
(ps) for the wite operation (for hot electron tunnelling) and 1

mllisecond (nms) for the wite and erasy fﬁoperatlon wi th Fow er - Nor dhei m

al | ovi ot & Vhe” pr obr b g ChRaaT, BCRRGEE 47 Jctefiiptd, RlnPREled o, 1

al l eviate the problem as s own in

wavef or meadiRi éialb 8 268dMML1 LRt b?bieg aha Eﬁ@mw%%%@ ?ﬁcordance Wi th

this invention is the trapezoi dal wavéform S at a | ow val ue

of about pRo@bémWohyScapdent8RE YA §~le44§1 80Y6h e l;Seconds.
A Tabl e of the valugs of R4 is as follows: éTKBLE5I§ epﬁeb §§$8m@65 %0. 60. 8

Del ta VC timd. wWHOGR. Bgsagpzsaﬁﬁywsﬁlyrosaeenarr%hg)95598t9559§1%§508 9550
Total V, GL10.374211.793413.212614.6138 The above Vc, 3 values lead to

tdhnellrmpnﬂﬂatﬁmnltfer hot ¢hecymbr buhrelleygy AXA. 1!miacsseeange Wth
curve R4, the voltage V,Gl starts as the desirable tunneling current
density Jmf) ofombohe WrdBe AmpdresaselopasatbonrastRdFvivlBr-Nordheim

tunneling.)
Different ramping waveforms R2 and R3 which have been

used to alleviate the problem as shown in FIGS. 4A-4C, but
g the results of waveforms R2 and R3 are not optimized. The

waveform in accordance with this invention is the

trapezoidal waveform R4 which starts at a low value of about

8.955 Volts and ramps up to 14.6138 Volts after

0.8 milliseconds. A Table of the values of R4 is as

15 follows:

TABLE I

Time (ms) 0.2 0.4 0.6 0.8

20
¢ Delta Vg, 1.4192 2.8384 4.2576 5.6588

Veaite (ms) 8.9550 8.9550 8.9550 8.95590

25 Total Voa, 10.3742 |11.7934 {13.2126 |14.6138

The above Vios; values lead to tunneling current I.., in
the gate oxide layer TX1l. In accordance with curve R4, the
voltage V.g, starts as the desirable tunneling current

30 density J... of about 0.03 Amperes/cm® (as contrasted with




N,6 JUN 200A 5 15 18 the current density of substantially greater than

0.06 Anperes/cn? for curve Rl). The voltage Vc,-, is then ranmped up®®JIUN 2pm
overconme the electron repul sion buildup within the device with nore

el ectrons in the polysilicon floating gate electrode FGL. A solution to

the problemis to use a trapezoidal wavekBorm R4 of voltage VCGL as shown

in FIG 4fheAPuibpbhtalien¥ltyCoPr 8Gp3EHhETaY Pl t LS CPASRN so that a
suitable tunneling voltagéyv,,,,, applieg o% ?ﬁga%%ﬁngﬁ?ﬁg oxi de whi ch

resul ts i0w. @6 shimpabée/EMANEOE NGuewsr R . |, TRE ShEEAEENT 2T §st ¥RRGI ed into

1

the floating gate, a ranping voltage R4 is applied on the contro gate CGlL

to conpensamipedcuptte cetecotmenikerepettion vepulsibe BPRUVELEIWRERAGHANME
threshold is achieved. Preferably the voltages applied during the

appl i cat itgre Qﬂvbmﬁtwéﬁh\mpgg1e1@chn@msdﬂmcehaﬁpblf@ﬁlféonﬁfﬂbatﬁh§Ufing
the wite node are within the range of voltages in TABLES Il and lll. i s
JON 2004 geke EABrEtredepiffl es to Fow er Nordheimtunneling, as 5 foll ows:
VS = 0 Volts to O Volts
A solution to the problem is to use a trapezoidal

waveform R4 of voltage V.s, as shown in FIG. 4A. An initial
write programming voltage is chosen so that a suitable.

tunneling voltage V.., applies on the tunneling oxide which
results in a suitable tunneling current I.... AsS electrons
~are tunneled into the floating gate, a ramping voltage R4 is
applied on the control gate CGl to compensate for the

electronic repulsion until the required programmed threshold

is achieved.
15 Preferably the voltages applied during the application

of voltage Ve.si in accordance with the R4 wavefornm during

the write mode are within the range of voltages in TABLES II

and III.




Vh = Q Volts to O Volts V5,1b = 0 Volts to O volts 10 15 20 25 VC 1 Vs Vn

V vb TABLE Il Control Gate Voltage Source Voltage Drain Voltage }1BJUN 2004

Substrate Voltage TABLE 111 applies to hot electron tunneling, as follows: o

TABLE Il Vs = 0 Volts to O Volts V"' =3 Volts to.6 Volts vs.,b =0 Volts

to O :Volts VCGL V. V' Vsu3, Control Gﬁtﬁ)Vbltage Source Voltage Drain

‘Vol'tage Substrate Voltage : .
TABLE - IT applies to Fowler Nordheim tunneling, as

follows:
TABLE II
5
Vo = (O Volts to 0 Volts
Vo = (0 Volts to 0 Volts
Vsur = 0 Volts to 0 Volts
10 Veer = Control Gate Voltage
Va = Source Voltage
Vo = DPrain Voltage
Vsur = Substrate Voltage
i5 - ' TABLE III applies to hot electron tunneling, as
follows:
TABLE II
20 Vs = (0 Volts to 0 Volts
Vo = 3 Volts to 6 Volts
Vaus = 0 Volts to 0 Volts
Veasa = Control Gate Voltage
25 Vs = Source Voltage
Vo = Drain Voltage
Vsus = Substrate Voltage
As stated above with curve R4, voltage V.g, varies from
30 an initial value of just less than 10 Volts up to near

12 Volts during a time period of about 1 microseconds.
The erase cycle is done by applying the programming
waveform to the source/drain while the control gate is

grounded.




As stated above with curve R4, voltage V,-,-_1 varies from 30 an initjal

val ue of just less than 10 Volts up to near 12 Volts during a tine §@€#W§ 2004
of about 1 m croseconds. The erase cycle is done by applying the
progranm ng waveformto the source/drain while the control gate is
grounded. *-16 JUN 20D4 5 15 20 25 20 The cgnstant current condition for

EEPROM devi ces,,usi ng. Fow er- Nordhei mtypnelrng current, |ike the FLOTOX
EPROM f or bo§$P%w? S %ﬁtE$%§Ee%5e?%¥$gF§?ntg%reﬁ%%?@%nge?écﬁﬁoV$ééga

t ant t ' diti d I pbed ab i th ref
fo Sik O dorg NPEORe MEohURRT Ire covbren i nnb iRt aG cRUGEORREPRAM, dor
ti t t i | Ly t
comphi cati QB e Thaa® oy P e ekt obhSneddhkohe ' BB ipon

several i Sehréit | Dfoghafiiche d0BAM £ PEATAEE GLbEEERAhMERSLAN- al).

the collision probability of electrons wth atons s orrzonta

mevi ng hakiteh eﬁéf@f@n@é%@@ﬁ]@%xﬁ%oﬁg}/ié&%ifOni“éfehétpéi?ceggnso they
tunnel vertically through the silicon oxide. The initial (tine = 0)

tunnel i ngurorting csudVGs VEhe dvk i€ )opsrapionl by SerEASHNRAEMBXPET khe

mentally, and then the V, - voltage is ranped so that the tunneling

current (feguatled@rom\tvxitént sizxanstahliy woéd complicated to be
described by an equation, because it depends upon several
factorslsuch as the channel dopant profile (three-dimension-

i_J al), the collision probability of electrons with atoms so
that the horizontal moving hot electrons are caused to
deviate from their path and so they tunnel vertically
through the silicon oxide. The initial (time = 0) tunneling
condition (Vs, Vo, dVt/dt) is normally determined experi-

15 . mentally, and then the V. voltage is ramped soc that the
tunneling current (equals C, dvt/dt) is constant with
respect to time. The ramping waveform continues until the

required V, is achieved.

FIG. 5 shows the threshold voltage (V) window versus

e

20 the number of write/erase cycles of three different
EEPROM's. The first (a) set of curves is for hot electron
injection for write and Fowler-Nordheim tunneling for erase.
The second (b) set of curves includes the curves for
avalanche injection of electrons or holes for write and

25 erase respectively. The third (c) set of curves includes

Fowler-Nordheim tunneling for both write or erase.




respect to tinme. The ranping waveform continues until the required ﬁhﬁ%@hﬁ
achieved. FIG 5 shows the threshold voltage (V) w ndow versus the 2004
of wite/erase cycles of three different EEPROMs. The first (a) set of
curves is for hot electron injection for wite and Fow er- Nordhei m

tunneling for erase. The second (b) set qf, curves I ncl udes the curves for

aval anche i nj enbtfe&mhgewmw Fa-15e &% -—“Yrges r %n_er(ﬁ#”ﬁ

respectively. The third (c) set of curves

t unnel i ngmémorgotevitiess mmeeW@aQag%ﬁﬁémeZQ@ %%118%%errlng to FIGS. 6A-6C
and 7A-7C for non-vol atile nenory devices; the vol tages are as follows: V.

is the gate voVkage Vhe) gaset reltagien voltage 5 V. is the source voltage

15 20 25 Vb is the substrate voltage In FIG 6A there is a constant val ue

of Vg during Peogsakhendrakor vbllaskemenories with hot el ectron injection

f Mﬁlte and Fomﬁer-hbrdheln1tunnellng for erase, the typical values are
V@ = 11V, Vim Ve k¥ thg soyrce=voliagdet he typical programring time is 10

psec. Disadvanfages are' first,the slow programm ng speed as the el ectrons
in the floatiﬂgbgéﬁetgécﬁﬁestgﬁﬁalépltage

In FIG. 6A there is a constant value of Vg auring
programming. For flash memories with hot electron injection
for write and Fowler-Nordheim tunneling for erase, the
typical values are V_, = 11V, Va = 5V, Vo = V, = 0 and the
typical programming time is 10 usec. Disadvantages areflrmbthe

1
programming speed as the electrons in the floating gate =

repel electrons, angeUXM’mmqliﬁmber of write-erase cycle as
the tunneling current has a high peak value at the start
15 which degrades the tunnel oxide.

In FIG., 6B a trapezoidal programming waveform is shown
in which V, ramps from a starting value with a rate which
compensates the repulsion of electrons, so that the tunnel-

. ing current is a constant. The constant current ensures

20 optimum programming speed. Peak tunneling current in the
FIG. 6A is_avoided. Therefore the tunnel oxide damage is
reduced and the number of programming cycles increases.

Referring to FIG. 6C, within a chip, there are many
memory cells (e.g. 4 million). The programming

25 characteristics of those cells fluctuate. Therefore, with

programming pulses, the threshold voltages achieved from

cell to cell is widely distributed,‘ FIG. 6C is illustrates




repel glectrons, ana . nunber of wite-erase cycle as the tunneling

current has a high peak value at the start which degrades the tunne”

oxide. In FIG 6B a trapezoidal progranm ng waveformis shown in whi Eﬁ“U"N 2004
ranps froma starting value with a rate mhich conpensat es the repul sion of

el ectrons, so that the tunnel- ing curr |s a constant. The constant
current pk unnellng cu t in the
FIG 6A %2 d?d%g %ﬁ%refoﬁgégﬁ Eun el %h AnBEe 7€ ?88 8 ERd the
nunber of a&wgé@mndagtﬁyg&;ﬁé EDFEE §5 thi n a
chi p, thé?e are many nenory cﬂf? fﬁeﬁonf§$f£$¢ % %%éi%% ffi ng
character Hresheld tVoseage! dsedi ust eér og ng
pul ses, e threshold vol?iges achleved fr ﬁ?f §%%¥%ﬁ$¥e?§ £§Qn1
dlstrltnnﬁﬁhufﬂihtGﬁﬂIéhtiéﬂtﬁdﬁfﬁﬁ@Sa_reéé é%ﬁ@ggﬁ 22Th@ iyp e?fls
“smart"' progranm ng. Short pulses are applie each cell wth sone

ci cui t remsier ity hdanorebtbted Milsed téhf@%ﬂbﬂlé@ﬁﬁ@ﬂ af.ﬁ@d@é@ﬂ&ﬁﬁfg‘ ng)
or alternately, the resultant Id current during a read operation. The

latter ig/& dasiaghieved. miflhe onaximitul mesbar eo Bpphless uappliéheigdesi rabl e
V. is achieved. The maxi mum nunber of pulses applied is typically 32, 000.
Thi s t ecHiRifR O R0 G MM 2 | el iqupreeeiwtes/ty, mch  tighibes not

sol ve the roblen1of t he slom/dggagrann1ng speed and the small nunber of

wite er Bt IVs Veayy Paitel t 2)Nt §piye 7ihe Brephem efinphagspawse i s

enpl oyed
pl oy programming speed and the small number of write erase cycles.
J Vs Time
Idea a)

In FIG. 7A a stepped ramping pulse is employed
instead of the linear ramping pulse in FIG. 65. The advantage
is that this waveform is much easier to generate in digital

15 integrated circuit than the linear ramping waveform.

The increasing voltage is such that the tunneling current
into the floating gate electrode is approximately constant
with respect to time. The stepwise voltage can be applied to
the contreol gate electrode, or to the drain of the

20 non-volatile memory device.

To generate the waveform in FIG. 6B, an analog circuit
such as operational amplifier Al and large capacitor Cl shown
in FIG. 9A need to be incorporated into the digital memory

circuit as described below with reference to FIGS. 9A - 9C.




i nstead of the linear ranping pulse in FIG 6B. The advantage is that this
waveformis nuch easier to generate in digital 15 integrated circuit $BafUN 2004
the linear ranping waveform The increasing voltage is such that the
tunneling current into the floating gate electrode is approxinately

constant wth respect to tinme. The stepw se vol tage can be applied to the

control gat ¢sehaely e o ¥ini%et 1§ d" |a%a%%§rq%ﬁ2%ngﬁ &v% atll orrgg{rré:)L s

device. To generate the“wave St in

operati ogalj afplithiek idcwdd 1hako citqr. d shown in FI G 9A need to
be incorporated into tlhe di |taI %ﬁl % c:t}ﬂrpcwt as described beloww th

reference to EhCBrcQA78 QﬁeréG.l%UQ %Q%ﬁia't‘lo}ﬁ %0531‘2\ %%prjoadhe%]aolrﬂ ;O

optim ze the characteristic of both anal ogue clrcu

singl e chig. bB Bh& FiIB.tkere nsSerci@lgbbrfabhq@egf Wi%ha 3@;@1 s of FIG
6B and FIG 6C. A series of pulses, with ranping anplitu are applied

t® the campldtudets. aFbeappliisagetoVinei gonedsur gdrhet Weel Al Lfe the sets
of pulses until the desired value of V,-$ is achieved. This progranmm ng

scheme VepbiacmeaRyradvhetagenokathgbtf Yhe, sespr e&dpufigel Rmearnamgidg  and
I arge nunber of wite erase cycle. A nethod of programm ng a non-volatile
menory oé&steed value of V., is achieved. This programming scheme
combines the advantage of tight V., spread, fast programming
and large number of write erase cycle.
2 A method. of programming a non-volatile memory device
(flash memory, EPROM and EEPROM) such that stepwise
increasing. programming pulSes are intervened by the
threshold voltage measurement, so that the number of pulses
applied to each memory cell is just sufficient to produce
15 the required threshold voltage change. A tight spread of
threshold voltage between different cells is ‘achieved.
In FIG. 7C there is a slight difference from the |
concept of FIG. 7B by having a ramping voltage for each
‘. pulse. The constant current condition is achieved ideally
20 as in FIG. 6B. Referring again to FIG. 7C, as in FIG. 7B,
the stepwise increasing pulse is linearly ramping. A better
constant current programming condition is achieved so that
the programming time is minimized. The number of
write/erase cycles is maximized and the Vr spread is

25 minimized.




(flash nmenory, EPROM and EEPROM) such that stepw se increasing.progranm ng
pul ses” are intervened by the threshold voltage neasurenent, so that B bayn onpL
nunber of pulses applied to each nmenory cell is just sufficient to produce
the required threshold voltage change. A tight spread of threshold voltage
between different cells is achieved. In FIG 7C there is a slight

di fference fr%ﬂ]tqﬁh concept, of EPG. 7B B$ having a ranpi ng vol tage for

each pul se. ot SPRCRYF et EbFR: t TBn2Rd ZEni Bhere; agal tyo as in FIG
6B. F@ferrigﬁb pin to FIG 7C, as in FIG 7B, the stepw se increasing

pul se i s 99 ear y ranping. A better constant current programm ng condition
I s achieved so that the programy i | S.MmM nimzed. The nunber of
witel/erase cycles is naxinizedngﬁgg?%egﬁpié%fead is mnimzed. 11-8 JUN
2004 24 For thge et saof a IF t e -options: First
option: The anplitu@% di??erence %§§%2ﬁg%&é§%oﬁgécﬁgéggéﬁgfggspugsﬁﬁe

fisced Thizs df{atenomis eol congted 19 o5ndues.an EOTpENIRLEafONStan
a Itu

programm ng current condition. Pulses of Increasing e are applied

to the flapaidowingaie condtdngd Jl:cﬁgéﬁhrhﬁimj Sc@FheRY eonPEEPOH . 0P PBes
Referring to FIG 11A, an EP EPROM or flash nmenory cell I'S shown
as an FEbfdevicmasd iy arpbtidy 06d gl ieNde® €At £ Dbatshg gheetrode CG
The source S of

until desired V., is achieved.

Second option:

xd Referring to FIG. 1l1A, an EPROM, EEPROM or flash memory
cell Q3 is shown as an FET device with a floating gate FG
and a control gate electrode CG. The source S of
transistor Q3 is connected via line 25 to node N2, as is the
P-substrate 26 of transistor Q3. Node N2 connects source §

15 and the substrate 26 to ground voltage Vs.. The drain D of
transistor Q3 is connected via line 17 to node N1. Node N1
connects via resistor R2 to supply voltage V... Node N1
also connects via line 19 to an input of sense amplifier 20.
The sense amplifier provides an output on line 22 to ramped

20 pulse generator 24. The output on line TCG from generator
24 is supplied to the control gate electrode CG of
transistor Q3. In operation, of this circuit the Vep Of
after each pulse on line 19 from transistor Q3 is measured
by sense amplifier 20 which provides for threshold voltage

25 testing of the cell Q3. The amplitude of the néxt pulse

from pulse generator 24 is equal to the Vgp value of cell Q3



transistor B is connected via line 25 to node N2, as is the P-substrate

26 of transistor @B. Node N2 connects source S 15 and the substrate ZBBt3UN 700«
ground voltage Vss. The drain D of transistor @B is connected via |ine 17

to node N1. Node Ni connects via resistor R2 to supply voltage V.G Node

Ni also connects via line 19 to an inputmgf sense anplifier 20. The sense

The out pRGh 31 Rer SR AL CRat P 80 oe8 R remetl SEhIConi 1ol ga

The outp ron generator €control gate

he_outp _ _ BEY ot hEScant rol gt
i tor eade ot #P SR olftpkt ERGRThERReaor hoefbhEY by fins. °

anplifierg@Ccoikd G6RVE+EES S d,yo tesiin f the cell
@. The anplitude of the ne%%eﬁu}ggs ??%n?%u%éggg%%gYE?o%b2gh§s equal to

the V. valdesdl cedte BLEcOLDE06E 6f 16r2Rs25t35 Bl UsTA: £i XeHepmOUNt t hat
I's provided by iranped pul se generator 24. The output from generator 24

p&sses ortdkem c@fetof tbkosonprogrganenyi betd Gthashvetréageow,  sa t8akhe
control,gate el ectrode CG of transistor @B. This schenme takes care of
t hose pr qpregmanml g t spedd chs aopt Shbred sPot hehempadgoanmihg speed i s
optim zed for themal so. The disadvantage is that it has to actually
measur e tHEagvmnirgeets Purtedt banetotaabusblyi mgasmrentbéfvagtion to

determ ne whether the V,p is achieved, and continue sendi ng
between pulses, other than setting an on/off action to

determine whether the V., is achieved, and continue sending

i;d pulses if it is not.

FIG. 11B shows the circuit 18' based upon the circuit

of FIG. 11A where like parts have like functions with the
ramped pulse generator 24 having its output pulse line 26
connected to the ramping operational amplifier circuit 27

15 which converts the ramped series of square wave pulses into
a ramped series of sawtocoth pulses as illustrated in FIG. 7C
and shown on FIG. 11B to alongside line TCG' which leads to
the input to the control gate electrode CG.

| FIG. 12 shows the sense amplifier 20 for threshold

20 voltage testing of transistor Q3 in FIG. 11A. A supply
voltage shown as the preferred value of five volts, 5V, is
applied to the upper ends of resistors R8 and RY.
Resistor R8 is connected at the other end via node N8 to the
source/drain circuit of MOSFET transistor Q4, which connects

25 down through constant current source CCS to ground.

Resistor R9 is connected at the other end te the




pt it . FI 11B shows the circuit .18 based upon the circuit
p]thI Iséfscli | flllAtWIangolti kg 'Sarts have |ike functions with the ranmped pul§gp3un 2008
o t 24 having its output pulse line 26 connected to the ranping

oper ati or I I'F?er circuit 27 which ggnverts the ranped series of
operatlagse aEP Is Lnto, a ranmped series gf sawm oot h pul ses as illustrated
'Squgg ﬁ?“‘g‘ﬁﬁﬁ §ﬁ63xﬂ Girene 9f MPBFETohyshdéstons JEGrhwehcR1k@ads to

IR i nput . contro ate electrode CG FIG 12 shows the sense

, e| ! P i rcé‘g“%ggst ?Egh{')‘i’gw%‘E%%t@%tcﬁgr@nttsaust:etccs@oi grbufd.11A. A
Sup : ' h he preferred value of five volts, 5V, is applied
fgpghg uggg%agﬁgé %xg?gg?é?o?g ?@?%ﬂHSFQF.@@si§t6??§$gtgdcbqné¢ned;at th((a;)4
ot her endeyi esN8:1 0 our ce/ drai TH98i t¢urte ¢f> MOSFET transi st or

whi ch cogﬂﬁgﬁéﬂﬁgdaﬁg%%r%%%% ¢ H%?gﬁtSSLY?En%LE%%fgg s 19.gr Ghad.

[ ' SEPESE t nd,to the 18 JUN 2V0'4 5 -- J 15 20
ZR?I :ES;C%$ Z?%\ ci 'rcu??o%ftllt\%:%ﬂﬁa gi T oF RNRBCHRT chial %bHECBgné@]‘E s down
ransiotor O 1o cannent o Cfeme 1 g SR sYa 0E  SE9% Sk GR Bhe dr i n
transistor @ is-connected to [Tne 19 1n Figs hd ! e o
i de of (#d kiR Vo NeRd A e Jhise ShSL BEESE 6% 91 SLEATSLY

IS connected via line 21 to
from node N8 via line 22 as output Vv,.
FIG. 13 shows the circuit diagram of the ramped pulse
e generator 24 of FIG. 11A which is used to produce the
results shown in FIGS. 7A, 7B and 7C by generatiné of
stepwise increasing programming pulses with steps ST on line
TCG. A clock signal ICLP is applied to a binary counter 30
so that it counts. The counting states (fdr example from ¢
15 to 215) are decoded by a decoder 28 which turns on the
transmission gates $SW3, SW4...SWn one at a time. The
transmission gates SW3, SW4...SWn are connected to a
potential divider so that consecutive nodes of higher
voltage are switched to the control gate of the memory cell
20 Lo produce a stepwise increasing voltage waveform Vg. The
clock frequency and the voltage step are so selected that an

approximate constant tunneling current condition is




a+reference voltage V.,,, of about 4.5Volts, for exanple. The output
voltage fromthe sense anplifier 2°0 is supplied fromnode NO via |i[§g 2@y 2003
as output VO. FIG 13 shows the circuit diagram of the ranped pul se
generator 24 of FIG 11A which is used to produce the results shown in
FIGS, 7A, 7B and 7C by generating of stgpw se increasing progranmi ng

pul ses Wi 8+ 8LEPSHE i A.clock signal ICLP is applied to a

bi nary counter 30 §oepﬁ§tagt£gggﬁgépw?He counting states.(for exanple from
0O to 215) are decoSed by a decoder 28 which turns on the transm ssion
gates SWB, SWig,.. ne at a Li transm ssion gates SWB, SW...SW
are connected to a potential di§? g?ﬁ?g t hat consecutive nodes of higher
vol tage are swﬁtché% to the control gate of the nmenory cell to produce a
Stepwi se increaneng wgl tags wA¥EEBEAN VBaplReragLack frequency and the

vol tage step are so selected that an approXi nat € constant tunneling
current condition isIi,gsisabthehednhBatinkScasrbat! OWSseh!¥orClipk t LV ----
i th t 27 = constant 5 whenelGeibs bhepkgbﬁbmﬁﬁﬁacbﬁ@@ﬁeanPiﬁH@EESo%he
tunneling current chosen &paséheycles.

Aav
10

P is the step change pf applied programming
| voltage per pulse duration

i For FIG. 7B, where pulses are applied until the
required threshold voltage is achieved, a sense amplifier is

15 used for threshold voltage detection. Between each
programming pulse, the memory cell is set into a read mode.
A fixed gate voltage is applied to the control gate CG of
FIG. 11A through the ramped pulse generator 24 by presetting
the binary counter 30 in FIG. 13 to a certain ﬁalue

20 corresponding to the programmed threshold voitage. The
drain voltage Vd in FIG. 11A is compared with mid voltage of
4.5 Volts so that if Vd is less than 4.5 Volts, the cell is
considered to be programmed to the required threshold
voltage. The sense amplifier 20 increases the speed of

25 reading the voltage since a drop in the voltagé_from 5 Volts
to 4.5 Volts initiates detection of the ID.This occurs instead of the
voltage dropping from 5 Volts to 2.5 Volts before detection
by a CMOS inverter. This is particularly important as the
drains of many cells are connected to a bit line where the

36 total capacitance is large and the voltage ramp is slow.




I pcl usjon of programm ng speed an nunber of erase cycles. 10 15 | ILH%XT
e s ep change of applied progranm ng 6 JUJU 2004 vol tage per pul se du'i JBN 2004
For FIG 7B, where pulses are applied until the required threshold voltage

is achieved, a sense amplifier is wused for threshold voltage detection.

Bet ween each programm ng pul se, the neno y cell is set into a read node. A
fixed gate volfiage is ljed. to the conirol gate CG of FIG 11A through

t he ranped pulig bR nggg?h?gdbﬁspP%Ee?FhﬁﬁveghE“EFhﬁFy pBdEesr widlin FI G

13 t tal 0 di to th d threshold volt

The _or a e v SRS PR Efes SITRE e Bergtoea WpEReRASaokbage of | 4.5
Vol t Lo Mdis_ | : 4.5 Volts, th L1 i idered to b
p?ogfaﬁﬁé%pﬁ%r%$%}€%5§§rggﬁ%%ggghold vgltde. $hgesengz aﬁgrf;iZ;GZO 0 e

' th ' t ' - in.th | t
(om & Vol (5 1o i 0B F3 TRVL B 6o perEee EnCor ieheLdeRt ihlaSg8 e *0°
i@ﬁtead(yaﬂﬁga,v&ﬁtﬁﬁfggifgﬁgpga$ﬁ ff?ef@ilﬁetehg'énébﬁééwgegﬁre detection

by a CMOS inverter. Is particularly inportant as t rai ns of many

cells arexpnnected d¢onRedidd | boewdberend heu130 §ohalacaPaghhaphe is large
and the voltage ranmp is slow. )i 6 JUN 2004 28
~ gate electrode so that each pulse has a ramping voltage
added as shown in FIG. 11B.

Operation of generator 24 is controlled by an eight bit

{10 binary counter 30 which has eight output lines BL connected
as inputs to a decoder 28. Counter 30 has an input clock
pulse line ICLP for a sqguare wave. A reset line RS for a
reset signal is provided also.

Decoder 28 has a set of output line pairs CL3, CL4,

15 CL5, CL6,...CLn connected to control a set of switches SW3,
SW4, SW5, SW6,...5Wn.

Switch SW3 connects node N3 to node N3', switch.Swé
connects node N4 to node N4', switch SW4 connects node N5 to
node N5', switch SW6 connects node N6 to node N6' and switch

20 SWn connects node node" Nn to node Nn'. Nodes N3', N4', N5',
Né',...Nn' are located along line TCG which is the output
line from ramped square wave pulse generator 24 as described
above in connection with FIGS. 11A and 11B.

Resistor R3 is connected between nodes N3 and N4.

25 Resistor R4 is connected between nodes N4 and N5. Resistor

R5 is connécted between nodes N5 and N6. Resistor R6 is




If the threshold is not achieved further, pulses wll 5 10 15 20 25 be
initiated by the pul se generator. Otherwise the programmng is finiﬁQFS
Referring to FIG 7C, whereas the individual pulses are ranped, an JUN 200
operational anplifier like the one shown in FIG 9A is connected between
the pul se generator and the gate electrode so that each pul se has a
ranpi ng voltage added as shown in FIG 1bB. Operation of generator 24 is
control | eccdnnerted ghetheén bodes yNEoand eNn 30akthelghasoee ghbdesit pnd | i nes
BL connected as inputs to a decoder 28. Counter 30 has an input clock

pul se |ineradistdrs maygoar engiyded Adepspdinhg mep®RS floe vumbesedfssyeps i s
provi ded al so. Decoder 28 has a set of output line pairs CL3, CL4, CL5,
CL6, . .. CLiE@dimhae¥evided coyit Foe mampedcpulset gbeeraVay 26\ds Brdicated
SW6,...SWi. Switch SWB connects node N3 to node N3', switch SW connects
node N4 t Phdde NPtted t thes\RetPRfRcTes hober NB6 t3nd nede NBn . switch SW6
connects node to npde N6 apd switch _SWh connects node nod-e' Nn to node
Nn% Nodes hB'EﬁNﬁfYoikﬁge Yﬁ'%?.?ﬂﬂpfﬁ?% PO B EAFR LY HEEHCG which i s

Sbove i h CSMRSRILS DI U Frest ot TE FE Sabbr R Fe it ) RegniBred
bet ween n%%ﬁ%éw%éﬁgngbositive integer equal to the number of steps
to be provided by ramp pulse generator 24. Nodes N3, N4,
N5, N6,...Nn are connected to the tops of the respective
1 resistors R3, R4, R5, R6...Rn to provide a plurality of
different vbltages values divided down by the voltage
divider composed of resistors R3, R4...Rn. The resistor Rn
is connected at the opposite end from node Nn through the
source/drain circuit of MOSFET device Q6 to ground. The
15 voltage V, is the_control voltage which enables the step
pulses on line TCG when the transistor Q4 is conducting.
Otherwise the voltage on line TCG will be at V.. when any one
of the switches SW3, SW4, SW5, SW6,...SWn is closed.
: E The nodes N3, N4, N5, N6,...Nn connect through the
20 | inputs of switches SW3, SW4, SW5, SW6,...8Wn to nodes N3',
N4', N5', N6',...Nn' respectively to provide the stepped
voltage Vg, with steps ST to line TCG which increases in
value as the switches conﬁect higher and higher towards
switch SW3 where the vélue of Vg = V...
25 The programming waveform provided on line TCG by the

circuit of FIG. 11A from the ramped pulse generator 24 can



Resistor R4 is connected between nodes N4 and N5. Resistor R5 is connected

bet weem nodes N5 and N6. Resistor R6 is B JUN 20% 29 connected betvveﬁrs JUN 2508

nodes N6 and Nn, although nore nodes and resistors may be included
dependi ng upon the nunber of steps to be provided by the ranped pul se
generator 24 as indicated by the dotteqolines bet ween resi stor R6 and node
Nn. 5 The voltage V,, is supﬁéied to a voltage divider conposed of the
series ofP?e3PR{dPd RB, aki, chergrestorAge nharvohatdle pewdriyve integer
equal to éhe_nunber of Stﬁﬁs to be grovided bx ranp pul se generator 24.
Nodes N3,dfMiceqp swgh as\pPRPY. cBRRREMeaNdoFLABH: BEBOBieshe A&sEaBt i ve
resistors R3 4, R5 i to provide a plurality of different voltages
val ues dﬁ@?d%%p 554 BVF?ﬂghsﬁwpﬁggngdpypﬁeWe@8ﬁ§o§§i1§f(Wé§PsFBF§aR§P
R4...Rn. I SEO i neg at _the posite end from node Nn

t hr ough t%%ge%%%réél %gTﬁlﬁﬁFgﬁa? nggegﬁﬁ "de cgaEBBFoaBPE&ﬁgilﬁhe 15

voj tage \ﬁ$@ér$h&eeee&goéﬁxgksaﬂsgwgggﬁgsnsgiﬁ§V32§~ﬁ§§8heRﬁ'Ses on line

when t he tTansi stor S conduc W'Se e voltage on line

CG Wi | | i ' SV, : ,...SW
TCG wi ﬁE?é%aﬁh n&@ﬁ%o@“&hQRE?1ﬁ%}é@@réﬁ‘£ﬁﬂﬂé1§MﬁfO§§ﬁ ?ﬁgﬁaBgWQ

s cl osed. e nodes , N4, ... Nn connect t I'nputs of

swi tches Wecti¥n SFbel&¥bron. SWhbPeN0des 8Bn. a1881lpeNapp1Ba, - - - N
respectively to provide the stepped voltage Vg with steps ST to line TCG

whi ch i ncheabes tile walte asdtbResstasdespepavesh.hi ghethandabiegher towards
switch SWB where the value of Vg = V,. 25 The programm ng wavef orm provi ded
on |ine T&Eéy the programming voltage can be applied either to the

;j gate, or to the drain electrode with suitable reverse of
voltage polarity, depending on the design. FIG. 10A shows a
device 94 and the description thereof, below. FIG. 10B

FIG. 8 shows actual experimental data of Ve VvS. time
(usec.) for the curve A the system of FIG. 6A vs. the pulsed

15 control gate voltage curve B in FIG. 7B.

FIG.'QA shows an analog circuit 90 comprising an
operational amplifier Al, with "+4/-" inputs. The "+" input
is connected to voltage V.. The "—“rinput is connected to a
node connected to the first ends of resistor Rl and

20 capacitor Cl. Resistor Rl is connected at its other end to
voltage source V,. Capacitor Cl is connected at its other
end to the output 92 of operational amplifier Al. Analog
circuit 90 is provided for incorporation into floating gate

memories for the generation of a linear trapezoidal

25 programming waveform for typical values such as the




cigcuiteof FIG 11A fromthe ranped pul se generator 24 can [1 B JUN 30 be
applied to all charge storage non-vol atile menory devices, such as EFROUN 200
EEPROM and FLASH nenories. It can be applied to both NMOS and PMOS nenory
cells (with suitable reverse of all electrode voltages). It can be applied
in 5 menory devices progranmed either by Fgrﬂer-hbrdhein1 Progranmm ng, Hot
channel el@atamuedgnels gy l\gs aval anche “fnjection of electron or hole.

It can al so be applied during the wite and the erase operation. In the

| ater case, the, peoggapm ng voltage can be applied either to the gate, or
to the drain electrode with suitable reverse of voltage polarity,
dependi ng on the, designy FIG 10A shows a device 94 and the description
thereof, below. FIG 10B FIG 8 shows actual experinental data of V~r.' wvs.
time (psec.) fd thelcmgve A the systemof FIG 6A vs. the pulsed 15
control gate voltage curve Bin FIG 7B. FIG 9A shows an analog circuit 90
colprising an dpera@op@l anplifier Al, with "+/-" inputs. The "+" input
is connected to voltage V,. The "-" input is connected to a node connected
to the first ends of ¥e¢$stor R and 20 capacitor C. Resistor R is
connected at its_other end to voltage source V,. Capacitor C is connected
at its other &0 To3Ine out put 92 of operational anplifier A . Anal og
circuit 90 is provided for incorporation into floating gate nenories for
the generation of a linear trapezoidal 25 programm ng waveform for typical

val ues such as
ff&%'ﬂﬂ shows the waveforms of voltages V, and V. with

(]

10 falls below 0V whereas voltage V, rises above 0V for

a square waveform for a duration "t" during which voltage V.

duration "t".

FIG. 9C shows the output on line 92 which is a pulse

for duration "t" with a sawtooth value rising from the

positive value V, by a value of AV, which is defined by
15 the relationship, as follows:
V>
AV = t
RC
f.? : FIiG. 10A shows a device 94 with the erase step or pulse
20 voltage -VE applied to line 96 to the control gate electrode

of floating gate memory MOS cell 94. The drain region D of
cell 94 is connected by line 95 to a voltage of 0V. The
Source region S of cell 94 is connected by line 97 to a
voltage of 0V or +5V. The substrate is at 0V.

25 FIG. 10B shows a device 98 with a voltage of 0V or -5V

applied to line 100 to the control gate electrode of




6 8 JUN 2004 paraneters, as follows: V-,- =10VWV2=5V R=1 M 5C-=
20 pf t =1 Ps ,n,V=5V31 FIG 9B shows the Waveforms of vol t agesff g JUN 2
and V, with 10 15 a square waveform for a duration 'It" during which

voltage falls below OV whereas voltage V_, rises above OV for duration

"It". FIG 9C shows the. output on line 92 which is a pulse for duration

"It" with a sawooth value rising fromtRé V, positive value V, by a val ue

of e2sy, WPehing detenBEmeyY Mﬂg gelht PBnshThe a§a$@| sbas oy, pudie- t RC

20 25 FIG.:ﬂOA shows_a,device, 94 with the erase step gulse vol tage -VE
appl i ed tY°11%398 VB {fekRhifd| toatEaineregine DonfFB Li A8 B¥te nmenory

D CoL! Gffng, B8, AT #hD LIEED PeglonE beo%e!t §8MDEAFLoBNnetIEa 2nk° 2

its voltage is allowed to float.

5 While this invention has been described in terms of the
above specific embodiment(s), those skilled in the art will
recognize that the invention can be practiced with modifica-
tions within the spirit and scope of the appended claims,
i.e. that changes can be made in form and detail, without

ad departing from the spirit and scope of the invention.
Accordingly all such changes come within the purview of the
present invention and the invention encompasses the subject

matter ¢of the claims which follow.




source region S of cell 94 is connected by line 97 to a voltage of OV or

+5V. The substrate is at OV. FIG 10B shows a device 98 with a voltage of

OV or -5V applied to line 100 to the control gate el ectrode of un 4 EBg3IAN 264
floating gate menory MOS cell 98. The erase step or pulse voltage + VEis
applied to drain region D of cell 984y Iine 99. The source region S of

cell 94 is disconnected and its voltage is allowed to float. Wile this

i nvention has been described in terns of the above specific enbodi nent(s),

those skilled in the art will recognize that the invention can be
practiced with nodifica- tions withj,n.the spirit and scope of the appended
clains, i.e. that changes can be madeé™™n form and detail, without

departing fromthe spirit and scope of the invention. Accordingly all such
changes conme within the purview of the present invention and the invention
enconpasses the subjBetPOMdtl W AR PG FONEERRPUNTEBPTHVWISBLCRUN 2t 4 33

Olaims Luinet bods ofadk Qg AN AREEPBOUREEREY sauk Cfs Mbkfbd SUbstrat e
on which a gate electrode stack is forned on a doped silicon sem conductor

mat er i al PPsai 8°§at es &l et G inaskedtes! @itryialt uaned extele | ayer, a
floatlngegéggr?ggcéggg@ B0 G Ay %ﬁeox§58033999; a dielectric |ayer
between said floating gate
a floating gate electrode and a control gate
electrode, a dielectric layer between said floating gate

electrode and said control gate electrode,

a source region and a drain region formed in said

substrate self-aligned with sgaid stack,
said source region being at a source voltage Vg,

said drain region being at a drain voltage V; and said
gubstrate being at a substrate voltage Vg, comprising the

steps as follows:

connecting a supply voltage V. through a resistor to
said drain region and connecting said source region to

ground voltage Vgs,

writing data to said floating gate electrode by
applying an upwardly stepwise increasing control gate
voltage Ve waveform to said control gate electrode of said
EEPROM device with a voltage ramp having a substantially
constant tunneling current into said flcoating gate
electrode, wherein said substantially constant tunnelling

current is substantially constant with respect to time,




el ectrode and said control gate el ectrode, a source region and a drain

region formed in said substrate self-aligned with said stack, said §?ﬁ3ﬁﬁ2ma
regi on being at a source voltage Vs, said drain region being at a dradi ‘
voltage VD and said substrate being at a substrate voltage Vsub conpri sing
the steps as follows: connecting a supply voltage Vcc through a resistor

to said drain region and connecting said source region to ground voltage
Vss, witing data to said floating gate electrode by applying an upwardly

st epwi se i ncrpasvihginomeadugaiseit v alft age AVdGainavel oage t'g, satd zontrol

gate ele of said EEP device with a voltage ranp having a
substant?éﬁ?%gec%%% ar %ﬁ1653r§%%%ﬁ?eﬁpdinto said floating gate

el ectrode, wherein said substantially constant tunnelling current is
substantial ly éonstant With respect to tine, i 7 6 JUN 2004 34 providing
measur enent s~ 8FJ YRF 49 r 34 1 VMG WWEERPIA S8 1D6F EAgE S e Y est i ng

devi ce, ghdeadpusidtasal depwardl brSt@RW 88aklcLRast B0 £ Pl gate
vol tage as a function of said measurements of said drain voltage VD,

wher eby B¥dgRarnedBE8p&ed and the nunber of wite/erase cycles is
increased. 2. A nethod of progranm ng a Fl ash EEPROM device in accordance
with claim1l including: said providing neasurenents of said drain voltage
VD whereby programming speed and the number of

write/erase cycles is increased.

2. A method of programming a Flash EEPROM device in

accordance with claim 1 including:

said providing measurements of said drain voltage Vp
with a voltage sensing testing device including threshold
voltage testing of said drain voltage Vp on said drain

region, and

said adjusting of said upwardly stepwise increasing
control gate voltage as a function of said measurements of
said drain voltage Vp, includes providing a ramped pulse
output to said control gate electrcde as a function of said

threshold voltage testing.
3. A method of programming a Flash EEPROM device in
accordance with claim 1 wherein:

said providing measurements of said drain voltage Vp

with a voltage sensing testing device includes threshold




with a voltage sensing testing device including threshold voltage testing
of said drain voltage VD on said drain region, and said adjusting of said
upwardly stepw se increasing control gate voltage as a function of < JUN 2004
measurenents of said drain voltage VD, includes providing a ranped pul se
output to said control gate el ectrodegsas a function of said threshold

vol tage testing. 3. A nethod of progranm ng a Fl ash EEPROM device in
accordance with claim 1 wherein: said providing nmeasurenents of said drain
vol t age VDltegthtesvohgage seindidwpirestdlntggdeviem igadldudesihhreshold 1 6
JUN 2004_35.voltage testing of said drain voltage Vd on said drain region,
sai d ad] Esg%ﬁa’of said upwardly stepw se increasing control gate voltage
as a function of said measurenents of said drain voltage VD, includes
providing a ranped pulse output to said control gate el ectrode as a
function of s3fdd FRVEIhbIY Yoltgk UREHy, s&RBVIERJLIRAFRIHBIY vol t age

testing eeRBrbIegaCOMPETEA: Said MRlddgs e salid %gga s&%@éé%@ to a

reference potential. 4. A nmethod of programming a F asﬁ EEPROM device in

accor danéaidi €hathaved laghefei Ancdaddsppoeidi gy neasanmsrenisl sef sai d drain

vol t age Lth.a t nsi testin evice ineclud reshol d

vol t age %{EEF%QQ%]«S%Q% ra]is(ﬁl \Sft)#%ageese\%r%r?%sgﬁdgd%ﬁﬁglgg CEP s
threshold voltage testing, and

said threshold voltage testing comprises comparing
said voltage of saild drain electrode to a reference

potential.

4. A method of programming a Flash EEPROM device in

accordance with claim 1 wherein:

said providing measurements of said drain voltage Vp
with a voltage sensing testing device includes threshold
voltage testing of said drain voltage Vp on said drain

region,

said adjusting of said upwardly stepwise increasing
contrel gate voltage as a function of said measurements of
sald drain voltage Vp, includes providing a ramped pulse
output to said control gate electrode as a function of said

threshold voltage testing, and

said threshold voltage testing comprises comparing
said voltage of saild drain electrode to a reference
potential with a pair of FET devices and a constant current

source.




regi on,
vol t age

testing

reference potential with a pair of

source.

vol t age PESPTRFGT &Y

said adjusting of said upwardly stepw se increasing contr

ol gate

as a function of said neasurenents of said drain voltage VD,
i ncl udes providing a ranped pul se output to said control gate eIectréH%Jggzmﬁ
a function of said threshold voltage testing, and said threshold

conprises conparing said voIEage of said drain electrode
E T devi ces and a constant cur

vol t age
to a
rent

8 JUN 2004 36 5. A nethod of programm ng a Fl ash EEPROM device in
accordance wish claimethdd e ugimgirasaiidgpaovi dEAJENPROMT &eds i9f said
drain vol tage. VD mﬁ1$%a vol t age sensing testing device includes t

hr eshol d

Uredith Wiy ivBion said drain region, said

adjusting of said upwardly stepw se increasing control gate voltage as a
function of said neasurenents of said drain voltage VD, includes
a ranped pul s821@RFRN1INS AP eviemesitsgafesalidciratie esl@dantti on of said

threshol g; vol £ age) L £54 1 it 1 t%rs%‘iing,i agvﬁg.bdi{lgﬂﬁ?tg%p%ég I‘tPcSJltcP“t

contr ol

gate el ectrode by appl yl ng successi ve gher "vol'tages

provi di ng

to said
froma

vol t age Hpytaee tosthia chraig gatie sbdtbgedd: ot sAidetihatinof programmi ng

a Fl ash

nmeasur enen

gﬁgyldevice in accordance with claim1 including: said
s of said drain voltage VD

said adjusting of said upwardly stepwise increasing
control gate voltage as a function of said measurements of
said drain voltage Vp, includes providing a ramped pulse
output to said control gate electrode as a function of said

threshold voltage testing, and

providing said ramped pulse output to said control
gate electrode by applying succesgively higher voltages

from a voltage divider to said control gate electrode.

6. A method of programming a Flash EEPROM device in

accordance with claim 1 including:

said providing measurements of said drain voltage Vp
with a voltage sensing testing device includes threshold
voltage testing of said drain voltage Vp on said drain

region,

said adjusting of said upwardly stepwise increasing
control gate voltage as a function of said measurementsg of
said drain voltage Vy,, includes providing a ramped pulse
output to said control gate electrode as a function of said

threshold voltage testing, and

provi di ng



with a voltage sensing testing device includes threshold voltage testin
of said drain voltage VD on said drain region, said adjusting of sai 886 JUN 2004
upwardly stepw se increasing control gate voltage as a function of said
measurenents of said drain voltage VD, includes providing a ranped pul se
output to said control gate el ectrodg-as a function of said threshold
vol tage testing, and IS JUN 2004 37 providing said ranped pul se output to
said control gate electrode by producing a sequence of increasingly
hi gher count sprovadileg oskerd wangdedperiate o seqiienbi ahidsubhehbng of
successive%g Q%%hgr %élta es froma voltage digider. 7. . A nmet hod of
progr ammeig-a” Frash® TEHTES F S SnE& WERSRFEREFY i ncl udi ng:
sai d prouidhag oBastser®M Sdefodkad GiHilcH Rpeekitages¥Buemk i a vol tage
sensing testing device including thresholg voltage testing of said drain
vol t age SBBRNSEE dOHr BrFCeFBgiDNY, MedeadjvedtragSof remi @ Ry stepw se
i ncr easi Rg¢Qptrol gate voltage as a function of said neasurenents of said
drain voltage VD, includes providing a ranped pul se output to said control
gate el ectrode as a function of said threshold voltage testing by applying
successively higher voltages froma voltage divider to said control gate
el ectrode. 8. A nethod of progranm ng a Fl ash EEPROM device in

7. A methed of programming a Flash EEPROM device in

accordance with claim 1 including:

said providing measurements of said drain voltage Vp
with a voltage sensing testing device including threshold
voltage testing of said drain voltage Vp on said drain

region, and

adjusting of said upwardly stepwise increasing control
gate voltage as a function of said measurements of said
drain voltage Vp, includes providing a ramped pulse output
to said control gate electrode as a function of said
threshold voltage testing by applying successively higher
voltages from a voltage divider to said control gate

electrode.

8. A method of programming a Flash EEPROM device in

accordance with claim 1 wherein:

said providing measurements of said drain voltage Vp
with a voltage sensing testing device includes threshold
voltage testing of said drain voltage Vp on said drain

region,




accordance with claim1 wherein: said providing neasurenents of said drain
voltage VD with a voltage sensing testing device includes threshold g JUN 2004
voltage testing of said drain voltage VD on said drain region, 38 said
threshol d voltage testing conprises conparing said voltage of said drain

el ectrode to a reference potential, waid adjusting of said upwardly

stepw se increasing control gate voltage as a function of said

measurenents of said drain voltage VD, includes providing a ranped pul se

out put to sai @atdnthoéshaie wldstgodesddng ftomptrieasofospading hr eshol d

vol t age i oy] di sai d .ranped pul se qgutput to said control
gate el e%tg?%idgg%§§%go§%c¥%\bd gcgrﬁaelqr{ueenlceé: of %lengpegsrﬁég§enﬁ?gher counts to a
decoder whktehtopérates sequential swtching of successively higher
voltages froma voltage divider. 9. A method of progranm ng a Fl ash EEPROM

device in accordance with claim1 including: threshold voltage testing of

sai d drain voktagea¥uoning b dHid MR sREPWE dbNgnars pul se
output to said control gate electrode as a function of said threshold
vol t age FEBEFRY IBye a‘p‘hﬂiﬁ?ﬁ@ & d38iardlop Ritghaidveraageepetsesf rom a

vol tage dividetalR $610hgsontS ol ngatge8! SELY 04 Hd ¢Agea ranping
oper ati onal arrp?i ficati og(r%@t g'salind sSccgssi veﬁl/g ﬁ%&eﬁ%ﬁ%&g pul ses.
output to said control gate electrode as a function of said

threshold voltage testing, and

providing said ramped pulse output to said control
gate electrode by producing a sequence of increasingly
higher counts to a decoder which operates sequential
switching of successively higher voltages from a voltage

divider.

9. A method of programming a Flash EEPROM device in

accordance with claim 1 including:

threshold voltage testing of said drain voltage Vp on

said drain region,

providing a ramped pulse output to said control gate
electrode as a function of said threshold voltage testing
by applying successively higher voltage pulses from a

voltage divider to said control gate electrode, and

providing a ramping cperaticnal amplification to said

successively higher voltage pulses.




JUN 2004 39 10. A nethod of programm ng a Fl ash EEPROM device in r
accordance with claim 1 wherein: said providing measurenents of sai d fiBalli 200s
voltage VD wth a voltage sensing testing device includes threshold

voltage testing of said drain voltage VD on said drain region, said

adj usting of said upwardly stepw se ijqacreasing control gate voltage as a
function of said neasurenents of said drain voltage VD, includes providing

a ranped pulse output to said control gate electrode as a function of said

t hreshol d vol Ltage hestimg] @hdsmymhnrrhingslolFdagbl ERGROMedévhege cionpri ses
conparingccgggg vol t age qé said drain electrode to a reference potential,

provi di nGSar - Farpat put s Hut Pt %6 %ai d control gate el ectrode by

produci ng a sequence of increasingly higher counts to a decoder which
operates sequential swi tching of successively higher voltage pulses froma
vol tage di vi d87+9aRECHt SVADI MR SHHelRitFg Odpérati BhattarptF4geaft on to said

successi yeky hi gbetaysl saae: il s i nbl g EERROM BBEDE Y deNd ce conpri sing:
40 a substrate on which a gate electrode stack is formed on a doped
silicon ¥ehtesfRdbeteindgetlersald draia geléagel Fotaodeist dekifnel uding a
tunnel oxidechayer, a floating gate electrode and a control gate

said adjusting of saild upwardly stepwise increasing
control gate voltage as a function of said measurements of
said drain voltage Vp, includes providing a ramped pulse
output to said control gate electrode as a function of said

threshold voltage testing, and

said threshold voltage testing comprises comparing
said voltage of said drain electrode to a reference

potential,

providing said ramped pulse output to said control
gate electrode by producing a sequence of increasingly
higher counts to a decoder which operates sequential
switching of successively higher voltage pulses from a

voltage divider, and

providing a ramping operaticnal amplification to said

successively higher voltage pulses.

11. An EEPRCM memory device comprising:




el ectrode, a dielectric |layer between said floating gate electrode and
said control gate electrode, a source region and a drain region f or meddiBndUN 2004
said substrate self-aligned with said stack, said source region being at
a source voltage Vs, a supply voltage V, being connected through a resistor
to said drain region and said source 4gegi on being connected to ground

vol tage VS87 said drain region being at a drain voltage VD and said
substrate being at a substrate voltage Vsub, neans for witing data to said
fl oati ng gat e2eFebsEbake @y Wpptlyisngade ghwartdiyessbpuksesi fereadi ng

control t age; VG e ' rol t ectrode of said
EEPROM dg)\%i %ed\éﬂl\}% {eﬂ gﬁ/%‘?%g%@r(laé%{ @glt%r%%{z?qg%gsg?anf iagﬁl §a %:onst ant

tunnel i nglegtrede &haokshdlddioat iangwated oadidet iager, wherei n sai d
substantially constant tunnelling current is substantially constant with
respect to time, neans for providing neasurenents of said drain voltage VD
with a voltage seostiggt@sid nglambeR aadd a~vcontrbill §h2H0~ 41 neans for

adj usti ng said agvvardl y stepwi se increasing control gate voltage as a
functi onS&FCEhPE=neasur enents of said drain vol tage VD, wher eby

progranm ng speed and the nunber of wite/erase cycles is increased. 12.

An EEPROM devi ce in accordance with claim11l i ncluding:
a dielectric layer between said floating gate

electrode and said control gate electraode,

a source region and a drain region formed in said
substrate self-aligned with said stack, said source region

being at a source voltage Vg,

a supply voltage V.. being connected through a registor
to said drain region and said source region being connected

to ground voltage Vgg,

sald drain region being at a drain voltage Vp and said

substrate being at a substrate voltage Vgup,

means for writing data to said floating gate electrode
by applying an upwardly stepwise increasing control gate
voltage Veg waveform to said control gate electrode of said
EEPROM device with a voltage ramp having a substantially
constant tunneling current into said floating gate
electrode, wherein said substantially constant tunnelling

current is substantially constant with respect to time,

means for providing measurements of said drain voltage

Vp with a voltage sensing testing device, and




said neans for providing neasurenents of said drain voltage VD with a 0
vol tage sensing testing device including neans for threshold voltaged JUN 2
testing of said drain voltage VD on said drain region, and said neans for
adjusting of said upwardly stepwi se increasing control gate voltage as a
function of said neasurenents of saig drain voltage VD, includes neans for
providing a ranped pul se output to said control gate electrode as a

function of said threshold voltage testing. 13. An EEPROM device in

accordance w MR2BFafaf 1291kl Bigh: sasidl diaveands vf skepi eshbhdreatinge testing

compar es csatdo1d58LD Y01 Lage ID ofesald I len 2l aChLods, Lo.a L efer ence

potential, nmeans for providing sai nped pul se outpu 0 sal control
gat e el espidddrbynprotuadagim sequence of 42 increasingly higher counts to
a decoder which operates sequential sw tching of successively higher

vol tage pul ses froma voltage divider, and nmeans for providing a ranping
oper ational ahpkebycatograhmishighedit cessitvel whbghesfvol t age pul ses. 14,
An EEPROM devi.ce in accordance with claim 11 wherein: said neans for
providin&rﬁggéﬁFﬁﬁﬁn?gc S b FFHrEfavedr0l tage VD with a vol tage sensing
testing device including neans for threshold voltage testing of said drain
voltage VD on said drain region, and said neans for adjusting of said
upwardly stepw se

12. An EEPROM device in accordance with claim 11

including:

said means for providing measurements of said drain
voltage Vp with a voltage sensing testing device including
means for threshold voltage testing of said drain voltage Vp

on said drain region, and

said means for adjusting of said upwardly stepwise
increasing control gate voltage as a function of said
measurements of said drain voltage Vp, includeg means for
providing a ramped pulse output to said control gate

electrode as a function of said threshold voltage testing.

13. An EEPROM device in accordance with claim 12

wherein:

sald means for threshold voltage testing comparesg said
drain voltage Vp of said drain electrode to a reference

potential,

means for providing said ramped pulse output to said

control gate electrode by producing a sequence of




increasing control gate voltage as a function of said neasurenents of said
drain voltage VD, includes nmeans for providing a ranped pul se output #d& JUN 2004
said control gate electrode as a function of said threshold voltage

testing, said means for threshold voltage testing conpares said voltage of
said drain electrode to a reference patential. 15. An EEPROM device in
accordance with claim 11 wherein: said neans for providi ng neasurenents of

said drain voltage VD with a voltage sensing testing device including a~

JUN 2004ia8reaeamsgivrhidireshhwlhuhteolticage deestiengwbi csabpe thitedan vol t age VD

on said géa{lgnélegion,. and. sai d. neans far %g) Hstjﬂnﬁ of . said upwardly

st epwi se” - IACT BAST N contTd Yatr VG EagE &s PAIPGhc Y PLPST REiSFS

nmeasur enenbs af vebt ahelrddwideot t agel VD, incl udes neans for providing a
ranped pul se output to said control gate electrode as a function of said

t hreshol d voltage testing, said neans for threshold voltage testing
conpares sai tme 0k t 86 o thefllai A iget LREe,t 9oaal ef erence potential
with a pair_of FET devices and a constant current source. 16. An EEPROM
devi ce | AMRtEDFGRRER Wiq Basidisnceessivelludhaghesaidl beamspdbgedpr ovi di ng
measurenents of said drain voltage VD with a voltage sensing testing
device including neans for threshold voltage testing of said drain voltage
VD on said drain region, and said nmeans for adjusting of said upwardly
stepw se 14. An EEPROM device in accordance with claim 11

wherein:

sald means for providing measurements of said drain
voltage Vp with a voltage sensing testing device including
means for threshold voltage testing of said drain voltage Vp

on said drain region, and

said means for adjusting of said upwardly stepwise
increasing control gate voltage as a function of said
measurements of said drain voltage Vp, includes means for
providing a ramped pulse output to said control gate

electrode as a function of said threshold voltage testing,
said means for threshold voltage testing compares said

voltage of said drain electrode to a reference potential.
15. An EEPROM device in accordance with claim 11

wherein:

sald means for providing measurements of gaid drain

voltage Vp with a voltage sensing testing device including




increasing control gate voltage as a function of said neasurenents of said
drain voltage VD, includes neans for providing a ranped pul se outpugjégUszé
said control gate electrode as a function of said threshold voltage

testing, neans for providing said ranped pul se output to said control gate

el ectrode by applying successively higher voltages from a voltage divider

to said control gate electrode. 4 8 JUN 2004 44 17. An EEPROM device in
accordance with claim 11 including: said neans for providing neasurenents

of said deana fool thyeshil v vdlteegmltteagersendi Bgitledrbng deViag: incl udi ng
means fogntgggahgkgivoltage testing of said drain voltage VD on said drain

region, and sard nea%sr?%ro%ﬁj%% ing of said upwardly stepwi se increasing

control gate voltage as a function of said neasurenents of said drain

vol t age VD, inclgdes nmeapns for, providing a ranped Eulse output to said
control gate SBERcIFOUR Q¥ A4iHrtith W =8didd vPpadhy| ateBYiEye testing,

neans foinpre¥kdhgdcsatfol apped RUSROWP W rlecsabd oeoBLfgl gate

el ectrode by producing a sequence of ~ increasingly higher counts to a

decoder WRPEHTBPerEt el sREficHtad wiitads Ny, oineliedes siaaslsy fargher

vol t agesf-romya,o Vol & Sy : ﬁg? EEP ' ' ccordance with

clain111pinclud?%g: s%?%ené%ﬁ§£%6$ r%%ﬁll §8§§2%g§¥g§gn%§t§f said drain
electrode as a function of said threshold voltage testing,

said means for threshold voltage testing compares said
voltage of said drain electrode to a reference potential

with a pair of FET devices and a constant current source.

16. An EEPROM device in accordance with claim 11

including:

said means for providing measurements of said drain
voltage Vp with a voltage sensing testing device including
means for threshold voltage testing of said drain voltage Vp

on said drain region, and

said means for adjusting of said upwardly stepwise
increasing control gate voltage as a function of said
measurements of said drain voltage Vp, includes means for
providing a ramped pulse output to said control gate

electrode as a function of said thresheld voltage testing,

means for providing said ramped pulse output to said
control gate electrode by applying successively higher
voltages from a voltage divider to said control gate

electrode.




voltage VD with a voltage sensing testing device including mneans for

threshold voltage testing of said drain voltage VD on said drain re
said neans for adjusting of said upwardly stepw se
vol tage as a function of said neasurenents of said drain voltage VD,

i ncreasing contr

Y8 S 2004

includes neans for 8 JUN 2ff4 45 provj,ding a ranped pul se output to said
gate electrode as a function of said neans for threshold voltage
testing by applying successively higher voltages froma voltage divider to

cont r ol

said contro

gat e pheEtprroe. dddi cAnEERROVMdEdevkec@ith atgondance with claim

11 wherei,n: .sai.d means for providing neasurenents of said drain voltage VD

with a véPfa

voltage testing of said drain voltage VD on said drain region

for threshold voltage testing conpares said voltage of said drain

el ectrode to §3iefBFRRT el YotV iding Megswegnentsr oadpasti dp bt said

§JE€+88nsing testing device including neans for threshold
sai d means

upvar di Y vot 8aYES, WiRE 8a9bN0,68NL 0L A E AN PR AR 1huAGHIRY Of said

measurenents of said drain vo

age VD, Tn means for prov

ing a

ranped ptiesasofeputhreskeald coktagd tgatenoelodctrodedasia Yubcagorvof said
thresholgnvgggaggrgeﬁt%g N nanqngeans for providing said ranped pul se

out put to sal

contro ate’ el'ectrode by producing a sequence of

i ncreasi ngly higher counts to a decoder which operates

said means for adjusting of said upwardly stepwise
increasing control gate voltage as a function of said
measurements of sgsaid drain wvoltage Vp, includes means for
providing a ramped pulse output to said control gate

electrode as a function of said threshold voltage testing,

means for providing said ramped pulse output to said
control gate electrode by producing a sequence of
increasingly higher counts to a decoder which operates
sequential switching of successively higher voltages from a

voltage divider.

18. An EEPROM device in accordance with claim 11

including:

said means for providing measurements of said drain
voltage Vp with a voltage sensing testing device including
means for threshold voltage testing of gaid drain voltage Vp

on said drain region,

said means for adjusting of said upwardly stepwise
increasing control gate voltage as a function of said

measurements of said drain voltage Vp, includes means for



sequential switching of successively higher voltages froma voltage

divider. iiS JUN 2004 46 20. An EEPROM devi ce in accordance with Claﬁﬂ%%ﬁNZﬁW
i ncludi ng: neans for threshold voltage testing of said drain voltage on
said drain region, neans for providing a ranped pul se output to said

control gate electrode as a function4sf said neans for threshold voltage
testing by applying successively higher voltage pulses froma voltage
divider to said control gate electrode, and neans for providing a ranping
oper at i OREPViGHPEi #i Eiiberh RW waidhtantc éosispely chhghel wate age pul ses.

electrode as a function of said means for threshold voltage
testing by applying successively higher voltages from a

voltage divider to said control gate electrode.

19. An EEPROM device in accordance with claim 11

wherein:

said means for providing measurements of said drain
voltage Vp with a voltage sensing testing device including
means for threshold voltage testing of said drain voltage Vp

on said drain region,

said means for threshold voltage testing compares said

voltage of said drain electrode to a reference potential,

said means for adjusting of said upwardly stepwise
increasing control gate voltage as a function of said
measurements of said drain voltage Vp, includes means for
providing a ramped pulse output to said control gate
electrode as a function of sgaid threshold voltage testing,

and

means for providing said ramped pulse output to said
control gate electrode by producing a sequence of
increasingly higher counts to a decoder which operates
gsequential switching of successively higher voltages from a

voltage divider.




J-8 JUN 20p3
46

20. An BEEPROM device in accordance with claim 11

including:

meang for threshold voltage testing of said drain

voltage Vp on said drain region,

means for providing a ramped pulse output to said
control gate electrode as a function of said means for
threshold voltage testing by applying successively higher
voltage pulses from a voltage divider to said control gate

electrode, and

means for providing a ramping operational

amplification to said successively higher voltage pulses.



