.e3e, R (6TR[a(1l 4 MAR 2003 CVO 0U119289 PCTI L1S99/ 12625 A SCALEABLE CHAREE(()
PUMP FOR W35 oWNobkd A LOW VOLTAGE P|Q/\ER SUPPLY FI ELDdG: THE g&}@g’;}l,g\gFThe
present inven I t n re aprticularly to a
scal eabl e charéga&}mgi @&%Mﬁﬁ@ﬁﬁ@ﬁ%@%@wwﬁmmm
OF THE | NVENTI ON There has been apbrwgﬁg r¢l | owering the power
requi rements of personal conputers and other electronic devices. |In order
to reduce power consunption) much of the integrated circuitry used in
personal caonputers is heing redesigned to run at |ower voltage supply
| evel s. Forll&dhQFAHEINVENHANont's that were previously designed to work
wihas volt suRbhiesERURVARER HSECELOINR] ¢ Qstilskaltl dhdle Badcdiag] & SUPPI Y-
Sone newer products, and many i n deVel opnment’, have even‘l ower Uppaly
vol t ages) whiledble dhargegpuyne s @se withy Ide vbielgeporenvsbply. Wil e supply vol t ages
are being reduced, higher voltages may continue to be used for sone
conput er sy EKGRQ F EHE INGENTEON, £ ash el ectrically erasabl e

e

programuabl e re ]  EEPRQM) sed i.n_some.conputer systens
30 TR GG oo BT ROIRIAE, 2oL

to store the basic input/o
storage devoguteld Mgl ERicyofie\deGiess. i Brdefdol r¥dués PorerBaiLnbtdACmukR! t age
and hi gher power for programm ng and erasing data than can be provided

di rect |y byfahd pigeiptadicagaitpovssd nspgspingl computesscis bping yedasipeagkipityealgat e er ase

t echni que be used for, sgne.flash EEPROM arrays to reduce.the anmount of
current, anrrax'frhvt%[)]gepsc‘)l\%ﬁ', Ie‘élét}?’i Ref Cgﬁmglr%a%"yo%oé?@f’y'&ﬁf a‘fﬁ‘é'erﬁ’éedé?‘isﬁye gate
erase technicgdfedts &forR Wit 98 vOR Saiply Baveé Bkdna@es(gn¥®iotddrk Wil 4138 vitne or ten
volts) at the gate term nal of the nenory device and Vcc at the source
term nal . TUPBMppPWe nhwerrroduady and ey yedeyelopmgrt, faye crenrlewat jupplygat e er ase
operation) a,negati.ve .charge. pu sed. One type of negative charge
punp is desvé)ll(f’%egdwénﬁﬁlﬁ.nga'%aﬁagﬁ%%n.gggagg%,@ﬂ% to Pantel akis et al. and
assigned to the whisd GpeE @ltdgBeard beine Mdubddy Righérditagtd aGR8h@fieRy R Of
Pant-ei aki s has a drawback, however. At supply vol tages 1 4 MAR 2003 CVO
00/t 9289 PERAULYSPE 6XBPIEnHsXsteak festuggse Fouexaaplen aYlashreiectmmally eppsallee in a
region in W%ch thgl trgd;silstocr S5 eﬁ)@géﬁpﬁe 8 geasurabl e thr\?shol d vol tage
drop. If tHECgFapinggle read anly micmory {EELRONY gy be 4ped in SUPS eqmpyr Y3EMSd on®
such that tibefoee ths bedié Bfput/eeip)t §yetetl(BIORPiths URhddAFECEHsO PheRfobP&BrdgBem when
they are operating, additional stages may be required to achieve the sane
punped out plwcvoF?aafg@.crrmy dpeees typigallyuise amuch higheivotagnandthéghen apwer punp of
Pant el aki s i 1 1 be reduced. | e ly.valta draps bel ow t he

t hreshol d v%vf E’%{é’é‘"}{?’”%ﬁg SFa%ﬁ’ﬁrdé’Iaoth%aé%ggé%é%ﬁgfrcgﬁabﬁsaﬁs ovroz‘f‘g%ﬁ%w%rr nor e
of the transpgiyors nay not even be turned on when desired In such a case,

t he negative purgned vol tage nmay not be passed from one stage to the next
stage. |n other fRsesamplped vRgaHvVeyRaR ArastisElnAug anayhgased feesateyBashve char ge

f ' : h f
oo i th o Touos piigs (R ampa MR, oo BESIE g of 88T PO e

on an i nt egipatatidn CThE Hiédatide ghrerdst fichnined kes lagde rrgRIRRbIageqtyp@tly The
charge punp includes a predeterm ned nunber of pu stages coupled in
series) at Tiwspingeetesivoltshatdhe gate tepmingholthememarndsviceard Yec & the r st punped
cl ock signal; rc’g"?ﬁh’ﬁaﬁ’“t node is coupled in series to one end of the
predet er m ned nunber of punp stages coupled in series to provide a punped
out put vol t age. T3 §upply thadesired nepativedvoragedgesndphtitetdurasperatior,ent i on wi | |
be apparent fromthe acconpanying drawi ngs and fromthe detailed .

descri pti ornagptye M@W%@Pbéﬁ used. One type of negative charge pump is described in

U.S. Patent No. 5,532,915 to Pantelakis et al. and assigned to the assignee of the

3

present invention.
The charge pump of Pantelakis has a drawback, however. At supply voltages

below a given level, when p-type (also referred to as p-channel) transistors of

1
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BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention is illustratéd NMR 7003
‘way of exapph@saad not limtation in the figures of the acgepugyIMbes -
draw ngs) In V\/g"ch | i ke references indicate simlar elenments) and in which:
Figure 1 i<$8ChrSAK HMGE PRier MaY BREFBEINE? regjRl BnVPKAtheEpsisdradvant ageously
used for ores%g&;m&dx mhrab@tﬂ%&%l@vanao@dwppqgu%' ﬁ%g%ﬁ&\%sncg PafiE1 RS

I I gur e shows t

storage device of Figure I in nore détall. e negative

char ge punurwodot Fufiyiesed ondrachzharthere isefftetiatlly.no2hreshold VYRR ZHISBacedss

001 19289 PCT/ US99/ 12625 Figure 4 is a circuit diagram show ng one

enbodi ment UM HhH0EEY 156 OPEREIG adPlipR! StrEgsuPRY Be irequares lprdhiee digrsames howi ng
one enbodi nent.. c LVer t he punped clock, signals
of Figure é).unﬁ—af(géurlé}ngog %\'/visi: ugF\%rl, ﬁ‘gﬁ}"{‘]&gp p%ﬁgéjée:ﬁgédﬁcﬁﬁﬁte g® oggﬁ?t%’ﬁﬁ ng the
out put vol tagecefdutdde negative charge punp of Figure 3. Figure 7 is a flow
di agram show ng the nmet hod of one enbodi nent for providing a punped

vol tage. DETAI LHDOEDER witrenirapieaiow thedhteshpisaraitegs of ane qymenre of thg pa

scal eabl e char ump for use w | ow vol t age, power supply is described.
A though Fre Mg B fartiel Dol ot ornd dG B drElelub®h 62t | ach
Menory usedieatda @eh a2hR! &8 AcRME GEmped VAERBLhYEn QMR YHALRE Mot HeQlage
applicable to other types of circuits) including other types of nonvolatile
menori es, thde nahstagen st otherfwards. ipalpivrggi sev s ppdy eohdgghiée nogativewlarge han t he
avail abl e su IC% VO'IH?.‘] ?ng!s)%E and/or to other types of flash nmenories used
for other ;ﬂﬂ‘Bﬁ Bante 8 MY ¥R ws a bl ock diagram of a system 100 that nay
be advant ageously used for one enbodi nent. The system 100 is a personal
conput er system but nmay be another type of system such as a server, a

digital carfl/MMY¥RY QeTHE BYVENITEQNone) for exanple, for other enbodi ments.
The conputer system 100 includes a system bus 110 for co ni cating

i nformati on bet &%W?W@W&Pfﬁﬁé”@o%%@ﬁ?gf BLFPQJIHéS %?&Qﬁdmgﬁgﬁr@’m 100. A
processor Miomphi9fonPipfe8%f iaR thikgtatel B i RS ideSthEOS R ALk Jaqshp.gywﬁsg%m bus 110.
The processor 105 iS a mcroprocessor for one enbodi nent) but a

m cr ocont r olHeehargapwhp oatudona pirgdetemmived mtrelpranf g my staggs toypkd i€semms, at her
type of praqcessor t?’e seéj for alternative enbod) ts. A pain nenory
118 for ¢ err S o earaes (s sbledde RN AT LR RISt obeeUBH 105 i s
coupl ed to ddaesRbHAES Heridd8 ond BEd HEth& pfEBER MM nbdubhibet b'ﬂﬁﬁn;ﬂéf@?‘ ¢ random
access nmenory (DRAM, but may include a different type of nenory for other

enbodi nent souplkd m scoestbedovide & prempedoutpnr boldagel0 is a read only nenory 120

:)(rJO\S/;[ greet ﬁéa;;gtdéggrg{%n%%/z?@ afd(\)/zrtntggr]cgo lrh(c):(f)er'\css%gtr in]\'/ggt)nonawi\{lollct:% grch]H.P rL)(hchZ to

accompanying drawings and from the detailed description that follows below.

! BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and not limitation in the

figures of the accompanying drawings, in which like references indicate similar
elements, and in which:

Figure 1 is a block diagram of a computer system that may be advantageously
used for one embodiment.

Figure 2 is a block diagram showing the mass storage device of Figure | in
more detail.

Figure 3 shows the negative charge pump of Figures | and 2 in more detail.



14 MAR Z003 1V0O 00/19?89 PCT/US9911 625 voltage Vcc over the bus 123, 1 2 MAR 2003
mass stor ce 125, an input device 130) such as a ke

cursor 1958?”%% ce) and an out put device |35, such as a¥’%a'f59?)/§){a d/or a
punt er. The conpigure 43y stieomitldidpravahaling dnecimibddinmdnnf a pediii phetiage

conponents 140) such as a nenory controller and/or a bus bri dge device) for
exanpl e. THWEMRystem supply voltage Vcc for one embodinent is 1.S volts +/-
150 mllivolts e tt.er For
alternative enbgﬁorrgﬁpgﬁ bl%% g}aﬂ] &Ow?gggée)%nggaf\ﬁ‘e& Oft?%ecflocgd?o%wtand may
be provi degrdicésan®@plipedicyde® scg‘namqiftyag&esour ce. For one enbodi nent) the
mass storage device 125 conprises flash menory) also referred to as flash
el ectrical |y er {iaue 6 shpwyr qmmf@nmmosﬁm lﬁ@frmﬁi}vo'{l&w;)utmagmss

st orage dewg\ 125. sﬁéves t he ?ﬁ”e nction as a conventional hard disk
drive for thECERBBHTTRHES RIBRA ﬁ%ure 1. The flash EEPROM mass storage
device 125 of opgngEfqdh MBWdidghah YHRHIng ke %tH@S@ro‘FoP@éth{ﬁ\cﬁhl%?ge punps)

1 42) a clock driver |-1=1) a negative charge punp 145) a voltage controlled
osci | | at or pro/@idrg 4 punped vadiagaage regul ator circuit 150 and an array of flash
menory cells 155 For ot her enbodi nents, the nass storage device 125 may be
configured in a different manner. The charge punps 142 and |45) the clock
driver 14. fyrthappipegerepanon! | ed oscillator 147 and the vol tage
regulator circuit Tb0 are described in nore detail belowwith reference to
Figures 3-6. It A/\inbtlhobenchmpaeoisafbeprotvhh?mg sycsﬂ@:btc ahargt ipgonpefdr bise withranner

ot her than that  shown an Fi gure y SO d with alternative
enmbodi nent éOW#P‘@iﬁFé)OQ’CEﬂ{?RBqF H‘éscﬁﬁgg ’éﬂS ﬁag@ré’é“ﬁ?@b‘?qﬁ“ﬁﬁﬁsé‘rﬁet ail. In
particul ar,q krged &id réfgﬂ\’\‘& t6la'fRdh & ugélpaﬁmgg'sm?mc JeQ{cep{n&%gW ng and

erasing cells of the f menory array 155) such as the cel
pur poses ofembobirenisatre mpp)hcth’mt;pcﬁhe typesoficiceitd, 1R0&hof othdray pesafr v array 155

is shown in Figure 2. For this a ne tive erase technique is
used to er d‘é’@v‘gﬁﬂﬁl‘v"@é‘ﬁ éh%m%ﬁgcgtkfgg AYNS "gﬁfla%@c’?ﬁé‘)‘ﬁ"e‘d%‘] V& erase
techni que "NXn‘PJb ces%lpg@evoﬁmkg)cmmoetheat,lpag a?nsg%qaéma/r?es\aeéa Afkher 10- 5 vol t's

for this exanple) he gate term nal s) menory cell's) to be erased)

while Vcc immpsevi ded at the source terminal (s). The Vcc vol tage applied at
the source term als) i s | ow epgugh such that e sour ubstrate junction
di ode of the ne edeihpyy a B’lé%cﬂa FaR @ ai%S‘ﬂBt‘tOBﬁ'b‘kaﬁy B ARV PREOHTIX manner

only a rel q}sbmrxné@;%émﬁew %c@%ﬁérﬁﬂbofii Qg@rs&\m'c&a i85y Rl RS BuPHAF BSS -
Thus, even though the 4 2003 WO 00/ 19289 CTI US99112625° vol t age

di fferenti alnothet twpe nf :tylsemtleasambrscmndégn@f carnga dev g xelbghang, frased i s
simlar to the ldl{g erenti aI for a positive erase technique) the negative
erase t echrfi*q0Bler 04 AMFEEmPURENS r r ent . Turning to Further details of the

flash EEPROM masgeghRpadesydR¥d fo0 héRlied #5ystem bus 110 for communicating
' information between the various components of the computer system 100. A processor
105 for processing instructions is coupled to the system bus 110. The processor 105 is
a microprocessor for one embodiment, but a microcontroller, application specific
integrated circuit (ASIC) or other type of processor may be used for alternative
embodiments. A main memory 115 for temporarily storing instructions and data for the
processor 105 is coupled to the processor 105. The main memory 115 includes
dynamic random access memory (DRAM), but.may include a different type of memory
for other embodiments.

Also coupled to the system bus 110 is a read only memory 120 to store static

information for the processor 105, a voltage supply 122 to provide the system supply

3



one enbodi ment) the positive charge punps) 142 include an 8 volt char §é MAR 7003
punmp 205 adeagke. 5 volt charge punp 210. The 8 volt char ge-pusseaps the

| 0.5 volt char u y b onfiqgured in any nner. [For e enbodi nent,
the 8 vol ¢ ‘SRS QLU M RIS TR A 1058 Bree SRS ptaru e e i Pe & - a
manner  Si Md@afoldd\QirftRIBhirYIRICRET B8 an JUPTR ddAS: 855, ARRGE LGRS e

detail bel owﬁchc rfror%the 6us e110 (Fiagr;ure 1) is suppli edato tlthgar{tmm{; char ge
punp ci r cubpan2@5ThndorBftker sycleod Ei) miry hiso iddielemolsir pevghe cih asrgponaisig0,L 42.

During operations to programone or nore cells in the flash nmenory array
|55, a vol FEGesArBHNPNE WHANH MR DYBBOREe dYist [Baxawple set of bitlines
swi tches and de i I rm nal s of
flash nenory ceﬁﬁggfﬁelﬁégpélpg&%ﬁ%ﬁéréﬁér%y 1 @Fﬁﬁ%!}'?ﬁg{[?“;l\sgl tage from
t he char gemaupit2 IRV and Lspprbiiged Hyoa bove powerkd boned) | Aer aaimheites and decoders
220 t hat supglg voltages to the gates) of nenory cell(s). During operations
to erase oRBDEHIMPHIe theaupBly) oltagrampy B3 RighenRsrlgwar andynayss previdedityage from
t he negativye e o .S supplied to the wordline switches and
decoders 2260[\5\%?[&8& %ﬁ%ﬁ%?ﬁ%rg‘y 5 volts fromone of the positive charge
punps 142 is suppt besethBodimeht, Hfm&0 Wdigzesdtvice NS canphsde aamaridmaly XlsoA
different voltage may be supplied to the source switches and decoders for
ot her enbodif ©, asThaeh gleginsall y oasabireprogrgnradie ted onlz 28 nearp FEEPROMVD.ages t o

t he source of nmenor el | to be erased. The switches and oders 215,
220 and 228 REsLuETAek vk Tk RGinE RABE R S ot R A ETRERAT  °L o
sel ect par éGHé ahbOBRRAY sV i Figurbe . auRIRSEEERROM MasUbdthye deRReappropri ate
vol'tages to the nenory cells for the nenory access operation being

per f or med. of oEagrhberdimenkinskides erfc asviqre Ipesitiihehadgcpaen(s 1425 clogkgirivad 225 may

b trol led by sjgnals f trol circuit 230 t ide t
appropr | at d o teeg el Mec paEh f45 & B Shelled Pt TR b velleee
enbodi nent yeduflRoCQRUiONIS0GInUGHIatray 8f Radl BEMESUellS€S3. FRdinePebAihelfs,cont r ol

of all of the operations of the nmenory array 155 including reading)
progr ammi nghcamassetersgnde \ogre 2t hanke corfigurasidn ofdiféerett mangerntlhokhage cuit is

described in U S, Pa 09, L34 itled "NMethod, and. ar at ug for
Execution &F™8* ‘?4?15125 E/ﬂ% lgﬁggc %ﬁ %2@5 Vﬂ‘&ﬁplﬁgﬁ‘é‘;‘g@%' fe{@ﬁ"i.% in a
Fl ash I\/brro_rvxsufgenagﬁlmd}/kirlf@misd &B dedcrided in mdfdthi PIdd with kefd@R& @nd assi gned

to the assignee of the present invention. For alternative enbodi nents) the
control fureguren34ay be provided in a different manner using an external

source of contrq] h as a m,croprocessor., far exanple. For qn
embodi nent) to 3&:‘63%? ?%‘Heﬂ%‘ﬁ‘éﬁ}a\g%sgerr%%%on&gu%né" 61‘““‘&%58‘%15%6?&:’@%”0@ in the
dash menor yn afdudy | 555, alsd B @6l Sethnegaiative embbdia@asi S supplied fromthe

negative chargeﬂsgurrp | 45 t hrough the wordline switches and decoders 220 to
the gates) of tHdgwes2 shaysdhe maporgragedpyve 13 ipanere detaiy. Iomagligular3 shows t he

of the. char g6 BaRoR 5 et R b BordaRe sk iR da g Bghng 48 SO o ot

di fferent nRERMeyYalrhfdss, sevehsthe Bell 302.NBor puepdsesofigahiine oliglonages (i . e.
negative vol tages | ar ge in magni tude) used to erase flash EEPROM nenory
cel | s wit h memenyaelh\292of stheememenyfirtpyel 554s shavar inddgure?. i nput cl ock signal s

are supplied to the charge. punp |45.via citars 3L 1-314 fromthe
sources illust rﬁoéghlégn@gg'f%ni' aanﬁéatéYeo%rF%g%E&,&'qsugé%%sgd O soefmci“r\%félgl ock
signal s ar gusypPihk 9Skribrg ceARBL] ThE fiegdtiVe 3rde eciTyidiavaiaisnkespplitdusalof at ed as

clock 2 and clock 4. The char&e punp 145 of one enbodi nent includes
p- channel fa latgg negédtinst valtagesil @6 apls [qritifis exaople 304hegns BTunalin ebwemaryi n

series. The nsj stor 301.h one term.nal ed. g il e the
transi stor cﬁh{)gﬁ% e Brﬁgecfév}}%eﬁl:{:r: 'sc%rl?tb'l §§1 a? g‘casﬁﬁ)rggkeﬁ%{nta@%r %ﬂggﬁ ¢ %\halgs The
devi ce 310 dpplit®hrthé §6urktOtn@IrMI(E) i8 fova@nOsEhXdth Glab@e seles-®straldifntduneshol d
vol tages for the p-channel transistors 301-30-t and 310 are approxi mately

1.5 vol ts fdiedeofehe memtingeeli(s) tring erasedis nat brrken dawn. dnkis mapneg onbihat i ve
enmbodi nents. . |.n ]addi ion to the erigs. congI eg ;p-chanﬂ]els tvréa Si s{ig‘r&s
301- 304 andCHfigClySRAl sopraecrERt HIpWS QUNPEIRC PR RSPy e Bir® Ilg?ué 50

i ncl udes a bootstrap p-channel transistor) 331-334, respectively. The
bootstrap transistors 33l -334 are used t8 precharge the gate term nal of
the series coupl ed p-channel device of the correspondi ng stage. Thus, for
exanple) the first stage (stage 1 ) of the charge punp 145 is conprised of
the transistor device 301, bootstrap transistor device 331 and the
capacitors 31 1 and 321. For one enbodi nent, the substrates of the

transi stors 301 and 302 are coupled to Vcc and the substrates of the

transi stors 303 and 304 are coupled to Vss. The substrates of the

transi stors 301 and 302 are coupled to Vcc to prevent |atch-up and/or 6 1
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While Figure 3 shows stages 1-4 of the charge punp 145 in detail) forlé&MR 2003

enbodi nen j stages arc used to supply the -10.5 vol ts-1458636s €r ase
menory cefvl)osog)éggé he flash menory array 155. The renmining stages 5-$ are

coupl ed i rvoitags derpriialbetesn dbgade apdiSqurce af thmde vacesy) being esesed SGIMMara  manner
simlar t . I r r oper af | of th har ge
o o o B8 o {2 BTk SSRELEe 08,0901 LIRS ke

di scussed.jeseLién Nng the timng diagrans corresponding to the clock signals
1-4 shown in Figure 3, clock 1 and clock 4 signals are initially low. Since

the clock 4 sidgnanng b fughyr detailsqdvbe BaspFERROMnnessglarygendeviopfidh fohe ¢l ock 2

signal goes |o t he, negative voltage 1,588 ied thrqugh the paci t or
37 ehar gedecRbe i PREGROSIAS free RRgEy a3 sfiR A S 1ol TPttt
through t hgddapisost3ddra ubdpe2 e oRel S/ﬁ)lt/éﬂah?:q&uﬁ[?ﬁ/&ﬂ theflo.tsh/%n%%g@e_ term nal
of the device 302. Wien the clock 4 signal then goes high) the device 332

turns of f , pumgohap haapnfigaredan enpmanhe. dovoueer8ORlimnnt, thed/vaigchiatge pompaci t or

312 charged to egative |l evel. Wien the clock 3. signal, then goes | ow,
because ¢ AT (RIECEFE: PR AiRroATEVBE KN SMARRETHmiY 1 the RFERE ChiTeE b &

exanpl e, % RGaY a8scHBEd FPRBE deRkil BeldwN &% BRAMKE bus 10 N‘l\g{n@(wﬁ WO 001 19389
PCT/ US99/ 12625 precharged to a negative value, the voltagé at the gate
term nal ofupplivg tdtheitwe cBOZeipsmgppreeas 2@ snd Dikenclubahwithe thopdsagye at its
source termnal. Thxé4 the device 302 is turned on in a region in which it
exper i enceSPECPETPT v&'y no threshol d voltage (Vt) drop. having the Vt drop
across the devigg; ehibectd viBhby h&te Qe llBANRSe fRRAIME urrent
is transferred norng%%gpilgﬁy fe(o dpﬁe carpacft%r 32| t% trﬂerﬂ%%?gg?%%e and

t he vol t agevgagsidmahe tlargdhpump205 & agpliddstoafsevofthigine swimlgsiatdidesodckhie | ow
clock 2 pulse at the capacitor 321 begins tqo charge the capacjtor 322
Covard a vAIIBGroRetEge 0 bty wmaf&aé%@sfswﬁwan ?%Et‘&ﬁﬁcﬂ@éh hi gh) the
devi ce 302,Degintral 955 UERu! o vIRER P yrElch RbB8lis SRBRed % sef dte
capaci tor r:5}229‘:),5 3 gr ged toré?osro |r£at efycm%ﬁéut 'cglilg%?) t':I'(L{[ea dsg{;?ce 332
turns on dwschas gyirhes el drabdersf220 itext shgpplyc eol892s @rttle pateyofmgemdryt oward t he

vol tage of i rain so that the device 302 turns_off rapidly. en the
clock 2 si‘(:fHZﬁﬁ' gHE?ﬂ BRFAERLIQNSJR €rasH ANgRRNRIE CEHS Indipeg Hashymemapy amég\g@\,i ce 332

stays on s@yfaBakomhife Eég%[igé?cﬁ&rgé g@mgﬁ%%ﬁggli&ﬁb%é ebralinakwites bie device
302 is equalized. Viewng the Ccharge punp Circuit 145 as a whole, when the
devi ce 30| decodes2nwhile appsponsely 6 vohe frbal drier) thedgsitok chivge pumpet2as ock 1
signal) the capacitor 311 at its gate term been pl aced at ground
Through { hEPHRH Gé SSEAl SHRTCE R TR et R ot SRRSO RHE TG « or i nal
of the devg@sh&% theSsdufleGRH AU thd QBfierd _F};ﬁre,metr%mﬁe&sm[s_t eftidlsBate due to the

magni t ude of the punped clock 1 signal. e device 30l is therefore turned

on such t hswitdhts andeleatdess 226 suppbgvaragestovht sdurtdiarod nmesnaf tetsitobty no WVt
drop across the_device 301, Wile jurped on), the device 301 charges the
capaci tor ¥2%! af{ge f‘ﬁﬁﬁ‘ﬁ’éﬁﬁ‘ép‘f eFo“lizl%( g&: : 75t9?§méee\?i“c‘8m5‘§§wf:@'?‘3ﬁ%§'b on
during thig thb@BLillb® e 4Rdo seel paY@élNarrrﬁd?h&&)éellJJ&%,acE&?cmu't&ﬁxpé@l begi ns
to turn off as the clock 1 signal goes high. "The drop of the clock 2 signal
causes t hetheapgropriase valpages to the memeonysalls foc theamemenyrastess eperatien heingnof f  of

t he device 3(_&1 b% di scharging the capacitor 311 through the device 331. The
low clock BST§f% continues the charging of the capacitor 312 until the
rise of the cl ogiehédrohedd oftsWittheLirdd deB6ded €Y% 22887d bBRMaPEe Edirofiad € of the
device 302 charged. As explained above) the device 302 is” turned on such
that it opby sigeds fromtamntrobiosuit 230vthipedvide the aperoprate eoltages Eurterasednd no WVt
drop when the urrged cl ock ?Fsiggnal bgﬁ.es | ow. Thif 1s.hecause the | ow pul se
of the pur’rﬁ@érag_ IYBk ORCTafIval A LNE ER 1éne\%|tlflxcac90é1tra g 3 APEEEPi nal of the
devi ce 302dés%&tb g%sidg%eﬂtr&rmmaafgﬁ@o &at%n@%ﬂ%'xﬂ&n&?lﬁﬁ% 159inBRdig! ow 8

1 4 MAR 2003 001 t 9289 PCT/US9911262~ the voltage at the source
termnal ofeatling, plogrammifg 2nd Fuasmgrogenatiossh elheaise obswgb2 dontrelirsuitrisnner al | ows

the rapi d charge .of ca t 32 negative val ue of roxi mately
i mus i cEGERe i e Setise AT 0Re | MELetans AbBOe 15 s TBRAS cuch
that a voltage at the node 3-10 can reach a voltage of m nus four tinmes Vcc
during operation of the charge Bunp 1455The sane sequence al so continues

t hrough the remai ning stages 5-8 (not shown) until the charge on the |ast
capacitor (not shown) coupled to the source of the device 310 is sufficient
to turn on the device 310. For one enbodi nent, the device 310 is turned on
to operate in a range in which it exhibits a Vt drop because a bootstrap
transi stor (such as the transistors 331-334) is not provided. Were the

t hreshol d voltage of the transistor 310 is 1.5 volts) the Vt drop is 1.5
volts. Thus, the charge punp circuit 145 of Figure 3 is arranged to provide

I . - - - a S oa




a Iérger or smaller nunber of stages than that shown in Figure 3 to prioMAROH03

a charge Woﬁﬁﬁf produces a different negative punped ouipiitseyqhéage for
t he sane or__anot her [ hat while the

pose. Further), ., i.ll be appreciated t
purped cl o&Peé?‘&Hélns%) Flakh Memors Awrasi Jékﬁ%*\é%?“ ?—*iﬂgu'é egmiéé 19968 t ude of
3.1 volts it ks i v 1 ephodi nent s,
the magn t LBL e E R (B B SRR o |
further be cappoicfonaioatndybe frosided ki & HEftrannmbiver asihg amexaémull saurce b&r ge punp
that replaces the p-channel transistors of the charge punp 145 with
n- channel (C&PY¥H! sych asja migapproceseRy, EQ7OXBPIE9289 PCTNS991 12625 referred to as
n-type) transi st ive Ll i i nst f
ground at one en%gg?e ?‘ﬂ@oc{g@??fégo ?:nggﬁgggl 'iegée(ltﬁseicgé%gioggj%n%&g%g"{l}ggg?gggprovi de
the positi Ve g dshembpSjray 425, af prédigiegsive vehskeds supplePbmithd/fegaliad ge punp
for a different use. An exanple of such a charge unp is shown in Figure 4.
The char ge 9pargs pamp 146 timougl heavergbpetvatehesang dsegdersa20 i ieeatetsy of the char ge
punp 145 of)alrzli% reCS but | 't[h o Qﬁasggl arities of the signals and voltages
reversed. APESTY MFMLRSFHED SOGS E5Hti gured in the same nanner as the
charge punp 400 mhure Vo s4hECpaRiOVI € FunipOBIStdf Rz upddnPRd MA@ Betail.
approximately equal to [(1 + N) * Vcc] - Vt of the output stage device 405
where N i s Tteermogdomnt of thowhpres pagws! 49 sbaw wied igyre Bheaydegised weprehds ge punp.

Thus, the positive.charge pu 0 includiing 4 stages can provide a
posi tive prIWH?ebd"r 86‘1’Bg’fe"g%qﬁﬁg‘gvé?a%ﬂc‘icl!ségﬁl”‘g"glfhg lo:”g@.cgf"é'v?/?S t%8°vEr e a wor st
case VeC OfpebaR voRiaptsaskg@Mfimbh BRiudde 85006 eradeoh LA EEPRDM hR ok Ruik wiltage

device 405 iS 1.5 volts. A positive charge punp such as the charge punp 400
may be used nagapreevasddechinguposi ti ve charge punps) !'42 of Figures 1 and 3.
Addi tionally, such a charge punp may be used for positive flash menmory cell
erase techni ques‘s‘F‘EﬁL S&Dﬁé'ﬂ’“éﬁ’ﬂggiwﬁ%“éﬁaﬁﬁfi ‘?glpcgi‘rhfépmﬁﬂrlf)%%‘és for which
a punped VohbagRrsBY - DR SRR soulde i INLIREH 2L 1808KBank AR 33 A eehd/&d obY the
negative charge punp |45 and the punped cl ocks 1P and 3P received by the
posi tive chapgel@EhngndBrpsupplicd viaoapadiersGRa3gé frommips sduics ahdtra@d as 0 be
scaleable to work with | ow supply voltages. By punping the clock 1) 3, 1P
and 3P si gﬁg?‘g*%ﬂ@lfl?‘ﬂh‘{' they have a | amer magntiude than a | ow supply

vol tage, the serfigenaQdRufih 5TONS LAbEdifknt iRELEAY. GRnRIRBIdGEKRGUI ts | 45 and

400 can operate in a range in which there is effectively no Vt drop across
t he transi gtamsstord (FETs) 30 radrhand 3 ttheonneaitsain sexiesc Hae gensplom30é hagere does not

have to be increased for a | r, supply. vo e to achi eve e sane punped
out put -t o Stipprg Soved JeePundPon PEF o HEPS &t SR TRl iieibed ol ocks,
the threshal@puURaes/dut. BE:IEe 3 108s Gdi@tdo PevaTh dshABSipat Rdps dbMke SOME

enbodi ments nmay not need to be adjusted to accommodate |ower supply
vol t ages. LDwethreshald ypBagss ferithe pirbpene) bpasisius 3¢kaA04 wdd 10 ere appipayndtlyhi gher

| eakage curyent or exappl.e. char | [ ccordance w th.one or nore
enbodi nent slr' ﬁa@?‘%{;é ﬂ“eb‘émg%hfnﬁ%«g uC\X"f'g E%R'§H%pﬂr 30“\?/1% I??rélgeemgtéYeoethioﬁlé“?%?'es hol d
vol tage of one Of yH®i@n k6 ARSESEOEupldd P-¢HRnkdD &rhfiest e 3L -36:PandSTA0Feach of

enbodi ments, in order to acconplish this) the clock 2 and 10 1 4 MAR 2003
WO 0011928%hpernpesdos of de2barge pupal 45 alsedndudps abeoishiarp-ghangeldrangistonl so be

punped cl ock, signal s. For ch _enbodi ment s unber, of char punp

st ages use 16§%r BoPEeY lyg?@Sﬁoﬁgﬁﬁ@HaV6%i?r§8%h§%€mﬁggegé§P%eﬁgigég‘%ﬁér §ing the
clock 2 andefhiGkof4hsSiddies b&upléPpRYSine! d8vice @ BHeadespdhding biag YThaE, fBrich a
charge punp circuit. For any given charge punp design) the tradeoffs of

space, ef f i exiagpdsy thetfirsessags| (skagol ) ofgide ahrisespymm 1456 Ferapfisedal/thpérapsistaniced.

Further, for both the negative char.ge 45 and t Ltive charge punp’
400 of Fi gu‘?"é@“ﬁé&?%ﬁ‘”ﬁé@ﬁé‘&"{98}"% 3?‘ﬁ%'86%‘i%agfm%)ﬁsr§r}§r# 82? I't he out put node
Vout is proportigfahe ethbbBfndnflRHE s@dstalés b tREILHEREYors BRCAHASID2 heroppraed

cl ocks for both of the charge punps 145 and 400 provide for the

seri es- couploedectand s stbstratesdf the tiansistarS08 and Pk ate eoypteddo Msgyi Bre i n whi ch
t hey experience effectively n t gr across,t t he citors of the
char ge purrp%’biﬁﬁcsa‘?fdﬁﬁ%“sé% S§8Y€H§P§§a’°&8?@°4 %?pl%?l?/?rcl‘f%"ﬁ%g%}?%p %rﬁg%rdi ment s)

this obviates the need to provide significant additional overlap between
the various clock signals to provide nor® time for the capacitors to be
charged. In this manner, relatively high frequency clock signals can be
used to provide a relatively large output current. Figure S shows the cl ock
driver 144 of Figure 1 in nore detail. The voltage controlled oscillator
147 and the clock driver 144 work cooperatively to produce the clock
signals 1-4 shown in Figure 3. For one enbodi nent, the voltage controlled
oscillator 147 receives Vcc fromthe bus 110 and produces a cl ock signal
CLK at an output. The CLK signal is provided to a phase generator 505

o o, r r r o " S




14" MAR 2003 ' O 001t 9?89 PCT/US99/ 12625 punp 515 uses the 3.1 volt pover MAR 2003
o pr o ASAMEYBIECK 1 and clock 3 i gnal s at i t5 out puts IR 1 and
¢l ock 3 sighal galityeroslems ded map otdue dadrgainitiabeclotiac géesputip chdfpeipaniphe manner
15 and. ol ok SP FURAE T (7808 DLAGH dILte UL FaMAReR.
145 at ¢ e Gut pur hodeegal PR ITbE Qe et BREAEIRb IS ohr g1 ng

of capaci t @irsstans 30icard 30201 The tlafsiQo@S03 hued 3044k Yurthephivesi femnegskd ve vol t age
"to be used for gash nenory cell erase operations) for exanple, a voltage
regul at or ¥IPPYUINE thyse prTRiRAVE theinaypiteréss counled ©t\or Witlvacmigh loser gk glire 2) may
be used. Fjgur he Vol t € I i f, ;one enbodi nent
in nore de‘cf”gﬁI'S‘gugfhgm\%\g?atng'é@rsrggl'%%g’?jolro ag%i”r:3 ng%? 4?%@%%&%‘%@%}1@&4?93&%9 nput of
the vol t aggecDokidddendbomfiior (MDS) rhekistors fe ovie kindo@imeMNhéwévep dihRs Bipkt at or
147 is coupled to an input of the clock driver |44 which provides the clock
1- 4 si gnal &f tranastogsonay B¢ usnddpmalicontivg ebpdimerfat i ve charge punp |45. The

vol tage regul atpr circuit | 50 coptrol s..t he,operation.of the negatiye charge
pump. 145 by cont ToP! s aterreRTAT R E anbur s al e { PP S hiet s
enabl ed t oy PEOMi VIR HAACIkwSIa8RAS Srduld OVEImbSYBIuEk OF e dIoeRTsighfs (tlen thi s
manner, the negative charge punp 145 can be turned on when the punped

out put vol difigeensobatwaen thiedighuapigtand thetlpw vahig o thelaels seasl) isVeoviEe | n
magni t ude (i ..e re .positiv than the desired o ut .vol tage and/ or
U ned of t - HEReTEIFS Signaff vl argie A B ifus St on 358 2w o
desired. Thegy@id At &K &dWlocki ¥ Gatals tAROhaved HaeSuEdeT 7. e8bied.Ofe R 1 and
R2 coupled in series with the out pu? node Vout of the charge punp 145 to

form a vol ¢lagiesighald Hend 3 Are rofspod a kereinds pimpedec erkrsigngls botqysetherresi st ors R1
and R2 is coupled.to a first reference voltage Vref. 1. It wlt b

appr ool at e OBy MER G SRed Pa METeT hE" Srs o HIE SRR oTEBE ! PR e i gure
6 may be f @B addcladel RghaRBRNeE pEMEEd @sciOY ad 86K Bsgmils stk @eeerireanect ed
transistors, for exanple.” The voltage regulator circurt 150 al so includes a

conpar at or descriadiin N8B depailbplovay be a differential anplifier for one

enbodi ment. One,j of .t he conpar ci,rcuit 605..5 . coupled to a node

610 of "the vol ( MJRCHHaae s A AP C ViRl dop e ] e§8HofBog 12 2003 wo
00119289 Perhbbfrh@htl iBRbstagtd alfuseAdubgly thd 015 its L 16 BaBamainoFy €dilscui t 605
is coupled to a second reference voltage Vref 2. For one enbodi nment, Vref 1

has a val uefl &f flashvmemeryirayel 39r dihc rermarngstogdsiied af couples in serey batween

enbodi nent ), _the resistances . R. 1 d R2 are sele ch that when the

vol t age at Z‘f’%eef%'lfﬁ b ’%88‘8’%& C:ﬁ "at "}aﬁ%crabné‘illarrgégg%c\g/gﬁ'(- 10.1 volts for
the enbodi ment Hesaérd loardsomibelthd Gefition 6Ltht @hdrk@pidp Sircuit 138, thelopa@tomt t he
node 610 is equal to approximately 1 volt. For different reference voltage

| evel s andpPbi sigle s@gerstagees wilbbe dissuseed. Faloying theiping diagrarage Vout) the

Far t her ) aPhresPaig rd etk Sg5 Talmr i SELRT Ohek TRNG0A08 SRR,

ot her enbogieTRifihlly Iow! SiRé tHeiciizk 4isignalie Idve\kd dedice\330 s inBially @Al &Vheni . €. nore
positive) than the output voltage |evel desired (-10.5 volts for the
embodi nent therrdaek 2 sigrl goesclow) shempgative Meltagg pulse applicd dhrpygh the §2Pacher posi ti ve

termnal o e _conparat or cj i ' Lt4 vel
e L g R o R A N,
condi tion @82 tdRe REUMRIFE FoRAget Vet bf fhe Sélfecdceaiinall dfeha/dbvica 302 CWiehahd ed
oscillator 147 turned on and gradual | % i ncreases the output_ of the charge
punp 145. clock 4 signal then goes high, the device 332 tums off, isolating the gate of the device
302 and leaving the capacitor 312 charged to a negative level.
When the clock 3 signal then goes low, because the magnitude of the pumped

clock 3 signal is 3.1 volts in this example, and because the capacitor 312 has been

7



When the |evel of Vout becomes less (i.e. nmore negative) than the |evdlé MAR 2003

desired, \;[’(})19(91958'3? val ue of the input at the positive ternj sff2khe
conparator cjrcuit 605 is less positive than the |evel provided at the

negati ve PEFRHTERstogmegavevalipahat oFageiat theigategeminghplsthe dpviee 3Q2%idi ti on of

t he conpa oy [ ros..t 0 lled oscii,l.ator 147 off
and gradugﬁrg&ggﬂo@a&éEahélﬁgﬁee\toﬁél@e;%tilggo%@% rp[)u I\1/2%:)[[ '?[t z;‘gglge)' [{]fog vnce?s()thlggur\r)% t age
bui | dup oBntheregishpiitvhehRBEdpt adrees efduélyns wWieRblgabRsae (V1) ddps nanner, the
vol tage | evel produced at the output of the negative char ge punp 145 nmay be
regul at ed Hugingthevy dlsomagressdhe deviae 398 eéfeatnrely eqed! 16 Bmegouthat ingrepged) be
appreciated that a voltage regulator, circuit simlar to the voltage

regul at or L?fi“r"éﬁi”ﬁ‘mts)qé"ﬁ‘? 5§Feem%'%ﬁ§a€onéltr§cocaﬁéc'hosr_e%Il{p8 eyl sipes “é‘dﬁé%i tive
charge purRpiEYplssdSot BAhE et 9RzPUTT adéheimdpnguse 4. The reference vol tage
val ues and/or resistor values (where resistors are used) for such a circuit

may be sel ect edhd low cloaki F pudsectithodmpirgited 32 hbegine to dfagge. the tapatcitdr 2A2so be
appreci ated that other. t S vol t _requlator circuyits y al so be used
for vari ob%“’“lé%éﬁﬂf‘?r@ﬁ‘f‘g‘.uggﬁﬁ' @%8@?‘1@&‘%‘ %F'%Balrfhf'h%ﬁsfh&%'H?cd'{}?éic%@%a punped

out put vol [ / [ WigTh; N&RC T , t hod
el udes 8- Step T0ror Brerng S 17 o VAR SO0 o Bo1Fuies &

PCT/ i JS991p26dmaclymknusitgralVet 0 The deluce3 R ppomspaddisthagdingihgrale diialvd ng a
magni tude | arger. than a supply voltage. Ln step 710, the punped cl ock
o gnal 1 s dpEeeithand Banging biPyraili e f Harrinas Mt wecbvBe s Wriunped
out put  si grghniig, Wtfb‘ﬁ'ﬁﬁ@&oaéz agnmﬂao@\ oe%igthhﬁmcmcg%owggf x\ﬂ%ﬁ(}ﬂr{k the

punped out put” signal has a nagnitude Targer than the su y voltage. In the
f or egoi ng dspeciFistaisioone titahtheicharga i ha divas abd gntedasond befkhuideica 8drence to
speci fic exenpl ary enbodi ments thereof. It will) however be appreciated

that vi nols*¥BEedi cati ons and changes may be made thereto without departing

fromthe br Oad%cwﬁﬁ%metchﬂ?ipggﬂegcnﬁg h@é}ra DUERL WAB 8% (86ke g@f &f}n%gﬂ?% hge

appended cl ai ns. The speci aw ngs arc, accordingly
regar ded nm exgpdnkd wsthe &ilingedgabheée puingad elock dsignattthovenpsans il adits 1 4 MAR

2003 What is clained |s: charge pu conpri sing;. a predeterm ned nunber

of punp stgagé@w&ab%bfcr‘ ﬁﬁg%‘r‘?‘_ ‘?““&t‘%@&'&ﬁ%‘?@'?&ﬁﬂ @'%@Sw@?mb‘r&%m ed to

receive a g "Thbs, PR tcﬁhmskoﬁhgawmc 3d1§;s kdreed nﬁemsm}aqq& sa?rgga' bei ng
punp t hat

punped by a cl ock receives a punped supply voltage froma second
char ge pungmimhducam theitnpgritude déthe pupiped cloakdesigred. The daveceaddd iof t he

pr edet er mi ned. nunber of pu st ages,. the .out put node to provide punped
out put vol‘tHgee ‘%‘?Cérﬂ%s‘tq%dggé‘%' ol aéF%PPn”g"V\t)\'ﬂ'fé”r‘g’frﬁ'Sa‘EquCEéQY ”83@ of the

predet er m g AIRR 4e0ice BYP Stages is coupled to receive a second clock
signal having a nagnitude equal to a supply vol tage of
While tumed on, the device 301 charges the capacitor 321 and the capacitor 312

' (because the device 332 is also on during this time) to ground level very rapidly. Then,
the device 301 begins to tum off as the clock 1 signal goes high. The drop of the clock
2 signal causes the capacitor 321 to go to minus Vcc and completes the turnoff of the
device 301 by discharging the capacitor 311 through the device 331. The low clock 2
signal continues the charging of the capacitor 312 until the nise of the clock 4 signal
turns off the device 332 leaving the gate of the device 302 charged. As explained
above, the device 302 is tumed on such that it operates in the region in which it
experiences effectively no Vt drop when the pumped clock 3 signal goes low. This is

because the low pulse of the pumped clock 3 signal causes the voltage at the gatce

terminal of the device 302 (which has been precharged to a negative value) to go below

8



an integrated circuit device that includes the charge punp. The char g¢4MARTA003

of claim g4 r including an output stage device coupl 88t he
out put nodedcdabnlg{é he predeterm ned nunmber of punp stages, t eﬂg%ﬁgﬁutastage

devi ce haviPRgokeseict U seHrehaing! obthe dgeice AP r ErmingRe thegavieed@2 igfthis he

punped out I [ ﬁgﬁ; i o vael tage of an

i nt egr at ed'plgénre\églik}t»@%@ﬁ@é ﬁéﬂ@% g%aeégﬁ hé“éégrngéﬁﬁg%mt ioﬁes t he

pr edet er m fpoxineBmituwscd Wecfirst threshold voltage. 4. The charge punp
of claim 1l wherein an opposite end of the predeterm ned nunber of punp
stages is coupl B semegeqanes conginudsdhpugh stagerud pid 4 sushtthgjen vodtage stdbgat i ve
punped output vol tage. 5. The char ur og claim 2 wherein the at |east
one punp s"s)%(}dé‘ 4@8‘?’&) fcsheasma{[aPF gﬁg’il%lggfﬁwg@% C%dlgmbeOPS%‘SPé’(ﬁﬂfeoC_hF@Eei ve the
first punpgengherkrieisamake Fl&:uzgfb@or’ftinh@éth?@@ﬁ%ér@haﬁﬁl@g?t_a%é’srmgh%'t coupl ed
to receive the second clock signal through a second capacitor. 6. The

char ge punghopfn) shtditm charggenehe lagbeipaoifort(het showp) stuatpdgoittse soorgelof thet o

i f the first d cl ock . signal thir.d cl i gnal
o ng. a-nigieciS s B B g i devict A0 FobPre tidifiaft MRGEuke 3B tha'
second cl ogkysidsRo C%Ta?e ifnch%{a]éh ialvoiekh &l Adlts fhauf:dﬂg) BechHBQNY Bdé%_aﬁqua' to

the second clock signal. 7. The charge punp of claiml further inhcluding a

vol t age r eguisstai(such ag tic ttrapsistotselB Lt 3B 4) henot Povideld. AV MARHROGEsboitiput  node,
enabl i ng-  FUGERAH T8 CHUROTAIGHS ¢ He'RnBEN GEREST- VBT Eage. drops bel ow a
Puped oot put Vol ae D e B B e s Sl SO AR TR o,
provi di ng purpprdp=huovdimge hevhg agegnitode aggrbxchacbyrpruabiotye npmbid afgumpcl ock
punped SupBPSF ST bRGEVRY Giinse B b VOB U PREFVEHALY S IADoa ¢l ock
I o A A s AR S

further i nshgekihaggepagiplsath asghe bkarpeppmg 1661 hevoNagetaathe dupuvaoduVattant i al | y
equal to aczﬁtgdetern‘i ned. | evel , 10. The hod of, claim erein

regul ati ng USTEARDCARPPEHRIEI B PeguivE Hf:?%bb‘ém‘ésn\éfﬂ PHYS M Of EAFHEE char ge

punp when she oPHEREshiREbPYE 2WBl Al heRDARhAWUpRS vBIissleder 68 faed vicevel
and interrupting opéeration of the second charge pufip when the punped out put

vol t age ri skeb8abasém\enpuscesishaiadde BEY.elf theldevicE3d0 tres hd/d obl.Scthei m 8
wher et b okl 00, PATRES, oyt Ul vel Logs, Lk udes, Lerciog. 2 gate. vol 1 a0e
of the 11.7 volts. A pumped voltage or pumped output voltage, as the terms arc used herein,
refers to a voltage that is larger in magnitude than a given input voltage to a charge
pump or other voltage increasing or decreasing circuitry, for example.
It will be appreciated that, for other embodiments, the charge pump may include
a larger or smaller number of stages than that shown in Figure 3 to provide a charge
pump that produces a different negative pumped output voliage for the same or another
purpose. Further, it will be appreciated that while the pumped clock signals, clock |
and clock 3 of Figure 3, have a magnitude of 3.1 volts in the embodiments described
above, for alternative embodiments, the magnitude of the pumped clock signals may be
higher or lower.
As will further be appreciated by those skilled in the art, a similar charge pump

that replaces the p-channel transistors of the charge pump 145 with n-chaunel (also
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transi stor. 12. An apparatus conprising: a phase generator to output 1a MAR 2003
pluralitywyophages of an input clock signal; a clock punppi¢fuéngedye a

d | I f fi h .th | ock
east one BEEAD B! PP Brorhinag stctale e B iR e Frcled® nidb abbbne: at e

a punped Gk fKertd GNAE sdlpéichEpled MBENANARaPbOSan pAVIdY tRPR]uvE endrfiat of the
punped supply voltage; and a second charge punp to receive the punped cl ock

si gnal at panfp(y)dH2eddreguresi band 2ar APRIPEESaES puTipdonpdéiiemnusseof cl ai m 12

wherein the phase generator is,to output four. ghases t he i nput clock
signal . 14. The‘\réfig‘é‘i"ﬁ?ﬁ Sush aEhagRPYRIP R SOX TNt E“r(‘fl“oglflbcﬁgﬁ‘ée PR o punp two

of the fOlaroorm%g%é?asa%ex%&%nﬁagn{.iav%Aanﬁmomrapgeqmmaqqs%lr@%réjsma'S- 15.

The apparatus of” claim 14 wherein the second charge punp cohprises a

pl ural ity vaih gt pgbsiticeat thesigage abd voleages wyesne Afpokihec £hargt punip second
punped cl ock_signals. 16. The apparatus of claim 14 wherein the second
char ge puﬁﬁ“@%‘ﬁﬁ??%é@ Sémﬁl“lﬁ“a‘?riﬂﬂheo‘fh“é&%’é@4@5@@&%'&6@“@ Brovisedi ve one of
the first Qar ' ORe + t | pipg two
phases. - 172 4FE PR YARER bR At AR BT PRG- Vool -1 ERORURT

transi st orsugatdevice 435 whdreAN is 1ASNuber. dirpufp. sfagBbipAfvided A E poAfrveAihbrgd, Ur . ASA

A +up)ilmp. Thus, the positive charge pump 400 including 4 stages can provide a positive
pumped output voltage of (5* 1.65) - 1.5 = 6.75 volts where a worst case Vce of 1.65 is
used and the threshold voltage of the output stage device 40515 1.5 volts.

A positive charge pump such as the charge pump 400 may be used to provide
the positive charge pump(s) 142 of Figures 1 and 2. Additionally, such a charge pump
may be used for positive flash memory cell erase techniques for other embodiments
and/or for other purposes for which a pumped voltage may be useful.

The pumped clocks | and 3 received by the negative charge pump 145 and the
pumped clocks 1P and 3P received by the positive charge pump 400 provide for the
charge pumps 145 and 400 to be scaleable to work with low supply voltages. By
pumping the clock 1, 3, 1P and 3P signals such that they have a larger magnitude than a
low supply voltage, the series-coupled transistors of the charge pump circuits 145 and
400 can operate in a range in which there is effectively no Vt drop across the
! transistors. In this manner, the number of charge pump stages does not have to be

increased for a lower supply voltage to achieve the same pumped output-to-supply
voltage relationship.

Further, by using the pumped clocks, the threshold voltages of some of the
charge pump transistors for some embodiments may not need to be adjusted 1o
accommodate lower supply voltages. Lower transistor threshold voltages can lead to
issues of higher leakage current, for example.

A charge pump in accordance with one or more embodiments may even be
operable with a supply voltage below the threshold voltage of one or more transistors in

the charge pump. For some embodiments, in order to accomplish this, the clock 2 and
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charge pumps 145 and 400 provide for the series-coupled transistors of each stage to
operate in a region in which they experience effectively no Vt drop across them, the
capacitors of the charge pumps 145 and 400 can be charged very rapidly. For some
embodiments, this obviates the need to provide significant additional overlap between
the various clock signals to provide more time for the capacitors to be charged. In this
manner, relatively high frequency clock signals can be used to provide a relatively large
output current.

Figure 5 shows the clock driver 144 of Figure 1 in more detail. The voltage
controlled oscillator 147 and the clock driver 144 work cooperatively to produce the
clock signals 1-4 shown in Figure 3. For one embodiment, the voltage controlled
oscillator 147 receives Vec from the bus 110 and produces a clock signal CLK at an
output. The CLK signal is provided to a phase generator 505 configured on the clock
driver 144 that generates four different phases, PH1-PH4 of the CLK signal at its

! outputs.

The PH1-PH4 signals each have a magnitude of Vcc at the output of the phase
generator 505. The PH2 and PH4 signals provide the clock 2 and clock 4 signals
respectively. The PH 1 and PH 3 signals are provided to a clock pump 515. The clock
pump 515 receives a 3.1 volt signal from an internal stage of one of the positive charge
pumps 142 (Figures 1 and 2) or other voltage increasing circuitry. The 8 volt charge
pump 205 is used in this example to provide the 3.1 volt clock pumping supply,
however, any positive charge pump may be used. 3.1 volts is approximately equal to
twice Vce where Vec is equal to 1.8 volts +/-150mV so the 3.1 volt signal may be

extracted from the first stage of the 8 volt charge pump 205, for example. The clock
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3T10% u& ()-F  The pumped clock signals clock 1P and clock 3P of Figure 4 may be generated
in a similar manner.

Referring back to Figure 3, the pumped output voltage of the charge pump 145
at the output node Vout fluctuates duc to the charging and discharging of capacitors in .
the circuit. In order to supply a precise negative voltage to be used for flash memory
cell erase operations, for example, a voltage regulator circuit such as the voltage
regulator circuit 150 (Figure 2) may be used.

Figure 6 shows the voltage regulator circuit 150 of one embodiment in more
detail. The voltage regulator circuit 150 is coupled to an input of the voltage controlled
oscilfator 147. The voltage controiled oscillator 147 is coupled to an input of the clock
driver 144 which provides the clock 1-4 signals that control operation of the negative
charge pump 145.

The voltage regulator circuit 150 controls the operation of the negative charge
pump 145 by controlling when the voltage controlled oscillator 147 1s enabled to
provide clock signals through the clock driver 144. In this manner, the negative charge
pump 145 can be turned on when the pumped output voltage Vout at the output of the
charge pump 145 is lower in magnitude (i.c. more positive) than the desired output
voltage and/or turned off when Vout is higher in magnitude (1.c. more negative) than

‘ desired.

The voltage regulator circuit 150 includes two resistors R1 and R2 coupled in
series with the output node Vout of the charge pump 145 to form a voltage divider. An
opposite end of the series-coupled resistors R1 and R2 is coupled to a first reference
voltage Vref 1. It will be appreciated by those skilled in the art that the voltage divider
of Figure 6 may be formed in another manner such as by a series of diode-connected
transistors, for example.

The voltage regulator circuit 150 also includes a comparator circuit 605 which
may be a differential amplifier for one embodiment. One input of the comparator

circuit 605 is coupled to a node 610 of the voltage divider formed of the resistors R1

12
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to approximately 1 volt. For different reference voltage levels and/or different desired
values for the output voltage Vout, the values of the resistors R1 and R2 may be
selected in another manner. Further, different reference voltage Vref 1 and Vref 2 may
be used for other embodiments.

In operation, if the level of Vout is greater (i.e. more positive) than the output
voltage level desired (-10.5 volts for the embodiment shown in Figure 3), then the value
of the input at the positive terminal of the comparator circuit 605 1s more positive than
the level provided at the negative terminal of the comparator circuit 605. This input
condition of the comparator circuit 605 keeps the voltage controlled osciltlator 147
turned on and gradually increases the output of the charge pump 145.

When the level of Vout becomes less (i.e. more negative) than the level desired,
then the value of the input at the positive terminal of the comparator circuit 605 is less
positive than the level provided at the negative terminal of the comparator circuit 605.
Thus input condition of the comparator circuit 605 turns the voltage controlled oscillator
147 off and gradually decreases the negative output voltage Vout as the voltage buildup
on the output capacitance gradually dissipates. In this manner, the voltage level
produced at the output of the negative charge pump 145 may be regulated to provide a
) relatively constant level for Vout.

It will be appreciated that a voltage regulator circuit similar to the voltage
regulator circuit of Figure 6 may also be used to regulate a positive charge pump such
as the charge pump 400 of Figure 4. The reference voltage values and/or resistor values
(where resistors are used) for such a circuit may be selected for a different desired value
of Vout.

It will also be appreciated that other types of voltage regulator circuits may also
be used for various embodiments.

One embodiment of a method for providing a pumped output voltage is now

described with reference to Figure 7. The method includes a step 705 of pumping a
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wherein the pumped output signal has a magnitude larger than the supply voltage.

In the foregoing specification, the invention has been descnibed with reference

to specific exemplary embodiments thereof. It will, however be appreciated that

vanous modifications and changes may be made thereto without departing from the

broader spinit and scope of the invention as set forth in the appended claims. The

specification and drawings arc, accordingly, to be regarded in an illustrative rather than

arestrictive sense.
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at is claimed is:

1. A charge pump comprising:

a predetermined number of pump stages coupled in series, at least one pump stage being
coupled to receive a first pumped clock signal, the first pumped clock signal being pumped by a
clock pump that receives a pumped supply voltage from a second charge pump; and

an output node coupled in series to one end of the predetermined number of pump stages,

the output node to provide a pumped output voltage.

2. The charge pump of claim 1 wherein at least one of the predetermined number of pump
stages is coupled to receive a second clock signal having a magnitude equal to a supply voltage of

an integrated circuit device that includes the charge pump.

3. The charge pump of claim 1 further including an output stage device coupled between the
output node and the predetermined number of pump stages, the output stage device having a first
threshold voltage, wherein the magnitude of the pumped output voltage is approximately equal to
a supply voltage of an integrated circuit device that includes the charge pump times the

predetermined number minus the first threshold voltage.

4. The charge pump of claim 1 wherein an opposite end of the predetermined number of

pump stages is coupled to ground and the pumped output voltage is a negative pumped output
voltage.

3. The charge pump of claim 2 wherein the at least one pump stage comprises a transistor
having a gate coupled to receive the first pumped clock signal through a first capacitor and a

terminal coupled to receive the second clock signal through a second capacitor.

6. The charge pump of claim 2 wherein each of the pump stages is coupled to receive one of
the first pumped clock signal or a third pumped clock signal having a magnitude equal to the first
pumped clock signal and one of the second clock signal or a fourth clock signal having a

magnitude equal to the second clock signal.

7. The charge pump of claim 1 further including a voltage regulator circuit coupled to the
-15-
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interrupting operation of the charge pump when the pumped output voltage is above the

predetermined level.

8. A method for providing a pumped output voltage, the method comprising:

pumping a clock signal to produce a pumped clock signal using a clock pump that
receives a pumped supply voltage from a first charge pump;

receiving the pumped clock signal at at least one terminal of a second charge pump; and

providing a pumped output voltage from the second charge pump.

9. The method of claim 8 further including regulating the pumped output voltage to be

substantially equal to a predetermined level.

10. The method of claim 8 wherein regulating the pumped output voltage includes

enabling the second charge pump when the pumped output voltage drops below the
predetermined level, and

interrupting operation of the second charge pump when the pumped output voltage rises

above the predetermined level.

11. The method of claim 8 wherein providing a pumped output voltage includes forcing a
gate voltage of a transistor in the second charge pump below a source terminal voltage of the

transistor.

12. An apparatus comprising:

a phase generator to output a plurality of phases of an input clock signal;

a clock pump to receive a pumped supply voltage from a first charge pump, the clock
pump to pump at least one of the plurality of phases of the input clock signal to generate a
pumped clock signal having a magnitude substantially equal to that of the pumped supply
voltage; and

a second charge pump to receive the pumped clock signal at a first node.

-16-



10(KdaBH@ 1 10@

R10%& () -y109%& ()-! MGL0% i & ()- Tf @O%& ()- S, @O0%: ()-,' 10%& () - dBH@! 4 MAR 2003
10! " - 109 ()-Sf+109%& ()-s*yl0%& ()-s'  109%& ()-s$- 10%&' ()-fy!

109%& ()-bghijvbC 1 10!'ff:109%& ()-yl1l0%& ()-' nlO%& ()- 10 10

1096n10%& () -yL310%& ()->nidELC 1 10'y

109%&' ()-S@O0%&' ()-fS-109%& ()-yl09%& ()-f3109%& ()-yf 10%&' ()-',dEbC 1 10'y
10%&' () - SGLOMR' ()The Sppa@i' of ylay DNghefdin the PBagE goneratod 9480 EYtputMlour phdsts dfileeadi ng
13] ¢ "Headijp t%@}lgé’ig&étﬁadi ng 33]c" "Heading 43]c" "Heading 53]c" "Heading
63] c" "Headin C Jeadi ng 83]c" "Heading 93] c"A "Default Paragraph

Font! a+05k?l S] Egpz}i,, "}K [\]"_"+k 1$94.!157-;

j BELTVA b@ kyyEsV| ic] ~A7Ti

RomanAri al Coft}r'i er%&&ﬁiﬁgg%ﬁmg%é%%%éﬁ Qmmtwgw“he four phases to
" #39R () * +, genéraxg Figsd &r8IA8& M pumped clock signals.

<=>? @ABCDEFGHI JKLMNOPQRSTUVWKYZ[ \ ] ~_" abcdef ghi j kl mopqr st uvwxyz{| } ~

15. The apparatus of claim 14 wherein the second charge pump comprises a plurality of

stages, each stage to receive one of the first or second pumped clock signals.
16. The apparatus of claim 14 wherein the second charge pump comprises a plurality of
stages, each stage to receive one of the first or second pumped clock signals and one of the

remaining two phases.

17. The apparatus of claim 12 wherein the first node is a transistor gate.
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