CvO 2007/ 001642 1 PCT/ US2006/ 017853 Non-Vol atil e Shadow Latch Using A
Nanot ube Switch Cross-Reference To Rel ated Applications [0001] This

applicati OnW(i)l’{%m%&‘g‘%i ority under 35 US.C 119(e) to th&{{{&lqh qv]\rllgfr;_g

appl i cati ons, tents of which are incorporated her &

entirety by reference: U S. Provisional Patent Application No. 60/679, 029,
filed on May 9, 2005, entitled Reversible Nanoswitch; U S. Provisional

Pat ent Application No. 60/692,891, filed on June 22, 2005, entitled
Reversi bl e Nanoswi tch; U. S, Provisional Patent Application No. 60/692, 918,
filed on June 22, 2005, entitled NRAM Nonsuspended Reversi bl e Nanosw tch
Nanotube Array; and U.S. Provisional Patent Application No. 60/692, 765,
filed on June 22, 2005, entitled Enbedded CNT Swi tch Applications For

Logi c. [0002] This amhimﬁleshwovvEh?eh%iﬁgwmeh%dm;ﬂg applications, the

contents of which are incorporated hereinin their entirety by reference:

U.S. Patent Application No. (TBA), filed on an even date herewith, entitled

Two- Term naérdygmf&pﬁce%/kggéd%@gﬁ?&m And Methods O Making Sanme; and
U.S. Patent Application No. (TBA), filed on an even date herewith, entitled

Menwry Arr I NG, it (14D, ) nce. WO
5007] dor64 Bl %%%'%@%?%?%@%“SE%@E%@E‘&%%?‘EZW‘EFHJ?% B?%'&g)ﬁ The

present appppheatioos thescogtentsrodwhichraed mrenjoratedtherein ingthefr efititetytbyhes f or

storing | ogrie]%rsﬁt ates and, nore specifically, to nonvolatile shadow | at ches

that use two— terninal nanotube switches. Discussion of Related Art [ 0004]

Vol atile circuits have been and continue to be the normin digital circuits.
' U.S. Provisional Patent Application No. 60/679,029, filed on May

9, 2005, entitled Reversible Nanoswitch;

U.S. Provisional Patent Application No. 60/692,891, filed on June
22, 2005, entitled Reversible Nanoswitch;

U.S. Provisional Patent Application No. 60/692,918, filed on June
22, 2005, entitled NRAM Nonsuspended Reversible Nanoswitch Nanotube
Array; and

U.S. Provisional Patent Application No. 60/692,765, filed on June
22, 2005, entitled Embedded CNT Switch Applications For Logic.

[0002]  This application is related to the following applications, the contents of

which are incorporated herein in their entirety by reference:

U.S. Patent Application No. (TBA), filed on an even date
herewith, entitled Two-Terminal Nanotube Devices And Systems And
Methods Of Making Same; and

; U.S. Patent Application No. (TBA), filed on an even date
herewith, entitled Memory Arrays Using Nanotube Articles With

Reprogrammable Resistance.



In the initial devel opnent phase, bipolar circuits were universally used for
analog and digital circuits. Denser and nore easily integrated but sl ower
FET- based circuits soon followed, and were introduced for | ow cost and | ow
power applWeadR%4Such as cal cul ators, for exanple, REWES2H0688785% circuits
were used for high speed applications. |In order to elimnate static power
di ssipation present with bipolar, NMOS-only, or PMOS only chips, circuits
based on conpl enmentary CMOS (conbi ned NMOS and PMOS) devi ces were

i ntroduced and static power dissipation was virtually elimnated because
power di sBhf@képiy occurred only when circuits were swtching. FET device
scaling was 1 ntroduced and used successfully to approxi nmately double the
nunber of <circuits every two years, while increasing device and circuit
performance, al | Taehniegldield on- chip vol tages to contain power dissipation to
acceptabl e Il evels. [0005] As the nunber of circuits grewinto the mllions,

bi pol ar pgios; di tiﬁg E%Eéd@ QE?IE%«?H‘@ gat%ﬁmmlawa% teYidR YPEcHEEd, L O repl ace

bi polar circuits ecane e "'t echnol ogy of choice for the

seni condustoring lopidsstesynd onork specilicaliprio nynvadatie shadaw dacles tuiosestwoBecause of a
conmon CMFS £ chnolggg glatforn1for a wde variety of electronic functions
(menory, GHETH AN 8% ?%ﬁ circuits), systemon-chip (SoC) integrating
hundreds of mllions of circuits and billions of bits becanme possible.

M gration to newDienstin ofRdlived agy generations enabl es nore function per
chip and is done for economic as well as performance reasons. New

generatio f t nol qgy. (new technol o nodes) result.in.transistor
density i@g?‘g‘ven&rﬁr@?ﬁ\?‘%ﬂ? %Fgﬁ%ﬂl% C@H?%ff’%aﬁf%fé’r‘@fm g%tlaﬂ%rcwtat h and
denser i NQRERNRE AbveldphddSphdsd) WY cirb@ifs WatB udiRersalliide@ 601 ARIBGIaE, devi ce
t hreshol d voltage scaling 1s increasingly difficult, resulting in WO

2007/ 001 64gitd cpcis BeuosaBhmes Basilyi iplesrfe baé slower F-based cacyitssrRaBe currents
and corr ' j 5 | | SSi i,y . LS venti onal
i menat orroaay el HtadlcBl 16 1RPURE apdledh R IRl B AT ST 212
chi ps, So@kculaorsdoneping]le, skilt bigtolap oiseritsdvess igdtfoigh spesé bpplivgtiodsi M t s on t he
conbi nation of speed and functian.per chip. Af the 9 t echnol ogy node,
25 to sookrarded EEBRaR Saunapnergutiton Bt ol HPTEMOS S0 1 o | eakage
cur r ent - | POSRMIPERDY, CirflalDasediohTbRBlenRtary’CHIGS [dofibined NMOShal for products
at the 65 nmtechnol ogy node, static power dissipation wil| exceed dynam c
(oper at i YOS devicesyese ingadicsA andfiqedver Aissipatonat WehHb! digmingled |inmited by
pover di sgi-pat 'p8%er dissipation occurred only when circuits were switching. FET device

scaling was introduced and used successfully to approximately double the number of

circuits every two years, while increasing device and circuit performance, all at lower

on-chip voltages to contain power dissipation to acceptable levels.

{0005] As the number of circuits grew into the millions, bipolar power dissipation
became so high that CMOS was used to replace bipolar circuits, and CMOS became
the technology of choice for the semiconductor industry for logic, memory, and
analog products. Because of a common CMOS technology platform for a wide variety
of electronic functions (memory, digital and analog circuits), system-on-chip (SoC)
integrating hundreds of millions of circuits and billions of bits became possible.
Migration to new denser technology generations enables more function per chip and is
done for economic as well as performance reasons. New generations of technology
(new technology nodes) result in transistor density improvements with increased
current drive of device width and denser interconnect wiring. However, for sub-150

nm technoiogies, device threshold voltage scaling is increasingly difficult, resulting in



especially static power dissipation due to poor scaling and associ ated high
device OFF-state |eakage currents. Because nmany applications such as PCs,
cell phones and others are por{able and require battery operation,
controlIingv%%aﬁﬂ&ﬁﬁ?ssipation whi | e en%bling hi gh speedPGB@?%P%@ﬂgPs a
requi renent. Since power dissipationis setting limts on the conbination
of logic circuit size and operating speed, new chip architecture and
circuit design solutions are needed in order to enable continued increases
in high performance function. [0006] One approach to power reduction by

ar chi t ect urkiglafBT dewcg@F Hatty lebioge currents @d cPaespohdingly h)dizst@doweo Berl i n et

at, suggests an_.adj.usti ng nechanj.sm for. reducin | ock eeds when circuits
have bggn i %Séﬂait\?‘éh]? £ CPIY PR ISR b v gta(’ S%alrcu?‘&fén?igrfg@ﬂuce dynami ¢

power . St atgugfiddéesr thet dé{'ls‘é‘éhfp@,m%@kaﬁ@leyfsﬂ&B%Mﬁﬁﬁpﬁtﬁbn ipeshing/ol tage to
increase threshold voltage and reduce associ ated | eakage current.” Wile

t hi s appr odéhitcemthe sembiaaiienwirsperdsa Senctiom pérehips ditheciGrma tachnolopgit h dynani c
and stati hssS| | On i i | ati We i Actual ly,

i esnol d vSFranao YR LR byt Bl sREh RSl ol 1V Y s
in bul k CM&rieetindodedgiads powbedisigaddy.-Prejgétivns slesnthaefonpoidbet edthe 8OT CMOS
technology with isolated individyal device body-regions cannot be nodul at ed
as descri bt fShrplegy node, stag povisr gigsipasion wifl giespfl dypamic (esiag) BYFoach to
pover reducdiéspmiBy. Ndve BdreRRioH{ 6f B0l b&ﬁinﬁ%ﬁfyrﬂo?a@?disapﬁﬁfnt,l netat US.
Pat. No. 6,097,241, where activity defection circuits nonitor input circuit
activity atespépiallyistatic powgi dissipaiige dantd pooc saakinganchasseniasedihigh deviecui ts in

subsequent 1 i (.10 I i . ed o i.Q | ati ng devi ce
W0 20057 00 BRI Il OnERY ‘%?@%QH‘%Q@“%‘FE%gbf’scrg%lé’g{g%ém as wel |,

W th the asgaesanddtiersart poitabisadiasqitetiaderfywptfagdon, caloolEnypowerr espect to

U S Pat. % ,6,.097@43. 'OOO'SL In still, apother related approach to power
reduct i on YSSIRAHAR ol grablins Aigh gBeGdpReTatoRis SAPAUEISTh SR POBEE . No.

6,345, 362, diQifaeibh idkefingHmits OMRE Soolittiidh oPRpfdViRuit k2B Ghd SRRhtidgni t s at
different power levels are matched to instructions requiring various speeds
usi ng an orspedsl, pew chipragthitpetorsemd sircuitdeasigasdlugausciie peqdodey onderiagasdat unit to
optim ze chip.: rfonn rafl power and associ ated speed of
each funcmog%lg%\ﬁﬁ%?@ﬁ?gsﬁmet g&%e?&#@@ﬁbl d voltage variation with the
associ at ed

(D

[0006]  One approach to power reduction by architecture and design described in
U.S. Pat. No. 6,097,243, to Bertin et al., suggests an adjusting mechanism for
reducing clock speeds when circuits have been inactive for a predetermined period of
time to reduce dynamic power. Static power is also reduced by adjusting source-to-
body voltage to increase threshold voltage and reduce associated leakage current.
‘While this approach can reduce power dissipation for some circuits, both dynamic and
static power dissipation still remains relatively high. Actually, threshold voltage
modulation to reduce power dissipation may only be used in bulk CMOS technologies
where body-regions can be modulated. SOI CMOS technology with isolated
individual device body-regions cannot be modulated as described in U.S. Pat. No.
6,097,243.

[0007]  In arelated approach to power reduction by architecture and design
described in Bertin et al. U.S. Pat. No. 6,097,241, where activity detection circuits
monitor input circuit activity at the first logic stage and increase the speed of circuits

in subsequent stages in order to enable high speed operation. Modulating device



limtations as described further above with respect to U S. Pat. No.

6, 097, 243. [0009] A different approach to power reduction by architecture
and design is described in U S Pat.4No. 6, 625,740, to Datar et at, where

i nstructi dY327/8016Rani ned and code is rearranged suchPCRASZUPPESTX s not
required for a group of instructions are turned OFF. Crcuit groups are
turned ON as needed to process various instructions. |In the exanple given,
circuits are assunmed to require 10 clock cycles to be in the OFF state, and
10 cycles to be restored to the full power state. Both dynam c and static
pover ar e firegholEebliafe fshefifred bé 4l tvathhe agopiawnt linittibay dweetitelffurtkewever, data
is not retained in registers duri ngaﬁower OFF and will be | ost unless

t r ansf er r éBovegvigiereppegt t0dy.-SplakaNo.497eAd: t r ansferred back at power-on. [0010]
A still different approach to power reduction by architecture and design is

descri bed agpgl- S-1nBaf andier r?atfég gPﬁ@foh t Bo@@l%&@ﬁoﬁtbg AfchitetiRMaRd! 09I € 1S

designed to ensure critica C nets contain associ at ed registers, and
| ogi ¢ syndbemi is desxfribediimcUiSs PatuNe.db, 345, dsiorRertimeit alt, whers|phorkl erachipe

Pect | vel | d ; O 1 oai
That are PRSPl et PR e e D bR e AT R T
net hod re@p&6§u§ﬂg’lm&cmp‘66ﬁtrcﬂFﬁf&éé@@ﬁﬁr@ﬂhnd%&ﬂﬁ@pmﬁﬁand'gﬁﬁénlﬁ&hﬂtQn remai ns

hi gh due to | eakage currents. [0011] In U S. Pat. No. 5,986,962, to Bertin
et al ., pORERizeEBPROMSHPFErRARICePRIFRE DoTYeE and assptinted SPREIPESAYn such t hat

each regi : 3 { ?rﬁiﬁg I.Sd; (latch) designed
(optim zed Iﬂlgédl?%f\?v?%agg\%?edﬁ)gﬁ@%@on %figé"vg ea gg‘éﬁ‘c"‘t‘fg%ﬁ‘?%%vos devi ces). The
state of linBtatigsstasmeswibed furbbrabtore with re¢shect st Bl Wat. Moc hH87.06dn a transition

to a | ow power node, and power is renoved fromlogic circuits in portions WO

20071 0016{ga0fy PCTL YSRO0RLGHTAR, ol L0 A By Rl SBLhETych! P The 1 oaic

state is eac gi ster when I'srestore ile this method
si gni fi cadedeyibe@UCSSPAONS. CYRRM; teeDatasdtal.] whereistructicsdre exafnieid el i m nat es

all power djssjpation except for the | ow power shadow.registers if the

enti e ohP# sedets repgenasnRuch s emuifiowt FRayired o & FROGRRLCIBIT | cant

probl ems  @fmed OBFCIRWR- grétps ffe tutnedVORP Y eef d5t8 | phatiel OfrfoBOinsk&itons.| at ches) are
sensitive to alpha parti., ies and data integrity is an issue. Radiation

har deni ngIt ®e BHiraple Siveputiguiseare apspmicd tp reauirhtd ¢laeleeistes tobe instBer®Hechnol ogy
changes b I , I i Ll di ssipated in the
ohangee. MRl UL b RE0Rb o 1 b ARL Mty B e

power are reduced in those circuits where power is turned off, however, data is not

retained in registers during power OFF and will be lost unless transferred to memory

at power-off and transferred back at power-on.

[0010] A still different approach to power reduction by architecture and design is
described in U.S. Pat. No. 6,658,634, to Goodnow et al., where logic is designed to
ensure critical logic nets contain associated registers, and logic synthesis software is
used to ensure that the clock can be selectively stopped and last data retained in
registers in logic stages that ate not required for particular sequences of instructions.
While this method reduces dynamic power dissipation, static power dissipation

remains high due to leakage currents.

[0011] In U.S. Pat. No. 5,986,962, to Bertin et al., power reduction is achieved by
architecture and design such that each register (latch) has a corresponding shadow
register (latch) designed (optimized) for low power retention (low leakage current
CMOS devices). The state of the system is transferred to the shadow latches upon a

transition to a low power mode, and power is removed from logic circuits in portions



shadow | atch for each high performance |atch significantly increases chip
area which inpacts chip design and reduces the nunber of chips per wafer,

whi ch in tuwygdeigases chip cost. [0GL21 Highly integr cts with a
wi de variety of circuit functions such as high logic an@ﬁ@%@%&qzsgﬁtent,

systemon-chip (SoC) architecture for exanple, are an inportant part of
current sem conductor industry design practices. H ghly integrated product
designs using bulk or SO CMOS technol ogies are especially inportant for

portabl e battery-operated systens that require a hlgh | evel of integration
and t he ni REdeghipaordheientitgpltip. Phologissiiaiyistereredieag vagisier vdien®pwWePr oduct

requi I eNeny ey §RFHAL 1t bGP USHARL QRIS d Bt a0, Change as

t he design ‘progr esl §ns 0 1 ze cornbi nati on of
di spar at e ehdinEadteliminaeds utlipoyeedibsptdied cx@pofpr drertawlpewengiadow wepddtérons such as
general purpose (usual lX R ar cgeiwté)ect ure) .enbedded m croprocessor cores,

enbedded DSPRC CniibeR & imas T qieis W(%&@F@)H}t_r‘éﬁlﬁ% geeidicrperedieratitfedded
Menory, anthefRA! FirdtMol joRier disdibAfm!rOgisers ‘Etﬁhcg%%)ta'tfé &Bﬁti?f’ﬁ)‘ i@l product

functions is vital to product success; so " typically there is
i nsuf fi ci epwrtit fesrand datoipteigrityzie ah isses. Radiafior hardoning tevhpéquieacodbe at  mi ni num

total power_di ssipati.gn ysing a re custom zed,appr.oa such an
optim zed ﬁ@q’&aﬁ%@ﬁ%ﬁ}%&e 0 ruk %‘83%%%‘.0?%3{3053%? m(%g ¥ Sﬁ%mﬁ%&ec Iﬁc thtcsﬁce

pr ogr ammabpewer iogiltdik d ianige Tohalowdt SBdPR 1R £lspiddingtallan powtt m zed
designs in order to_allow for flexibhility in nodifying product function

I
near the efftfd8t Itfefodgashdysteperfosmangedatci ipgifieanily TRePaseHPHEP i5pMbicht i ons f or
economi ¢ rﬁﬁﬁa@&%mﬂ&%ﬁ%M&h@ésltﬁéhdﬁg%epgmﬁm%%a%&%m% fgrgener ati ons

enabl es nore function per chip and i one for economc as well as
per f or mancécreasgsehip.codlew gener ati ons of WO 2007/ 001642 6 PCT/ US2006/ 017853
technol ogy (new technol ogy nodes) result in transistor density inprovenents

thoi . - . ; - , _ ~y h
Wring. HoRRIEr PR E o e TR iR AR RO ER O L e
scal i ng i shighdogiasidgémonyicohieat)kystem-dbeshipt(Bo@) drchitectyne foEExaeple,aee OFF- st at e

| eakage currents and caqrrespondin hi, static power dj.ssipation. [0014]
Figure 1 sAOWRPRBRRET S St \ﬁgffﬂcaﬁqiléfoﬁg?f{l]lgﬁ’ g%“%l Pﬁﬁ“r‘i’é’?ﬁ' g’ﬁy t echnol ogy
node (and GRdr-ASPHIAEHA e BRI Using itk SIGITMOE tédhablo@icd ateespditallyEEE Conput er
=oetety, important for portable battery-operated systems that require a high level of integration

and the mixed data and signal processing that SoC devices offer. Product

requirements, especially in consumer applications, are subject to change as the design

progresses. As a result, designs often utilize a combination of disparate elements

including embedded, programmable logic functions such as general purpose (usually

RISC architecture) embedded microprocessor cores, embedded DSPs, embedded

ASIC designs (eASIC), embedded FPGAs, embedded memory, and other functions.

Time-to-market with the desired product functions is vital to product success, s0 that

typically there is insufficient time to optimize function for maximum performance at

minimum total power dissipation using a more customized approach such as an

optimized ASIC design, for example. Instead, designs must include programmable

logic functions that dissipate more power than optimized designs in order to allow for

flexibility in modifying product function near the end of the design cycle, and

servicing multiple applications for economic reasons.

[0013]  Migration to new denser technology generations enables more function per

chip and is done for economic as well as performance reasons. New generations of



Decenber 2003. Technol ogy nodes are presented in ternms of mninmumfeature
size and associated gate length. Static power grows exponentially as
di mrensions shrink, while dynam c (swtching) power grows at a nodest rate.

At the 90wandg6dipel ogy node, 25 to 60% of the total peywRieH¥RL ¢ and
static power) is due to | eakage current-induced static power dissipation.

Proj ections show that for products at the 65 nmtechnol ogy node, static
power dissipation nmay exceed dynam c (operating) power dissipation. New
generations of technology are limted by power dissipation, especially

static power dissipation due to_poor scaling and resultin hi_%h devi ce OFF-
stat e | edkAgelogy freniechnolegymgdes) rowth i Bsistoldappiy i RLAVemERS ¥oft age scal i ng

IS no | QROELsed b fdnt UBW of RAVick Fidth d8D aéhs hfe%ogg@c%iﬁ@ HOWAYR!, for SO that
setting | t t

power dissipation s I imts on e conbi nati on of speed and
f unct i on spel 5S¢ hingechRetogies sdeviza yhreshopl valags smatingisdhereesinRlsdiffpmlt, phones,

ganes, and others, ar rtab nd.require attery operation, controlling
power "o derpinin st v SRRl e Bint EriebPEitugig, s &

requi r emyBkic pbiRwedSsipati®Men i n non-portabl e applications such as

wor kst ati ons and servers, power dissipation limtations caused by poor CVICOS

t echnol o% scaling is limting_operating speeds and requiring power
managemenf014d ¢ hFigaret I shews npredized powes difsipation as iduaction At (SFhReBY por at e power

managerre%dé &nﬂicgﬂé%agg&ig% ?%;r)g?rﬁg s&frm%l%ﬁis%émﬂé cbﬁgﬁtgmcﬁéﬂt to

understand crrcuit [ icrency wt respect to power dissipation.
Fi gure 2 Rdcembert 2063 eTaehyglogypiaies dro prassited g tepeofaningmum feague sigel t o i npl ement

a 32-bit operat. for, variQus | ogic desian oaches. . Pr.ogramrabl e | ogi c,
the most FREXCHREY SAE oA PR 2oRPLEPRE Srathetillis tbesions SRELC [ equi ri ng
2,000 pJ vitate dynRGIMoR Ketisg)ipower @06s 200mpdest fite. At BleI0 1@t edehbciogyr e

m croprocessaor.. By contrast, ASIC, the |east flexible design approach is the

most WO 208%/290284% of thectoll Bowd A nerisand RO g gEg \?éf""éﬁag%i pating only 2
pJ for tResANRIlREsG:E P(F’@éﬂ cﬁ’égg)a%f Pr3E&icab Sovithhl Or pRliliés hahL 68t 60 pJ

because they are typically used as an“accelerating digital signal
processi mg feghmologyrnode, stasicfpover dipspation enayiegreed|dysimicdppasatogepewery t asks. The

sour ce of,, {’RI ure.,2 is from resent at i.on Bi |l l.ly. entitled,
* Low Povetsskrltf S et i8R BHASRR BeapBrBudlonec 8gtiefar i ous. oper ati ons
i's dom nasgdidily skaiohoiveli dissipakio diietodobl sdatihg aid@sdlties iEpe deyics ©FRH red for
register, ALU, and OCD?fJZ:bit oper ati ons . L

state leakage currents. Using conventional dimensional and voltage scaling is no

longer sufficient for fast dense chips, SoCs for example, so that power dissipation is

setting limits on the combination of speed and function per chip. Because many

applications such as PCs, cell phones, games, and others are portable and require

battery operation, controlling power dissipation through chip architecture and circuit

design is a requirement. However, even in non-portable applications such as

workstations and servers, power dissipation limitations caused by poor CMOS

technology scaling is limiting operating speeds and requiring power management

architectures.

[0015]  In order to successfully incorporate power management in highly
integrated product designs, it is important to understand circuit design efficiency with
respect to power dissipation. Figure 2 shows the energy (pico-Joules) per operation
required to implement a 32-bit operation for various logic design approaches.
Programmable logic, the most flexible and versatile, is the least power efficient,
requiring 2,000 pJ for a PC/Workstation, and 200 pJ for a RISC architecture

microprocessor. By contrast, ASIC, the least flexible design approach is the most



as well as reading fromnenory and transferring 32 bits across a chip (100

pJ). The relatively high energy (100 pJ) associated with driving | ong

di stance (10xg4be78iksshi P interconnections is a consequ é}{)%@ﬁés?g

non-scal ability and increasing chip size. The source of figure i s Bil

Dal ly, International Synposium on Hi gh-Performance Conputer Architecture,

2002. [0017] If present single processor chip architectures and design

nmet hodol ogi es were | eft unchanged, then power dissipation and |atency

associated with on-chug _interconnection of |ogic and nenory functions would
§S1

become a doRPWefifestitadssipating onlyi2a fprfhe sames lopic fincsigndpSls s plse AWimhce.
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nmet hodol ogies, limtations to chip performance are prinmarily due to

enbedded | ogjoaeRNd THE RBér¥y rdquited foRREridiS opastiglsueismber by bendags. However,
t hese enbedded circuits are increasingly difficult to scale as described

further aboVigureghillusiraiesthe prsigy regpises fontesister. AU pundi OFP 3g-bitopseatioper f or mance

on chip ope i i i i it 8. ] S even when
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of poorly scditdlydegh aergyhiles pbladsociatddt withediivdanglloag distanter(] Ounin) emelsip St ati c

power is reduced only by reducin ol.t.ages, eferahly reducing the

Dol tages | niGHmsRaans  drasdieral qies s sralbTCureveoaiE i Sbu: ng
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[ 0020] Hi gh speed chip design often uses |ogic design techniques referred to

as concurr@ﬁ@PE‘iﬁéA@ﬁmt@%‘}fqﬁ&e t echni ques are pipelining and parallelism

in which logic function is divided into snaller pieces (sub blocks), called

stages, SUCPOIIR! Wrolchl Gindlb protBlEhot P HAHCh U R ERRIIERglTPT OVeS

because many operations are executed at the same tine.” Concurrent |ogic

desi gn t echwewlel uaghanghsls theh pewer dissipstion ded katency assediaied withloowhipg r ef er ences:

H. B. Bakogl "Grcuit l.nt ey connect i ons, .a Packaging. for. VLSI",

add son ves st o ChTERI0S i el pERE S gthobfiaaotl o 1
resulting in power-limited chip performance. Actually, chip architecture has

responded and multiple, simple processors, distributed register files, explicit managed
local memory, enhanced floor planning for more optimum placement, and other
innovations have prevented on-chip interconnections to become a dominant

power/performance limiting factor.

[0018]  With these new evolving chip architectures and design methodologies,
limitations to chip performance are primarily due to embedded logic and memory
functions as has always been the case. However, these embedded circuits are
increasingly difficult to scale as described further above, and static power dissipation

is beginning to set performance on chip operation.

[0019]  Static power in CMOS circuits is present even when no switching takes
place. It is due to leakage current that flows because of poorly scaled device threshold
voltages and operating voltages. Static power is reduced only by reducing voltages,
preferably reducing the voltages in temporarily unused circuits to zero (selectively

removing applied voltages from these circuits).



Wang, "Revisiting the FO4 Metric." [0021] An inportant aspect of concurrent

| ogi c operations is that the start of an instruction does not wait for

previ ous ones to be conpleted. In this way, all portions of the hardware
are utilize¢ Ryaoysagycl e, maki ng best &ise of avail able ﬁ@ﬂh&o@«?ﬁms&”cr easi ng
machi ne t hroughput. Dependenci es between instructions prevent |ogic
performance from achi evi ng maxi num possi bl e performance; however instruction
optim zation is used to achieve faster perfornmance using, for exanple, the
pi pelining technique. [0022] The pipelining technique, for exanple, uses

random | ogj | ocks divided K (separated) by registers (also.referred to as
register gio‘ligﬁ ﬁ'@%ﬁ gtegql C@Bﬁﬁégn gfi?eﬁ’é}SF g1.c|dg§15%ée§?1m.gpes|ra%ee’ﬁg§3 % hat result
in a substahilopeltioh ahe$REGHifks &Q?Ip%_lihﬁg and Pamlafsm, iPWBRh 14l used to
i nprove the execution rate. Logic is divided into roughly equal™ smaller

pi eces, chinkideh istdirgdsl inmrshalietpiedes (Hub blagks)t ealled glagess hurh)thdt she mateeatt ed t o hol d

t enporary_yal ue L. ogic states) at the interface of the | ogic.stages. The

| ogi c cl Ogﬁlch#?szrh\étéq{%ﬁrmcwﬁiﬁn%qus trﬂ)g?aélﬁ%@an %peéﬁfo&gﬁe etxﬁatedl%s( proporti onal
to the iniheksfe Gfel MRnCIELHR ngiddé@ifghtﬁ&ﬁﬁ@tes@@é &scabed inendrogétail & ges pl us the
| atch del ay overhead. Exanples _of |ogic stages, registers (single-latch and
doubl e- | afollawinegeiernces: §hB. Bakogly, rigirenits, Inferepapeqtions.jgad Backggingdeiog| u

ref erence i f : . 8- 5. f register
(I at ch) dXE?E?Agfﬁ%%P‘?%%yipr‘?"%ﬂ%@%%@zk%& L%é?%é@%éé%ggj, a%?)dp"?' 349- 355.
Desi gns aWangriReemgingdghd Ke4 Mattie¥ of regi sters and decreasing the logic
stage delay. By way of exanple, the nunber of registers (latches) used in

t he | BM powey_ . ..l 0, regi. e generati on
power PC egll]gn%ntlﬁlgoﬁ%}\ﬁ%gf 91ﬁc§§£su a %)g) Cé)é’ggbléﬁsers Z}ba}ts esrtzgs}s&ﬁsi gn Usi ng
Vol ati | e inegictioe kised lodtaltesy) priViorddhés etebnpletEICTH tHE2WAR/a0 pbédnas [ 0023]

Power dissjpatiqQn is an_jnportant consideration_beca i.t often sets the
maxi mum p%értgﬁ)b‘?’r'angé &9 WlfzggFV?rﬁéy‘fI%d’? If&ﬁs,tc‘_fs&?f é‘éaﬂélgé UESEY further above
Wi th respefehsih@mbbighe ﬁ§ou]g%1§ut. Blé_geﬁﬁéﬁcke\é betvRBh fnsih&d s padveniigmorari ly stored
in.volatile register |atches wever, introducing nonvol atile registers

havi ng a pRefdrmancediona adtieres masyviugepqseiblernsoanance dinsteversinstagtion st at es to be

saved Wit g A0RIL Bl LUAAR tohherb i SE BiROEH ol R, BAiMhnky POT i Ons

(or all) nt égr a rcurt rn or

technique.

[0022]  The pipelining technique, for example, uses random logic blocks divided
(separated) by registers (also referred to as register files, register banks, pipeline
latches, or latches) that result in a substantially higher speed of operation; that is,
pipelining used to improve the execution rate. Logic is divided into roughly equal
smaller pieces, called stages, and a bank of registers (latches) is inserted to hold
temporary values (logic states) at the interface of the logic stages. The logic clock
frequency may then be increased to a level that is proportional to the inverse of the
-sum of the longest delay of the iogic stages plus the latch delay overhead. Examples
of logic stages, registers (single-latch and double-latch designs), and clocking are
given in the H. B. Bakoglu reference book described further above, pp. 338-349.
Examples of register (latch) design are given in the H.B. Bakoglu reference book, pp.
349-355. Designs are increasing the number of registers and decreasing the logic
stage delay. By way of example, the number of registers (latches) used in the IBM
750 power PC chip is about 10,000 registers. The next generation power PC design,
the IBM 970, uses about 300,000 registers.

Design Using Volatile Registers (Latches)



power dissipation, enabling other |ogic blocks to consune nore power and ran
faster as needed, and other advantages di scussed further below [0024] In

addi tion t ey b@7mEEI0r mance benefits of dividi ng randomp@gissoos/pizess smal | er

bl ocks, there is a testing benefit as well. Logic testing requires that each
|l ogic node be switched to both "ONE' and "ZERO' logic states. Chips with a
| arge nunber of gates, tens and hundreds of mllions, for exanple, cannot

be tested efficiently unless the logic is subdivided into snaller stages

(bl ocks). er [.C. St S. [ ) .Ogl

testabili tjﬂﬁ%i]r ea%??‘%‘glsﬁ%’ggﬁ%s a§ grg&é%%ﬁgqngﬁe#ﬁé&chsél%%gﬁgrtegl Saégﬂcl:eri bed herein

may al so bemadifnemqrioetined lis@rdf did ygit Giinctios bs disdusseddsthdrapove witiest pat terns

(test vectors) are applied, and ] ogic response is measure(ﬁ i.n order to

i dentify ard@sHssttaiigates L e Presentiyelogitisides 26 empRrily (pistan Yoatils &egisiidust ry. The

foll ow ng r ' WcTeR : h&i Lok dqt M uj i war a,
15RA&! ﬁﬂ&év?er,%éﬁﬁg@g%%ﬁ{zcﬂ 11% ﬁg;/q&%?glégv%gf?%%fg%altéﬁa\ ﬁéng[)tﬁbé:

"Logi c Design and sign est abi , e MT press,

1985, pp. 2BSice peiGegiSOr ermhlds Right. statBatodelsaved/with noviphhiedyoltage.dha is Savi r,
"Built-hr Test for VLSI: Pseudorando Techni ques”., New York,. John Wl ey
& Sons. 1080 Ry G1SEAqrB BERIonS (o8 At o A e 1F e ebPardE) o cl r cui ¢
desi gns ar gopes gisfipfions@Rblimodtas 16zia BR¥EY to chidun®Xxasie|pweBar 0 ket
synchronous regjster file stage circuit desi gln may use a master |atch stage
circuit andsaeedegsand othes pdwntages disquesgrdusiier KeleWo non- over | appi ng cl ocks
such as CLK1 and CLK2 illustrated in figure 4A. Alternatively, a clocked

synchr onougougi St giadhivioR S RYErGint b berdiSic Biviile H3BoR 16BSIRS | atch stage

circuit and a slave latch stage circuit wth a single such as CLK (and
its conpl emater dbekis) thers is 4 testwtg tenefiik aswelli fogie tedngueduigesshbatiebehdogiar t her

bel ow. [00 i i | t S PLd Q% t Qi i | ogi
Funct | on_5 ol bt SWichsd et CONED bR PR QL By B ShiP s RERRRRAR ' Poo
stages 10 afgatkd témradd hoidiedsof Adlliod s Jurdxaspracanecbdtysteeffisienidys 7, 12, 18

(and other registers not shown) WO 2007/001642 10 PCT/ US2006/ 017853
desi gned ¢ ol thedoge s -WH’F‘QW@}%%%&BIP&K%%-OSW% SB8FS regi ster 12 is

conposed  GbpRaRR8Y gdichQQ-EﬁabieQBglt? te%&bf}isﬂfjt@re%h@ﬁeco l@b%), f&r%k?tﬁ]ﬁlgf’}“he'vas'[ er (Li)

latch 20 is conposed of register cel 1-n and slave (L2 atch 25 is
conposed ofregistersglegeribad herpinmmeay alsodhe inisteggrecias sedatboloe testpwpsee dpsitdi ng pai r

e Y
identify and eliminate defective chips as is well known in the industry. The following
references discuss design for logic testability: H Fujiwara, “Logic Design and Design
for Testability”, Cambridge, MA, the MIT press, 1985, pp. 238, 256-259; and P.H.

Bardel, W. H. McAnney, and J. Savir, “Built-In Test for VLSI: Pseudorandom

Techniques”, New York, NY, John Wiley & Sons, 1987, pp.38-43.

[0025] A number of different register file circuit designs are possible (see
Bakoglu above). For example, a clocked synchronous register file stage circuit design
may use a master latch stage circuit and a slave latch stage circuit with two non-
overlapping clocks such as CLK1 and CLK2 illustrated in figure 4A. Alternatively, a
clocked synchronous register file stage circuit design may use a master latch stage
circuit and a slave latch stage circuit with a single clock such as CLK (and its

complement CLKb). as illustrated in figure 4B and described further below.

[0026]  Figure 4A illustrates prior art pipelined synchronous logic function 5 using
two nonoverlapping clocks CLK1 and CLK2, including logic stages 10 and 14 (and

others not shown) separated by registers 7, 12, 18 (and other registers not shown)



stages 10 and 14 may be conposed of random | ogic stages, for exanple, or may
be an onboard cache such as a high speed Sync SRAM LI cache, for exanple. A
mast er (LI& | at ch such as master (LI} | at ch 20 accepts data from precedi ng

| ogi ¢ st agd®O W 7/04keeh activated by clock CLK1, captures BTAURMN6A375he i nput
data. A slave (L2) latch such as slave (L2) latch 25 accepts information
froma corresponding master (LI) Ilatch 20 when activated by cl ock CLK2,
transmits the information to the next logic stage 14, and then |latches the
information near the end of the CLK2 clock cycle. [0027] Figure 4B

i 11 ustrat gsidied 8 spHid- opthe%kﬂlﬂgdsp%ydl ﬁ&&ﬂﬁUExérﬁlﬂmg régiftet 1208 cdfdpodedi Nng a
single clock CLK, including ic stages 50 0 (and ot hers not shown)

fsepar at edobymasie G4 blaichPH angg s S(Q%ﬁﬁch)@%é\f{asﬁeé&@tlétﬁg 20 étcommeped) desi gned
V..o 55
oot ol et L SIEBLARNSH L S AUl 20 1

| atch 70 stagecionpmpesdd @fcofresg)bﬁ(llﬁg paiedf ®gisier nelhmhch howegistel 2jagd a6ch 75 is

conposed of cells 1'-n regi ster S, osed a rrespondlng pair
of regi Stgqmlggsspcigfcog%qpngglg,r@gﬁtgch}lsz ‘gg g'dSBBI e ”8fet% @dP#iEspondi ng

regi ster geldsgokn@ng Iﬂ%.y ‘be cme§seH%P%H@iﬂtloé@sﬁé’ésefo} hﬁimﬂl@gir%a%ltlﬁ%s 50 and
60 may be conposed of Ffandom | ogi c stages, exanpl e, may be an onboard

cache suchn’tv)grcbpahlnﬁgﬂ’uctsp@@wgﬁywdwwééhécheffw emi@lﬁemaﬂtehaster (LI)
ateh  SUGN, A5aTShS! nbkk o) 7 oHcRGRERL OB APARTIREGR g 00 ¢ Stage

50 during e cloc res and hol ds
t he i nput wilat ativanedbakkok CIJK&DSEfpﬁII‘SS ztriﬂehodiattae inputtdaen. Alm(mjzmtchat ch at the
begi nning of the second hal f of t clo cle. A slaveaéhék | at ch such as
sl ave (L2§U°f&t é‘ﬁ"e?@%}f’é@p% COPRID] F%aB?P rP ‘é’m%’i“ Pt Jmaster (L1)

latch 70 ﬁﬁcht%%ﬂéﬁ%bﬂwté%ﬂloémm%%ﬂﬂhfz nﬁ'ﬁmﬁﬂﬁn% felexbliccycl e tine,
transnits the data to the nhext [ogic S;[notlgm 0, and then | atchés the data

near the #ge 1df andhibes btchns theantbrrdtionmearthe end ditke €LKRelackescle] 0028] The
el ectrical characterlstlcs of state of the art PC chips, e.g. the I BM 970

b0 5007 1o TER, S Pl L s R B o AL VLR TR 0] 151 Lo e
and dy narmscm@msingb alock Q@K/;mchcﬂnglngmtstages S(hartdl a(aspethers slymthmbn zed logic
ChLPe o A9 A0S 0 80 L RS S AR U LS B operao o
t echnol ogihewhtihighCHREEHptbtionNBxendilely iréyateitesSis 3Bmpsed 004 ehakter @W) c

latch 70 and a slave (L.2) latch 75. Master (L1) latch 70 is composed of register cells

1-n and slave (L.2) latch 75 is composed of cells 1’-n’. A register stage is composed a

corresponding pair of register cells, such as register stage 80 composed of

corresponding register cells k and k’. It is important to note that logic stages 50 and

60 may be composed of random logic stages, for example, or may be an onboard

cache such as a high speed Sync SRAM L1 cache, for example. A master (L.1) latch

such as master (L1) Jatch 70 accepts data from preceding logic stage 50 during the

first half of the clock CLK cycle time, captures and holds the input data, and also

transfers the data to the‘slave (L2) latch at the beginning of the second half of the

clock cycle. A slave (1.2) latch such as slave (L2) latch 75 accepts information from a

corresponding master (L.1) latch 70 at the beginning of the second half of the clock

CLK cycle time, transmits the data to the next logic stage 60, and then latches the data

near the end of the second half of the clock CLK cycle time.

[0028] The electrical characteristics of state of the art PC chips, e.g. the IBM 970
power PC chip used in Apple computers and SONY Playstations, illustrate the



SRAM cache of 1 negabit, an on-board L2 Sync SRAM cache of 4 negabits, and a
doubl e-l atch design with non-overl apping clocks CLK1 and CLK2 (simlar in
approach to synchronous logic function 5 of figure 4A) operati ng at

appr oxi mat elwo 3007/6fg4£! ock frequency. [0029] In operati oferiisad 5;*
periodicity of approximately 340 ps, a master latch has apprOX| mate y 170
ps to accept data froma preceding |logic stage, capture (latch) the data,
and have the data ready for the slave latch. A slave |atch has approxi mately
170 ps to accept data froma corresponding nmaster latch, transmt the
information to the next |ogic stage, and then |atch the i nformation. [0030]

The | BM 970teiiopshimbetween opertiag spret iaoé ynsavie andistalic noater dissiBationdppr oxi mat el y

90 watts a kage of 25
wattor ot at Nt Shel Syt AL AR Hsa3loR bRl e E UG, MR TOT, o

Fi gure 5 i |IBMOf7atkip opedates aaIBvbWs%é@lgpm\ﬂlthﬂBOrreﬂl wthn&ogjynnﬂmumngactl ve)
and static po ted at, the 130 nmtech ode point on
prior art f?rb%f)]g&i&yg/\ﬁﬂ@\ﬁng’ ‘%OQP’Eé”lﬁP%jaé‘ét“?%“ ePHPT %afggﬁﬁtne and static
power basedsRAMMR S'teﬂnﬁgablts&%ﬂ-ﬂ&réﬂéts h@SMﬁPéach@@ff#ﬁﬁgﬁﬁé'zﬁﬁd npact of
devi ce | eakage current on static power gue to | ess-than-rdeal threshold

vol t age andmbbkﬁh@bdndmmyﬂbGmeﬂvgﬁppmgCk®h$Chgl&mhéLK@Kamehoﬁlthe art | BM
970 power relative |on Iues |n ica t he

atat o ponedtrrsh i RlrolnEHE furliSts BRhpRE A4 ol e Rnll® 3 o 'es 1
and 5, and GHhakmBﬁemﬂmeyadvanced technology nodes are devel oped, the static
power dissipation nmay beconme dom nant unless architecture and circuit

desi gn nean e used tg, prevent it. [003 Fi gure jllustrates prior art
ogi ater 11 ROBE o B e diontw B hrepctictrrbepaieSy 4 ayieabiierdibe. 80

i I'l'ustrat edhds raFf)ﬂomﬁta@ew BB70 s 6Pk Rith %Irpi Ie@cﬂttn?gtleglc fstatg@ caﬁtﬁﬁa‘ @ctand
operation may tound in"the referénce H B 0g

| nt er conne c‘thP énie, andrhavethe Kaigirenslyfion theslgye latchddlsl?dﬁ 1av‘§lshaé yoPgkinasy ng

nat udos o hoRea dptepfins 0% o enobhA e plle RSBmO B AR EL 1 L

505 and a s&amextll@cbtagﬂ,agcethenllatcthﬁleﬁﬁMaalbh. operating in synchronous
(clocked) node and all are volatile. That is, stored data is lost if power
is lost or ve t atch stage circuit 50 nput node 515 and
out put nod e[Ogglg? Q"he%@ﬁﬁb clup has a%iynegmc ACKS) power ngSlpa 't

approximately 90 watts and static (standby) power dissipation due to device leakage

y-D

of 25 watts; static power is approximately 28% of the active power dissipation.

Figure 5 illustrates prior art IBM 970 power PC relative dynamic (active) and static
(standby) power plotted at the 130 nm technology node point on prior art figure 1
which illustrates projected relative dynamic and static power based on CMOS device
scaling that includes the increasing impact of device leakage current on static power
due to less-than-ideal threshold voltage and corresponding power supply scaling. The
state-of-the-art IBM 970 power PC chip relative power dissipation values indicate that
the static power problem is at least as significant as indicated in figures 1 and 5, and
that as more advanced technology nodes are developed, the static power dissipation
may become dominant unless architecture and circuit design means are used to

prevent it.

[0031]  Figure 6 illustrates prior art register file stage circuit 500 which
corresponds to register stage 80 illustrated in figure 4B. A description of register file
design and operation may found in the reference H.B. Bakoglu, “Circuits,
Interconnections, and Packaging for VLSI”, Addison-Wesley Publishing Company,
Inc, 1990, pp. 349-356. Prior art register file stage circuit 500 includes a master latch



Sl ave latch stage circuit 510 has input node 520, which is al so the output
node of naster latch stage circuit 505, and output node 525. Node 520 is

al so a storage node of slave |latch sfage circuit 510. [0032] |nput node 515
of naster VY%?“&’W Yf4ge circuit 505 recéives input signalPCHUR2008885F i ves CMOS
transfer gate 530, which is connected to node 535, and drives a first

st orage node 535 forned by cross coupled CMOS inverters 545 and 550. | nput
signal VIN corresponds to VIN fromlogic 50 in figure 4B. CMOS transfer
gate 530 uses both NMOS and PMOS devices instead of an NMOS-only transfer

gate, forsigsarpliesosod alsdngch h@ge dﬁ@hﬂnsl@gu@pérhtmanphyhagbﬁo sO" states

transition between full _ power round vol t age Ievels by

el 1 nat | (lgokrdy mod b b aIvaloyis {hagis. SPHARCH Skl GOREL BA65T Ohing

compl i nme ikgput signal VIN
on i nput qjﬁ% dgilv%%t;ér%&t%?ggﬁ%@ﬁ%%ﬁ%&i@?ﬁﬁ?ﬁ trgggf er gate 530 ON

and OFF,Slavednteb ytagketiemit 510 hgs inpet dodg 520, sthichaig @lse tlet artipft nodeoosfs coupl ed CMOS
i nverters nd 550 that all i rter re CMOS inverters unless

ot her wi sem%gfféi‘?ta? %%sw'ew&b? W@PF@P%“@F\%&&%MS%%&/@W $LO13R° BRA ce connect ed
to a powet skye kb staRdirduit MGOS pul | - down devi ce connected to ground and
operates as discussed in the reference by H B. Bakoglu, "Circuits,

I nt erconnectl ons, and Packaigme;)gt for VLSI' Addi son- Vsl ey Publ i shi ng
Conpany, LPP321 19lmput gode 5159 erdaich sfap @Epuit P08 Fecaives IPUESIgRd VBE0 dri ve a

storage ’hﬂﬁﬁn@és%%%%g‘s%&@@ﬂ%%ﬁc c%e%F@ﬁb?fe%%F%ﬁ%%Q@@a drsp ock CLK

and conplinentary cl are Used to enable or stored logic state
node 555 sfaragm mhdﬂ\5B$@rmaébyeprolsad;cmlpledt(ﬁwj@Sdliwecinist545(aﬁd 650. ;Iu@ut nigdel 520 by

| 8t oh St B CORYEORE 16 J07 CRAGA® PLIRE6e FR WA Btk B 0 SaLPy | ot oh

stage ci MUOS HAPMAS uze'ﬁ&sllﬁst@ﬁto%nmmoslsh@mtﬂaugat@ffotma@fpu@mo 570 out put
VOUT on output node 525, and also ives the input of inverter 575, CQutput

si gnal Vvenstre thet beth deme “Y anddesic {7 Sﬁt‘@deaélSWBnbme%f‘@rﬁws‘&Panut to | ogic
60. The ol pftha 960aR fle\}eﬁk iftfipth gd%ﬁlcﬁﬁﬁ‘ébﬁ&td% b SHEBC Sansfer gate 585.

G ock CLK, conp |rrent ry cloc are use e or block the
pr esence 49, andfcenghireitaip10G07ILR0 34 21l BePET¢NIBRAD @1@&1@3@ sighddfint hat cross

gt o 555 DRI P arbe s SR T WS b o Pl and ™ franeter
OFF, thereby determining the logic storage state of cross coupled CMOS inverters
545 and 550. Note that all inverters are CMOS inverters unless otherwise specified.
CMOS inverters include a PMOS pull-up device connected to a power supply, and a
NMOS pull-down device connected to ground and operates as discussed in the
reference by H.B. Bakoglu, “Circuits, Interconnections, and Packaging for VLSI”,
Addison-Wesley Publishing Company, Inc, 1990, pp. 152. Cross coupled inverters
545 and 550 drive a storage node 555 which is connected to CMOS transfer gate 560.
Clock CLK and complimentary clock CLKDb are used to enable or block stored logic
state node 555 from driving master latch stage circuit 505 output node 520 by turning
CMOS transfer gate 560 ON and OFF.

[0033]  Input node 520 of slave latch stage circuit 510, which is also the output
node of master latch stage circuit 505, drives inverter 570. The output of inverter 570
output Voyr on output node 525, and also drives the input of inverter 575. Output
signal Voyr corresponds to Voyr in figure 4B, which drives an input to logic 60. The
output 580 of inverter 575 is connected to CMOS transfer gate 585. Clock CLK, and

complimentary clock CLKb are used to enable or block the presence of a feedback



storage device with node 520 acting as a storage node. Wien CMOS transfer
gate 585 is OFF, then inverters 570 and 575 are not cross coupl ed and do
not form a swonregmolsdevi ce. [0034] In operation, a clockiggsshRiFessych as
illustrated in figure 4B is used to synchronize the operation of

doubl e-l atch design 40 illustrated in figure 4B. Register stage 80 includes
cell k, a subset of master (LI) latch 70 and cell k', a subset of slave

(L2) latch 75. [0035] A master (L1) latch such as master (LI) latch 70
accepts dat j i ! fioh hal f of the
cl ock cycl eﬁ)’to #e%?k%gspc?%ﬁ%ggfg%gﬂg ﬁ?)(? éé}sds%@gﬂ}fgt% Sgﬂé‘lﬁmﬁt‘% gor"tdlga?%{saf ers the

i nf or mat i onCMORtradsfor gate 158) id @GN ahd snvehiera $76 hialv375 {012 p ctag$ cduplked at t he

begi nni ng of the second hal f_.of the cl ock cycl i sl ave (L | at ch

such as sl aWBragi%Vl‘fea‘Y@hm%S 5&@6@&@%&&%&%@8&%@@‘6@1&5@ §%ﬁ§%§%g mast er
(L) Tatch &@m@t tHel8nRaSIs370 A8 975 4B BoS@EREupIEd hndto dod €orfil @ﬁ&a%eycl e tinme,

transmts the information to the next |ogic stage 60, and | atches the

i nf or mat i ondd¥édeor e the end of the second half of the clock cycle tinme. |f
the clock is stopped during the first half of the clock cycle, then master

(LI') latch | d S oo 4 A F : i s stopped
during the gdeag{i)ﬁd E%%’%E@{Oﬁt %1%18%1%'"90%@8@%?%@ a?ﬁ%‘%ﬁéﬁg\%ﬁ%&g)ﬁ%lﬁ%ﬁﬁoI ds (or
stores) a | ggchrosizathe operatad af ddubledatek dedign 4@itinsteadedin figust 4B.(Regiskangi ¢ st at e
or data are_ |0s{.. 0361, Fi gur i |l ustrat rior.art ster .l atch stage
circuit SOSStﬁ%?rO@e‘Eblhg iy Kt %&%E%IO mRstE) &rlégqtcg‘[%éfm‘ﬁcfﬂéﬁstaéﬁ Segﬁtr%?verrast er
(L1) latch @®)iddsg.rated in figure 4B, and slave latch stage circuit 510
corresponding to cell k' of register file stage 80 of slave (L2) latch 75
illustrated_in_figure 4B. ;0037] In operation, at the beginning of a clock
cycle, clocl0k 54 omaster{kilatshsuctkasanaster Prbdagcl dhacrepts 48 omia r emmai ns at

| ow vol t age : £.1 : 1 ry clock
KD 540 1 P D e B B o e R Vo ¢ age
for the firkaeldhtek flatefandlatsodtansfkrs tecinform@i@Sotarstavef(b2) ldsk isedh B3Rwve t ur ns ON

coupling in n 5 voltage to st.o nede 5 .'CIVQStr fer WO
5005) 06364202 AT AB AT U feoril AR Tk PR unf B2 o)
out put of nhaghsuc atstdve SL2AJatck 75 aetepts MIbrohdtiomficaca borpdsporditema?2st of sl ave

| atch stage.citcyit 510. CMOS transfer device 585 al so .
g (LIB Eatéil ”}0 at the beginning of the second half of the cqock cycle time, transmits the

information to the next logic stage 60, and latches the information before the end of
the second half of the clock cycle time. If the clock is stopped during the first half of
the clock cycle, then master (L.1) latch 70 holds (stores) a logic state or data. If the
clock is stopped during the second half of the clock cycle, then slave (L2) latch holds
(or stores) a logic state or data. If power is removed or lost, the logic state or data are

lost.

[0036] Figure 6 illustrates prior art master latch stage circuit 505 corresponding to
cell k of register file stage 80 of master (LL1) latch 70 illustrated in figure 4B, and
slave latch stage circuit 510 corresponding to cell k’ of register file stage 80 of slave
(L2) latch 75 illustrated in figure 4B.

[0037]  In operation, at the beginning of a clock cycle, clock CLK 540 transitions
from high to low voltage and remains at low voltage for the first half the clock cycle,
and complimentary clock CLKb 540’ transitions from low to high voltage and
remains at high voltage for the first half of the clock cycle. CMOS transfer device 530
turns ON coupling input node 515 voltage Vi to storage node 535. CMOS transfer



turns OFF breaking the feedback path between the output 580 of inverter 575
and the input 520 of inverter 570 such that node 520 does not act as a
storage node. Voltage VIN may transijion to a voltage val ue corresponding
to the coVPeY"™WYdtc state any tine prior to the end BET/FHREGI7EE hal f of
the clock cycle, providing sufficient tinme remains for cross coupl ed
inverters 545 and 550 to store the corresponding logic state prior to clock
transition at the beginning of the second half of the clock cycle. [0038]
Clock CLK 540 transitions fromlow to high voltage and renai ns at high

vol t age akvichschagisrOimgditolhbeths@atpndofmhdierditch siegecdivak 50y &, and
conplinentary clock CLKb 540" transitions fromhigh to | ow yol tage and
remai ns 4k B npde pAYel slaie lateihgagedshy Sh& $MEP ftfq%f%rcqiqyéq@@; ¥ ovos
transfer t%yb%%b?@ag%{gq&@ﬁee&ﬁ%kg%%meeﬂ%edu@ﬁ%s@eﬁﬁvéaésmﬁme Vi1, r from
storage node 535, Ich remains 1n a state ‘corresponding to 1 nput voltage
VI N at t hepueA20 of invéreer 570 suchilzdt nodd 520ndwes hotokt asyecit@age GRS oltagasf er devi ce

560 turns,ON and transfers the state of .stqrage no 555 to _i.nput 520 of
Cover ter W5 maps i Gus s S meatiedb B s fart ok BouitR hna al <o
drives t heiot fabé e ofithy Bist BAIf §he cIOMEE A, prsidifig deNdier thtdreindings ON whi ch
enabl es output 180 of inverter 575 to drive the input of inverter 570 and

store t hdosgresseoppled veriess P4 and 04 stors the gorggspending 19gig stafk PIofthe end of the
second st o % . Q@pﬂ : No. 5,986,962, to
Bertin et P%F@%%‘F}g%t%e ggvy o(\ﬁ/\f/eﬂrleisega ovelﬂﬁa#éﬁg% ﬂig}ed register file logic

states or data so that volatile high performance register file power nmay be
t amed OFH0Q38] r edulock €LEt546 tpositionsdfrars iqyata ligh weltage sud fepwinsabbigh.  However ,

volatile | pw p r,_shadow.l.at che [ enai N and t here e still

di ssi pat é"’g ea?%meglgnglﬁgf %hﬁgse?oéléihgﬂioggfeégr&g{rcy‘%taéﬂicﬁmgggfut nmode because
t he ﬁ t or agek CiIﬁ{lblsmloiatrhllmior@ i gD tolets Magéaﬂdasltélainﬁ lauowmtiage ﬂo@lst -
Furthernpre, volatile | oqw power i Ssipating s ow ches yse | ow bi as
current @W%@ﬁa&é’fﬁ%ﬁ?g cg@%@@éﬁg‘gger devies @S\@%Fygle'gﬂ‘é@’é]ﬁti ble to
di sturb, jhght WHeR) SYORAEIV | FnC st8a8t 8Sde3350@hRh MEMaiReinlaQddte OF coOrrupted.
This may occur due to power supply noise, on-chip switching noise, alpha

parti cl e comespomding todapuitvolirgedY waithp end of the fiegstpaléof the slock s¥ed@iow | at ches

require Lt i e t I i chip size. WO
2007/ ooﬁﬁ%%@%ﬂe&%ﬁ g;@ﬁ@@%g@g@@ %ﬁ% gﬁéf!’r?‘[‘?‘% e 353 prior art
subsyst empﬁﬂmmbﬁihvdrwn STvthasdrives op@nmddﬁ 1325 &0 outputivaltagelWopahd adsod a | ow
power | O%SCSS&ISI }n%u (g)tr in\ge%eg %7§ . WBE Itr%rrl]sfglp (%%ice I5@5 M}Ie\,‘s OR'w 11:h enables

output 180 of inverter 575 to drive the input of inverter 570 and store the state of

slave latch state stage circuit 510 until the end of the second stage of the clock cycle.

[0039] In U.S. Pat. No. 5,986,962, to Bertin et al., volatile low power shadow
latches hold register file logic states or data so that volatile high performance register
file power may be turned OFF to reduce static power dissipation as described above.
However, volatile low power shadow latches must remain ON and therefore still
dissipate power while storing logic states or data in backup mode because the storage
is volatile, and information is lost if power is lost. Furthermore, volatile low power
dissipating shadow latches use low bias current to minimize static power and are
therefore very susceptible to disturb, in which stored logic states or data may be lost
or corrupted. This may occur due to power supply noise, on-chip switching noise,
alpha particle or other radiation disturb, for example. Also, shadow latches require

additional chip area that can substantially increase chip size.



run node, volatile high performance and correspondi ng high active power

| ogi c operations are executed using high performance systemlatches. In the
| ow power | ogd mosbv@se (or data) retentibn node, |ogic stapeRb0ogaiRssi S
stored in | ow power shadow |atches. Volatile neans that |logic state or data
information is lost is power is lost or renoved. [0041] Figure 7
illustrates a plurality of prior art volatile systemlatches 710, 710', and
710" coupled to reI ated volatile shadow | atch circuits 720, 270', and 720"

by dedi 730 30" h. |
by et oot Hof@" 0L ke it oy ed bR g 3y SYRE, %’{opfﬁagueﬁt%? e

Cl rcuit, fofor@¥AiR®de addg 1w pdvedhIedic btdde G daitd) Getbitfonahi®lePRWEE B6knidl om VDD
suppl i ed by switch S|, which cones frompower source P. The shadow | atch

circuits ar@ngsderwiptie bigh periprpneamd coupipondias bighaaiivepevaz logihi ch cones

al so cones I t y get power
fromdi fferc{?nf21 8@%&%%&8%%%%%111@06(%%% ¥ rﬁﬂ?%segéﬁ{l%qgwﬁéggpa request
for | ow poviegic statd (@hdarslyreteatien mbdsTidgid Kite bo&\t&ﬁ isi sadred inUptv popienstadoy shown) ,
or by nonito t‘ nﬂ‘hﬁ‘g code stream ST for % code cal li n for, ng power as
shown in fllﬁtﬁ - Molafifemegnsthaldegic paiger dua & 8‘@%‘6”6@8@% PWELHE 1 Qfpt  pi n)
cal l'ing forghgwgower or standby node, detector D energizes its output
resulting in two effects One effect is to enable switch S 1 to provide

power from voltage S%{B VMs. A second effect is to activate switch S2,
after a ti 804l ay bétignedn illnstrates »pluplity ofpwior etyelatifecsysiamlatshes Y 18ct i vat i on,

to disable e 5] i Lay is
|ntroduced’{@ éﬁgﬁﬁg’ﬁﬁg*ﬁgﬁmgﬁﬁﬁﬁo%ﬁﬁ £§§Q?“§§8&gﬁ 8 #@)zﬁﬁggg enabl ed by
the tinme | diyotedicated taompiingrcﬁmdes mmoe,chndved)’at Bysters hacdesniagtatshds 720, 720
and 720" renaln omered at AY tage VM5 until the reduced. power node has
ended. and TRHE T kel org T e HE A ety 40F 501 LR CXERRIEY dat a i s
transfer t orhe\/sgétamldr@atamk@m hratpelefed fbkh V I?-Q.lpph@d‘ﬂy dtigch. SISwmieRr y [ 0042]
The present invention provides a non-volatile shadow | atch usin nanot ube
switch. WO POy foomuer i@r@/%zb@@mwesgcm[scy@%qwmﬁ@mcsﬁeplag’p@ct a
non-vol ati 's% ysv&ﬁt%il 52! Pk 06 ReC1dUotel :fr% Surcéjﬁ &@ev%@at stores a
correspondln og|c state’ in response to elec |ca st |nu and a

switches S1 and S2 may get power from different sources instead. A detector Dis

used to detect a request for low power, which may come from a low power interrupt
pin (not shown), or by monitoring an op code stream ST for a code calling for low
power as shown in figure 7. When detector D detects an op code (or interrupt pin)
calling for low power or standby mode, detector D energizes its output resulting in
two effects. One effect is to enable switch S1 to provide power from voltage supply
Vus. A second effect is to activate switch S2, after a time delay between detector D
transition and switch S2 activation, to disable the Vpp power supply to the latch
circuits. A time delay is introduced to ensure that shadow latches 720, 720°, and 720’
are enabled by the time latch circuits are de-powered. Volatile shadow latches 720,
7207, and 720"’ remain powered at voltage VMS until the reduced power mode has
ended, and may be de-powered only after the stored logic state or data is transfer to

volatile system latches 710, 710’, and 710",
Summary

[0042] The present invention provides a non-volatile shadow latch using a

nanotube switch.



shadow nmenory device coupled to the volatile storage device so as to receive
and store the corresponding logic state in response to electrical stinmulus.
The shadow nenory device includes a non-vol atil e nanotube switch, wherein
sai d nanovahe70ewiit ch sr ores the colfespondi ng state miTihgsshadow devi ce.
Under anot her aspect, the non-volatile nanotube switch includes a two

term nal nanotube switch. [0044] Under another aspect, the non-volatile
menory cell further includes a coupling circuit capable of transferring the
corresponding |l ogic state of the volatile storage device to the shadow

' i to el bl e of
ranst erDOKT"a PoffeREagRet 8§ pbe N8l i iefiyRisedF Loty SRelRi0 ot Pe
st orage @RWed®at sfdordsQBABSRndiAg RIREithtt Gbdes ﬂsmd déotridDOdbhiusaden anot her
aspect, the non-volatile nenory cell furt i ncludes a coupl ing circuit
whi ch i ndRgeIe Segopy @fgyﬁc&moeplpém the ﬁ@létﬂedr%@geﬁmp 8¢ i fodggeiyatHway  bet ween
the vol agil &Sty e?;%%flﬂg\ﬁsgﬁcest%% £e'§§ rﬁé‘?odeg ﬂ?ﬁ?ﬁﬁﬁuﬁgv*rﬁ@slﬁggwrespons' ve to
0} 0}

a program'si gna a correspon gic state the volatile
st orage Idemogeievicemchmlesmaobmlamﬁmm}omlmmm&h whetein spigstaooebei rcuit provi di ng

an el ectrlc between th evice and t vol atile

st or age sa\g(p %Eeﬁ%‘?‘l’éim\gestatt% of t&ﬁ?‘@g]f’ gpgﬁaaertago %??E‘Fcé’rtﬁ?i | ogi c state
of the smdmmmﬂafombe@wn@@m&ﬁd&h@tw&%ﬁﬂmm&m@m% fgfcrdevi ce. [0046] Under
anot her aspect, the non-volatile nmenory cell further includes a coupling
circuit which includes an erase circui t_ in electrical .cormunl cation with the
shadow n@fdly obodaanether aspaghdhe nensvelatils pegrony eelkiugthen intlgdestase a | ogi ¢

state of ) I dhﬁq t t, a first
term nalcogpmt\%‘gﬁgg%\% uEe st%/ﬁhn%}gﬁin%ghei ‘%’10 e?%délt ri cg 1("gcorr@ﬁl?lﬁlel @%@lﬁig)n w th an

out put retetegadevidedo thelshadovememoryadpeicd e iesponsaticelects et stulus.endi nal of the
nanot ube.sw t in.electrical .co icgation wth .a oqr.am er ase/ r ead

i ne. V\dlsf’da?%gf)ﬁétﬁ S %%?fg% Ow[%ﬂ%:f' %ﬂﬁ%?ﬁéﬁg?lﬁ{gﬁ aspect, the
non-volamnhgnﬁﬁﬁﬁﬁyﬁgghhehﬁ@baﬁﬁgs@mﬁmmtroIIer in electrical comruni cation
with the volatile storage device and capabl e of nDnitoring a |evel of power
to the v %"?521' l e s ora devi ceth Under not her éﬁﬁlﬁé} ont roller is
capabl e ppl VPeS ?:rtarSP?,cé’l SROMYRlLle pismargc ‘?Sf‘ device in

r espons&ohflir circuit Wthh includes a program circuit providing an electrical pathway

between the volatile storage device and the shadow memory device and responsive to
a program signal to transfer a corresponding logic state of the volatile storage device
to the shadow memory device; and a restore circuit providing an electrical pathway
between the shadow memory device and the volatile storage device and responsive to
a restore signal to transfer a logic state of the shadow memory device to the volatile

storage device.

[0046] Under another aspect, the non-volatile memory cell further includes a
coupling circuit which includes an erase circuit in electrical communication with the
shadow memory device and responsive to an erase signal to erase a logic state of the

shadow memory device.

[0047] Under another aspect, a first terminal of the nanotube switch is in electrical
communication with an output node of the volatile storage device, and a second
terminal of the nanotube switch is in electrical communication with a

program/erase/read line.



| oss of power to the volatile storage device. The electrical stimnulus
transfers the logic state of the volatile storage do vice to the shadow
nmenory devi cwo Jo@MWeds2Under anot her aspd€t, the controll epej/gshapaHss of
applying electrical stinmulus to the shadow nmenory device In response to an
i ncrease of power to the volatile storage device. The electrical stinmulus
transfers the logic state of the shadow nenory device to the volatile
storage device. [0050] Under another aspect, the state stored by the

pat sy i 1 CREAIC OO ahdtno GOREP Tilch R el ETRANRE el 7 '

menory cel | eulamldauc&smaurrmﬁﬂm wwithath€ tolatdlt s@eage apeibé mcbnfapatﬂe ef mbmigpring\aol t age
and outputtin at vol tage to the VC§ atlb storage devi ce. The .vol t age
tRTage dexisen Bnd

cor r esponds £%! 8 ‘B’b‘iréo @f’gf’]@tlﬁ SfAYRMET aspect EFOHONE S ¢ st age
produces the, %oar g gﬁlﬂ{gr &Mﬂétﬁﬂulﬁ@to&ﬂ@sﬂaﬁ%%&hﬁ& Qev&@ﬁ%s BRQLDET

aspect, an on ¢che produces the voltage corresponding to the | ogic
state. Bri efloDepowertotie Wﬂatl:leh&tomgadwvms TheGbBZical stimes tDmafsisthe logicgure 1 is

a prior art ent.ati c_and st t| ¢ normalized power
di ssi pation Séagg%ﬁﬁuﬁ%laﬁl% {(1)5 déélﬁ‘g@q%%élaﬂ%énm?ﬁrx Wit gate | ength, and year:
Figure 2 is a prior art representation of the relative energy eff|C| ency of

vari ous | ogi[6049gsi gﬁn«ﬁmpﬁ@mhepe,ct fhegionoleriis capable iod appyihg Blepuneﬂent ation of
the relative .en % i enc various | ogic ,operations; gure 4A is a
B s Beigh

prior art scH ER ?‘iy VISP IHCERPEK Bﬂf’%?eofcﬁ?l‘ﬁ?rl BHEUSI ng two

nonover | appivagtigd Q&K%e @échV %@Elel:t?icﬂ%ﬁhﬁ[uswstﬁfs%@lokﬁtsﬁﬁ@& th¥6Pad6§ 7/ 001642
18 PCT/ 1JS2006/ 01785 gure 4B 1s a prior art schenatic representation of

a clocked | G@@Wdﬁﬂﬁ@ﬁhmwlﬁ@eeﬁﬁmg@ﬁ@dke and vol atile master and sl ave
| at ches; Figure 5 is a prior art representation of the normalized power

di ssi pati on rgésoyt h%ﬁ&%"ﬂg&gerlﬁﬁgcﬁﬂ@.gtﬁe gtg}%'gqg eﬁﬁn—%&%ﬂ;ﬁgrh {'Htﬁl?ﬁhnm ogy

node superinposed on I gure igure prior art schenatic of
regi ster fi lcbamttejeeddiyrtbeiiesistaféegnirae elecirgakbpatiwayrinine namo$veitoit i ¢
representation of system| atches coupl ed

[0051] Under another aspect, the non-volatile memory cell includes a master latch
stage capable of receiving é voltage and outputting that voltage to the volatile storage
device. The voltage cofresponds to a logic state. Under another aspect, a random
logic stage produces the voltage corresponding to the logic state. Under another

aspect, an onboard cache produces the voltage corresponding to the logic state.
Brief Description of the Drawings
[0052] In the Drawing:

Figure 1 is a prior art representation of chip dynamic and static normalized

power dissipation as a function of technology node, minimum gate length, and year;

Figure 2 is a prior art representation of the relative energy efficiency of

various logic design approaches;

Figure 3 is a prior art representation of the relative energy efficiency of

various logic operations;

Figure 4A is a prior art schematic representation of a clocked logic

function using two nonoverlapping clocks and volatile master and slave latches;



to | ow power shadow | atches by coupling circuits, and an associ ated power
supply; Figure 8Ais a schematic representation of system | atches coupl ed

to nonvol atil e nanotube switches by cgupling circuits, and an associ ated
pover supMQ200ZEMeding to certain enBodi ment s of the PRYARZIYM3E gure 8B

is a schematic representation of system | atches coupled directly to

nonvol ati | e nanotube swi tches, and an associ ated power supply according to
certain enbodinments of the invention; Figures 9A and 9B are cross-sectional
representations of certain enbodinments of non-volatile two-term nal

nanot ube swi t cheFiguld gBiisn pribriaf sehededtie Medrésentagpi eSetlbeked dopiof a cl ocked

| ogi ¢ function using one clock, volatile naster |atches, and nonvol atile

sl ave | at Bpedonesing ofieclpck gnd ¥pletle masrpehslavedetehest t he i nvention: Figure 11A

is a schematic representation of a nonvolatile register file stage

i ncluding a couplgg §isCator aRMEhrBRRrMoN 8 the SofBMoLd REvet Wiskphrigrsor di ng to
certain enbodi nents of the invention; Figure 1lIB is a schematic

r epr esent e ilBM B0 lagin chipclesignddent thedli36man tethrokogytrede sunerioipostidyp a

non- vol atlLiI e Tanotube switch according to certain enbodi nents of the

i nventi on;®ND'20071001642 19 PCT/ 11S20061017853 Figure 12A is a circuit
schematic representation of a nonvolatile register file stage circuit

i ncl udi ng coupl i Figues 6 B grionad sctemact af a registaidd sthee dicoitage el enment
according to certain enbodinents of the invention; Figure 12B is an
illustration of erational vefornms for ower - to ower.- OFF

ranei ton i n whiliS! sagitor SEARERRDR rabteafteBin S SOPmifraB PR 2t ch state
circuit i l6wa0wbedadsly lackrs b odiplias cireuiRaaaaResceikddgdwet Rgplf;0l | owed by
power - OFF according to certaln enbodi nents of the invention; Figure 12Cis

an illustration foeratiolq wayvef ornms for ?ggowe- F to, power-ON

transition in whiEH&3h b Chepaficdeprssentplion p systim #tdRs cPURAVSI ati | e nanot ube

swi t ch i spdnkaRfletah&itbd Suitth¥ObPidupEnd Lifitfts) ﬁaﬁ(ﬁﬂ_aﬁ%@fa&d?b%ywppl}t hen fol | owed
by normal cl ocked operation dccording to certain enbodi nents of the

i nvent i oraccidingrte cagain emberinients of thedeveation;i c representati on of a nonvol atile
regi ster

Figure 8B is a schematic representation of system latches coupled directly
to nonvolatile nanotube switches, and an associated power supply according to certain

embodiments of the invention;

Figures 9A and 9B are cross-sectional representations of certain

embodiments of non-volatile two-terminal nanotube switches.

Figure 10 is a schematic representation of a clocked logic function using
one clock, volatile master latches, and nonvolatile slave latches according to certain

embodiments of the invention;

Figure 11A is a schematic representation of a nonvolatile register file stage
including a coupling circuit and non-volatile nanotube switch according to certain

embodiments of the invention;

Figure 11B is a schematic representation of a nonvolatile register file stage
including a non-volatile nanotube switch according to certain embodiments of the

invention;



file stage circuit including coupling circuit and nonvol atil e nanot ube
storage elenent according to certain enbodi nents of the invention; Figure
13B is an ilwossmebicen of operational wieforms for a povuRinidhdsBisppwer - OFF
transition in which a logic state (or data) on a volatile slave latch state
circuit is transferred to a nonvol atile nanotube switch, then foll owed by
power - OFF according to certain enbodi nents of the invention; Figure 13Cis
an illustration of operation waveforns for a power-OFF to power-ON
transition in which a logic state (or data) stored on a nonvol atil e nanot ube
switch is transfer Figfe BPAaisadigi pegipls epesenpion of pdopyqletile fegisttfen f ol | owed
by nor mal : J i AR eTatel he

i nvention; E!eggéggg%ﬁ?ghgﬁgf@gﬁ@% gjéc teéﬁlgtrfbg{lélg%l?gsent at%ﬁéeze Qfgeﬁr%onvol atile
regi ster fadcerdstgageentiin embodiments ofithadgnveotiorgl ati | e nanot ube st orage el enent
according to certain enbodinments of the invention; Figure 14B is a circuit

schematic representatio f an.inverter that for t of a yol atile
register file stagﬁ%‘fer @[ﬁjjts,an\r}:lﬁgﬁgu%o opmﬁpqaipvag%fﬂ{rﬁsg{ogapﬂxgeréﬁglgg of a
comon nodepoidrddFR f&lsitidasn WARhiaNYEE befe (Otdapa)lonandlRikesliey 1aich afate0f a

nonvol atil e WO 2007/ 001642 20 PCT/ US2006/ 017853 nanotube switch, and the
i nverter i nfitAuitistrastoricd teapenvpltileagaotibe syiichs Gep SPlawaddymogiesO5F il e st age

circuit OUtW%lgif;t_gé%gaj%éﬁb&ﬁm@ﬁsiokﬁféaﬁec opn of operational waveforns for a

power-ON to ransitiron in d logic state (or data) on a
vol atil e sl ave Iatc_h state ci_rcu.it_ is trar}sferred to a nonvol atil e nanot ube
switch, then foll oWerhi2(iswe ilueERionadf opemtion wavefoms fai apewtyrodFitnt s of t he

i nvention; ELgur D.i.s .an ..l lustratio f. operati ra

pover - 0o (B i Bl 4Rkl A ioe v R bh SRR BNRUE AR T e o on
a nonvol at i $vatohdnobnsieredIovh volatileSlave B w4té eidedit) then Yelloated|bg mokrasle | at ch
state circuiit, then foll owed by normal Qlockeg operat.ion according to
certain enbdorksePeration Jocerding fa fertaimempedimprs phthednventioninr ar¢ schemati c

representation of a high voltage power supply and decode circuit; Figure 16

is a prior art scheppatd BA RRI@SEREMHeafic Rprededthtih of@lHoagslatile asgadd bl e
sem conduct gr technol ogy; and ) )
file stage circuit including coupling circuit and nonvolatile nanotube storage element

according to certain embodiments of the invention;

Figure 13B is an illustration of operational waveforms for a power-ON to
power-OFF transition in which a logic state (or data) on a volatile slave latch state
circuit is transferred to a nonvolatile nanotube switch, then followed by power—OFF

according to certain embodiments of the invention;

Figure 13C is an illustration of operation waveforms for a power-OFF to
power-ON transition in which a logic state (or data) stored on a nonvolatile nanotube
switch is transferred to a volatile slave latch state circuit, then followed by normal

clocked operation according to certain embodiments of the invention;

Figure 14A is a circuit schematic representation of a nonvolatile register
file stage circuit including nonvolatile nanotube storage element according to certain

embodiments of the invention;

Figure 14B is a circuit schematic representation of an inverter that forms
part of a nonvolatile register file stage circuit, where the inverter controls the state of a

common node which includes the inverter output and one terminal of a nonvolatile



Figure 17 is a schematic representation of a high voltage decode and

di stribution systemfor nonvol atil e nanotube switches according to certain
enbodi ments of the invention. Detai Iﬁg Description [0053] Preferred

enbodi neNY@2WFP/E present invention”provi de non-vol atAOTAIS28M6AHI853 el enent s

t hat i nclude nanotube switches. In general, the non-volatile shadow

el enents are coupled to correspondi ng systemvol atile |latches, also referred
to as register file latches. In sone enbodi nents, the shadow el enents are
coupled to correspondi ng system |l atches by coupling circuits. In other
enbodi Nefdrdtubk R itcH) A8 Me ifVeRteEMbEt ighiethelbdn@Ctdlige aiifhk @nvolatdeor r espondi ng
system |l atches. In general, the state of a systemlatch is transferred to a
shadow efegifishfilatiess cingeit Py i s turned off to that WD 2007/001642 21

PCT/ US2006/ 017853 | atch. Accordingly, power may be turned off for an entire
chip, or sel ectigyghy1dciisifdusthiiod opefiioRll WRESHROK: L @RS eRONAGCHI P. and
information in each systemlatch wll be transferred to the correspondi ng
shadow epewer@EF Fhsitjonwhshichadegic steter(esdasr)en a wlatheslhet loteh statee st at e st ored

in the shadow el egent., will be transferred back to t corr ndi ng system
atch. THRETAGHPEERA PorgTilé FIPHER e St e S CBREAT dat o and
rest or i ngecoRIRipAtbicemaif bmbbdimefitd f fHeRwicnBy as power is restored. [0054] In

preferred enbodi nents, the nonvol atil e nanotube switches can be fabricated

Wi th processes that integrate well with existi ng CMOS technol ogies. In
preferred embodtHER WD e Hushatione waation deveiRmhior agAYHoPEY #9 e shadow

el eITent Spou b diniGRAGHHEa REIBhE(orthiseHloied oh 1eh A9 dlorRITN cat | on

with eac%0 of two conductive térm na e nanotube article includes at

| east ontwitrliristraséerreByio a aplatileistaye dabgir Baie cacuat, Sleadoltaveedlbysiormall i to at | east
one of t Vv tm.nal s.. .el ectri.cal resistance of the nanotube
article gg?lé\;\éggﬁggﬁéén C&éﬁéﬁaﬁ%‘? vé’g %drlﬁ%eﬁt Ioghlggrrl]vengléﬁ’reprogramrabl y changed
between a relatively high resistance, and a relatively low resistance. The
rel ative resi st &ignee Hf is alpeionam edhelnetiarepiestatihianfadtig valage pdwecrl ogi cal state
stored in t&e Hgin-vol ati.| e shadow el enent. The state is non-volatile,

al | owi ng®"PPRF G§FWECTEH 5t e to be stored (indefinitely) with zero power

di ssipation. Although in the described enbodi nents nanotube switches with
two term nal s aFguusHils aipfiof&tsdhehatiOiehiethtivhsofafhigiovediagde switches can

al'so be used., .
~ compatible semiconductor technology; and

Figure 17 is a schematic representation of a high voltage decode and
distribution system for nonvolatile nanotube switches according to certain

embodiments of the invention.

Detailed Description

[0053] Preferred embodiments 6f the present invention provide non-volatile
shadow elements that include nanotube switches. In general, the non-volatile shadow
elements are coupled to corresponding system volatile latches, also referred to as
register file latches. In some embodiments, the shadow elements are coupled to
corresponding system latches by coupling circuits. In other embodiments, the shadow
elements are directly coupled to corresponding system latches. In general, the staté of

a system latch is transferred to a shadow element when the power is turned off to that



[ 0055] Design Using Non-Volatile Register Tiles [0056] Non-vol atile nanotube
swi tches can be used in enbodi nents of shadow storage devices that are
nonvol atil e (holds information when power is turned OFF), and are tol erant

of harsh enwypanRpies: such as high tenp@tature and hi gh r@di@hbi@aissevel s.
Furt her, non-volatile nanotube swtches can be integrated easily with any

CMOS process such as bulk CMOS or SO CMOS, and require relatively little
additional chip area to inplenment. The use of nonvolatil e nanotube sw tches
in the design of enbodinments of nonvolatile register files is described

furth bel latil i st fil h twg.nod f ion,
nor el run nBiE; AdHuidienepEveStt met pfer B ot s trep el T
retenti on mostefo\R: 3PRHGRHEAR 22 RETALIAONGLRHIS RN OBRThcRhaUbe SA

illustrates one enbodi nent of a nonvolatile shadow | atch subsystem 800 with

two modes of r@steriad twthe corrprpprding shadowsleaeahdlhenzehen pasiaeis restpighéo st at e (or
data) nonvol tﬁg g&lt&lv %tfe;s?a{?% éet&{%fl g‘iﬁﬁ@ sh%ho%l&ﬁerf?%ﬁhe gﬁ%ﬁé&ﬁ%ﬁ%&ttﬁg' In the

normal run no periornmance hig ct1ve power node |ogic
operations anrespodingtsesiemdately Thigenabks howamtode thratOEE while shtieg zer o power

| ogic state (or data) . nonvolatile ret,~ntjon npde, logi¢c state or data is
stored in © St bnd BBt OB Borafan Qb S hAUnAPEs 45GioBEa e R ttar oh
envi ronnments such as high tenperatures and high |evels of radiation, and

power is di spossect Bfprefed@@8bbdifeh, Bénbhvolkilld Mnbtiba swltéHegad be Of | at ches,
also referred to as register file latches 810, 810', and 810", coupled to

rel at ed nonvighBeatedewithprocessrs thatiintegrats vaRovith grigiing GQYESgedhmolegicgel cat ed
coupling ci B%éfeh%d @%@odlﬁggtsgggﬂ%o?%g@%zﬁ ih Fh[@'enéhgzrolaftﬂé 5?‘8#‘%&%&% ar e

powered, fr power source supp by sw ich cones
from power sinplptya 8&mtubElaetiahe mhidhat il eectdcsd todmusicatf aihvesh eack ofower ed from

power source 870 with eras rogramrestor ul se VEPR supplied by switch
Ba0. | whi ch GBARE IGme C Bt O er s sy B agees pg oRPe, Biui T ed 't ha
swi t ches 840ap ShioprRElR I RPYRAuIT fo0Mdabieons e ROHBICt &R MaBDBe
Erase/ programrestore pul se VEPR may be one, or several pulses applied to

nonvol ati | e lefideal missmm efiibe nwgu,be agixde betwprn Bobvo condpptiverierminaly ¢e t he
A e R
resistance. The relative resistance of the nanotube article characterizes the logical
state stored in the non-volatile shadow element. The state is non-volatile, allowing
the logical state to be stored (indefinitely) with zero power dissipation. Although in
the described embodiments nanotube switches with two terminals are used, in general

other kinds of nanotube switches can also be used.
[0055]
Design Using Non-Volatile Register Files

[0056] Non-volatile nanotube switches can be used in embodiments of shadow
storage devices that are nonvolatile (holds information when power is turned OFF),
and are tolerant of harsh environments such as high temperature and high radiation
levels. Further, non-volatile nanotube switches can be integrated easily with any
CMOS process such as bulk CMOS or SOI CMOS, and require relatively little
additional chip area to implement. The use of nonvolatile nanotube switches in the
design of embodiments of nonvolatile register files is described further below.
Nonvolatile register files have two modes of operation, a normal run mode, and a zero

power dissipation logic state (or data) retention mode.



ensure sufficient time for transfer of logic state or data fromthe register
file latches to the nonvol atile nanotube switches. At this point, power
supply VDD is de-powered and erase/zar ogram restore pulse VEPR is de-powered
such t haWaHe/i0dg2c state or data reémins stored by REHYSIU4EH183nanot ube
swi tches 820, 820', and 820" with zero power dissipation. [0059] Figure 8B
illustrates anot her enbodi nent of a nonvolatile shadow | atch subsystem 800
with two nodes of operation, a normal run node and a zero power |ogic state
(or data) nonvolatile retention node in which power is disconnected. In the
nor mal r W05Fbde Figwt &Aiillestiateg ongpembaiimentof amoytolaide shadowdatelr node | ogi c

operation are ecuted using. hi gh perfornance latches. In the zero power
Pogi ¢ st AtsviR 810 PP SRR ST ok SRR T e SOAEOIPREE or dath IS
stored i oROdime|@idatad noidpit bRt RRBdE ROHEER pRderRidistspd0R6d @4 1R53 swi t ches

that are tolerant of harsh environnents such as high tenperatures and high

| evel s ofoymed iy nede, veladlehégheperformayics bighrieEvappwdr 0OBO[logit gRATEi®s i | | ustrat es
a plural ity ' r.fi I hes 811,

a1 " aneelpud it Bk e AT, b u85eloB Rt Hoid e on B LS ches
821, 82lnonwiudildRLntion hede,dedis state ok dhte id adred asnavelafkwanedbd r om power source
871 with VDD supplied b w tch 851, which cqones from power, .supply 856. The
nonvol at FYAHEAGE %éolw%’%fﬁ@@hapgrmrs St e BTy £ g v { h

erase/ prggglgqgﬂaggﬁgﬁeangg,lo%rMﬁﬁ&ﬁg@@&i ed by switch 841, which comes from
the same power supply 856. It is not required that switches 841 and 851

recei ve power fromthe sane power su I% 856. Erase/program restore pul se
VEPR mayl[0988bne Figire 84 iBysiates g plusaiy QE& e alse referedblons reesterfHet ube swit ches

- 821, 821; N rEe | 811', and 811"
in a non{/agﬁhg%]?][(g%%rr%dé@ggdmégo gerﬁift &g(flﬁgcrl @g"f%%o%n!to glﬁogg‘?ﬁcel%\%z?’chi ng of power
swi t ch 8820’ amxl 887 Hyaledivsted eowglihf icrcetst830) 380’ fand 830 .drtefregistof filkogi ¢ state or

data fromthe register. file |atches, to. nonvol atil e nanotube sw tches.
o i o Pt SRRt pSvermpre Sk b Nop Soprind Diulal SREHIR o6t or 6

pul se VERSdsSréig ppReeiupfly 896 Mhehphvélage hagit@beshnicBestire fbéred foRI NS stored by
nonvol ati | e nanotube swtches 821, 821', and 821" with zero power ‘

di ssi pat POHer sowisn SR With ierase/Repgryisstosspulechy e epplicth switehedtls of

non-vol afghlf cbifs b th #md WL WiH1PH4st £1€ FottrBitired Rht Qs%itches 840
and 850 receive power from the same power supply 855. Erase/program/restore pulse
Vepr may be one, or several pulses applied to nonvolatile nanotube switches 820,
820°, and 820’ in order to store the state latches 810, 810°, and 810’ in a nonvolatile
mode. Power controller 860 monitors the switching of power switch 840 and 850 to
ensure sufficient time for transfer of logic state or data from the register file latches to
the nonvolatile nanotube switches. At this point, power supply Vpp is de-powered and
erase/program/restore pulse Vgpr is de-powered such that the logic state or data
remains stored by nonvolatile nanotube switches 820, 820°, and 820’ with zero

power dissipation.

[0059] Figure 8B illustrates another embodiment of a nonvolatile shadoW latch
subsystem 800’ with two modes of operation, a normal run mode and a zero power
logic state (or data) nonvolatile retention mode in which power is disconnected. In the
normal run mode, volatile high performance high active power mode logic operations
are executed using high performance latches. In the zero power logic state (or data)

nonvolatile retention mode, logic state or data is stored in nonvolatile nanotube



i ncluded in the described shadow | atches are described in U S. Patent
Application No. ('IBA), entitled "Two-Term nal Nanotube Devices And Systens
And Met hods WBD 200kotdsmg Sane, " filed on2an even date her ewét/bsxafwhiayi ng a
common assignee as the present application, the contents of which are
incorporated herein in their entirety by ref erence. Associated structures
using the switches, along with electrical characteristics, nethods of
fabricating, and nethods of integrating the switches with existing

sem conduct or . t.eci.npl o are descri bed 006 F ure 9A il lustrates a cross
sectional ré&B F%tﬁeémrgg?ﬁegﬁe@f‘t ‘gq’rfl’éﬁ\?BYlé‘iW tspuch ag Eﬂmﬂ‘?é?ﬁlﬂf%wkg tch

(2-TNS) 10. 1&@@%%tﬁh%@%wgﬁlsldﬁcgﬁ@9@§ed on substrate 35, which includes
a layer of insulator 30. Nanotube element 25 at |east partially overlaps

two termnals, e.g., conductive elenents 15 and 20, which are both deposited
VO 2007/ 001 §080b4 " Aitrure8Balsiratey 8 pRirality phlstchss, slse sefpptios segisieridat 25, | n

thi s emoodi s sPAR91 LA, #1728l Suy RALL NG iRl duleagliegd hat can

be defi ned re or |on 0 con ctive and/ or 20.
[ 0063] Cond#2t,i82¢’, ehdBEINt. Thd fegivnd fAOlatohes i pOWBﬂB&CfItOIMPdWBleIhI‘WBTﬂS circuit

50. Stinul us rcw t.50 electrically stimlates at e of conducti ve
el ements 15% DD?G}PPW%’WW&tﬁ%ﬁ@eé’Vhﬂ ogqes {TOTHPOVERF;SY Y§%6 an

speci fical | Mond&dﬁ@éh%ﬁl%ttl%le@%&l{esgé oWRRRIGRAS &@eﬁshﬁrcélswkn%l on by changi ng
the resistance of switch 10 etweep cond UCPI ve elenents 15 and 20; the

rel ative vabiaee/piogragrestors BiserCaer s:lmphecéby)mh&ﬂlt whichsomewfrom thavwameni t ch.
FOF exanpl ego#hgr sﬁéﬁ:(lg%l‘jﬁ Sit &'nlbl(.: #ég{]m%otPgt% litcfrs gallfahﬁ %Bl 8@1%, éb\%&] frorit El‘lemjl us,

whi ch may b eare ive hlg volta e an acr oss

conducti ve edmepiwe sﬂﬁplﬁieﬁh Ease}fpl’oglﬂanmwrubﬁls@V@fﬁﬁﬁiy tﬂﬁorreesmmdsl by changi ng
the resistance of_ the device between ¢o tive eI ts 15 and 20 to a
rel atively RMGH appgaq@t@ﬁ&@atllqﬁﬁ@t%rsf”é@%ﬁr§§é ¥4’ a?ﬁ é‘éﬂrd%tf” Slgt f* state

of the devi g staRfBes @ileﬁif" £ 813014 Y AbiRIlati1S mo@é. 3lokeeLontRer sdiet ween
conductive elements 15 and 2D0. The 'inpedance between el ements 15 and 20 may

al so be r el smonifelsyhegvgiching of ppwerswatch 84F@md 8xtarpsuse sufficient tim¢ 95 circuit 50
applies a sgeQ s@& o?ll(?ﬁ% Etbt?%i dﬁﬁh%}ﬁth'ér UGl (YO8 tﬂgﬁ(glv%ﬁgfg)z%ﬁotﬁ?%el atively
an : en

| ow vol t age an act 0SS conatrctive &l enents
nanot ube el mmes%tthssppmmqmmys@bmdhg depewerediand msﬁpmgratﬂmsmm tch

bet ween con uc Ierrenteg iﬁl dhz1 to a reA ativel v(\{ resi stance. This
corr esponds pypise BPR 1s e-powered such that the logic state or data remain stor

nonvolatile nanotube switches 821, 821°, and 821’ with zero power dissipation.
Non-Volatile Nanotube Switch

[0061] Embodiments of non-volatile two-terminal nanotube switches that can be
included in the described shadow latches are described in U.S. Patent Application No.
(TBA), entitled “Two-Terminal Nanotube Devices And Systems And Methods Of
Making Same,” filed on an even date herewith and having a common assignee as the
present application, the contents of which are incorporated herein in their entirety by
reference. Associated structures using the switches, along with electrical
characteristics, methods of fabricating, and methods of integrating the switches with

existing semiconductor technology are described.

[0062] Figure 9A illustrates a cross sectional representation of a nonvolatile 2-
terminal nanotube switch (2-TNS) 10. Nanotube element 25 is disposed on substrate
35, which includes a layer of insulator 30. Nanotube element 25 at least partially

overlaps two terminals, e.g., conductive elements 15 and 20, which are both deposited



"programmed” or "on" state of the device, where electrical conduction is
relatively good, or even near-ohm c, between conductive elenents 15 and 20.
The i nmpedance between el enents 15 a 20 may also be relatively lowin this
state. THEO2UARK42 cyrrent associatéd with the rel at i VESVYSAIYPR7858 ase”

vol tage may be greater than or less than the "progranm current associated
with the relatively I ow "programt voltage. "Erase" and "progrant currents
are typically in the in the nano- Anpere or mcro- Anpere range, and are
determ ned by geonetry and nmaterial selection of the nonvolatile

t wo- t er niliedtly datoianbrRbs Wetneht 25| Mn genehBddimbiendmRaibs Rneat 28iswel | as the
i npedance between the first and second conductive el enents of the device is

a funct P¥terred within 8 repien tat qap be defined defose ar after deposiionof RPmBAtYY measuri ng
el ectri c%?eﬁ%gggﬁ#ﬁgosti cs of the switch. WD 2007/001642 25 PCT/ US20 O

6/ 111 78 nductive elenments 15 and 20 are preferably nmade of a
conductive material, and can be the sane or different material dependi ng on
t he desi [0863] peGoodnaive elecieatsdStand 26 kieds cofitagwiithcdtinkdus dienid 00t i ve el enent s

A, B 2 RiifiSls o sefeieitedy s RRTRPREY 00 oE R i R el Bine b ¢ rot e s,

and conbpoaitiietishadgestthiesiate obbbiedh l(ﬁ'M@M%pédilﬁéMé%_Srnﬁbﬁbe elBirfens 25Ti Pd, Pbln, and
Ti W other suitable conductor.,,, including s thensel ves (single walled,

mul t i wal FegeRndafithe sinatufisind yichpnaies the sesistangppf Byilchdi0 begwaeauct i ve nitrides,
oxi des, ﬁcgnldﬁ{it:i\}ﬁ%&g%tssﬁ d%9; Rebb1afFHQa1ul &t eﬂ%ﬁstaﬁ&%oi‘re% gs-rfo%e may be

used. O he conduct or, or sem conductor, nateria can al so be
used. | statalodtherswaioh. Eoymxemeleaiflstimalus girtwibd@apphissia &itst vlectmmdleri al , f or
exanple Si0 Si.N, A1203 BeO. GAAs l.yi m.de, or other suitable material.
canpl o5 BTt MU ROy TG R VEDFR PP ERE ofha Prdh aB i ced i - 2- TNS
10 are desidnétpRGldnienty BRdnr200@kRhindaibe elénient PR t@PénddPRIchangie: the TBA),
entitled "Two Term nal Nanot ube Devices and _Systens and Methods of Making

Same, " fiesisgnesridhe dode hetveenkerdiivhclemonsdf aph2d trarelaielyi@nt s, nanot ube
el ement {egitah G, el?hi%é)rfé%(ﬁldg A4 erfiba BGAY st Aok HAES (@ so Tef erred

to as a nanofabric Nanot ubes in e nanofabric may be randonly oriented,
or may heledrieal condugtiomisirelativeiapodr detvaen combictivi ¢ledentolhmd 2t i Biet at i on of

nane e AR MAARBHLS SR TR ALl o ooy
example, if stimulus circuit 50 applies a second electrical stimulus, which may be for
example a relatively low voltage and a current across conductive elements 15 and 20,
then nanotube element 25 responds by changing the resistance of the switch between
conductive elements 15 and 20 to a relatively low resistance. This corresponds to a
“programmed” or “on” state of the device, where electrical conduction is relatively
good, or even near-ohmic, between conductive elements 15 and 20. The impedance
between elements 15 and 20 may also be relatively low in this state. The “erase”
current associated with the relatively high “erase” voltage may be greater than or less
than the “program” current associated with the relatively low “program” voltage.
“Erase” and “program” currents are typically in the in the nano-Ampere or micro-
Ampere rarige, and are determined by geometry and material selection of the
nonvolatile two-terminal nanotube switch. In general, the resistance as well as the
impedance between the first and second conductive elements of the device is a
function of the state of the device, and can be determined by measuring electrical

characteristics of the switch.



nanot ube switch have vertically oriented surfaces, and the nanotube el enent
substantially conforns to at |east a portion of the vertically oriented
surface. | n womo7/@naedi nents, the nanotlbe el ement or f afEigsiofssdseus, and
material from conductive elenents 15 and/or 20 may fill at |east sonme of

t he pores in nanotube element 25. In sone enbodi nents, nanotube el ement 25
i ncl udes singl e-wall ed nanot ubes (SWNTs) and/or nultiwalled nanotubes
(MANTs) and/ or doubl e- vvaI I ed nanot ubes (DWNTs). In sonme enbodi nents,

nanot ube el 25 | no. General ly,
nanot ube el ﬁ | nc e?er%tn?ﬁ g@@%& %anoa{%ﬁbﬁgdﬁ\%ﬂcoé‘&?&% maki ng
nanot ube el eﬁmﬁa@ a@adamméaﬁm 615d1ﬁé@nthﬂa1mmaaphnahg oneheddshed in U S

Patent Nos. 6,784,028 6.835 591 6 574.130. 6 643 165, 6,706, 402,
6,919 592, Dgiformanggeharagieyisicsod swisalp10. tﬁ@duﬁéﬁ%%m%%lﬁ gt 305530095 |

2005- 006203 3 dab)l S. Patent
Appl i cat i on% ! %focﬁgg%?ge%ffn%gggi’%égﬁﬁ’?{)l gp%&%&g %ﬁﬁlgg Iél'?heéjcont ents
of which arénHerPé)bSn\Aﬁ)v@ﬂ&?ﬂ)ﬂﬁﬂﬁﬂiﬁblﬁ&lﬂ%@h&@@ﬁlﬁhﬂﬂpmﬁﬂﬂlesmdwcmbrat ed by
reference in their entire naf t d he nbefore t.h

"i ncor por at &4° ﬁa?lem?% I}"{&ﬁbgg}ﬁ%ﬁg '@5%8 eﬁé‘H[agiefcé’PdWé?f(j’tl @Bdlggerrent s
that can  beNEaHerhdklves [fiseld VaBs® n@spdlled Sd/oR daﬁlﬂamnecﬂ%raathpla) UrS. Patent
Appln. No. (TBA), entitled "Two_Term nal Nanotube Devices and Systens and

Met hods of wamq@gvesaﬁrﬁies oideacpr sHicides airhs BaNeRAQy BN tTaN, Cobigepd rally it
is prefer ab'n?a %5 h@tfhx H&Sof% n&daf‘o r U 38mRB e 4 g@h@%@%?ﬁ&) B fed S€Par at ed
or . n er I’ e

by at | east a magni t sone pre nents, the "off"
state has a Imwlat@tfi@ns prefdnalily asm&ﬂald iesuddtiva lncaterial, Jott éxampleBiPAeBIN, WdiDsa

Tate has. apeOnpARaRImE of the e nhle s Ho R BREURR Rt o an

i npedance Ofinsﬁﬂhﬁveﬁﬂtenilsdlﬁ@caﬂb‘e&@ﬂ‘ﬁl Z—E‘NSOIdldiEﬂés&nbéd]ﬁ rd@deRimed” or "on”
state is characterized % a resistance (Row) . between conductl ve el enents 15
p

and 20 that Y-3- RpéaneARPinyNpn(TB4Y, @Iéﬂ@é“BWOIe@neﬁr%aanl eDenjicend | n some
embodi et s 5,146 561 BRAs OrMHRhE Saiked o, AIREABLERLERNDY @ I esi stance

( RoFF) betvve conductlve enen 0 that 1s generally in the range
of 10 MOhmto 10 G Ghm or nore. The t wo states are non-vol atile, i.e., they

do not  chah¥Slint iln sewp ewbodimentscarnptube clapmpnt (egiclen 38 ke fahpipelpatiod e
el ectrical sbhghhiRis ?a%lsopﬂggeeﬁ?ﬁ itqg&ea PhofiBRSY Ndn¥fin&! SR hahof-Brid Bfhy20. and

t hey retain st g.%le even |
be randomly oriented, or may have an orientation that is not constrained to an

orientation of nanotube element 25. Nanotube elements generally substantially
conform to surfaces; in some embodiments, one or more terminals of a two-terminal
nanotube switch have vertically oriented surfaces, and the nanotube element
substantially conforms to at least a portion of the vertically oriented surface. In some
embodiments, the nanotube element or fabric is porous, and material from conductive
elements 15 and/or 20 may fill at least some of the pores in nanotube element 25. In
some embodiments, nanotube element 25 includes single-walled nanotubes (SWNT')
and/or multiwalled nanotubes (MWNTSs) and/or double-walled nanotubes (DWNTs).
In some embodiments, nanotube element 25 includes one or more bundles of
nanotubes. Generally, nanotube element 25 includes at least one nanotube. Methods
of making nanotube elements and nanofabrics are known and are described in U.S.
Patent Nos. 6,784,028, 6,835,591, 6,574,130, 6,643,165, 6,706,402, 6,919,592,
6,911,682, and 6,924,538; U.S. Patent Publication Nos. 2005-0062035, 2005-
0035367, 2005-0036365, and 2004-0181630; and U.S. Patent Application Nos.
10/341005, 10/341055, 10/341054, 10/341130, the contents of which are hereby



renoved fromthe circuit. Stinulus circuit can also.determne the state of
2-TNS 10 wth a non-destructive read-out operation (NDRO . For exanple,
stinmulus gi j may apply a | ow,geasurement voltage across conductive
el ement s wddubﬁgg) and neasure the resistance R bet weeHUSWEs/M@¥duct i ve

el ements. This resistance can be neasured by neasuring the current flow
bet ween conductive elenents 15 and 20 and fromthat cal culating the
resistance R The stimulus is sufficiently weak that it does not change the
state of the device. Another exanple of a method of determning the state
of the cacbipbyatateryseferenge pr theic bairgibed (héreinhitereind hprmbtloncéedi schar ge t hrough
(bet ween). conduct.ive el =rrent s, and 20 .is described in U S, Patent Appln.
No. ( TBAJCORRFRieH Palgnt igeRgC A R CTRRGRI FR TR PR (g ¢

Repr ogr apgmgedh ¢, 2 o8 Fdﬁ@%scnb@ﬁ@éa@er%ﬁﬂﬁﬁ UCS“Pa&tnt bl RBATRASI st ances for
“programmed” and "erased" states for sone enbodi nents of two-term nal

nanot ubeewsitied Chwe Tezmimal Nanotydledevicenand Sysiams and M¢tb0¢$é¥féf{41m in greater
detail i ) t ent (TBA), entitled "Two Term nal Nanot ube
Devi ces § s f%etdgorrsagéa’r‘l@ﬁ)g%eghe |\lssaiﬂ%f Maki ng Sane,"” filed on an even date
her ewi t h V\D 2007/ 001642 27 PCT/ US2006/017SS3 [0067] In sone enbodi nents,
thermal E0G6or €leaetally ttas pzefagahh@maﬁ the yaltiésadf theshigh hed losd resistdhaes agl ectri cal

managemnent n can sed e hance t nce of a

o tor nToREPINGE 8 Br e Al Tagitgc BBt ireuee bR PR n.  No. (TEA).
ent i t | ed«qfvead BiH RaktahRNAk DS 1@@%&@51@&%&%@%%@&%&@8 of  Making
Sanme,"” filed on an_even date herewith ure 9B illustrates a cross

sect i onathe “p@pitaie.c it wieonelgirechembastiments, éhft VSTt septerhasean igpadangd hakwi t ch
(2-TNS) i Iﬁg%gp{m@ cal » [ g or managenent
(desig %gglegéécggmllpgﬁn% f 55? nﬁ%ed?%%%tg\%r ?)Ig et V\qgg(?\ﬂl%anot ube el enent
25' and cmbtdhm&ntvethefmngamn@ﬂ” or “cbﬂﬁ’mmmtse:hmiaetﬁnmdti}&reslstammsbd on

substrat 35 i nhclu a.layer.of in 30: be el enment
55 "1 o afringeeR e SRR e 20 bRk i HeneTh ke rpee o7 0GRS Fononi o e g.
by a pr eﬂM-eJhﬁi Nado@X teMbdin@hts| B8 SérakdPoF ‘tdfp’rkte@é isthalab@fitedtyen Of t he
termnals,, e. conductive elenents 15' and 20', which are both deposited

directl yres%‘ﬁ{l@ - (Rer Deecr Paiptiveptpmentp s aﬂégétllﬁléﬁqefﬁlﬂydﬂ thramgSdevi ces nay
be used 40,0 A% i46 CHONAE nRRET Thi A ies Aehon Ab1EROIR | BPES AbUr €, and as

a protecting layer in conjunction wt
change until stimulus circuit 50 applies another appropriate electrical stimulus to at

least one of conductive elements 15 and 20, and they retain state even if power is
removed from the circuit. Stimulus circuit can also determine the state of 2-TNS 10
with a non-destructive read-out operation (NDRO). For example, stimulus circuit 50
may apply a low measurement voltage across conductive elements 15 and 20, and
measure the resistance R between the conductive elements. This resistance can be
measured by measuring the current flow between conductive elements 15 and 20 and
from that calculating the resistance R. The stimulus is sufficiently weak that it does
not change the state of the device. Another example of a method of determining the
state of the cell by measuring pre-charged bit line capacitance discharge through
(between) conductive elements 15 and 20 is described in U.S. Patent Appln. No.
(TBA), entitled “Memory Arrays Using Nanotube Articles With Reprogrammable
Resistance.” Example electrical stimuli and resistances for “programmed” and
“erased” states for some embodiments of two-terminal nanotube switches, and
example “read” stimuli, are described in greater detail in U.S. Patent Appln. No.
(TBA), entitled “Two Terminal Nanotube Devices and Systems and Methods of

Making Same,” filed on an even date herewith.



material |ayers on top on the NRAM device. Operation of unpassivated NRAM
devices are typically perfornmed in an inert anbient, such as argon,

ni trogen, orwdmbiemsszor an el evated (grater than 125C) $ mgﬁog/ﬁhqggrature
to renove adsorbed water fromthe exposed nanotubes. Therefore

requi renents of a passivation film are typically twofold. First, the

passi vation should forman effective noisture barrier, preventing exposure
of the nanotubes to water. Second, the passi vation filmshould not

interfere w he Wi t chi nmechani s of th devi ce. 069] One
approach to [{')'gg iSgHe FWS%‘?‘(P&EBC %‘édjor ?CER%M%Q%HGBE% ﬂg‘agfﬁ’l cat ed
around the I‘ﬂ%&%ﬁ@w&@&ﬂ@aﬁﬁ&\dgé&@«&@@hﬁ@ﬁ% hehithenhafey Be. Cavities both
around individual devices (device-level passivation) and around an entire

di e of 22 d®eifeiseancy eff atwocprhinglaesotybs $vakch, tedescrisd in Henbawat Apwa. However,
t he process I t i tional
| it hography's I\H gi‘YaAP Sh f’ela ﬁ%fe{ﬁ@ﬂfﬁ% t'{lbl%géé}liiceg}tméig?ﬁg n%% @S@t‘?‘éa‘?js?"ged [0070]
Anot her app rMa«iﬂig $a'mepaﬁEd vatah evien daeevasittd dfiget OBriusirasy iatcadyk gectibsdlect ri ¢
| ayer over the NRAM devices. An exanple of this tpg&r%%ch i,s.the use of

1

spi n- coat ed TR ReR PingeMelptils svo-daminalpotybg sy ghlicin WhiEh t he NRAM
devi ces. Thep, é?MQFanWBrgféQﬂcQ%? €erfts JEdn @(&3 %?ﬁ% acdotnplidhddgfyned into

either die-level (over an entlre die active reglo or device- IeveI pat ches
(i ndi vi dual lipatiegids omia@r’detvg;en meforibe cddmane 25 wd)cond‘ih:ene elemantt?h| e secondary

dielectric ssivation fJ suc o | used to
seal off thi@1 E’@’ elS‘ﬁlant Obsl d&%m?i ogsséls%ﬁt‘? %53 W%lﬁﬁéI{Cthdgs ﬁg%!( gggﬁ'ug i's
t hought thaBONFNMoﬂﬂﬁreme@ﬂzs he#raighy totBR AP FHB S spét@ﬁ@m,e-bhmrm PVDF hence a
secondary passivatic,; filmis required to seal off th devi ces. Since the

die level pddaionshipioEsbus Ered?t%‘iué%q gxjent pb drapta Rt Rl Laghone REde ¢ hi s | ocal
deconposi ti QG &k exposure
of NRAM dev?%:}es toEgﬁ@oﬁdﬁchﬂ%&P%ﬁ%g%Saggggn?&? %2‘? ?B‘%{ﬂela %itg(ggllk%ﬁf’s,uc
failures of ontenageisbmelamyntPdssi vation film the die-l1evel passivated
devices are "burned-in" electrically by pulsing the devices typically with
500ns pul se i | ably
decompose. SREBuL e o Repag Yoty Ul B b AR ubORE Y

passi vat i on afrj zitrmon@dtdnqreratmhaaﬂdmmalpmtmtmgwermdolnfundmm witlhvethckpdssi vat ed NRAM

doviices operat e, DRLIBLLVon o DRINGERMRESRL YBhSd: M Shedlbiloa Sk e PVOF

coating and né?
devices are typically performed in an inert ambient, such as argon, nitrogen, or

helium, or an elevated (greater than 125C) sample temperature to remove adsorbed
water from the exposed nanotubes. Therefore, the requirements of a passivation film
are typically twofold. First, the passivaﬁon should form an effective moisture barrier,
preventing exposure of the nanotubes to water. Second, the passivation film should

not interfere with the switching mechanism of the NRAM device.

[0069] One approach to passivation involves cavities, which have been fabricated
around the NRAM devices to provide a sealed switching region. Cavities both around
individual devices (device-level passivation) and around an entire die of 22 devices
(die-level passivation) have been demonstrated. However, the process flow to
fabricate is complicated, with at least 2 additional lithography steps, and at least 2
additional etching steps required.

[0070]  Another approach to passivation involves depositing a suitable dielectric
layer over the NRAM devices. An example of this approach is the use of spin-coated
polyvinyledenefluoride (PVDF) in direct contact with the NRAM devices. The PVDF



filmdo not require such a burn in procedure and may be operated in air at
room tenperature directly at operating voltages. Wth device-|evel
passivaton the PVDF is patterned in %he exact shape of the CNT fabric,
typi cal | yW® 290740¢¢43ns wi de and 1-2 fitcr ons | ong. |t i BCTHEWYE017833at such
smal | patches can deconpose w thout stressing the secondary passivation
filmto failure. It is possible that for a given defect density in the
secondary passivation, there are no defects on average over the snaller
footprint of the device-level PVDF patches in conparison to the |arger,

di -1 evels pdiRhil G i tid1chdl ¥ tn effBedidRAYe redRAPLURS RNt 25' 1S
Wit n be def

patterne(%lS In a region that can ef1 ned before or after deposition of
conduct i petch¢se(iralitidual Patclasabveringthdivid@digduices) v Ehel esritablesbtondemyr | aps one

entire end-region .of. nanotube el enment 25 form.n near - i C contact. At
The oppodrietlimeutualili et af efiip: oiticoa s iR P P sR e “Conduct i ve
el enent  20/DroxMRrjraAde A pRRiAGH RbRFBOINRAM opdtation. IPRith@Igheghapver | ap | engt h

40'. Controlled overlap |l ength may be for exanple in the range of 1 to 150

nm or i ARANY apgragen drermallysdecomposes thsrpyeilyiag BVPEdhenepagesrmdery control | ed
| 407 i The. npter | ol fograki
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switch 1 rto ose ove SWtc of figure
8A. WO 2@pidally 148CmeonGliAle/PA00EG), hls18683 de¢ddfipdaitiobein ehé s hptuassch{ 10’

illustrated in figures 9A and 9B intended to b i.llustrative exanpl es
of two- ¢ dEerEaRER TEnsGippuRe et NRAM BSHCBeo e pTRAcalitat | | o shadow

| at ches ygiuRg Po BRIPEIASaifMeS STihe LEORIEPHRIAGLHTRHIS, Bk d%-iEVE1 that can be used
in non-volatile shadows | atches are described in U S. Patent plication

No. ( TBApassivatedidesiges arooburaedvni gleciisaldy bibpulsey thealsvisprtyBigalewih And Met hods
O Maki Sl -7 £ i ) onmon

assi gneegggrg{ﬁgses %g){élsﬁ?%;{)gﬁ’%tsfe %dﬁkﬁlﬁlesqg%%megr?{b gﬁg@ﬂm%%gg@g% ncor por at ed
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Lat ches i.ng A Nanof ub itc 007 ' e, 10 illustrates a system using
monvol at et RoRuTs fie i eespaed AR Xt Sonsraf gt nei pl o5

descri begheWcbdpdsSisREE With@ debigel1Se] BPDRRBatHB. anlla RYIndhylpassiva@ighst er file

| at ches and | ogic architecture 900 include volatile master (LI) |atches

cor r espofilin 4y nobregeiratuch & bagsingrocedyry apdmali b operatefl fugis al4Bemnonvol ati | e
slave ( L?e)mperature directly at operating voltages. With device-level passivaton the PVDF is

patterned in the exact shape of the CNT fabric, typically 0.5 microns wide and 1-2
microns long. It is thought that such small patches can decompose without stressing
the secondary passivation film to failure. It is possible that for a given defect density
in the secondary passivation, there are no defects on average over the smaller
footprint of the device-level PVDF patches in comparison to the larger, die-level

patches.

[0071] In this embodiment, nanotube element 25’ is patterned within a region that
can be defined before or after deposition of conductive elements 15’ and/or 20°. |
Conductive element 15’ overlaps one entire end-region of nanotube element 25°,
forming a near-ohmic contact. At the opposite end of nanotube element 25°, at
overlap region 45°, conductive element 20° overlaps nanotube element 25° by a
controlled overlap length 40°. Controlled overlap length may be for example in the
range of 1 to 150 nm, or in the range of 15-50 nm. In one preferred emboAdiment,
controlled overlap length 40’ is about 45 nm. The materials and methods of making

switch 10’ may be similar to those described above for switch 10 of figure 8A.



| at ches; logic 950 corresponding to logic 50; and | ogic 960 corresponding to
logic 60 in figure 4B. [0074] Figure 10 illustrates a pipelined synchronous

| ogi ¢ archi {]$idds 601980 i ncluding | ogi @9stages 950 and QEgT&g%gw&gg%rs not

shown) separated by nonvolatile register file |atches 9 (and

ot her nonvol atile register file |atches not shown) designed for
state-of-the-art high speed operation and nonvol atile logic state or data
storage in de-powered register file |latches with zero active and zero static
power dissipation. Exenplary register 955 is conposed of a volatile master
(LI') latch ff)g'm anBwiches fQ ahdit ¢’ liBustlamd én {ipAys 9 Aot OB At indolled tolbe master (LI)

| atch 970 i, C osed. of yvolatile . register,. cells 1-n and,nonvol atile sl ave
(L2) latch lgﬁaﬁgge’@&%ﬁé’é ST B Féwﬁgfref g cabe USRI ool ati | e

regi ster styaggilé sha8GWRASRE udng & AAdoRTRAVCNIORRE EmPddimests oF SITNSEthhes, such as
nonvol atil e regi ster stage 980 conposed of corresponding volatile register

cel | k and caBhe gsegtin penvelgiikstsbadosws|latches arejdes¢ribeql ip b Katent Applisetien t hat | ogi ¢

st ages 950 ohpose. f og e npl e, or
oy be an dubaEPe sha” SR TR AR At D DR P SR R U¥noa S ET

exanpl e. A Maltiag Shife,Miifddedn dnlelvin daé Bdewitle hndisavit}] SdonBon®sighee 4sithg | at ch 970
accepts data frompreceding |logic stage. 950 during the first half of the

. . g tn
cl ock cycl @TeeneAPPlicatign, fhe conems ploviieh tiR dncamrosatedibdeia s e eRHEEPE t he
i nf or mat i onefeppbhie nonvol atile slave WD 2007/001642 30 PCT/ US2006/ 017853
(L2) latch at the beginning of the second half of the clock cycle tinme. A
nonvol atile slave (L2) |atch such as nonvolatile slave (L2) latch 975

accepts i nformat i ofystarsniVish Noovelatle Shadavy Letghescsing A)Nargtwhe S%@hat t he
begi nning of the second half of the clock cycle tine, transmts the

informatio t hegnext ol LOf or mati on

near the eﬂgbf)sf] tﬁlg@g%clg r%g@nu%fe? ta%?s‘??lﬁgggg g{)}g’%{&g e &tgl{e?rgﬁeslf%g%ﬁa'sﬁo nvol atil e
sl ave (L2) dngbebpeopmgatimsiples dascribtdwith eespdcaiefigures) 8A and 8B .dMonvigatilei gh speed
chip operatian. Lf wer s to be red d, .then_clock CLK i t opped during
t he second rﬁ%ﬁ@@?@ﬁé"s@{% lcﬁgf“@?mraef%@ﬁn‘a‘é@eavqlﬁa@e PagHt b iﬁ@a‘si n vol atile
sl ave  (L2)cot8épohdink fo Pil&ile e (TN latcHeS B i @@ 4B SichlvElafle steBYDL)at i | e sl ave

(L2) latch is transferred to _a nonvol atil e nanotube switch corresponding to

swi t ches gleichagplysic B gorrgsponding tajesic S8t ad legia 869 pyresperding © legie FRspondi ng
to dedi cat qgf%?fépllﬁ ng circuits 830, 830", and 830" as shown in figure 8A,
and descri bedl urther below. In anot her

[0074]  Figure 10 illustrates a pipelined synchronous logic architecture 900
including logic stages 950 and 960 (and others not shown) separated by nonvolatile
register file latches 945, 955k, 965 (and other nonvolatile register file latches not
shown) designed for state-of-the-art high speed operation and nonvolatile logic state
6r data storage in de-powered register file latches with zero active and zero static
power dissipation. Exemplary register 955 is composed of a volatile master (L1) latch
970 and a nonvolatile slave (L.2) latch 975. Volatile master (L.1) latch 970 is
composed of volatile register cells 1-n and nonvolatile slave (L.2) latch 975 is
composed of nonvolatile cells 1°-n’. A nonvolatile register stage is composed a
corresponding pair of register cells, such as nonvolatile register stage 980 composed
of corresponding volatile register cell k and nonvolatile register cell k’. It is important
to note that logic stages 950 and 960 may be composed of random logic stages, for
example, or may be an onboard cache such as a high speed Sync SRAM L1 cache, for
example. A volatile master (L1) latch such as volatile master (I.1) latch 970 accepts
data from preceding logic stage 950 during the first half of the clock cycle time,

captures and holds the data, and also transfers the information to the nonvolatile slave



enbodi nent, the logic state of nonvolatile slave (L2) latch is transferred
directly to a nonvol atile nanotube switch corresponding to switches 821,
821', and 821" as shown in figure 8 ) and described further below [0076]
Fi gure 1I'WOi280780WHbck di agram 1000 of "nonvol atil e regi B{BESH4ME788 age 980
illustrated in figure 10 and including a dedicated coupling circuit to
transfer the logic state of a volatile slave latch stage to a nonvol atile
nanot ube switch. Nonvolatile register file stage 1005 corresponds to
nonvol atile register file stage 980 shown in figure 10. Volatile cell k of
nonvol at i i ek [ [ 0 onds to

Vol a1 1 e tral R ek e g el e ok P Bt RO

Nonvol at idlavecE2) latch swih as@owadlatle blever @4) ktabro7biakeepsstinfpem@ B fsbmwan in figure

10 includes volatile sl | atch stage, 1015 w th out V nonvol atil e
nanot ube SFTREACRE ZeT (T iy i Dieepinngc! e iRl oy

I Nt er conNgeleitRNS traaR thdinfdrBdfitn thihe nexbiRipydtade 960, &RGh&H Bfchéd the St age 1005
has two nbdes of operation, a normal run nmode ~and a zero power |logic state

(or dat a)infeometiinaneat e erd efihe ssvondbaf pthewloghcysdaimei s di sconnected. [0077]
In the normal run node, volatile master |latch stage 1010 receives input
vol t age dri I ’ i (shown
furthor BO . Manptlelhr@rn A dpBbEs o2k SEfuktns (LB IRREERE: (%1045, vo

2007/ 001 Edgh GkePTp s e, F@8b3is th 8O 7B cadthan icloek €& stoppah st age 1015

receives jnput. fromth tpyt of volatile ster latch 1010, supplies
out put vcd_“f‘gégle\?@f?ﬁd }V’E Ogﬁl? pefAtisT fl’i‘}PPﬁ% eeﬂiﬁt in yplatieslayeer ed from
VDD suppl i gpiaRy. ROMBmbedinkdt, #egic VateifinbBvaihtaY Slal@lioh 1adeige 1015 is
coupl ed to nonvol atil e nanotube swtch 1025 by coupling circuit 1020.

[ 00791 Duransigrred torpsianivelatifernanethley sveichicoresponding & sveichenp®ile B2Rotvbl ati | e
retentio , e[ Q. ila.r i normal run
noder nagboretsatl SleAEE Sl TR RBUE 2l LBl BB R 0, T Ly
power soW30% and 838’ adwhowghin fikwe BAI, amd dasatbeddtiutior b2ld30.In Masthiel ati | e nanot ube
switch 102§ i s cgﬂqn]gct ed to. cou Ii.ng Ci E}(r:ﬁ'jit 1020 b%ge({%}:tri al connection
1035. [0(5’§t551_0d1ni1F“& OB AGOAB PHIE Save Grmdtieh BirysEed Grrdniofatile
nanot ube ;W d16ile ndfbiibe KRR kbx@&géﬁdi&%‘iotswh%& 423, 413 @Ne Gt skbvi® Vol atile
sl ave | atch stage 1015 by electrical connections 1040. A controller (not

shown) subpiEgiesBe paddesenbag) furthqs belgvam

[0076]  Figure 11A is a block diagram 1000 of nonvolatile register file stage 980
illustrated in figure 10 and including a dedicated coupling circuit to transfer the logic
state of a volatile slave latch stage to a nonvolatile nanotube switch. Nonvolatile
register file stage 1005 corresponds to nonvolatile register file stage 980 shown in
figure 10. Volatile cell k of nonvolatile register file stage 980 shown in ﬁgure 10
corresponds to volatile master latch stage 1010 with input Viy shown in figure 11A.
Nonvolatile cell k” of nonvolatile register file stage 980 shown in figure 10 includes
volatile slave latch stage 1015 with output Vour, nonvolatile nanotube switch 1025,
coupling circuit 1020, and corresponding interconnections shown in figure 11A.
Nonvolatile register file stage 1005 has two modes of operation, a normal run mode
and a zero power logic state (or data) nonvolatile retention mode in which power is

disconnected.

[0077]  In the normal run mode, volatile master latch stage 1010 receives input
voltage Vi, drives volatile slave latch stage 1015, is clocked (shown further below),

and is powered from Vpp supplied by power source 1045.



enabl e, restore enable, and set/clear enable pulses to coupling circuit 1020
as showmn in figure 11A Wen transitioning fromnormal run node (power ON)
to zero powsto 2onuinebkatil e retention mode (power OFF), epepessoghbhgsand
program enabl e pul ses (shown further below) are used to transfer the | ogic
state of volatile slave latch stage 1015 to nonvol atil e nanotube sw tch
1025 prior to reducing power supply voltage from VDD to zero. Wen
transitioning fromzero power nonvol atile retention node (power OFF) to

oo to VORIORE: | oy aie ke @Rl als fRa bR ARRARE BURR RSty The, O

bel ow) ar e nuseslatdh 1016/ pplicstobput Adiage Vo, & dbskee shovnifonivelbalow)e nanot ube
switch 1025 to volatile_slave |atch stage 1015. Normal run node may then

begi n. Vol #aY# RItHesd frqme Vop sprpbisy by/pperzortca fB13- Splasie SatriricR§t2ef ansi ti ons
bet ween norgpd isrcHgglgﬁ’g)%o?loﬂgﬁI%%El?otﬁ’tféWitcﬂqBY%FgEédgﬁaé eh&ft 120, mode usi ng

erase enabl e, program enab set/clear ena restore enabl e pul ses
as described further below, otherw se VEpR voltage is zero. [0081] Figure
11B is a blle¥91 di dguring tl@si@ion fbmmemmel ran made teggre pewerfridngolgtiage 980
illustrated_in.figure wherein the lpogic state of a volatile slave |atch
stage i o anseliyRleror SolPiPoRs! aiblssEh R miie Bablndie B Ronvol at i1 o
regi ster finbevalitigeanbldd'switclp1025Sip podisred GromoViMR kagplice by pagwet wurcki | e st age
980 shown in figure 10. Volatile cell k of _nonvolatile register file stage

980 shown ilA*3 thiRneb elesirical qomagrsiqnd 03Q Nogivaletile apeiubeswitp 1969 % 001642 32
PCT/ 178200@619%&%5%) c%@liﬁt{;‘ ci?&fi‘t%Zfé@}giecﬂcElrbohﬂéBﬁBn Yb3¥ shown in figure 11B.

Nonvol atil e cell nonvol atile’register file stage 980 shown in figure
10 includes volatile slave |atch stage 1015' w th output VOUT, nonvolatile
nanot ube sWP480h 1drzddifae tadeqtienp eendesitpn 103 éo penyplagia namstubaswiich n fi gure

11B. Nonvo ll@% lc&gﬁgﬂi c%rI:ﬁ'E l(Sid i€ al% ?&%eétgg ?);‘\{(gﬁ?% %l\ﬁgealtaa@@&%e ?61 ration, a

normal run node a zero power logic s onvol atil e
retention eledgicelrconhéotibnpA6r Aicentdoliee (ot slodvad suplie82lasd enableepnogranml r un

de, | atj| ter latch, st 1010 i .i nput. t VIN, dri
Tolatile orhple. Pt eatly 60 SYARE: cravlemplsfed PERuAg R AR a38Puty o
power ed fr enfiMbP 1 $HPWhHeR ehatytidOVEforh Qe rdiPhode (PoWBBN) WPLad bbwers| ave | at ch

stage 1015 receives input fromthe output of volatile master |atch 1010',

suppl i es oaPpRlatieratagen pody (Pqwer OEFRIeEase eaaidawndrnipgREcnalp gubses

(shown further below) are used to transfer the logic state of volatile slave latch stage
1015 to nonvolatile nanotube switch 1025 prior to reducing power supply voltage
from Vpp to zero. When transitioning from zero power nonvolatile retention mode
(power OFF) to normal run mode (power ON), and after restoring power supply
voltage from zero to Vpp, set/clear enable and restore enable pulses (shown further
below) are used to transfer the logic state stored in nonvolatile nanotube switch 1025
to volatile slave latch stage 1015. Normal run mode may then begin. Voltage pulse
(or pulses) Vepr are applied only during transitions between normal run mode and
Zero power nonvolatile retention mode using erase enable, program enable, set/clear
enable, and restore enable pulses as described further below, otherwise Vgpr voltage

is zero.

[0081] Figure 11B is a block diagram 1000’ of nonvolatile register file stage 980
illustrated in figure 10 wherein the logic state of a volatile slave latch stage is directly
transferred to a nonvolatile nanotube switch, Nonvolatile register file stage 1005’
corresponds to nonvolatile register file stage 980 shown in figure 10. Volatile cell k of

nonvolatile register file stage 980 shown in figure 10 corresponds to volatile master



and is powered from VDD supplied by power source 1045'. Volatile slave latch
stage 1015 is coupled to nonvol atile nanotube switch 1025 by el ectrical
connect i ' [0084] During trapsition fromnornmal run node to zero
power 2‘88 g@ﬁpje‘mretentl on node, or@§from zero power POHUBOUN17853 et ent i on
node to normal run node, nonvolatile nanotube switch 1025 is powered from
VEpR supplied by power source 1045' through electrical connection 1030'.

[ 0085] A controller (not shown) supplies erase enabl e, program enabl e,
restore enable, and settclear enable pulses to nonvolatile nanotube sw tch
1025' vi htciRige IOWHﬂdilﬁﬁutt‘éﬂqSWWmhfﬂg@?ﬁSllB)W@dV&l@ﬁreioehlk’ obnnecti on 1030' as

shown in figur, When tr nS|t|01ng ro or n mpde (power ON) to
zero pom%‘?nvﬁbﬁidleé‘ts‘ie} file SF@P@%&?W% Flugﬁsll‘ﬁn?at’e‘? gé@ lé'i‘fgbl e and program
enabl e pyh 1(58@191’1"'8@{;{{ ‘V&?H norRz% aﬁl@naﬁéﬁbywﬁcht 025" Asdoflesfdifin Cgogl c state of

vol atile sfTave latch Stage 1 nonvol ati | e nanotube swtch 1025 prior
t 0 r educintggcquoegions sipmrym\frgutea@@ Nwmlmreglﬁelzfdcetagdl\h@ﬁ lhasam tioning from

| I d
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enabl e anshvbRsileaeRnesahl g PUllEespdwediadisdonhédial, bel ow) are used to transfer
the logic state stored in nonvolatile nanotube switch 1025 to volatile

| | t 1015 d th Vol t |
SUrees) QRBR i bR mene ol ASRY s SHTIGE oo BPHar S b tade
and zer oyqQpe wMM%@Q% 133 Bagé HH3006 LR ShoiPRYRLAeldw®), F et ent i on

node using erase enabl e, program enabl e, 'set/clear enable, and restore
enabl e p%ﬂdsleﬁo%igredléfS?meeﬁJPP ed biepovirsisoiice H04%r wi se VypR vol tage is zero.
[0086] Figure 12A illustrates one enbodi nent of a nonvolatile register file

stage  cioogyl t 14004 HAle 1601 LERPRNDS o0 BORKN i . 61 oF Sdnafite| € st age 1005
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oper at i omastet latoh al10’y mpphudmtplmmdlt@e 2\&1@0, 1§)dwekmdl (ghgivan ﬁurthcrd:)e(mv), dat a)
nonvol atjle reten | atil e nmaster

o ten ot dnds peva Oy T Suplled b Saite, s YRR BEF Fisn el b Tot0.

vol ati | el(ﬂlsais&ohfiﬂe@tb sdnfgRtiki Hagotube Slifh 105 T Bsdlendsal tonneotiat 1049°.sl ave | atch
stage 1015, coupling circuit 1108 corresponds to coupllng circuit 1020, and
nonvol at || nan%Tube swi.tch, 1110 c rresp&nds to nonvol atil.e nanotube sw tch

1025 i n LOPF4 o Difing trapsiticn forg gprg R 2RO IBEEHE ol at i | o

nanot uberefaptibe Hlo@é,:'c@ from zero power nonvolatile retention mode to normal run node,

nonvolatile nanotube switch 1025’ is powered from Vgpr supplied by power source
1045° through electrical connection 1030°.

[0085] A confroller (not shown) supplies erase enable, program enable, restore
enable, and set/clear enable pulses to nonvolatile nanotube switch 1025° via Vgpr
connected to switch 1025’ by electrical connection 1030’ as shown in figure 11B.
When transitioning from normal run mode (power ON) to zero power nonvolatile
retention mode (power OFF), erase enable and program enable pulses (shown further
below) are used to transfer the logic state of volatile slave latch stage 1015 to
nonvolatile nanotube switch 1025 prior to reducing power supply voltage from Vpp
to zero. When transitioning from zero power nonvolatile retention mode (power
OFF) to normal run mode (power ON), and after restoring power supply voltage from
zero to Vpp, set/clear enable and restore enable pulses (shown further below) are used
to transfer the logic state stored in nonvolatile nanotube switch 1025’ to volatile slave
latch stage 1015°. Normal run mode may then begin. Voltage pulse (or pulses) Vepr

are applied only during transitions between normal run mode and zero power



and supply vol tage VEPR corresponds to el ectrical connection 1030,
el ectrical connections 1118 and 1119 between coupling circuit 1108 and

vol atil e sl aobBdogdyz stage circuit 1138 corresponds to pERetlibéfbsss
connection 1040 in figure 11A. Power supply voltage VDD connections to the

inverters in volatile master latch stage circuit 1104 (not shown) and

vol atil e slave latch stage circuit 1106 (not shown) correspond to power
supply connections VDD in figure 11A. [0087] As illustrated in figure 12A,
i nput node 1115 of volatile master latch stage circuit 1104 recejives input
si gnal VI N Boadolgiile yeientiogmesde using eease gpabls, Ripgtm ghablensstislearemiplecid to and

drives stor . %/PK_QS‘,' I s 1145 and
1150. Inputégﬁgngﬁﬁﬁ%g%?é%gg% Sfﬁﬁ%ﬁ%ﬁgﬁ?ﬁ%ﬁ? %gl C Qd%tgé[éieiﬁtzﬁogure 10. CMOS

transfer gate 1130 uses both NMOS and PMOS devices instead of an NMOS- only
transfer gdP@861f or FignmenigAd]luttmtes wge embodimentiydamohvglatdle tepistexride stagi ¢ " 0"

o1 (i nat i ngae B BRiePEEent aPRuGagFaRet B el ARG T0R 7'

conpl i ment aXyhvelabitekehihrilk ktide 180(Ehas w6 ehotles Evpltationra ddr@elkuh Ripde signal Vim
on input node 1115 fromdriving storage node 1135 by turning CMOS transfer
gate 1130 aGRdamgrogomer fogis sl (o ded) penyplallorgientionygpds g vHelROW it e of cross

coupl ed C'ti‘?cjoﬁl‘{e%feﬁe Rﬁ)la}ﬂeaﬁa&&qa%lﬂ'e se %@ lﬁbff‘gor?és*:ond.k W“f‘f}%‘gé thalef CMOS

inverters unless otherw se speci inverters 1nc a PMOS pull-up
devi ce conrletch etdge 014, paatde slauplaich stagedirauitNNIOS cpuédpouidsiin vdletilestave connect ed

t d and di inth f by.HB. Bakoglu, WO
2007/ 601643251 SRR OIS SosbBp SFMRT 108 pitresminds ® FHEERE sishilioPs 8 ana
Packagi ng fronvolkiBk nanobeidi ss@ah V) @yrepialds shiohgolafleaastibe dwitch 10996 pp. 152

Cross coupled inverters 1145 and 1150 drive storage node 1155 which is
connect ed tfguenid tHlegtdgab ponggetion1lldd between ponvolatilapmobedwitcheddlr y ¢l ock
CLKb are usgdsh | [%Q}J r i : fromdriving
master |atch sst@égvﬂgd g‘%gﬁ%n% n? %@ne?ér%ﬁ %%@n?(tftgﬁgfog?%geggr ;eé?mo ON and
OFF. [ 0088]congectibhsubitl8 aneé di1 1%-betwepnrcouplng, circwip i1 O andevolatikslave lsto at i | e sl ave

| at ch stage i rcuj 106, which is also the o 1 Hode. of er latch
stage ci rcusltatg%fgf)%{, f]é)r%ic\gggspopéﬁltgrelegpcﬁcyapec?xﬁg'féﬁjgl {2t 5?1%‘%\%% t% }er 1170 is
out put vol tsapsly Voltilge Ofhp@shdétiond ehe ihdeters iarvdlatilsadidrilvels sthfeeciicoput  of
i nverter 117%. Qut put signal .VOUT corresponds to

1104 (not shown) and volatile slave latch stage circuit 1106 (not shown) correspond

to power supply connections Vpp in figure 11A.

[0087] As illustrated in figure 12A, input node 1115 of volatile master latch stage
circuit 1104 receives input signal Vg and drives CMOS transfer gate 1130, which is
connected to and drives storage node 1135 formed by cross coupled CMOS inverters
1145 and 1150. Input signal Vg corresponds to Viy from logic 950 in figure 10.
CMOS ftransfer gate 1130 uses both NMOS and PMOS devices instead of an NMOS-
only transfer gate, for example, to ensure that both logic “1” and logic “0” states
transition between full power supply and ground voltage levels by eliminating device
threshold voltage drops. Clock CLK 1140, and complimentary clock CLKb 1140’ are
used to enable or block input signal Vg on input node 1115 from driving storage node
1135 by turning CMOS transfer gate 1130 ON and OFF, thereby determining the
logic storage state of cross coupled CMOS inverters 1145 and 1150. Note that all
inverters are CMOS inverters unless otherwise specified. CMOS inverters include a
PMOS pull-up device connected to a power supply, and a NMOS pull-down device

connected to ground and operates as discussed in the reference by H.B. Bakoglu,



VoUT in figure 10, which drives an input to logic 960. The output 1180 of
inverter 117"+ is connected to CMOS transfer gate 1185. O ock CLK, and
conpl i men CLKb are used taggenable or block the esence of a

f eedback W%Oﬁ%?@gcr oss coupl es m?étrters 1170 and 1YY &%H]@ﬂ 01g8bl ed.
During normal high speed operation, clock CLK swtches at high speed, 3 Gz
clock rate, for exanple, for the 130 nm CMOS technol ogy node. Inverter 1190
produces the conpl enment CLKb or clock CLK. When storing data, CMOS transfer
gate 1185 is ON and inverters 1170 and 1175 forma cross coupl ed storage
devi ce w ‘Gircmim;lh1td1&&ﬁleatmctrisr@dd%acmgmgfoay%ﬁ’oAddisméi%stayﬂﬁblishi@sf er gate

1185 is rte 70 a 75, ar coupl ed and do not
forma st gy, 1%8 %ﬁséﬂu@‘fcéﬂ erters ﬁlLfLB ﬂ@gga‘é $ed to

nonvol at Inb@e_1mrma1b@ c'éﬁ\ﬂlécEela td EMO® YraksBdtBated 60 C1oblt CLKleQﬁ [0089] As
illustrated in figure 12A, nonvol atil e nanotube switch 1110 is connected to

pover suspmplimentarocki KD aiieivatd ©epple esbleclasered fngigstaimnode 11 8st or e
vol t age %n’?&q&ﬁ%nﬁ&%ﬁ%ﬁh sfise h fe“]‘f?@%o%ﬂ%ﬁlﬁ]@fﬁ’ E&%Pe@g%ughg@ ting node

sel ected " uUsI ng i'ng CI FCuUI nan be " sw ch 1110 is
al so connad OFF. t 0 node 1116 of coupling circuit 1108 using el ectrical

connection 1114. Coupling circuit 1108 is connected to volatile slave | at ch

< hed IO ogr A et Gl RN B v PSR IS ket estor e

node. [ OQBEJit AR06, Wwhish g AkSehe bbitpht ﬂiﬂe%fﬂ;ﬁé’tcrﬁ@ﬁ@{zﬂgBGH@lhfﬂMtdrMeQS i ncl udes an
erase function. The erase circuit includes NMOS transistor 1220 with drain

connect e@WW@@OﬁW@@H‘E&Ql%ﬂﬁdﬁﬁwwwmﬁéfovc@ﬁﬁﬂwuh% 1116, source
connect eqléi? 288 QB driv@nfe | Qfﬁflg@egﬁ r $913N8 fpﬁfimgl I fEﬁ%gorﬁi{%@@' ing pul se

[ 0091] As l'ustrated in ure coup ng so includes a
pr ogr ammVagr frufigitre 60, which dmivelagn Mymetctlpgin%&t'ﬁhe oLERO 1480 of idvexien connected to

conmon n 1116 ted t ratp of. seri.es N transi stor
1225, ﬁfgﬁtc n@&%ﬁ&%%ﬁ% %&rgr# '2@8%? @Lf{n?ﬁﬂcm@éﬁ BLTKRIES  r ansi st or
1225 al sclilktsare &ssdrtsenamm&aﬂb&dhé Prefénoel bfla feadishcll ddp tEAUAGS ceplé® node 1180
of volatile slave latch_ stage circuit 1106. Transistor 1225 is used to

refl ect NErteisdild0 aachildSovhepspahled. Dusing permal highspesdRperationedlpdk 1106. 1f node
1180 is i r@sik@Bs Xt%él?ﬂ)%ed,\ém Qchlgi‘a?éfPér%xalhﬁﬁpfor the 130 nm CMOS

technology node. Inverter 1190 produces the complement CLKb or clock CLK. When
storing data, CMOS transfer gate 1185 is ON and inverters 1170 and 1175 form a

cross coupled storage device with node 1120 acting as a storage node. When CMOS
transfer gate 1185 is OFF, then inverters 1170 and 1175 are not cross coupled and do
not form a storage device. Slave latch stage circuit 1106 is coupled to nonvolatile

nanotube switch 1110 by coupling circuit 1108.

[0089] As illustrated in figure 12A, nonvolatile nanotube switch 1110 is
connected to power supply voltage Vepr, which supplies erase, program, or restore
voltage pulse (or pulses) as required by the corresponding operating mode selected
using coupling circuit 1108. Nonvolatile nanotube switch 1110 is also connected to
node 1116 of coupling circuit 1108 using electrical connection 1114. Coupling circuit
1108 is connected to volatile slave latch stage circuit 1106, where electrical
connection 1119 connected to node 1180 is used in program mode, and electrical

connection 1118 is used in restore mode.

[0090] As illustrated in figure 12A, coupling circuit 1108 includes an erase

function. The erase circuit includes NMOS transistor 1220 with drain connected to




transistor 1225 is in the ON state and can conduct progranm ng current.
However, if node 1180 is at a |low voltage, zero for exanple, then

transi stor W2PHoT/@1é4a the OFF state ard cannot conduct pepgERIMAgCUrTrent .
[0092] As illustrated in figure 12A, coupling circuit 1108 also includes a
restore function including PMOS transistor 1240 with source connected to
common node 1116, drain connected to drain of NMOS transistor 1235 at
common node 1237, and gate connected to a restore enable input. The source
of transistor 1235.i nnect ed t round and the gate i onnected to a
Set) cf ear - SHABIE Bof EHS s ot o M anil Ga BB B 6 e 1320
of vol atil engllia¥@ulsat ch stage circuit 1106. [0093] Wile in normal run node,
coupling circuit 1108 is inactive, and nonvol atile nanotube switch 1110 is

not powered by V&PR and is al so decoupled from volatile slave |atch stage
circuit 110809 Henchs illygraied indigyeesk2ey. coupling caeuybblaSialodpeludes@s  and vol atil e

slave |a C@é%&ﬁ%n@'fﬁﬁéﬁoh o PRI Fadsfhid? 1996 g}Zth ggéh?&‘ﬁﬁ@&ﬂe@&? )

synchroni z ogl c “nast er ave register run no operation at high speed
cl ock rat esmmopmodal 116, SuBtdrconmtctdul (VDS draih.oB sarips NMOS dransistgi £229¢ oduct s

fabricated usi t he 0 nmtechnp] Q de. 4] Ln un node, at
the begi nnPERF cStert i 4 POEBE SRgea T et r MG arafer 22 Asg BN b to ow
vol t age andotireé@dnscted tol @¥aniohiPgife hedtéiBtoldonis 1 18t tTvoldig: sileqgtkh cycl e, and
complinmentary clock CLKb 1140' transitions fromlow to h‘l@gag_1 vol t age and

1

remai ns at SHEYRIred k19§l pasistomi22p jis used ratefle@ithe lngic stagc®d eslavenvos

transfer deui : i i de 1 VINto

st orage nogée{é%ag%%%l%ﬂ@ﬂggg@%%%B%ﬁ%@%ﬁﬁ%%gﬂ% %I}ansfer devi ce
1160 t ur ns t@RdEstant2259oingheON diete and @ntconducy plogtanimingestrant. Howéweh iSt age
circuit 1104 f .the input node 1120 of volatile sl .latch age circuit
1106. In ngP%ﬁ%ﬁ%a&vo F%Fe%erenjﬁ?% Sxatplsy et ransiedy e P 192 of

vol atil e skawandaheddt SéRBIEt fibgamkdingdd¥fent.Cl ock CLK i's connected to CMOS
transfer device 1185, and conplinmentary clock CLKb output of inverter 1190

is also co ed to CMOS transfer device 1185, such that CMOS transfer
devi ce al 5261@%& ns Atiugirateddn figureni2A. ceuniing cicwbl 108k iadndesidestiofeput 1180 of

inverter 1hiRigh thcldifngd PNIBS u:al;:lagtop iz\lé!.IOrWiﬁ{ {dRfce chhddied s Bohhdh nb@de 1120 does

not act as a storage node. Voltage VIN may transition to a voltage val ue
cor r espondilAlp, derin henneeted tocdraingd NVIOS ditansiston/1 335 b cqrminon nods 123é, andd of

gate connected to a restore enable input. The source of transistor 1235 is connected to

ground and the gate is connected to a set/clear enable input. Common node 1237 is

connected to storage node 1120 of volatile slave latch stage circuit 1106.

[0093] While in normal run mode, coupling circuit 1108 is inactive, and
nonvolatile nanotube switch 1110 is not powered by Vgpr and is also decoupled from
volatile slave latch stage circuit 1106. Hence, volatile master latch stage circuit 1104
and volatile slave latch stage circuit 1106 operate in a normal (conventional)
synchronized logic master/slave register run mode of operation at high speed clock
rates, typically 3 GHz, with Vpp = 1.3 volts, for logic products fabricated using the
130 nm technology node.

[0094] In normal run mode, at the beginning of a clock cycle, clock CLK 1140
transitions from high to low voltage and remains at low voltage for the first half the
clock cycle, and complimentary clock CLKb 1140’ transitions from low to high
voltage and remains at high voltage for the first half of the clock cycle. CMOS
transfer device 1130 turns ON coupling input node 1115 voltage Vy to storage node



the first half of the clock cycle, providing sufficient time remains for
cross coupled inverters 1145 and 1150 to store the corresponding |ogic
state on storage node 1155 prior to, | ock transition at the beginning of
the seconYWORAYFOYH2t he cl ock cycle. [3095] | n nornmal rRET/HBWes01688ck CLK
1140 transitions fromlow to high voltage and remains at high voltage at
t he begi nning of the second half of the clock cycle, and conplinentary
clock CLKb 1140' transitions fromhigh to | ow voltage and renains at | ow
voltage for the second half of the clock cycle. CMOS transfer device 1130

turns  Orf35esfupkdfider RRRE 1168 UFF Ml ikagss Mk buiphPoh wianeg@sigode 1135,
which remains in a state corresponding to input voltage VIN at the end of

t he fi rsiatdhedtdfge ofrewin &l fouk thedypit apdeahi@0f solatjls stayd datdtl Sageraarenitns in a

conplinme state to storage de 1135, AN r.devi.ce 1160 turns
o Bnd 't Pt R b dpdlee BT S et o miGR R b e SHE e o
1170 t hatlagh latchStagel tivellit NOEECIdckASLK & conheiidd toaiNIOgaradSiel devagedi 188) so dri ves
the input of inverter 1175. In normal run node, clock CLK is_connected to

\ ! ! | ock

nmode i np@id complinmtagy pleek CEKE ogtput phinvertes d 1Ybis glspconpecteddg CMPRck CLK is
connecte [%gg§ ' , [ i ck CLKb out put
of invertngS?efl ggggggg%g%mggggﬁ%%%gg{@gﬁ evi c 1%85, such that
CMCS t r afesfilack gethibebverh sl outpurt A$80Df ihosrter M7 dnd themgbalROpditveeat ween t he
out put 1 of  i.nverter 75 and the input. 1 of,inverter.1170 such that
nodb. 11261 Rich Y E5dsrgPd éek il s sragbiede: Nolngt U BEUFESIPNZS ¢ ur ned O,
out put 1&18@vdlﬂcaﬁé MBS E@tespdn@ingdb kheoricbogib Bldte Ay timd PRI t@the bAdOf and st ores
the state of slave latch state stage circuit 1110 until the end of the

second sthgdistdpliof theleskieyelparavidipg spifigiend e aemains foreosse@pbdo17853 [ 0096]
While in; YL 4 Q8 [ tqi node,

coupl i ngmﬁi&?%lsj?? 116181q|92€?%glg?ifevéo?{eﬁlgﬁgg%é%?gﬁiﬁ?ﬁgkﬁ%%@iﬁetléﬁﬁ1110 i's not
power ed pejor tWEjwRk tramitionsat dhestmeghmingafiltiecset omairhalfaif e dlecksdyalee | at ch st age
circuit 1106. Volatile nmaster |latch stage circuit 1104 and vol atil e sl ave

| atch st I rGui I ' . at | . 7] I'n
oper at i oﬁ@ggﬁenw?@aﬁéﬁ%% oﬁ?%%c?glg%ggofrlﬁglﬁéﬁ%&ﬁo&gﬁ Ogy g)etbgh ‘f)(g)l\%grg
nonvol at addremaing at high volabe at the bpginnige of the sedond hal ofittstcldckapslb andt he | ogi ¢

state from .yol ati | I ch stfage_circuit 1106 to nonvol atil e nanot ube
swi tch 190MePIHRTGY Cﬁ’ﬁgm L& u‘ifﬁ’élﬁlo%E&PmA%g folpw ek AeRAPRor ms 1250 in

figure 1RR voMabd forMRREONd half of the clock cycle. CMOS transfer device 1130 turns
OFF decoupling input node 1115 voltage Vv from storage node 1135, which remains
in a state corresponding to input voltage Viy at the end of the first half of the clock
cycle, and storage node 1155 remains in a complimentary state to storage node 1135.
CMOS transfer device 1160 turns ON and transfers the state of storage node 1155 to
input 1120 of inverter 1170 that drives output node 1125 to output voltage Vour, and
also drives the input of inverter 1175. In normal run mode, clock CLK is connected to
mode input 1192 of volatile slave latch stage circuit 1106, clock CLK is connected to
CMOS transfer device 1185, and complimentary clock CLKb output of inverter 1190
is also connected to CMOS transfer device 1185, such that CMOS transfer device also
turns ON forming the feedback path between the output 1180 of inverter 1175 and the

~ input 1120 of inverter 1170 such that node 1120 acts as a storage node. With CMOS

transfer device 1185 turned ON, output 1180 of inverter 1175 drives the input of
inverter 1170 and stores the state of slave latch state stage circuit 1110 until the end of

the second stage of the clock cycle.




remains ON, clock CLK is stopped in a |ow voltage state, with conplinentary
clock CLKb in a high voltage state, Wnere a high voltage state is at VDD

(1.3 to 2.5 wolowpofeaxr exanple) and ?, 3T ow vol t age st at edrbochHersss Vol ts.
I f nonvol atil e nanotube 1110 has not been erased, and is therefore storing
a previous logic state, then coupling circuit 1108 is directed to perform
an erase operation, followed by a programoperation. If nonvolatile

nanot ube 1110 is in an erased state then program node is initiated using

| ircuit 1108, .[0098] Du th t bl
Sol S 1 Lans 5hs PPBIars Pover et Beita S BRb Ry G SRy exanpl )
turning trapsiphhPbirdk2Q0 RRGvEIRYVShME nafor@RNGHER 11D REbPpRRLUESN node

1116 and ground as illustrated in figure 12A. Program enabl e vol tiage is at
zero vol t s, Veradsi isalse dqcz:gpledf.,rom:\mlat ﬁda‘tehletcb sfage W@Cﬂltddﬁﬁu‘éttlﬁtﬁg pat h between

node 1116 afd. or guRde. e, 80P APl R A0Rh 0L B fibaBonke 2.5 vol L,

for exanple ransis ere s no con °¥Vl ng path from
node 1116 tklrp@ugsf‘aréatemﬁjﬁdl@r 1240. Al so, set/clear enable voltage is also at
zero volts, transistor 1235 is OFF. There is no conducti ng path between

conmbn node @i@? i‘i?d node 1116 or rour% F@Pat the state of volatile
sl ave | atchl PREAM oD, W @Btmé‘tglt BUE OHEP Homofede ZeBPAVeIA VEPR er ase

vol tage pul ﬁ&@fatmehﬁdiﬁ%o&@cb@hng@ﬂédlﬁﬁo%%ﬁ&@ﬁ&%!f&%é BeiRANQIHAR SWitch
1110 term nal. The resistance of transistor is much less than the

resi stance wélatiloalane htthsegnam@nhﬁ@6§wmrwnla111e1@noebe pwitéh 11d@ibefoie 1110 is in
the ON stat ' r ws between
node 1112 Frei e A s Taled L P2 T by B 2 okl e
channel of fovalinsa®is) déorCLIR 2%tdpped inoallosh, voltage maev\oilﬂatdﬂqﬂhﬁmmy dloek swi t ch
1110 is WO /.00 2 38 PCT/t1JS2006/ 017853 swt to th F er ased)
state. If s %@vpgageﬁtatt%gv lugh veltage st aFeelFrﬁfQ {1rp ttot?eéa" Ffoéerased_)
state. Not ee;tattﬁﬂe)rag@mvmlta%e @@{é% s.t%mwmtsctt nddvatBYaddfiB 13 8EEhs3ot 2Ny i me
prior to progranmm ng. swtch 1110 is known to be in the erased state,

t hen progr bepicraged and Wrﬁforqmgaﬁt peyiouHogisstate, ithenicouplingsitaringlQ® certain

Aopi . No. g G Rl GoliRGLINBRel Oy BREUER oSGl 10 e,
Nanot ube Demrwe]aule&mdotﬁbeslﬂmdsmm&etd& Ben Medgrany nisderss. ihitip@AaShg Not e t hat
during the erase q ettaltl'bgn, transi stors 1240, 1235, and 1230 are

coupﬁng circui

[0098] During the erase operation, an erase enable pulse transitions from zero
volts to Vpp (1.3 to 2.5 volts, for example) turning transistor 1220 ON and providing
a conducting path between node 1116 and ground as illustrated in figure 12A.
Program enable voltage is at zero volts, transistor 1230 is OFF, and there is no
conducting path between node 1116 and ground. Restore enable voltage is at Vpp (1.3
to 2.5 volts, for example), transistor 1240 is OFF, and there is no conducting path
from node 1116 through transistor 1240. Also, set/clear enable voltage is also at zero
volts, transistor 1235 is OFF. There is no conducting path between common node
1237 and node 1116 or ground, so that the state of volatile slave latch stage circuit
1106 at node 1120 is not disturbed. A Vgpr erase voltage pulse of amplitude Vg is
applied to nonvolatile nanotube switch 1110 terminal. The resistance of transistor
1220 is much less than the resistance of nonvolatile nanotube switch 1110, even if
switch 1110 is in the ON state. If switch 1110 is in the ON state, then current flows
between node 1112, through switch 1110 and electrical connection 1114 and the

channel of ON transistor 1220 to ground, and nonvolatile nanotube switch 1110 is



all OFF, isolating nonvol atil e nanotube switch 1110 fromvol atile sl ave

| atch stage circuit 1106. Therefore, the erase operation may be perforned
any tinme during the normal run node without inpacting the performance of
vol atil e YOA%4En stage circuit E%BG, and can t her BEBPUE20pE017E e
transparent to the logic operation of the device. [0100] As illustrated in
figure 12B, during the program operation, a program enable pul se
transitions fromzero volts to VDD turning transistor 1230 ON, connecting
node 1116 to the drain of transistor 1225. Transistor 1225 is OFF if node

1180 of v@itahddl 6 1! @Me(elr@a?fsta%é.qﬂ@viedhr1qmb is iA HOOFB stafe, A rdhy/Rlthege, zero
for exanple. Transistor 1225 is ONif node 1180 of volatile slave latch

stage ci Q¥ (erasad) Gtates Ngte that nepyeiatile nergiebe swiboh b0 manhppresedmtery t he program
enable p ransiti I Zer : ) I of anplitude
Vb (5 vorvEPrif RoklsBins TERAR 1010 bR g8 el B ) )2

t rgnsi st @lfogi::allzﬁirigé‘caﬁ]fgbinﬁrhmdiﬁlﬁlyCLEraﬁmthﬂuli(h\ﬁ&)rdilﬂg to {Bragl a?m' ng takes 8' ace,
and nonvol atil e nanotube switch 1110 remains_ in t F oP erase

State. HEWBeGmenisrol fl}eaﬂgqng%ﬁreflf%ljﬁﬁé “tﬂ_,eat{:l’rﬂﬁtﬁﬂlclﬂgf%%:“‘tﬁqt &%’E rogrammi ng
takes pl apga) 3k M%andkggﬁég;&fi‘tﬂﬁ HfRled iy 6reltih® NARRRHeDLRRs f rom an - OFF

(OPEN) state to an state. Programm ng stinuli according to
certai n émddystemstimddviethpds OfiMeking Samai’e described in greater detail in U S
Patent Appln. No. (TBA), filed on an even date herewith, entitled

" Tuo- Ter 1B NNOR o BRLE S ARG R BRC B Pt Mg Sare

[ 0101] t he  program®pera n,r e erase €na age 1s held at

zer 0 vol &R OF ibolatiag abmiotutileliA0tubs s¥ltth 11A0Smm télatile skvetatchestapel e vol tage i s
hel d at VDD.Sf th,g]téqrvp 2007/ 001642 .39 PCT/ U%?OOG/017853 trapnsi stor 1240 is
OFF. Al s&Tcuei08 Bhgreforss g eaasg GPEragen may prpeiogmed apntime dvog@Pst or 1235 s

OFF, - suchiofiatudibie o LBEIATE BRYeAbIRcE 57 RAAIL Bty l:@KQRge | n operati on,

when transitioning fromzero power nonvolatile retention node to normal run

node, co@ituintl06i andidan therefgrerhggnade tepnsiragant torbe Jogifl epesatignof theom nonvol ati | e
nanot ubeB%yﬂjé.ch 1110 to volatile slave latch stage circuit 1106 after power
supply VDD'1's restored, but before clock operation begins. As illustrated in
figure 12C, even after VDD is restored, clock CLK remains stopped in a | ow
vol t age $0180F, whg itlusteatedihifigeret 2By detingthe Gtagmm npeaatiingh pragrdrage st ate, where
a high Vgrlla%b?ggulsset t?a{n%itiiorsls Bhm zero volts to Vpp turning transistor 1230 ON,
connecting node 1116 to the drain of transistor 1225. Transistor 1225 is OFF if node
1180 of volatile slave latch stage circuit 1106 is at a low voltage, zero for example.
Transistor 1225 is ON if node 1180 of volatile slave latch stage circuit 1106 is at a
high voltage, Vpp for example. After the program enable pulse transitions from zero
to Vpp, then a Vger pulse of amplitude Vp (5 volts, for example) is applied to node
1112 of switch 1110. I transistor 1225 is OFF, then no current flows, no
programming takes place, and nonvolatile nanotube switch 1110 remains in the OFF
(OPEN) erased state. However, if transistor 1225 is ON, then current flows,
programming takes place, and nonvolatile nanotube switch 1110 transitions from an
OFF (OPEN) state to an ON (CLLOSED) state. Programming stimuli according to
certain embodiments of the invention are described in greater detail in U.S. Patent
Appln. No. CI'BA), filed on an even date herewith, entitled “T'wo-Terminal Nanotube

Devices And Systems And Methods Of Making Same.”

[0101]  During the program operation, the erase enable voltage is held at zero volts

and transistor 1220 is OFF. Also, the restore enable voltage is held at Vpp so that




VDD (1.3 to 2.5 volts, for exanple) and a |ow voltage state is at zero
volts. [0103] As illustrated by waveforns 1300 in figure 12C, during the
restore operation, a VEpR pulse of anplitude VDD (1.3-2.5 volts, for
exanpl e) i swappbitethsto terminal 1112 8f nonvol atile nanetubsoesnitsskh 1110
illustrated in figure 12A. Wth clock pul se CLK at zero volts, CMOS
transfer gate 1160 of volatile master latch stage circuit 1104 is OFF,
isolating volatile slave latch stage circuit 1106. At the beginning of the
restore operation, the restore enable level applied to input 1192 of

inverter 1 . @Y?é r f 1S - I i ment at
t he out put ]tg SliSt?ijgieizr er *18%33%3#%1&@%@%%6%% erergzgik? %Ar%%gg,cﬁ?ur n CMOS
transfer gé&t OFF1&0h Gt oM thie programsdperatigaisenddl8® ON, out put 1180 of inverter
1175 is electrically connected to input 1120 of inverter 1170; a storage
device is f d wth 1120 as a st.grage.node. Wth restore enable voltage
at VDD, ¢ r A or IepgOT vepem oy RS PO BPE IS B o 15,
transi stor pgo hdrkdt hin Hb&, 86 Y1R g LhEIEPIMIRMsDRAR ek 2R/ o¥R staAIRomS det er m ned
by node 1120 of volatile slave | atch stage circuit 1106. After the

rest or at i orhogyolpidaapnotehesplitzh d dHhiecwolasite slayemeh stage/wircaitilLeo sftapeweat ch st age
circuit 11 e. ol t . rQ ; L~ he
transiti on%(g?plg/%dﬁﬁl%%egtggétqa%@z)efﬁ% %@Cl%//%ﬁefagfg%g b%%ffz' %as ﬂl@é&a}é ?:? Iégl Jgﬁlazgl’ e pul se
turns transived after M3,35s fBtorainclotioGEKdRRink stopudded 16w voltapenthte, (dthr o vol ts) .

Set/cl ear enabl.e pul se is en turnped OFF, |eaving.storage node 1120 at
zero vol ts.CONQL%nFE i ]IeIEBH}%hlﬁﬁl"%]éagﬁSfé‘F?sW prsracuigh vl ateds gy ound. CMOS

transfer 9@3?6(1.131@525%1&,%9@&@5@5@@%&9%&_@ﬁmﬁ@ﬁ%@&%mth bet ween

inverters 1175 and 1170 such that node 1120 is no | onger behaves as a

storage node. At the sane tine, transistor 1240 turns ON and connects
nonvol at i | d0HB ot ubeiliratedby wavefemsidae in figwe 12 tdusige sl 188tPIee nanot ube

switch 111Q LSy t ( 40

CT] US2006 8752 * BT AR 3 R P SRR 0 e
1120, the iternputal 312 ofrenyelatile hdfiotubd switch\udl @illukteatedindigube 1 2MiWigh 1110 is OFF
(OPEN) then. node 1 remain ound. Vi transfer gate 1185
OFF facili tcéqCEQH{Sﬁﬁgce%ttZSWevoitﬁg(?w S%E%ag%éngg%ge @ﬁsﬁ?fﬁfr&glas“f‘%e?ough
nonvol ati | eirganeto4ae OFwW is@ntiaglmamelsmvm&htsm?e cho@t 1106nNAtthe be@dnial | nverter
1170 input, and does not have to overcone a | atched storage state. Next,

when the r &$ihsresterapeatipn therestprrapble &ivsl appbied odrpntvdP? ef ingertar A1 - ovos
E ' ggsf er 9ahe CMES thiiltSzaf ®8Ys 4RE, 2 it Shfplithebldt tilBsAutlof ireRLSd on node
1 1190 applied to CMOS transfer gate 1185, turn CMOS transfer gate 1185 ON. With

transfer gate 1185 ON , output 1180 of inverter 1175 is electrically connected to input

1120 of inverter 1170; a storage device is formed with 1120 as a storage node. With
restore enable voltage at Vpp, transistor 1240 is OFF. With set/clear enable at zero
volts, transistor 1235 is OFF; therefore the common node 1237 voltage is determined
by node 1120 of volatile slave latch stage circuit 1106. After the restoration of power
supply connection to Vpp to volatile slave latch stage circuit 1106, node 1120 may be
at a voltage of zero or Vpp. After the transition of Vgpg to restore pulse voltage Vpp, a
set/clear enable pulse turns transistor 1235 ON, and node 1120 is forced to ground
(zero volts). Set/clear enable pulse is then turned OFF, leaving storage node 1120 at
zero volts. Next, restore enable pulse transitions from Vpp to ground. CMOS transfer
gate 1185 is turned OFF, breaking the feedback path between inverters 1175 and 1170
such that node 1120 is no longer behaves as a storage node. At the same time,
transistor 1240 turns ON and connects nonvolatile nanotube switch 1110 to node

1120. If nonvolatile nanotube switch 1110 is ON (CLOSED), then voltage Vgpg on



with the conplinent stored on the output node 1125. Transistor 1240 turns
OFF and decoupl es nonvol atil e nanotube switch 1120 fromvol atile sl ave

| at ch stag@ ﬁ@r%wt 1106. The restong operation is estimated to take just a
few nanosBOMUEM % r el run  node then begins. [0104] PGFUBYO¢HESS3st or e
operation, the erase enable voltage is held at zero volts and transistor
1220 is OFF. Also, the programenable voltage is held at zero volts, and
transi stor 1230 is OFF such that only the restore operation is enabl ed.

[0105] Figure 13A illustrates a second enbodi rent of a nonvol atile register
file stage plimesjiqiph&&ﬂﬁ)oughhahs@taf Imn@md&e 1 20Nt Veua bl Ingemte@gilgoer file
stage 1005 in figure Nonvol at i regi ster file stage 1100' has two

nodes of Ifdk?@?’%lﬁ'iﬂérﬁlan%ubf‘oﬁ*‘f’fﬁh 1130 is OEH)@EP hep poded 120 wanainsyi ¢ state (or
dat a) ”ng"ﬁh@t]hl fFavk rcw t f%%ggaté'fl%ﬁﬁféﬂﬂ%hlfe? s%ré% Ba6&i ed. Vol atile

mast er st'age corresponds to Fatt I8 mast er | at ch stage
1010, vobedau*eevod;ﬂagwmpbh&cbﬂhrcmghgenmlatﬂmhanomﬂae6W1tchnilIkﬁscpﬂmﬂ&s the volatile

sl ave Iatc st age cir 08' corres coupl i ng
R IR A S LI A s SR ST v B G

nonvol at kfofagh anet Nef, whih {he Resldie/endble pul @tk sitibhs fr&h%idmt@lto vppnection 1112
bet ween nonvol atil e nanotube switch 1110' and supply vol tage VapR

cor r espoR&EO? Harsfergaie AP tuwahereend thalopagate (@|data) Fsl SéQde eDA ]t1|28ns 1118,
1119°, apghy {fg&{%gﬁﬂ&?&oﬁa%ﬁl &{t%dt nﬁ&'é %12]51913@41151@93912 'uﬁfs Olﬂ-?oﬁ g@ve latch

stage Ci rcui correspon rrca connec I'n figure
11A Poméercoapﬂpqohgnvmmlule&gmoﬁdm)swmmﬁdo|fmm;vdilatﬂb kiave Iumsr@escncmt vol atile

mast er stage circuit 11 not .shown). and vol a sl ave |l atch stage
R e e e Y
figure 1li@de iHeABBdiné)s illustrated in figure 13A, input node 1115' of

vol atile master latch stage <circuit 1104' receives input signal VIN and
drives CMOS transfer gate 1130, which is WO 2007/001642 41

PCT/ us208H08h 73ring dhmestorprerstigndheipriranable yolage in Beld 22688 voltor ned by

Cross Ccoup @ths{MPP2oMURSHIE WIso, fhk ogrérﬂ@n&lﬁ'lé@olta gle RO 3 AR 01N ghoCOT T €sponds

to VIN fromlogic 950 in fi gure CMOS transter gate 1130" "uses both NMOS
and PW@@W@I&!@W%@%&I@@@MNMK&CS@m gperationgs enablgdt e, for exanple, to
ensure that both logic "1" and logic "0" states transition between full

o SO P e i DR A
stage circuit 1100’ that corresponds to nonvolatile register file stage 1005 in figure
11A. Nonvolatile register file stage 1100’ has two modes of operation, a normal run
mode and a zero power logic state (or data) nonvolatile retention mode in which
power is disconnected. Volatile master latch stage circuit 1104’ corresponds to
volatile master latch stage 1010, volatile slave latch stage circuit 1106’ éorresponds to
volatile slave latch stage 1015, coupling circuit 1108 corresponds to coupling circuit
1020, and nonvolatile nanotube switch 1110’ corresponds to nonvolatile nanotube
switch 1025 in figure 11A. Electrical connection 1112’ between nonvolatile nanotube
switch 1110° and supply voltage Vgpr corresponds to electrical connection 1030,
electrical connections 1118, 1119°, and 1329 between coupling circuit 1108’ and
volatile slave latch stage circuit 1106’ corresponds to electrical connection 1040 in
figure 11A. Power supply voltage Vpp connections to the inverters in volatile master
latch stage circuit 1104 (not shown) and volatile slave latch stage circuit 1106 (not

shown) correspond to power supply connections Vpp in figure 11A.

[0106]  Asillustrated in figure 13A, input node 1115 of volatile master latch stage
circuit 1104’ receives input signal Vi and drives CMOS transfer gate 1130, which is




used to enable or block input signal Vg on input node 1115 fromdriving

st orage node 1135; by turning CMOS transfer gate 1130' ON and OFF, thereby
det er m ni ngWQ We7/bosgizc st orage state oftlcr oss coupl ed CVBBrUBMes/61883 1145
and 1150'. Note that all inverters are CMOS inverters unless otherw se
speci fi ed. CMOS inverters include a PMOS pull-up device connected to a
power supply, and a NMOS pul | -down device connected to ground and operates
as discussed in the reference by H B. Bakoglu, "Circuits, |Interconnections,
and Packagi p (R4 ]&%}p@qb : 990, pp.
152. Cross %tglg%ﬁéedd%}aﬁ{i/gqééﬁgdr%%}gﬁég% iﬂ?g%hbz? ikd\}gcos or age Snlgg@eﬂeﬁ%' whi ch
i s connect etil456a@MISOt. s fignal §at; eortekfOids t€VackorTldgiaPi indigu i0rent ary cl ock

mster | at chASEEREr taiiad 1ot MO B oS R B BFH HgROMES T anst er
gate 1160’ Qﬂrﬁﬂﬁ’sf@éﬁte fo%%plé\&obhdu%woemogﬁ‘ﬁr’%egﬂe&e” stapgut node 1120’

of volatile ave | atch stage circuit. 1106', which is also the output node
of master |@4rt§ﬁ10§1ba@@e@ fullpeiver sumpdy anckgrpm@svoltﬁgﬁﬂ@wléby gllmm-atlngﬂpéuc@ut put of

i nverter VO o) | so drives
t he i nput o |Slr11(l\)/1§rvﬁhjgrge¥i&0?§ éfo%ﬁ%ﬁﬁﬁpg@g%%eﬂwe%%%@ﬁ? go ocrr in
figure 10, wdaddcdemblic\oesloak inpapsignd ¥\ eginpuiQfilde 1ThE fmmwummgﬂtSﬁage of inverter
1175" is conngct to CMOS_ transfe at 1 and. conpl i nentary
cl ock CLKb lﬁgg&’yttﬁn@ﬁWQ% 584& Wb &i&%‘_@%@? Jfer W‘@Mﬂg | oop t hat
Cross  coupiheogidWMsrakeitste b &@ss @ 1&%&@%%@%@%@5 edld 1P50°1 Reterftml  hi gh
speed operation, clock CLK switches at high speed, 3 G4z clock rate, for

exanpl e, f o#ll ivertery @ CMPBinsBrtens ahlsed @WWWGECCIﬂlmgM@$ inyexers ll}ﬂﬂﬁﬁuces t he
conpl enent 1@@ %}a‘ﬂﬁ; gate 1185
is ON and |%1gllrbt eéuu '%Jl(ge&kceggﬁlcf C@?‘Eaﬁ{a‘géﬂrﬁﬂg‘)l@%@s& coup ﬁel{ stor age deV| ce

wi th node ldo@ectaltbighgindsnd opdracagedisausae in i ecfeeMeDt Hah Bakoglgat e 1185' is
OFF, then ipyerters 1170'  and 5' are,not WO 2007100164 .

PCT/ US20061 615853 Inte%caglgecewpﬁf&ﬁ%&ms%f%@sxp Aﬂdasogvsg?sgfgg"@ﬁw% Sl ave

| atch st agecghpsn! Inc 1B, pd. 952. @H&'&Qpl%@uﬁ@ﬁé&@'lﬂﬂ lagd M esP b steMeb Ch 1110°
by coupling circuit 1108'. [01081 As illustrated in fi Eure 13A, nonvolatile

nanot ube swhadet 135 mehich is counsaied o EMQDtrasiasizais g0’y ClaskChdeandEpR,  whi ch
suppl i es er@%g) %%P{agj?aaaybﬁﬁb(HPJ use?w S5 ofBlocE Hkda8TaiP ¥ate MR aE 91 4seSPONdi ng

operating usrn
from driving master latch stage circuit 1106’ input node 1120° by turning CMOS

transfer gate 1160’ ON and OFF.

10107] As illustrated in figure 13A, input node 1120 of volatile slave latch stage
circuit 1106°, which is also the eutput node of master latch stage circuit 1104°, drives
inverter 1170°. The output of inverter 1170’ is output voltage Vour on output node
1125°, and also drives the input of inverter 1175°. Output signal Voyr corresponds to
Vour in figure 10, which drives an input to logic 960. The output 1180’ of inverter
1175’ is connected to CMOS transfer gate 1185°. Clock CLK, and complimentary
clock CLKb are used to enable or block the presence of a feedback loop that cross
couples inverters 1170’ and 1175” when enabled. During normal high speed
operation, clock CLK switches at high speed, 3 GHz clock rate, for example, for the
130 nm CMOS technology node. Inverter 1190’ produces the complement CLKD or
clock CLK. When storing data, CMOS transfer gate 1185’ is ON and inverters 1170
and 1175’ form a cross coupled storage device with node 1120’ acting as a storage

node. When CMOS transfer gate 1185’ is OFF, then inverters 1170 and 1175 are not



circuit 1108'. Nonvolatile nanotube switch 1110' is also connected to node
1116 of coupling circuit 1108 wusing electrical connection 1114'. Coupling
circuit 1108 is connected to volati%e slave latch stage circuit 1106',
where el KQRIVANSKbnnect i ons 1119' &hd 1329 connect ePATAUSIOWOITBEB0 ar e
used in program node, and electrical connection 1118 is used in restore
node. [0109] As illustrated in figure 13A, coupling circuit 1108 i ncl udes
an erase function. The erase circuit includes NMOS transistor 1220° wth
drain connected to comon node 1317, source connected to ground, and input
gat e conoest @upled anddenciderm estairge dgvipu| Sleve IBichistage aincuar HOE’ sper at i on,

transi stor 3 1is i vat ed by. rogram enabl e.pul se at zero volts, and
conmon n %@@3&?@@%@%@8{ as%ﬁa%mw AR ngf’ﬂ%‘pﬂ ich is connected to
nonvol atil e nanotube switch 1110 in order to enable an erase operation

[0110] Af0108] usysall@skated i Figute @ 3A3MonveRUR dafgtubé §witdht111008" al so incl udes a
programm ng function including PMOS transistor 1343 with drain connected to
common néfdBectad i Powen BPE YBiaaR ¥ erg Whish seRRYSH ciReRIOtR8EDUISH08 gat e connect ed

to outp j |t 4tk ot PABraki j : connected to a
program r%sa f%gﬁgﬁ{)égﬁfytg%ﬁm r#gg}? A%S%agﬂ ?gbgg%\e%%dg%/@ofgﬁc%ﬁgg% coupl ed NMOS
t ransi st craitl139% . Noolvoldt82 bancsrbet sRACIS 11 HH nsdlst ameed8P0 madd 1182 0f f or mi ng hi gh

voltage translation . cprcuit 360. The. saur.ces, of.. NMOS tr i.stors 1325 and
1325 ar B lin e dd P8 sl bR 4 e LT IR df st or's 1327 and
1327"  ar gonasiaeetwihtlOs edscR BayOtitaagd 108/PRGE e Crvaican@ahadiions Nnput s 1119"  and
1329 are_ connected to hi %h vol ta&e translator circuit 1360 i nput NMOS

transi st br191 anb1 24 coppoisda pede 1188536 #s¢d/g|pyosram apderand elackica] ogi ¢ state of
hi gh I ) 3] j d h f | atil
igh vo 5&%@&0{1%%%8%&@%&3%@0 corresponds to the state o vol atil e

sl ave | atch stage ol tage may be nuch higher than volatile
slave latch stage voltage circuit 1106'. Programm ng voltage is applied to
comon nk®d89] 1386 illustraied n ByIDS 18 AaensipEngeircb@ A4 08Vinclodesian eraset urn applied to

common ngpde. 1116 WO 2007/.00164 52 1017853 a nopvol atil e
nanot ubeﬁ)l gﬁlcfn C?%‘E?Lirfffc térbcglﬁgﬁ’ﬁgé‘? r'E} g;lrlysl?wgrt %%ﬂg[gélsaﬂ Cocr@ggnt%cg% node 1350 is
hel d at @natodinde ISWSotifcansireted tdgddnd, tahé mpndgdis agiadted whnweiseage i S
lied t 1350, d | | atil ; b itch 1110 i t
appl1 ed LonEomRR, Bods, 1920, SN AOnel Al 5 RGNS S MBSkl 10 T8 o
enable pulse at zero volts, and common node 1317 is connected to common node
1116°, which is connected to nonvolatile nanotube switch 1110 in order to enable an

erase operation

[0110]  Asillustrated in figure 13A, coupling circuit 1108’ also includes a
programming function including PMOS transistor 1343 with drain connected to
common node 1116, source connected to common node 1350, and gate connected to
output of inverter 1330, with the input of inverter 1330 connected to a program enable
input. Common node 1350 is connected to cross coupled NMOS transistors 1325 and
1325’ and PMOS transistors 1327 and 1327’ forming high voltage translation circuit
1360. The sources of NMOS transistors 1325 and 1325’ are connected to ground, and
the sources of PMOS transistors 1327 and 1327’ are connected to program voltage
Verog Complementary inputs 1119° and 1329 are connected to high voltage translator
circuit 1360 input NMOS transistor 1325 and NMOS 13257, respectively, such that
the logic state of high voltage translator circuit 1360 corresponds to the state of
volatile slave latch stage 1106”. Vprog voltage may be much higher than volatile slave
latch stage voltage circuit 1106°. Programming voltage is applied to common node

1350 through PMOS transistor 1327, which is in turn applied to common node 1116’

a~




[0111] As illustrated in figure 13A, coupling circuit 1108' also includes a
restore function including PMOS transistor 1365 with source connected to

VDD, and dr npgct ed to volatile ghave |latch stage ¢j ' 6" i nput

1120 by cow %’f'@& ‘%? During a restore operation, Pﬁ}ﬁgﬁﬁogﬂéi%%gor 1365

is used to pre-charge |nput node 1120' to VDD, and then is turned OFF. NMOS
transi stor 1370 has source connected to input 1120' by connector 1118',

drain connected to conmon node 1317, and gate connected to a restore enable
input. NMOS transistor 1342 is in the ON state during a restore operation,

and provi de%nddl%v@lahlﬁrn@@%@tWllﬁétl\lé%ﬁhﬁoﬁﬁm?wl@lﬁ%ﬁ hdbeemman 7' and VaPR,
t hrough non t e I uring a
restore ope}r{%{ite?lgﬁb%@Bﬁgﬁg?&%@%%%tgr g%ng?a gbf)@%a re Vt(())?tegecejnabl e
input, if Bepplddadicommoanodedsosmd minvdladie nanciueNwitchdi10’ipuot node 1120' is
di scharged; if nonvolatile switch 1110" is OFF, then input node remains at
VDD. The stBO& G| atile slave latch stage circuit 1106' is restored to a
state corresponding to the nonvolatile state of nonvol atil e nanotube swtch

1110" . [O11ghahi | @siimushefoil fLEMB lmd&upﬁﬂgl@fduﬂg 198*&56 fhclbd&dB redtérel NAcCt i ve,
and nonvol atil e nanotube switch 1110' is not powered e; VEpR and is al so
%

decoupl ed ffusgtionipslading Sm%tfénsﬂ%@rcﬁﬁéwa@éo%ﬁcﬁ eerinected 36V oo, B¢ ERIN vol ati | e
mast er | at C&)nﬁg&&ftoq}o a?l'ﬂ% stlzzvje]lgtéh st ClYli% 1%66"1 1"115@ Jacltoﬁﬁ'ec%rqq f%’c' reuit

1106' operate I'n Conventrona Sy ncht ont ze I'c master/slave
register r uﬁunngjewsfore)mrsﬂiohpﬁ’M@tS thengiktos m{ﬁds abedatls preratmmpm}nbdal I y 3 GHz,

with VDD = ts fabr,jca usi ng the

t echnol ogy {’ f@‘%g’ﬁﬂ Sntg %&dMé‘émngﬁmf £ thbon(‘}?c’t cI ock
cycle, clock IQMﬂéeﬁ(bycbﬁl@éaﬁjrthSdlfamashﬂé&éatb@oﬂnﬁwn\ﬁ@hé 2y, aifoi@mai ns at
| ow voltage for the first hal he clock cycle, and fr’$&|mentary cl ock

CLKb 1140' ¢qnapeied ﬁomgswne@mbl@wm; NINIGH trapsgistombid2anis th@ fhafe duritg yh vol t age

for theflr C gMP% turns ON
coupling |nptgjttoJE&E:A(?f %g?lilagﬁ A"?@é d%h%g? (e)trv‘;aeefé1 Lﬁﬁod@%y})@! : transfer
devi ce 116013]ﬂmnd§/EEﬂ:Ehraurgh nomblanlemahdstebeoammhtlld)(ﬁ’ V@dRak et 2roNOIR0071001642 44
PCTI US2006/ 017853 .nmster hﬁg st a lrlé,fﬂul t 1104 b fromthe 1|3ln§wt node
1120' of vo lﬁll‘iglaere%tf"&\?@e’iaﬁ?% G 1S’é’F 18 aqUFERd DY|3eHBIS R 4R rode,
cl ock CLK ignepvunans @Qlome@wﬁ@hmwts At Oen ﬁlgutﬁ&leqtll’.(b s 8isehgedadrch st age
circuit 1106', clock CLK is connected to transfer

nonvolatile switch 1110’ is OFF, then input node remains at Vpp. The state of volatile

slave latch stage circuit 1106’ is restored to a state corresponding to the nonvolatile

state of nonvolatile nanotube switch 1110°.

[0112] While in normal run mode, coupling circuit 1108’ is inactive, and
nonvolatile nanotube switch 1110’ is not powered by Vgpr and is also decoupled from
volatile slave latch stage circuit 1106°. Hence, volatile master latch stage circuit 1104
and volatile slave latch stage circuit 1106” operate in a normal (conventional)
synchronized logic master/slave register run mode of operation at high speed clock
rates, typically 3 GHz, with Vpp = 1.3 volts, for logic products fabricated using the
130 nm technology node.

[0113] In normal run mode, at the beginning of a clock cycle, clock CLK 1140
transitions from high to low voltage and remains at low voltage for the first half the
clock cycle, and complimentary clock CLKb 1140’ transitions from low to high
voltage and remains at high voltage for the first half of the clock cycle. CMOS
transfer device 1130’ turns ON coupling input node 1115’ voltage Vi to storage node
1135°. CMOS transfer device 1160’ turns OFF and isolates the output of volatile



device 1185', and conplinentary clock CLKb output of inverter 1190" is also
connected to CMOS transfer device 1185', such that CMOS transfer device al so
turns OFF breaking the feedback patq_betmeen the output 1180 of inverter
1175'  and"™oE07/q0%4 gt 1120' of invertef 1170' such that PEDUE004@Oss3d0es not
act as a storage node. Voltage VIN may transition to a voltage val ue
corresponding to the correct logic state any tinme prior to the end of the
first half of the clock cycle, providing sufficient tinme remains for cross
coupled inverters 1145 and 1150' to store the corresponding logic state on
storage nede: ia%g{x'%tagérch@ﬁlt i R)4C h‘éﬁﬂ‘thé ngﬁﬁﬁdde% 2@tortyRiRAGR rlét@lg stabe t he second
hal f of the clock cycle. run node, clock CLK 1140
tran5|t|@nsmtlﬂhhHnwmnmﬂhmgmo¢nbha@@LKdﬁﬁomenEdmsnadehmghlﬁﬁfDhge at the

beginnin f t he ond hal f h C | i pentary cl ock
& Rb 11ago RS TSRS S0 Sl o Vg R RS TR ™ o Vol t age
for the %@ﬁ1@@@18§a|indQﬁmbhﬁeﬁh§Q%&m1@o fin@fef Bv0drwisee 1130" turns
OFF decoupling input node 111 vol t age fron1storage node 1135', which
renai ns |CHnrs@cg%ié@ EM,%‘# pransios dlgyiae 1185 ssi@mthat/‘aM'%%@alquﬂ aYice HEo 8RS of t he

first hal h@ in a

conpl i neré%est e %ﬁg%cogp%{h%et\g%q& %@‘%1%“&‘@%@ ﬁ% ch 1160"' turns
ON and t rispus i 205 of hezeﬁéreiﬂéO’(ﬁuc]sﬂmtmgie 1In20fedoed f&iSict 4sm stmagﬁndﬂ‘eZO' of inverter
1170 th driyves out ut n 25' 10 out ut vol t r nd al so drives
t he input (%?gqﬁ' @%? npifipg. OaV#' ﬁQFC?ﬂ %guﬁﬁggﬂﬁﬁgﬁ C§S A% onnect ed to
node i npuhy #id8 PrioPlo MOLmL bfltEe ﬁis@?(&féf&h&&loél&%& , pividihd sutféibnt tikd OCk CLK i's
connected to transfer device 1185 Ilrrent ar% cl ock CLKb out put

88 loegs

of i nver fregpaing fpg crasg caipled ipteatesclildd and léﬁ@SOtsmm@p@Prr@ﬁ@on such t hat
| ( bet th
Ut put 1 gefcﬁf sft&%g &&ﬂﬁﬁﬁh}g[&l&}&% TR ﬁlg?i%_gﬁﬁgg%e@@éo%d e 1‘£§SP e

nverter e | nput I nverter such
t hat nodéalf bPhe chcksyes. a storage node. Wth CMOS transfer device 1185
turned ON, output 1180 of inverter 1175 drives the input of inverter

1170" ang,st®@r es..the state 1110 unti
the end P80 S s fettycReReTn SHD iRt Godfy sibethind

PCT/ US20Q6d b7t h[gmvbﬁhgevwn Itﬁeaaegnmmgro@ tl[mé&etﬁndl Iodfi of tisd dbck dyele, ﬂﬁl a)

nonvol atil e retention_nod coupling circuit 1108' is inactive, nonvolatile

nanot ube CORPHEANITY hock; @QII@OWW%@W@ toylow yadtags al 1gwaiss 6? ed from
vol ati| €15} dYRage 3. SEcBEELAL SGHE Llodid QRle. XS hh&er device 1130° turns

OFF decoupling input node 1115’ voltage Vpy from storage node 1135°, which

remains in 2 state corresponding to input voltage Vv at the end of the first half of the
clock cycle, and storage node 1155’ remains in a complimentary state to storage node
1135°. CMOS transfer device 1160’ turns ON and transfers the state of storage node
1155’ to input 1120’ of inverter 1170° that drives output node 1125’ to output voltage
Vour, and also drives the input‘of inverter 1175°. In normal run mode, clock CLK is
connected to mode input 1192’ of volatile slave latch stage circuit 1106’, clock CLK
is connected to CMOS transfer device 1185’, and complimnentary clock CLKb output
of inverter 1190’ is also connected to CMOS transfer device 1185°, such that CMOS
transfer device also turns ON forming the feedback path between the output 1180’ of
inverter 1175’ and the input 1120’ of inverter 1170’ such that node 1120’ acts as a
storage node. With CMOS transfer device 1185° turned ON, output 1180’ of inverter
1175’ drives the input of inverter 1170’ and stores the state of slave latch state stage

circuit 1110’ until the end of the second stage of the clock cycle.



master |atch stage circuit 1104' and volatile slave latch stage circuit
1106 power supplies are at zero volts. [0116] In operation, when
transitioni mep tgogmoiger mal run node to Z&ro power nonvol atilg2008bE8Rds on
node, coupling circuit 1108 transfers the logic state from volatile slave
| atch stage circuit 1106' to nonvol atile nanotube switch 1110' before power
is turned OFF. As illustrated in waveforns 1250'" in figure 13B, while power
remains ON, clock CLK is stopped in a |ow voltage state, with conplinentary
clock CLKb in a high voltage state, where a high voltage state is at VDD
(1.3 to 2.5[@d51 s, While inemm’gme) l@imlstae I(m\data())hbxag)@tiskt @teatipsmade,zer o vol ts.

I f nonvol ati | elnanot ub{aﬂ% not t%een er.ased ?Pg) LS theref re storing
a previous FOMOSSGpll h’éﬁnf’(?ﬂﬁ?ﬂ“io%dﬁtf?emqt“beff@ﬁh &ﬁ’?oegf’@éf o perform

an erase Op%g%lq?@md {sQlsb AEFAPRY FRNPYAGHIR Ma0D Bl 2R cirbiit 170BNWLake | e
nanot ube 1110 is in an erased state, then programmode is initiated using

coupl i ng ci mster latichGgige cir@ut 04 Dand; w@atdmsle‘raalg@h sfpse eirquisrl L0 rRogHeEm enabl e

i nput voltagf '11? % éero l%Its and transistor 1342 is held in an ON state
by the outpu P RYeTT2r9T330. An erase enable pul se transitions from zero
volts to VDD (1.3 to 2.5 volts, for exanple) turning transistor 1320 ON and
provi di ng a[@asfluctih ogerpiin) wher wresitionirepefrd h6ima eh gbdnmdero [IdWeDugh ON
transi stors 134 gqnd 1320 as ill strated i(%eflg re 13 rogram enabl e
vol tage at PERWIaiHy fetention mRds, &p walingsirgui 4108 pranstey Oeeﬁtaget i by the

output of  kBMEflRve iaﬁostagg%%lﬂf £108" %(ﬁwﬁﬁhfe@ﬂﬁoﬂlﬁe &bitchaneovRkde and

transistor 1370 is OFF, restore pre-charge voltage is at VDD and

transi st or pG8& ik glr@dIIWE)pmllhlSI@wd in wavefotmas B0 indfiguna i 3R, vdhilstpawer of

vol atil e sl ave.| mrcwt 11 n urbed. A
VEPR er ase vcr)?atl%ta(éﬁpﬂ? 15 %%?Peflﬁlﬁ%?%v‘?}%gﬁﬁ%ﬁgﬁg??)mﬁ% gnt‘lngtc {c nanot ube
swi t ch 1110CLK&rifriathigh volthge &8, wiieads Bighfvoltigstitsisar S’Dg6142toamﬂvdles2ﬂ)rl n series

is much | ess the}n the resistance of nonvol atjl e nanotube swi tch 1110', even
if switch gianeple)agdiadow eltage siafeds at zere valf Hapnyalaige nanotyhe LML hagy st at e,

then currenhofde@NVrasdCiiis theR26R stolihe a &é\h&&qgﬁlc 3tel fhn (l(;lljp%n%@ jel ectrical

connection 1114' and the ~channel's o transistors 1342 and 1320 to
ground, andlH¥ivodigcteddo perfromdserasgiopetatind foltyreddy latogam operatiosIH06/ 017853

tate, 1t PRRATRL fbfe THO-S BLAR G R fien o Bkl bRt TR nanot ube

swi t ch 1110couptivig circuit 1108°.

[0117]  During an erase operation, program enable input voltage is at zero volts,
and transistor 1342 is held in an ON state by the output of inverter 1330. An erase
enable pulse transitions from zero volts to Vpp (1.3 to 2.5 volts, for example) turning
transistor 1320 ON and providing a conducting path between node 1116’ and ground,
through ON transistors 1342 and 1320 as illustrated in figure 13A. With program
enable voltage at zero volts, transistor 1343 is held in the OFF state by the output of
inverter 1330. Restore enable voltage is at zero volts and transistor 1370 is OFF, and
restore pre-charge voltage is at Vpp and transistor 1365 is OFF input 1120’ is isolated
so that the state of volatile slave latch stage circuit 1106” at node 1120 is not
disturbed. A Vgpg erase voltage pulse of amplitude Vg is applied to nonvolatile
nanotube switch 1110 terminal. The resistance of transistors 1342 and 1320 in series
is much less than the resistance of nonvolatile nanotube switch 1110°, even if switch
1110’ is in the ON state. If switch 1110’ is in the ON state, then current flows
between node 1112°, through switch 1110’ and electrical connection 1114° and the

channels of ON transistors 1342 and 1320 to ground, and nonvolatile nanotube switch



be erased at any tinme prior to programmng. If switch 1110" is known to be
in the erased state, then programm ng can begin i medi ately. Erase stinmuli
according to certain enbodinments of the invention are described in greater
detail inwWeBo7asent Appin. No. (TBR), filed on an ewemusateotvesewit h,
entitled "Two-Term nal Nanotube Devices And Systens And Met hods OF Maki ng
Sanme." [0118] Note that during the erase operation, transistors 1370, 1365,
and 1343 are all OFF, isolating nonvolatile nanotube switch 1110° from

vol atile slave latch stage <circuit 1106'. Therefore, the erase operation
may be perfornmed any time during the normal run node without inpacting the
per f or mandé 1Q)fls Mtdleﬂ taethe QK Fe(etazed) Ktater Hgavitcl |} Hjiig inthe@FF stateditcan t heref ore

1 st r at SR bt oEP el e OB RLE AR s difond PR 1 e o

vol ts, anﬁearapécbzgraaymﬁmqimbmmngemhﬁﬁgm dviehd 110°askadrdiovelih shet 0 VDD turni ng
transistor 1343 ON connecting node 1116' tao conmon node 1350, which is also
the out putrased stpedhen prgmmuning sasheginoimmesdiaiely Eresgefimebaaeaiingi@e 1350 is at

hi gh _vol t%&?mﬁ’?ﬁ% (f%tg MR ifeARSA éz%%sc?:%écﬁdg?e %@&ﬂ]ﬁ'%ﬁa&,ﬁ?s' stor 1325

is OFF; common node Is at zero vo transistor 1325 is ON and
PMOS transﬁp@tm INo1GIB/A), ﬁleﬂﬁﬁ.anlei/en MMWMMUQ%GWGTMMvabe age VPROO>

then currept, fl and ngn til not swtch 1110 transitions from
an OFF toﬁéﬁwﬁﬁﬁﬁé@?fﬂi@aﬁ&éﬁ% M%‘“%%’d‘é 1350 is at ground, then
nonvol atil e nanotube switch 1110' remains in the OFF state. Progranm ng

stimuli awnspll ng%t@ttﬁedﬁrﬁignh@&ﬁmbpm‘bﬁ teﬁnsﬁsta@s 1370L1B6504hdaI3d3 agtescri bed in
greater detail in U S Patent filed on an even date

BA)
her ewi t h, a8 QHEE jselpting-penvelatily %Pglhﬁﬁ‘&t%’el éefrpw§1%&kop aypdatehgtaghid Met hods OF
Maki ng Sa%cmth%Q%er'&b Hegﬁgeéﬂ'e%ﬁﬁ%ggﬁrp@ﬁ%@{édah?ﬁx&r&% gpabl e vol tage

is held at zero volts transi'stor anS|sto 1342 is held
in the OFAomwd i mndet)ylthme ioprcting thegerfpmance of val@886slayd letsh stalge rest ore
enabl e volt a

restore pféc F]r]é% \?811 f aarba%'e'ie JI%B%’%aéésg;{gp%Q@%o %l}egﬁéﬂf g’%’%r?u%%%é&f !ss CFO:FF élui%
t hat onl ydé¥es.program operation i s enabl ed. WO 2007/ 001642 47

PCT/ US2006/ 017853 [01211 In operation, when transitioning fromzero power
nonvol ati| &119 tent As 1?1ustrated in figure 13B, during the program operation, Vgpg is at zero
volts, and a program enable pulse transitions from zero volts to Vpp turning transistor
1343 ON connecting node 1116’ to common node 1350, which is also the output of
high voltage translator circuit 1360. Common node 1350 is at high voltage Vprog if
PMOS fransistor 1350 is ON and NMOS transistor 1325 is OFF; common node 1350
is at zero volts if NMOS transistor 1325 is ON and PMOS transistor 1327 is OFF. If
common node 1350 is at high voltage Vprog, then current flows and nonvolatile
nanotube switch 1110’ transitions from an OFF to an ON state. However, common
node 1350 is at ground, then nonvolatile nanotube switch 1110’ remains in the OFF
state. Programming stimuli according to certain embodiments of the invention are
described in greater detail in U.S. Patent Appln. No. (TBA), filed on an even date
herewith, entitled “Two-Terminal Nanotube Devices And Systems And Methods Of

Making Same.”

[0120]  During the program operation, the erase enable voltage is held at zero volts
and transistor 1320 is OFF. Transistor 1342 is held in the OFF position by the output
of inverter 1330. Also, the restore enable voltage is held at zero volts so that transistor
1370 is OFF. Also, restore precharge voltage is held at zero so transistor 1365 is OFF,
such that only the program operation is enabled.



node to normal run node, coupling circuit 1108' transfers the logic state
from nonvol atile nanotube swtch 1110' to volatile slave | atch stage
circuit 11060 20§7081642 power supply VDD #8 restored, but bﬁﬁﬁ@ogﬁl/@g}g?,
operation begins. As illustrated in figure 13C, even after VDD is restored,
clock CLK remains stopped in a |low voltage state, with conplinentary cl ock
CLKb in a high voltage state, where a high voltage state is at Vnn (1.3 to
1.8 volts, for exanple) and a | ow voltage state is at zero volts. [0122] As
illustrated by waveforns 1300 in figure 13C, during the restore operation,

a VEPR is hpiidipt @ epurslidnZ @héh tysiti®hin %Wﬂ)ﬂi%r@p&@éﬁrﬁ)nvaaﬁll@@étbﬁﬂ)nt o term nal
1112 of nonvol atile nanotube switch 1110' illustrated in figure 13A. Wth

cl ock pul seneﬂ«toawr@élrmnmdf:,ssou@mg@nicwamSeﬁrag%f@ré theilggic stite ffpat i | e nmast er

| atch stage | g | t I ol h stage
circuit 110%(?&0%% r??n&%ges‘?ﬂlﬁcﬁil 1n S tf) Vgﬁl f)erscllag'[slltgcl)érégH %%% &Cﬁ tq\f@? ﬁ%gfest ore

enabl e | evepowsrphpsy Vipp id mﬂuted,lliﬁﬁefom‘clodkmperahen bélgiﬁm Asahuktﬁ%t ransfer
gate 1185' s at apd its conpljnent t he, outpuf. of inverter 1190
aopl 1 ed o BR3¢ cien Bherglans peed, ok ALkveRS s Sitehedin aav OREE. o wit
transfer gajge ldfipco mé?ftﬂn’?k!focl@@ﬁﬁb iRh bl MRIth S stakd, hvherd 8 highhvehdd cal |y
connected to i nput 1120° of inverter 117 a storage device is tormed wth
1120' as a $etoisad/mdla to REswbs, éoqﬁxemm@gedwtﬂwa@@gmm@es atrzgresyalisons from
Vnn to ground and back to VDD, briefly turning transistor 1365 ON and
prechar gi ng .1 & nabl e vol t age
t ransi st or q@?%lem%%@%sﬁr%%&lf% %%ﬁ)h%{seh@dﬁ %gsrec%?xﬁ%%m{ %gé 96%@1% Program
enabl e i npubpevatlonpg¥eirds Bdld zegrmnd/(ed:rbs/ods)rahﬂgem vbﬁsts(upphapertmﬂlm and the
out put of [t 133Q hol ds, tra r. 1342 e tate connecting
commn node gy 6 e Rl EERLIO JHE AR B2 dr i RSP Mmonval at | Lo
nanot ube swd1ECilik hPzerd %l@!ﬂ@ﬂfl@@ﬁﬁkﬁfér%ﬁte]ﬂéd’ of v¥latile mAdt@NSELS §t9ges 1370 and
1342 in the ON state, volatile slave ['atch stage circuit 1106 connect ed
to VEPR whi @feuitd 1641isl OFF, igeletingivqiatile daWIatCh)StagWIIWIQHQGr Al at | on of power
supply con V& bt c 1106 prior
to the star ecgirk%gé]e r%gt[o %)\égahg#at gre% f’e 3{)@1%1§%ﬁ%gt0hﬁﬁ”1?2n%fge 1120' to
VDD pri or tinvéree 1$9@irand @MOS$ I&ensfﬁgamrld%’malat ¥popad & cmnphmaitat thlee sI ave

latch stage circyit 1106 1120, at Von
nonvol ati | €° %‘fﬁ&?ﬁﬁ'&rt%%l%rﬁpfh%m@lwéﬁ w?gﬁn m Sf;?E)D on node
1120" i s di seharggedN. awich &hRfdr gt 195 @%\é&ﬁﬁlﬁrllg(iz)@mv‘éft&nﬁ'ﬁ‘ﬁns to ground.

| f nonvol atil e nanotube switch 1110 is £7C(})3EN) the(rll nodefllzg' t he
’; a storage device 1s forme:

electrically connected to input 1120’ of inverter 1
with 1120’ as a storage node. Restore precharge voltage pulse transitions from Vpp to
ground and back to Vpp, briefly turning transistor 1365 ON and precharging node
1120’ to a positive voltage. Next, restore enable voltage transistor 1370 ON,
connecting node 1120’ to common node 1317. Program enable input voltage is at zero
volts during a restore operation, and the output of inverter 1330 holds transistor 1342
in the ON state connecting common node 1370 to common node 1116’, and to one
terminal of nonvolétile nanotube switch 1110’ through connector 1114°. With
transistors 1370 and 1342 in the ON state, volatile slave latch stage circuit 1106’ is
connected to Vgpg Which is held at ground (zero volts). With the restoration of power
supply connection to Vpp to volatile slave latch stage circuit 1106’ prior to the start of
the restore operation, and the precharging of node 1120’ to Vpp prior to the start of
the restore enable operation, volatile slave latch stage circuit 1106’ is in a state with
node 1120° at Vpp. If nonvolatile nanotube switch 1110 is ON (CLOSED), then
voltage Vpp on node 1120’ is discharged, and the input of inverter 1170’ transitions to
ground. If nonvolatile nanotube switch 1110 is OFF (OPEN) then node 1120, the



WO 2007/001642 48 PCT/ US2006/ 017853 input of inverter 1170', remains at

VDD. By having CMOS transfer gate 1185 facilitates the restore
operation because voltage supplied tg%OUQh nonvolatlle nanot ube switch 1110
only has wheogmald2i nput | oad of invéPter 1170' i nput, PEHUSWOEHE785a0t have to
overcone a |l atched storage state. Next, when the restore enable pul se
transitions fromVDD to zero volts, CMOS transfer gate 1185' turns on and
the logic state (or data) is stored on node 1120', with the conplinent
stored on the output node 1125'. Transistor 1370 turns OFF and decoupl es
nonvol atil e napnotube switch 1120' fromvolatile slave |latch stage circuit

1106' . Thanpuéef ipvertesd&7%s fepnins &t Yo ithphaving @MOMdeansfey gate 4 132 WHanoseconds.
Nor mal  run, fRgg. ﬁ@%ﬁtﬁggb&ﬁmd&%@% ﬁ%gﬂ@&ﬁ éﬁﬁ%@ﬁ%@‘ﬂeﬁ“ on, the erase

enabl e voltage 1s h zero vo ansi s I's OFF. Also, the
progr am emaindtebesswitchge 10’ onheliad tlaatsnzaélrinpumbztdsyf imvetker IYT&)hkipst and d®s3 i s OFF

and transistor 1342 is O\]ﬁggpthat on the restore o & i s enabl ed.
[0124] Fi §arRavesoyarg feaed sforage staie d'TVPFé © fstage el | |l e register
file stag@nGliéds4idm %Q%zew%usceM@SS&%?& ghfd lﬁQS""tﬁhﬁHn'aﬁdm%%%Eer file

stage 1005' in figure B. Nonvol atile register file stage 1100" has two

modes of efstar(ar daim) is atoredmmlodq: [1a20 muethandmahmemtcstcg@dr\em thle@gtp@t Bedgt e (or

mastor 1 atoh s Pt PR B5nl Brollufs nalhe bRl e RRRREEIEY | JUeh <t 2ge

1010', volfeki izcﬂatﬂé slvee laithGhgs tid@et 1306 Tht réslddé opad atidneis Baﬁdﬂed toaakeol ati | e
sl avc | at ¢h séﬁ ge 1015', and nonvol atil e nanotube switch 1110" - corresponds
to nonvol &5t EvBangsreRdss Nerea ramag e?hﬁnpf’@ﬂﬁe 11B. El ectrical connection

1112" between nonvol atile nanotube switch 1110" and supply voltage VEPR

correspong@28p elmgt; 'tﬁ@iest@fé‘”ﬁb%ﬁahbﬁ rthé@m%@e enaﬁie%ltﬁgéiﬁheﬁ%%?@}%@d“ 1114"
bet ween nonvolatile nanotube switch 0" and volatile slave |atch stage

circuit 1agbtransiséorrld3Q sl tﬁéscerf@awgreralen@@ﬁ ﬁeléaegeeswhei(bwem volts; gk e 11B.
P |
- Pover - supgl ¥ éélférﬁ]cta?t?? quﬁ.cfﬁé}[éﬁgﬁh? 1st(9N§£‘ }1%% estdle }5@‘1[ thd e master

| at ch stage ave st age
circuit 1igdmibledot shown) correspond to power suppl y connections VDD in
figure 1113. Note that third enbodi nent nonvolatile register file stage

CLreurt T 3 S RUR AR e RS BTG etk o 111
stage circuit 1100’ that corresponds to nonvolatile register file stage 1005’ in figure
11B. Nonvolatile register file stage 1100°” has two modes of operation, a normal run
mode and a zero power logic state (or data) nonvolatile retention mode in which
power is disconnected. Volatile master latch stage circuit 1104’ corresponds to
volatile master latch stage 1010°, volatile slave latch stage circuit 1106’” corresponds
to volatile slave latch stage 1015°, and nonvolatile nanotube switch 1110°*
corresponds to nonvolatile nanotube switch 1025 in figure 11B. Electrical connection
1112’ between nonvolatile nanotube switch 1110°* and supply voltage Vepr
corresponds to electrical connection 1030’, electrical connection 1114°° between
nonvolatile nanotube switch 1110°* and volatile slave latch stage circuit 1106’
corresponds to electrical connection 1040’ in figure 11B. Power supply voltage Vpp
connections to the inverters in volatile master latch stage circuit 1104’ (not shown)
and volatile slave latch stage circuit 1106’* (not shown) correspond to power supply
connections Vpp in figure 11B. Note that third embodiment nonvolatile register file
stage circuit 1100’ has no coupling circuit between nonvolatile register file stage

circuit 1102”° and nonvolatile nanotube switch 1110,



WO 2007/ 001642 49 PCT/ US2006/ 017853 [0125] As illustrated in figure 14A
i nput node 1115" of volatile nmaster latch stage circuit 1104" receives input

signal VI N @oheHdeYgs CMS transfer gaue 1130", which i to and
drives storage noge 1135" forned by cross coupled CMOS ﬁgg@p@g@%‘%w and

1150". Input signal VIN corresponds to VIN fromlogic 950 in figure 10.
CMOS transfer gate 1130" uses both NMOS and PMOS devices instead of an
NMOS-only transfer gate, for exanple, to ensure that both logic "1" and
logic "0" states transition between full power supply and ground vol t age

level's by elggssnat gy, deylioe bl SIROl YRl a9esAbPRI. LAk, K 1140, and

conpl i ment ary ¢t ock are us 0 enabl e i nput signal VIN
on input nodegddiildait 1fl0gMedtived iGut sidnal Wgemd daeesIQBIBS, tranyfet gatail (&)’ TMOS
transfer ga CiéBO" ON and OFF, thereby _ det rm n| ng the logic storage state
of cross COL‘I’S‘I‘ s eqnoecied (peand drizesisiorgge agdg 11335 Y eropheruPiediCYIRPer t er s

are CMOS '”Yﬁﬁﬁ&%il&!ﬁ“&‘rﬁﬁll@bheﬁ%ﬂ%ﬁ’% ﬁ}cfoh‘é%hon@m 'ﬁ%ﬁﬁ r%r9§0'[1 ¢l ude a

PMOS pul | - evi ce connected t ower sup - down
devi ce connﬁgtuedOtGMj)Satmamifeagatedﬂ)fﬂ)’augsba& WW@M@&d@h@sm@twd@ﬁce by

H. B. Bakogl u, .- cujts onnect |ng or,,VLSP.,, Addi son-
Vesl ey Publ P2 W&ééﬂi}'ﬁ?ﬁffj Orf@@ﬁlpie P?éni 5%3&‘38‘53 Euh ¥4 98166t er s 1145
and 1150" dtrateh’&aﬁsﬁtﬂfn%ﬂnééﬁ(f@ll aéésuﬁq;l u%%&%&%ek%y@[@ahh@nﬁer gate
1160". dock CLK and conplinmentar Kb are used t-0 enabl e or bl ock

stored | ogi éevuzz,fttafeéhqi@cleltagwwpsﬁl@ﬁk @Lmlﬂg amyp@@hmaméw@w&%brcuut 1106"
i nput node EM@ [0126] As
illustrated %ﬁpfawq}é?% Olgj}%i,ﬂg 1n§g?§€r%§gm9€r#ﬁ8%ﬁ]@“ I g\&s?gg[g ateh st age
circuit 1106tbragm/nodﬂ111i3§"abymrmthM(DS)uansm@atedeﬁ’éﬂbéand @FE,hhesetgge circuit
1104", ives |nvert 1170". The output qof | fer i s .out put

vol t age va\‘Ii?fﬁmBB‘Pgﬂh ogig loragp sipie Ofé:ﬁ?fsﬁf"é(ge%tmmywq i’g i nverter
1175". Qut pulsesi. 8ied thom 1n€é?{efﬁ(§@@Mt§S IReG¥WuhRss diBdHvRse %pemfzaal chM@R i ves an
input to logic 960. The out 0" of inverter 1175" 1s connected to CMOS

transfer gatl@retiqrsmclud@ad’é&og:pml-uaﬁqwcwnﬁpwtwﬁ)taawveé senpky, @pkp NAM@S used to
enabl e or S
Tnver ters 12050 kREeREETRRERA s Bcorer APkl i AR RRAR per ati on.
cl ock CLK sWi.B.dbukeglat “Cirayits, imemdnn&tiﬁszamimkagmg fr Vf[cSI’ Aeldimopt e, for the
130 nm \X}esﬁayrf’ Llogﬁlncné? mpanly, 1t986 p:%)l ?9 (r)s%%%ﬁgled inverters 11457 and )
1150 drive storage node 1155°” which is connected to CMOS transfer gate 1160°’.
Clock CLK and complimentary clock CLKb are used to enable or block stored logic
state node 1155”’ from driving master latch stage circuit 1106 input node 1120”’ by

turning CMOS transfer gate 1160°” ON and OFF.

[0126]  Asillustrated in figure 14A, input node 1120’ of volatile slave latch stage
circuit 1106°°, which is also the output node of master latch stage circuit 1104”’,
drives inverter 1170°°. The output of inverter 1170”’ is output voltage Vour on output
node 1125°, and also drives the input of inverter 1175°’. Output signal Voyr
corresponds to Voyr in figure 10, which drives an input to logic 960. The output
1180”’ of inverter 1175’ is connected to CMOS transfer gate 1185°°. Clock CLK, and
complimentary clock CLKDb are used to enable or block the presence of a feedback
loop that cross couples inverters 1170°” and 1175" when enabled. During normal
high speed operation, clock CLK switches at high speed, 3 GHz clock rate, for
example, for the 130 nm CMOS technology node. Inverter 1190°’ produces the
complement CLKb or clock CLK. When storing data, CMOS transfer gate 1185’ is

ON and inverters 1170°* and 1175°* form a cross coupled storage device with node



conpl ement CLKb or clock CLK. Wen storing data, CMOS transfer gate 1185" is
ON and inverters 1170" and 1175" forma cross coupled storage device with '
node WO 2007/001642 50 PCT/ U52006/017%53 1120" acting as a storage node.
Wien CMOS WOH€7W8#4gat e 1185" is OFF, >Uhen inverters 18@0Usmoc1issEs" are
not cross coupled and do not forma storage device. Slave |atch stage
circuit 1106" is directly coupled to nonvolatile nanotube switch 1110" by
connector 1114". [0127] As illustrated in figure 14A, nonvol atil e nanotube
switch 1110" is connected to power supply voltage VEPR, which supplies
erase, program and restore ul se (or gul ses) as required. Nonvolatile
nanot ube sW3a0chacting as a sterage B edW@equO santiecratgl 18e  VoPEF i then s| ave | atch
stage ci rcy o) N i Il rat es

nonvol at i Iie’!‘lvrral%%%?@ge %ﬁﬁqtqzﬁe%%t%%srcggpieg%%%%g t%{gﬁﬁtao Ea(%?r#%{r’lﬁ%%ode 1180" of
vol ati | e shlavelatchtstdye siragel ot dsidirecily @6lpléd/to moansiatiit aanctdibAtwiich nmore detail .

| nverter 1%7%‘\,'/ IS formeg using pull-up PFET transistor 1177" with source
connect ed THOBY fayEctebitide vPs and drain connected to conmon node 1180",
and pul | -down NFET transistor 1178" with source connected to ground and
drain connpabed t AsGORsHaRdMPESurd 18R nontbRtiaaBotabe KFikh t11engd stor 1177
and the gate of NFET transistor 1178" are both. connected to node 1125" as

i |1 ust r at eepnipgcted guposven srply Witagy Vitki Which suppligberase. progrrnpsaé resire directly.
coupl ed no | Al ] i " AARE 1] TR - L(hi.gh resistance)
state and Wﬁ%‘?gﬁgﬁ%{%ﬁh@w’&z@%ﬁ“@% tg s?W?t{E%\%:@ ’aivo atli_1 fr%%l}?rast er latch
st age ci r cetnhectddub voranite slpledatch stagd dxomit/la0€hbg tampectorlYldii.t 1106" operate in
a normal (conventional) synchroni zed | ogic master/slave register run node

of operati t high s cl ock rates, typicall. z.wth VDD = 1.3
volts, forl%?%gi c E‘%%@@gﬁf"ﬁtﬁg‘?%‘ﬂ]&la@ginﬁ%&?‘??es“ﬁééﬁﬁ?%ﬁnoI ogy node.
[0130] I n dansaHon fte!CoriREE nod 1180 ob QdiiatileisREe Rictstade @atui€ YRI®’ byel ock CLK
1140" transitions fromhigh to | ow vo ta1g‘e and remains at | ow vol tage for

I I
the first gpapgctemid 143 ipaieredetaib Inygitgr & bHpT is fermed vying palwup &R 1140
transitio i J I for the
first hal Pé %n%{sgbgghgrbo%&hg?l%%e@%t@gg‘g%ﬁgg&f glréd %&pﬁ?%c&%%@m coupling
i nput nodecobdidi nade! 1t &Qj&, At [jull down Nt Jetranssthe 1171385 With GMDS: commnstedr devi ce

1160" tur "B gr%ilidaaplg draiy. éoellltngcste& %ecogn% nul'{odg fl 180°’. The gate of PFET transistor

1177°"" and the gate of NFET transistor 1178’’ are both connected to node 1125 as
illustrated in figure 14A.

[0129] While in a normal run mode, all directly coupled nonvolatile nanotube
switches 1110°* are in an OFF (high resistance) state and Vgpr may be af or near zero
volts. Hence, volatile master latch stage circuit 1104°° and volatile slave latch stage
circuit 1106’ operate in a normal (conventional) synchronized logic master/slave
register run mode of operation at high speed clock rates, typically 3 GHz with Vpp =
1.3 volts, for logic products fabricated using the 130 nm technology node.

[0130]  In normal run mode, at the beginning of a clock cycle, clock CLK 1140~
transitions from high to low voltage and remains at low voltage for the first half the
clock cycle, and complimentary clock CLKb 1140™ transitions from low to high
voltage and remains at high voltage for the first half of the clock cycle. CMOS
transfer device 1130” turns ON coupling input node 1115” voltage Vi to storage
node 1135”. CMOS transfer device 1160” turns OFF and isolates the output of
volatile master Jatch stage circuit 1104” from the input node 1120” of volatile slave

latch stage circuit 1106”. In normal run mode, clock CLK is connected to mode input



vol atile master latch stage circuit 1104" fromthe input node 1120" of
vol atile slave latch stage circuit 1106". In normal run node, clock CLK is

connect ed t swomdsoorgyput WO 2007/ 001642 B1 PCTI US2006/ 017 " Of
vol atile slave latch stage circuit 1106", clock CLK is cgénﬁgézg"é}"g‘%F%guvos
transfer device 1185", and conplinentary clock CLKb output of inverter 1190"
is also connected to CMOS transfer device 1185", such that CMOS transfer
device also turns OFF breaking the feedback path between the output 1180"
of inverter 1175" and the input 1120" of inverter 1170" such that node

1120" does NP3 afkoRGledlavé M@ﬂs@agﬁ@ﬁam 1108kt ask MRS @yinddie S IANIOB t O a
vol tage val ue corresponding to the correct logic state any tinme prior to

the end of #Awsfgridewice hHSF, B compliveaiery ekl . Kppeputdif inyestef Fi%  ént time

remai ns for I ' : Y 3

correspondi %135 ?%%’F@g&j{sat@gg Sotha?léj{eg(?%é%e jiﬁgglé%{ﬁ%%&&g{}d%%@%@{:?%%%ﬁsP ansition

at the begi mhsQFB®bretltigg R desiback@itif bartvednte otipekl 189 bfinvdritt 3175 Ratierring to

figure 14A, in normal run node, clock CLK 1140" transitions fromlowto

hi gh vol tag@eé?ﬂltﬂg%aiqgénvﬁﬁeqﬁ]aﬂ Wﬁ%é"%”t e dpRsgioh#fit AY2 8PragR 8% cond

hal f of the | ; ot lodi itions
Velaehyg y@fmgﬁ&l fbomwagg&gé%g%@g&n%ﬁeﬂ&ﬁgct lodié S8R ti

fromhigh to |lowvolfage and renai I'tage for the second hal f of
the cl ock cywytéme piiviStheread of the fus\hialf of theItockicyelnsproffing suifigisint igei nput node

1115" voltage Vu from st.orage_no 135" ich remains in.a state

cor r espondi né“aflgaf%%ﬁﬁs OBp'E %H’g e‘\tﬁrﬁl?Fg% @aél%m" 8&? tﬁ“@ CorreRonding ]?’g]é:f t he

cl ock cycl esta@nd stkdpedgee NTE plidbfo cldck MRhElSon it tHe b&p@difidhd Gt socyndt ate to
storage node 1135". CMOS transfer device 1160" turns ON and transfers the

state of stbibgfdhegaekayebs" to input 1120" of inverter 1170" that drives
out put node 1125" to output voltage VouT, and also drives the input of

inverter 1 i5i]|- | ReRPHABY iR 1806 nGhE fanThélel SloBPRNRCNEE {rshsRAS | NpUL
1192" of volatile slave latch stage circuit 1106", clock CLK is connected
to CMOS t r afiefdew diekigh eoltageasd renzains at bighlviottege ai ke keigtnalogTf ks ssoengut  of
inverter 1190c d I n fendeyv "rioguch that
CMOS transfltsga(rif (get\ﬁ/? @8 a(f}%%” ?rﬁcf%ogrquﬂ%flgr n(g:;1£ &ﬁﬁg 113 é%dgr\éhil&%%sgfﬁo léllg\fxleen t he
out put 1180to lok viohxgerang trerdidSat lown doltdpe fortheltecdd@Alf ofxhe tlovlecyich. 1170" such

Lhal ol g RSk ba s T 308 P e oI ot e, 100
tlﬁZO; ngng f Sf;rﬁlél%&)riéé%oﬁé 2135 O lvh¥na¥Ran il st b 8bRespbRARs © ihfiivbitdgb By unti |
at the end of the first half of the clock cycle, and storage node 1155’ remains in a
complimentary state to storage node 1135°’. CMOS transfer device 1160’ turns ON
and transfers the state of storage node 1155°’ to input 1120°* of inverter 1170°” that
drives output node 1125’ to output voltage Vour, and also drives the input of inverter
1175°*. In normal run mode, clock CLK is connected to mode input 1192°* of volatile
slave latch stage circuit 1106”’, clock CLK is connected to CMOS transfer device
1185’, and complimentary clock CLKb output of inverter 1190”’ is also connected to
CMOS transfer device 1185”’, such that CMOS transfer device also turns ON forming
the feedback path between the output 1180’ of inverter 1175’ and the input 1120°°
of inverter 1170°” such that node 1120°” acts as a storage node. With CMOS transfer
device 1185°" turned ON, output 1180’ of inverter 1175’ drives the input of inverter
1170" and stores the state of slave latch state stage circuit 1110°" until the end of the

second stage of the clock cycle.

[0132] In operation, nonvolatile nanotube switch 1110°* is erased (turned OFE)

prior to normal operation of nonvolatile register file stage circuit 1102”’. During an



second stage of the clock cycle. [0132] In operation, nonvol atil e nanotube
swtch 1110" is erased (turned OFF) prior to nornmal operation of

nonvol atile register file stage circuit 1102". During an WD 2007/ 001642 52
PCT/ U82006W0Lém3164€r ase operation, i6dput VIN illustrat e 14A i s
chosen such that node 1180" of volatile slave |atch stlg(gréhégoééé(g%"gll%" IS
held at zero volts. Node 1180" is at zero volts when inverter 1175" i nput
1125", correspond to VouT, is at a positive voltage, 1.8 to 3 volts, for
exanpl e. Wen input voltage 1125" is at a positive voltage, NFET 1178" is
ON and PFET 1177" is OFF, such common node 1180" is at or near zero volts.
[0133] Wt &radddpbratibd SnpdoNiy, luMERE] Rrfasee MA RehbieaRGet thenfde 140 ypl t s as
illustrated in waveforns 1250" of figure 14C. |f nonvol atile nanotube sw tch
1110" i s Eatdnskyvalachgiagh cirei BHOAH dehdd atizexgspoltst H@dfe%%’ll@?t Z8Fd NFET 1178"
is in an ' a i far.,. , then a
vol t age of tS?@éﬁ @#ﬁlﬁgpgﬁﬁé&ﬁﬁrég gﬁ%{ ‘% \%%tgﬁ%&l I%%@ﬁg a current
of 8. 3 uAf 1.Bon3 vlblw mi@lﬁamplarngurbmpawdlﬁge 11250"is andpdsitive C;/ME@“‘ NEEInnel t?)
groun I f_nanvo notube switch 1110" era .andi tions are 8 volts
and 1-5 uAll®” p&a r Lidy adpPEY St“ﬁ‘éﬁ"“’ﬁﬁﬂ&f’@?o’z[%g\%\nli #4Pr PEAFEIS 1 ansi ti ons
fromand Qyi0 an G:F state with a high resistance state of 10MQ to 1GQ or
hi gher. VEER erase pul se then transitions back to zero volts and the erase

operation has ended. If nonvolatile nanotube switch 1110" is in OFF state
at the stai0i33f aNVide NEET db& 20Noa Veirt erassmitisa srangitionsdo okt ast e. After

nonvol at! | uRBngt # 85 SHRHE DS i, DR Plor OBBERNLARMIBN BRI R (01341 I
oper at i on, Fansrtroni g from nor mal toan 0 zero
nonvol at i Ileane)tbefthﬂe@ﬁthrtesiaandcmlll\@@ for staaiysde, QixdWEEtIIUG”Sé. avae ONt ch stage

circuit 1106" 31 trapsferred Iy to nf)nvol atl* \386 switch 1110"
bef ore povisdte dthchanpetyresigiapce sf?rr"éiag’@q’ﬂ’%\)’@ 81y figure
13B, whi | ea@ﬁwacm%&ﬁbmmhqlw@kaﬁmr&n%pmﬁﬁ ﬂdwsachfoq@hvol tage state,
with conplinentary clock CLKb in a hi vol tage state, where a high voltage

state is atany@be gwitch 11d07T. 38(1\1}315%1178 mh@lg@)und [foea®ylatile npnatehet r at ed i n

nanot ube S EE £ TR nRERHE SR BIGHFTS APt AREACH: Rarklle, BB TORP DT L8
VEER pr ogranobeé seitdhr ot ttraasidods feom ami ONito aa Oty olithadéstof 5
resistance state of 10M€ to 1GQ or higher. Vgpg erase pulse then transitions back to
~zero volts and the erase operation has ended. If nonvolatile nanotube switch 1110’ is
in OFF state at the start of an erase operation, it remains in the OFF state. After

nonvolatile nanotube switches 1110°°, normal operation may begin.

[0134] In operation, when transitioning from normal run mode to zero power
nonvolatile retention mode, the logic state of volatile slave latch stage circuit 1106’ is
transferred directly to nonvolatile nanotube switch 1110’ before power is turned
OFF. As illustrated in waveforms 12507’ in figure 13B, while power remains ON,
clock CLK is stopped in a low voltage state, with complimentary clock CLLKb in a
high voltage state, where a high voltage state is at Vpp (1.3 to 1.8 volts, for example).

[0135]  As illustrated in figure 14C, erase mode precedes a programming
operation so that nonvolatile nanotube switch 1110’ is in the OFF state. During the
program operation, a Vgpr program pulse transitions from zero to a high voltage of 5
volts. If the logic state of volatile slave latch stage circuit 1106’ is such that Voyr is
at a positive voltage in the range of 1.8 to 3.0 volts, for example, then common node
1125 is af a positive voltage, NFET 1178’ is ON and PFET 1177’ is OFF, then

common node 1180’ is at or near zero voits. Program voltage Vp of 5 volts is



volts. If the logic state of volatile slave latch stage circuit 1106" is
such that Your is at a positive voltage in the range of 1.8 to 3.0 volts,
for exanpl ewoti@mog@@gmon node 1125" is3at a positive vopdpgooddTims; 1178" is
ON and PFET 1177" is OFF, then comon node 1180" is at or near zero volts.
Program voltage VE of 5 volts is WO 2007/001642 53 PCT/ US2006/ 017853
connected to one termnal of switch 1110", and the other term nal of

nonvol atil e nanotube switch 1110" is connected by connector 1114" to common
termnal 1180", which is connected to the drain of ON transistor NFET 1178"
and t hr oughedghle&ED ond {efBinal 6BdWICRNP10’t, Qnd kiR bIRbr térfiiddl 8F hohvoR@yvol atil e
nanot ube switch 1110" is OFF at high resistance, and the entire 5 volts
appears acrianetubaswiieh 11105"is copnesied biscapnpetenl 114110 commen serminghd 180t he ON

state, swit n HOX| for
exanpl e. &Rll‘—“& %H‘Ié“?e%ﬁgg&a(ﬁg rem%ﬂsﬁﬁge Tgl% %@m%b e&%ﬁﬂe t hen a
progr amni ngl V8! 'ttegsistof to4gr&md01rﬁt$allysnmlaﬁlmdombé osischnidnovlisOFFat nanot ube
switch 1110", durjn the rogra ng operati on, rent of 4.2 uA
flows from HgRIHE ep%qeo»er] S AR 51T éWﬁcgthiBbérhgwﬁéwﬂalmO" and

NFET 1178"11@6”ttfaﬁ§lﬁb§stt8'ihet@NQfa%199:tcH fll@or}}éﬁét%détﬁnﬁﬁ&%twbe switch 1110
progranming requires a sustai ned progranmmng voltage of 3.5 to 4 volts

across swi t@@r@iim@?ely 1aM&R, for epawplealiiNBly UTBT das anONiregdistareetdfi 280 K2 swi t ch
1110", for gxam t hen nonvaol.atj | n wi.t.ch, 1110" oar ammed to
o vl Bk, AR OB RNRY YaGee DR BT WA EA FEOY nat BRSS! PO
transi ti onspdnetubekwitatol 1118}’ daffg ﬂx@rpv&grﬁmni@ dpeigiond ascotrbafof BRUA st ores

vol atile slave |atch stage circuit 1106" the |l Qgic. state corres,kpondl ng to

VOUT posi t i Jevsison thecKpes saitree thegygh pemyolatile panetibe swiela 41107 anddy t he Togic
state of vol@ki-l@y ltl%ﬁs‘iﬂoﬁt% %ﬂﬁnﬁ'ﬁﬁbﬂ%laﬁi@:@hol@e SWabh § gt Ygétthﬂ Zero

volts, for exanple, then common node 11 I's at zero vots PFE 1177" i's
ON and NFETrequiRg'a sigfaiget-progtaemmiop Noltage ni)alé ta 480lts perosstswaich ﬂ:bleOr” pmtau ve

voltage VP %gvolts X pu n mO to Vp

of 5 volts sgr Ust7a L%“% ?‘r%f"%‘%hi‘}i h’ %’5%“%8 ﬁjaé fgﬁl'a{ﬂgt 3 volts,

t he progranfmnﬁgbeWitdlﬁﬂdoa@QbmgﬂerﬁH’dQsﬁlmfest@btDNmﬂaof uyve€, i t ch 1110"

cannot exceed t Efeqw red Er ogrami ng vol tage_ 3.5 vol t? for exarrpl e, and
¢

nonvol at i | X458 nrograpulse fien trapgitignsie zpre olts aaf aenvplatienanqiubs
resi stance)svafct1810'VEBRs QBHEfe%mvgmtﬁﬁtiéé%ﬂcﬁﬁ 2069°1 8 Tsic dikez€r 0 vol t's, and

nonvol ati |l e nanotube swtch 1110" stores volatile latch stage circuit
corresponding to Voyr positive as an ON state, and power may be removed.

[0136] If the logic state of volatile latch stage circuit 1106’ is such that Voyr is at
zero volts, for example, then common node 1125’ is at zero volts, PEET 1177’ is
ON and NFET 1178’ is OFF, then common node 1180°’ is at or near positive voltage
Vps, 3.0 volts for example. Program pulse transitions from 0 to Vp of 5 volts as
illustrated in figure 14C. With common node 1180°’ at 3 volts, the programming
voltage applied across nonvolatile nanotube switch 1110°” cannot exceed the required
programming voltage 3.5 volts, for example, and nonvolatile nanotube switch 1110’
remains in the erased OFF (high resistance) state. Vgpr program pulse then transitions
to zero volts, and nonvolatile nanotube switch 1110°” stores volatile latch stage circuit
1106* the logic state corresponding to Vour = 0 as an OFF state, and power may be

removed.

[0137] In operation, when transitioning from zero power nonvolatile retention
mode to normal run mode, the state of nonvolatile nanotube switch 1110”* must be

transferred directly to volatile slave latch stage circuit 1106°* after power supply Vpp



1106" the logic state corresponding to VouT = 0 as an OFF state, and power
may be renoved. [01371 In operation, when transitioning fromzero power
nonvol atile retention node to norrmal run node, the state of nonvolatile
nanot ube swiotobrbigh®" nust be transferred directly to y@f@%ﬂo&%ﬁéﬁve | at ch
stage circuit 1106" after power supply Vnn WO 2007/ 00t 64

PCT/ US2006/ 017853 is restored, but before clock operation begins. A control
circuit shown in figure 8B is powered before nonvolatile register file
stage circuit 1102" and nonvol atile nanotube switch 1110". The control
circuit provides/controls clock waveforns, restores enable waveforns, input

wavef or s, is eRdréd bt tRANB Elotk Bpdritidd st AQivaitroPafuR sRYW A BSHigir&I 8B is Wavef or ms
required to carry out the nonvolatile retention node to nornmal run node

transi ti orovatl hefore npnvebrtiloregistar éla sefesinenit 11028 andnpavelpilemrrott®?2” in a
normal  operat}ng;FoUGe c’gﬁt{dllckrggﬁ ﬁlﬂbﬁ?s/&&tufois%féc% v&szlé)forﬁig,sr%&{n%s Lgapfieconpl i shed
in three timng increments.” I'n the T1Fst restore tImng I ncrenent, comon
node 1180"wivefirneoinpecisefoyns, abhiréls pbwatsupply chnsitiegeand providés dBE6" to

nonvol atil e nggglt ube switch 1110" usicgf%g?connect or. 1114" is set to a

posi ti ve VBHERIES avied i fdeoubeparvaliile Eiqnarn glodepriomrl TiRdRH ati | e
nanot ube  Sinkifidn ahd % runl ddab1eile SGLNE MIESHEA! GrculeT10P LDERGRRN . comon - node

1180" is discharged to a [ow voltiage for nhonvolatile nanotube swi tches 1110"
in the ON operitiog mode. A iflustratesl inifighrevigiDt, sggtoré tsracemnplished inl threp gindngibe swi t ches

1110" in .the OFF ate. In the third restore tim.ng,sNcrLemen n erase
operation e e@ﬁ?@’i’%@efwt rer%}arg Emtu%fncge ‘eﬁ’ﬁggm%%qogﬁg%édlj1%0§qn%e‘it§e ON state
t ransi ti onyolild §leveQktch stagd Eicnitd06t uhtonsvlatikhasothBd Svitdhnl 1110€ veing St at e
remain in the OFF s}f’gte. At this tipme, . norrrgl nonvol atjle register file
stage ci r coppectord3i4 migsetioginpsitive Yaliqee, indsngadent phihe siats (GNEok VRIS i ncrenent

VEPR 1t 1 ansjohi Qe n@ndtutRQVilch 1816°€ 3h MeSecot@ it ARS8 tiMing frcrenil, bdmudn exanpl e.
Restore enable is set at voltage VDD, CLK transitions high (WD for

exanpl e), nedd 1 Rbistdisaharzed torsdoworltaggl fiw nanvhlalil dagoefube ewitchey 116" f or _
examl e, VoL OLCIES! £k of LR BBttt dgupd i aRs Rl hgl ds vol atile

sl ave |l atch stag Freu oW, Zero v exanple, which
t ur ns PFEThe OFF étateOh tha chifdediorkkitiing Gickentdnk, Quireeasd éBratidioisesrrisdppd y vol t age

Vps = 2.2V, _for exanple, i plied to node 1180" th h PFET 1177" for
nonvol at i ISB_CmQ'ﬁb‘E”t?B@ g_gwt?h@ﬁigﬁgﬂ?dﬁe Pﬁ e tERlED tothe éﬁgg 1 For nonvol atil e
nanot ube swhdiabe ddiddes 11107 in the OFF state remain in the OFF state. At this time,

normal nonvolatile register file stage circuit 1102’” may begin.

[0138] In the first restore timing increment, Vgpg transitions to a positive restore
voltage Vg, 2.2 volts for example. Restore enable is set at voltage Vpp, CLK
transitions high (Vpp for example), and CLKDb transitions low. Vay is held low, zero
volts for example. Volatile master latch stage circuit 1104’ drives and holds volatile
slave latch stage circuit 1106’ Voyur low, zero volts for example, which turns PFET
1177°° ON and NFET 1178°° OFF (figure 14B). Power supply voltage Vps =22V,
for example, is applied to node 1180° through PFET 1177’ for nonvolatile nanotube
switches 1110” in the ON or OFF state. For nonvolatile nanotube switch 1110°” in
the OFF state, Vgpr has negligible effect on common node 1180°°, and PFET 1177’
drives common node 1180°° to Vpg = 2.2 volts; for nonvolatile nanotube switch
1110’ in the ON state, both Vgpr and PFET 1177° apply 2.2 volts to common node
1180”". Then, CLK transitions to ground and CLKDb transitions to Vpp, CMOS pass
gate 1160°° turns OFF and input node 1120°° of volatile slave latch stage circuit

1106* is decoupled from volatile master latch stage circuit 1104, but remains at 2.2



the OFF state, VEPR has negligible effect on coomon node 1180 and PFET 1177"
drives comon node 1180" to Vps = 2.2 volts; for nonvolatile nanotube switch
1110" in t heobeioadse, both VEPR and PPET 1177" apply 2.gcweslss/diPsssonmon
node 1180". Then, CLK transitions to ground and CLKb transitions to VDD,
CMOS pass gate 1160" turns OFF and input node 1120" of volatile slave |latch
stage circuit 1106" is decoupled fromvolatile nmaster |atch stage circuit
1104", but renmains at 2.2 WD 2007/001642 55 PCTI US2006/ 017853 volts.
Restore enable remains at VDD and CMOS transfer gate 1185" remains in the
ON state, conml REHS hilfe fR0fRas VDI @MOSOr.'raﬁfsfelrgat%'l%? Ll A4y intRge circuit
1106". [0139] In the second restore timng increnent, VEPR transitions from
2.2 volts tONGstatesompleting tiedhedbaelt iobp of welailablave letdhstege tiratit I W6 t he OFF
state, then common node 1180" renains p05|t|ve at 2.2 volts and VouT

remai ns at ar ver tch
1o et nfUI3F o 1f fleedhe o B crenlchr, Y55 PhE k‘gﬁgl?ﬁ%;i Hag 80,

PFET 1177" @ﬂtscﬁmnedlaﬂleamlw’ecsenﬂcs1110751sttkar(oFH sha‘e Ghbn commnei ardee of

nonvol atil e notube swiitch 1110" is_ 1 MJ, exa t hen_common node
1180" vol tabgg A rispeing petive 8 2% th§aP‘$V@U'8re¥5‘I“%Ssat°‘é WPXPV? 8OWPYTe | at ch

stage cCir Cifighbniotitfie néWt&Héh&%cﬁ 91 £076is GPRBVIY Stafe! &Eﬁcoﬂlﬁ)ﬁ n¥§dAligeesi tive, at
VDD for exanple. PFET 1177" turns OFF and NFET 1178" turns ON. [0140] In

the third r@@ta«gﬁesrpdunedglfPﬁETéh%tOI\%Qhaems@lsmemth?ﬁwMﬂsmdatm out to

vor tage  VEBRTE% Srisuf e bR SHILE SR 1 b K R Gt Toer < o

exanpl e. | fnodedr1got &bltige dmipwtdmbe 230t 0.4 KK, andvilailaslatNasthatage of 1 MU,
for exanple, apnd NFET 1178" is in_an ON state of 200 KU for exa t hen
current fl oGEUHLENGRWitHsA R ths LPPasits st Wik Ywr DesiEr 20VDRAG! R 178" in
series, andpgpphpxp nﬁ}ﬁldpﬁa@mqﬁg SpaRRhiyed across nonvol atile switch
1110" with a current of approximately 8.3 UuA. For nonvol atil e nanot ube
switch 1110" erase _conditions of at |least 8 volts, and  current in the Ito 8
UA range, ntHdOI at i thenbiFbiesiors timing drcrament; angifise ORESLIPBISLATIORPUL Wt at e | f
nonvol atil e I{g h h ﬂiF 5 iRl | el exarrpl e,

t hen essentl a y aﬁ%niqlﬁtélﬁearg%}b\%gl tghg?gieﬁﬁ se app%grgra%:)?%g%

nonvol at i | eVeanetaniped up fiopcterd ho10s or @lpcbxsmatblyﬁmyb]t@,"for mmpﬂtslﬂ nt he OFF

state. At this {li. th re.,,operat and nar mal

operation O?OWS%L%IEIB’PP‘P% ?‘@%‘itk‘g][lgP flﬁpﬁn@n @ga‘é‘{%ﬁfﬁm or exanipte, 4hd
NFET 1178’ is in an ON state of 200 K(), for example, then current flows through
nonvolatile nanotube switch 1110°> and NFET 1178’’ in series, and approximately 8.3

volts is applied across nonvolatile switch 1110°” with a current of approximately 8.3
uA. For nonvolatile nanotube switch 1110’ erase conditions of at least 8 volts, and
current in the 1to 8 uA range, nonvolatile nanotube switch 1110’ switches to an OFF
state. If nonvolatile nanotube switch 1110°’ is in the OFF state, 1 G2, for example,
then essentially all of the 10 volts erase pulse appears across the nonvolatile nanotube
switch 1110°°, and switch 1110°’ remains in the OFF state. At this time, the restore
operation is complete, and normal operation of nonvolatile register file stage circuit

1102’° may begin.

Meeting Higher Voltage Erase and Programming Requirements For
Non-Volatile Nanotube Switches

[0141] FET devices used in volatile master latch stage circuit 1104 and volatile
slave latch stage circuit 1106, which are part of nonvolatile register file stage circuit

1100 shown in figure 12A, operate at low scaled voltages such as Vpp = 1.3 volts,



1102" may begin. Meeting Hi gher Voltage Erase and Progranm ng Requirenents
For Non-Vol atile Nanotube Switches [0141] FET devices used in volatile
master latch stage circuit 1104 and yglatile slave latch stage circuit
11086, \/\hl‘ﬁﬂ”é’?’@"%é’rt of nonvolatile fegister file stad®T¥RRUMM7851100 shown
in figure 12A, operate at | ow scal ed voltages such as VOO = 1.3 volts, WO
2007/ 001642 56 PCT/ US2006/ 017853 optim zed for high speed operation at 3
GHz clock rate for a 130 ri mtechnol ogy node, for exanple. Coupling circuit
1108 isolates these latch circuits fromthe relatively high voltage

requi renment, of n atil e nanotub 0. 142 di sc ssed further
above wi t?PF'é‘%ﬁgg{t%{% SHWF%IP?@ f‘éﬁ‘a{:[?ﬁg %tﬁ/l%‘fr@hg% z?@f?é?gé't[} ¥ descri bed
in figurefoldBmplp. €6ﬁ]%1ﬁ1'gr&u6ﬂppfb8n[§‘dlﬁt§s th8$cARh dRECLIRMTREN B reM@dlpges appl i ed

to node 1112 of nonvol atil e nanotube switch 1110 are approximately 10 volts

during erkigk voltaseaequitesientofdonppatds nanetdieysvaick 1% during progranmi ng
operations. Process engl neering and CI rcuit design that enables relatively

hi gh _vol tﬁ@ﬁ%} Op% ﬁ%}ﬁ&fhr@@ﬁ%b%‘%% i oGt H§m?ogzﬁl ﬁzﬁm%%b@%@ b U-S. Pat.

No. 5,818 tors use votage circuits
require sbla‘l@cq:leraﬂemﬂmonblmd:rhdiguﬁl’)]&;ﬁmae&n mnbmﬂlunmmmmeendpmguam ypi cal ly

using well and dr t.hi.cker gate .o and ter FET
channel \é‘?]l'aﬁ?ﬁsappﬁeg ﬂ%gﬁ@q%%ﬂa@lgp% HE E]‘?@& arf(ﬂa’f?f ire 15
i 11 ustr at fpvdisi dFing blasdloiations, tad kigdatdly §460s @fin hafigd in U S Pat.
No. 5, 818, 7‘218 Scaplggl gsofﬁ%h | 'yi ﬁgp}gbvlo taég of up tgloﬂrg@pr oxllﬁjrratel y 12

volts. Hiepsrasions.dgecess mgmeprlqgw@i qiewit depdgn Tgfﬁlab]GF tedyivelyduglcwoltaga 0, whi ch

may be 9@%?3&%?&' se?&cgﬁliugto%hl e?ﬁs&ﬁh ﬁnt\%o {Oth: r%'1@ ‘74%’?? ﬁghﬁ’x hi gh

vol tage sources may esl ghe l ages |str| on-chip as
descr i bedetiah TehrSistd?atised Mo high GoBdife, (ﬁl&ﬁi,ts rbmlfh&ptcml ssm@dndudthestmbmer i cal

B e e S

Supply. " Mg@@&am@afmmn@th@wcoﬁmmhﬂe@ﬁgwﬂta ecmate over a wide
range of voltages, 1 volt to 12 volts, for exanple, and vol t ages can be

TR 1 st A MUANR ot M il N N T A
appr oxi megrgl. ParlfRoV 9!8t1§,174@c£ifa99r0@ %M&QQ %Ez{ge%@ Bp %‘hﬂﬁ&ﬁﬁﬁteﬁf wolts,
' volts. High voltage circuit 1400 includes high voltage source 1410, which may be

generated on-chip or may supplied from off-chip. On-chip high voltage sources may

be designed and high voltages distributed on-chip as described in U.S. Pat. No.

6,346,846, to Bertin et al. The electrical characteristics of programmable off-chip

power supplies are described in “Basics of Power Supplies — Use of the HP E3631A

Programmable Power Supply.” Adjustable Off-chip power supplies can be operate

over a wide range of voltages, 1 volt to 12 volts, for example, and voltages can be

adjusted in less than 1 millisecond, for example.

[0144]  Mode selection input 1420 determines if outputs 1430 and 1435 supply an
erase voltage of approximately 10 volts, a program voltage of approximately 5 volts,
or a restore voltage in the range of 1.3 to 2.5 volts, for example. The restore voltage

may be supplied from the Vpp supply instead of high voltage circuit 1400.

[0145]  Output conductor 1440 supplies voltage to multiple nonvolatile nanotube
switches 1110, 1110°, and 1110” using an output stage including high voltage
compatible PMOS 1445 and high voltage compatible NMOS 1450. High voltage
compatible PMOS 1445 is connected to high voltage source 1410 by conductor 1430



or arestore voltage in the range of 1.3 to 2.5 volts, for exanple. The
restore voltage may be supplied fromthe VDD supply instead of high voltage
circuit 1400v0p@14&+QOut put conduct or 1440 supplies vol t 3g&/d@oodMiAgsP! e
nonvol ati | e nanotube swi tches 1110, 1110', and 1110" using an output stage
i ncluding high voltage conpatible PMOS 1445 and hi gh vol tage conpati bl e
NMOS 1450. Hi gh voltage conpatible PMOS 1445 is connected to high vol tage
source 1410 by conductor 1430 WD 2007/001642 57 PCT/ US2006/ 017853 and hi gh
vol tage conpati bl e NMOS 1450 is connected to ground. VnF voltages are zero

vol ts (grourad high voltegedipatible NMOS ddfipisicohimgteditg gronat t Vige voltaypasebl e PMOS
1455 and hi gh vol tgge c§ggati bl e NMOS 1460 .drjves the input of fhe output
0

stage. Hi gifeipoyalty ProPEPHNEARe FarBRrISias high N%@%&?F’Batfhlﬁ tage
source 1410 1ys mfcpmgml@ige%gé?atgdg&tqﬁmw&i drAQE e GRRAbE &,le%ugm% 460 is

connected to ground. The " npu e pre-output stage 1s controlled by the
out put of ddtighiweltapd@empatinpePMQOS LidaliscaBhe®d wdtig yrltage sdwireshl 440 bput

duct or 1440 will l.ect ed. Th der 1465 ts t
b gh vol t ageoRBtresd 4T eBhiEb ke FraeRt TMQY 1S Pegenrl Bt oy ocess
engi neer ed Sithe igiud bEHe bROSItPRSEEE BedntrbledByShe Hiaput dNdecdaleBI4b5/HBut t 0 Bertin

et al., such as triple well driver transistor 1510 structure in P-doped

substrate 15E8als SeSnasiserime mdichoruiug sordyrion dddwitbhe selseed Nlooutp 8H and 1460
transi Storsdeéddéfil@c%ﬁnécgstﬁi %{\%ltl%e Rict8lh 1525 and N-wel| 1530 are

i ntroduced to tol erate undershoots esl ow ground | evel and al so provide for
bel ow ground vol tage reference levels if desired. PMOS structure 1540 and
NMOS st r uct WPk6] 1550 gared 6tiljysirates podr aoMDecess engsiestadrseructugs 4790 dgseiibedol t age
circuit 140 a i b Ln U S, . No. 18,748 It in

out put  conddelBY PSR Gifrite Sus el aet el il B3, § o

appr oxi mat elsyudtu® ih Pridped fithsefa¢H20) coipontingd® Highwoltakt agepaibledNVIOS. For

this invention, ere nagnvol atil e nanotube switches 1110, 111Q', and 1110"
are used. o 1SN AIGTSE Ritaisrds BETPI el wUoRs st Dol bRadia or 1440

spaci ng pr ovhteRIubE e 1Sikratedfiasishdots B iefoun€ Wil £ 486 Jrbiide ¥R ONn. [ 0148]
Figure 17 illustrates power source 1605 designed to supply nmultiple output

conduct or s Ee0Bd volagy refgremcd Bels dlotesisssi BN hgfructire 1348l and MBS struetue4 40 i n

figure 15. . ot .has nul tiple nanotube sw tches 1605-1,
1605-2, to fgg@;grﬁ?%lgalf%f ERRSY G Qs

[0147]  High voltage circuit 1400 layouts as described in U.S. Pat. No. 5,818,748
result in output conductor 1440 spacing with corresponding adjacent conductors of
approximately two times the spacing when using low voltage circuits. For this
invention, where nonvolatile nanotube switches 1110, 1110°, and 1110” are used as
shadow devices in register files, such output conductor 1440 spacing provide greater

density than is required by this invention.

[0148] Figure 17 illustrates power source 1600 designed to supply multiple output
conductors 1605, 1610, and 1615 corresponding to output conductor 1440 in figure
15. Each output conductor has multiple nanotube switches 1605-1, 1605-2, to 1605-n,
for example. Vrgr is zero volts. High voltage source 1620, mode selection input 1625,
output stage 1630, and decoder 1635 correspond to high voltage source 1410, mode
selection input 1420, output stage comprising PMOS 1445 and NMOS 1450, and
decoder 1465, respectively, illustrated in figure 15. Power source 1600 may be used
with register files stage circuits 1110, 1110°, and 1110”.



for exanple. VRwis zero volts. Hi gh voltage source 1620, node sel ection

i nput 1625, output stage 1630, and decoder 1635 correspond to high vol tage
source 1410, node selection input 1§ 0, output stage conprising PMOS 1445
and NMOS 230070842 decoder 1465, re %ecti vely, il ustPGRER006/017858ur e 15.
Power source 1600 may be used wth register files stage circuits 1110,
1110', and 1110". WD 2007/001642 58 PCT/ US2006/ 017853 [0149] Transistors

used in coupling circuit 1108 and ;1108 illustrated in figures 12A and 13A
may be exposed to higher voltages. During the erase operation, according to
certain enbodi ments of the invention such as illustrated in figure 12A

NMOS 122d014ins OnMngistossrusedintdeuplingslitcoib il 1 @handf1 188 aillustiatdd indiguEPR of 10
volts tolg de ]1]#% V\%éh an, Ft(I)E . QranOQ{eI Srﬁsi.st%ceasgx irC (I)Iy at | east 5X
| ower tha 3618 P PL PSS ol ArPT e Hanot ube S WPt en 1110 in the ON
state. Foecadingt@s&tautdhb@iemenns oflille Uiehtion Juth aEilastpitel inttip@redrz®,n of NMOS
1220 is at approximately 2 volts. |f nanotube switch 1110 is al ready erased

(in the ABOSIZ2@yum ripy $the pEplicatien efgese valtage Yaer AHR volisi®. [ 0150]

During a ATHH j tial i of the

i nventi or?faag%r ogr a%hvo taane&%%{%gg?g%’bggﬁfétlﬁp%%gﬁ?%ﬁaghﬁode 1112 of
nonvol at irtsistanva b hotbelatile tanhtubd $Wit¢H 11UStin dteddN statef Fopaneerdse Aoltage nonvol ati | e
nanot ube ptc 110 turns .ON l.t age _appr gachin volts nmay be
appl i ed t‘%%g #fr%a’élp 1%¢mdfﬂ§eﬁw}ééﬁl\’7§%@?gﬁﬂﬁ?¥ ‘fogts'gf:F, the source
of PMOS tnhadtabesdwitch1d40is aiegdy @Ry (indhe OMPetalel I0V@H1 2B 2ainwyltatlel approach 5
volts. Therefore, NMOS and PMOS devices that formcoupling circuit 1108 may
requi re pHBOESSAZEE) neering to tolerate up to 5 volts between terninals.

[ 0151] The invention may be enbodied in other specific forns w thout

depar L1 ngo15ip] O bl SPhrbblanfbpef AR A ck AN ARIFELBIdifSnk BERROT . The present
enbodi nents are theretore topbe considered i n respects as 1llustrative and
not rest miveniiom a frogrd@]voitiget Vies of§ ablissid applied3@node. 11A2 pbnonvolatild | e menory

cel | COMRLA Kk RN iS4 A5G FEN 16 Rory e ebfibe S TFpPONTi N9 001

state in'T rrca
turns ON, then a voltage approaching 5 volts may be applied to common node 1116.

Thé drain NMOS 1220 which is OFFE, the source of PMOS transistor 1240, and nodes
of NMOS 1230 and 1225 may all approach 5 volts. Therefore, NMOS and PMOS
devices that form coupling circuit 1108 may require process engineering to tolerate up

to 5 volts between terminals.

[0151]  The invention may be embodied in other specific forms without departing
from the spirit or essential characteristics thereof. The present embodiments are

therefore to be considered in respects as illustrative and not restrictive.

[0152] ‘What is claimed is:



a shadow nmenory device coupled to the volatile storage device so as to
receive and store the corresponding logic state in response to electrical
stinmulus, said shadow nmenory device including a non-volatile two-tern na
nanot ube switch, the two-term nal nanotubs switch conprising first and
second termnals and a nanotube article a ?anged in fixed positional
relation to each of the first and second term nals and overl appi ng at | east

a portion of each Qf.vdidife hkfdty &rﬂqzoﬁﬁggigg: term nals, the two-termn nal
nanot ube switch storing the correspondi

Ing  logic state of the shadow nenory
devi ce i n reyyansetorage dewct thatsibres b comdspendapplogedtadhinrespons to elestistl one of
the first and second termnals. 2. The non-volatile nenory cell of claiml1,
further con%?@gv%én coupling circuit capable of transferring the

cor r espondi NghallOFinfensdrptisyies cdupﬁd\t@_t@wolaﬁlqsstt&ag@&v@t@éb%@ td Redib@ariaslo e
menory device in response to electrical stinmulus, and further capable of

t ransf er ri nepregspasding logic state ipfresphesedm aldeivicatstmuiusdwid adew nieywry dévags | e

st or age devfn(é@ding a.rn%ﬁRl%pa?ﬁe {\Aﬁ)-t%hﬁl%&lrr{a%@ube ?\;E/MHJ {hlé%wO-?ferm-maﬁ nQI?&ﬁBIeosjvﬁ%ch! € ]
menory cel |l "of cPaim 1, Turther conprising a coupling Circui including: a
program ci r emprispigditbtcind geddnd &dretiald 4l a Rablveyrtiortan@esed ih€ixed baditidral St or age
devi ce and the shadow nenpry device and responsive to a programsignal to
transfer a CHUPBELeSACAHCITHSiaad seqond Eerpnalsand pyetiarping a {@ptagioragnelicach of t he
shadow neno | £ - LeS Sl L el g i nat hway
Dot voen  hor L e el O o R L s BRSO GonaRe
responsi ve lgicatatesftbe ehadbgmadmdry deviemsifrespoasd togiectrenbdtenwdiis dppéied g conat
menory devigce to tﬂ& ﬁplat%le %iora eldevice. 4. The non-volatile nmenory
cel | of cl al’AitPne PLPE HEY 2ROMEPISIEHY ™4 Scoupl i ng circuit including: an erase
circuit in electrical communication with the shadow nenory devi ce and
responsive to an erase siqnal to erase a |logic state of the shadow nenory
devi ce. 60 25. Thke moriolasilamemeryeatimtylasm|ll ugthecsaminrising ageapbigcitdne chpablet
termnal of th -termnal nanotube switch . is in electri 0 ni cation
wth an oo PR RBRbardRMRL SR lhE Dolde cRris Mk e SR s econa
term nal of memert dicdeer FIsp@se PaFledtHES semiilug,hint Surthitr €apRblerdftahsfei@pauedicat i on
with a progranierase/read |ine, 6. The non-volatile nmenory cell of claima1,
further confriesf Hig shadoghmedpryetevics tefhecplatifeaitoragiodaifsiia saspeise v elrctiisrd

vol atile stgfage device and capable of nonitoring a |evel of power to

3. The non-volatile memory cell of claim 1, further corhprising a coupling circuit
including:

a program circuit providing an electrical pathway between the volatile storage device and the
shadow memory device and responsive to a program signal to transfer a corresponding logic
state of the volatile storage device to the shadow memory device; and

a restore circuit providing an electrical pathway between the shadow memory device and the
volatile storage device and responsive to a restore signal to transfer a logic state of the shadow

memory device to the volatile storage device.

4. The non-volatile memory cell of claim I, further comprising a coupling circuit
including: an erase circuit in electrical communication with the shadow memory device and

responsive to an erase signal to erase a logic state of the shadow memory device.



the volatile storage device. 7. The non-volatile nenory cell of claim®,
said controller capable of applying electrical stinulus to the shadow
menory device in response to a | oss of power to the volatile storage
device, said electrical stinulus transferénng the logic state of the

vol atil e storage device to the shadow nenory device. 8. The non-volatile
menory cell of claim®6, said controller capable of applying electrical
stimulus tosthe ﬁﬁ%ﬁ%%%){mggvd AR Eflich $RANER hONANEHARGPRSR: Rlo-RAMEL £ O
the volatile storage device 3 el ectrical stinulus transterring t

| ogi ¢ st at enanbwbhewgﬁaldm\ﬂmnml)comdemca‘eort with heowtpuqule@f ﬁtewha@@ deegece. 9.

non- vol at 11 SV 8RR ARAR RGIe Fa Eioan o e oo eha Al PRy firietbical

resi stance @mmihi€hidfWithGepropPamsae/ball fike two-term nal nanotube sw tch
10. The non-volatile menory cell of claim11, further conprising a naster

| atch stage capable of receiving a voltage and outputting said voltage to
the volatilg sto t I: [ fe.
L Yo horte) SR ARILTE e ot 8 40, SOOGE SRS, LOBIbRELRLL
produces themhalitzage w:ifhrthes@@mldismgagealevlheaﬂcb@ip@blsbatr@mtdralg eil‘llaeelr@ﬁpowaltatl l e
menory cell of claim 10, wherein an onboard cache produces the 61 voltage
corresponde@V?%U?ﬁgﬁﬁﬁdk¥w§tate 13. A non-volatile menory cell conprising:
a volatile storage device that stores a corresponding logic state in
response to electrical stinulus; and a shadow nenory device coupled to the
vol atil e stbragelldavne®lsibe msmbry celadiclaémanshidtmtelletmpatdonf gphongélagritalgi ¢
state in resgwﬂse to Igctrlcal atlnulus sai d ihad M/nenogﬁ devi ce

i ncluding & gitat OF REMO8Y 3% BATPRAE 1A BOWGH Eﬁ‘ée R e

t wo-t erm naaevmn@waecmmsﬁﬁmu@%ﬁsrféﬁhg%eﬁbg@fsmmtﬁ@mme kRFdFe AdYise ANF: @
nanot ube article arran to overlap at least a portion of each of the
first and sthedow megomy the single two-term nal nanotube switch storing
t he corresponding | ogic state of the shadow nenory device in response to
electrical stinmulus applied only to at | east one of the first and second
termnals. 44. The manolall@nemerynemwryladalol sadd cantiallen ckablé of ippeyingeleqritai ng

a coupling circuit L ) .
stimulus to the shadow memory device in response to an increase of power to the volatile

storage device, said electrical stimulus transferring the logic state of the shadow memory

device to the volatile storage device.

9. The non-volatile memory cell of claim 1, wherein the state stored by the non-volatile
two-terminal nanotube switch is characterized by the resistance of an electrical pathway in the

two-terminal nanotube switch.
10.  The non-volatile memory cell of claim 1, further comprising a master latch stage
capable of receiving a voltage and outputting said voltage to the volatile storage device, said

voltage corresponding to a logic state.

11.  The non-volatile memory cell of claim 10, wherein a random logic stage produces the

voltage corresponding to the logic state.

12.  The non-volatile memory cell of claim 10, wherein an onboard cache produces the



capable of transferring the corresponding logic state of the volatile
storage device to the shadow nenory device in response to electrica
stinmulus, and further capable of transferring a |ogic state of the shadow
menory device to the volatile storage device in response to electrica
stinmulus. 15. The non-vol atile nmenory cel 1 of claim 13, further conprising a
coupling circuit including: a programcircuit providing an el ectrical

pat hway bet n t vol.ati | tar devi ce and the shadow nenory device
and respon§¥@§g'%Q§S%P861§%ﬁ§ﬁﬁﬂgf ‘% transfer a corresponding logic state
of the volatile storage device to the shadow nenory device; and a restore
circuit praoviding an electrical pathway between the shadow nmenory device
and the vollati| &\ Beroylaidle mesary eelhepmprsgigonsi ve to a restore signal to

transfer a ' : | ; lL.atid.e storage
devi ce. 16.aj%&ﬁen%%@ggfig{lﬁtJgan%%@é;%cre@w%/ngg?ézcr%nﬁief?lq?stt?? {?Sﬁ\éfg e%tg{rrrlﬁfﬁi si ng g
coupl i ng cistiomwius; aridncl udi ng an erase circuit in electrical comunication

with the shadow nenor evi ce an esponsive to, an erase signal to erase a
logic staté %ﬁgﬁ‘%@emﬁagwm%g frbF agl.a?@étoragﬁ deyife sShBhLoVesAYs 4nd SHERGEy
cell of clalofeddnditheIRE Ratk B rdspdnt «f éédﬂi&@ktirﬁﬁlug,Qﬁid%h%v@m%ﬂ’@%y de&td nal

nanotube switch is I'n el ectrical communication with an output rode of the
vol atil e shdndigeadegleawn-vatadilewvereiminalranstwbe switche theisiregle ofo-tetringli nagbtebe

two-term nal .nanotube switch,is jn electrijcal muni.cation,w th .a

or ogr an er 2840 ST RENS §Y pfend BrrfodF atd § BenelREAIERTgR 1) ditpifna teas
further conpsdreérer cacteOMnthe Gikdt @Ad sddol REhinhIEathe siaPRTIWDItGRihD Randthde swih

vol atil e storage device and capable of nonitoring a | evel of power to the

vol ati | e stsénrigahejessresponding logik starorf-theoshatdow amemonp dgvieciniresppnsel taelerttigal saj d
controller g I [ R i t 2 he shadow nenory
device in f@gggﬁéﬁp@%hgﬂfggél%?ﬁ%%&%?kﬁﬁbfﬁgS%%ﬁg$% é%%{orage device, said
el ectrical stinmulus transferring the logic state of the volatile storage

device to the shadow ry devic 20.. The_non-vol atile mempry .ce| |l of
claim 18, sdid c@}ﬁ m—@%ﬁe hsrecql Ofég’_bq"‘fgnﬁlﬁg%mﬂr@&g 3 QPR 4¥UHo the
shadow mempyaieyt ¢ st EHPCHF&pb AR oL RERASEhO Vo RENGIord R delRe YPIat i | ©
storage device, said electrical gtlnu us transferring the Togic state of the
shadow nenwhydovdaeinoey dayidetie raspbraseitd elesttical agmubbeydnddurther capable of transferring a

logic state of the shadow memory device to the volatile storage device in response to electrical

stimulus.

15.  The non-volatile memory cell of claim 13, further comprising a coupling circuit
including:

a program circuit providing an electrical pathway between the volatile storage device and the
shadow memory device and responsive to a program signal to transfer a corresponding logic
state of the volatile storage device to the shadow memory device; and a restore circuit
providing an electrical pathway between the shadow memory device and the volatile storage
device and responsive to a restore signal to transfer a logic state of the shadow memory device

to the volatile storage device.

16.  The non-volatile memory cell of claim 13, further comprising a coupling circuit
including an erase circuit in electrical communication with the shadow memory device and

responsive to an erase signal to erase a logic state of the shadow memory device.



21. The non-volatile nmenory cell of claim 13, wherein the state stored by
the single non- volatile two-term nal nanotube switch is characterized by
the resistance of an electrical pathway in the single two-term nal nanotube
switch. 22. The non-volatile nmenory cell of claim13, further conprising a
master |atch stage capable of receiving g,voltage and outputting said
voltage to the volatile storage device, said voltage corresponding to a

|l ogic state. 23. The non-volatile nmenory cell of claim?22, wherein a random
| ogi ¢ stage produces the voltage corresponding to the logic state. 63 24.
The non-vol atile nenory cell of claim 22, wherein an onboard cache produces
the vol t ag¥-corThesporidiatide memoryecellodickaing tl 3t weherein the first terminal of the single two-

terminal nanotube switch is in electrical communication with an output node of the volatile
storage device, and wherein the second terminal of the single two-terminal nanotube switch is

in electrical communication with a program/erase/read line.

18.  The non-volatile memory cell of claim 13, further comprising a controller in electrical
communication with the volatile storage device and capable of monitoring a level of power to

the volatile storage device.

19.  The non-volatile memory cell of claim 18, said controller capable of applying electrical
stimulus to the shadow memory device in response to a loss of power to the volatile storage
device, said electrical stimulus transferring the logic state of the volatile storage device to the

shadow memory device.

20.  The non-volatile memory cell of claim 18, said controller capable of applying electrical
stimulus to the shadow memory device in response to an increase of power to the volatile
storage device, said electrical stimulus transferring the logic state of the shadow memory

device to the volatile storage device.

21.  The non-volatile memory cell of claim 13, wherein the state stored by the single non-
volatile two-terminal nanotube switch is characterized by the resistance of an electrical

pathway in the single two-terminal nanotube switch.

22.  The non-volatile memory cell of claim 13, further comprising a master latch stage
capable of receiving a voltage and outputting said voltage to the volatile storage device, said

voltage corresponding to a logic state.

23.  The non-volatile memory cell of claim 22, wherein a random logic stage produces the

voltage corresponding to the logic state.
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24.  The non-volatile memory cell of claim 22, wherein an onboard cache produces the

voltage corresponding to the logic state.





