Non- Vol ati |l e Shadow Latch Usi ng A Nanotube Switch Cross- Reference To
Rel ated Applications [0001] This application clainms priority under 35

U S. C. 1hW90epot@idsbe foll ow ng applications, the contenpgrafsavbiotiyssar e
incorporated herein in their entirety by reference: U S. Provisional Patent

Application No. 60/679,029, filed on May 9, 2005, entitled Reversible
Nanoswi tch; 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 Reversi bl e Nanosw tch Nanotube Array; and U.S. Provisional

Pat ent Application No. 60/692,765, filed on June 22, 2005, entitled
Enmbedded CNT Switch Applications For Logic. [0002] This application is
related to the fol Non-VigatilShadaw Dateh Ushez Ad¥riretoke SWitehi ch are
incorporated herein in their entirety by reference: U S. Patent Application
No. (TBA), filed on an even date herewith, entitled Two- Term nal Nanot ube

Devi ces AhbsSReferonce ol RekitétbApplitatidaki ng Sane; and U.S. Patent Application
No. (TBA), filed on an even date herewith, entitled Menory Arrays Using

Nanot ube [@001]c| eThidlapplidieiph eBiEasPAESIS undei 3 TIfcE. aokytodrdollewhrz cal Fi el d
[ 0003] The present application is generally related to the field of |atches
for stor |aﬁalp FaHgny thg %ﬁné@tsa?ﬁ]‘Vhlﬁ%la@@%E?We@&eFe;}n 13 e SAUEIRPY | e shadow

| at ches tr%@ nF se twoternminal nanotube switches. Discussion of RelatedArt

[ 0004] Volatile circuits have been and continue to be the normin digital
circuits. In the initial devel opnent phase, bipolar circuits were

uni versal ly used flb8. RmoaismgablPadent 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.



digital circuits. Denser and nore easily integrated but slower FET-based
circuits soon followed, and were introduced for |ow cost and | ow power

appl i cat iwoeeumwiesas cal cul ators, for exanple, while bipelrarseichtisss s were
used for high speed applications. In order to elimnate static power

di ssi pation present with bipolar, NMOS-only, or PMOS only chips, circuits
based on conpl enentary CMOS (conbi ned NMOS and PMOS) devi ces were

i ntroduced and static power dissipation was virtually elimnated because
power dissipation occurred only when circuits were switching. FET device
scal i ng #@ gra¥Rdbduced and used successful | y to approxi mately doubl e the
nunber of circuits every two years, while increasing device and circuit

per formance, all n-chip voltages to contain power dissipation to
acceptabl e | evelgéhfl%%g{elﬁs the nunber of circuits grewinto the mllions,
bi pol ar power dissipation becane so high that CMOS was used to repl ace

bi pol ar {00031 t sThegmeseana®licaticimie getnsallewelaied e beldafdatelester t he

sem conduct.or . i ndystr or | oqi r n cause of a
common CREE™$ E%%%F‘%@é“c{ﬂr%?r? Blgeﬁfct}cc?]ﬁ? ,EB vr\}l>6 B‘e’gl\?glre iasggé/oqxg%a&rehlggc r#gsnel t(?% functi ons
(menory, teiingtal ahnotist fAeheg circuits), systemon-chip (SoC) integrating
hundreds of mllions of circuits and billions of bits becane possible.

M gration to new denser technol ogy generations enables nore function per
chip and is doneDﬁélfSS@d’dlfd?ﬁl@e‘éé"Z\ell as performance reasons. New
generations of technol ogy (new technol ogy nodes) result in transistor

density [GopupYeresihtieUilRitd AL IRSLEIIHiRNE toihd 18 nefm AeYizgagl dMcdith and

denser interconnect wiring. However, for sub-150 nmtechnol ogi es, device
t hr eshol th thelinitigledeseipinregt plsase, ipadarsiineylty weief driivarsally ysed fortanalggianli gh FET

device CEF-state.| eakage currents. and correspondi /- hi.gh. st.ati c power

di ssi pat filcght:alt ‘B’é‘i“ﬁéﬁ?‘gﬁ 3 %ﬂrgleaﬂ}yﬁgﬂegagﬁiﬁutgsg%g%rol Tgla%egggﬁlﬁsgéoﬁg no

| onger  sgfifdviidetd #ere ih@sduce@ 2o Rbftand BoEpolver aplientidis, susload hat  pover
dissipation is setting limts on the conbination of speed and function per

chip. At caladlames, fior axantpto Mgy binslrs cirpsits wersouwed fordygh thsed PPRISREPRS dynam ¢
and static i ~ ~ r ' S5SNI OS-RBNVBE
di ssi pat ;[%?11%8 ro%hem!(’:1 ?tglrégan%ﬁ)gvlvv ?ﬁg‘?&t@% I{gr oha{gglg%gﬁﬁt he 65 r?mgi{\gchnol ogy
node, st2M®OS palehii siséuiiatbased onl dompdernesarydyMES Cohbjyed NNMO§F)andower
di ssi pation. New generations of technology.are limted b wer
di ssi pat FOHISkAgyEEs &fef‘i/mérlog?‘?eé aﬁé\ﬁé‘flc BP‘%’%?J’Q‘EIP{E}W%%S \E18u%58eﬂug183ﬁepng and
associ at geba}sPowWa di&Spation 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 technologies, device threshold voltage scaling is increasingly difficult, resulting in



OFF-state | eakage currents. Because many applications such as PCs, cel
phones, ganes, and others are portable and require battery operation,

cont rol | iwg 200vmiesdi SSi pation whil e enabling high speedpoparasiconsss a
requi renent. Since power dissipation is 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

archltec ur desj des bed U. S. Pat 243, to Bertin et
" suaditelh Redts CBR S okttt and reder Rl el gt sGidae fhen

CI reuits d'fb%iﬁﬁtl@l?%n‘@@&ﬁvbﬂ@orfa@Hln?enﬁfoﬁﬁi%ﬁthﬂgéfjscﬁﬁﬁg Rthodbngdrme to reduce

dynanm c power. Static power is also reduced by adjusting source-tobody

vol t age sofficint éadestidamsesthinsdSocs fageampld, whmve@gwéipatl@dlﬂ S@ﬁl@ﬁge

current S pr.oac uce [

ci'rcut t s Bl S remPRRLARS o e e S T B e i

rel ati velnyddizghe 56% ofahé kbtaltfbﬁx%s ttglndml/@éﬂdaﬂ&dmd\tdrﬁisid@e té Rakg@uce power

di ssipation may only be use bul k CMOS technol ogi es where body-regi ons

can be msHuEBitisducedctaticipomet é@ﬁn@u@gﬁrmqﬂw shsiva thabifqr papdicksas thed@Vi ce
bod 97, 243.
(o007 ° P REERCARIRE i, TG EUiEl16T il B ol Bybiitc (ftracBmoRel 17 2P

descri bedissipatien.tNew génea:it1onkloStecHﬁﬁlog}P\hre lﬁu&ﬂbywyer\disslpatlamt ivity
detection circuits nonitqQr jinput circuit tlﬁg at. tgg st logic stage
and |ncr€§1éeélaélﬂétaélﬁé{98’eéfllsélipﬁfé‘lﬂ due tPrTl’Og’iJ sspcigfed high dsvifsr to enabl e

hi gh speeggko {e%cua e%ﬂ% %ac&&eglgarf]}zcdgg a%ﬁé’!;&h\é@mgé‘ell Shonggui red as

well, with the asso |at imtat scribed further above with respect
to U S. Rames,Nod oﬂ;dﬁ@f?rpmﬁabl[e@ﬁd)&]quim bamr[yIopemtwlhmontrellmgemwappr oach to
power reductian b arc design is U S. Pat. No.

6. 345, 365 5ingig plf cpbtise Fief o8l Bpetiior B A R TP ¢ o

di £ f er enti@pRen LAl 3R GRIEROMbAIDLABE It RS sLAGAHIOPBALMAT | 0US Speeds
using an on-chip control processor unit and on-chip power managenent unit

to opti mSE%edehﬁ:‘ﬁ chipwsehifseturoanrheiecit d@)‘éﬁéﬁlﬂlﬁgﬂ%@éﬁe dn gedes E9 enable speed of
each func&éht? i {%&eéﬁﬂﬁ@%ééﬁf&%ﬁé Jl"lol d voltage variation with the
€ Imta

associ at rons as SCri er above with respect to U S. Pat.
No. 6,097, 243.
[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 a related 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



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

i nstruct iwo2eem@ietanm ned and code i s rearranged such t lpatr/ushéoseiisss not
required for a group of instructions are turned OFF. Circuit groups are
turned ON as needed to process various instructions. In the exanple given,
circuits are assuned 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

power are.re ed..in those circujts. where power..is turned off, wever,

fata i o BISPRSonag ARGl BRL S RO polalil F eyl B0 oo
t ransf er rdvé qitheepeyt BtU.BOPRINOf,08mzh3 r ansferred 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
desi gned [0808Insufestdli paqthesrelpisdiabpivaeistioqmvea redustien by archifestuigiasfler s, and

| ogi ¢ sy Is : icSpS t e )

sel ective egfggtl%%%gébgﬁ{gqﬂgé é{dgtg'aé’?% ’g%égB%ﬁﬁ]reettgpbwfei%rg%ﬁﬁ oglagpst ages

t hat ar e fnodtionehunitsexd diferepaotveciehels asagaehak® iaftricliong teqhirmasaridhd | e thi s

met hod reduces dynam c }Bower I SSi gati on, (g)ati,c power dissipation remains
hi gh due SP&° Sé‘éﬁé(f@ IR RRYTOl PERsessPr PRt fdson-phiip PORiST MANAEHNEEHNIL{Q) Bert i n
et al., ; ' ' ie '5@(:}8 | uch that
each r eg@g%glz% Ia[gﬁg)tﬁgveﬂ%%rﬁ)éﬁlg%éref g@g@ﬁé? ﬁg%g‘;]a ow%%%?@l?%#g?rg%c ) desi gned
(opti m zddpctfamal wrghispdivstedibyttereshadd voltage Vadatiagwith tihe sssoci@MDS devi ces). The

state of ;the systemis.transferred to the sh | at.ch a transition
to a Iowlm%’r%ﬁﬁﬁg%’“ R%J%(ﬁ?ﬁ?aqoge Wéﬁ%&@?&dﬁ(’g@g\p{g@% g%cg’ﬁgﬂ%g in portionsof
the chip, or the entire chip. The logic state is restored to each register

when powg0009 r ezt diffetbnt ¥¥prb&htth ipsweElei@stioni tgrthitanird ¥nd @&?ﬁs bot h
dynam c and static_ power, and in fact elimnates all power dissipation
except f&esqr%d%w-gc%r%h@é%w&g@ Datay st alf, wheee iBsEpGtions BigPXaminggr ned OFF,
the shadoyy.684 &t j gl £ 1 e : L& First,

| ow power 8i0§§% %artg {l%andgrg%él?%t{ ggts&l]f Plgét %%g%]ﬁ%ragg géeglgl:ap iq%(laﬁspglb% I%\rl%{ge parti: les
and dat a timeé @R iicgit @roups arecturnd diMibs needed talprocesy vagotingumegionaul d be

applied to the | atches, but. some technol ogy changes be requi :
abbona. Jhq eSATRL EHT SR oo IO YEBRAT be e T ches.
A so, adgdidig afd!10WyBIRYRS bSRIVRY th @ﬁecﬂdll‘;g%’{ve?@tﬁﬂ:. Boupenficaipdaag | atch

significantly increases chip area whic _ .
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 are 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



i npacts chip design and reduces the nunber of chips per wafer, which in
turn increases chip cost. [0012] Hi ghly integrated products with a w de
vari ety ofoQosmmiids2f unctions such as high | ogic and nenpcy/sesisoMsss
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 high level of integration
and the m xed data_and signal processing that §OC ?Ilevi.ces ffer. Product

r equi r enththg chivs getde spiie FP'C'Bt%s]GﬁJ@rStaé?)%lrf’%%rtefl hEAC a{F%ISt?ﬂB"j%gI&POW%r change as
Lhe desi gneBhRar §4%E this Afufbd Gaiiitannde6iBsbh dgatild didaeuia pedhi nat i on of
di sparate elenments |ncFu i ng ehpedded, programable |ogic functions such as

general pnd pofaet efinsinatkd all RBE dissipritior exeapeior dhblositreveri SBAdDY BEESEISr cor es,
nbedded, DSPs, . edded desi AS] O). . ded
ronory. e B PN TGO R SR ETe e B b

funct i ongelSou. ke, 16w BORELGEsiBMRRESsteBUAIRS) 4y Bédaivetotalphne is
insufficient tinme to optimze function for maxi mum performance at m ni num

total poperti ks esd pateinegrityiinen wsueRedistien barloriag igspriguetcalthe as an

optim zed ASI esi or ex | e, | , i : {C

pr ogr amréB ?dlcf‘Bg?e?a%H?FcLPtoW?eta}ﬁné?ma?gg snC i%lg?eg n%j&:é %gl\?\%érajf&’ %dr#a b%’??ﬁi zed
desi gns ppwer defill Uksshleah fiRrlof posiebhddow latehem dilfoy hddinprdau@bweunct i on
near the end of the design cycle, and servicing nmultiple, appli acﬁhiions for
econoni ¢ shasiesoleich fpome hiah rerfermancedlaich Wﬁ%%@ﬁ’ H{Cé‘??ﬁ%cﬁ%ﬂ)@&%@é” tions
enabl es_gRpfsd URG bl REf 1Rl hher SPBERL Bkr WaGAGHTIiGh ASuMel | as

per f or rance reas : W generations oftec ogy (new technol ogy nodes)
resul t i mdréadesitgp osstdensity inprovements with increased current drive of
device wi dth and denser interconnect wring. However, for sub-150 nm

t echnol ogj es, deyi threshol d vol t age scaling is Inc i: i,fficult,
resul ti ngg_)(?l%] hi gﬁlilg"r‘n&@&‘?tﬁ‘gpﬁéﬁ?tét‘”é@ea Y@%WS&%Y&EFF@%% glﬁl%%lgggc%lrc Ir?élgspondi ngl y
hi gh st atidh 180ehHd herir @bhient, syséél4h-dhi®o€) hrchiteymrenfor sxdmplehrpover

di ssi pation as a function of technol ogy node (and cqrreiﬁoladl ng year). The
sour ce ofanfilngortant pait of eiyeent sEEicopdysiRrapdusHyidetign PECEEFHENEBH03. Technol ogy

nodes ar ?ntggrgr% e?lr]]ptrg&iucl (rilestigeﬁrs Iﬁin%fbu'ﬁi 5'1' Wﬂ/ﬁ% fé'éﬁnﬁbéi@s are especially

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, so 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



and associ ated gate length. Static power grows exponentially as di mensions
shrink, while dynam c (sw tching) power grows at a nodest rate. At the 90

nm t echnoyogyomwea, 25 to 50% of the total power (dynampgTandossiaisss power)
is due to | eakage current-induced static power dissipation. Projections
show that for products at the 65 nmtechnol ogy node, static power
di ssi pation may exceed dynam c (operating) power dissipation. New
generations of technology are limted by power dissipation, especially
static power dissipation due to poor .scali.n nd.resul ting hi devi ce

pd Sy

OFFst at eF%@&ﬂ%@é(f’éWrtﬁmgy%dﬁﬁ TRYHR HRRY ?:ﬂsﬁ'_ﬁ HEPEY e | t age
scal i ng ln%re%g’ed &ﬁ'ﬂ:ﬁf it & @év?d{%%iﬁ@ﬂranfdﬁft@hsg%@ﬁ:oﬁﬂcp%ﬂ )ERowekr, ¢gampl e, so

that power dissipation is setting limts on the conbination of speed and
f unct i onsyket5CinhpechBevaies edaviveythepindld valtagerrsalingil ingeddgly difficulphones,

ganmes, and ot hers. ar rt.able and require battery operat.ign,.controlling
power di &spibing i“bﬁlggm yi (!)]SF‘QYagﬂrﬁeggng Spgelgtﬁanci?,{?%%p?n%g@y&hgﬁ] s a

requi r enghfic phiDYRY&lipateyien i n non-portabl e applications such as

wor kst ati ons and serl\’/ers, power dissipation |imtations caused by poor CMOS

t echnol O?({ scaling is limting operati ngi‘ss_peeds and requiring power
managene 014t ¢ hi Figeredr sows poongjzed powerdissipaion asadyastian of teehasiogdr at e power

4 chiltigord SIPBIR RSB
andor ot anrectpRiPr shobhE Sedt he Rk BFL Y pRER O Tng iea! COBRRENAAGET on,

Fi gur e 2Deb@wsertd003 eNehgylofP hodes hedipresontqikin tepey aftrhinimuadedtnedizeo i npl emrent
a 32-bit operation for various |ogic design approacf&gqsl. Pr Orgi["a bl e | ogic,
t he nost apq esspeipled 2at 1orgta RtAtGPOWE FoSs PEBENAINES CHRERSIGIS I 0y r i ng

2,000 pJfi@k d?nfrgfc\@&hah 'ﬂ%&égfé%sﬁf‘g ﬁdde%@xrat@ ARG A e dhaslogy e

m Cr opr ocesso y contrast, east flexible design approach is
t he nost podwS5ed Se%tdfitke witd popat (dygamid andAtasis fower ik dus todeakaggi ¢ f uncti on.
DSPs are al so.quit i ci ent. at

ef.f 60 pJ.because they.are i.cal lx used as
an accel EnETEFESEHP PO EhGis T e BEREo P BRY B P B AR e T e
digital shoRedndds g ﬂﬂiélﬁﬁifq?dislgpaﬁ&oﬁfag%x@éedfdxﬁm @pératifig)pover
presentation by Bi'll Dally ‘entitled, "Low Power Architecture.” [0016] The
ener gy r digsippiden. Naw generasions obtselinalegysare dimjtseihyaioneer Bipsipaiiai dt h. Fi gure 3
illTustrates the ener I i r Cegi 2z RipR.
! 1fR¢n JEF
oper at i oR¥HE %@%tl%gg%re reglgléiﬁét??%r%l%to %%@%”ﬁ%ﬁ%?egr%eggeb, ts across a
chi p (106taplpakafBeurrents. 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



relatively high energy (100 pJ) associated with driving |long distance (10
nmm on chip interconnections is a consequence of wiring non-scalability and

i ncr easi ngoQbemosdsze. The source of figure 3 is Bill Dalpyjushovs@insasi ona
Synposi um on Hi gh- Performance Conputer Architecture, 2002. [0017] If
present single processor chip architectures and desi gn net hodol ogi es were
| eft unchanged, then power dissipation and | atency associated wth on-chip
i nterconnection of logic and nenory functions woul d becone a dom nant

fact lting.in., -1 i hj f . || hi
ar ohi t ecbove STty dBaRdE i ol o pF sRn gt TRk, ESES Bt s P byt o
regist ereffficie‘i’l%ftt&?( bethiseTRAAHE By i Q08 usbE SPIYaccEIBABAE Gibifal Sighalp! anni ng f or

nmore optimum placenent, and ot her innovations have prevented on-chip
i nt er conpecessorpsfunctidneo pegorn dparifiadigitpleignal pocsssingdaske. Thawourgeff act or .

[ imi Lat i Oeeecys arbs peergriacesd] B Pk AT R RRr ARBREA ogic and

menory functions as has al ways been the case. However, these enbedded

Ci rcui t S[g016] | NCTiRAseRS] ¥qetidd fof vhrious@pemiabss i dotirsnted bebarfdwidther above,
and static power dissipation is beginning to set perfor rrgnce on chip
oper at i obiguod ilbistraes thecengranaeqyiredaRxsgisiar c Vs ans O3 %htt 0BG8H%hen no

Swi tchi ng ﬁgfg%&e%hﬁlg%{%@lg%r 4fid Qnéf&%ggg b?t%EI‘SEhta&ﬂl@:gféd giysTRecause of

poorly sca devic ol tages operati ng tagés. Static
power i srdlailetekighrhsrghy 10026l absogiawal witdlgésying terfatisthiop (1@ dun) ergchipe

vol tages. in tenporarily unused circyits to %ro %sgl ectively.renoving

appl i ed VHPIEARESUPRSIHACABEGURICE O Wid)8 ’[‘%i‘@fa ity AN CEESIgi %‘lpd%?r'gn of ten
uses | ogirfe d&5tOPr fi&E 1 BAPDARY ShfcfthtioRal&ynfRRfEM &:° MigiIPafdinaBe These
techni ques are pipefining and parallelism “in which logic function is

di vi ded Cotpugmrertistecpire,®92( sub bl ocks), called stages, such that the rate
at which instructions are executed i nproves because many operations are

execut edgﬁ{] he sane t.ime. [ | ' caBng [re described
in nore de gi i ]ﬁp{%gntfsg}gl% E%S%?I(ra e]% 8} r(l: ggéscﬁurgt?@(g@%@glgu, &%ﬁgcui ts,
| nt er conReed leftichaiddd RBek poiverglifsipativh Shd Jatehdsliassoniatéiswiely offebip shi ng
Company, I nc, 1990, PID .412-416; and David T V\an%, "Revisiti ng the FO4
Met ri c. " interconnection of logic and memory functions would becomg’a dominant facto

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).



[ 0021] An inportant aspect of concurrent |ogic operations is that the start
of an instruction does not wait for previous ones to be conpleted. In this

way, all wornbémnsssef the hardware are utilized every cyeteustmkiongsbest use
of available logic and increasing nachi ne throughput. 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

per f ormance using, for exanple, the pipelining technique. [0022] The

i pel i ni ng_technique, for, | L ogi ¢ bl ocks divi ded
B b g e P o S LEEET koPhh) RAlRN 0o
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speed of operati I's, pipelini used to i nprove the execution rate.
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then be jRGHAB%RE, (CRulreMabeit ABsigh EcRAIQREY dré @eRtibedir Mere deval mehof the sum
of the longest delay of the Togic stages plus the |latch del ay overhead.
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are gi vewdns, tisiditifk thBaH@OMeuict erence book, pp. 349-355. Designs are
i ncreasi ng the nunber of regi sters and decreasing the |ogic stage delay. By

way of exanple, the nunber of registers (latches) used in the |BM 750 power
PC chip [@ggboutAllUPWnFé@egtt‘grcgmuﬁ?@t 3G 0 é‘?‘id”ﬁl‘si tglﬁttb&ﬁ@qugéndesi gn, the
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(Latchesﬁ*%%é@%%@?p‘g?lggggﬁ%% @?g)n irrpn?r]t ant c.onsiag'faratgi on because it
of t en sebbtht herdwex¢ angmtijiged evearanyde,lmaking st useeof| aygilable logia ansh as di scussed
further above wth respect.t igures.1-3 Presentl. ' .ates are
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enabl es Togic states to be saved with no applied voltage, that |s zero
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to reducgcllr})l%wﬁnr di ssi pation, enabling other |ogic blocks to consune nore
power and“ruf Tast er

[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 iricreased to a level that is proportional to the inverse of the
sum of the longest delay of the logic 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)



as needed, and other advantages di scussed further below. [0024] In addition
to the performance benefits of dividing randomlogic into snmaller bl ocks,

t here i s wotestdongz2benefit as well. Logic testing requi pes/usbaisoernsh | ogic
node be switched to both "ONE" and "ZERO' |logic states. Chips with a |large
nunber of gates, tens and hundreds of mllions, for exanple, cannot be
tested efficiently unless the logic is subdivided into snaller stages

(bl ocks). Snaller | ogi ¢ stages separated by | atches enable Iogic

testabili r 999%_ f.or | e, . The [& i bed herein
may al so eﬁ%’gvnngksf‘%%u 6P |a3I"in§°I$%n%nF%S§ o ttljornpl%)s Se lﬁ%tg e té? patterns

(test vecnmlsﬂuxﬂped@mdnbenmaﬂcﬂhé 1ccfuﬁamcu@&@scu§semf@mrreaowdﬁwnm der to
identify and elininate defective chips as is well known in the industry.

The fol | o%FPR§t F%ﬁ@%fé%b@sP@ﬁ%Hs@géfeﬁ%teﬁafﬁé@mP@@ﬁlb’ steued Hbyolptily registenj i war a,

"Logic T press,
1985, p?ﬁ E%g%%gé gfnﬁ-g&ﬁ{@mﬂge%‘% qua%i%ﬁg?% %Q@bygaw r,
"Built-i ndél@e’a&tpefrwgléféﬁnablegBig@ftﬁﬁdﬂﬂbeTﬂ&Edlwﬁthels pINedwot gk, thiNYs John W ey
& Sons, 1987, 8-43, [.0025] A nunber of dlfferent register file circuit
desi gns af®° ae@ei ippationdn paitiogs (Prable vkthe intggrated arishis in arder okdere

synchr ONOKSy f ] IRSLEY tch stage
circuit and eg ?a%?aétn%ﬁ %%g% 1%%1?%&%{3%@%&%@%0%@ eréﬁ appl ir?{gfaé(t:&farocks such
as CLKI aarsdleedetdz andl bthst aditaethgendifcugsadefudiber ballaver nat i vel y, a cl ocked

synchr onous register file stage circuit design My use a naster | at ch stage

circuit sl circu | e cI such as CLK
Cand i 15 0030 o Faddthe o &6 ?ﬁ?mmbs%ﬁﬁw%%ﬁa@gf B ved furt her
bel ow. [ Of24]er Eloeug Qhe’-lfé\lsidﬂe'stﬁigrlﬁin@ﬁt isrwar Ic t@st %geks&u cheorels | ogic
function 5 using two nonoverla plngg ocks , |nclud|ng | ogi c

st ages 1mca1sd>e§w1f@h¢fht0d:tq% ﬁﬁp”sle@als@teédcbkps Mai sleggequmber 2 18
(and ot he& ?ﬁdﬁlﬁ{dréc{g%‘é’%gf‘oik%ﬁ&a esc o%%ftesftéheerflﬁe?& gh speed

operation. ary reglrs 'S COo a naster atch 20 and
a slave (urﬂesslthﬁ IoigicAS subidieitied m(tchr)lalllatscalges?@ﬂmcks):Grrpldieehbgmfstatm| ster cells

1-n and sl ave is conposed o ster stage is
conposed S&%@F"&Qﬂﬁﬁﬁﬁﬁ‘aég l?glﬁfesF ft¥tt%FeaE]é§#§° 9%@0&’%@@%‘5] %r stage 16
conposed Rhiskpd AQRSRBIAGn 1o 3 Fhe ﬁ?érécﬁmléct@(’f‘%ﬂ%lly fbt te'stspdrﬁ%gﬁ ysic LO note
that |ogic stages 10 and 14 rmay be conposed of random | ogic stages, for

exanpl e, test patiorng étegirvectors) are applied, and logic response is measured in order to

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 CLKD) 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)



onboard cache such as a high speed Sync SRAM LI cache, for exanmple. A
master (LI) latch such as master (LI) latch 20 accepts data from precedi ng

| ogi ¢ st age 2er/0v@n activated by clock CLKI, captures amrdrhshebs/oisss i nput
data. A slave (L2) latch such as slave (L2) latch 25 accepts information
froma corresponding master (LI) latch 20 when activated by cl ock CLK2,
transmts the information to the next |ogic stage 14, and then | atches the
i nformation near the end of the CLK2 clock cycle. [0027] Figure 4B

illustrates prior art pjpelin dsg chronou Io'cfunti n 40 usi
singl e cHsdgedfRr StF‘tﬁ&fdb‘g 53@‘1136 ‘E?L’fd%téon‘sgx ga&)m@ﬁ 161 E0TBPOSS shovvn)
separ at edg Q%‘naﬁ U§f[ﬁ£t§h éﬁanég’slél@é limgtcﬁébe{maét@ﬂqmt} eftéh 2®fs dhPasad desi gned

for state-o speed operation reglster 55 is
conposed oﬁfeg&stem:sﬂei n(anld)slavat(bh) liahéZ:Sds eommpesed Of Eﬂ)s ax cArﬁ’gstel\/ast er (LI)
latch 70 is co .er _ce 75 is

L2
conposed S8Be 540 OFEd zhcorr BP PePEt oi{eﬁ&&er Cgﬂst B'ﬁ%]oasgéaélgte% %tP ondi ng pair

of regi steh Séaeldlo? coﬁék(pbn@i% KEgtet &lls ka8 & GPisGaipeAGEdo QBteQﬁditﬂ@@lbondl ng
regi ster ceP fg is inmportant to note that |ogic stages 50 and

60 may b@tagwﬁba@oﬂdomay he d@mpmg Oé randgmdegicstages Xamgnagiple or Fgy bSeaﬂan

ﬁgg?g;d(%ﬁ %P%ﬁimé‘d%h asfn%ggﬁ ?yf?%wﬁﬁl\%he g@gp At a&%rom precedl ng

| ogi ¢ st apP) 12@h dudH HOnbdE (Ll Bitchzd dccopts tire fonoplecédifg gid tagde 1te, Capt ur es
and hol ds the input data, and also transfers the data,t Qﬁ slac\s(l
| at ch at WheB apiévsitethshglogh CLIE . satwrzianbhldpihedpput dpigep s @\ya 2) 1at Iave (L2)

| at ch SU%{}@%&? R\ fafoh, JUcEud B8 Srdlu b S6HRLAE MR (COr T espondi ng

master (L |nn|ngo the seco t of the clock CLK
cycl e ti ibach 20 azhemrmttmatddd)}dﬁbd( €hbK2 hteansenits tlh@gufmmsltlagmﬁleneatrﬂagmhen | at ches
the data near ,the en escond hal f of th Ietirre.
[0028] THESEL&Atheh aj Sﬁ Fraptquoneg theend &e@ﬁfézghc 8‘ni ps, e.g.
the I BM 970 power PC chip used in Apple corrput ers and SONY Pl ayStations,

i 11 ustratygygrper eFl%hfthEhhﬁtrb@&pﬂ peliddngneeashsdsglc @ymaigh@oand static
power d|SS|pat|on in hi speed sync ronlzed |OBIC chi ps using two non
laec Bk, %

over | appiupiggelsingihec inhedinglastrrgagshiop 2P & é@f@s‘)th%rs po8shpRIYs, s
e B SO QR PR S gl amy 1
on- boar d the2arByiph spRANeativg. Bkeddplapo@pistes 55 amcbmposed of a master (L1)

latch 70 and a slave (L2) latch 75. Master (L.1) 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 (I.1) latch 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 (L2) 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



doubl e-l atch design with non-overl apping clocks CLKI and CLK2 (simlar in
approach to synchronous logic function 5 of figure 4A) operating at

appr oxi mawelyo7o@dz cl ock frequency. [0029] | n operati opcrais2@eohBsk
periodicity of approximately 340 ps, a nmaster |atch has approximately 170
ps to accept data froma preceding | ogic stage, capture (latch) the data,
and have the data ready for the slave latch. A slave |atch has
approximately 170 ps to accept data froma correspondi ng master | atch,
transmt the information to the next |ogic sta and (ﬁhen | at.ch t he

) e, .
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devi ce sc at udes the incredsing inpact of device |eakage
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chi p 1 o AeoRe iR agrerip el ot Sincldh bl TRl Al erdlf of b B0ner ™

probl em GHAloéERSJueASy.Si gni ficant as indicated in figures 1 and 5, and
that as nore advanced technol ogy nodes are devel oped, the static power
di ssi pati on may beconme dom nant un| ess architect ure@g&d circui tlatgﬁSi gn

means ar 002844 t 18 qpeeajient atiaiclogkarenioflicity §f pRpreximately fHY pe& RSt algpy
registerfi . i i i : L e 80
[ Pust r aPaipBrSHRAAELELIEN b aOhe it Aok BBRRGwC Rb IRt datbmnd
oper at i othendaya, fandhave the tiha reafydoethealade BitclBak sigvalatch@ias epprosimately

I nt erconnecti ons, and Packagi ng for, VLSI" ddi son- | ey Publ i shing
Conpany, 1{$gs tojassept %E‘ ﬁ@ﬂ@-"é’?%.smﬁflf“&mﬁﬁt‘fr 198@4 t&“@’?uvt\ﬁﬁ? ﬁ%%%@ng?r cuit 500
i ncl udes yf REIRIC diales BSd BGR 144K Giibfontai)d a slave |atch stage circuit
510, all operating in synchronous (clocked) node and all are volatile. That

is, stored data is lost if power is |lost or renoved. Master |atch stage
circuit 5030has TheplRM930ehPims fretynamicyactivio #eWSLSSIRILOROT| at ch st age

circuit %%&ogﬁaté@@wwﬂg%ﬁd §ga(91c (Mcﬁ)?f) béwé’lj cﬁ&iﬂéﬁ%n%ﬂ& E’cyﬁed?t%jl%al@c{ge
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



master |atch stage circuit 505, and output node 525. Node 520 is also a
storage node of slave latch stage circuit 510. [0032] I|nput node 515 of

mast er | ayohostmegazci rcuit 505 receives input signal ViNcang2eioysss CMOS
transfer gate 530, which is connected to node 535, and drives a first
storage node 535 formed by cross coupled CMOS inverters 545 and 550. | nput
signal VLN corresponds to VINfromlogic 50 in figure 4B. CMOS transfer
gate 530 uses both NMOS and PMOS devices instead of an NMOS-only transfer

te, f nple, t that bath.lagic,"1" and | ogic "0 stat
Dransi {1 BASDEIMREIPSTARR TORAHCE B Sreaic? 1y SLARProBHE ganiionss oy
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unl ess OhLPgEW 5@ SRR GikhR 805 HIBulpIY 86dL55. Noak 8@ issal M EoRigk hodp devi ce
connected to a power supply, and a NMOS pul | -down devi ce connected to

ground anfisleyelatthetagasirdiiséldsed in the reference by H B. Bakogl u,
"Circuits, Interconnections, and Packaging for VLSI", Addison-Wsley

Publ i shi np , . i : 45 and 550
arive a DR3PEGe Thhal Q13 A7 R BRtaic e R SBRURERES LIpELRRI N 0 o0

C ock CLKn@advaaVOSeiist gael 60kwhickls anaectseth nalecsBabirel driivebldiit st or ed

| ogi c state node 555 fromdriving master |latch stage ci it 505 output
node 520SI{AEERRAP AZ Evmed by £Fese éPu@%‘fgl\%%ﬂW%dﬂ%@?& 5%@8@@‘]“ Sllgﬂ?gt node
520 of Sl\lavﬁoxlrsegg&ms% 4§ roh] I%gfctSSrqgrgiguMI’ﬂCM@Sathﬁﬁfér SreP3DRWEs tiare of

master |atc ge circuit 5 s inverter 570. The output of inverter
570 out pNMESIHd PMOS dpuireninsteads@ban MMOSbuly trmsfee gateHer pxgaupledP i nverter

575. Qutput signal K YOUT . .corresponds 1 OQUT .i n. figur B i drives an

i nput togﬁl%‘é‘? @%Bg‘?th%ﬂc 0 t?ﬂ?ﬁog’% oFta?eﬁ_&@P?lan g%‘ﬂf’% ?%g%%vééﬁl\elgﬂg o CMOS

t ransf er ,gabRUAE YoltidedctelCbKelipttifOaBlitdMRRIsASN voltagkdichKIClatleCLEed t o
enabl e or block the presence of a feedbackl oop that cross couples inverters

570 and 5%6 andeamphinisnisdy chople FLEbDGHON gregied o avbis arblerkrigputsignel ¥gs i s oN
and inverters, 57 5 Vi i node 520
20 g o B BB R A E D SR SR Pipge AR RN

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 CLKb 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 Vour 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 5 85. Clock CLK, and

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



is OFF, then inverters 570 and 575 are not cross coupled and do not forma
storage device. [0034] In operation, a clocking schenme such as illustrated

in figureyvdBosmoused to synchroni ze the operation of dopblrarsha@bselirsgesi gn 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 (LI) latch such as master (LI) latch 70 accepts data froma
preceding logic stage 50 during the first half of the clock cycle tineg,

captures, an olds the data t I : i.on to a slave
(L2) |at ngh{}ﬁrﬁé Cglllpi?/sem(?_%rgsg% %Ldsg?t ‘gﬁaf%@i’%gg?ﬁlﬁ%l Efgoq)%lg% td{haé second hal f
of the C_tM@f S GY4RSfBr gz%té@% i@(SN&M@ir(vbﬂ%rslS&D@hd SUs Z@ sdlosa/@r?@lezl) | at ﬁh 75
accepts informati on froma _correspondi ng maste tch.70 at e
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during theyité.rst half of the clock cycle, then naster (LI) latch 70 hol ds
(stores) a logic state or data. If the clock is stopped during the second

hal f of the clock cycle, then.slaye (L2), latch holds.(Q t. ).~.a | ogic
state or [0}, |1 qpstasien; %HP‘QH*B%%‘éwB’% Spgé?ﬁaﬁ]luﬁtéan?%ﬁ} fééuéf% g?elg)gér%ﬁ 8ta are
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corresponding to cell k of register file stage 80 of master (Ll) latch 70
i 11 ust r atsage RO ifdlufles eelt B, 2 subsetsif anaster gk Drash 7§and celk ki S5t 6§ ¥s pondi ng
to cell ﬁz%ﬁg%i ster file stage 80 of slave (L2) latch 75 illustrated in

figure 4 “In operation, at the beginning of a clock cycle, clock
CLK 540 transitions fromhigh to | ow voltage and renains at | ow voltage for

the fir st[oﬁsas{c]f tR?n&sk@QK%]ﬁM%h&quﬁMnanmﬂmD’rhmla?(yacmbpts Kat@lfrdm 840’
transitions fromlow to_high volta nd remains at .high voltage for the
first halpreceflingfiesie pagko¢ feries th@@k%%&&%&%&%ﬁ@%“@%%@%ﬁsa%ﬂ coupl i ng

| nput no%%lq?é?ee Esfrﬂ% LAd%1sY &aﬂsﬁ%ﬂﬁ@ﬂﬁoﬂﬂﬂ%mﬁgﬁ-slaW@Z)_tlﬁ@H%ﬁ@H geyavee 560 turns

OFF and i'so ‘he out'put of naster latch stage circuit 505 fromthe
i nput NOQE2PRELTS = kst gimingoftheageond halfiof e riockayess timamsslaye dedi ce 585

Al S U ks e (22) 1heh 75 Soba e inbét i BE 1ORPL cSR&pBtiRY asBP ©F
(L1) latch 70 at the beginning of the second half of the clock 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 (L1) 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



i nput 520 of inverter 570 such that node 520 does not act as a storage
node. Voltage VIN nay transition to a voltage val ue corresponding to the

correct |wgi2omdoadse any time prior to the end of the fi pgtr/usadosioofsss he
clock cycle, providing sufficient tine remains for cross coupled 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 remains at high

| h d f | ock
Comp! 1 meRexEg S Gk BERAnGaatts Gr crprt Ay Skt sines S5t Gofomge. and
remai ns e W Mle520 91 ave fdich s‘i@gé%@uﬂgh@ @M@@m@f@%w@wk@alsgvos

transfer device 530 turns OFF decoupling input node 515 voltage VIN from
storage toue OFFhreakiingthefesdbacispath betweeathe awputSSPohinvatger /3 andube vol t age

VIN he f h L ock fer d
560 tur nd R ZNG! inviier LoShe ok p e ek Btask ¥ih Garamb i UIREE" 50 F°
i nverter By thalyhainsiéoh Ye8 v@lﬂég@lﬂaldéwggr/%%dhﬂg t6 thidnddirre¢OlogRgeaty eI timend al so

drives the input of inverter 575 transfer device 585 turns ON which
enabl es @iopist thegnd of the firsrnbfrofsirsclpek epals, prawding spficicst tingyenigs 570 and

store th t nd of t he
second stagaotroPhiet iRl Gt 3hGu SpRPRe Eplctitphamd HAO Ui AT,

Bertin Etcldi:k tranvidba bt the beginhingwe thesdeactalhdltwvitheslobblycle.egi ster file I og| c
states or data so that volatile high performance register file power nmay be

Vol at i1 o AT poviocR oS SReHBRs et PR A R SER e PO AL 1

di ssi pat goRaYEst tmeig@mﬁﬁgsf ihg sé&ﬁaqlaﬁto@t&sa@ek galeaahmc&aﬁhu&nmde because
the storage is volatile, and information is | ost power is |ost.

Fur t her motask GIgKlaf40’gransitiopoivem higls 1 loat valges h@ﬂtﬁmal@t% hese valiege foty bi as

Gi'st ur b, oA Ep D hEH R G U BB B ER OB A YIPBESBANE, D, o

Thi s may igagHbdESES {f@talg@\wll}fﬁaﬁmngélﬁb@eeSBSQMCdMﬂanﬁmsﬁ@bsmg: noi se, al pha
particle or other radiation disturb, for Al so, shad?w | at ches

requi re &EEPIHOBHEE te MYt deléagerraat tha and 9‘{3%1? éﬁ%ﬁhalﬂ of thedpeaeile hi p
si ze. [ 0044} tga!ﬁ'éﬁr Gedibd 583 {u?ﬁseéN% Qanétels HY F%ﬁé%f%f&rg%é o‘ﬁbt5§5 tywo nodes of

operation, a normal run node and a OW power gic state (or data)

r et ent i orinpmde0 of imveher 50rtivatl drives ouupdenodedQéﬁo oatpni yhltage Monmrmd@@oand

corres po%gllvgsgthe n%]ut% }riv\éstelp 515 CM8§ transfer device 585 turns ON which 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.



operations are executed using high performance systemlatches. In the | ow
power logic state (or data) retention node, logic state or data is stored

in | ow powenrostmiay | at ches. Vol atil e neans that | ogi c srats2006/008538
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 related volatile shadow | atch circuits 720, 270", and 720"
by dedi cated coupling circuits 730, 730", and 730" ' . System/| atches may

also be referred to as_a latch, circujt or a. ister file qr register
file cir B 1 dfizwedipheraosmsios peeabavsiem T0owith e fotles of Poptiogr 8d 1 om
VDD suppl,jegh by, S8l G ﬁo&v F‘ér;\ir&ho Qg%;fie {c/ﬁ'ﬁﬂﬂapfé‘ﬁ?ﬁioﬁ%dé?hﬁhe-ﬁbﬁnﬁhadow

| atch circurts are powere om sup M5 supplied by switch S2, which
comes al sm mode yofatitenhigh perforsmmnce endcortdopending highiactiveespovair legid S2 may get
power fromdifferent sources.instead. A detector.D is.used to getect a
request PRFAHRR oS @ﬁhhéyp%ﬁwa?%wtsfﬂ %{ﬁhﬁ%yﬁémeﬁﬂ‘fv@rorwﬁ t pin (not
shown),  QfsiOYatlRB} d24) 1B@nd6h %d@,qgﬁc $tafeetablis kRreBindOW Rk bhdigw or | ow
power as sgnown in figure 7. Wen detector D detects an op code (or

i nt er r uplatglien) Vokitilé mgarfsghat| logic stateeer data isfarmation ifdaet, is HeVeIs &St Bf ener gi zes
its output reaulting in tw effects. One effect is to enable switch SI to
provi de POWEE% rom vol t age supply VMS-A second effect is to activate switch
S2, after a tine delay between detector D transition and switch S2

activati poog1y0 di s#Fhee ¥ hikusyeias p@hatlitywdprivr 0 volatld systein latcheu71G. A tine
delay is _introduced to_ensure that shadqw | atches ,.,/20" are

es ./ '
enabl ed BYO't Aed 710recoupleoarlaedivostisg %‘aé%wﬁi"}ﬁ%fﬂé‘d%ltségpa%fqoe a&g)ow | at ches
720, 720'bg gg@gatzégéuﬂrlr@g%ui i 9§0’?%ndcl) %ld’ 89Gys\YP14icHek mdyngsdmwduced power

nmode has owered only after the stored |ogic state or
data is tefamsd ®rastadatehlcatiit er ssystegister il c e gipted filedigruit, fpn@xample.  Sunmmary

[0042] The present _invention provid a .non-vol.atile w.l.at ch using a
nanot ube q‘gﬁﬂ’%‘ﬁn %8 5"3}%] CIGhgE lare(%?f’éfv eé%ﬂﬁ%%‘[ﬂ, 2p %1831_1%1)%§\ﬁ0313§ng n‘%')ﬂrlgg/lli cel |

I ncl udes cgmuokatl pdves kOUBEP. TRYitaBow Nath SkQi8 Srepeadie@sPaNdtipply Vagi c state
in response to electrical stinmulus, and a shadow nenory device coupled to

the vol asippicdbyrsagich §8vibishsemss also comesfrowm paver source P. However,
switches S1 and S2 may get power from different sources instead. A detector D is

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,
720°, 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.



store the corresponding logic state in response to electrical stinulus. The
shadow nenory devi ce includes a non-vol atil e nanotube switch, wherein said
nanot ube woizbe€tosss20r es t he correspondi ng state of the sbhadswodeyisse. Under
anot her aspect, the non-volatile nanotube switch includes a two term nal
nanot ube swi tch. [0044] Under another aspect, the non-volatile nmenory cel
further includes a coupling circuit capable of transferring the
corresponding logic state of the voIatiIe storage device to the shadow
menory d éﬁ in_response to el ectrj. stinu | e of

transfer Upyler 0ng aspecto "I‘n?lT"r@O]élH]% W?fé’r?&hﬂn‘ag@?scaevotl%q? gtgpa% latile
storage @«ﬁ){éectﬁaﬂ éi‘ox%@& e?r?&ﬁeﬁ(ﬁng lc%% itht‘éfih rexpbiieltd Slecl-RMRImilng and anot her

aspect, e non-vol ati further includes a coupllng circuit
whi ch i nsﬂaddwsmanqmyaigvmnnoupledrtotthprvglatl&l steragemdeficectorasdarecslyelidy bet ween

the vol atil e storage d.the shado r psponsive to
a progr atPL hfgPrresyoR Q%L%é(r&gteé%ﬁsg%ﬁ%wﬁ&uﬁn% éﬁnﬂﬁ%(at e (ajsfﬁ]lq?(?]e vol atil e
storage gguicsPdédcd REludOALAN-IBIERIhafSMbE Svité) dviRrdiesdidnandtibiec Ui t provi di ng
an el ectrical” pathway between the shadow nenory device and the v latile

st or age d\wcﬂtfeol@srdler(@@pﬁnmdm stase af the shastow devigeal Undsr ppefhgiiaspect thegi ¢ state
of the shado eV| i ce. [0046] Under
anot her a%fbé‘& Xtng S\\/Il u@gﬁ%%ér%%ﬂeq%fﬁ r't?[% v(qlﬁlrécl udes a coupling
circuit which i ncI udes an erase circuit in electrical comunication with
t he shadp0g4denoryndte dhetherangedt eth@nmsivuhtﬂmamoer@ﬁe?uﬂhgrimlud@ %rase a logic

state of the shadow neppry dev 0047 anot her a first
t er ni nal C¥#P! lﬁlﬁélrﬁ'élﬁﬁﬁﬂﬁgg EHfop ﬁrr}ngt O BP’F 18% [OSIG GO gl}ﬁp\’ g?'ltﬂWI th an

out put ngde,o Qfde%@ @b flédo%v ﬁ%&%ﬁg&vﬁi&\ﬁh% oAfttoRIRasANSihENEiaaal of the

nanot ube svvr iIs 1n electrical "‘comuni catl on with a progranierase/read
| i ne. [ 00418 capmtkrofamshmnmbgmstatc hbtheshadayr ateimosy devies ip therelatilec| udes a
controller in electrical with the volatile storage device and

capabl e ¥Pr %ﬁlei’%r?rhﬁs%(’qs%v%‘? %PC%(?\RB}UILF the vol atile storage device.

Under anot her aspect the controller is capable of applying electrical
sti mul us[goasy he Ghadanothermpyctddy noe-vohtiteemponsgeceldughemasiudés power to the

vol atil e storage device. The electrical stinulus tr nsf ers thhe | ogi c
coupling circuit which includes a program circuit providing an e ectrical pathw
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.



state of the volatile storage device to the shadow nenory device. [0049]
Under anot her aspect, the controller is capable of applying electrical

stimul us wo 20é¥osgaadow nenory devi ce in response to an ipoagrdasg/oefsspower to
the volatile storage device. The electrical stinmulus transfers the logic
state of the shadow nmenory device to the volatile storage device. [0050]
Under anot her aspect, the state stored by the non-volatile nanoswitch is
characterized by the resistance of an electrical pathway in the nanosw tch.

[0051] UE@@(S&gggﬁ?g&ﬁ%&ggéﬁpﬁtg 621%9-'% alatllgé Heﬁlé)??gaf Heffbd 2 &ﬂ‘g}oﬁ'lg?ﬁxt a naster

| at ch st vol e and outputting that voltage to

the vol atid-gicst S¥rAMBnRRYILCHith Thevotallt soegedkvies paddgpable of nhagiocingtat e.
Under anot her aspect, a random | ogic st%ge produces the vol %ﬁ.%e.
b4 d cache

cor r esponeiichgf powartie theowgilasile starage dewiger Uades anefher agpeet the gept

produces the.voltage correspondi j ; | $&hi ption of
the Dr avwcﬁ%agﬁ)li %ﬁ?ﬁ?%&[e%@%%rsg@%: tb%%%%gbﬁ&q?@@%?re?%? li31‘§ifret%f)?ﬂt:‘f)gr esentation
of chip dyRafpewand thé aslaglencorngd devine. Theeiecttics stpatlue transera thedegic on of

t echnol og m ni nrum gat e .| engt h, ear; iggre 2 is aprior art

node, ) . nd
repr esentséﬁ‘r ointhe olafle stepgg derdcedn eg@aaf’\"i SR CEFCvari ous | ogi ¢ design
approaches; Figure 3 is a prior art representation of the relative energy

ef fici engyogy Vapinﬁélsﬂnloﬁﬂi GspRBE frRtdoReHertts BaaBleAA dpplytngdled@ficar t schemati c
representation of a clocked logic function using two nonoverl appi ng cl ocks

and vol atstillusetettier shadew sheanay [davich BsTCRQSE €0 ABINCEPage PrRapver & thesche mat i c
ot or ardpay8raeddEHEE The firtcu IBaLlIegRioR, Sl ARTE ABNGL AT |2

master an prior presentation of the

nor mal i zegeReMyRicyite $6 tHealolAile SbraghdeviBdd 970 | ogic chip designed at the 130
nm t echnol ogy "node superinposed on figure 1; Figure 6 is a prior art

schematic of a register file stage circuit; glﬁ ure { .ils a priqgr.art
schemat i d0P¥r es :H%ﬂalt FOoHhes ASREY's ﬁ&ﬁtqtéﬁ@ﬁé’s?% By ot %%OB%UK@} ¥shadow
latches by COHRLLDEy fe'tE4kthioe AR ARASPPGhREE th BE WaRosHRRA! V;

[0051] Under another aspect, the non-volatile memory cell includes a master latch
stage capable of receiving a voltage and outputting that voltage to the volatile storage
device. The voltage corresponds 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;



Figure 8A is a schematic representation of system|latches coupled to

nonvol ati | e nanotube switches by coupling circuits, and an associ ated power
supply acwondim®ids certain enbodi nents of the inventi opcThisgaec@1B8831s a
schematic representati on of systemlatches coupled directly to nonvolatile
nanot ube sw tches, and an associ ated power supply according to certain
enbodi nents of the invention; Figures 9A and 9B are cross-sectional
representations of certain enbodi nents of non-volatile two-term nal

nanot ube sw tcheg. Fi%ﬁre 10 is a,schematic rel]pl)res nt.at i 83 aof a cl ocked
logi ¢ function uSIGHEF Bhé LPEAT SEBPREG EPrRseRtaton dfaladkeddegiC nonvol ati | e

sl ave | atfGReRnARHER bRk And §blafild mEHTROMITRRE Satéest he i nvention; Figure 11A
is a schematic representation of a nonvolatile register file stage
including a coupling circuit and non-vol atile nanotube switch according to
certai n embodi meHiggreod issaiqrmytaapiesstationg tlee normajigedipasyarakinsinagion of

repr esen g .NONV.0_at | r.egi I I udi

non- vol atit 0GR e Rk EariBaL ) b SrBloy AT SR & ¢ e

i nventi ofigategltr € 12A is a circuit schematic representation of a nonvolatile
register file stage circuit including coupling circuit and nonvol atile
nanot ube storage_gel enent according to certajn enbodi nents of the invention;
Figure 12B i s antieF ’csraaRri%ﬁﬂcﬁPﬁ‘HB%tF%‘?fiaorﬁ&‘ISteJ\g‘JFeﬁ’rt%erﬁ%mP r a power-ON to
power - OFF transition in which a logic state (or data) on a volatile slave
latch state cirChiglyrd Pistd pHiviiadl cREmAR: RprROMAIGA dfl stBRNALHE 0Bpiech, then
fol |l owed by power-OFF according to certain enbodi nents of the I nvention;

Fi gure 12clavspawer shadew laichies by shuplire citcugs and e fassogiatddaroveer Sop@y;> OFF t o
power-ON transition in which a logic state (or data) stored on a

nonvol atil e nano k [ . [ ve | atch state
circuit, then foﬁégge/e%&%%ﬁ%g? ﬁn%flé gbg%gé%ﬁ%éfﬁ%ﬁﬁg&g%?@%% tt% 0 certain
enbodi membsavalbtikehanéotabesntitehes biricoupliglcduits ad ah assotiated o tupply
representatign of a nonvolatile register file stage circuit including

coupl i ng aﬁ?qrg‘&gtto 8?%%8%‘38‘%&%@“@«3“ BYENYPSt or age el enent

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;



according to certain enbodinents of the invention; Figure 13B is an
illustration of operational waveforns for a power-ON to power-OFF

transiti omoi200vdoigsd a | ogic state (or data) on a vol ati lpeTalsasgoiassh 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-COFF to power-ON
transition in which a logic state (or data) stored on a nonvolatile

nanot ube switch is transferred to a volatile sIavg Iatcoti tate circuit,
then fol | owed b)FIE‘éﬁeHQIA is P iR SheBIAHE TaMessBaHPA Chg NPV Udfle 85t odi nent s

of the 'ﬂ}’ eﬂageo g@ghﬁg%usﬁl{ G forvBREIRAdronlRR &gewa@lmn of a

nonvol at | circurt 1ncluding nonvo atil e nanot ube

st or age @éc@miﬁgtcammmlﬁlgommemebf&lennmﬂmod; ments of the invention; Figure
14B is a circuit schematic representation of an inverter that forns part of
a nonvol atil e re%ster flle cuit the nverter ntrols the

state of a co g%‘@d@%?’&ﬂ gtll%l OHGF?@OP\?ArC%?‘feé bﬁPo\gﬁdO @ terninal

of a nong%@g bhﬁrﬂﬁﬂ%af?ﬁa \%mch%ho @@f&té qa? dhtay 84 b 9blatiRivei 16tcAktatdhe sane
vol tage as the nonvol atile regi s e stage circuit output; Figure 14C

i s an il buetitstiapsfentd tfpzenmotﬂhliﬂ namw@fe(swmh;rtb@n follovird by @evics- QFer - OFF

transition in which st at ta) on a volatile slave latch state
circuit PEO (ﬂﬁﬁgcf%%eqlgcg Btﬁé’g thYeé“r?ghotube switch, then followed by

power - OFF according to certain embodinents of the invention; Figure 14D is

an illustration BhuRPECH s flluwauedosMdpctaionay pefsrms Cia powEeQEF 1N
transition in which a logic state sgat dat a stocged on a_nqgnvol at,jl e
v

nanot ubePSWEHON fransitions fv‘@l‘qbe%i ogis gglafd) stored,ona papyalatde RaRotabe. ¢ i ¢
then fol L&igagls%n [ ko &@9 RA1RRG5EE kAR &%ﬁﬁrtﬂéﬁ%ﬂo%eﬁ‘?{ytrﬁirﬁaﬁ nbodi ment s

of the inv I on; gure I's a prior art schematic représentation of a
hi gh vol t:h;gbecmpm{tlmpdum@rtd celtgiodmboilinganits of the inventid8 is a prior art
schematic representation of a hi gh vol t age conpati bl e sem conduct or

é:ggggl ggé; and llJ:iI ruerl%A]]?s a'c?rcult scch r51?‘1%IrgprE:s(,aelf)lga'%l%)grc‘&gtniof’l){rlolgtfileEi"eggLtgxh vol tage

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



di stribution systemfor nonvol atil e nanotube sw tches according to certain
enbodi nents of the invention. Detail ed Description [0053] Preferred

enbodi menye 2087/dol2pr esent i nventi on provi de non-vol ati lpeTakasheiBsenment s
t hat i nclude nanotube switches. In general, the non-volatile shadow

el ements are coupled to correspondi ng systemvolatile | atches, also
referred to as register file latches. In sone enbodi nents, the shadow

el enents are coupled to correspondi ng syst em | at ches by coupl i ng circuits.

I n ot her enbodi ne, he .shadow e] e s are direct cou
correspoﬁﬁt‘?tﬂb%w&n?‘?‘gtheﬁ%‘éeﬂq Wpﬂ'é’ﬁgF Sa]t“ﬁémﬂ?%etzgth%n%f’vg em I atch is
transferrr@g;stgpfﬂ@s&%@g%m%ﬁgﬁgt when the power is turned off to thatlatch.
Accordi ngl'y, power "nmay be turned off for an entire chip, or selectively
turned off for one or nore portions of a chi and information_in each
system | at ch wi | Fighee ¥4Gisshelystrationof operait wptﬁfatmﬁgf%h@aww-@%went. Then,
when power h atch dow el enent
will be PP&'ﬁEP&ﬁEa&SﬁSB i}cﬁﬁl °€18rstaé%§ glazéﬁé‘?’t& E(l?ed %lhaﬁ‘f‘%l%: enabl es
power t o cheuit irtheefetel v hbevotaré Aghotubel swdeth, thah éollcﬁwd bygsiveriOWF oper at i on
of chip sub-functions as power is restored. [0054] In preferred

embodi nedeeordingdo peskaibEmbpdimcat b thiavaWionshes can be fabricated with
processes that integrate well with existing CMOS technologies. In preferred
S ot CERRROIIS GBS bPobRRIANa Vb foPa PORBADEE iGN o

i ncl ude a nanot u artic ichi1s i1n electrical comrunication with each
of two C@ndzunON/Earlsetmn inabtsch T heginsate (abdatarstared en lalmonmi@tsle aﬁnqt@bﬁst one

nanot ube. n ropr.iate el ectrical st rrull t one of the
conduct i \?8’“%%?%3%%* I%dttﬁgv ﬁggﬁtl?vfjf‘tcﬁé?i ct”éﬁ‘t‘t‘:t ?f?lhow ﬁlab %%f article

bet ween tiRkbMBp&AEHsb g BIBithialetnboalindifs HEMBE dealB®bl y changed bet ween
a relatively high resistance, and a relatively |low resistance. The relative

resi stance of the nanotube article characterizes the |logical state stored
in the non-vol at Figareshnig gprior arfspliematisaerrespniatioy qg@rt“gkbt’%ttaﬁ? BO9WEl | owi ng t he

| ogi cal (indefinitely) with zero power dissipation.

Al t hough%%lﬁfglg gcg)géltc%g@ﬂenbodi ment s nanotube switches with two term nals
are used, in general ot her ki nds of nanotube switches can al so be used.

[ 0055] Figure 16 is a prior art schematic representation of a high voltage

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 of 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 state of

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



Desi gn Using Non-Vol atile Register Files [0056] Non-vol atile nanotube

swi tches can be used in enbodi nents of shadow storage devices that are
nonvol at iwe 20dmodksi2i nf or mat i on when power is turned OFFpcTAandicierss®l er ant
of harsh environnents such as high tenperature and high radiation |evels.
Furt her, non-volatile nanotube switches 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 ] i men f nvel atile reagjisier files i.s.desecribed
furt her - Rien, e Rad dIRA el nelBMERof for f b ShE! ol kleshy 3 (RRRTT e
nor mal r UsEf iede oaﬁlﬂ)ragéﬁoﬁs poxyetiip dinglSihfp2ink@6h InGALE systéh Eatélowilled a)
retention node.[0057] Figure 8A illustrates one enbodi nent of a nonvolatile

shadow | ardriesieddy shesormaprngding shadey slement. oThasy #har peyyer i§ refeeato r un node
and a zer I i f‘@] t Lati i de in which
power is Fg%%%r%%écggﬂg%m% eﬂéé %%ard %qu%rﬂér}ﬁﬁwﬁggg&@ggg{ﬂ&?g&%tgﬁh%grformance

hi gh act i acerespomiingden gihc Thiesrables pewar © exemst @Fuwhidgsdviigh per f or nance
| atches. In.t zer ower logic state (or, data) nonvolatile retention
mode, |ogffrttlcgf QA% 2 reReTInG eRORAd chip HBrfvBTLANS FRDSMSIdE BB { ches t hat
are tolerant of harsh environnents such as high tenperatures and high
llevel s of[opa4l at iRprefanch GVREmbSs 4hs GOMREA1E HandrBR8litchb On®eBA
illustrates a plurality of latches, also referred to as register file

| at ches gfabricgadwith preregses that insegrhte dvellowitle bxisténr GMOSteghndleginanbt ube

SW t ches 20, and, 820" b edi cat ed_couplin ircuits . 830, 830", and
330+ Thed Pyl EPor gy Bt gl v RS B Rk ik et i 1 b Voo
suppl i ed iaylugek hetotB5Dartivle] which sSelédtaal RoMEIunsdafph Wihach dhgvdronvol atil e
nanot ube sw tches are powered from power source 870 with

er ase/ pr cgPdRstredergiaalp e napotbeiielp incudsy atlgpstone gamtubmhiBn cones from

t he sane b7 des i E]Qgt i . d 850
receive p@%ﬁﬁ% %@%rﬁaégglg%m%oé\%@ﬁ%%%%@%% r asoél? %\ér%v%:} gﬁ‘?ﬁé@t@?e pul se
VEPR nay dlectoce resistarse of thel napofube artimppbdtedert the two cohdictive tenmiraisdzd swi t ches
820, 820', and 820" in order to store th tate | atches 810, 810!, and 810"
in a nonVisIEPTOBEATNBRNY CE?)‘W@fl bEWP&IrF]@PV%@%“ fPiptgRee. prdag tﬁ‘@}ﬁ'h@v of power

swi t ch 844sigtanced Sthelre1a89 HsRtadbé bf Ge@RhothbdBriik R chbifRRZE thefodi@di ¢ state or
data fromthe register file latches to

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.



t he nonvol atil e nanotube switches. At this point, power supply VDD is

de- powered and erase/ program restore pul se VEPR is de-powered such that the
| ogi ¢ st aye 2067/0d8d4a renmai ns stored by nonvol atil e nanot poe/Swdkoimss 820,
820', and 820" with zero power dissipation. [0059] Figure 8B illustrates
anot her enbodi rent of a nonvol atil e shadow | atch subsystem 800° with two
nodes of operation, a normal run node and a zero power logic state (or
data) nonvol atile retention node in which power is disconnected. In the

nor mal 1 uppogpde, pyalakiifulliAl ASCLALARAGE ofk Al RFALY SrRBYALOde | 0gi ¢

operations are exetuted using high perfornmance Tatches € zero power
| ogi ¢ st atubsystem 860 aithrioounddes iof epdrefi@n b inormande mdde@nd askrtgover data is
stored i nonvol a}riglée nanot uhesw t ches (L?hat are tolerant of harsh

envi r onnen8s Sl ta) nghvlaiip steptiondaodedy whighrovesrds disepnnegigfldnithy, and
power is g§ i i I%t“%} liug:alll . | at ches,
al so ref elﬁrifgpﬁ%qgé&?gaiiag%gg él% %rg%lflg?%ﬁrggh ézﬁw 811’ n?o gr%dbl%l?fb%rxggéjspl ed

di rect | y areexesintedeningdrigiopeaforimencahshabelnghe rarbheewdRlbgicdte (omduth)821" . The

register file lLatches are pawered from power source 871 with VDD supplied

by swi tchncglgﬁl,ah%rﬁegﬂa%ﬂjé)gg’f PEHS Wr&‘ﬁ‘ﬁﬁ@?‘gwon? Rt 8Uk¢i | ¢ nanot ube
SW t ches s@figRhBOWRE A€ td1ERR SR UbAReRS dud dshhisH RAGPIHAGE & Aigat or e pul se
VEPR supplied by switch 841, which cones fromthe sane power supply 856. It

i s not rdgualy ebifadissioncamdipomss isgliscoanett®@51 recei ve power fromthe same power
supply 856. Erase/program restore pul se VEPR may be one, or several pulses

applied t nvo?;g.ui. 1,1 , ' " ln.order to

store the[g(s)t te C géqgﬁ}ak%%lﬁ Wagﬁ{jb%gaf%i alggg;e(g%r\go atagl%%gl?rt%}(}felf.% Power

control | datcB&13100R1 @’ pamd 102, svipledionglatdd rpawelatitemanetub84witaind 8261 to ensure

sufficien, ti far, transfer of |ogic state or data fromthe register file

| at ches t Ot’ﬁggﬁGﬁv&yégawéteﬁ&ﬁBﬁlmﬁém‘é’Wtﬁ ms?’?OAtan‘{l RPY -5&%@518% suppl y

VDD i's dgaipRiesre BoRBid GFRs §6@é1%ﬁfe€fsf79%&{vmggup%ﬁeafﬁf&hﬁh Q%,W@{ ed such
y no ITe na

that the logic state or data remalns stored nvof at not ube
swi t ches c®@aes figp1 powensupsly BSSwlhdmanyohtifrowwmotulie swiitobesi ape powened Yimlnat i | e

Mot Uoe DUtk OB bR S B H O by SRR, 1oL e
in US Rdientomepiro@ahd Sind\ower supply 855. It is not required that switches 840

and 850 receive power from the same power supply 855. Erase/program/restore pulse

VEepr 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



(TBA), entitled "Two-Term nal Nanotube Devices And Systens And Met hods O
Maki ng Sane," filed on an even date herewith and having a conmbn assi gnee
as t he prweens7/mpqhki cati on, the contents of which are i peongesmshedsherein
intheir entirety by reference. Associated structures using the swtches,
along with electrical characteristics, nethods of fabricating, and nethods
of integrating the switches with existing sem conductor technol ogy are
described. [0062] Figure 9A illustrates a cross sectional representation of
a nonvolatile 2- term nal nanotube switch (2-TNS) 10. Nanot ug .element 25

i s di sposwiichsn thag e toterant gEharsh prvranmentsIsh 8s hlgiié‘?mmra‘iuﬁ‘éﬁrl 30.
Nanot ubele%ﬁ%‘??ﬁdi%[?oniEnda}gﬁ%d?&'i\r,s\%r@#%d.oVerl aps two termnals, e.g.,

conducti ve el enents are both depositeddirectly onto
nanot ube el ement 25. In this enbodi nent, nanotube element 25 is patterned
wi thi n a[0080] on Fipate 8Baitlukieateted ploexditpef lntobes rlsafreferred épassiegisten fidd

conductive el ts,15 and/or 20. [ 0063 nductive .el enents 15 and 20 are
in conta ngﬂf&lﬁnﬂpggl i TP edé_%r.ec !Orﬁf‘r %eéy rbanvgfﬁtxfe %ogﬁtbgéwtleiegl ly

stimul at gs1 a1} 888 R2PMETIR refRAMH HEd IaMBeLhB PoMefed eorAPEwéPsourdt 11 changes the
state of switch 10. More spéecifically, nanotube el enent 25 responds to the

si mul at i snthbyprchvaplediy swigch &, shihowmnss fem peweriuppt8a6eRhe onduct | ve

el enents_15 20; the r.elative val of th i corresponds to the
state of nf’%veo(’ilf&af Pﬁrff’.tul?—eos_r‘mgcil?gﬁﬂ)rf’é’f’wf’]fe%gf(?%f)‘ﬁlgr gc@?%ﬁ%ﬁ% applies a first
el ectri catas§pioBdiBestoBiptRe VB, fpplied bexait 8413 whidtaddnvs| forh itigisawel t age and
a current across conductive elenents 15 and 20, then nanotube el enent 25

r esponds PeyecsRRb $19- {tienetasquited bt syfitchepedAdaapd S | pegshischP s At they e
I t : . . ; g
TSI i Bl PSP s s o

"er ased" I ce, re electr conduction is
rel at i vepylsgoapplibé toveqivobaileinamiotube sefitehesrfi2d, 351 amdl 821 ifihedéntpetbance

bet ween el enents 15 and ,S0 be relatively high i his. state. For
exanpl e, therst%tﬁ}lamheﬁ&bi%ﬁgiag%é?gﬁﬁbﬁﬂlegv atylg -‘é‘P%%ﬁ"P@S &0 rul us, whi ch

may be f ol GYATRL SwhcHiRY 8 ARl iR OLhRYS1 RN GhsAreGUIfi @Mt e f08S conductive
el emrents 15 and 20, then nanotube el enent 25 responds by changing the

r esi st antrendér efHegiswiatcor dnda fiemrthe mgintertfile tatelies e 10080l81l¢ maROWRE 5
relatively.low resistance. This rrespand ! " "on" state
of the asvieE. AREHEPARE Bovrcupriotarn g et S S esiBte

pulse Vgpr is de-powered such that the logic state or data remains stored by

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



good, or even near-ohm c, between conductive elenents 15 and 20. The
i npedance between el enents 15 and 20 nay also be relatively lowin this

state. Thgo“2esamess2current associ ated with the rel ati velpgThisgéeoersase”
vol tage nmay be greater than or less than the "progrant current associ ated
with the relatively | ow "progrant voltage. "Erase" and "progran currents
are typically in the in the nano- Anpere or mcro- Anpere range, and are
determ ned by geonetry and rrateri al selection of the nonvolatile

t wo-t erm_nal . nanot ube swi.itch. 1In nera t he resi stance well as the
i mpedanc &UBNRER nEplube glement d- %‘ggﬁ %%HE’BE GO %@W?%széflst he device is
a functi Ftéi‘&ec‘f Qﬁhﬁltaalre iofthdtR6n BEULERd RGe %@Hft&edef!@élﬁéﬁbﬁ&ﬂldﬁé’tnféeasu“ ng

electric aracteri s ics of the swtch.[0064] Conductive elenments 15 and
20 ar e pekhenshlSyandda@0of a conducti ve rrat eri aI and can be the sane or
different material depending on the desired perfor mance characteristics of

switch 1 ndugti ve.el enents .15 20. can e I onposed of
net al s 58%%925 Fé(,’n%CPV el?m Jes 1i&n82§ aqyn © oWlaC{ﬂlth ﬁgmu %irF&?S(? Pb, Sn,
as well sgnRli&irciitishRNCBid78Y atigulad’dcht Tapidneaificonductie Ellaﬁﬁ:ﬁts ¥eindl al | oys
su-;h as TiAu, TiCu, TiPd, PbLi, and Ti W other suitable conductor;,,

i ncl udi ng0oNish changse heestate of swjiich Lai Ve speeificaliya nperfubedlement 2oubl e

wal | ed, for e i i ci des such as
o, © oo i BlioR A AHERAME Lol o QWAIET0 pBwetty ©{lee SuCh &
or sem coprtlietios clef@hBrlisaing 20athe atlativdrealus efkhe kavistdrnat ocorr&ponds tortké er ably a
suitable insulative materi al for eO, GaAs,

nmpl.e Si_ 2, SiN, _ Al 203, ,
pol yi m d statef the fgfichs lﬁqréﬁﬁ@l’lﬁa’cfépmé}ﬁls %?Hﬁﬁgzélgplb?s acfbrﬁﬁ‘%‘c’:(ftf 935 and
i nsul ati t A dessf hdigss i n greater
detail i %gﬂqgl%e%g?gmm fof e%%&%&éﬂ}(;%@ﬁ?%%& Two Term nal Nanot ube
Devi ces aomtuiise elnmeaﬂdSlmﬂri@d‘élemhamt(bq‘@e@amﬂ reffjondgiby phangingibp dat e
herewith. [ 0065] tch 25 is a

fabric of® %ricsﬂ’fg?r BWer]i’Sﬁ%teﬂt‘fnglt%VgB%nOt bfs%fdte)(?et éﬁﬁgelgfh ric).

Nanot ubesesigtaricBe TRANRLREEInAs xh Reaseandordfy’ Qitk ontedievize, Whitehave an
orientation that is not constrained to an orientation of nanotube el enent

25. Nanotelestical eondietionyis sielptiyaly peerdstwuenn coniyctivesieananis b & 3hcke in sone
CTot el B BOE Bl oA ST ufdBe A I anelogesped ch have
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 range, 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.



substantially confornms to at | east a portion of the vertically oriented
surface. I n sone enbodi nents, the nanotube el enent or fabric is porous, and
mat eri al woeoymendacti ve el ements 15 and/or 20 may fill patr/dse@sioizese of
the pores in nanotube el ement 25. In some enbodi nents, nanotube el ement 25
i ncl udes single-walled nanotubes (SWNTs) and/or nultiwall ed nanot ubes
(MANTs) and/or doubl e-wal | ed nanot ubes (DWNTs). In sonme enbodi nents,

nanot ube el ement 25 includes one or nore bundl es of nanotubes. Generally,

nanot ube el enment 25 includes at, _| e one nanot ube. t hods..of makin
nanot ube [¥164}re nt Sondygtive %Wilééniraé%ﬁﬁ@%g’ﬁﬁ%og&%‘h tégﬂl n UI. S.g
Pat ent 1 184, , oty nl®Bd . defired06, 402,
6070, 503 i g Be L e o e e e e Nos.

2005- 006 pE36;m206 BhardASs367 of $0i0E: U I6aEBctivarlemons 16 28d 880an.dp U, S.

Pat ent licat]i Nos. . 10/ 34100 10/ 341055 / h34 0, th
cgn'ta gnt ?g ?rhgﬁi %ggoﬂ@%ﬁ%?)’g@ﬁaﬁc%? Ssrgltl’gé’ g?/ ‘A}lé%‘glr géfilgé ﬁvr’l’ Cfl'gé\? (r)’]%%?iti r et iees

(her ei nafif gf, mdn haredinRelBsraultite NeRey @ tahBitapeiscottthesef Maaices”) . Sone
enbodi nent's for nanotube el enents that can be used in 2-TNS,1ngﬁre

descri bedlloys syrlas TiAwdtigi TiPd, RbIs, andgkidytothes spifablagondueigs), INQURIPE | ed " Two
Ter m nal ot ube .Devi ces S I %an%ﬁ + filed on
an even m th%]?l%%v?sh({smﬁlfo‘%%%dcéﬁietr a ]Ieg’nalqltdp@;dlagg%fvguae%k? at Fﬁgrval ues of

t he hi gh candhclio¥nitegdssbades or giticidseprhat RUNyRua), TN 4N AHoSix etwt Tidix
magni tude. I n sone preferred enbodi nents, tge "of f sifﬂstce has .a resi stance
that is aayheasedaQder kings of ferAURIOGHE SCRIEIRIUCtoT BALGriplt AN SO heaused;

S 5%Gn" st at e.

In some %@iﬁggﬁ%ﬁaﬁ%@é@ﬁbfenﬁsdiﬁv@ St g, foRexAfiplb BROYRNeAYm] s at

| east ab an an 1 npedance of the "on" state. In sone
enbodi meles), Gare, pelymideoredier snitdbdmthateriat Exanpl¢reefaondudive@ngy a

resi stance (RON) bet n conductive ts 15 and. 20 iLs.generally in
t he rangénsbliatli’é@aéﬂﬂ?ﬁf &’ﬁt‘i ed%ﬁ*? 1 %‘W@%S%ﬁfﬁsﬁt‘%?m%‘%gw‘éﬁ érged" or "off
state is e8apAGKAIALNINTBA)EsHhiBlb@MTRo (BEHIAl NehoeenDevioekaid ve el ement s
15 and 20 that 1s generally in the range of 10 MOChmto 10 G Chm or nore.

The two Systess aad Metbeds\afMaking Same 2 filed oregn eenigte haseWidle until stinul us
circuit 50 applies another appropriate electrical stinmulus to at |east one

o oS, L Qg o Ll Sl B e a5

2- TNS 10 carbon nanotubes (also referred to as a nanofabric). Nanotubes in the nanofabric may
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 (SWNTs)
and/or multiwalled nanotubes (MWNTs) and/or double-walled nanotubes (DWNTSs).
In some embodiments, nanotube element 25 includes one or more bundies 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, 107341055, 10/341054, 10/341130, the contents of which are hereby



Wi th a non-destructive read-out operation (NDRO . For exanple, stinulus
circuit 50 may apply a | ow neasurenent voltage across conductive el enents
15 and 20woavnervweagure the resi stance R between the congggtusy@ecplBsEnts.
This resistance can be neasured by neasuring the current flow between
conductive elenments 15 and 20 and fromthat calculating the resistance R
The stimulus is sufficiently weak that it does not change the state of the
devi ce. Another exanple of a nethod of determning the state of the cell by

nmeasurin re-charged bit |ine capacitance di scharge bet ween
conduct i %@g@p@q%mgreige%nﬂwq@ s (Reseigatiey at‘}g%‘ %gnliegé\rtg lﬂ%;p( No. %TBA),

ent 1t} edunbGpllye g@{d&é% ofRhal N b i 26x MhbhibRepnRgtaimahhe
e

Resi st anc ectrical stimuli and resistances for f r ammed"
and " er abegiedsh arBNS flOmredeseritadio graatandstagfin {Uhd-RasentiAppin. N 6180 swi t ches,

and exanpl e "read" sti e.describ U S. Patent
Appl n. NeptitleggAyvo %Wﬁﬁ?ﬂ EF\%?B ]rcﬁ‘??ﬂi gﬁé%ggrbﬁ%@\?gggg}dar# Syst ems and
Met hods ggmg/alft&goméh({agé&qe@ﬁhan even date herewi th.[0067] In sone
enbodi nment s ermal and/or el ectrical engineeri ng, that is, thermal and/or

el ectrical managenment (design), can be used to a the erformance of a
t wo- t er n{004K] nar@mb@lyslmmhferaévée haitbe valugs ‘Pfth?J Q,»Wtfe A%?;‘?Cr"r Mo. (TBA),

entitled *Two Termnal e ?&%M1M€ﬂtbcﬁé of Making
Sane, " f?ffpé'ff‘ dn ﬁtlg%/séﬁnNg%wﬁ @ﬁi{{dﬁ irh guréﬁéQB ilTustrates a cross
sect i onakoffephRRehatdiamefthaenatdeat abont ﬂﬂmmee higheathan amesistecefi t ch

(2-TNS) 10', in which thermal and el ec , & i neer.i Lo agenent
(desi gn) thes O&Cé@F?pIIF@H@& PESferpgen ("Pf%mFWé g‘f ﬁg%a% u epel ement

25 and ?Ozggéﬁ%{%%o%tﬁbﬁ ?thog%grthaﬁl%ﬁ'% é‘é@ﬂ"ﬂ%@t‘o@%tatbshﬁkﬁﬁ@sed on

substr at es a layer  of insulator 30'. Nanotube el enent
25" is aembo@etnts thm/erogpmwiedhon “optntiiechageseriacd by A resigpngs Goshi p, e. g.

by a predeterm ned extent, at Je portig hRk & he

t er m nal §etweey COH@J&H&%&@WB%AS&?@?%&’ES ST IQIOIL tﬁé\/\ﬁhgﬁgg%‘gpg th deposited
direct !y jqit GhRanQtRE eRbsHE¥ts2 e “e{a@&ﬁair “Bﬁs’s:amrsucharaabnmw gdevi ces may
be used to facilitate device operation in_ air, roomtenmperature, and as

a pr ot ectrésigaricayBorr) hetsisah aprducare dpmpnts 1§ard 40 ﬁ%attésr g%‘lerq%é()}g e8RS op on
the NRAMO??M ll\’f?)hmOPoei@E}' SRm%r IR 2SEHe (@b &t ddAVhon-volatile, i.e., they do not

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
“crased” 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.



devices are typically perfornmed in an inert anbient, such as argon,
nitrogen, or helium or an elevated (greater than 125C) sanple tenperature
to renovewedserdoesizwat er from t he exposed nanot ubes. Thetefusn@e/0i13s3

requi renents of a passivation filmare typically twfold. First, the

passi vation should forman effective noisture barrier, preventing exposure
of the nanotubes to water. Second, the passivation film should not
interfere with the switching nechani smof the NRAM device. [0069] One
approach_t o

assivation. invol ves cavities, i ch_have been f.abricated
around t 6K£AMSIHéWE§§’bPa“?ﬁHB“vﬁ}?§m§1 %’g&r&e\é@bﬁa&%nﬁeﬁnﬁgg@gﬁ?’ Cavities both
around i gy él%ﬁ}or? Wik 8PmbsiRehest (deysh), Bassd vatli@eihaabetier ound an entire
di e of 22 devices i e-l1evel "passivation) have been denonstrated. However,

t he procpeforhlagve oftn frabterminabnanotuhsspiiich saselgscrifiedrin &S | Rasent APpHydi t i onal

lith .and, at t ddj t.i ' i.ped. [0070
anot her - SEnrIHER SRR adte LERTR BRI I Rl Bhe Bl P PR G O e
layer ovgfakidpes NRAMIRE\UnGRSeveBate hardlig). FHigdrboB ilipgraachcrpss sebigonase of

spi n-coat ed pol yvi nyl edenef| uori de, (PVDF% in direct Sgaéact i.th the NRAM
devi ces. represemteidm of poavolstitesiyvo-teeping} Rage ubéiSé’lﬂC’é&%-lTl\f rBFER i re die

active rgai o devj . I-ndi ¥ ; He@yer i ng

i ndi vi dugﬁné}%n eog)egcﬁg%én%\{%&f@ g%?@%g%%g% gydfgfglﬁﬁeﬁg%t&@?@%pass?vati on film
such an ﬁhﬁ@iigme%mﬁdﬂ betweerthamsiube elesnens 25 atnd@ﬁdlhctb'fefeleﬁthDF and provide
a passivation robust tg NRAM operatjon, . 1s.tho t that NRA eration

t her mal | Nagelabaplegieat 2hds SiFResey oRguPViBE, ii]ewﬁléhéf}@‘g SridaYrs Ofggsﬁa@%;i c. film
s requl hgd Ko @hdnt DBCisdRhERP SENESWING Peant@yainmaasa: vations are

typically -1 cron square patches, this |ocal deconposition can lead to

r upt ur es ra¥tidaskipsego by ampyedeissinegdtaxtmy, ablgasiapastion ofrAsasiens efdbet o air, and

t hei b t fail . T id, f ail. .
passi vat PSR e chedtatye F By ahyaped it 8 o8 JBaRERARERY Y.

el ectri cghionaAytuBE bhiddt 24re devices typically with 500ns pul ses from4V to
8V in 0.5V steps. This is thought to controllably deconpose the PVDF and

prevent a rupture of the overlying secondary passivation film .After the
burn-in WQﬁ(Sidur]éaStﬂWétl@l @deﬁ‘ég%sim@t %USIQMW?&ET&W@&V’SBQP%F?@%& mal | y.

et e BRI A 0K BN U oty i ussoonn )

oper at ed materdil tayats onaomon the NRAM device. Operation of unpassivated NRAM
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 passivation 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



tenperature directly at operating voltages. Wth device-Ilevel passivaton
the PVDF is patterned in the exact shape of the CNT fabric, typically 0.5
m crons wyodeo@ndigua2 mcrons long. It is thought that swechussblol3as ches
can deconpose w thout stressing the secondary passivation filmto failure.
It is possible that for a given defect density in the secondary

passi vation, there are no defects on average over the snaller footprint of
t he devi ce-1evel PVDF patches in conparison to the |arger, die-|evel

patches. [0071] In this enbodjnent, nanotube.el enent 25 .is tterned
Wi t hin alSr@QP@ﬁdﬂﬁaﬁltb‘ﬁrﬂlgfgvﬂL&%ﬁ%@ %’F‘bi&‘@ aspveaxfetgg)ps Bbg%vé?et']leg of
conduct i al ' 2050 divi iy e tabldsecON®EY aps one
entire eﬁ%cgéesgf@wlg?éﬁgﬁgt u @E%ﬁ%%lml%dgﬂ?ﬁg%sgmTﬁ%@g@ﬂeaar - gkclm' C i(I:ont act. At
t he oppodieleetringhssifatiantiimsectedrealeminads’ silican dinrédd ispsekigisonl of6the conduct i ve
el ement - overl aps nanotube el enent "D .controll ed overlap | ength
40" . Coﬁt%Pﬁ M&YB%PMBS%U@E‘QPHOW%F%%@M Oéfﬁ{g*ﬁ%'gt‘i%th?‘#é’t?%‘ﬁge of 1 to 150
nm or i RRAY Jp%fb@i%n%er&éﬂ?%éuﬂlpds@s @B QvEHBhE PVEIF, BBiRdi s¥esidargont rol | ed
overlap length"40" 1's about 45 nm The materrials and nethods of naking
switch 1passhmgichéilmiisieqaired o sehloafbthgalsriceh ebinehbo dic lsvelanpt kHIoNg aBF fi gur e
8A. [0072] Switc 10 and 10' il ust rat I i i nt ended
o be 1 | MRS O istafBiate B s b e ottis Bt an 20T eReF 2 Fe

used in ﬂ%%e&&id@i%sﬁﬁ@&g%ﬁﬁhmmgeﬁcd@a@aﬁm thuir buliseq@nher
enbodi ments of 2-TNS that can be used in non-volatile Shaﬂ% | at ches are
descr i bedailuge. Ursaved seeh fajprss o e ssppndaty Rassxgtiondyi, hedie - Term nal

Nanot ube .ces S : [ WL (vpidd PN an even
dat e her %Ydﬁ?eglndﬁéﬁg\sl%g%gﬁgﬁlﬂgﬁlyg%g@gﬁ%}gggﬁ glﬁﬂe}g%r eseﬁ}{plg%igﬁ?l (tzlgti on, the
cont ent s 506nsvhilek fimned Vne 8Vaalel e sepe rBiisisi thoughe i cantrollpelyydebympester ence.
Systens Wth Nonvol atil e Shadow éatch s. Usi ng A Nanot ybe .Sw t tl{' [ 0073]

Fi gure 16haFYRE@Rpd peayent apofusPfdenye }S‘ﬁgé?cé’gfi?réf PtaédeaLsg]toél U I‘g T~

at ches

based Ontl‘fehﬁu{?—@@?ﬁ)tclﬂ:(ﬁ\ﬁe e Q161 RePPasdR Bt INFRAMNIdvicek %Ef&ﬁfétndrﬁhaﬁygur es 8A and
8B. Nonvolatile rtegister file latches and | ogic architecture 900 include

vol at i | e Desiseepassiviajed! veitlc b deviewtevelsp6RTicagingornddl seepndaryypassiatipn | ) | at ches
09y REELEb PRy LG e e sPonGi o o
temperature 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 embodiment,
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.



in figure 4B. [0074] Figure 10 illustrates a pipelined synchronous | ogic
architecture 900 including |logic stages 950 and 960 (and ot hers not shown)
separ at edwbyosvoyabatil e register file | atches 945, 955pc9afs2408nises her
nonvol atile register file |atches not shown) designed for state-of-the-art
hi gh speed operation and nonvol atile logic state or data storage in
de-powered register file latches with zero active and zero static power

di ssipation. Exenplary register 955 is conposed of a volatile master (LI)
| atch 970 and a nonvol atile s|ave | atch 975, Volatile paster (LI)

. L2) |
| at ch 97000731 confpuisehss 4P av@)ﬂ‘é’tlillpﬁrqi%bmsft%lfesc% pad 9B ﬁrealﬁEFnﬁ‘é‘?’n%lPeati le slave
(L2) lat ﬁp.}s?rZéve! &aﬁlg)ﬁgéoo%?\go%mﬁx?ﬂ\ﬁ%(ﬂ% Switdlel fhat %:zirf‘be uBd RoRYR! atil e
regi ster stage 1S conposed a corresponding pair of register cells, such as
nonvol at ivblatileahaddwe latcties gein@ dRanatnposeitchofOther crab@himdnts @f 26IT8S thae r egi st er
cell k and nonvaqlatile register cell k'. It js_inportant to note that |ogic
stages 95 besed dnprnyolslchagRysciatcdes ggﬁa%bpgg}nﬁ.é &EQEAPPﬁ?aUQQaWpI e, or
may be ag,0 AGher WG ' hhd 8agh&ds dor
exanpl e. NR' \E/b@? ‘gilq’flfei mstiyﬁiﬁ@ﬁ%sﬁﬁ%g%ﬁgﬁw mast er (LSI ) latch
970 acceMakingp$Sand,? fitadpmemesiicn daledgieovitt agda95@ aeonmmgn aéségriee psthehal f of
the clock cycle tinme, captures and, hol ds the da and .al.so .transfers the
i nf or mat P@ﬁgl}t&pP]H‘é?t‘ﬁBn BraptFpte nggy’g(af%nc?%ﬁage‘%ﬁér?lﬁén (RS RIS %t 't he
second halfepfe t he clock cycle tinme. A nonvolatile slave (L2) latch such as
nonvol atil e slave (L2) latch 975 accepts information froma correspondi ng
master (LI) latch 970 at the begi nning of the second half_ of the clock

cycle time, tranSitams Witk Nawvelatida ShrdowoLateleesridsing Ag¥enotebadwitelso, and t hen

| at ches the informati on near the end of the second half of the clock cycle

time [ Offfo'%]a] m’gﬁighl%tl‘d  fuSA in bl FHLRBEAA £3ishs e MRk bhas! ave (L2)

| atch dufin spee I'p op I on. power i's to be reduced, then

cl ock CLEnitlse sfepgrinechrihiciplesglestribed editnatspeat fo figureh®A ehd 8B. dNanivelatikf t er dat a
has been | atched in vol atil.e s| ave .latch. .1n one e ient, the logic
state of rer%sﬁ?/rofl“lﬁtl?t&?s@ 3/%31% ps lt?"‘é‘frg :96?5 én‘:?‘fc%n‘écﬂaéﬁ? WSEeB@Bﬂ%tEE%I atile

nanot ube :sikdpbhdiaRS FSIRFRGhAEEr (L1 SMichediATi BRO4B Sdlivoladindsi &Ly dedi cat ed
coupling circuits corresponding to dedicated coupling circuits 830, 830",
and 830" lacheshlowic 950 doingspaadyg, to degic asndilegia 960 Fetiespopding b lagic éhot her

enbodi rre?t . ttc\%ﬂ ogic state of nonvolatile slave (L2) latch is transferred
di rectlngglg '

[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, 955, 965 (and other nonvolatile register file latches not
shown) designed for state-of-the-art high speed operation and nonvolatile logic state
or 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 (L.1) latch
970 and a nonvolatile slave (I.2) latch 975. Volatile master (L1) latch 970 is
composed of volatile register cells 1-n and nonvolatile slave (L2) 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 (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



nonvol ati |l e nanotube switch corresponding to switches 821, 821', and 821"
as shown in figure 8B, and described further below. [0076] Figure 11Ais a
bl ock di agoan71ddd20f nonvol atile register file stage 9®@Tridshagioiased i n
figure 10 and including a dedicated coupling circuit to transfer the |l ogic
state of a volatile slave latch stage to a nonvol atil e nanotube sw tch
Nonvol atile register file stage 1005 corresponds to nonvol atile register
file stage 980 shown in figure 10. Volatile cell k of nonvolatile register
file stage 980 shomn in figure 10 corresponds to volatile naster | at ch

stage 101G2hMaieh 3t ihshesipninggirthe seqong hald of fhe clogkfysledims. & pepvolatile of
nonvol at |4 (eg| ﬁt%@ Lsen?ﬁ]{vgmlegﬁ%@g Yl oS BETs Holnfitlol 4R YOl at i | €

slave | atc sta e ut put nonvol ati['e nanotu e swtch 1025,
coupling crornespunﬂm@ﬁﬁﬂgtera(hﬂi) mm9§9mﬁmhmglmmga1fdbmmond balf ofthewtockn fi gur e
11 A. Nonvol atile relst

st age, 1005 has two des of eration,
normal 1 dchdtRe st Benibpaion Hghena I yake Ah 450 HSRHOPS
retenti Oﬂnfﬂ?ﬁﬁubr{‘né’bf@'tﬁ‘é’bnﬂ%f%e detoft RAPHNAE bREK @O GiAle. | N the normal run
node, volatile master |latch stage 1010 receives input voltage VIN, drives

volatile slave latch stage 1015, is clocked (shown further bel ow, and IS
povered fIPB7AlVDDNonppintiledidyy (ba\eichsperates aggwgla[tldmsilgx]e 3D ek @rglgave | at ch

St age. 10331 SREHVED AR, ITEDE (OHE BUbel HAIAI! @ R3S hEdA o 1010

supplies 0 own fur and is

power ed fd’u@ﬂﬂig‘ﬂmeéumphalﬁdf ﬂny cleKR 18 QiffeE aat&(héébee‘yiqhtamd m x&)llaaﬂe slhed ch stage
1015 is couil ed to nonvol atil e nanaotube switch 1025 by cougl ing circuit

1020. [ 0081 lafshr imepa srmbpsdimprinthedesic sateriinopyelatisstave sLadawhponer
nonvol at 't{'a‘?lsfeﬁreﬁg(éb HMB?Q en otﬁﬁeoswcﬁ &@%&@g@%g@ }tBtids!s80r e nydqon node

to normal run no nonvo at| e nanot ube s power ed’ rom VEPR
suppl i ed m”m&/@ldlcstmdraoapmﬁglﬁrmlhs oougyéspehdiog Lo deajicammwphngmrdlﬁﬁwo

Nonvol at i e switch 1025 is nect ed, t 0 CI rcuit 1020 by
el ectri ca%% H%{f 3h Shygsin figia i, ﬁ?o‘gﬁaﬁl?fidofHﬁg%ﬁ%qT‘g r‘? WAL s nnect i on
1035 to ngiokdddt! tﬁelr@gy@stuée%f%wcq&ﬂé@}%% msaqadch rﬂgtraﬁisf&feutdu%@@@td $ also
connected to volatile slave latch stage el ectrical connections

1040. A denveletilearanginbe swh@vmrregpmﬂlm&t@ se‘m@bes &?da&?le’ apt SYr ans Sheanl e,

gﬁg\t,\gre qlq%l% Fe,gB"l %d%l%c/n% g%ﬂheegga puI ses to coupling circuit 1020 as

[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 Vv 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.



in figure 11A. Wen transitioning fromnormal run node (power ON) to zero
power nonvolatile retention node (power OFF), erase enable and program
enabl e puiveesoimiden further bel ow) are used to transferpcrhgmweidsst ate of
vol atile slave | atch stage 1015 to nonvol atil e nanotube switch 1025 prior
to reduci ng power supply voltage fromVDD to zero. Wen transitioning from
zero power nonvolatile retention node (power OFF) to normal run node (power
ON), and after restoring power supply voltage fromzero to VDD set/cl ear
enabl e and restore enabl e pul ses ﬁslgown further, bel ovﬁv? ar ef?%lzeag to transfer

the | ogi 0038kt e Yelatileslava laieheiageatqIddeseivrs it fom hepuiys s B atile
slave la %ﬁsfa?c@lelo%els%ggﬁ%] u&rv‘dﬁaéwguﬁrﬁycléék%ﬂ (QRWnFurth& Bed@p), pul se (or

pul ses) are ‘appl uring transitions between nornal run node
and zer oagbispowessdfodm Mgpesupgliceity mwarsdece 304y Velzide slevaltel stggeogr am

enabl e, t/clear enable, and restore.en ulses as d { bed further
bel ow, oﬁ]eslr‘\ﬁ,icglépl WWP]@&‘S%HE}“Q“;’&SW?M[‘ gg%”?‘j’yﬁ‘?‘ﬂ’ﬁf’% lef"é??@da bl ock di agram
1000" of nonvolatile register file stage 980 illustrated in figure 10

wher ei n {¢ig9] 09I BudiAkstonFroR hdihdl@us hidde td 2ir6 PoRtogvokatith rectly
transferred to a nonvol atile nanotube switch. Nonvolatile register file

stage 100%entionmedeponiiemizernpawesingnyolatile sgertien mpds © narmgbrggiwdehown in

i gur o 10owgH S bRy ibutoes RO inl Uite ShRJISH b pS R PRl o o 1

VINshown 1045 fhi@lighe]lddBicaNosntet@dr 1630c BlohvdlatilemanamnbebwiteH B0XSegi ster file
stage 980 shown in figure 10 includes val atile sl 8%% | atch stage 1015 with
out put VERRDEREATO FeHpLng chawib L QLby lestaral copaectigfd 083 r espondi ng

i nt erconnections shown in figure HB. Nonvolatile register file stage 1005

has two ;mﬁgf Ofmodaﬁftﬁ)hitQ@Iec@icﬂpcrdﬁﬁéctfdﬂrlm@?n@ﬂ%lzﬁﬂ@ﬁﬁr@hﬂﬁ%&hogi c state

(or data) nonvolatile retention nme Je in which ]povver i s di sconnect ed.

[0082] | 1025 eowmdingadircrisd 020 theglsovasinacitedtonendatde slase chsttageel 010D recei ves

i nput voltage ViN, driv ol atile s)aye |atch s ocked
( shown fﬁlief‘ﬁ’ﬁ?l FEPEHPS iﬁ‘bd{i%c‘fim@?}é °¥§ Or%vl\}lﬂ'_])p@%e%% a}ség&%};}e’gg\?\%&nsour ce
1045' . [ GRBH, rideb@lehhisie Sdnd\set/dladrERalsit poRes lddupligeeitanitsl (20psshéwom t he
output of volatile master |latch 1010', supplies output voltage VOUT is

cl ocked {mhgwn Ifldr When tsesigppiogdram peroid wet Bgds RANYODSGFHIIRY By pover
source 108Ro1at{Qdbidos rﬁ!}@e\/@olv@'f QFF)Q; %RHE 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 nonvolatile retention mode using erase enable, program enable, set/clear
enable, and restore enable pulses as described further below, otherwise Vepr 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



1015' is coupled to nonvol atil e nanotube switch 1025 by el ectrical
connection 1040'. [0084] During transition fromnormal run node to zero
power nonwol2ad7dogsanet enti on node, or from zero power nompeehBbedc@1788% enti on
node to normal run node, nonvol atile 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 enable,
restore enabl e, and set/clear enable pulses to nonvolatile nanotube swtch

1025' via VEPR connected to _swi tch 1025 E]\r/ﬁ ﬁ%eCtii' al ﬁl%n ection 1030" as
shown i nlatshyiiegs 1GB0” wB Annut Yas Phavehindtgurs OHR-iotvetatiq el (power ON) to

zero po il e ' ; 1RB8aRkte and program
enabl e Eﬁ?%@gﬁ%{gk%éﬁ bl% ?%gérl§%de)fhg\$\%h qgrfégﬂaég%m'?gﬁ%? gﬁg?%r% the logic state of
vol at i | estagai®l 3 atithhowgpiadéoutQidavolatlenwnoibaswiteh h20tand somedpooding025' pri or

261 0" powkFRBFCHer Evhdt AL Ecr BrDAEY pBsa ey R M Momndo”( pover

AN), - and Rfkess @&&9,&1& DeoR0ieln S8R0 ¥ Hrb POGef 1210 RS QoitdatyDD, set/ cl ear
enabl e and restore enable pul ses (shown further below) are used to transfer

t he | ogi vomstakitde sitentiod mnlerio whichapdwes indiseanapbetedwi t ch 1025' to vol atile
slave latch stage 1015'. Normal run node nmay then begin. Vol tage pul se (or

pul ses) ar | | ed | ur.j t 4t run node
and zer ot@gar nglﬁsg?og?ﬁqaé%e%g% ’i\)8{r%‘gi}%%§§§ﬂsl%{r? g ggﬂ‘?gg@@ﬁgﬁ?g@%‘%r am
enabl e, s6ldgeVBRr dreRabRiilexisverlash efage 0D 8 chucks@ shasndesheritblov)f ur t her
bel ow, otherw se VEPR voltage is zero. [0086] Figure 12A illustrates one
enbodi meARd PO errshivRaY o WPpkies &t RewarisPRce A8 circuit 1100 t hat
corresponds to nonvol atile register file stage 1005 in figure HA

Nonvol at '[da%gj egi Ghafilefddve 1atRpGed 10 hasivethfip St @b oBRRE 8f Vdlikilea nor mal

run node and a zero power logic state (or data) nonvolatile retention node
i n whi chnpsteetatdhs1 Q103 copplésstoathut Voltzgei Vernastasked gshewndvalgs belavdui t 1104

corresponds. to vol atil e, mast er. tch stage , l.af | \, atch stage
circuit ﬂ%’é RS eSOt ‘%%IPB%?@%{ PEVE] Sggrge Ijlg%%h\ﬁé aélgéeélagell%,kﬁcsoa 51 ng
circuit 1408 i¢ehiptsPRMbavoaLiRAARbIuBY sWitdc1025° b9 2ctrivaticommrmbdrat(d40e nanot ube
switch 1110 corresponds to nonvol atil e nanotube switch 1025 in figure HA

El ectrical connection 1112 between nonvol ati |l e nanot ube \;@gﬁgch 1110 and

supply vHl084fe VEming Brriignoes nogngl rae iqde 49 ZH8RRBEE PO ®, electrical

retention mode, or 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 controller (not shown) supplies erase enable, program enable, restore
enable, and set/clear enable pulses to nonvolatile nanotube switch 1025’ via Vepr
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



connections 1118 and 1119 between coupling circuit 1108 and volatile slave
| atch stage circuit 1106 corresponds to electrical connection 1040 in

figure 1o 260vmicsauppl y vol tage VDD connections to thepcmusréogfosrsss
volatile master latch stage circuit 1104 (not shown) and vol atil e slave

| atch stage circuit 1106 (not shown) correspond to power supply connections
VDD in figure HA. [0087] As illustrated in figure 12A input node 1115 of
volatile master latch stage circuit 1104 receives input signal VIN and
drives CMOS transfer gate 1130, which is connecte%ato and drives storage
node 1138orvstde refsntiongaedeysifg wasecnaiie; progapsnable; sef/cly enapiy angd npyt

[ Y/ [ 1Ak t f t
1130° us ot RAPRORILANSA > Betset G MruREbeiot Bulhist Tk dedes A ot or “gate,

for exanple, to ensure that both logic "1" and logic "0" states transition
bet ween {@086] poviBigusUpl Hlustnategomeembodohe@é alnowedlstilbye@btendileastigag devi ce

t hreshol d, val e drops. C.ock CLK 1140,. and.. conpl j nent c].ock CLKb 1140
are used°t'gtle ﬁ&@aWWFMS F%mYoat%ﬁlswgﬂ%ﬁgg%Hﬁ% 1ng1§§re1 Y5 from
driving $graag1eNe @tte%ﬁiﬁal'%téﬁé 1190 'Bh@&vﬂ}{%stdf%?éfaﬁbn,%ﬁ&m% fbiand OFF,

t hereby determnin e logic storage state of cross coupled CMOS inverters
1145 and aid B@eroNmver idgat statel(oi datmonrelatiegeteMmB® nndein whish pawesis ot her wi se

specified. CMOS inyerters inc e.a PMOS - up_devj e to a

power suﬁbslcﬁ}l?neﬁ??g' a ST 1—%%"\/\7@3%%‘33%Rﬂ&%ﬁoerg‘ﬁtsgﬂmisggé’g%ﬁ%d% élsﬁ% oper at es
as di scusg@dsthfe 1610, LE1hERANSE 14vh Hafd ciRak0o008 cofbdpoudd ® volaileslaannect i ons,
and Packagi ng for VLSI", Addison-Wsley Publishing Conpan I n¢c, 1990, pp.

152. Cr odaickegfags KU S, panmling cycuit hH&gnaresnorgls @ poupliag siragie 10Hand 155 which is
connect e S t . : i ..cl ock
LD ar o TabRARE RahORE A8 ebBipons REbnt b RianGRTRLY BT 00,
mast er | dicate SiAadtednck cdddtiony 112 barwag dvivblatileamsibabegatteh 1180 ON and
OFF. [0088] As_illustrated in figure 12A i nput,nodaer;? é%lZO .of volatile slave
| atch st 4% SERRLY vpkage Ner comgseAngsdo glesiicaleonpgetinn LG0udedriHast er 1 at ch

stage Ci GhlderiddOrt 184l e $9 b&\%}‘e‘;&% eéuf)}i%ié(}irc nigﬂ@w&rmolétﬁe kpverkay 1170 is

out put voltage VOUT on out put node and al so drives the input of
i nvert er stbgd birci@ul it cosiegprands WOEctdoalcospretids 1040 yrdigure 11 Aghiewer 0, whi ch

drives aguf)p%) l\JIE)ltaEgoe \lnggéo%nggu%ns cb ﬁxqu\;e%%%s i% 1\/E(S)?aﬁ[i)(lj ﬁa&gﬁ%{cﬁrstage circuit
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 Vpy 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 Viy corresponds to Vi from logic 950 in figure 10.
CMOS transfer 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 Viy 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,



117 is connected to CMOS transfer gate 1185. C ock CLK, and conplinentary
clock CLKb are used to enable or block the presence of a feedback | oop that
cross cougbesoimyanters 1170 and 1175 when enabl ed. Dur ipog/usescemh7sss gh
speed operation, clock CLK switches at high speed, 3 GHz 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 form a cross coupl ed storage device with

d 1120 ti t t 1185 OFF,
then i 9%%%5 OO B P RBPE oL Fo N B S o ETRE 1 a
storage geui 1%1%’98 f;ic G %&%c [éaqh‘$eréla;§)ﬁ14|55an€qlwb Qeve QrorpRvol atil e

nanot ube sw tc oupl 1 ng c cuit 1108. 0089L illustrated in
figure 18dde hifiSwehiah is @nnesied WHEMEOS tratsfer pae 1160 cClogkilddand power supply

vol t age VEP ich s S era or tore oI ! ul se (or
pul ses) ngﬁé’aﬁ?t@é’o"lﬁfljpﬁirg o) ??338 ﬁ’g?bﬁ:%or ‘Fl%ﬁti)l}‘?gﬁ%%aét 1E&t gggusi ng(
coupl i ng e GiNihg HGRr 1NN A AlddL @ 196 M9t SOMOtrddsiét dafe BIGHOONONNECt ed
to node 1116 of coupllng circuit 1108 using electrical connection 1114.

Coupl i ngand OFlfi t 1108 is connected to volatile slave latch stage circuit
1106, where electrical connection 1119 connected to node 1180 is used in

pr ogram , I de.
P0090] - AL uet 3 BuBEkEl if e 1235 rlnck 20 b YSBAIY o et sRele .
erase f UBE&MODIOG]' %uﬁxrlaaﬁoalud Sutpit riode bﬁdmstef\lh‘taﬁ stagaredicsit il 04, 2R%ewi t h drai n

connected tocommon_node SOUI’ e connect elgégqoyground |nput gate

nd
connect edviegenhl 79 X@‘:éo%ttﬁﬁb‘?ﬁ e L % 1S Qg Vo PFST Uit % qoﬂef igure 12A
coupl i ng¢hg %&185183’ jdﬁ%e@ﬁl%‘?nﬁd?%k HeRReA1 P50k 1§Hale\'“&fitcbﬁ@sﬁoﬁﬁé wdi ng NMOS

transi stor dral n connected to co nod sour ce connect ed
to the divVaunimfigwerlDewhidMOEves amBipst orlogig 960. 'Hm:bvgmtél%ﬁﬁm@@ to a

o 0" ound Al B BRUCR B At 18000k o ant amea R A8 Sl age o

circuit & arkhu8dibiodnable b2 Bhock $hdisesknc® of &fdeabickilbep thagtsstaipiesof
vol atile slave latch stage circuit 1106. If node 1180 is at a_ high voltage,

VDD for éxvanptsel 170 had 1L Famsps eesblab Puripg nprmalhéstoiresd aperabion clogk conduct
progr amﬂd’]l_gk SRl tat hlkﬁ\éﬁé/e%r 3 dI—fIz 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 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



node 1180 is at a |low voltage, zero for exanple, then transistor 1225 is in
the OFF state and cannot conduct programmng current. [0092] As illustrated
in figurevd2be7/000apl i ng circuit 1108 al so includes a restend2iodncissON

i ncluding PMOS transistor 1240 with source connected to conmon 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 is
connected to ground and the gate is connected to a set/clear enable input.
Conmmon node 1237 is connected to storage noge 1120 of volatile slave latch
st age ciewnpnm@%lll[%e@gfewnnﬁ%teéww phyang ipUtgeas CORREHG tRGRET9SEui t 1108
i's inactiyes g@glsgonvol atile nanotube switch 1110 is not powered by VEPR
and is al'so d oupl ed fromvolatile slave latch stage circuit 1106. Hence,
volatile master latch stage circuit 1104 and volatile slave | atch stage
circuit [ODOB] opessillestiratedimigurall 24 conpling cioerat }108yaschineluidesdl | ogi c

mast er/ sl ave regi ster. run node qof eratjo Al .speed cl.qck rates,
t ypi cal |9f°§f3@¥19‘ P‘F{lwlﬂglfgmggt , S@@Fq?g‘%?”gd“?f%8&8?%ecfe§f){§i cat ed using
the 130 pihinghhoat 0ods, SQdEe cdifHe8dl td theIBAIABE sdritd NWMIDS, trakistdrd 2R8,9i nni ng of
a clock cycle, clock CLK 1140 transitions from hi grgnto | ow vol t age and

remai ns aid gasacomicttadéo h progrira enpble inph | Serieh¥N MO rnsgter b225algp has
li ment | ock, CLKb 1140 it f ' d
Cemai ns. R Geard Ko ornh sk p sheTHARY it S RheCRE 2

transf er sideyéiesitlli®e. TransistoON2 2D pkéd@ refigusthelogie statd b6f valhtilaglavw/IN t o

storage nodell135. CMOS transfer device 1160 turps (%FF and.isol ates the
out put ofatehoitage qeuid 0@ I nedech 80rs gl Righ ¥altages Yor ferSwiPife HS%ut node 1120

f volatjle. ! i rCui o6 ock CLK
of vol at {I%Igéﬁ%lgi% dgh}cﬁg ?tl‘@%t%becalnﬁcc‘dh tc?ﬂd]a_QF%ro PR ¥ B e HRAQer, &l OC

IS connec 2 of volati l'ave ["atch stage circuit 1106,
cl ock ClLKodes1k80rimetcd s taltaGhCSrd fommsdmepledbn trensist85] 2236l icdmsIitent ar y
cl ock CLKb output of ipverter 1190 is aJ so connected to CMOS transfer

I .
devi ce 118%, and aRnqtQRAYSH PRI IRIEHTGBYi ce al so turns OFF breaking the
f eedback path between the output 1180 of inverter 1175 and the input 1120

of i nver j09921170AsHRBABRIn ABEE 12A2600i@E cliolit 2008 dso Mchides agstarede.
Voltage VP may transition to a voltage val ue corresponding to the correct

| ogi ¢ st fnstigmjnclydieg BMQY transistorel 240 Fvidy soufrs qonpegiechi9 onyRoR BXiec| ock cycl e,
providi N9 Pé’,'fd}(rdlﬁ icgrrfﬁec{eidqg dfa?ﬁrsf RGOS FrafidiQ551 £3UR k6 mon node 1237, and

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



inverters 1145 and 1150 to store the corresponding |ogic state on storage
node 1155 prior to clock transition at the beginning of the second half of

t he cl ockwoyos#01442095] I n normal run node, clock CLK 1p&@/usp@gmiissons from
|l ow to high voltage and renmai ns at high voltage at the beginning of the
second half of the clock cycle, and conplinmentary clock CLKb 1140
transitions fromhigh to | ow voltage and remains at | ow voltage for the
second half of the clock cycle. CMOS transfer device 1130 turns OFF

d i ' t de 1115 | t VIN f t d 135, which
i hs. 1195 ChA Q8 &eetler dtrsthon i QNG RS 58 OPU of KIBRIHTt ne i 1 st
hal f of ; j ' [ t

Crat o 1ol G B D o e e

t r ansf er $1061én sdraiat nof metechgk Glddés dbsectedto mpds inpaDLZfofjvelasile er 1170
that drives output node 0. gyt put vol tage and_.al so. driyes the

i nput of SIFYR/]@F@éFagf.f?S?lt ﬁ&iﬁi‘%‘ﬁldﬁgf? %B%cztecgﬁop%%ar}sger(%xﬁgé? %% to node
| nput 11 éﬁn%g.léa{téﬂg%loﬂk@mﬁ Bhipht SiR0&es 110 istalsblMBnetbOBKCHIOS i S
connected to transfer device 1185, and conplinmentary clock CLKb out put
of i nver treusfa@@ided 185, suck trah €M@Y transfanesiceradseshes Qfdybieakingds such t hat

CMOS trapsfer device also turn form en t he
out put 1 e§6§%ﬁk Raﬁbl%%vg?n @i?g{%ﬁ&%‘%ﬁ% lﬁge’r{cg@gﬁﬁg r1? g(? Haf%%gl%s\ruch t hat
node 112Q1APushWatRodd OTZDGRABEact W¥ § Brofddenotis.ansifage Ve wiayarabdifibnt ur ned ON,
out put 1180 of inverter 1175 drives the input of |nverLerHé%égH?gg stores

the st at & ¥olzaveluegoansponding te theqoriertlogictstais 41y WRE PFot . t he
second sha rrgt&:;aﬂi; (t}eth«% glﬁ@? Sﬁd%g%ilﬁfglgg%{f}é@énk Bindetemalng fROUESs doﬁgleﬁ_ state (or

data) nonvo ere Ing circurt 1108 1s Inactive,
nonvol at idverte@natsibed $ W60 whtdrd 1k dosremmindp@iepiedtdiy olVEBRgearde 1§53l so

decoupled fromvolati]e slave | atch stage ci .t .1106. . Volatile master
| atch st Bger ©jcledk trangition a’éﬁﬁ%&’ln&mglcgﬂ%q %?\?BHCF g%itﬂféfﬁg’§kcf’?’?lguit 1106 power
supplies are at zero volts. [0097] In operation, when transitioning from

nor mal 1 ygpespde fhhoFRALuRAMETe, BIBBY OLRL 1140 trMk idh ABmTNen H@iliagg Circuit
1108 nust transfer the logic state fromvolatile slave latch stage circuit

1106 to muodhieshans dtdighvatagbet deibeginning b theeseopnd bl the slock crde BBEF.  As
o AR A i ML, S g ol o
low voltage for the second half of the clock cycle. CMOS transfer device 1130 turns
OFF decoupling input node 1115 voltage Vi from storage node 1135, which remains
in a state corresponding to input voltage Vpyat 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.



CLKb in a high voltage state, where a high voltage state is at VDD (1-3 to
2.5 volts, for exanple) and i low voltage state is at zero volts. If

nonvol at iwe 2enwidike 1110 has not been erased, and is tlperafsosos/osisssi ng a
previous logic state, then coupling circuit 1108 is directed to perform an
erase operation, followed by a programoperation. |If nonvolatile nanotube
1110 is in an erased state, then programnode is initiated using coupling
circuit 1108. [0098] During the erase operation, an erase enable pul se

transitionsfromzerp volts to VDD (1-3 to 2 ol.ts, for npl e) turning
t ransi st 4109620 Bhila ivzase oY/ & lﬁgwét%%mqlew H@n‘ﬁiﬁtﬂe Efé‘?‘Wé?é‘ﬁn‘?‘F%de 1116 and

ar ound aso i3I d 2 114BUE SoheeyRAREAER BORK #1100k hagRrdedtby Zer o

volts, tra tor and t ere I's no conducting path be%ween node
1116 andVgﬁQumhs dResdeoospledfrbmevolailt sigee lacchatageDidepit 319@ Wolgileol ts, for

exanpl e), trapsistor 1240 OFF, .and there.is no.co in ath from node
1116 thrH@@tﬁr ]faf‘%lln%"ig@t%ﬁcmiil@l 2“)5&{: %‘Hatnlgé V%iaé‘&’r“%%‘?a%fc@ﬂagﬁ% 's al so at
zero vol 35 is OFF. There is no conducting path bet ween
common ng%é)h%%%%g%é no%ﬁ 1116 or ground, so that the state of volatile

slave | atch stage circuit 1106 at node 1120 is not disturbed. A VEPR erase
vol t age [0093¢ ofInazpptatlpnl,dehMErarslt@pmgl feam norma ive medp Ffequam’ewebe swi t ch

1110 term nal I esi st nce f tran an the
et st anbbiaid SR et e bhBP ) M hudsaR R allibh LERSROAN) 1 Ne |
the ON stgfafle sidvedith §agd dithit B106No hbevoRile hat@ubd mfchqunoeaforél ows between

node 1112, through switch 1110 and electrical connection 1114 and the
channel ppweNsfuraed OFFoAs illptrated llgW@M?fﬁfm%h%ﬁ%ﬁ%Feaﬂﬁ FHERAMMBe switch

1110 Issréntlac.‘lﬁngt QIOEQ%%J%%:S@ géﬁgaﬁsta es{at te t ngpl—ﬂig:n't khckhe OFF

state fenmarns erase at nonv at| | e nanot ube
switch 1CIKbuay High eclegedtad, wieye 4 high vpltagrrstate ipatdgspaAih B m@SVﬁt&;wa‘t ch 1110

is knowmn to be in the erased state, then ogr diately.
Er ase. ot FRIPPIOREET BVAEPIRG: SBikafrEsnbo Bte SBrie Heo o agtd B e
descri beged e QeRahfe is @?ér@foi’e dthiné DpreFRus MeiARleNtheMRourllihBAIrcuit 11681 on an

even date herewith, entitled " Two- Term nal. Nanot ube Devi ces And Systens And
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coupling circuit 1108.

[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



circuit 1106. Therefore, the erase operation nmay be perforned any tine
during the normal run node w thout inpacting the perfornmance of volatile
sl ave | atwb 28d7ames4gi rcuit 1106, and can therefore be nmageriusasgparssnt to
the logic operation of the device. [0100] As illustrated in figure 12B,
during the program operation, a programenable pulse transitions from zero
volts to VDD turning transistor 1230 ON, connecting node 1116 to the drain
of transistor 1225. Transi stor 1225 is OFF if node 1180 of volatile slave

| atch stage circuit 1106 is_at a_| ow voltage, zer}ggf or exanp] e. g@ansi stor
1225 is enitghedripthe QHE (eravedy gfpig: Hiswitsh 4 &0 fsdp dip QFE gt firemas Al is at a
hi gh vol sitions
fromzero too tsﬁagéri ﬁ&%@kﬁonﬁ% yetﬁ%?mﬂlqglst?\%%ﬂﬂvw?% ?8%%{58 é‘?]@ tE)%I%’gxanpl e)
is appli ametpmomudprogﬂahanmfg E\Mvtltch 11103 knbofvntto &a én teerast@ 2iate, he@FF, t hen no

current flows, no progranm ng. take | ace, ..and nonvol ati.l e nanot ube sw tch
1110 rena;qggaqnﬁlqg}-@nd)cgm(lgn@%}at@yagé%eﬁlglpg ac a)é\gé? Ceé“?l Bt ransi stor 1225 is
N, the“i@g&&i‘ﬁ%tsfdﬁﬂ@inv?ﬁtﬁﬂ{&méaﬁbé@ eﬁlﬂa&@aﬂ ANG.SNPAEAY & C%ﬂﬂhexxmanot ube

switch 1 transitions from an (OoP state to an ON OSED) state.
Pr ogr ammi(TgA s tfiledibi amevar diitenigerewith.emtitled “Ewbdiiminat NagdtubhPevigeent i on are

descri be reat er il S. .Patgent Appln. No. (TBA), filed on an
even dat 3@5@%@%&%@%@% &R¥Hfnal Nanot ube Devices And Systenms And
Met hods OF Making Sane.” [0101] During the program operation, the erase

enabl e vgia%?e i Soteehdl d@hn%ﬁfe%r&s@'dp‘éra@ﬂd kBREIrS 1210, 1229) and 108 FareAl s0, t he
restore enable voltage is held at VDD SO thattransistor 1240 js OFF. Al so,

set / c| eapll (QFF} srotatinginoaylatile naagtabeswisdy bl 19drem yplafile dhaveatsh stage orF, such
that only; Lhe )B%O 9‘[191%}"099 ecﬁ@%ﬂa?@%e?atfdﬁalg%lfge df Rk ah?rgg‘%ﬁugﬁf%QHe when

transitioning fromzero Bf'ent I on ormal run
node, Coupﬂma:lgulcnfodelmhthﬂ)ﬁﬂ&pwﬁm,g me@nﬂ?bﬁnattchef dgiile sktvatlgch stege nonvol ati |l e
nanot ube svmtch 1110 to volatile slave |atch e circuit 06 after power
suppl y VEBFYis1Q0s figg e ¢ hﬁ‘@forﬁéf’gfaé‘"éqali%ﬂ?r%&’i‘??‘gﬁ ¢ BRYPHL 08 | | ust r at ed
in figurgedigC, even after VDD is restored, clock CLK remains stopped in a
|l ow vol tage state, with conplinentary clock CLKb in a high voltage state,
where a high voltage state is at VDD (1.3 to 2.5 volts, for exanple) and a
| ow vol t 80t at As lkistated ér Bgure| 128, during the program operation, a program

enable pulse transitions from 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 Vepr pulse of amplitude Vp (5 volts, for example) is applied to node
1112 of switch 1110. If 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 (CLOSED) 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.”

[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



[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 exanple) is
appl i ed twotesmionak 1112 of nonvol atil e nanot ube swi t chpttaB2edslowsss at ed in
figure 12A. Wth clock pulse CLK at zero volts, CMOS transfer gate 1160 of
volatile master latch stage circuit 1104 is OFF, isolating volatile slave

| atch stage circuit 1106. At the beginning of the restore operation, the
restore enable level applied to input 1192 of inverter 1190 and CMOS

transfer gate 1 i DD, dits conplinent at the output i nverter
1180 appitieses Tes Dtk Alr se e rastors Yoase s B! e o i iy 2233 55 "o
Wth transber, G@hehat bR Eprapvd bherkd&Pis@habiByerter 1175 is electrically
connected to 1 nput 1120 of "inverter 1170; a storage device is forned with

1120 as a storage node. Wth restore enable voltage at VDD, transistor 1240
is OFF. \W1W®]set Inconsmtiosnwbprtransitianieg fomtzero pavesigiosyelptilezgntien OFF;

therefore_t commpon _node 1237..vol.ta i determ . 0 of
vor a1 | Tagdde SRR fidfe GRpN ettt 08 R R R B8 shE? O
suppl y coeobneshtiemhahsubdivich Vialoas vbRtik ste 1htak @daﬁé tiaget Ciosafiet pdi&6, node

1120 may be at_ a voltage of zero or VDD After the transitign of VEPR to
restore FWPRIE Wrolit igoredbut befere dlegkeaperation besing hsilustipted in figueildtor 1235
QN, and i . r abl e pul se
is then {% ggﬁ%%&% i3 féesg(%?(?fglésc%o(?%lgg&ﬁ%lgi%Q&e@qgtﬁégr@ﬁ%ﬁtg@’ Y\@Et , restore
enabl e pubswlitneatasy tlbcn€LKbama\HEh valtage ctated whedahigh anRigerstgaiseat1185 i s

tur ned OEF, reaki t he feedback path between inverters, 1175 and 1170 such
t hat node DPl@(g’ tpéﬂgonsoﬁﬁé’?‘a%ﬁge'%‘gaiﬁ”&glg’tgﬁls?&elsﬁbﬁf) VRISt he same tine,
transi stor 1240 turns _O\I and connects nonvol at i I e nanotube switch 1110 to
node 112@010?1 nOA_h’ﬂl@Erhﬂe_ﬂb@Wﬂﬁﬁls%O@ ﬁhf_iéuﬁé(i’zc;sdlﬂﬁg(tﬁb%&@, t hen VO! tage
VEPR onnode 1112 is apgl ied through transistor 1240 to node 1120, the input
of i nver operationG. Vipk P wS Rapiifusle 1 305 yelts, dor exprple)ds amricd@PEN) t hen
node 112 2Rl Vj 1T or L. 1 F

foc 111 ot a9 Bt ndahfe nMonliBaiin AP UNCANSH B e oA RabtE

nonvol at icleek panetQIlie asxird eblts] CNIOSNtayisteagaté MecEombddlatilamistel tmch figd nverter
1170 input, .and does not have to_overcone a | atched Qs)%orage st at.e. Next,

when t he CHest b1 it dsolatingerolatinglays ied stass rirowf 41Q0 Ky idhe beaianing — cvos
transter oot heiiidn, M8 r@idtelefbll RILCaplied fo e FBORF iherdh I 0N node

1120, with the conpliment stored on the odtput no 25. Transistor 1240
t urns OFRndQMOS transfer gate 1185 is at Vpp, and its compliment at the output of inverter

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 Vgpr On



decoupl es nonvol atil e nanotube switch 1120 fromvol atile slave |atch stage
circuit 1106. The restore operation is estinmated to take just a few
nanosecongte.2oddwomak run node then begins. [0104] Duri ngpthasesicol®ss3
operation, the erase enable voltage is held at zero volts and transistor
1220 is OFF. Al so, the programenable voltage is held at zero volts, and
transistor 1230 is OFF such that only the restore operation is enabl ed.

[0105] Figure 13A illustrates a second enbodi nent of a nonvolatile register
file stage circuit 1100' that corresponds to nolatll S file
stage 100%gH Qllﬁﬁ?ﬁleﬂlﬂﬁou%ﬁ%ﬁ%‘?ﬁ ]lﬁort‘éﬁf’é? E&%f thednRi{t éan% he/rr?as t wo
modes  of ygp, @ﬁt {RE RoddOMyel rkiaginG ast ate (or

dat a) nonvofl(@gi lfe%q}ag@gﬁ?ig‘gﬁéhn% e | n I®ower is di sgonnectaed Vol atil e

mast er | gionhd SBypbeving CMOS traddd’ gavot 1859@51?1 tﬁazcllutates' teaestpee opgration | at ch st age
1010, volatile s|ave | ge CI volatlle
sl ave | aPeaRuss wRliese uny. leggUBPg rt‘anf%"g)g SW tSf‘.lii(gSﬂé@ coupl i ng
circuit gTFlgl@i Pehafl OR HRkAL ile/Ori@lﬁt MRIEIRWh bChv 1d Bverb&iné asaetivds t o

i

nonvol at otube switch 10 n figure HA. Electrical connection 1112
bet ween storagelstts. ﬂ\éxhazﬂmnmlweswet/@mbmﬂse teanditionp ol 2659 ValieloVaPR

T70": " ahias JaRyEr bt AR GRR R e R B W RS 020,

stage Ci ggiHithe éaaﬁﬁhmglﬁrsf&écp@mﬁ dugpreheed 1iTsrresiRredRi0 mrid@PFiandf i gur e
11 A. Power sugS vol t age VDD connections to the inverters in volatile
agev

nmast er | decop v ptile ElﬁI@Ot‘.ﬂf_lW itchok129 Fesm yolatle slayedatrh &8s Si6M at ch st age
i it DD i
TP AL IO SR ST PR EOOT T D

vol at i | eniods tiedn Beglmsh stage circuit 1104' receives input signal VIN and
drives CMOS transfer gate 1130', which isconnect ed to and drives storage

node 113 rnme 0SS cou L nver 114 | nput
si gnal Emm%fr eslg%%%&‘%“s\tfiﬁlopgr&ﬂ?? gg Era%ﬁlal iﬁﬁ? ésghfb@ &(ﬁ@&aﬁ Sansf er
gate 113Qh3 48Rt PoNVOFFaAkoPMED 68 nGERasbIE %h@g&s @ib1da Z&WEB0E) andt r ansf er
gate, for exanple, to ensure that both logic "1" and logic "0" states

transiti oAndsonta0 it GHF yehvirat sulypghe resinge opeseliar iv6netied | evel s by
el imnating deV| ce threshol d voltage drops. O ock CLK 1140. and

compl | rrem gi %ﬁre%ﬁblllé}é&es é‘ge%oﬂé gﬁbgﬁnﬁﬂf"gf} EnQMyollBCegistle ST gnal m

on |nput from rrving storag
stage circuit 1100’ that corresponds to nonvolatlle 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” corresponds 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] As illustrated in figure 13A, input node 1115’ of volatile master latch stage
circuit 1104 receives input signal Viy and drives CMOS transfer gate 1130°, which is



node 1135; by turning CMOS transfer gate 1130' ON and OFF, thereby

determ ning the logic storage state of cross coupled CMOS inverters 1145
and 1150'woNoé=oidyat all inverters are CMOS i nverters upceas26HETsRE Se
specified. CMOS inverters include a PMOS pul | -up device connected to a
power supply, and a NMOS pul | -down devi ce connected to ground and operates
as discussed in the reference by H B. Bakoglu, "G rcuits, Interconnections,
and Packaging for VLSI", Addi son-Wsley Publishing Conmpany, Inc, 1990, pp.

152. Cross coupled inverters 1145 d.1150° drive st 55" which

i s connelPREE t@l@ﬁ%g’ﬁ?’%‘?@ge ﬁ%‘%el1%?G@rr.ne%bggﬁosﬁg?{lp&%%éggjn%an'(rz}%t% ary cl ock

CLKD ar e 14360401 1808 Gt Yenhl V@!%oﬁ%%cﬁﬂs {&Uﬁqqr(ﬁh@d%c 05@ fidb510f r om dri vi ng
y

master |atch stage circuit 110 i nput node 1120' by turning CMOS transfer
gate 1160CMON teandfeOERe 1[18A0RES bethiNVIQS andtFMOS slevicguinstead af ag NpfPSnode

node of Dt GRS AsETBE e s o ottioed et A I MBTC THe St hu
of i nver tighgsikid Betwesn @Ml pwemtlaglg@@d donltagd leuéls bpdimid:?ing deeine al so
drives the input of inverter 1 ' t put si.gnal ;rlgéglﬁéﬁgbteﬁ%nds to VOUT

i n fi gur shipsholdpiplizgedironse Slapk Gldp dd4Q.anf sgmpligisptar 8H€ of

inverter 1175' s conneet. S L abst LLK, and
conpl i nerﬂsécgg) %nlaglgig?% lglgjetts%sned Wo&lelﬁ-g@fgﬁg?%?ofgtéﬁ? ﬁglngrsggggnce of a

f eedback dodep13haly tamdssCMOPirassiérpasr 11805 ONLZG! OERdhdtFpdetwhainingnabl ed.
During nornal  high speed operatiaqn | ock CLK swi tches , Qi gh .speed, 3 G
cl ock r atthe logky stesegerpfp ,OfPH?SSFH‘é’IQ@,@W @V%eﬁszl&ﬁ%o"rr@g]}%hoﬁq% PW\E/)er ter
1190" pr ij[@lé ClibssYiner e kplliffed. \NROSShRIHeRGintmEa, COMOS
transfer Oaglgglgérﬁ%%e IS qﬁgér%JE r| nversl(:Ug#s 1178' and 1175 foremz];1 Cross

coupl ed stRVIEFepudewp devivd ¢dnnacedtold poversopplygarsisa MM pelydowadevicohen CMOS
transfer gate 1185' is OEF, then inverters 1170 ~180.e not cross
coupl ed é:rg‘,?anéﬁSe t8tgr‘?‘Bf’rd_rfarnzﬁl WPEHEFE d&F@W’SS mn @Fé‘\a’/fg’rqng?g%%lg%ae& !ﬁlr’ cuit 1106’
is coupl etiicqit@,qﬂtémoah¢dt@n9,%atpabl@§@vg o€ W1ET1, QA ddigoncWepley Pgblishimyii t 1108 .
[0108] As illustrated in figure 13A, nonvol atil e nanot u8,e switch 1110" is
connect ed_empgnywkic, £ py- 153} Caepe commed invgrers B 142791 1d U &S QM88% age pul se
(or pul ses Loy ed C@Il(lr ' baldi9s OPRenge! ected using
coupling %‘%@ﬁ?% %ﬁé?s.co%ﬁ%}g %)tl ecfﬁf}@%{éf% etegl%%téh 1110° ié1 al so connect ed
t o node Ibhplin@dntary clock CLKDb 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.

[0107] As illustrated in figure 13A, 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
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 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



coupling circuit 1108' using electrical connection 1114'. Coupling circuit
1108 is connected to volatile slave latch stage circuit 1106', where

el ectri cayooemm@edsions 1119' and 1329 connected to nodeptTAX2008/0€7889s5ed in
program node, and electrical connection 1118 is used in restore node.
[0109] As illustrated in figure 13A, coupling circuit 1108" includes an
erase function. The erase circuit includes NMOS transistor 1220' with drain
connected to comon node 1317, source connected to ground, and input gate

connect egrotséjcc?r{ﬁeegf %%Eﬁoerﬂﬁ%ﬁrngstefél %ev@c'r 509 PRoIARCiIRAR1ADEGR, transi stor

1343 is activ program endbl e pul se at zero volts, and conmon node
1317 is cmpl&bﬁo&dmtlolaﬁhmmmubedmtdmuim’ byfeoeplirgscicoiiid 08’ ed to nonvol atile
nanot ube switch 1110 in order to enable an erase operati on [0110] As

LLL;?;r ‘ﬁ@sﬁ cé?ﬂﬁgV%gﬁﬁHf Qé%ég9%$&ﬁ#]%?%%”i i@”@ﬁéﬁTQ} ?ﬁscgnnected to
common ng eét%&@o RO glg%mg&vs%eml&%ppmbsr@@@ vbRBE plad(ogat e connect ed

t o out put I nverter i nput of inverter 1330 connected to a
program gn]am)@s reguired bmmmmlwratmgd@@d@@le@@dwn@rc@% RHupl ed NMOS

transistors A fpr m ng hi gh
vol t age PF%‘H@?@ ‘gﬁo%‘fof ?Pa‘f‘g‘éﬁ!\@%&é @ﬁiéjrl?:t(g‘fs‘%j OP&%@%}&%%?S 6org 1325 and
1325'  ar gogfinzeter 1108’ gfsmgrmlectﬁémbmcﬁamms OCbupPpGirtuiah$0&Etior s 1327 and
1327' are connected t%ﬁs ran1vo|tage VpPROG Conpl enentary i nputs 1119' and

1329 ar e cewnsaedite okl %téhﬁfag%cw%‘slloét,dvheé? ?léﬁFlPalloé?B eqtionhit NMOS
transi st (ﬁlé'?i\%é 1%5? c{ﬂb@teﬁ%@ﬁo%le g_l%g)pﬁt(étdsg@ ro Hehmol@tank Reect:f@l ¢ state of
age transliator cCilrcul 0

hi gh vol t corresp s to the state of volatile
sl ave | ateimestiagel 18 @Glsed WPkery alcdage may be much hi gher than volatile
sl ave latch stage voltage circuit 1106'. Progranm ng voltage is applied to

conmon n 350, t ouhP transi st r 1327. rn applied to
common n&g@ﬁll&‘\é gbqlvgslilr&ﬁ%aﬁ%‘f ‘6‘5 Cér\ﬂ”it&mglﬂﬁu&ts oe%at;éﬁ PMOS

transi st @inctidf3rhd éra&%mﬁﬁ ineles NNIOS ttanktod 1220°0# @uakihyondERd to ansi st or
1325, then no programm ng voltage is applied to common node 1350, and

nonvol at chmmparmedaal swptish counegtedite gﬁbmdp%ﬂﬁlﬂﬁ% coppgefeq toRn §1psey st r at ed
in figure 13M SRUPHLAY, & LGN Lpetddf, t@hifol MHULESI AR PhBgram

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] As illustrated 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
Vprog Complementary inputs 1119 and 1329 are connected to high voltage translator
circuit 1360 input NMOS transistor 1325 and NMOS 1325, 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’

-~



function including PMOS transistor 1365 with source connected to VDD, and
drain connected to volatile slave latch stage circuit 1106" input 1120" by

connect orwdLéd@ 001dri ng a restore operation, PMOS transipgtrars2dddprsss used
to pre-charge i 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 common node 1317, and gate connected to a restore enable
input. NMOS transistor 1342 is in the ON state during a restore operation,

v ougn ronvertkiE RAREeE Bt PR g SRS P EGbRR T g

restore GpdeaBs®R heWarréuitsl NMOS frdnkistdrs] 326} the@he grdpraamigsieltageenabl e
input, if nonvolatile nanotube switch 1110' is ON, then input node 1120 is
di schar gd#iapnliedip gommenincde 43rQ, apd nenyplatile ngptube sytehi 30t iSie8e remai ns at
VDD- Therﬁé@ fd vol atile slave |l atch stage circuit 1106' is restored to a
state correspondihg to the nonvol atile state of nonvolatil e nanotube switch
1110'. [0112] While in normal ran node, coupling circuit 1108" is inactive,
and nonvdDHLL]l e Aanlbdstdaeedsnifigate 1Bl @ouplsgnotcujid wes edsdinc MR sastbre s al so

decoupl ed. from_ val ati | ave | at tage circuit 1106 . Hencg,. volatile
mast er | P’&‘ﬁloé'jtlﬁélég@g e g’ﬁé# trppgystor 32@5 W{afﬁ é?‘}rFeeC%nﬁ\_:/tS FOaYBH’. @Bé‘g@nci rcuit
1106' Op%ﬁﬁ&téﬂo%]ga@ﬂaﬁbve( ﬁﬂiﬁ\é@a{g%h:ﬁeﬁ& )] mafgﬁghlrtqmz@e@ édaae&oﬁpﬂtsle.r /sl ave

regi ster run node of operation at” high speed cl ock rates, typically 3 GHz,
wi t h VDDDuring axshtoss ofepatidng MO treafistors1 64 s issdtte grashiange input 1@ nm

cycl o, ol Enven fubtiepdnePRders MR G 150 WS RbARk St s et

| ow vol t agengu@n 1201yfdonfidctdral 1fl 8t, ligaif osdecyab omaidel noaepBiTrent gate cl ock
CLKb 1140' transitions fromlow to high vol ta&; and remains at high voltage
for the fooRRICtesHipfa rgstorerrmabledamut IMQS trapgixton 13484s by thg S statednsdea yrns ON

oL S AL P B0 e R,

device 1 rns I'sol at es oufput o | at ch
st age ci riGivand W4, throogh hdrevolatipeihamvade s#i2D'1100°. Vebras iat zerelvalie | at ch st age
circuit 06'. In normal. r u\g] node, .cl oﬁé} CLK is %%nnect ed t 9% de i nput
1192' of WHPEAITFROIRGRIPG: WiheR FAgRsEr 101 29k DY I5ER PRI B hnect ed
to CMOS tif adksolltildRMIcte khBiRh 11200 ©NTRhé I RBhEIoie a1 90°Kis GhsRarged;Rpit  Of
inverter 1190' is also )

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 Vv to storage node

1135°. CMOS transfer device 1160’ turns OFF and isolates the output of volatile



connected to CMOS transfer device 1185, such that CMOS transfer device
al so turns OFF breaking the feedback path between the output 1180' of

i nverter woabi7/@igiat he i nput 1120' of inverter 1170" suebTidsadosc/oonss 1120
does 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 |ogic
state on storage node 1155 prior to clock tr n.at, t i nni ng of

Siti e
t he secomswalatctostag&rércaitdéﬂf’cfmébe Pﬂﬂtlr&]dellﬁg&o?fﬁ@ratﬂl%ﬂa h@EC?‘ Sg&}g&k CLK
1140 transit.i ,fra i.0 i g verl t age at
t he begi ﬁﬁflﬂg?gq% 1 enrgéﬂélglgr?h?%(gqef 88%/‘9tt%§qg|cg@%°fce§rc{|§g@§§ﬁapdgén%%i ment ary
cl ock CLKblatilddvet In@hSiake oitcuif 1106 gl CloK lipeonnettcd eCHHIS trendeins at | ow

oltage for the second half of the ¢ k cycl e.. nsf.er device 1130
;/u.r nng:Iﬂeﬂié%éW’i 'ﬁgi"rqli%ﬂlicm‘?’i’&%ﬁC@f&éﬁﬁbﬂtéﬁ%&\}m%g(gf%ﬁl 0nod\éI 1135',
whi ch re%ﬁ%ﬁéa@? W&e’giﬂ%%%%f g@g{lﬁf&%‘s%uaﬂx)tﬁaﬂe&sﬁog ghhgaedeviceallsottimsend of

the first , and storage node 1155 remains in a
conpl i MerOEH resktiag ehetfoeditack pah batyeten teasitputCGNIBE’ of iawertesr! 1d@\vanddha 160" turns

ON and transfers the sta Qf storage , 1155 i ' of inverter
1170’ thé’f’P‘Hrlﬂ%@sOfdﬁYe&?f ﬁ%é“%i’%%t rgcfd(?qggﬁp%%es&ﬁ %cgaéeg%h%g% éﬁ’ge'al so drives
the i nputyQfack eS8 fradifi6n to 4 FolHRE Walue tuRtespotl@ing ¢d rlcotielt logicotmect ed to
node i nput 1%92' of “volatile slave latch stage circuit 11%6 , .clock CLK is

connect edny GNENIDBTtte thesindrof dwisehalfi@he clogk Craenirp RS 8% Kb

e B e S A S LG Byl

al’'so”turns orm ng the feedback path
bet ween tshfe oilkdHge hb8'1155° pridy &Y dletk thangHionan thet treginnipgief the 3@ondf | nverter
1170' such that node 1120' acts as a storage node. Wth CMOS transfer
devi ce 1ie¥ ofithe ¢leek evgle.out put 1180" of inverter 1175 drives the input of
inverter 1170 and stores the state of slave latch state stage circuit

1110° unt bi}ﬂg?cﬁgﬂoﬁﬁeﬂ S8 QRRK A0 140 trhli@icHs @R By toshibR¥aBdgeWhi | e i n

zero power tate (or data) nonvolatile retention node, coupljng
circuit Iihd8tmains atlsighivekagera thedheginning ofihosepoad Skl ot therlodd cyrle, power ed

T

stage ci rigiiyo1thdOfor tIROWRENA 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 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 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.



supplies are at zero volts. [0116] In operation, when transitioning from
normal run node to zero power nonvolatile retention node, coupling circuit
1108" tranefessooidae | ogic state fromvolatile slave | at ehTatsage/ogcisssui t
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 low voltage state, with conplinmentary clock CLKb in a
hi gh voltage state, where a high voltage state is at VDD (1.3 to 2.5 volts,
for exanple) and a |ow voltage state is at zero volts. If nonvolatile

nanot ube [0118) ha&%¥hiloih Zeeefovesrdsgd staten@dr tata) evefatifeereention nypde, previ ous

| ogic state, then coupling circuit 1{1&3‘? IS %i recteg té}.qperform n erase
oper at i orfoupbng et HP8aisppasgvarnasyelatle nmotupe syHAR, 41 LY iy ROLPNGT e 1110 is
in an er st r | §addhaicl I UPhILf Circuit
L oa . T O L A S oI Sge 1 s at
zer o vol tmastaridich saps cis¢wr 1 1082 2nd solagledldava latoh Shgstiatug P61 pawasut put  of
inverter 1330. An erase enable pulse transitions fromzero volts to VDD
(1-3 to XUBPNE A€t 7} VliSanpl ) turning transi stor 1320 ON and providing a
conducting path between node 1116' and ground, through ON transistors 1342
and 1320 @316] | usd 6%&@&50&, Khih G4hatidSiAg f0ht Roi0 gimbib@n@bleto pobdrage at zero
volts, transistor 1343 is held in the OFF state by the output of inverter
1330. Restasvelatileabteatiommodeecoupling cizaicl 98] transhgrs therlggisistiooms 7o i s OFF,
and restoy rerch e vol t kS | SL: B, L5 OFF 1 nput
1120' is Yog%tﬁ%?lg I}('E) A cﬁ%gﬁé ;1 g? 2&)5‘?{ E){;/)Ool?tgig in%%&g?%%&{hal'g@ﬁ 2‘1{f§§e circuit
1106' at pose isldh2dedi GFM Qs itlusttasedbdwavdfofzisR 260 ainefignnd 128 ewhpild movef

anplitude VE is applied to nonvol ati|le nanot ube svvbtch %110' t(?r i nal. The
resi st andem@ins{ONock QLK 13 steppediig lgwgraliaee dateewith sompimentagc PTr'Fan t he
resi stan : | Al i L i st 0" isin
Lhe O srop b i AR RSy Ranohdls in LARel bt i EVBH (1 Lo s

bet ween nodesple) bad a lewvoligde ssate iscat zeb1@lts alf copydatile ingmdtulrohHéC haon 1114

and the channel s of transistors 1342 and 1320 to.groun and nonvol atil e
nanot ube %%f’%th‘iri%‘ acr].f\(!s‘sél\’/ﬁr fI(?Ff’e OFRE  REVEER logif ﬁtgéads BCQURHNg QIO h 1110
is in the 1@BFisdirtRd tb perféihNErabdlopddgidalFollovea H5d) profidirtopeaion. Ifhat

nonvol ati |l e nanotube switch 1110" nmay be erased at any tine prior to

pr ogr anmi negvolatileswgnpihe 111Qis ip gn I@ﬁa@@\% stetg, then prograya mode is initiated using

coupling 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 Vgpr 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



erased state, then progranm ng can begin imedi ately. Erase stimuli
according to certain enbodi nents of the invention are described in greater
detail i nyb.2b07/d8adsent Appln. No. (TBA), filed on an evempcdaiseodseiBgst h,
entitled "Two-Term nal Nanotube Devices And Systens And Met hods OF Making
Sanme." [0118] Note that during the erase operation, transistors 1370, 1365,
and 1343 are all OFF, isolating nonvol atile nanotube switch 1110" from
volatile slave latch stage circuit 1106'. Therefore, the erase operation
may be perforned any tinme during the normal run node w thout inpacting the
per f or mantEl00fis svakched kethe| GRIe(ekatd)stae.df ewitehr ELIX idih@bé OFEBthtcain t her ef ore

be nmade transparent to the | ogic_operation of the %gvi ce. Lgél%&aAs
i || ust r at e ipjthg, PEF {epsedy stafeq i ‘Héatr)‘foé‘g'P]&H]redB@P ? SHichy, iYat zero
volts, ang. &,Q0g raﬁggﬁgadgg? é@gﬂggﬁr&mgstfw%ﬁ 15 {®T B&Swn ¥bd i the VDD

turning transistor cting node 1116 to conmon node 1350, which
i s al so térasedustgiesttherf ploggimmimigtcay begin amsiediataly.cEraseistimuld 6&ordingimn node

1350 is at high voltage YPRQG if, PMOS.transj.stor 1 .S d .NMOS

Lt ans! st oFerEaBamPAERRS of SEeisad A A Irgl AT SRR U P PGS

transi st oppdR2Rol ErEN, & SIMEeveh AR 1R Withl 38tt1dd THETetnhinglaNaHVubR0de 1350
is at high voltage VPROG then current flows and nonvol atil e nanotube switch

1110" t r aRsviceohrd Syssema Andivethodss@f Makingatage. However, comon node 1350 is
at ground, then nonvol atile nanotube switch 1110' remains in the OFF state.

o0 5 iy RO BESbR B SRR Pl gk o ore

descri bed reater d on an
even dat eallOFFWsbhting Abhidigtile hdivaubeeywitchall 10lafromuiotatiResiavelatcArsthgBy st ens  And
Met hods O, Making Same." [0120] During the pr ol%r am o&%erati‘gn, tﬁe erase
enabl e vo‘l’lf%’g‘e“iog -Heherelare, the ckisg gperatiompay by Refteinyd apy 3ing durgggrhe 1 5 6 st or

1342 is hgld i fyd ngd%ﬁhgﬁsﬂeﬂbg&g}ngeé P&?oxﬁﬁh@é‘&f RladiBVRYE Blichlsdal Al so, the

restore enable voltage 1s h o volts so that transistor 1370 is
OFF. Al sogirquitst 1968 apd e theggoredetragle tiamspreénd tathedogio operatipmatibet or 1365 is
OFF, such,that only the program operation is enabled.[0121] In operation,
when tran®¥¥%ni ng” from zero power nonvol atile retention node to normal run
node, coupling circuit 1108 transfers the logic state from

[0119] As illustrated in figure 13B, during the program operation, Vgpr 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 transistor 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.



nonvol ati |l e nanotube switch 1110 to volatile slave latch stage circuit
1106' after power supply VDD is restored, but before clock operation

begi ns. Agoi2odumidsated in figure 13C, even after VDD i spreaisoss@di7sss ock CLK
remai ns stopped in a |low voltage state, with conplinentary clock CLKb in a
hi gh voltage state, where a high voltage state is at VDD (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 held at ground (zero volts) and zero volts is applied to term nal
1112' of panyp! atihlbferaaontvien tswkitiohing Ebo zérb pustr Rdmedladtite fotguioa 13A. W th
cl ock pul se CLK at zero volts, CMOS transfer gate 1160' of volatile naster
| at ch st agede torermal mngnods, soupting cirewit 4108) drapsfersthe logig date fToM ch st age

circuit 1106 - N0 e r h store
enabl e | e@"g‘}%éaéfg‘% ?geng ﬁ}bg%iwrlltggtl ?%)lgé ,vB%ﬁ lei SE%?%@% Qt%%gl&&gﬂhld&%éfr ansfer
gat e 1185powe sapplyDhp i8fsbtoréd; baobatbieratodk cplerdtioa beginpuds dlusiratedit er 1190

applied tg CMOXS transfengate 1185', turn CMOS transfer gf\te 185" ON. Wth
transfer Haye 13¢gevenaiier Yop pifestoredpelogh CLEK femagns sioppgd 1n L1y ¥ifage 5 | y

connect edg @ &P %mk%lgxghtag clbAVEf KB'in %i‘l?éi’l \?olﬁgé §t9tre?€'ﬁc|31@ea‘ﬂi§1? vbageOr med wi th

1120' as a storage estore precharge voltage pul se transitions from
VDD t o grsateds aridpgo@cktot 108 VEIB, Ifor exhinple) anda by voltagsistatois at 3¢® voMsand
prechargi ng node 1120' to a positive voltage. Next, restore enable voltage

transi sto 70 ..connectin ode Q o cC n.node 1 7. Program

enabl e i n@l}%ﬁ/ol %%élu%atgfb%gg%er}ws[ gog’dpifﬁarea%@flgp %ﬂlgprgglg%’l on, and the
out put  of ohdamadnt 8Vl heliPdt Gfodndansb SoRs) ahd42rd volfsheagPledttategmbmnect i ng
conmon node 1370 to common node 1116', and to one term nal of nonvol atile

nanot ube W% efnanvodetile naneudhe suvishddQrillugtrated inauge 13AnWitkcek 1370 and
1342 in t - ‘ U = o
2 RTE A AR SRS TR - o

to VEPR ground (zer ol'ts) i on of power
supply coc¢ireit 108’ isaONDDdlaingolodtilé daed lawh staecircsit 0@ cAtthei t 1106" pri or

ot 1 S B aL L8 LSS0 SRt A o A LN Brechar 4i0g, gl poge 1120 o
e 5 PRSI0, i Cllof i Bl s W R [
1120' is olitpetdigester A0’ applisdioEMORS transfer gate 11850 turn (MOSttiapsker t o

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. 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 nonvolatile 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 11207, the



ground. If nonvolatile nanotube swtch 1110 is OFF (OPEN) then node 1120',
t hei nput of inverter 1170', remains at VDD. By having CMOS transfer gate
1185" OFRvbaoeddoiabes the restore operati on because vol pagasasngphisss

t hrough nonvol atil e nanotube switch 1110' only has the small input |oad of
inverter 1170' input, and does not have to overcone a | atched storage
state. Next, when the restore enable pulse transitions from VDD 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'.
Tr ansi st oingB éDinverters! 1G0T, ranaingl atchsi ByshavinpOMS ransfiarpatelldi@55@FFch 1120
fromvolatile slave |atch stage circuit 1106', The restor peration is
est i mat ed [#liipieR & rgaipre.PPEEAOR ReeAVae Bpltage sNBRlRd) thioygh AoROTlEr begi ns.

[0123] Dupbhigubd\Gvit@siiabeos] b i f66 15N §170ih@RdCadasadee! d at
zero vol tg anlél tralné?l storolgg%@@s%%@lglﬁ%tg%, tﬁe prgg%’;mleﬂgbl e voltage is
hel d at zepbhavelt¢ syeregrde b lacieidstaragel348. NextOFhemithd réstamsnatlopuli@42 is ON

such that only t restqre operati | S enabl ed. [P124] Fi e 14A

1T Ust r at S8hstots o Siman rrenp G O Frbra eaikel 188 hErton 44 BE ke o r cui ¢
1100" t haktafOof PR YoréPoASHEN 1201, At B8 cSiPlimkhd Korel 388hd &8put dodef 1 gure
11 B. Nonvolatile register file stage 1100" ' "has two nodes of operation, a

nor mal r udlAPdEraapigos 1€} @rpsdEr an @@uskanen‘(qiatﬂ?l a@la?tubﬂ)ﬂwmha]ﬂlﬁp’e )
i de ik i i. i t .V N t
o o g YO PR PTG e B R L, o 20

sl ave | at ¢st & fagasecunids. Noah! neaho@shentsgihe vol atile slave latch stage
1015', and nonvol atil e nanotube switch 1110" corresponds to nonvol atile

nanot ube swi tch 1025 in figure HB3. Electrical_ connection 1112" hetween
nonvol at | U2t hnotdBaEl e Pperatighdhaerata Snapls woligee VeI ¥gPFeYPbinds to

el ect ri cab,£RRMGES @20 %Qé@'ﬁ., ?%?S@E gh@%f&g@g gbistfg; Vié ﬂi%lg:['at b&LWRRE, and

nonvol ati | e nanotube swtc e ch stage circuit
1106' cor tresyissodE343ds OFFGtnditaabistoo h3rELisiQN sddat oy fliegastereldpBrativower
supply volta ¥DD connections to the inverters in volatile master |atch

st age ci r(]:SLﬁ“g&f 04" ' (not shown) and volatile slave |atch stage circuit
1106" (not shown) correspond to power supply connections VDD in figure 11B.
Not e t hat [0124]1 d erfigdte MeAtillA@RYS] adthirll @mib8@insdn€ bf 4 hbevasdiageegidigrailet 1100°

has no Cogtg;;ei gi?cu(i:ti lrl%l(J)i”tthz?t%togsepr(])ngso Q)Vlgcjn%tolialciﬁe rre§1%{e§ tﬁ(laer st;firel IEOO%t’ ?ngf%gure
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°.



circuit 1102" and nonvol atil e nanotube switch 1110".[0125] As illustrated
in figure 14A, input node 1115" of volatile master latch stage circuit
1104" reogovesdonqaut signal Vp- and drives CMOS transf epcgaiseoosbddss which
is connected to and drives storage node 1135" forned by cross coupled CMOS
inverters 1145' ' and 1150". Input signal VINcorresponds to VI fromlogic
950 in figure 10. CMOS transfer gate 1130" uses both NMOS and PMOS devi ces
i nstead 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 vojgiagf '6A§|11as@afe@ m(gagg;n&%%&ae 1105230 0bidiéqhdstg Gardlh OPS. O ock

CLK 1140, and conplinentary are used to enable or bl ock
i nput si gstage Mtdmtdrlonﬁmeummd@uliigﬁﬁl Viveund drived GYIGS tamsf gaedkl 30135 ; by

turnin t.ransf er ate 130" a ,, Lher det ernm.n e logic
s? or:';tgg sV Qlﬁ)?mﬁ’re‘é@g CH é‘@sﬁ% rﬁ\%@ﬁ\% ; g%é’ﬁ‘lf"sf?%e‘h %{)S thatg |
all i nveriﬁeﬁe@rm% { TBEY. I sfgﬁble@@, RHBGIoNS & PRERrh Isie 95MS i nverters

i nclude a PMOS pul | -up devi ce connected to a power supply, and a NMOS
pul | - downfigerei10eCHEDS rensbet gate gkwa’weah@thdﬁ\dwt@sl Pé.‘dO&d,e;wQ%@@teia@a of he

VLsE - aalt SRS el e %ﬁ%%él%@ﬁpé?%‘?ﬁr% M BhgR8e 1 bR 00 T

coupl ed i sueE triehistidnl¥drwedNEhlIpbRR: (}ﬂy’@nds bRuAg Solp@develHby clivhinating S
connected to CMOS transfer gate 11 ". Clock CLK and corrpl imentary cl ock

CLKb are @e@@m@swdwkamd@p%@o@qﬁwdlﬂegar@cepaﬂlel%)écmlsé? Kh om dri vi ng

mast er ! e Jué 1t nl transfer

gate 1160“:48\] q%%(&lf—(}:&%?%ﬁr#&%smbﬁ%% a[‘Qd %’Hlﬁg%n urlellf§ ,£ |nput node

1130" ?f stotage n?@a Blh%\’/’ebb/alhmhlgﬁlﬁgls tmrrsfanlghtemlee"’ OMlamd:@RFstlmtesbg tﬂe out put

node o ster, Jatch stage circuit 1104" L nvert 70" The out put
i nver F&‘?teri@‘?@g th%loglftsg‘?f?‘g‘?/ﬁi“@é)éé“\?%?uﬂ%?f[ Qﬂf@%fﬁvﬁﬁﬁféﬁi‘i dand al so

drl ves thFlSd"pmtég{?a{ AV RivERLrs %k?éﬂdos%%a%rs ShERabh T GeEFESRONES L0 VOUT

in figure 10 drives an input to logic 960. The output 1180" of
i nverter hy@mers iclhaierndOSdpullbuOidddeed crmmscrted topapever 58pply, @WdeWMOK, and

Feedback PObEePhARer eweRe it BEUnd faf barets Fusdich i M PRGREN a0 o
Duri ng noHIBdkogh, SORAHtsOREEadA R Bions] HekP LkKein WiférCVIEST” aAdms@h speed, 3 GHz
clock rat \?Veslfe?frPubhshmg Company, Inc, 1990, pp. 152. Cross coupled inverters 1145°” 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 Voyr on output
node 1125°°, and also drives the input of inverter 1175°°. Output signal Vour
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



exanple, for the 130 nm CMOS technol ogy node. Inverter 1190" produces the
conpl enent CLKb or clock CLK. When storing data, CMOS transfer gate 1185"
is ON andwonvendogsss 1170" and 1175" form a cross coupl egcstiBbagn1®8yi ce

wi th nodell20" acting as a storage node. Wien 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 directly coupled to
nonvol ati |l e nanotube switch 1110" by connector 1114". [0127] As illustrated
in figure 14A, nonvolatile nanotube switch 1110" is connected to power
suppl y vol tgeacdaRRs a Wiirsde odppWhes CM@S erangfeogata i 85inid Qs thare pul se (or
pul ses) as required. Nonvol atile nanotube switch é%l% i,s_al ao .dé rectly
connect edinverters L4797 and 1 bide 4“81*1@1"1"@?%@%‘15’@9@8&{'9 np ARIORERAR Br 1114".

[0128] Fighre; 1481 466 RORYRNF Chifled RN RINBRifMdnblubs bach di r ect
connect i ogﬁy%la%‘n%%%cg%g{eﬁﬁ Oikoor vgl atrlﬁ?e slave latch stage circuit 1106"
by connec{pro’ biténndcrorrdné’detail . Inverter 1175" is formed using pul | -up
PFET transi stor 1177" with source connected to voltage source Vps and drain

connected_to_comopn_node 1180" n ul | = down N i 540, 1178" with
source coHHéZl ed AlgFEUR I“ag@ir‘aiﬁgn‘?@c‘)’ﬁ}?g@?%adloﬁlcf?gégﬁnt?f@y?\%dés 1180". The
gate of P | oltage VaRdwhite sgppleesef dganpnosd sfsre 1178' 1
are both g%ﬁlﬁé%ﬁg{?jb%%sgééﬁﬁf%ge a?ifl I ustsrgl%e_csl iar?ulﬁfgure éAA. 0129] Wile
in a nor npulse (or puisds), asabquingidr Nenvoatde npratebedwis) i 01" ds AP Stk swi t ches
1110" are in an F j resi.stanc ” dRyegy (ke at or near zero
vol ts. Fbﬁ‘?:‘g‘,eck?ggf’?ll("gfe%gasv?z?’w]? %‘E‘Q%‘?‘%‘i“%@b@ r UIO%{E‘L;:{O4" 1gnd vol atile slave

| at ch stage circuit 1106" operate in a nornmal (conventional) synchronized

| ogi c mas[(ﬂa,i;?sl avVEgh R4S iflustidies noddelatie mpendt switctal L W gdireppeed cl ock
rates, typically 3 Giz with VDD = 1.3 volts, fo 0gi c is, fabricated
usi ng t hecaBBCHM toeraiHBPBBIINLIGE’ ({]fCYﬂ? eﬁlﬁv%?chﬁ*ag?ﬁﬁc‘ﬁéggq&a.yt he

begi nni ng, ne@to?!l?fi"fkyﬁﬂ)f‘ed& iPCHv Gkt 14749'%s 10r@BS utihg BSLITP®AET gh to | ow
vol tage and remains at low voltage for the first half the cIock& cle, and
conpl i mentangistot IR’ Giukth sdilrd®tdnnectad & voltags spwreenViepdid drai (NGt Xge and

remai ns at high voltage, for the fir |f L %E LEnneSMPS
transfer SW%Qéﬁgfuﬁ?gpéﬂi'd@mE%ﬁaﬁ%g{m %E@e Jf%ﬁgql&v%*;tange.e V to
storage i ground and drain connected to common node 1180’ 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 at 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 11407
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 latch 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



node 1135". CMOS transfer device 1160" turns OFF and isol ates the out put of
vol atile master latch stage circuit 1104" fromthe input node 1120" of

vol ati | e wbhavedoadsgh stage circuit 1106". I n normal runpoeas200elo9sks CLK is
connected to node input1192" of volatile slave latch stage circuit 1106",
clock CLK is connected to CMOS transfer device 1185", and conplinentary

cl ock CLKb output of inverter 1190" is also connected to CMOS transfer
device 1185", such that CMOS transfer device also turns OFF breaking the

f eedback path between the output 1180" of inverter 1175" and the input
1120" of {jseisk eblakibiiveIuteh sthb@éirduiid 067,200ckdtiek inadnnacted &sCM@S or age
node. Voltage ViN may transition to a voltage val ue corr sqﬁg(?j.ng to the
correct |toapsterdevice 1536y, andeompliagntary clqek b grtppH IFY?IE‘F f®of the

cl ock cycl.e rovidin I.Cl i Al Qidpicedisonverters
T1a5 anciastetistLTEMDT Rl TEaS T R CUCH @aitagept age node
1155" pr i @kns OFE bRekink it feedbaek path Heheednale nuipngl 180" ohivsgeohld Shand of t he

clock cycle. [0131] Referring to figure 14A in nornal run ock CLK
1140" tr athsiinpusd$2 ”err#ﬂYQSWftlg7Q1iSdﬁf18@Ffl ﬁ%@é%@%&%@ B Sr%‘lg%g&\}% fage at
t he begi nyi £ th I ¢ , } grept

3 ol n it é&%ﬁiﬁ% H3d vt)lt?éeh‘l}ag@e Qrﬁ:@ﬂfotﬂﬁﬁ% @ tté@étd'r&@mgﬁd ary

cl ock CLK ans ns fro h to | ow voltage and _remains at |ow
vol t age fafy tidie paecworte bad 6f the firdibalflobte cyakl eycleCuusidingsEfielend&VP ce 1130

turns OFF decoupling input. node 1 Vol e VLN f.ro e 1135",
whi ch rerﬁéﬁff#?énﬁtgf 708t ‘éﬁ"é’&l"@df‘?’ggﬁﬁ%ﬁ%gndmg&ﬁ?(ﬂptl?tSh?/r%Heage %ﬁdgtﬁgffgnlgg%nd' of the
first hal %tat%fontsli?&a%é s 19%5? BriorBlotk faadifion aciie béibning of émesensnd n a
conplinmentary state to storage node 1135". CMOS transfer device 1160" turns
ON and t rhaig6eths cldek cytlat e of storage node 1155" to input 1120" of inverter
1170" that drives output node 1125" to output voltage Vout d al so drives

t he i nput {nverter. 1175" |\ I Chdf demspfvpeected to
node | npuEO(itl’ﬂBZ" e%?fe@%llgi?? le“%‘ﬁa%i?f‘%@é%E@?Iggga%ilorcgﬁ]%t%l%", clock CLK is
connect edgh g 1GWI Higtavsiiage aflewinesnslit $5¢h volagel acherpbgining af {hecteeetd CLKb

out put of inverter 1190° ' is al.so conngec 0 r ansf pce 1185",
sucﬁ t hat h@ﬁ/@*@ﬁ%ﬁé@ed%ﬂﬂl qoEnplingetary, Fﬁ’é’{(glf@b}%&%thszu?ngg{é%ng@ghpat h
bet ween t tlbilyg%cgﬁ%ﬁ %%tﬁ%mi@ﬁs AR VhREgel by e secoi@thalE thewlotk dyic2d)' *  of

inverter at node 1120" acts as a storage node. Wth CMOS
transfer QMO8 erahdBbdevice HEO  ANns SFpdaconplgr inppt fodg dd{ r VeHa8s"Viyr i ves t he

| nput of Ifrrc])\r/nesrt;[)g[ge node 1135, which remains in a state corresponding to input voltage Vin

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 11857, such that CMOS transfer device also turns ON forming
the feedback path between the output 1180°" of inverter 1175’ and the input 11207
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 11107’ is erased (turned OFF)

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



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,

nonvol at iwe 20@meidee switch 1110" is erased (turned OFFpcprisesocio@ssor mal
operation of nonvolatile register file stage circuit 1102". During anerase
operation, input Villustrated in figure 14A is chosen such that node 1180"
of volatile slave latch stage circuit 1106" is held at zero volts. Node
1180" is at zero volts when inverter 1175" input 1125", correspond to VOUT,
is at a positive voltage, 1.8 to 3 volts, for exanple. Wen input voltage
1125" is ghsdop@fidnl ¥PulUhiBearatddil Fighte BIA isschobérnsuth BisERodd V1807 &f OFF,
such common node 1180" is at or near zero volts. 5}83%3%3%‘ %,\V,thtNFET 1178" ON,
a VEPR er agletilsislave latelasiaga ¢ieswdt k1661 ds held plszesg voits. BY 198t or s
1250" of figure 14C, | f R PY:H | osifive PoliaGh| state
w th resi ¥?1%n‘8§enolpgiﬁfvu?gr @%g%#i,’%gﬁgﬁﬁg%??f%hs %‘g_&_l@?ls an ON %I ate with
channel r ¢itsBarEs, fof e2IKWhinnpexeoinke 1125iis ah apobitizgeolifgesNEEYol ts i s
appl i ed across nanotube swi tch 1110" aﬂd a curred\nﬁ 8(%8% uAeflzg t hr ough
nanot ube $W¥ cis QN rod PR INZET is 9FHrsuch spmajonpdg LAgH 4 15 410 RAZSI At i | e
nanot ube %\f’tgch 1110" erase conditions are 8 volts and 1-5 uA of current,
for exanpl e, then nanotube switch 1110" transitions fromand ON to an OFF
state with a high resistance state of 10MNo 1GWor higher. VEPR erase

pul se t he[0138ansi WithNFIBREK7& bONe pY ottase piiee ransitiong §@ 19 BlEsAs on has

ended. |f, nonvolatile nanofube switch N =R AlSicatiipe start of
an erase blg’é};%t?flb‘hf”a?’ fg?‘é S ?%%uﬁeéléé?g?%‘tﬁoé&ﬁ%%rﬁ%\onvc??ati I'e nanot ube
swi t ches LLIHOON <206 Wth ref&hftion MuY fdeghmple] MBMFETM 18§ isin amrONwhen
transitioning fromnormal run node to zero power nonvol atile retention

mode, t he statsgwith shaumel rosistanecenfi 408 Ko cramiels, Ben okt 1ABe® + is
E Lfﬂzgegzggpl}déirz}%ﬁs{sjé Iiogqtl eengIYiPCIhaltl'lbe aﬁﬁgg%gglgqp‘fwj ﬁ“,kl fib%ﬂthmhgﬁor € power 1s

n wavef orns in figure 13B, while power
remai ns ONandthBdnithi 11167’ Sind NTET 11782 dtomnalad gagedsif apayolgiile haedhbt | nent ary

clock CLKb in a high voltage state, wher hi gh vol tage e...s at VDD
(1.3 to 1sWitgHli k0 eigse %@é%tﬂné)af.e § M@E?]“diég Py %ﬁlpgrfteﬁgieﬁ%ﬁ ltg‘;;autrhgﬁ 14C, erase
mode prec Q9 ATH NEnSRSH A ON béthn OFPEl@iithe Higinot ube swi t ch
1110" is ?‘%@H@e%{—@&state. Itjlurlal ng the .

resistance state of 10MQ to 1GQ or higher. Vgpr 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 1250’ in figure 13B, while power remains ON,
clock CLK is stopped in a low voltage state, with complimentary clock CLKbina
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 at a positive voltage, NFET 1178 is ON and PFET 1177° is OFF, then

common node 1180°’ is at or near zero volts. Program voltage Vp of 5 volts is



program operation, a VEPRprogram pul se transitions fromzero to a high
voltage of 5 volts. If the logic state of volatile slave |atch stage
circuit MMO@n7micwch that VOUT is at a positive voltagecirstégoirsge of
1.8 to 3.0 volts, for exanple, then comon node 1125" is at a positive

vol tage, NFET 1178" is ON and PFET 1177" is OFF, then common node 1180" is
at or near zero volts. Programvoltage Vp of 5 volts isconnected to one
termnal of switch 1110", and the other term nal of nonvol atil e nanotube
switch 1110" is connected by connector 1114" to comon term nal 1180" |,

whi ch i s &RRBQEL BfbreQerdnifaldraivitc®ll1 OV, aha i Gthétemiibdl ckhéBvolatiid t hr ough ON
NFET 1178" transistor to ground. Inltlally nonvol ati | e nanot ube sw tch
1110" i s 1@mptube switgh 1} KX istcaneesteddntcanrectant § 148" t9 cppimaen tsppimal 518087 osss

switch 111 Then S, ch 1 "ot Wi tch
T110n " eovRieh it BT s ey S OR Ao RRR NIHOF Py bl b O RFE L C
1178" has] 18> GinkReor 86 aaed dhitid09, todkofatile iexatibe ewitthenl G’ prca@Famm ng

voltage of 4.2 volts is sustained across nonvol atil| e nanotube switch 1110"
during t Haghresiptansed ang tpentise 5 yalts apneass asass ewticlyd LU oTher, 23 HHCl r om t he
VEPR sour £ gt tule: Qiticangh, NFET 1178" ON
transi stomtoqé@ggﬁagw(g@n%}%@a @ﬁggotsﬂg%e swtc 11fllo" pr ogramm ng
requir es gppsardinaielet! MR dor avanple If/bI[FEa‘gH78f 1815 Bn 1N fesistdncs 06 20OKSE2, swi t ch

1110", and a pragranm ng current hr ough. s itch 11107,. for
exanpl e, CREFTRIFBIHE P dgrammprasegnpt 41 Vol oo Ringt BErOSS ARG | ow

resi st ancgohine k#heh i I@Wnﬂgotﬁe SERIRhBing GiBt RInO SR AT RS Of 1ham

transitions to zero volts, and nonvol atile nanot ube switch 1110" stores
vol ati | e fidwyfomabe Nest mgs:edhnough norivbbsile namwtithegvgtobt 1di @ @ad NEPondi ng to

VOUT posifive an .ON tate 0 e re ’ Lf the logic
state of t/]t;?éat dransistor, Osgrgﬁ'éd ﬁ?@ﬁor%h%%t esgvu{'ﬁvﬁg@ %%?ﬁ(}lfnéﬁgat zero
volts, foe @ii‘ékf’ﬂ)du@balﬂeg%?ogi&ﬁﬂﬁﬁgm fhge bt 35 tol4svolls az@eoswiedt BL10PFEAd 4177" is
ON and NFET 1178" is ,_then common node 1180" is at Qr near pQS|t|ve

vol t age \pyegragnging gprentiofd -4y tiyongh swigdy BhtOpu faexamales fhepdnavelpdls o to Vp
of 5 voltg 38pklhit l{x"liif(?dls'dﬁ %ﬁa&ﬂ%ﬁt&ﬁ%w%sﬂ a&%@ﬁ@ta %bﬁésﬂ)r at 3 volts,

t he progranmng vo ross nonvol atile nanotube swtch 1110"
cannot exexaefpld. Ve prpgranepulse thgn ammsitignsiolzbageol, &dnmmslauiemaneaﬂvﬁpl e, and

nonvol atil e nanotybe sw tc 10" remains in OFF (hi gh
resi st anciyitch Hil @ S‘iﬂE‘FﬂR”%ﬁ‘tgﬁ Péﬁ? &H}hs%agﬂféﬁ‘fu’ttrlglﬁg ?l? %gm sthe (M9

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, PFET 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 = O 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



to zero volts, and nonvol atile nanotube switch 1110" stores volatile latch
stage circuit 1106" the logic state corresponding to VOUT = 0 as an OFF
state, angopowaoigmy be renoved. [0137] In operation, wpemdsbagsiissoni ng
fromzero power nonvol atile retention node to normal run node, the state of
nonvol ati |l e nanotube switch 1110" nust be transferred directly to volatile

slave latch stage circuit 1106' ' after power supply VDD s restored, but
before clock operation begins. A control circuit shown in figure 8B is
power ed before nonvolatile register file stage circuit 1102' ' and

nonvol at i { e.A3EP b Berd disdk dpkiiion bEBRsC @ndonabl cirduttshownrinfigdesSB nt r ol s
cl ock waveforns, restores enabl e waveforns, input wavef Oiat %ncontrol S power

suppl y t rpoveired befere remsiolptilovigister Bleriasewciipuit ditE pRGRPTE WP out the
nonvol atil e retent,i node, t.0 _nor [t d dablaun
nonvol at isi“é“‘ihe]glﬁ teﬂ?ef 9 oéfla%}lép%rg%lﬁ%/y&f%gao%ﬁr\@?é gg?ﬁ@éfesgéggi ati ng node.
As i || ust§ade6ms)idpufihfefddi, corsdlopewtisupplyanmbitiohs dnd pravidesetdrm ng
increnents. In the first restore tim qg i ncrepent commn8]|r10de 1(11680" t hat

connect s wevefoinhsrequizadetojcatry Rukihs genvqlatile retentiqygnode o ORI} WA, anot ube
switch 1110".usin an ] ot 8 ok 6 sRinaRge,

i ndependetr[i?nsbt*ont ﬁlgd tg’trg{@&%%’{?%%}%ﬁﬁls%? gﬁgiggﬁ;ﬁ?@e _nlanqt ube swiitch 1110".
In the segislinganbdy. @stillistagdiincigarertD, retomednacodplishiaion thige gMiehar ged to

a |l ow voltage for_nonvol atil e panotube sw tches 1110y.J ate, or
left at ainkfegenisoln @sélrﬁd?stﬂfﬁﬁwat“?qfﬂnﬂﬁn ‘SrRpen E%}Pt %gé’g’ tﬁ‘i‘i?%?‘%gt he OFF
state. In ' 1108 ith 56 QFFRiHle n@dtEicasHtchdnar iusingi s carri ed
out such Yﬂgﬁleﬁgkg?%%kg§é%(§%%ggl?l1(%" in theelcll\l state transi td') to the OFF
state; nacamineter $14° tisaet th h®sitiva vohiegeomdepenseat ofdhe ptate (PN o %ﬁ"fgt ate. At
this time, nornal nonvol atj gister fi Gl G mmon Ty

begi n. [OE@B’]Olaﬁe paOtYy ersé’“t‘tc*‘g%i@r‘ t enﬁg'eﬁg&?ﬁe%{roggngﬁlﬁé @E%Eleﬁ"gﬁ?ﬁ? ons to a
posi tive p&atOree velitsaufedio sAo% \k&daiifd‘r(nbnﬁ)ﬁanmﬁInanot%si;\mitt@leeriéb(])”e is set

at voltage VDD CLK transrtions high (VDD faor _ exanple), d ,transitions
| ow. V1 i & thelQN btote, oleftat ¢ bighsvoligge é‘ﬁﬁY@?tﬂ%‘F"g&Pg%s‘ﬁ’Z&ﬁ%%@t th stage

circuit 11045-drives and, VAl ihGetleAt 8n bALE Bpdrh@@fis Chfriedidut 1106"
VOUT | ow, e el 755 ‘g‘f;‘lae?rt%feet? e g PFET 1177" ON and NFET 1178"
OFF (fi gupehliR)nanboveswieheplly 1070k thg©NPStetraisitioy to e OBR st#f: e, is appl i ed

to node 1180 o watdls TTi57 i ifd OFF a2 i the OFFARRL RPthis time,

normal nonvolatile register file stage circuit 1102’* may begin.

[0138] In the first restore timing increment, Vgpr 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 CLKD transitions low. Vyy is held low, zero
volts for example. Volatile master latch stage circuit 1104° drives and holds volatile
slave latch stage circuit 1106°” Vour low, zero volts for example, which turns PFET
1177°° ON and NFET 1178 OFF (figure 14B). Power supply voltage Vps = 2.2 vV,
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 CLKD 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



switches 1110" in the ON or OFF state. For nonvol atil e nanotube sw tch
1110" in the OFF state, VEPR has negligible effect on cormmon node 1180",
and PFET Wdsé07/@idsges common node 1180" to Vps = 2.2 volptsjush@sonmssyol atil e
nanot ube switch 1110" in the ON state, both VEPR and PFET 1177" apply 2.2
volts to common node 1180". Then, CLK transitions to ground and CLKb
transitions to VDD CMOS pass gate 1160" turns OFF and input node 1120' ' of
vol atile slave latch stage circuit 1106" is decoupled fromvolatile naster

| atch stage circuit 1104", but remains at 2.2volts. Restore enable remains
at VDD a Q\/ﬁ)@% I y anld O3S t eting the
f eedback (%ob otBIreae gl{ﬂ?rerﬂ F‘ggté‘;]?ﬁ stage %@ﬁ%%ﬁmq\ﬂgg %Iﬁal.ngt[ﬁg?l%] In the
second r eONastate tdomiphetinigrthe fedback 1EPK talatils stave tesclf stagn @rcRitvdD6s. to 0
volts. If nonvol atil e nanotube switch 1110" is in the OFF state, then
common no 80" remains, positive at 2 ts,_an S or near
Ser o ol 1038 oo i RpRLRS I e Hherkis o e e B ops Tou! 2825

state, th@dltscm%lﬁﬁfé%aﬁéﬁg st P19’ 1§ i 8 UOREstadef thefr Edminbh MiodON Channel
resistance is 1.75 MV and the ON resi stance of nonvol atile nanotube switch
1110" is LN@’ mm@mmweatzae'nlt&mdrﬁmn@a@l@mm negsIzergeligy pever.om 2. 2

volts to | sl ay I t n»SW t ches
to the op 88{1\{(@&&51{1%0%\/& Wll po It ﬁh\‘??ﬁmﬁ%%ﬁ 8{1&%(}%‘?7%(%]1% FET 1177"
turns OFFvalfage Nredudell7 B PHET N7 7ONON[cBaA) rdsistdnee is hi75 MR @sd diecONi mi ng

i ncrenent, an erase operation is carried ,out to ensure that nonvol atile
nanot ube Egistaase afmapvolasile nanpiybe eyritcl { R is 1EME doxgxemplfe thanmQniraon anped up

from zero,{f IYEO fg%)er (?&SPQH‘B&J 2&\'1791@/ Qld. %mlis%bv@?@ﬂﬁieeslavbflat@ﬂ Qt‘égé atile

nanot ube swtc n an state o or exanpl e NFET 1178"
i's in an &iuiitid06’ eivihés tk\e dmpositxstate] with Myen positivegrat VIDId fer cixhmplegh

nonvol at i ,ube s ch ;! ¢, NFET 1178" in series, and
appr oxi nal%@’g?é%s F@“gééﬁhorehﬁgcr%g? nvol atile switch 1110" with a
current of approxi rrately 8.3 UA. For nonvol atil e nanotube switch 1110"

erase con@ioOPns 1R theahir @a8dre BnMiRg intrenddifl, MUraRWpetaioh hecdrfied Suttd r ange,
nonvol atil e nanotube switch 1110" swi tches to an OFF state. |f nonvolatile

nanot ube enitecthatimpngolatile nagotuhe switeh 5t Y eis in the/QFF sfatee Biage wltaghen
essenti al I e clfpe nonvol atile
nanot ube ‘{s/%/ﬁ"ta}L kﬁ%fdﬂ)eﬁ @vxtngfv Jr%ﬁﬁﬁ rTEYalns In %o?%ﬁ@'ﬁ_l state. At this
time, thenoneslatilenanotube sw1tch 1110’ is in an ON state of 1 MQ, for example, and

NFET 1178’ is in an ON state of 200 KQ, 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 GC, 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,



operation is conplete, and normal operation of nonvolatile register file
stage circuit 1102" may begin. Meeting Hi gher VoltageErase and Programm ng
Requi r emewwb20do1dden- Vol ati | e Nanot ube Switches [0141] PET/@eswsoessised in
volatile master latch stage circuit 1104 and volatile slave | atch stage
circuit 1106, which are part of nonvolatile register file stage circuit
1100 shown in figure 12A operate at |ow scal ed voltages such as VDD = 1.3
volts,optimzed for high speed operation at 3 GHz clock rate for a 130 nm
t echnol ogy node, for exanple. Coupling circuit 1108 isolates these |atch

circuits bpemidel§or igbiabpeca loperation avPGHRGEoJka S FHEARRY nHf tedHMBIRly dlotit,e
nanot ube switch 1110. [0142] As discussed further above wth respect to

nonvol at i fe& exampleyfeoupling eiicuit 11P8 palpias thepe tahaiicpisaifiom the gRlptevelpB, in
certain eﬁ%ﬂ%‘i‘iﬁgéﬁeguﬁéﬁ%ﬁo?%&%h&ﬁé%ﬂo‘f%é&%?& )ﬁFiB' ied to node 1112 of
nanotube swtch

nonvol at i are approximatel’y 10 volts during erase
operations, and approximately 5 volts during programm ng operations.
Process efifd2ger i Agdaadsal fucthet abdes ingth eipett enmiolelatilealaadfubebyittli gh vol t age
operation_jn sem conductor, chips are.described in U S. Pat. No. 5,818,748,
to Berti nléﬂ) %H’?ratﬂ“a‘%é?%lieérlg @E@dﬁBn “Fl?ﬁf?l‘i‘/%mg‘é‘i:}@e&fsr BT LINBERTe speci al
sem condughpfoes 5%151&&1% f8ad 1 BCHAUTIVAFR dahGiibe LYRLE RLI0L Shaexiekdly and

drai n engi neering, thicker gate oxides, and greater FET channel lengths to
acconmodai@ vbitgyfuning drasgeopeiations, tagd apoABlatély guwodts UBring programmesg prior art

high voltage circyit 1400 . as.illustrated .in U S. . Pat.. No. 18,748 capabl e
of *suppl yPAGA oo ioses SBpinaine Ol e I Sant Py BN G
circuit 14fQatisicintefscondbtorelipPe deuibe® inldld) PaiN s, 918/74%; tBBEinat ed
on-chip or may supplied fromoff-chip. On-chip high voltage sources may be

desi gned efrfd- hiagsistoes usad éshigh yolaganistitorequip ppasénl qeBicOPHEHOL SHUCUSS Pat .

No. 6, 346, 8 ri .ah T Fi t gF St |

or ogr ammelsl Segppbghid Ghicly ofRE WRlUREL GLETLn AR BIUSH RS oflagy

Suppl i es andiseatef FEfehiineERAGHA tPaaommmodal egPovkigeSurplty.. " Adj- ust abl e

O f-chip power supplies can be operate over a wi de range of voltages, 1

VoL Lo Sa] L o SIRRE, el hatge can. bey A sk ece {nan 1
out puts 1439 NG 48818 MEtahaBR of supplying a voltage of up to approximately 12

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



erase voltage of approximately 10 volts, a program voltage of approxi mately
5 volts, or a restore voltage in the range of 1.3 to 2.5 volts, for

exanpl e. wbeosmmicare voltage nmay be supplied fromthe VPBraspabyiisest ead of
hi gh voltage circuit 1400. [0145] CQutput conductor 1440 supplies voltage to
mul ti ple nonvol atil e nanotube swi tches 1110, 1110', and 1110" using an

out put stage including high voltage conpati ble PMOS 1445 and hi gh vol t age
conpati bl e NMOS 1450. Hi gh voltage conpati ble PMOS 1445 is connected to

hi gh vol tage source 1410 by conductor 1430and hi gh vol tage conpati bl e NMOS

1450 is coangst esitdee comphiitle NKRBE MS0 is@Rneae@toz@bind Oldss vélgigesiag) . A
pre-out put stage conprising high voltage _corrpatitf e PMOS 1455 and hi gh

| ;
vol t age casipuelisdiccouniing preswitplitistags comprising highoroltage coapgiiile EMOR  High

voltage c i,bLe P 4 i - i 1410 b
conduct or skt ViR Compaitie RRFOSET ol fisthO hpfot @UBuAL R, 1F O BY
ground. THighiveftiie mpai®lePMONL4H5tis sérageted $o hightvolthgetbulye 14116 byut put  of

decoder 1465. Input signals S 1-SN determ ng %hCh out‘{)g& conduct or 1440
will be sendesagldShaaddighhveltage cawpaiiils NMQ Heongeqted i FRUDG) t age
source 1 . ' ' i Mssepuneer ed
structur ggt%llgélggoﬁgﬂé% ]%e%%a{{éﬁt%&ébgé@g?ﬁéﬁﬁ;y H{f,dg%%@%ggo?gle%r t ingjuet al .,
such as tdigmlseS my Hetemhive whichame e tconducbdrd 440 will tbe selectad Pliopiplitobibst r at e

1520, corespondi to high.voltage co i bl e NMOS 1450 and 1460
transi stod?o‘gqu]gég%%‘l?&tsitg?’fg\fb\(ﬂtlté‘g‘iﬂ‘?ur&)%q 1525 and N-wel| 1530 are
i ntroduced to tol erate undershoots bel ow ground | evel and al so provide for

bel owgr oypd44o! t@@r& ¢6 aRReRs bavehs pidcedenbingered Btk 11500 déserib&#0 and
NMOS structure 15 of CII\)/OS transi stors. [0147] Hi gh voltage

.

are typica
circuit 21nddS|BstolNps 53348&>égctpiﬁﬁéan pialysesh godriplengell driver fransistar FAQy 1 ¢ i n
out put co to i 1 i j s of
appr oxi natUE e A RRE B 1340, RohEcRARBIALIA bR Ebp RANCNRIOS ® 2,
t hi s i nvertsoaind 1vbe tandistorsalladtiaes] indizataibe Pswell ¢ BRSarkilNOyelll 1300 are and 1110

are used as shadow devices in register fi]es, suych outnpyt_conductor 1440
spaci ng p‘P_HQ‘il‘Ef@dé‘P tolerate wdpishegrs 8?48?‘( greurri‘ﬁﬁ?lraeg a&? R 1§e f‘ﬁg’g Mon. [0148]
Figure 17gslbli%dlogél&%tg%éfe&%@rwé@%&%n&&%@@%&ﬂe@% { oSHBNMORYitdcrl& out put

conduct or 10, and 1615 corresponding to output conductor 1440 in
figure 1550 are typical of CMOS transistors.

[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. Vggr 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”.



15. Each output conductor has nultiple nanotube sw tches 1605-1, 1605-2, to
1605-n, for exanple. VREF is zero volts. H gh voltage source 1620, node

sel ect i onwpnpeattooicz5, out put stage 1630, and decoder 163pTasbémpess to

hi gh vol tage source 1410, node sel ection input 1420, output stage
conprising 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".[0149] Transistors used in coupling
circuit 1108 and 1108' illustrated in figures 12A and 13A nay be exposed to

hi gher v es. i L1388 i ' G feh
ﬂfpg@% T isRs i iR c@tglﬁlr%gﬁtirclﬁ%t 1908 aff ey ingthRd Eﬁ%;ﬁie

enbodi ne f the invention su ustrated in figure 12A, NMOS 1220
turns ON 1A axd 13A gy bepaposedito bighof valtages Dnging lageereferipefation, vol t s t o node

1112, ith .FET ch | i st .t ji.cal | ., | t,.5% | th th
resi st \gln c"é?c‘gIr 1‘}&}H\Fgﬂglgi%%§’°h§¥sﬂ%‘§%%&§\}&‘%ég grii“fé a?#ll{sﬁgt%w f%‘%\éﬁ%lzor agn ©
erase vol 23201 @O Sriof &) th@g.ﬁﬁﬂiﬂaﬁon Ef'@ragd' wlage VR 0@ 1o s at

approximately 2 volts. |f nanotube switch 1110 is already erased (in the
OFF st at ejode WL wigteen HERichannsl resigtangg Hipidsdly aeleast5et lower 8mdhe puring a

program operati o accor.di ng t ertai dj f I ion, a
program \fgfl’f't&ﬁ‘ée %E‘ﬁﬂvglfl{lg x\?gf’tflgeg 1%%?)&031?%@%6&5%%@1‘%{?}1 %?as%:]g}é@%eati | e
nanot ube &Vﬂoth,%l@xddq%]w,&hé ataeslof NMOQ U2E0 it 2fapproxinrelpRablts.df nanot ube
switch 1110 turns ON, then a voltage approaching 5 volts may be %fplied to
comon notaotubeswitgihdl H} ’éiakemaﬁgz(@ ‘%ﬁ QHF staje)oMOS HE2Q dtie ¥okgeepvos
transi St%illh%‘é%ar?%g nodes of NMOS 1230 and 1225 may all approach 5 volts.
Ther ef or e, and PMOS devices that formcoupling circuit 1108 may
require process engineering to tolerate up to 5 volts between term nal s.
[0151] THO150}v enDwingraptopramesyizoaiondadcordnhter cegpimainibadimentsref thiet hout
departing fromthe spirit. or essential characteristi t hereof ... The present
enbodi menP¥entioa. ¢ REAeEA valiags Ré’gﬁé’lo %fsé’(ﬂ’pﬁ?‘l Pé?§88§§2 8€n?rfvlouasutl? ative and
not rest riebinke switbd 2210 ekab$ iChigirs8IAL B nbnvdlafile iadethBé swviecHEIMOr y cel |
conprising: a volatile storage device that stores a corresponding | ogic

state in tnosgINstben o veltaget appragchisgiSaltg snayheckpaliehwdommendrde Hdbi ce

coupl ed t’ﬂlet &}%in"ﬁbﬁié ifZOS \;[lercﬁgseOQEV&g Soutle 815PI§/19)S 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 éssential characteristics thereof. The present embodiments are

therefore to be considered in respects as illustrative and not restrictive.

[0152] What is claimed is:



receive and store the corresponding logic state in response to electrical
stinulus, said shadow nenory device including a non-vol atile nanotube
switch, wieneimos@ard nanot ube switch stores the correspeagiusgorsioaises of the
shadow device. 2. The non-volatile menory cell of claim1, wherein the
non-vol atil e nanotube switch conprises a two term nal nanotube swi tch. 3.
The non-volatile nenory cell of claiml, further conprising a coupling
circuit capable of transferring the corresponding |logic state of the

vol atil e storage device to the shadow nmenory device in response to

el ectrica stipbHsoladlmbhhohhell coapaiding: of transferring a |ogic state of

t he shadow nenory device to the volatile storage devi in response to
el ectrical stiandlatle smragﬁ@vmrﬁhaﬁéﬁoaﬁSM@Wﬂs%%‘gc‘Qﬂc sﬁa&eargﬁpﬂr@? Y urther
conprising a coupli circuit.in ding: a programcircuit providing an
el ectrical pathway %g?%aéﬁﬁfrﬁledsv%*d;ti | e storage device and the shadow
nermory devi ce pgRdoRSRERSIy\GRvice caufledrthavelatilestorage davagesioes ta

corresponding logic state of the volatilg sjorage device shadow
memory devi ce; and %Ceize g EHOEg tP%B‘PrfeSBP‘&gP%ii%bc Sgﬁeé‘i‘ ﬁeéP?IllS%g? Hégttr%\%‘y
bet ween t he shadow LY sgﬁ%b&&v@%n{o%dé&?éeaﬁlbﬂu@i@tﬁtﬂgﬁold@éi ce and
responsive to a restore signal to transfer a logic state of the shadow

nmermory devi ce to t hgancoltetswiehswisreigsaidmanebe switgthgiores the ol ati | e menory
cell of claiml1, further c risi a.coupling circuit including: an erase
circuit in electri cﬁ?”eéBﬂ?ﬁgﬂwgﬁétFiogﬂm\/ﬁhﬁﬁo‘?ﬂ%vngf'iadow menory devi ce and
responsive to an erase signal to erase a logic state of the shadow nenory

devi ce. 6., The ’Pﬁé‘ncy@b@lta{iieqnéfﬁ&?rcﬁu@)eblair@fl, whéein the nofeokitite Benblubst t er ni nal
of the nanotube swtch is in electrical communication with an output node
of the vol ati | switthoeomaprisgeeiee termingl paatwhers™tc8econd terninal of the
nanotube switch is in electrical comunication with a prograni erase/read

line. 3. The non-volatile memory cell of claim 1, further comprising a coupling circuit

capable of transferring the corresponding logic state of the volatile storage
device to the shadow memory device in response to electrical stimulus, and
further capable of transferring a logic state of the shadow memory device to

the volatile storage device in response to electrical stimulus.

4. The non-volatile memory cell of claim 1, 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.

5. The non-volatile memory cell of claim 1, 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.



_7. The non-volatile nenory cell of claim1, further conprisin

in electrical commnication with the volatile storage (rtlrgvi ce gng gggg[)lolal 31[
noni t ori r\goem(bmed420f power to the volatile storage devipeg/us3e06/Hi8s3

non-vol atile nmenory cell of claim7, said controller capable of applying
electrical stinulus to the shadow nenory device in response to a | oss of
power to the volatile storage device, said electrical stinulus transferring
the logic state of the volatile storage device to the shadow menmory device
9. The non-vol atile nmenory cell of claim7, said controller capable of -

appl yi ng gl ectiiGal widditdhobPcdlé shatnwHBRdRbirtavintaal of thesponse t
I ncr ease 0f povveCr %]o tdhe VO zgtfl e storagé device, said electri cgl sti mCJ)I 32

transferring tfaaofubgiwitet mtieelettrichleoghpiboption foha :
storage device. tyamjetpelnadg of i vol atil e

19. The non-vol atil e. . of ' [
state stored b‘SPlat‘ﬁ“eStﬁﬁ‘ﬁe BY'5% i@ gwbﬁf?éﬁng%(r?ﬁdi?eghéﬁagp ggt%egﬂraimz)%lge\ggﬁglﬁgn the

resi stance of jaf ALARLAICEAMARAHBAWithD frd ot b i
i c al i rbgranfgrassiend bine.11. The non-vol atile
menory cell of E:}' aim1, further conpri sl% ng a master |atch stage capabl e of

receiving a voltage and outputting said voltage to the volati,le stora
ge
#lb Betcompyisingz Copfgl

devi ce, Shid vBietmgevaldile awmonypeiot @aim {.JyrtaerGoRpaL Rof-vol atil e

menory cel l Ofﬁlgc'tﬁ%ag‘C%%}g}u‘é%{iglﬁ g’_itﬁfgf’a%ﬁ@blseﬂééé &l RgQnpcosiMest t he vol tage

correspondi ng non-vol atile nenory cell of claim

Ilé’gi \(/:vhg{ Sit N anmeniesaizth 1664 e ppwertioths volhélesuiragegdevessy r espondi ng to the
e.

8. The non-volatile memory cell of claim 7, 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.

9. The non-volatile memory cell of claim 7, 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

Jogic state of the shadow memory device to the volatile storage device.

10.  The non-volatile memory cell of claim 1, wherein the state stored by the non-
volatile nanoswitch is characterized by the resistance of an electrical pathway

in the nanoswitch.

11.  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.

12.  The non-volatile memory cell of claim 11, wherein a random logic stage

produces the voltage corresponding to the logic state.

13.  The non-volatile memory cell of claim 11, wherein an onboard cache produces

the voltage corresponding to the logic state.



