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___RACT conditions compatiblewith YBCO. Also, CaR,a3 is
chemicallycompatiblewithYJBCOand it, conductivity

"TheadvanceAin the fabrication of high temper,Sure doesnot appearto b¢ stronglydependenton doptngor
superconductingdeviceshaveenabledthe£k:monsttatiorz oxygenconcentrslion, Boththe YBCO andthebarrier
of high performanceand useful digital circuits and films are laserablated. An edgegeometryw_ usedto
subsystems."]'heyield andunite:airy of the devicesIs keep the critical ctlrrenlsrcasonablesince the barrier
sufficient for circuit,fabricationat the medium scale conductivityis quitehigh. Ojrrcnt -voltt4g¢(IV) curves
totalitarian(MSl) levelwlzl:performancenotseenbefo_ for it:usejunctions closelyfollow that predictedby Ihc
at 77K. The circuitsd©monstratcdtodaicincludesimple ,,_andardre._isfively-shon[edjunction modcl_withcrilical
gates,counters,Imalogto digital converters,Ind shift currentsat77K of 8_r-100p,AandnormalstatercsL_lancesregi_ers..All of th+,seate raid-sizedbuildingblocksfor (R,) of 1,5-2 f_, From DC testson large numbersat"
potentialapplicationsincommercialandmilitarysystems, junction.%lifecxp¢¢lcdabsolutespreadsare about+ 30-
'1"11¢lXOCcSscsmcd for tl¢_ circuitsandblockswill b¢ 40% on critical currentand;J:[0% on Rn. The marc
di,_u_tr,ed alongwithobservedperformancedate, recentlyuseddopedYBCO normalmetallayersproduce -

jonciion_with crtlicolcure,hisof"300-800I.tAandhernial
INTRODUCTION state r_lstanccs of 0. I-0.5 Q. The spreads on Ihecritical

currents in these devices is about+ 22% on Ic and +_9%
Supercom._uctingdigitaltechnologyhaslongheldthe oaRn.
promlsesofhighspeedand low power,firstinlow
temperaturesuperconductors(t,TS)andmorerecenOy,in CaRuOs. _,___

kishtemperaturesupuconductors(I-ITS).1_ebasisfor SrT__Ostlcht_hnologyisIntheJosephsonjunotionsandother , '

active elements. Relatively recent improvement, in ,base BC_:"::::: ":'
modesl complexizy made from VBa2Cu307 (YBCO) end I L.,_o_.._..,.
operttin8 at 77K. There l_ildini blocksform the basil;
forsystemsapplicationsandarethesubjectofdJsc_sion
in this pap_r. _ ; -I ; I I...._ -_,.....'

All of the circuits to be described an: to, teated with a :_, 100.
maxhnum of 7 masklevels. One nr two superconducting
l¢'velsarc usvd with dielectrics,normal metal wiring, -- so.
oont_t levels,andmmerialmodification ]ayer_,MostOf
thesestepsan _luttesza.dardJntheIndustryandwill not o-
be dl_ussed here, The devices, two var!eOes of
Josephsonjunctions andaflux flowtransistor,dowarrant -_o, -....
discussion since Ihey form the basis for the digital _ sb _do idO_ _$0 _0

technology. V (I_V)
Filture I. The struer, re of o_ 5N5 j.nc_ionend o

One of the Josephsontechnologiesis a superconductor, corre,_pr_dh,gIV c,rve
normal-superconductor(SHS) edgestructure_ shown in
Pig. I. I"Kt._junctionstructumwaschosenbecaussof its The sexondJo_phsontechnologyis bascdon electron.
relatively straightforward process flow tnd useful beam _..fined nanobridge.__ shown in Fig. 2. In these
junction parameters. 'rhi, junction structure uses a junctions,e narrowbridge(20.90 nm wide andlong) ts
CaRuO3 or doped YBCO normld met, I layer .,K:purating defined by e-beam Iitl_ography am;I the surrounding
two YBCO layers in an edge geometry shown in Fig. I. too{ariel removed by wet etching. A junction border IsTheJ,e ered_sirabl¢barriert_yer_ for_ nomberof rea,_ons.
Both agecubic perovskiteswith a latdce Peramelcro_" apparentlyformed by naturalout-diffusion or"oxygen
3.8S.,_whichf_llsbelweenthe¢:andhhttticeparamctcrs rl:om[hebridgeregloi_,AlthoughIhcpar,metersan:not

a,_u,_efuia,_thn.seof Ihe$1',1Sjtmctions,IhcscjoncfionsofYBCO, Theynrcmcttdlicandc_nIx:grownin
srccxtrc,-nclyuniform,"ryplcaHy,asinglebridgehas

crili_tlcttn'_,nloF[,5-20JJ.A,sndanormalstutcrcsi.qnncc..Cj__._
4_--"
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of I5.30 _ at 77K, n..qcd _onDC tests, Ihe expected Weaklinks
sp_adS o_ Ic _t¢ + 10% and on Rn arc¢ 4%,
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tS. t Figure 3, The structure of a fltsx flow tranM,rtor and a.-. _o. .,_ corresponding/V c_¢rve seL

_' S ]. Each of the,_edevice stn:cturgs plays a kay role in tho
digital technology to be presented, The. jtmctions _¢

o. ba,icaUy two _rn_nal dgvice,_(Ihat can he equipped with
.s control lines for three terminal action in some ca_es) and

I 0 _0-'4_""_ "8_-_(_0"-1_0 are,U$CI'ul for extremely e:flcient and [a,_t logic, serial

V(pV) memory c._untingstructures,comparators, ¢lc, The SNS
jtmetions have anadvantage in absolulecircui! parameter_

Figure 2, Tile Str==clgr¢Of ¢'1rlorlobH_gcr juncrCon and a (maktn B de.,_tgnsmore,malit;abl¢) while. Ih¢ nanobrJdgcs
corr¢._o_ding IVcurv¢. have better uniformit} enabling more compUgaled and

interdependentcbcu[ts, The choice of junction will vary
with the circuit, Flux flow dcvices am tree three(or four)The third type of device is a three terminal

supercondt¢ltng transistor based on the magneticcontrol terminal devices with g_in which make them invaluable.
of flux .flow called a superconductinttflux flow tra_istor for $RAMs, buffer al_d drive=' logic _md amplifier
($FFI') 4 or magnetic effect transistor(MET). it is based stmcture.s. More than one of the de,vtce._may be used i_ a
on t.bemagnetic co,frol of flux flow through arc or marc hybrid circuit or block dependingon thecircuit needs.
linl_ arranged in parallel as 8hewn in Fig, 3, When the
material is sufficiently crystalline and the links are CIRCUITS AND SUBSYSTEMS
thinned relative Iv 111¢surrounding banks, magnetic flux
quanta can nuele=¢e and flow rather easily' through the Various logic gates have been demonstrated in a variety
bridges drive. By a l.orentz-t_/pe farce, From. bias of confi_ralions, Fe.d back flux flow gates arc one
currant alone, sufficiently high to exceed a lower critical Family basedon _n E.CL-Iih¢. archtlc¢:_uru,Whil_ Ihe IV

field, vortex-anttvorte× pairs are t_eneratcd, When a chm'acteristics shown in Fig. 3 are ,_ornewhat .¢oR,a pair
control ling cunent is ap[Aicd, the local critical field i_; of d_vices in _ fedb_ck _rrangemcn( m_cs a convenient
suppressedand additional flux quantaare able to enter the gate family. A full family at" AND, OR, NOR, NAND
system, Thi_ creates the deviation of the upper quasi- and XOR gates have been demon,,tratedwith gate delay_
linear ,_lop¢ shown in Fig, 3. This flt,x flow stale is as low _s lO ps, These are discussed more fully

characlerized by an oulput resistance of several ohms and elsewhere_. A famiJy of Josepl_so=) gat¢_ basod on tl)e
lon$ standingLTS f_milyof RSFQ have alsobccnm indtgtance of, few pH depending un 1t_¢¢xagt li_k

dcsign, A lOCal magneticfield, ascm, be Benezatedby a demonstrated in IITS u_ing the junction technologie,_local control line. ca. cau.,e additional flux to nucleate in discussed above, Gate delays in this pulse-based logic
the bridg¢_ and hg.ce alter the clmracteristic._as shown in family hlwe been a,_low a,_ S p_ ,nd _,ork conlinueS _n
Fig. 3. This respons© can be charae¢¢ri_d by a developlnghighe,'dgn._hy random logic.
Iransresistance rm which is nominally 4 [I/_m for a
limited range of bridge lengths (accompanied by an
output resistanceof about 0.5- l f)llun).
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Shift registersrepresent one of the more elaborate f,_t_=t =*_,==Jm_ cJ=d,,n

compor_..ntsandtheyare._urp;i._inglyeasyto intplcrnent d=,_ •, •in superconductin8 tcchnolog). Onestructure,be,sodon

pulsemanipulatio_tO,is shownin Fi8. 4. The infor.matioaIs storedin the lower data regi,_teras the.prcs.mceor
absenceof0cjrtulatingloopof currentineachcelt. Such
data is relatively easy to readout with sn indiv[du,-,d
superconductingquantuminterferencedevice(SQUID, 2 _'_u,_,,=_om_ =taw,_e_z
junctions Jnan i_dt=clivcloop) or with a flux flow-based Figure 5. A Pseudo.random bit ¢¢qu¢;lcer xtrtzctuv_
amplifier4. A clock pulsepropagatesalong the arbitration based nn t_shift rcgf,¢Icrczndez('h_Mi,e-ORfeedback.
register,whosepurposeis to en._urethat thQalack pulse
gets to t11¢fight segmentat the right time, causingthe 8tarl Pate. - ClOCk log(err iltt'_)....
cimulating¢urlcntbitsto moveto theadjacentcell, Since 111111t'10.., tO GHZ <-12 .......only'a singlejunction_ust switchto porformthemove,
theminimumclockperiodczntheoreticallybelessthan5 111111110... '60 GHz < -12 ........
ps. Clock IPetiods as low as R-9 p_ have heen "i01010100,;. - IOGHz <_-11 .......
demon,qtraladwith limiteddatasets. i 001-00:!O0001. 10 GHz < '10 .....

t,k,n_mMe__ia,_m 10001000000_ _0 GHz ..... ;d-12
............

Table L Table ,rhowi, 8 dw. maximum error ran in the
sh_ register for d_'erent clock frequencies a,d starting
pattcrn,¢.

Input TimingII1 Another block of considerablevalue is tho analog todigital converter(AEK2)in which enormousresources
have been expended ia many technologies. Many

""'*-To output superconductingarchitectureshavebeendemonstratedin •
or LlXdandseveralin ! ITS, One_ucharchitectureis basedtermination

on the uniquevoltage to frequencyconversionpresent in
the Josephson element, If an unknown analog signal is

(ituee_) . ' _. ' • • .' '" ' ' ..
FLgu_'_..4 Structure.via fl qvx_tantum.ba_ed,shi_ g ,zre ister
m which the x s reprc_c,nljunctionJ. Daza i,_contained in over _ stable time period, an accurate conversion can be
the lower 'data' register in the[ann of the presenceor obtained. Th© structureof this ADC suitable for FITS
absence of a circulatlmg current hs the loops t_tzween fabrJ¢ationis shown in Fig, 6, The counter is u structure
pairs o[juncgons, known_ tiN=th¢lacell =ndit alsobelongsto the family of

pul_ manipulation logic, An initial Incident pulse
Of _r©at use In military and commercial _lcctronics produee,_eeirculatln_ctlrtent _ntheupperhalf of thecelt.
applicationsampseudo.randombit scq,encers(PRBS) Ti_¢secondpulseiaduee_thiscurrentratatherestof the
whichalsoprovideoneof ,_h_bestwttysto test theseshift cell al_dprodtmesa pulsewhich is sent to the adjoining
regi._tersat_peed7. TI_ cm;ccptof the PRB$isshownin eel!. Thus, is a true binarycounter.The emmtercells

Fig, 5 andit consist._,in its simplest Form,of a shift ctm operate,tn principle,nt speedso! sever,elhundred
register withfoedbaek in the form of an exclusive-OR of OFlz and the 8th bit has been observed counting at nearly

twoof the lastfew bits. Fora givenstardngregisterstate I GHz (su_estin$ the LSB i_ co_ntlng at near250(not all 0_), the register will produce a stream of OHz). A plotof countin a :2ns inte.valfor a varietyof
_¢emingly random bits. Thisstreamwill be completely inputs is shown in Fig. 7 and illustrates at least ba.qic
reproduciblewith the same startingd_ta, Such astmctuze fu_ctionailty,
iq obviou.sly uS¢fid /or encoding bu! is also ideal for
testinga varietyof digital andcommunicationsdevices
since it avoidssomepatterndependen,_restdts. To t¢_t
shift r¢_istors,two PRB$ blocks can he used. Eachis
loaded with 111¢s_mr,starting data (whlei_can be done at
low speed with a large clock i_riod). The outputs are
coupledto another¢xcluslve-ORgateandthe highspeed
clocksm thePRIGS,nits arestarted,Ever7 timethea'eisa
diffcrene¢ between the two register outputs, tl_¢ XOR
output will So I_igh, triggering an error latch, These
circuits wererun for times of trp to l_i pabutes (a cooling
limit) at variouscloakperiodswith different _mrtingdata
sets to try to gain an understtnding Of the error profiles,
q'ttes¢r'¢sults _e summari_,,edin table 1 and indicate a
relatively lowerrorrate.
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Fijff_re 8. R_con,rlrlz¢ll,otl of a sin_soid by the ADC
co_tedtoa teststi_ DAC.
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Figure 7, Otcimcd count v,, input amplitude for the
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The counteroutput was coupled Io 8 simple r_istive
digital to amalog converte_ (DAC) to reconstruct rf 6, P, Yah and O. A Mukhanov, IEEE Trans, on AppI.
wzvefomts, Theresultof a sinusoidalInputis shownin $uperc.2, 214(1992).
Fig. g with R bitsofresolulioa, Twelve bit _dLlarger
unitsare in designat presentas arc otherHT5 7,M, Rocchi,J_li_hspeeddliitalICt_chjl.gJg_(Ariech
architectures, House,Boston,-|§90)_pp[2_2.2B4,

IMPACT.._ANDC.ONCLUS[OH$ 8, I. S, M+trtcns,V, M, Hietala,T. A. P[_e,D, S. O/nley,
- G.A. Vawtmr.C P,Tinges,.M. P,Sicgal,J.M. Phillips,

an,dS,Y.Hou,IEEE 'rrans,on Appl,Sucre,3,2295A varietyoftuperconducdngd+gitalcircuitsItav¢b.ecn
demonslrpledat 77K withpotentia/ly very iateresting (1993).
performancelevel,. The densitiesand complexityof
thesecircuitspromise to expand dueto the Lncreasing
yieldsand uniformityo["thedevice processes,Circuitsof
gate complexities over several thou_znd are now in
fabricationandd_¢ignedto opera,h:at speeds,nodmo_
importantly power leveb, significantly betterthmnother
teclmolog|e#,.qho_Idthe.manuf_cturabilityborealizcd,
thi_technologycouldhave_ significant impacton high
speeddigitalelecuonlcs
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