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3 ABSTRACT

This report gives an assessment of the impact of high-temperature superconduc-
tivity on applications in electro-optical and electronic warfare. Prior art in low-
temperature superconductivity provides many examples of notential applications.
It is essential that the feasibility of developing and using specific high-temperature
superconducting devices, such as radiation detectors and passive microwave com-
ponents, be determined before significant systems investment occurs. Research and
development activities at The Johns Hopkins Univvcrsity Applied Physics Labora-
tory aimed at implementing such thin-film devices are underway.
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3 EXECUTIVE SUMMARY

The application of high-temperature superconducting (HTSC) thin-filn devices
to electro-optical and electronic warfare systems is a likely near-term outcome of
recent breakthroughs in the field of superconductivity. The following report ad-
dresses this topic from a systems level as well as at the component level. It empha-
sizes the use of HTSC marials, in particular applications of potential interest to
the U.S. Navy, but the treatment of these applications is very general and not
mission-specific. Greater emphasis is put on highlighting the technology and those
superconducting properties important to particular devices that could be used in
many different systems. For instance, surface resistance is a key parameter for mak-
ing low-loss and high-quality HTSC microstrip delay lines and resonators, respec-
tively. Such devices can be incorporated into high-frequency radar receivers and
signal processors as well as other systems.

The introduction and background section of this report cites recent Navy guid-
ance on superconductivity research and development. The basic properties of su-
perconductors are reviewed, including 7ero resistance, the Meissner effect, flux
quantization, and the Josephson effect. Then device-specific properties (e.g., the
superconducting quantum interference device [SQUID] response) are explained. A
technology survey and assessment gives an overview of prior art in low-temperature
superconductivity, discusses actual and potential applications, and provides a sum-
mary of recent HTSC research and developmcnt up to the end of 1988. The re-
quirements placed on superconducting devices by potential applications are then
examined, and projections are given for those devices when made with HTSC materi-
als. Candidate subsystems for HTSC insertion as well as implementation alid in-
tegration issues (e.g., cryogenic cooling, semiconductor/superconductor interfacing,
and fabrication process compatibility) are considered. Finally, some general com-
ments are made on the future of superconducting devices and applications. Each
major section of this report stands alone and thus can be read independently and
according to the interests of the reader.

The purpose of this report is to give a Fleet Systems perspective to the above-
mentioned Applied Physics Laboratory projects. It should also help both APL
management and current or future Navy sponsors of APL work to understand the
connections between their future systems needs and the HTSC technology. By see-
ing the potent:al for application of HTSC devices to Navy needs as described here-
in and by recognizing the interest the Navy has at the highest level in administering
superconductivity research and development, it is hoped that APL management
and potential sponsors can acknowledge the commitment needed to bring the prom-
ise of HTSC technology to reality.
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.0 INTRODUCTION AND BACKGROUND

An anprecented opportunity exists to exploit new, high- pation wkith the Navy R&) laboratories.' The Office of
temperature superconducting (HTSC) materials in micro Naval Technology has indicated that, "IR&D can help
electronic circuits. The onset of superconductivity in the focus future Navy 6.2 efforts."'-
higher transition temperature (T.) phase of the bismuth- Another key focus is HTSC MIMIC device insertiop,
strontium-calcium-copper-oxide (BSCCO) system occurs w\ith potential uses in radar, communications, surveillance,
at around 105 K, thus allo\ing the use of cheap and cas- guidance, and electronic warfare. Certain critical compo-
ily managed liquid nitrogen 177 K) based cryogenics for nents are used for signal processing in these applications,
effective reduced temperatures (TIT' ) of - 0.70. Alter- for example, resonators, delay lines, and high-speed in-
natively, the lower T. phase of BSCCO could be used in terconnects. The performance of such devices could be
a resistive transition bolometer near 77 K. The applica- significantly enhanced by using new HTSC materials.
tion of such devices to Navy systetns is being addressed Microstrip resonators with exttemely high quality (Q)
at The Johns Hopkins University Applied Physics Labo- values on the order of 10W or higher can be fabricated
ratory. Specific components, however, should be devel- and integrated into highly selective oscillators for spread
oped and demonstrated in general technology areas for spectrum radar' and extremely stable frequency stan-

potential application to Navy problei-.:. Among the many dards. Conventional superconductors need liquid helium
possible uses to be considered, APL is investiating sim- cryogenic equipment,- which is expensive and cumber-
pie, passive thin-film devices such as detectors of electro- some to work vith.
magnetic radiation and monolithic mtcrowave integrated Microstrip delay lines can also be fabricated and in-
circuit (MINIKC) components. serted into circuits for use as signat storage and disper-

New HTSC de% ices are expected to exhibit excellent per- sie elements. Under the action of modulating signals or
formance as radiation detectors in two related ways. First, by using patterned films, such delay litnes can perform
they should operate with good spectral response at extreme- variable or fixed delays appropriate for wideband
Iy high frequencies reaching into the far-infrared band. Sec- receivers or narrow-band oscillators.6 Microstripline in-
ond, broadband electrical response can be achieved at terconnects in MIMIC and very-large-scale integrated cir-
extremely high frequencies before intrinsic response-time cutts for high-speed communications and computing is
limitations occur. Both features depend on the very high another area of application. These interconnects must be
superconducting energy gap found in HTSC materials shortened to match the speed increases already being real-
i 50 mV). Sensitivity (as measured by root-mean-square ized in the logic gates of such systems. Superconducting
noise) should also be good for devices made with these sttiplines would make this possible, with a subsequent
materials but ifll be temperature-limited compared to los-
T superconducting (ITSC) devices. The HTSC mater- Jt. R. Wilson, ".L, Nav,, Plans and Program,, for Supercon-
als, however, exhibit good resistance to ionizing radiation. ducting R&t),' Proc. of the Conference on Superconductivity

Microelectronic thin-film devices fabricated from HTSC R&D in the U.S. Na%y, NSWC, White Oak, Md. (9-10 Feb 1988).
materials must exhibit stable mechanical, electrical, and -.t. R. Cauffnan, "0111ce of Nasat Technology IONT) Exptora-

tor, Deelopinent Program (6.2) in Superconductivity," Proc.
thermal properties. The new BSCCO material is more sta- of the Conference on Superconductivity R&D in the U.S. Navv
ble artd therefore easier to work with than yttrium- NSWC, White Oak. Md. (9-10 Feb 1988).
barium-copper-oxide (YBCO) material. The BSCCO ma- . J. Suter and A. (. Bates, "Ultra-Stable Time and Frequency

tcrial las been fabricated into simple thin-film devices at D~eice for Tactical Aircraft Radar," .HU API. SDO 8446 (Apr
APt., but the T 's are indicative of a twko-phase materi- 1987).

al with a predominant lower T phase. Fabrication pro- A. f. DiNardo. .t. G. Smith, and F. R. Adams, "Superconduct-
cedure,, arc being developed to' deposit arid pattern thin ing M icros~rip ffigh-(! gicro v ac R sonator,, .1. .,ppl. Phys.

-inso SM o ehooial sflsbtae o 42, 186 (1971).

'oteu for R. S. Withers. A. C. Anderon, .1. B. (ireen. and S. A. Reible,

practical deice applications. A major milestone will be 'Siperconductis, t)elas- ine Technology and .\pplications,'
to achieve a T approaching 105 K.The use of YB(.O IILti iwtns. Moi,n. 21, 186 j1985).
thin films iti the same devices is also being pursued. 'S. R. Stein and .1. P. furnearc, "Superconducting Resonator:

S[lie Nav y's superconductivity community supports ef- I liih Stabilit, Oscillators and Applications to Iundamental Phy,-

forts to develop the iew I-ITSC materials in useful devices. ic,, and Ntetrology' in fIuture Trends in Superconductive Elec-
Ironics. AtP ( onf. Proc. #44. B. S. Deaver, Ir.. C. M. Falco,

The Chief of Na,.al Research has indicated that U.S. in- I I1. Harri,, and S.. \olt, eds., pp. 192-213 (1978).
dustries (including systeins laboratories such as API.) -R. I. Kaw,'. "'Iiiaruriation of Noirnal-Siatc and Snpcrcon-Ishould identif. application needs and areas for partici- ducting Striplinc',,' ./. Res.."at. ur. Stand. 84, 24" (1979).
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reduction in the overall scale of the chips by 2 to 3 orders parameters will influence the performance gains expect-
of magnitude. !Superconduc,.ng interconnects should also ed from using HTSC materials in place of normal metals.
help improve the performance of discrete active compo- The Naval Consortiam for Superconductivity (NCS)
nents. For instance, the noise figure of MESFET (metal has made several recommendations in various application
semiconductor field-effect transistor) amplifiers could be areas. In particular, the panel on high-frequency appli-
reduced from a 2- to less than 1 -dB final noise figure us- cations endorses investigations of radio frequency (RF)
ing superconducting interconnects. devices for antennas, detectors, and oscillators. 9 Overall

Conventional LTSC materials may be replaced with system performance gains are expected if efficient cryo- I
newk HTSC materials and still yield significant improve- genics can be developed. In addition, the NCS panel on
ments over normal metal-based technology. Key concerns infrared sensor systems endorses investigation of appli-
in developing the new HTSC materials are the effect of cations in focal plane arrays (FPA's) and similar detec-
stoichiometry on the transition temperature and the ef- tion devices, 0) Details of the NCS assessment will be
fect of surface quality on the surface resistance. These described in section 3.2. I

I
I
I
I
I

R. I. Dinger, "NCS Panel on High Frequency Applications,"
Proc. of the Conference on Superconductivity R&D in the U.S.
Navv, NSWC, White Oak, Md. (9-10 Feb 1988).

I'M. Nisenoff, "Naval Consortium on Superconductivity, Panel

on Infrared Sensor Systems," Proc. of the Conference on Su-
1. .Ahita, "Supcrconducti' e Electrode Semiconductor Com- perconductivity R&D in the U.S. Navy, NSWC, White Oak, Md.
ponent.," JHU, API. TFO-87-072 (20 Apr 1987). (9-10 Feb 1988).
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5 2.0 BASIC' PROPERTIES OF SUPER('ONI)UCTIORS

I he t %o fnndalnental propertie1 of' SUp)CrCOnduciors are tic U' , , , and I1, ,cpc ICJCi C cIII he .11pei conducting
the loss of all re~stanct: to thc floss of lov A -rqUMCn dCtc- state 'A ill he dCsi roved. as illustrated in Fiv. 3. A small-

trc crrent antd the Complete expul.sion of' static mnagnet - scale supcircondtiiniz dcx ice could operate nearT

'iclds. Both1 phenoniena occur helos thc ocle (point A) because it maN onlyV require smnall currentts arid
trafll"ion tcnipcra fire (T 7 in certain nielal'. and corn- mr:enetic fields, hnt a lat ee- seale superconducting dcx ice
pounds, inIclud1ing the newN 11ih-1 7ceramic o\idc, The gcncrallv rCqtire laree currents and field and must there-
lk)N of' resistance i,, illutrated in Fiu . 1, and the pro- Co~re operate at %%C11a tre t~el blow T (point 13).

I css o espeLlinu a miagnetic field is shoss n in Fig. 2. This (T his distinct ion, ho\% ck r. is not alsk av clearly met inIlattcr propert x of'supcrconductors. nantely diamagnetism, practice.)
I, also k rio\wn as, the \lci'sticr efftect. " Abov e a certain The properties of' zero resistatice and diatniacietisin are
critical in a~net ic field, H, the superconductor is drixci manifestations of' the lone-ranwc order of' the supercon-Iinto the non nal statc. ducting state belo%\ 7" . This long-range order is a mac-

I he supercon~ducting state ot a particular material can ros1copic f,,Uani urn phenontenon characterized mathemnati-
be decscribed pararnciricallr a,, falling xxii hiti the envelope calk, b\ a xs axe h inci ion, Mi ich describes the populati -n

defcinted h\ three paranieters: temperature, Current, and

rIiiaETtitC field. It any OnIc paramecter exceeds a critical val-

I 2~---~ ___-- Decreasi.-g /
T, TC1 temperature T< T

0k

01a Figure 2 Process of expelling a static magnetic fieldC) (B-field) in a superconductor as temperature is brought
I 0 below T_.

* 04 -)A Current

3 02-

0 5n 100 150 200 250 300

Temperature (K) Temperature

Figure 'Resistance (R) versus temperature for YBCOI suiperconductor (T, 90 K).
HC

1K \ti,rixii I . I *\driii, 11 I . Kim. t. tiohand%, t I Phtil Magnetic fieldIhp'. %% I ( ren 1, t *\oIITsinItiI. aij B. (,. Booneic 'I igli reiii-
p,'i iprindiioing tTin ilms'Ihnis IlopAiw. 11t Figure 3 Parameter space for the superconductor

/l0 0a 1)' . 1-4 19S") showing boundary betweef, normal and superconduct-
k. \teuii~nd k (Ktierraisct. "Iin \euer tteki hem I ni ing states and associated critical parameters T, I. and

dcr sirieufnuski.\ i . 21, 7X t911) H_

3~ I3



I'" E OHNS H D NS UN }VEfR TY
APPLIED PHYSICS LABORATORY

L A.,Rr VARYLA'NDI

ot ~_11 pardce..n atcnitt h uprireter ichl is a very small flux quaiititr (h - Planck's c:on-

er in at supcircondlu,-tor. Ihle ss ase tunctiorr is denoted h\ ei'n: -~ the electron c:harge). This effect wkas discosv-I
'PT .21 aind I,, expressed as a complex quantitv ered experimentally Lv Bleaver and Fairbank "~ and Doll

and Nahauer,1 and along with the Josephcon effect, led
4, v. 'P exptjo) ,I) to one ot' tnie cwviable commercial applications of su-I

perconductivity in the form of siiycr, nsitive magnetom-
hkA K I re the modulus 4 is wiumonlv called the supercon- etcrs based onl the superconduct .g quantam interference

due: inc - orderl paramewter, and o is, the r 'ase. 4' is fevice (SQLUID).
equIIC atedl 111 1 h the nuber densitv, ni,.1 of' paired electrons1. In a~ldition to these basic pr( perties of superconductorsI
[ he q naritin I heorv that accurately, de-scribes the super- there is a fun- larrental effeeL, predicted by Josephlson '
cO!rIductiln' state i" tte lBardleen-Coo)per-Schrieff'er (BCS) and first measured bv Anderson and Ro%,ell, 1- known as

Itosnamed after it, oric:inators." the Josephson effect, %Nhich is observed in the junction be-I
Thei electrons in a normal metal can be regarded as free twNeen two superconductors. A Josephson junction is a re-

to move% Cs it hii the ci %stal lattice, but theyN frequently col- cion between tw\o pieces of superconductor where the

ide \kith the la ttice, creating a loss mechanism that yields ,u percondlucting state is weakened. This can be achievedI
a noti -iero resistance at ainy temperature. In a supercon- by establishing a thin tunneling barrier or narrow connec-
du.icor, clectronl, of opposite momentum and spiti near the tion (or c:ontact) between the two superconductors. When
,o-called I[ermi energy form boLend pairs, w hich exhibit the current (I) throtigh the junction is inci~ased from .-ero,
no to,,, under direct -curretnt conduction. Their binding Coo per pairs (paired electrons) :tinnel quantum-I

enry3. is also) the enrythat separates the paired elec mechanically through the barrier or connection, w hich es-
tron and unpaired electron populations (sometimes called tablishes a phase difference (s o) betwveen the phases of

sluasiparticles, from eac:h other in zhe conduction band. the superconducting state onl each side. The resulting cur-I
The basic property of' diamagnetism also leads to an rent is 2iven by

nu1portanT propert% of superconduICtors w~hen construict-
ed In t ormi of a rinu As a rcUlt o! a transition to I =Isin Ao ,(3)

a supercondiictine statc below% T, it thle presence of aI
mag~nc,ic field, a Superconducting ring wijll trap flux within where I, is the critical current. This is the so-called DC
thle ring. The trapped f1_lux induces a circulating current Josephson ef."ect. When the current through the junction
that persists, indefinitely because of zero resistance (see Fig. exceeds , the phase differc.ice evolves in time accord-U
4). Quantuml mechanics, saiys that thle phase of the mac- ing to the relation
roscopic %%ave f .unction mu1.1st change by 2ir in going once
aroun11d thle rinL,. Combined w ith an expression for the sLi- ck~,'dt = 4ireV,'h ,(4)

per urtent that inludesIC a gradient of' the phase, as wvell
,Is thle miagnetic vector potential, thle 27rn phase change w here V is thie voltagze across the junction.
resuilts, in quantitat ion of the magnetic flux withi~t the ring. Equation 4 expresses the essence of the AC Josephson
Ih lico-calki-I tf(1.\ quantuml is ifls en by' effect, and can be uqed to show, that the Josephson june-I

'I' , 2 2 (1 Tu , ~ 2j tion is a voltage-controlled oscillator. Thle varied appli-+ h2c 10 Tin 2) cations of Josephson junctions stem f'rom the basic D)C
B-field and AC Jos ephson effects just described as well as from

Trpe lx NSuitable electrontc circuits in wvhich Josephson junctionsI
rcside. Josephson junctions can be used as sensitive Je-
tectors of millimeter w\aves as wNell ais low-frequeIny mag-
nectic field,,. They have also beecn used as oscillators,

13. S, tec r, r., anrid I. at aih nk. Ipei nal idnc
for iianntied It IIs In Suf-eroridu,:ig Vie(i rders. Pris Rev.

Superconducting Lett. 7. 43 1961).
ring k. Doll' aird M I. "Nahauer. "I ' pcr menr at Pr rot of' Mtaumnetic I Ins

Ouaiiit (1(i in aI >iif icoiidiciii Kuig, '111n) . R'el. L-eu. 7,

Figure 4 Su perconducting ring showirig condition o f 11. t). tnsetph,,nr t'nssjbtc \Ne\ Flied'. In Snuper~ ndu1Cti ,
,rapped flux and persistent current below T_ rreii'' ~ri. o.I 5ti 6)

11 I. 55 ndci'.ni ajid J. MI. Rir' cit. [rohialei ( )h1rsation 01

i K i It I w-c .''' !ilid I k ,, II i IC, t c m% )Iter I irieI tsti s 1 i Srrpercnrrdiiti Iirrchnir , [fteet. /Ihvv. Rev.
1/ '. lW 1 ]t (1t) lvIi. '0. 23(1 963).
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parametric amiplifiers, and digital lgcsskithes (to name models'~ represent the supercurrent response as a phase-

onis a few), dependent indctanMce given by
The simplest example,, of' Josephson junctions are il-

lustrated inI Fis. 5(a) and 5(b). a mnicrobridge junction L,= h/47w1 cos Ar , (5)
and a tunnel J unlction (also known as asuecnctr
inIsulato~r-suLperconduitctor- ISIS] junction), respectively.. A which is illustrated in Fig. 6.
description of the fundamentals and types of' Josephson T~ko important parameters that help to characterize theIjuncticos is gi\enbh\ Iinkhiain" itand x ill not be elaboo- spatial distribution of' the superconducting state and cur-
rated onl here. Thle corresponding V I CUI-%es f'Or these txo rents and Gields inl superconductors are the coherence length
t~ pcs of Josephson junction atre shiown in Figs. 5(c) and (at T -0), t,, , and the London penetration depth, X,
i (d). Notice that the tunnel junction is hysteretic, having respectively. The coherence length is a measure of the dis-
a forw~ard branch that swkitches dramatically when the cur- tance over which the superconducting order parameter
rent reaches a value on the order of the critical Current varies from a maximum to a minimum value. For a
and a sharpvy varving return branch that occurs at a v ol- "clean"' superconductor it is given byI age equ1.al to l.ic the gap voltage. The hysteresis is a fune-
lion Of' the parasitic capacitance in the tunnel junction, = 1w1 /27r -A(0) .(6)

Iming11 It Useful inl latching logic for Computer circuits.3The exessupecrcurrent and the ohmic line of the For a "dirty'' superconductor t,, is reduced further by
microbridue \%eak link canl be modeled as at resistively a shorter mean free path. The coherence length for the
shunteI~d junctionl. Ihese so-called equiv alent circuit new HTSC materials is considerably shorter than that for

conventional ITSC materials (see Table 1) because theI energy gap at zero temperature, A(O), for these HTSC
mnaterials is significantly larger than that for convention-

(a) (b)al LTSC materials. The London penetration depth is aI measure of the distance over which external magnetic
fields penetrate a superconductor, and it is giv en by

I V

(c) (d)

Supercurrent
Current Ouasiparticte Sprurn

c Ohmic line 'cOusptcicurn L uecret3 supercurrent .current

Voltage 2.Ve Voltage

Figure 5 Two common examples of Josephson junc-
tions: (a) microbridge and (b) tunnel junction. Gor- Figure 6 Equivalent circuit model of the intrinsic re-
responding I-V curves: (c) microbridge I-V curve and (d) sponse of the superconducting weak link (ignoring para-
hysteretic tunnel junction curve. sitic effects).

\t. t irkihani, .Iuri i . i vpcs. Plroperties, andt [imittions, __________ "_______

In tr, Tr#-, Mn .Smqcr( i dm i e INh't.onics. .ItP ( on f. Pro 1. " . I aroiie and G~. I 'at erno , "Voltiw Cue(~Irreniti aract 2ris( cs.'
44, IB .), s cr. It, ( . Mt. I alu), .1. II F tatri, andt S.A. tin Ihivs and .tpp/nation 0' tIIlI Jm:'1oW/ hf i Act. Jothn Wji.'v

5%ol.c' , p. 2 61) 2 '1 ) X. & Sons. pp. 122 116 (1982).
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Table 1
Fundamental superconductor parameters.

Transition Energy Coherence Penetration
temperature, gap, length, depth,

T 2A(0)!e G X,
Material (K) (meV) (nm) (nm)

Lead (Pb) 7.20 2.73 83 37

Niobium (Nb) 9.25 3.05 38 39

YBa, Cu 1 O- 94 28.4 2.2-3. 1 780-840a

0.5-0.7: 90-953

BiSrCaCuO 105 31.7 2.7- b

0.18-

TICaBaCuO 120 36.2 2.0ab

0.03-

ab = ab plane, c = c-axis

where in and e* are the pair effective mass and charge, where the total number of carriers n = nP + nq. Using
respectively, which are typically taken as twice the elec- a formulation of the electrodynamics of superconductors
tron mass and charge. Typical values for X, are given in derived by London,2 3 a useful model of the high-
Tabik I f., ',ow- and high-T, materials. The significance frequency behavior of superconductors can be develoned.
of particular values for , and X, will be considered later Among these models, useful relations are a temperature
in the report. dependence for the penetration depth

A historically important although simplified model of
the thermal and electrical behavior of superconductors is X, (T) = X, (0) [1 - (T/T,)4 ] (9)

the two-fluid model of Gorter and Casimir.-22 It describes
the basic conduction process in superconductors compris- and a complex conductivity given by
ing two interpenetrating fluids or currents-normal and
super-each with their respective particle densities nq (for U =o - j0 = eT/m[(l - jcer)/(l +
quasiparticles) and a,, (for paired electror,s). The fraction (10)
of conduction electrons that are paired varies with tem- where m electron mass and is the momentum relax-
perature according to the relation ation time, such that

n,/n = I - (T/'J).), (8) J = aE . (11)

"F' Y. Fradin, "IOE Programs for large Scale Applications," In the limit of 7 approaching infinity, the current density
Supcrconductii y Seminar, Wash.. D.C. (20 No% 1987). (.) can be written in a form such that the superconduc-

'R. 1'. Kampwirth. J. [I. Kang, and K. F. Gray, "Superconduct- tor can be re in uct hat he s n
ing Properties of Magnetron Sputtered Bi-Sr-Ca-Cu-O and TI- tor looks like a pure inductance given by
Ba-Ca-Cu-O Thin Fiilms," in Science and Technology of Thin (12)

111n Superconductors, R. 1). McConncll and S. A. Wolf, eds., L = n (12)
Plcnim Press, pp. 165-173 (1988). __

"(.1. .Gorter and H. B. G. (iasimir, "On Supraconductivity I,- 'F. London and H. I.ondon, "The Electromagnetic Equations of
)hvstco 1. 3( (1934). the Superconductors," Proc. Roy. Soc. A149, 71 (1935a).
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\ %here I and .4 are the length and cross-sectional area of R, - (CW" 2/T)exp[ - ,(T)/k 1 T] + R,(w)

the superconductor, respectively. The important result for (14)
our purposes (Eq. 10) is that at finite frequencies a su-
perconductor acts like a reactive as well as a dissipative provided w < < 27r(T)/h and T < 0.5 T,.. The residu-
system electrically. The dissipative term falls off rapidly al surfac- resistance R,(w) depends on surface quality.
at low temperatures and frequencies, as expected, since An important modern theory that replaces the simplified
superconductors should not normally be dissipative. London and two-fluid models and extends the BCS re-

The two-fluid London model gives a reasonably ac- suit is the Mattis-Bardeen theory," which accurately ac-
curate expression for the surface resistance of a super- counts for the response of superconductors at all

I conductor, which is given by frequencies, including those below and above the energy
gap, A(0). From these models, useful relationships for

R, = A4(w) (TIT) [1 (TT)] (13) predicting the surface impedance of superconducting
transmission line devices can be developed.3 where .4() is proportional to w'. The BCS theory gives

I

I
I

2'D. C. Mattis and .1. Bardeen, "Theory of Anomnaious Skin Ef-

fect in Normal and Superconducting Metals," Phys. Rev. 111 ,

412 (1959).
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3.0 TECHNOLOGY SURVEY AND ASSESSMENT I
3.1 OVERVIEW OF PRIOR ART Signal -- Detection o .igita sTgna I.Dat a

+ incident-f Analog Digital signal Dt
noise processing prcsig processing

Over the last 25 years there have been many develop- DIC radio Josephson
ments in the field of superconductivity aimed at practical frequency devices Logic
applications. Several recent resiews and books (Refs. A/Dconverter
25-28 and 19, 29-3 1, respectively) present these develop- -__e__

ments in great detail. Clarke25 describes the small-scale Microwave-
(microelectronic) applications of superconductivity by submillimeter Three-terminal
dividing them into three broad categories: detection-of- Se cviest

incident (electromagnetic) signals, analog processing of sis square-law teedtorct

amplified signals, and subsequent digital signal process- detector transistors

ing. Figure 7 shows examples in each category, with a cor- osephson Nonequilibrium

responding hierarchy. In each instance superconducting mixer devices

circuits have been constructed and experimentally evalu- Josephson Transmission-linesquare-law devices
ated. Those devices highlighted in Fig. 7 have been the detector Matched
most successful in having some degree of use beyond the filters
laboratorv. Josephson- ~~parametric Cnovr

Before describing some of the more successful appli- amp Correlators
cations in detail, I will briefly highlig' them here. The Superconducting
SQUID has been the most successful use of superconduc- bolometer Fourier
tivity in reaching commercial development. 3' Computer transformers

logic and microprocessor circuits represent other key Optoelectron-
areas.:2 Although substantial investment was expended ics

by IBM in the late 1970s and early 1980s on the develop- Figure 7 Categories of applications and examples of
ment of a superconducting computer, the project was dis- corresponding superconducting devices (adapted from
continued because of problems with using lead-based Ref. 25).
superconducting tunnel junctions for the circuits. At that
time niobium-based technology was less mature, but it be- b
came more robust with respect to thermal cycling. More been developed by Hypres, Inc., and has reached com-
recently a superconducting sampling oscilloscope3 , has mercial use. Hypres was a direct spinoff from the IBM

superconducting computer project. Such superconduct-

1. Clarke, "Small-Scale Analog Applications of High-Transition- ing integrated circuits can achieve signal sampling band-
Temperature Superconductors," Vature333, 29 (1988). widths up to 100 GHz. 33 Superconductor-insulator-

"'A . Ialozemoff, "Computer Applications of High Temper- superconductor (SIS) mixers have been developed to the
ature Superconductivity," Phvsica C 153-155, 1049 (1988). point where they are being inserted in the receiver section
Y. G. Vendik and A. B. Koyrev, "Superconducting Films in of radio telescopes. 34 They offer the lowest noise perfor-
Microwave Electronics (Survey)," Izy. Vyssh. Uchebn. Laved. mance of any technology. The Josephson voltage stan-
Radioelektron. 26, 18 (1983). dard is also a reasonably successful instrument that has

'N. K. Welker and F. D. Bedard, "Digital Josephson
Technology-Present and Future," in Future Trends in Super- emerged from the laboratory.1
conductive Electronics. AlP Conf. Proc. #44, B. S. Deaver, Jr., One major practical limitation when using LTSC materi-
C. I. I-alco, J. 1l. Harris, and S. A. Wolf, eds.. pp. 425-436 als is the need for liquid-helium-based cryocooling. By
(1978). comparison, the use of liquid nitrogen for HTSC materi-

'T. Van Du/cr and (. W. Turner. Principles of Superconductive I
l)evices and Circuits Elsevier North Holland (1981). S. K. Pan, A. R. Kerr, M. J. Feldman, and A. W. Kleinsasser,

"I . Solvnar, '('urrent-Volagc Characteristics," in Superconduc- "SIS 1 echnology Boosts Sensitivity of MM-Wave Receivers," Mi-
five Tunneling andApplications, Wiley-Interscience, pp. 165-185 crowave RF, 139 (Sep 1988).
(1972). 1 A. Laundrie, "Superconducting IC's Generate and Detect Sig-

1J. Clarke, in Superconductor Applications: SQUID's and nals to 100 GHz," Microwave RF, 163-164 (Sep 1988).

Machines, B. B. Schsartz and S. Foner, eds., Plenum, N.Y. "R. E. Harris and C. A. Hamilton, "Fast Superconducting In-
(1977). struments," in Future Trends in Superconductive Electronics, AlP

-"A Practical W'ay to Turn Out Joscphson Junction Chips," Conf. Proc. #44, B. S. Deaver, Jr., C. M. Falco, J. H. Harris,

Electronis 60, 49-56 (1987). and S. A. Wolf, eds., pp. 448-458 (1978).
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als will be cheaper and easier. The latent heat of vapori- Josephson junctions coupled in parallel in a superconduct-
zation is 64 times greater for liquid nitrogen than for liquid ing ring as shown in Fig. 8(b). Each junction may be
helium, and it takes over 30 times less power to maintain shunted with appropriate inductance and capacitance to
a closed-cycle refrigerator at 77 K than at 4.2 K. Conversely avoid a hysteretic I- V curve (an important requirement
the use of LTSC materials requiring liquid helium ensures for SQUID applications). The device is biased with a cur-
better noise oerformance and lower losses at finite frequen- rent to produce a voltage. As the magnetic flux ,P is var-

cies. The importance of noise and conductor losses at a ied, the voltage oscillates with a period of one flux
given operating temperature depends on the application, quanium, ,. As a result of the variation of the voltage
and the actual variation with temperature depends on the on the I- V curve, the critical current varies periodically
type of device, with magnetic flux as illustrated in Fig. 8(c). This curve

Among all the applications of the prior art several ex- resembles the diffraction pattern created by the two-slit
amples are noteworthy, including the SQUID, microstrip Young's experiment in optics. It is the most sensitive tech-
transmission lines, sampling devices, microprocessor logic nique for detecting variations in magnetic flux. The RF
circuits, far-infrared detectors, and SIS mixers. A brief SQUID, on the other hand, uses a single Josephson junc-
description of each is given below. tion in a ring inductively coupled via an RF tank circuit

The SQUID's have been made for measuring magnet- to readout electronics, as shown in Fig. 8(d). The reso-
ic flux down to levels of nominally 10 t" Wb. To see nant frequency of the tank circuit is typically 20-30 MHz.
how small this quantity is in terms of magnetic field, re- As the magnetic flux 4) through the ring is varied, the am-
fer to the scale in Fig. 8(a). There are two types of SQUID: plitude of the RF voltage detected at the output termi-
the DC and the RF. ' The DC SQUID consists of two nals of the tank circuit is modulated with period (D, The

resulting response curve showing the critical current ver-

sus magnetic flux is shown in Fig. 8(e). Note that this re-

(a) Magnetomyogram sponse curve resembles a single-bit optical diffraction

SQUID Fluxagat pattern. For both the DC and RF SQUID's, the basic cir-
cuits are put into a feedback configuration to obtain a1ergvoltage output linearly proportional to applied flux. The

Magnetoen- Ufeld SQUID is also versatile as a sensing, interfacing, or switch-
Iophalm 1 , 1 1ing device for superconducting voltmeters, thermometers,

.71 -bolometers, and computer circuits.
o to0 0o o'0 0 10

' o I o' t1o -o to' Analog processing with superconducting transmission
(Tesia) lines is another major area that has been investigated in

(b) (c) Maximum current several ways. Simple nondispersive resonators have been
( built like those illustrated in Fig. 9. High Q factors onDr. SQUID bitlk hs lutaedi i.9 ihQfcoso

the order of 5 x 105 have been achieved using conven-
tional LTSC materials. 4 These allow highly frequency-
stable sources and narrowband filters to be made.' '
Simple microstriplines have been considered for use as in-

2 1 0 1 2 terconnects for very-high-speed integrated circuit (VHSIC)
Number of flux quanta

computer chips, as suggested in Fig. 10.29 Since VHSIC
(d) s(ne) Maximu current chips will be dominated by the signal propagation delay

RF SQUID 10 ..... between gates, using lower-loss superconducting intercon-

nects should help alleviate this problem because more
compact layouts can be achieved with superconductors.

IV. s, Superconducting transmission lines have also been

(3 2 1 0 1 2 30 designed to allow dispersive signal delay to be achieved
Number of flux quanta

Figure 8 Magnetic flux scale (a) (shown for con- 'R. A. Davidheiser, "Superconducting Microsirip Filters," in /u-
venience). Schematic diagram of (b) DC SQUID and (c) ture Trends in Superconductive Electronics, AlP Conf. Proc. #44.
corresponding response curve. Schematic diagram of B. S. Deaver, Jr., C. M. Falco, J. H. Harris, and S. A. Wolf,
(d) RF SQUID and (e) corresponding response curve. ecd., pp. 219-222 (1978).

. Davidheiser, "Frequency Stable Sources Using Superconduct-
: -Microsirip Resonators,'' Proc. 34th Annual Frequency Con-

A"J. Clarkc. "l o-Erequency Applications of Superconducting trol Synpu., ;r. IJSA.RAI)(OM, FIt. Monmouth. N.J. (May
Quantum Interference De,,ices," Proc. IEEE 61, 8 (1973), 1980).
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Linear resonator at microwave (10-GHz) frequencies.39 The construction
of these delay lines is illustrated in Fig. 11.5.394 ' The de-

z lay line is used to store an input signal propagating from
left to right. A series of quarter-wavelength backward-

wave couplers of varying length reflects incident power
back to the input. The resulting output from a series ar-

0 ray of these couplers can produce a linearly frequency-
modulated chirp, since the resonant length of each cou-
pler varies linearly with distance along the delay line. These

- devices can be designed into a spiral geometry to make
compact chirp generators, which can be used in matched

Ring resonator filter receivcrs and Fourier transformers. Equivalent com- I
putation rates of 1012 arithmetic operations per secondzI

Cross section S -. 4 Groundplane

- of coupled -2 Dielectric
o microstripline 2-- __ __ __ _I

MicrotriGroundplane

Figure 9 Two examples of simple nondispersive T

microstrip resonators that can be made using HTSC
materials. [

Output 2 Chirp filter formed by cascaded backward-wave couplers

Word current:

spiral /spra 3
Gate I T,,,,unnel u cton Close-up view

gate / geometry SiconI
/sense strate

Figure 11 Basic design layout of a superconducting
dispersive (chirp) delay line.

Bt currents (IB 1 and 1B 2) control states of write junctions
(gates 1 and 2).

(Counter) clockwise currents (11 and /2 ) represent l's and O's "R. S. Withers, A. C. Anderson. P. V. Wright, and

Crculating currents persist after drive currents are removed S. A. Reible, "Superconductive Tapped Delay Lines for Micro-
(norJestructive read-out). wave Analog Signal Processing," IEEE Trans. Magn. 19. 480

Appearance of voltage in sense line indicates presence of 1 in cell (1983).
'J. T. Lynch. R. S. Withers, A. C. Anderson, P. V. Wright, and
S. A. Reible, "Multigigahertz-Bandwidth Linear-Frequency-

Figure 10 Example of superconducting computer Modulated Filters Using a Superconductive Stripline," Appi.
memory circuit that could use microstrip interconnects PhyS. Lett. 43, 319 (1983).
(multiple-flux-quanta memory loop, adapted from Ref. 4 R. W. Ralston, "Signal Processing: Opportunities for Supcrcon-

29). ducting Circuits," IEEE Trans. Nfagn. 21, 181 (1985).
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hae been reali/ed. Similar circuits using SIS mixers can locity, either by temperature or by direct modulation of

be used as signal convolvers.'-21 the superconducting pair density via incident radiation or

A fourth class of transrnissio: line device is the "slow- quasiparticle injection. Variable phas,: shifters with ap-
wave" or kinetic inductance -vic Essential this plication to radar systems can therefore be built. 5°

is a very long meander line,- which is deposited as a Sampling devices have been developed that are based
very-thin-filn pattern on a substrate (see Fig. 12). By mak- on the use of Josephson junctions in which a waveform
ing the superconductor thin, ,he overall inductance of the corresponding to a very-high-speed periodic signal is
delay line becomes dominated by the inertial (or kinetic) reproduced from a sequence of samples, each obtained
inductance of the superelectrons rather than by the usual over a very short time interval. > The sampling gate is a
magnetic inductance. Therefore, the phase velocity can SQUID that switches to a new state when input current
be made very small with respect to the velocity of light, exceeds a certain threshold value 1, . The signal current

Ihence the name slow-xve delay line. 4 &45 Further, the l,(t) to be sampled is triggered at time t = 0 and delayed
signal delay can be modulated by varying the phase ye- by an amount r, that can be adjusted. At time r,, a cur-

rent pulse 1, and bias I, are added to the signal. When
the sum of these currents, 1(7-) + /I, + I,,, exceeds If,,the gate is triggered. Using a feedback circuit the value

Input / ,of I, can be adjusted to just trigger the gate, so that by
varying -, a trace of the input signal waveform can be
obtained. Sampling resolutions of 2 ps have been obtained.
This basic technology has been developed into a fast-
sampling oscilloscope (intrinsic bandwidth = 70 GHz)

, marketed by Hypres, Inc. 32'5' This instrument can be used
to do detailed time-domain reflectometry over millimeter
distance scales in MIMIC circuitry. The technology is il-
lustrated in Fig. 13.

A hybrid optoelectronic superconducting sampling de-
De r vice has also been investigated recently that has a time reso-

substrate - i. lution of less than I ps. 2 55 It is illustrated in Fig. 14. 54

Groundplane Output An incident laser beam excites photo-carriers in an ap-
propriate substrate (e.g., silicon) at one end of a niobium
stripline, thereby grounding a bias voltage applied to it.
The resulting pulse propagates down the line and is then

Figure 12 Simple slow-wave meanderline device, sampled by a second laser beam that shorts one side of

the stripline to an electrode. Very-high-bandwidth wave-
4S. A. Reible, A. C. Anderson, P. V. Wright, R. S. Withers, and forms can be reconstructed in this manner. A-to-D con-

R. W. Ralston, "Superconductive Convolver," IEEE Trans. verters have also been developed based on Josephson
Maun. 19. 475 (1983).
S. A. Reiblc, Superconductise Convolvcr with Junction Ring 5S. Baliga. M. Radrarvar, and S. M. Faris, "The Superconduct-
Mixers," IEEE Trans. Maen. 21, 193 (1985). ing Phase Shifter in the Development of a Terahertz Imaging Ra-I R. Mescrvey and P. i. Tcdrow, "Measurements of the Kinetic dar System," RADC-TR-87-157, Final Tech. Rep. (Oct 1987).
Inductance of Superconducting Linear Structures," J. AppI. Phy.s. ' S. NI. Faris, "Generation and Measurement of tIJtrashort Cur-
411, 2028 119691, rent Pulses with Josephson Devices,' Appl. Phys. Left. 36. 1005

5J. NI. Pond, . If. (laassen, and W. L.. Carter, "Kinctic Induc- (1980).
tance %ficrostrip )elay Lines," IEE Trans. Nlagn. 2.3, 903 (1987). '2R. I.. Kautz, "Picosecond Pulses on Superconducting Striplines,"

'J. M. Pond, I. 1t. (laasscn, and W. L. ( arter, "Measurements J. Appl. Phyvs. 49, 308 (1978).
and Modeling of Kinetic Inductance Microstrip Delay lincs," R. Soboleski, C. V. Stancampiano, G. Mourou, and D. But-
ItLE Tras. Microwave Theory Tech. 35, 1256 (1987). ler, "Picosecond Pulse Generation Capability of Optically Dri\-

'-D. A. (iandolto, A. Boornard. and I.. c. Morris, "Supercon- en Superconducting Thin Films," Phy.s. Status Soli 83, K203
dLuctivc %ticrosa',c Meander lines,' . Appl. Phys. 39, 2657 (1984).
(1968). C. C. (hi, W. .1. Gallaghcr, I. N. Duling, Ill, D. Gtischkov\sks,
I). V. Mason and R. W. (Iould. "Slow-Wase Structures Utiliz- N. .1 Halas, NI. B. Ketchen, and A. W. Kleinsasser, "Suhpicose-

ing Superconducting Thin-.ilm 1ransmission Line',," J. Appl. cond Optoelectronic Study of Superconducting Transmission
Phvs. 40, 2039 (1969). Lines," IEEE Trans. Magn. 23, 1666 (1987).

' I. M. Pond and (C. %1. Krownc, ''Slow-Wave Properties of Su- N. E. Glass and t). Rogovin, "Optical Control of Micro~ave
pcrconducting \ticrostrip transmission Lines," IiEE MVTT-S Dig. Propagation in SuperconductIng I)eviceN,'- ,,lppl. P/os. Lett, 54.
1. 449 (1988). 182 (1989).
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(a) Low- and medium-speed lines of 6 bits at 300 MHz and 4 bits at I GHz are pro-
(at room temperature) jected. 25.56

suseo-siica 4,AkAIAA,,,, Considerable effort was expended by IBM, Bell Labs,

and other laboratories in the late 1970s and early 1980s

on superconducting logic circuitry. Much of this technol-
ogy was based on the use of tunnel junctions and SQUID

Room temperature Cryogenic configurations. Switches, memory cells, and Boolean logic
(300 K) electronics gates were constructed. 28 Extremely fast switching was

-- lI~ 16 mm (3 x 3mmExrml swthn
circuits) obtained from current biasing a Josephson junction so

Ts that it was driven into a finite voltage state as shown in
Trnsfer eine Fig. 5a. Switching times of less than 20 ps have been ob-

Hgnspee tained. Josephson junctions also have the lowest power

connector_ dissipation per gate, on the order of I mW or less. Thus

11 mm - the total energy per gate is approximately 10 -7 J or less.

Smaller circuit dimensions can therefore be anticipated
helium because there is less overall power dissipation (consistent
Dewar with the fact that greater packing density can be achieved

by going to superconducting interconnects). By making
c iinterconnects out of superconductors, smaller circuit

SuPerconducting integratedl ctrcmt dimensions can be obtained without increasing cross talk
S r ugpbetween adjacent lines or changing impedance levels from

delay line those normally used in semiconducting circuits.
The use of superconducting interconnects will also ben-

TgSeefit the interface to semiconductor devices that provide
recognizer gain, such as that illustrated in Fig. 15. This GaAs MES-HecoelayrFET amplifier (and similar high electron mobility trans-

port [HEMT] devices) can operate at high (GHz)

Figure 13 (a) Josephson junction circuit built by frequencies with a lower noise figure using superconduct-
Hypres, Inc., cooled by liquid helium spray on one end ing interconnects. 8 To compare superconducting versus
and at room temperature at the other end; (b) system- semiconducting technologies for computing or logic cir-
level diagram of superconducting integrated circuit cuits, see Fig. 16, which shows the energy-per-gate regions
(adapted from Ref. 32).

GaAs MESFET plan view

Exciting beam Mesa periphery
Sampling beamSource

Bias Coplanar

_________________________________i__________ microstrip

SDrain

/ Detected Sou rceSilicon Sapphire output

or quartz 50 -

Figure 14 Optically induced waveform sampling using Figure 15 HTSC electrodes can be used as gates for
coplanar transmission lines (adapted from Ref. 53). GaAs MESFET amplifiers.

11C. A. Hamilton, F. L. Lloyd, and R. L. Kautz, "Superconduct-
junctiotis. In one system based on a DC SQUID, a reso- ing A/D Converter Using Latching Comparators," IEEE Trans.
lution of 6 bits at 100 MHz has been achieved; resolutions Magn. 21, 197 (1985).
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3 Complementary metal oxide strated noise levels within 3 dB of the quantum limit at
9 semconductor 36 CiHz. To make optimum use of this technology, a ful-

N channel ly integrated receiver like that illustrated in Fig. 17 must

logic GaAs technology be built. With an SIS mixer and a low-noise HEMT am-
Rockwell (1983) plifier, such a system is expected to achieve a 0.14-dB to-

Josephson junction ruture trend 0 9 and 3O K tal noise figure.
technology / AI A

Hypres ic. (1986), he, n .... 'y,, 3.2 POT"ENIAI, APPiICATIONS
GaAs 0.3.tnd 77 32PTNILAPIAIN

a IBM (1983) <025p 1, !

3 , and4K Al assessment of potential applications of HTSC

I devices to microwave and electro-optical systems was con-
.?L Futurn trend Josephson junctions r'J ducted in 1988 by panels of the NCS.i' > The panel on

< 
t 
p 

n size high-frequency applications considered the frequency in-
* J 00, ai 0?, aJ ,OJ ,0 aJ terval from 3 MHz to 100 GHz and applications that ex-
, I I ploit the potentially low-RF surface impedance of

8 7.5 .4 3 0

9 o to to 6  to to to to superconductors and/or RF detection by tunne! ju:tions.
Power (W) Actual Navy investmen: o K1- applications of low-

Figure 16 Speed versus power dissipated per gate for teniperatute superconductivity (e.g., kinetic inductance de-
various semiconductor and superconductor tech- lay lines, microwave cavities) has been small over the
nologies. years. No device has ever reached operational status in

a Navy system, apparently because the improvement seen
r h, over room-temperature devices in RF surface impedancefor the various technologies. 5 We can thus imagine very- is not sufficient. For detector applications, background-

high-speed superconducting microprocessors made out of isntufcet.Frdetoaplainbckon-
Josehsone unctons superconducting p roco s a nd limited performance can already be achieved at room tem-Josephson junctions, superconducting interconnects, and prtr o rqece pt 0Gz 9  fcso

GaAs MESFET amplifiers. perature for frequencies up to 30 GHz.
I coclue tis ectin wth dicusson f speron- Near-term research and development should focus on

dconclude this section with a discussion of supercon- understanding and reducing RF surface impedance andIduct ing detectors, which are among the best detectors of making tunnel junctions with reproducible behavior. Larg-

electromagnetic radiation of all technologies, especially in
er samples and complex planar and nonplanar geometries

terms of their sensitivity and broadband/high-frequency are needed for passive microwave devices. For complex
range of operation. Superconducting bolometers have been geometries as well as tunnel junctions, photolithographic
built that operate on the principle that incident radiation patterning procedures must be perfected. For microwave
of virtually any wavelength will induce a (typically) resis- applications technologically useful substrates must be
tive transition from the superconducting state to the nor- found that have low dielectric loss, low dielectric cons-
mal state in a thin piece of superconducting film. The tnts, and excellent dielectric isotropy (at low tempera-

substrate is weakly coupled to a thermal reservoir and has

a low heat capacity to yield the best response to incident
I radiation in the shortest response time. Semiconducting

bolometers, however, are very competitive with supercon- coupler (Room temperature)

ducting bolometers. But, as the fabrication of supercon- Feed SIS Bias (4.2 K) HEMT

ducting thin films is refined to the point where a Josephson horn mixer toe Circulator Isolator a lifier

junction can be achieved, the superiority of superconduct- . ,) . --

ing detectors clearly emerges. The SIS mixers have been 85-116GHz I1___ o- pHz
developed and installed in radio telescopes operating at fre- RF input s IF -t d0ut

3 quencies of 100 GHz. Such devices combine a local os- load 30-dB 20-dBSC attenuation a len ion

cillator signal with a weak received signal using the highly 5SC attenuation attenu lion
nonlinear tunnel junction I-V characteristic (shown in Fig. Local Mixer Noise Noise AmplifierIoscillato bias source source bias

5d) to produce a difference or intermediate frequency (IF). input I
This nonlinearity occurs at a voltage of 2./e. The SIS mix- Backshort

ers can be implemented with useful gain and have demon- adjust

Figure 17 Low-temperature millimeter-wave receiver
"PS[P-I xX) Picosecond Signal Proccvsor," Hypres, Inc., prod- using superconducting SiS mixer and HEMT amplifier

uct hrochure (Sep 1986). (adapted from Ref. 33).
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tures). For nearly all applications critical current densities 3. Routine cryogenic refrigeration will be acceptable.
of the thin films should be as high as possible (i.e., on
the order of 105_106 A/cm). Categories of applications considered were.

Several assumptions were made by the NCS for pur- 1. Transmission lines devices,
poses of a qualitative assessment of the potential appli- 2. Antennas and antenna arrays,
cation of HTSC materials and devices: 3. Oscillators,

1. RF surface impedance will ultimately equal that ob- 4. Detectors and receivers, and

tainable with LTSC films. 5. Digital systems.

2. Reproducible and reliable HTSC tunnel junctions For each specific device considered, three areas were evalu-
will ultimately be made. ated: platform, frequency range, and system type. The

results of the assessment are given in Table 2. A "high"

Table 2
NCS assessment of HF applications of

HTSC materials to particular electronic warfare missions.

Platform Frequency range System type

Device . - - , .

Transmission-line I
devices

Cavities and resonators 0 0 0 * _
Diode power a 0 0 o 0 0 0 0 •

combiners l
Filters o . 0 * o o . . 0 . i

Low-loss a 0 0 a 0 0 * 0 . * 0
transmision lines

Antennas and antenna
arrays

Electrically small 0 0 0 * * * 0 0 0 o o
antennas N,'A

Superdirective arrays 0 0 0 * o o 0 0 0
Long-wire-transmit 0 0 o o 0 0 0 0 0 0

antennas

Oscillators

STALO (Stable Local o0 0
Oscillator)

Navigation time * * o . - N A

reference

Detectors and receivers

RF detector 0 0 0 * 0 0 0 0 0 0 0
Focal plane array 0 0 0 0 0 0 o 0 0 S
Instantaneous 0 * 0 * * * . 0 0 o 0

frequency
measurement

I)igital systems

Chip interconnects * o * * * . o * 0 *
logic circuits * 0 0 0 S 0 0 0 0 0 0 N A

A-to-D convertors 0 o * 0 0 0 * 0 0
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potential application for HITSC materials is denoted by Table 4
a solid circle, a "possible" application (or "situation un- Rating of generic categories from the
clear") by a gray circle, and a "low" potential applica- NCS HF assessment.
tion by an open circle. From this assessment several
conclusions emerge. Applications on space platforms are Category evaluated Priority Grade
favored because cooling is essentially free, whereas on all

other platforms tile enhanced performance gained must Digital systems 1 88%

I be traded off with the complexity of cryogenic refrigera- Transmission-line devicestion. he stron g-est candidates appear to be: T a s i io - ne d i es81 %(r

I. Electrically small antennas and arrays, Oscillators 3 79%
2. RF detectors and arrays at millimeter-wave frequen-

cies, and Antennas and arravs/ 4 60%
3. High-speed digital circuits. detectors and receivers

In addition, oscillator and transmission-line applications
are viable if cryogenics are required for other reasons.

From the NCS [IF assessment summarized in Table 2
some inferences can be drawn. Of tile three categories The view of the NCS subpanel on HF applications is
evaluated (platform, frequency range, system type), a pri- that digital systems are the preferred application of HTSC
oritv can be attached to the !ypes found in each category technology by a significant margin. Transmission-line
as shown in Table 3. devices (e.g., microstrips) and oscillators are second and

third, but are almost indistinguishable on the basis of
grade. Antennas and arrays/detectors and receivers are
a distant fourth. The problems with this type of assess-

Table 3 ment are that the prognostications soon become outdat-
Inferences from the NCS HF assessment. ed, underlying assumptions and/or evaluation criteria are

ambiguous or unknown, and considerations may not be
Platform Frequency range System type Priority given to emergent applications and novel designs, which

constitute exceptions to the general categories assessed.
Surface Microwave Radar/ I Thus it is difficult to predict the future progress of HTSC

communications technology.

When considering potential electro-optical applications
Space [IF/VHF/UHF Electronic support 2 of HTSC materials a different set of characteristics is re-

measures/ quired. "' The most important application is probably in-
radiometric frared (IR) focal plane arrays (FPA's). The requirements

for several parameters and characteristics can be speci-
Sub Millimeter wave 3 fied, as shown in Table 5.

Aircraft 4 Despite the wavelength limitations imposed by at-
inospheric transmission, the illustration of wavelength
coverage in Fig. 18, showing HTSC versus other technol-

ogies, implies that HTSC detectors could be operated at
One can infer that the best combination of categories virtually any wavelength from near-IR (I ,Am) to 100 Am

tor the application of HISC technology is to surface plat- and below. But this illustration ignores the relative sensi-
forms operating in the microwave spectrum for radar tivity of HTSC detectors, which depends critically on the
and/or communications. The next best combination, how- mode of operation and the ambient device temperature.
ever, is not space, Uki/VIF/UHF, and electronic sup- Figure 19 compares sensitivity as measured by detectivity
port measures,radiometric, since the categories are (D*); the higher the D*, the better the sensitivity. By com-
indcpeiident. Application to space, in the microwave spec- parison, a recent measurement using YBCO is not com-
trum for radar/communications, might be one possible petitive with prior technology," * whether semiconductor
second choice. 1'M. t.cung, P. R. Broussard, .1. If. ClaasNen, M. O)ofsky, S. .\.looking at the broad range of generic device/systems, "ol, and U. Strom, "Optical Detctcion in Thin Granufla tiln.

the priorities and grades for potential ITSC technology of Y-Ba-( u-O ai Tcmperature, hc;'.veen 4.2 and 100 K." .lpl

insertion arc given in Fable 4. Phys. Lett. 51, 2046 (1987).

25



THE JOHNS HOPKINS UNIVERSITY I
APPLIED PHYSICS LABORATORY

LAUREL. MARYLAND

Table 5
NCS Assessment of IR FPA requirements.

Parameter/characteristics Requirements

Wavelength 3-5 Am, 8-12 Am (atmospheric) I
1-40 Am (space)

Sensiti\ ityv/detectivity Background-limited performance

Cost/ manufacturabilitv Uniformity of processing across wafer
Insensitivity to defects, impurities,

and high temperatures during I
fabrication

Operating temperature As high as possible (e.g., 2!77 K,
consistent with performance)

Response time MHz response for free space sensors
GHz response for fiber optics

Integration/complexity Hybrid-acceptable,
Monolithic preferred
Large Sensor Array
TV format and multicolor display

desirable

Signal processing 12-14 bits A/D at 10 MHz
10 -101' operations/s

or superconductor. The particular sample considered, 13
however, was a preliminary experimental result, which had 10 D for background-limited
not been designed with optimum materials or fabrication photoconductor at 300 K and 1801
processes. 12 field of view

The recommendations of the NCS panel for IR appli- .... 10. . NiobiumJ....
C. Niobium Josephson

cations focused on the evaluation of HTSC materials as B junction,
sensors. Factors of sensitivity, response time, wavelength M 1011 arm-potassium- / 4 K

selectivity, and cost/manufacturability were considered. E 6
The panel made several recommendations. Detectivity D*

must be determined versus material and material charac- . 1010 .
teristics, operating temperature, and wavelength. HTSC bolometer (77 K) T< 20 K

Wavelength (Ll) 0 10
0 3 06 1 2 3 5 7 10 20 30 40 100 yr ectric detector (300 K)

Intrinsic H Cd 1 10

detectors S nAsSb Pb nTe 2 3 4 5678910 20 30 405060
Ga s High-temperature SuperconductOrs 40 NRL. YBCO. 10-87 Wavelength (Lrm)

dEttrs Figure 19 Comparison of the sensiti,,ity of supercon-
ducting detectors at various temperatures against an

Figure 18 Comparison of wavelength coverage of ideal room-temperature semiconducting photocon-
HTSC and semiconducting detector technologies. ductor.
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3Cost mlanutacturabilitv issues should include: consider- Other ins estigators at Westinghouse R&D Center5' re-
ation of the mnaterials-processing equipment required, senl- ccently inca ured thle optical response of epitaxial films of
sitivtv of' thle detectors to defects and impurities inl thle \'B(O at 1-leNe- and (X)O-laser w avelenoths. in contrast
thinl filnm,,, and the differences betwkeen polycrystalline and to thle N RI. results, these films, do not exhibit the non-
sini-decrvstal dles e\. Further, signalprocessing require- eqtilibi'.umh1 &shpprocess of granular films, but

sinal-processing chips; should be es aluated. lion temlperatureC ( 5-00 - K). This suggests thatIPotential applications anticipated for HTsc, detectors, epitaxial films, do not consist of multiple w eak-link arrays,
Include CXoat inospheric ss stems for surveillance, acqui- ss ich ould be modulated tv incident radiation. These
sit ion, tr-,ckii inimacinc. and far-I R ast ronoms., as wecll epita_\ial films ssere faibricated into bridges wkith dimensions
as, laboraltor.\ list rumentation for I R speetroscopv and of Io ( n pm , by 9 n). Thie HeNe sore kas chopped at

non1desrc11 ltis testin2. [ he most likely near-terml Use Of 725 fI.,-A rcpotIsiVitv Of' 4 >' 10 ' \kW and a detectivi-
11 r)(' detector,, nias1 be in laborator\ instrumentation be- I\ of' D* 10' cmn Ili \ sscrc obtained. The rise time
c:ause the siimal-to-tiolse ratio requI~irement is fairly benign. of thc bridge ssas reported to has e to components: a
Spac:e application Of Ill SC' detectors is als o attractive be- "fast"' portion ( -I p s) and a "slosk" portion ( -I is).
,cau~lc their broald spectral iespon~c is not comlp-omised Ihfe nloise spectrum exshibited a "I /-, roll-off, but the in-

as, it 1101,1d ')e inl thepr1Cn of :iat nosphtcric t ransmnis- %estivators indicated that it mar not be citiirelr intrtnstc
'ioui hands, and cooling is essent ally free. to the bridge. Thie none1qUilibriuin response of the films

is expected since they are epitaxial, hiave a high critical cur-
rent denisity (.1 - 2 x 1(0 A cnit - , and have a slowecr

3.3 (A RRIN REM-.AR( I ANDI ). 1ANEOPM1LNT response characteristic of a thermaly activ atedi device. Im-
portant and interesting work is L'oino onl at other labora-

urretnt research an1d developmrent activt\ recently tories (see Rcfs. 60-62 ), but the work described above is

reported in thle open literature. ss hi :h is geared toss ards representative of the significant nlew% efforts in this area.I apliatons IF I-1S( itiaterials. tends, to locus on Passive micro'ave dev ices, partiicularly resonators, and
delay lines,, are receiving attention from mians' ins estiga

Bolonctri defetiontors. Iath\ et al." summarize recent progress' - super-
* Passis e Rf' inicrossas e dev'ces cnutn eo

*~~~~odI~n roehonentinsndon~s- ators, wkhich is iciven in Table 6. The
* RI u'iossa eJ ppeti s of SQI ' mtril pritncipal requirement for mnaking lowN-loss(ihQ ic-

Ri- roprtie ofIITC maeril,,strip thin-film devices, as discussed earlier, is low RI: stir-
*( Ifrular superc:onductor properties face resistance, and this is certainly thle major cotncern of

Not surprisinuclr .AN *s projects are oriented largely toda\ 's efforts, A summnary of recent measurenients is gimv-
tossard these salfle areas. A. summnary of the current work en inl Li. 20, show\ino surface resistance versus frequency,

of other insesicators is Lik en beloss . for coppe r at several temperatures and thle 1-2-3 ceramic
Recent ss rk at thle Nasal Research Laboratory (NRI.) at 77 K. These results suvvest that thle ITSC materials are

has demonstrated that it is feasible to use Y BCO in anl not yet rayfor applicationis, since the 1-2-3 losses are
optical detector operating at teimperatures as high as 100 not significantly different from copper at the desired oper-
K. ' A rapid-responise boloinetric element swas conlstruct- ating temperatures (77 K). Ness results on thallium-
ed front gyranular f ilms of Y BC'( of I -pmt thickness, rise

tieof 2(0 us. [Y of' 10" cm Ili1, W, and noise equisva- "'M (I. Ilorresier, NI. Gjouibeb .1. R. CGasalei. and -s. 1. lraizin-

fwposser (.\'IJ) of I p\V A 90(-K black body source ski. -0pic: Response oi [piiaiaI lhs oi I ta. t'uJ0-
Chopped alt I7 If/, and a feNe laser wNere used Ii con- 1pp/. P1ho. l. [w 53. 1332 (18)

juliton ss it h quart/ ss indoss s, Mu hch filter thle blackbody "' If. .1. (iotdsnid. K. K. ( opinatitan, 1). N, Mtthew, s K. N. R.
aslor, and C'..A. Baird, ''1 igh-1 sprodtr as Passive

soursc user a range of 55~lntsta XI~d -N ii l~rn--eitl J. Mns. I): p.Mi- 2,1419S.
t speciral regiot i hre IFI S( materials might work best. N [ nomolo, T. Nlinrakanmi, andc Mt. suniki, Intrared ( piicatI f[lie N RI ils st igators belies e that the granular-filmi re- Dtlcccor L~siiV Supercroin iiW sdc I hi I ilmi i . l'hv
sptotis can lhe attributed to a phase-slip process rather thatn 153-155. t1592 H 988).

M.A eas, I. alok us, and I.IHamtondtbe. Rtosntale

Nsimple net ss ork ssas11 used to bias thle boloiet er and ( haracieristics and ('Itaracteriat ioi of H igh 'F 1 uercindic

ftransfer its, output to a lock-in amplifier. for.," therowiave'J .11, -;-94 toci 1988)
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Table 6
Recent research results in HTSC resonators.I

(.haractcri/.ation \leasurc.nent MIaterial
SoUre ehnique frequecy propertiesI

Stanford UCL A Cv lindrical ca~itv 1 00 G~z Magnetron en-sputtered
on SrTiO., T =90 K3

MIT LHIn..1l Lab Striplinc 0.5-18 (;Ht E-oean, layered onl Y -ZrO.,
r esonator T = 72 K

lDa\id Sarnol,! Disk resonator It0 GHz Bulk material, T = 92 K3
Re,.carch L'entcr
Rutaiers

Nortlieastcrn Cylindrical cav ity 9.8 GN z Bulk material, T, = 92 K3

C'orncll AT&T Cvlindrical Nb cavity 6 G~z Crystal platelets. T( = 89 K
perturbed by HTSC

m at erialI

07 UCornell. ceramic. 77 K jor obstacles to achieving better results are obtaining3
0 Cornell, ceramic, 4 K smoother epitaxial films, lower-loss, lo w-anisotropy sub-

1-2-3 cera-,;. 0 Wuppertal, 77 K strates, -- d effective low-temperature, low-loss packaging.
iC7777K 0 Wuppertal, 4 K Onl the basis of the above measurements and predictions

-0 *Los Alamos National Lab 77 K using simple theoretical models, applications to delay lines
C , 3C K 0 Los Aiamos National Lab. 4 K and interconnects may be limited. This pessimistic ouitlook

0 Stafod. hin ilm. K mv be ameliorated by improvements in fabrication tech-

cu. 7 a ~ Rtger~OSc, eramc. 0 K nolo,,y. For instance, if Q values can be improved by fac-I
* ~rneLATT. rysal,77K tors 100 or more over copper at 77 K, there should be

A 0 ornlL A&T.crysal,4 Ksufficient reason to implement passive HTSC microwave
C j. 4K 0 *Northeastern, cavity, 77 K

CIV Argonne. 77 K components in aciual systems.
___________ Making use of the property of lower loss is not the only

I) 17 00 app-oach to exploiting HTSC stripline components. Be-
7rvqjency (GH7) cause of the granular nature of HTSC films, detection and

Figure 20 Plot of calculated surface resistance versus mixing of micrlowave sigris can be accomplished. RecentI
frequency for 1-2-3 ceramic (YBCO) superconductors experiments with YBCO microstrips at 24 GTHz have
along with recent measurements and comparison to cal- demonstrated very fast response times , -40 ps).6" The
culations for copper at various temperatures (Ref. 63). results in~dicate that an enhanced nonbolometric mode of

detection is occurring, with a speed of' response limited only
by thle superconducting energy gap. Another potential ail-

barim -calciumt--copper--oxide znd \'BC() indicate surface plication of HTSC materials noted previously uses the ki-
rcitac lsc I and 2 ordr, of ing tde less than cop nletic inductance effect of thin superconducting microstrip

re at '7Katc 1ss 8 and~ 10 ,rstngnl."' Tieri delay lines."' By modulating th-e quasiparticle density in
f U S'- microstrips, variable phase-velocity lines can be used

''A IOkon.%I I l----.-------------------- . 1. 1' to implement variable phase siaifters. Since nonequilibri-
iaant. I v ritt, A-(a irco. and R.- 13, Hatmond, -L1 utn quasiparticle density is modulated to achieve variable
S if t Re'iaac thI [i itt1 of II - (~i a. (i * ( , I'roduiCed phase delay and limited only by the gap frequency which

hN heniioit c vati iilI iit oer *\hiiv ion,'' 55 rkjlaop o it 'L 1i)i is much higher for H-TS(; than I TSC materials), the up-

1meaa 9ipe-ndat)t "'.1~ i.M. 2-2.\a . Konopka, R. Sohotew ki, A. Konopka, and S. .1. 1 e~an-

-D I't %k1. 55 I Kiincttd\ ( /aotlia, and 1). Sridhiar. do" Ki, -Nticioae tDetectioil and Mixingc in Y-Ba-Cu-C) Thin
-( hara. cri t id I a tw (t)f Singlc ( r~sii o t Y, f V a, C at I it1 ilt t 11id -Ntitrogen I em peratlurc ," tlppl. P/iv. .er. 53.

%Aili ujeri ir \Ii roa c x Propera cx,' App. I'hvs. 55, 6~96 (I 989). -96 (1 988)
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3IC t lnerwCI,: 1111111 0f thsC des ~ ices sOUld b hC II hliher 1Las e also beenl fabr-icated oni strotiuim ltanate using D)C
(i.., 7(X) ('I I/ 11bil irnibiuiIIIj \e Cl1 "H" Oiuatl li lnIai Let Vl 01 puin~i g. llermaul evitat raionl for deposit ion
jfor Imater u~lk suich as, kS( ( ) I dd pliotoresist litl-ott1 Iom paiucruing. I, hesc bridges

\ttcmupts lo ,ehIc lei u asurabl losephlsoni efct illt has e widthIs dow% [to 2 Itmi, ler Ilt hsot 2(X)pm. anid thlick--
"iI ( ) anld IlS( (h ills has c beenl reportled. Althronch liesses of' - SIX) urn. Itypical I' 's of 88 K are achieved.

cab,01 lntIonis hCVI benmde.' thin-fjlnnl tunneil lot-mill etching is used to sscaken the bridges bef'ore test-

It ~~ons anid tre bi sall of, thle Ueratest1 initerest. r6w. Nonlinear I V ciaracteristics as wecll as enceg-vap
tr111lawercl ) Bi('() tiliis hlas e been fabric~ated re"Cenrls strueture hakec beef[ olbsersV. ed Ip to 33 K. bu[1 tno explicit

0 ttrriA-1tthIli1Cdf11MN ,'irco i u i t a serXn prinlting r~elh- inidication of' Josephson behairsor has beenI seen (C.2..

(rvnictoscopie) i uniel barriers, form betweenl neip1horing light current research. HIe key requIirenren inl tire fabri-
i eai is. anld that it is these struIctUres rathler thanl cat ion of weak links is aehies ing control, tot otil[\ oft hle

til ruesoseopict) arltical bariert that produce the observed pat tern geontet ry bill of' tile graii-sr/c diStribUtion rela-
I- I hlarat~cerit ics. I lie artificial barrier, boss ever, hias beeni tIke to th li geometry. As bet ter reprofluci hilir sof' t rans-

hosnto sursSc1 s,uhcntI fabrication processing, port chiaracteristics is achieved, higheri \,l Iill probably
)Wt chlsesaa rslzsc reported grain-bounldary follo0w. For tunnelIC jUnet ionIs it is essenitial to colit rot tilie

'1losep lso ti~ o tu t l rrax -t\p pe rhicie using 1 -2-3 surf'ace laver betweeni the two supereonductinge sides.._
mam " as, %\ell as siriillar Ib~h 13,1111) TBj(3110hat layer mustbe cleant an~d virtually detect -free.

malcial. Nit~m~ac inut~d ,epsoilthe1-l' Desitcthequaitycontrol concerns for FabricatingI imc s,1t, of YAW( I) thick f'ilms has, enosrc ckln tUt~CS funetio g SQ ID devices, have
at 77K.' Ilis bridge are 1() ullng 2X),i been made. IB1M has miade DC SQU I D's f'romi Y WO onl

an, d 30i pi hick. I lie maximu.... gr ain, sic is typi- NMgO anid SrTiO, ( (X)) substrates. 'li T hilms wvere pat-
cal putol. I hill epitaxial f'lims" with limed orientation ternted using ion implantation, laser ablation, and ion mill

ing. These polycrystalline fitlm patterns have large critical
1. \111. LIld. t , - (1011:, 1. W. - kin - . 1 - pli dimencrsions svith respect to the stuperconducting coherence

leOl 'th'" -- K Ii I, I Ki I Nl, l toic o, Ipp1. 1'hvs. 1bit, based onl tile collective response of' muttiple grain-

1. )afihiari.. V Nomtiit kk . Vi., M. I Likada .I oeraed t 40K "as -10 P,,J1 ter) a I olIzan

ll'MILAT\ Il 02t \hC (t 111 k J/',J, 11p/.MTV%. of' 10 '+,/H/ at 74 K . Averaute grain sie ill these

"MNI C ltlaii; c. (, \\ Mo, R.. 'sonichan .1. . cl filrms wais -2-5 Imi. Otheri invest igators have mnade DC
Ia,r.titntll ' topct tic' of St[ipCIondutct illy' tC)esIrlic- SQL ID1's. "-" Very recentlypaa ka-sn I~~s

;urc ii ll i ( i( t HimI iitnis" 1. MIT-%. 1): Apt/. I'Iri. 20, inll~uding SQL I D's, hias beeni made 11roi tRSCC (as,
I, H~1:t;7~ 9"' -I~tIiligi(t welt as YBCO) on MgO substratcs, as reported by imiev,3 ~ ~ ~1101 1nia , Bn 11,an1iai. arid 1). .1.ta tM Inic LtniicigCis t 0\%~ 11iteS

an \-ritiI nk I S nihi.i i. .t cWi. . m i S .ico ictgde. pr nli ili2 I ns Ip0111 ilailts- ro s nI oNla i, r t i , tn.

P iillics, t (I i .ac11 V 1),iticau, tV nrils M S .nier di. Itrcoii's. i HI ill. Iiill 53.0W 2089 SI t9881.p

Im, \trmcl-\ct iictrdiirlk eak I inks lin R. if. Kocti, (,. I,. 1 inihacti, \1. NI. CiprsKo, .1t. t). Ntannhart,
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tigators at Rockw ell International Science Center." The from theory. 5 Certainly DC transport measurements and
length and width of the \eak-link constrictions were in possibly measurements of the complex impedance can be
the range of 5-10 urn; the thickness was 0.5 pm, and the tied to the theory. The importance of these models is in
SQUID areas were 25 1tm x 25 pm. T, 's were 65 K (for their utility for explaining the limits of device performance
BSCCO films). Measurable SQUID modulation patterns when using granular films, especially in determining how
were observed up to 30 K, and root-mean-square flux much noise or chaotic behavior can be expected in films
noise was 2.5 x 10 ' ,D,, in a 0.001-0.2-Hz bandwidth, with a particular grain-size distribution.) 6

An important consideration in the design of HTSC In summary, the most important avenues of investiga-
SQUID's is predicting their sensitivity. Predictions of DC tion lie in the materials-processing domain rather than in
SQUID sensitivity at 77 K by Pegrum et al. show a flux the design of unique devices, since so many of the device
noise of 10 -' D, 'Hz ', which appears to be pessimistic concepts have already been developed using LTSC materi-
on the basis of recent measurements. These measurements, als. Controlling the geometry through effective pattern-
which were summarized by Gough, are repeated in Ta- ing techniques is expected. Controlling the grain-size
ble 7. distribution, and, in fact, eliminating grains is highly de-

Some recent theoretical work addresses the modeling of sirable. Minimizing the surface roughness and defects, es-
HTSC thin-film response to microwaves as well as high- pecially for microwave applications, is vital. Further, using
frequency losses. - A model of Josephson coupling be- smooth, low-loss substrates is also important in microwave
twkeen grains can be used to explain millimeter-wave sur- applications.
face impedance in oriented, polycrystalline films. Effective
junction , R product and effective grain size are calculat-
ed on the basis of measurements of surface impedance."" Table 7
The voltage response of thin-film detectors made from Recent results for flux noise in RF and DC SQUID's.
perovskite-type superconductors can also be explained on
the basis of multiple grain-boundary Josephson junction Temperature Flux noise B-field noise
models. Essentially the voltage change has a power-law de- Type of device (K) ( 5 /Hz (T/Hz )
pendence on incident optical power, the exponent of which
depends on the presence of multiple weak links with a RF SQUID's

prescribed critical current distribution.' One characteristic Typical commercial 4.2 5 x 10 -o 10

of this area of investigation is that many quantities that
are calculated cannot be measuicd directly, and many Bulk SQUID
quantities that can be measured are difficult to calculate

Ceramic 77 1.5 x 10 1.5 x 10 ,

77 5 x 10 1 l0t

I-hole crack junction 77 4.5 x 10 10

2-hole w/constriction 77 10 2 x 10

DC SQUID's

At liquid helium 4.2 - 10 1'

1. S. Geigi,, I A. THu', P. If. Kobrin, aid A. B. Harker, "Pla-
nar \Weak-link Deices from YBaCuO and BiSrCaCuO Films." Constriction 77 9 × 10 1.2 x 10
,-tppl. Phs. L-ett, 53, 2226 (1988).

'-I.. AN. Hornak, 'S. K. levkksbur,, and M. Hatamian. "'The lm- Thin film 60 6 x 10 ' -2 x 10
pact of High-T Superconductii'y on Sysiem Communica-
tia',i" in PYroc. 38th klectrona (oomponents Conf,. pp. 152-158
(9-11 Ma., 1988j.

'I L. Hyliton, A Kapitulnik, M. R. Beale', .1. P. Carini, I..
l.raht2"., avid (i. (iruner. '¢eakly (oupled Grain Model of
tlih-I-requeCnc% los' in Iiigh T Superconducting Thin
1-in-.' A-lppI. /Ihys. lett. 53, 1343 (1988). 'C. J. L.obb, "What Can (and Can't) Be Measured in Supercon-
I I'. (arini, A. I. ,.,Aasthi, V. \ Beycyrnann, (. (1runer, T. ducting Nctworks," Phesica B 152, 1 (1988).
tlihton. K. ( hai, M. R. Bcaslc%. and A. Kapitulnik. "Millimeter- -"MI. A. H1. Nerenbcrg, J. . Beasley, and I. A. Blackburn.
vas c Sur)ie Rcsvtancc Mca,rcment In I tighlk 0riented "lhaotic Beha%,ior in an Array of Coupled Josephson Wesak

lia- (u 0- , lhin films," I'I s. R(,,. I 37, 9726 (1988). Iinks,' Phys. Rev. B. t,6. 8333 (1987).
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* 4.0 REQUIREMENTS FOR TECHNOLOGY
DEVELOPMENT

As technologists and system engineers begin to consider ever, means of detecting, locating, and characterizing the
the promises of HTSC materials, a critical assessment will radar must also be devised. Systems that do this are elec-
begin that will bear fruit in useful applications. Two areas tronic warfare receivers. The types of systems of possible
where superconductivity shows strong promise are in interest include both active ECM, such as jammers and
electro-optical and electronic warfare. Although electron- decoys, and traditional electronic - trfare systems, such
ic warfare offers good opportunities for HTSC device ap- as radar warning and ESM receivers.
plication, requirements are stringent for signal detection, The principal requirement of an electronic warfare sys-
sampling, and processing. Electro-optical systems for sur- tern is the ability to perform effective radar detection,
veillance and tracking, especially when operated in space, which requires a low-noise receiver (comprising antenna,
offer a potentially favorable environment for supercon- preamplifier, and detector). The signal that is subsequently
ducting sensors with equally demanding requirements. used for system response depends on several factors, in-
HTSC materials and devices may provide considerable cluding receiver gain, range to target or source, and tar-
gains over conventional materials and devices in these get radar cross section or effective radiated power of the
areas. source. The total system noise depends on the environment

Electronic warfare involves many techniques for deal- and receiver noise. Of all these factors, only the charac-
ing with the electronic battlefield, whether the goal is ra- teristics of the receiver are under the control of the system
dar detection, electronic countermeasures (ECM), designer. To maximize the signal-to-noise ratio it is gener-
electronic counter-countermeasures (ECCM), or electron- ally desirable to maximize the signal by maximizing the
ic support measures (ESM). Both jamming and deception, gain of the receiver while maintaining or reducing noise
either of which can be enabled by transmitted or reflected by narrowing the receiver bandk idth. Increased receiver
RF energy, are the concerns of ECM. Of course ECCM gain can be obtained by reducing losses, especially con-
techniques are tailored specifically to the particular ECM ductor losses. Obviously this is the rationale for the use
threat. The purpose of ESM is to passively listen, detect, of HTSC materials. To reduce intrinsic receiver noise (con-
identify, and determine the direction of radar signals. It sidered to be primarily thermal noise) it is also obvious
can provide warning of radar tracking and/or missile that reducing the temperature to accommodate the use of
launch, as well as the control of ECM (i.e., enable decep- HTSC materials will be beneficial.
tion ECM to be maintained after a threat missile is In attempting to deceive threat radars, an electronic war-
launched). It can also support radar signal processing and fare system must react quickly to the threat radar signa-
ECM with signal sorting. ture. The waveform incident on the receiver must be

Electro-optical warfare hinges primarily on achieving sampled and analyzed for ESM purposes or reconstruct-
good detector sensitivity and minimizing the degrading ef- ed for ECCM purposes very quickly-on the order of the
fects of system losses, particularly for passive receiver sys- pulse-repetition interval or the pulse-width interval, respec-
tems. The goal is to detect targets at the greatest possible tively. Current and future threats drive the need to sam-
range, which have the lowest intrinsic contrast. Typical sys- pIe and process the received wNaveform at very high rates
terns include single-detector reticle-type nonimaging sen- (at least to 100 MHz and likely to I GHz or higher). HTSC
sors as well as scanning or staring-type imaging sensors. materials allow for very fast response in appropriately con-
T- .,e detectors or detector arrays also require consider- figured circuits and could easily meet these electronic war-

able signal processing to actually perform detection, track- fare requirements.
0g. and imaging functions. Application to air- and Electronic warfare systems also measure threat trans-
space-,chicle guidance and surveillance are wel! known. mitter center frequency as well as spectral characteristics

over the transmit bandwidth. A relatively broadband re-
ceiver coverage over the entire expected threat band (as

4.1 SYSTEM APPLICATION REQUIREMENTS in surveillance) is desirable, as is a very precise and stable
frequency selectivity for threat characterization and recog-

Historically military applications of radar have provid- nition. Having both characteristics implies a large num-
ed the basis for electronic warfare. Once a new radar ,ys- ber of frequency resolution cells. Such a capability might
tern is developed an electronic means is developed to be exploited in electronic warfare signal processing using
counter it. There are several ways to counter radar sys- matched filtering or angle-of-arrival estimation. Again
tems. The more common techniques include decoys, chaff, HTSC-based devices may provide improved performance
and jammers. To effectively interfere with a radar, how- because their lower losses translate into sharper frequency
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response filter characteristics and thus more frequency reso- ponent, is in the range of 1-2 degrees. State-of-the-art con-
lution cells per bandwidth, and their lower noise translates ventional systems will be limited in most of the above
into lower noise sources (local oscillators) and lower phase- characteristics to the values indicated.
noise measurement (for angle measurement based on phase Figure 21 shows an architecture for a generic electronic
measurement). warfare system. 8 Here the basic subsystems are ideni*-

When considering applications of HTSC technology to fied, and most are potential candidates For me insertion
electronic warfare I focus primarily on low-power rather of HTSC technology becauF- the expected performance
than high-power systems. Hence the primary type of equip- gain may be very significant. For all subsystems the addi-
ment considered will be electronic warfare receivers (e.g., tional cost of HTSC insertion will come primarily from
radar, radar warning, radar homing, ECM, ESM, and the usc of cryogenics. One advantage of HTSC devices,
electronic intelligence receivers). Rather than examine the however, is that the cryogenics will likely use liquid nitro-
requirements for each system, I will consider the generic gen, which is much cheaper and easier to store and main-
requirements for all systems. tain than liquid helium. (The relative cost of using liquid

The important system parameters :it.: nitrogen over liquid helium was discussed earlier in sc-
tion 3.1.) One of the system trade-offs lies between HTSC-

SAmpliuey dovera i rgeasesitivy based system performance gain versus cryogenics/packag-
* Amplitude dvnamic range and sensitivity ing cost.* Time-of-arrival resolution A generic electro-optical receiver system can be viewed
SP oaria reoas a series of subsystems comprising a detector or detec-* Polarization tor array, readout circuits, preamplifier, and signal pro-

For frequency coverage any band between 3 MHz and cessor, as illustrated in Fig. 22. The most likely application
100 GHz should be considered, although the obvious threat of HTSC devices would be for detectors, readout inter-
bands for adversary systems generally lie below 18 GHz connects, and signal processors. It is much less likely that
and are usually restricted to appropriate atmospheric trans- a purely superconducting preamplifier will be devised.
mission bands. If laser systems are used, as they might be The key system characteristics for electro-optical appli-
for blinding FPA's, then the frequencies of interest would cations, particularly single and multiple detectors, are
be much higher (in the 30-500-THz range). Bandwidths e Spectral bandwidth
can be anything the mission requires; the key parameter 9 Noise equivalent power (or detectivity)
is the number of frequency cells of interest (and hence, * Response time
frequency measurement accuracy) over a given instanta- 0 Spatial resolution
neous bandwidth. It is often desirable that this number
be large (1000 or more). Pulse characteristics renuired are
driven more exclusively by the particular threat (e.g., rise Signal
time, etc.) that it can support. Pulse widths in the 10--100-rm Aaiennas Receivers parameter
range and rise times in the 1-10-ns range must be processed Low-noise encoder
for receiving and reconstructing short-pulse radar signals. amplifiers Wideband
Dynamic range is set by a number of factors, including_

signal environment (single versus multitone) and individual Medium band
component linearity and system noise. Generally 70 dB is i M
the minimum desirable for processing, such as high-quality
spectral analysis. Pulse amplitudes must be detected in the Narrow band
presence of noise to achieve long-range intercept. Hence
sensitivities must be very good, on the order of - 120 dBm R
or better. Time-of-arrival accuracy will be set by the sam- RF distribution
pling rate that can be achieved. For conventional systems ] All-superconducting
the best real time (single shot) is in the 1-10-ns range. Transmitter E2 Partially superconducting
Angle-of-arrival accuracy depends on the method used, for El Non-superconducting
example, amplitude versus phase comparison, Doppler fre-
quency, microwave lens, etc. Achieving an angular accura- Figure 21 Architecture for a generic electronic warfare
cy of I in 1000 over a fairly narrow percentage bandwidth system.
(e.g., 3 W%) would be useful. A requirement on polariza-
tion angle resolution, which is the ability to detect small 7E. C. Niehenke, "Innovative Microwave Design Leads to Smart,
polarization components orthogonal to the principal com- Small LW Systems,' Alicrowave J. 31, 28 (1988). I
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Optics Focal Signal eru response time are shown foi- various tcnlge
\1, lae rocessor npd -nnications. Note that the requirements for simple

uetector Iay acquis it ion and tracking (irrespective of intrinsic target con-

arra trast) fall in the range of T = 1, ms to I s, and NEP :5
K 10 ) W/Hz . Imaging would require faster response
H (i.e., on the order of -r = 200 ns for a single pixel dwell

eaotYtime) and equal or better snivty(AIEP). The far-JR as-Redu
circuit Ntronomy sensitiv requirement is probably beyond the

22 Bsiceleentsof geericfocl pane Aircraft CBM/ISLBM re-enlr vehicles
Figure 22 Bsceeet fagnrcfclpae countermeasures Boost -WPost boos!
array, Target SIc~ehce

Taret :pae vt~cl:,Space vehicles
Rellecte~ulh Aircraft

JYL9  countermeasures

The requirements for spectral bandwidth are clearly Tan8 Tak Ta-In..ks

delineated in Fig. 23, which shows the spectral content of Atmospheric 06

typical targets or sources. The atmospheric transmission transmission 0.4

curve, including the 3-5-1im and 8-12-1im bands, is shown 0.3. 1 005 0

below these characteristics. Waveengt 1(o)571 23 5 0

The requirements for noise equivalent power (NEP) andWaengh(L
respnsetim (T ar pltte toethr, s sownin ig. Figure 23 Spectral range of typical targets and at-

24, since they are tied together by the relationship fraprid b rans. iso ucinoe iil n n

VEP-T constant (15)

for type-Il detectors (e.g., bolometers, for which - =,,). -5 1 I
Equation 15 is an important trade-off for applications. For
comparison, some examples of bolometer measurements - 6 *Granular YBCO 58

are included in this figure. Several regions ofAE

'D. H. Martin and D. Bloor, "The Application Of SUperconduc-U is ity to the Detction -of'Radiant Energy," CrvokenicS, t159-t-6-5- -8 0 1in
8 9

(Mtar 19611.
"'(. I.. lBertin attd K. Rose. "Radiant -Energy Detection by Super-

Cnducting Filins,' J. A-ppI. Plh vs. 39, 256! (1968).9
C I .. Bertin and K. Rose, "Comparison of Superconducting and -N

Semniconducting Bolorneters,- .1. Appi. Ph vs. 42, 163 (1971). -10gigTrcin n

R. M. Kat/ and K. Rose. "Comparative Studies of Noise Limi- 94aqisto

rations in .Supeircondttctittv Thin-Film Radiation Detectors," Prot 11 Granular NbNIIEEE 61, 55 119731. e:,6
.1 Clarke- G. 1. Hoffet, P. F. Richards, and N.-H. Yeh, -SU-
p -rconductive tBolomcters [or Suhniillirnetcr Wavelengths,' J1. ~-12 -I~i I i
Ippl_ I1hjs. 48, 4865 (1977). gde sctoop
K.Rose, "Superconducti~e F-IR Dctectors." IEEE" Trans. lf,(- -13Hgde pctooy
fon. flex ce 27, 118 (1980). FrI

S. A. W\olIf. 1,'. Strom, .1. (C. Culbertson. anid t). Pacet. "SU- 1asrnm
perconducting (iran-liar NbN liolomecter for tUltrafast Spectrosco- 1

p%, fhL T-rans. AMorrn 21. 9201 (1985). eho19

%1.I~mu.I. . stort. . Culhertson, 1. 11. (1aassenl, S. A. -15 cinA
%%(It, and R . Vs . Sinmoxt -NhN 13N (Iratiular 1 iltas-A Setxsi-

lISe. Ifuit hSpeed D~etector 1- F Pulsed [ ar-Intfrared Ras',iosn.' -16

I I I ) % MA 51 1 . Log [Time constant - (s)]

_ulf' Irv P/itv o-/, [11. Vol. 4. M. Krtjitts atid M. VuoLO.T Figure 24 Summary of prior art in bolometers and corn-I I.,. I Vs% it. \C'A 'r ork. pp. 226-229 1197S). parison to typical application requirements.
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scope of HTSC-based 'bolometric detectors but within the Typical circuit area reductions are - 400, given strip width
reach of properly designed Josephson (SIS-type) detectors. reductions of -20. 7 Lower losses also mean less power..... i q ra l -bl .... .. . I -" " j ..ton at

.... ~,,,a~ ....,, t .....z m' , a r-,7abirea disripition when, fo- i...sancc, Jc.c..h.n j .,s ar.
of application, used as switches in such circuits.

Spatial resolution is set by optical system design (i.e., Noise sensitivity can be improved over conventional
instantaneous field-of-view [IFOVI, number of pixels, sig- devices when using Josephson-junction-based devices such
nal processing bandwidth) and should not be a problem, as microwave and millimeter-wave detectors as well as
since these parameters are largely unaffected by the use SQUID's. (The difficulties inherent in the fabrication of
of superconductors. Josephson junctions, however, are of significant concern.)

There will be some degradation in noise sensitivity for
HTSC devices expected at 77 K over comparable devices
using conventional superconductors at low temperatures

4.2 PROJECTED PERFORMANCE GAINS (4.2 K). For instance, DC SQUID's have a noise energy

that varies linearly with temperature, so that the noise
Which system requirements can be improved by using should be greater by a factor of 13 dB at 77 K (versus 4.2

HTSC technology? The answer depends on the particular K). The only other parameter that can be used to amelio-
component types used. (For instance, angle-of-arrival es- rate this is the size of the SQUID, which is subject to de-
timation may be implemented via phase comparison sign. For wideband video detection of microwave or
monopulse or a microwave lens. Both methods require millimeter-wave radiation the detector sensitivity varies as
phase delay, but one will use a lumped-element single- the square root of temperature. Then the degradation
channel phase shifter while the other will use a multichannel should be only about 7 dB. For narrowband heterodyne

network of delay lines of varying length.) Rather than try- deection (in which either a Josephson junction or exter-

ing to establish the relationship between a given system re- nal source could be used as the local oscillator), the degra-

quirement and a given component performance in this dation is comparable to the DC SQUID device. These

report (which is a longer-term R&D objective), consider projections are theoretical, but the baseline for compari-

just the important electronic warfare component charac- sons re fr etioal selinocomgaeic
teritic ingenraltha ma be mprvedthrughtheuse son is derived from conventional rupLzrconducting devices,

teristics in general that may be improved through the use which make up the lowest noise devices in electronics. Con-
of HTSC materials: sider, for example, the SIS mixer; it has a 4-dB-lower noise

" Losses figure than can be achieved with Schottky barrier diodes
" Noise sensitivity at room temperature. 98 This reduction can be directly
" Frequency translated into 4-dB-less size for the receiving antenna for
" Bandwidth a given performance. Thus reduced noise can affect over-
* Response time all antenna (and hence package) size.

Losses can be improved at low frequencies better than Although noise degradation at 77 K versus 4.2 K is not

at high frequencies because the conductivity of supercon- catastrophic, further investigation is warranted to find the
ducting materials is a complex quantity that decreases with means to use HTSC materials and still achieve optimal de-
increasing frequency. At microwave frequencies the effec- vice sensitivity at the appropriate operating temperature
five surface resistance (R,) is key. The R, is estimated to and device size. Noise sensitivity is also affected by how
be 10-100 times smaller for HTSC materials than for nor- HTSC devices are constructed and interfaced with amplify-
mal metals when operating below the superconducting gap ing circuits. Moreover, nonthermal noise such as I/f noise,
frequency and at low reduced temperature (: 0.7 K). This which is caused partly by the granular nature of the HTSC
value of R, is still relatively high compared to that for materials, must be understood and controlled. Interface
conventional superconductors and may be due to the to amplifying circuits in situ (on-chip, with proper im-
granularity and anisotropy of the so-called dirty ceramic pedance matching and temperature control) is essential.
matetials. 13 Lower R, translates directly into correspond- Frequency of operation of HTSC devices is limited in-
ingly lower attenuation per unit length in microstriplines, trinsically to values less than the superconducting energy-
higher Q factors for resonators, and sharper skirts for gap frequency, v,, which at temperatures low compared
bandpass filters. Lower losses can also allow greater den- to T, is quite high. For example, v, at T = 0 is approx-
sification of integrated circuits. Greater packing density is imately 7 THz for HTSC materials. These HTSC-based
achieved because, with lower microstrip conductor losses, devices may be operated up to nearly the gap frequency

smaller strip widths and thinner dielectrics can be used
(while still maintaining the correct impedance levels for sig- 'p. H. Carr, "Potential Microwave Applications of High Tem-
nal propagation and without introducing more cross talk). perature Superconductors," Microwave J. 30, 91-93 (1987).
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I before substantial losses begin to occur. Since the energy portant in receivers include preamplifiers, oscillators, mix-
gap decreases as the temperature approaches T., it is de- ers, and detectors. Lower noise figure preamplifiers can
sirable to operate at a fraction of T,. (e.g., _50.7 7.) to be achieved with HTSC interconnects than with conven-
achieve the best performance. Dependiing on the applica- tional interconnects, as explained in section 3.1. Very sta-
tion, the effective bandwidth will also be roughly set by ble local oscillators for accurate frequency reference could
the gap frequency value. Other factors such as parasitic be made using HTSC resonators and Josephson junctions.
electrical and thermal time constants will affect actual de- Josephson junctions could also be used as mixers and de-
vice bandwidth, but these parameters are subject to design. tectors and would provide excellent sensitivity and very

Conventional superconducting circuits have achieved re- broad bandwidth. For signal processing some important
sponse times on the order of tens of picoseconds, and there components include chip interconnects, sampling devices
is no reason to expect that HTSC-based circuits could not for A/D conversion, and dispersive analog delay lines.
switch just as rapidly. Thus for sampling or A/D conver- (Note that many of the potential applications of HTSC
sion the concomitant aperture time can be just as short. technology have already been tried with niobium as the
This should lead to very fast analog-signal-processing cir- superconductor.)
cuits (as well as digital circuits), provided parasitic effects For antenna subsystems the integration of an antenna
can be obviated. That is, individual HTSC devices may with a detector and preamplifier (i.e., the receiver) in close
also be limited in their signal response time because of the proximity is very desirable. The entire system could be
particular configuration used as well as materials-related made of HTSC material except for the preamplifier, which
characteristics. For example, if a resistive transition switch could be a GaAs-MESFET-type amplifier. If made suffi-
is used, the response time is set by the thermal time con- ciently small, the entire assembly could be cooled easily
stant of a narrow strip of HTSC material and the associat- with small-scale cryogenics. Another example by which a
ed thermal impedance of the superconductor/substrate small low-impedance superconducting detector could be
combination. Conversely, a tunnel junction may have its interfaced to free space is illustrated in Fig. 25. 99'* °" A
response time set by its intrinsic parasitic time constant, "vee"-shaped impedance transformer matches a bolome-
which may be much less. If, however, the parasitic capac- ter to free space. This design is especially appropriate for
itance can be tuned out with other capacitance or induc- millimeter- and submillimeter-wave receivers, so that quasi-
tance, the response should become intrinsic and go lptical components, including lenses for collimation, can
inversely as A (i.e., 7 - h/A), which should be the short- be used.
est of all time constants. If response time depends only
on the gap frequency, it will be very short, on the order
of 0.2 ps for isolated HTSC devices. Substrate

4.3 CANDIDATE SUBSYSTEMS FOR HTSC t Bolometer Top view
INSERTION radiation

Referring to Figs. 21 and 22, several categories of RF antenna
or electro-optical applications matched to the various sub- Lens connections
systems of generic electronic warfare or electro-optical sys- (optional)Lowfrequency

tems can be delineated. Electronic warfare subsystems _ _,__

include antennas, transmission-line devices, receivers, and
signal processors; clectro-optical subsystems include detec- Superstrate

tors (single, linear, or FPA), free-space matching networks,
and signal processors. Substrate

For electronic warfare applications electrically small an-I tennas, superdirective arrays, and microwave lenses are Figure 25 Quasi-optical impedance matching "vee" an-
potential candidates for HTSC insertion. Transmission-line tenna for a possible HTSC bolometer.
'levic . ;n.lude resonators, cavities, filters, and low-loss
transmission lines as well as signal delay lines, phase 9K. E. Irwin, T. Van Duzer, and S. E. Schwarz, "A Planar

shifters, and circulators. The likeliest form that most of Antenna-Coupled Superconductor-Insulator-Superconductor De-

these components will take using HTSC devices will be tector," IEEE Trans. Magn. 21, 216 (1985).
b se it wis tso g HTo f icae ad s "'T.-L. Huang, D. B. Rutledge, and S. E. Schwarz, "Planar Sand-

microstrip because it is so convenient to fabricate and so wich Antennas for Submillimeter Applications," Appl. Phys. Leit.
compact for packaging and cooling. Other components im- 34, 9 (1979).
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Some examples of microstrip transmission-line roNdband (high-Q) resonator, feedback-coupled through a
components")' that could be made out of HTSC 'a6eri- scmiconducting (probably GaAs MESFET) amplifier and
als are illustrated in Fig. 26. These and other components hybrid (superconducting/semiconducting) phase shifter
can be evaluated by their performance relative to conven- (which might consist of semiconducting diodes and super-
tional devices at the appropriate operating temperatuie. conducting circulators). Since the GaAs MESFET would
It is expected that some of these components would be used have a lower noise figure using superconducting gate elec-

as part of a larger integrated circuit such as the oscillator trodes and since the superconducting resonator would have
illustrated in Fig. 27. This circuit would consist of a nar- a higher Q than a conventional resonator, the overall ben-

efit should be an oscillator with lower noise and narrower
bandwidth than conventional oscillators designed the same
way.

Mixers and detectors made from Josephson junctions
or hybrid combinations of HTSC materials with other

Hybrid ring materials are feasible if some materials and materials-

processing problems can be solved. Investigators are hope-

ful that novel solutions will be found to develop such non-
linear HTSC devices. If Josephson junctions can be made,
then very stable frequency-selective low-noise oscillators
can be built. In addition, very-low-noise fast-responding

Low-pass fiter detectors and mixers may be achieved at 77 K.To produce maximum sensitivity for detection (and mix-
ing) Josephson junctions are desirable. To make them with
HTSC materials will require extremely fine control of the

4 4 fabrication process, since the coherence length () at
7 Ytemperatures low compared to T, is very short (= 2 nm

perpendicular to it) and gets shorter as it approaches T,.

Weakening of the superconducting state must occur only

over a distance of - in a superconducting weak link

Figure 26 Some possible HTSC microstripline com- to achieve the desired ideal Josephson effect.

ponents. Some examples of potential HTSC-based Josephson
junctions were illustrated in Fig. 5. In a tunnel junction
the interface between the two superconducting sides may

Packaging have to be extremely small since the coherence length per-
pendicular to the plane is so short (, 0.4 nm). Further,

Hthe control of the interfacial layer thickness may be diffi-
H g Resonator HTSC stripline cult. If a microbridge geometry is devised, possible ways

. *-Output of weakening it might include ion implantation or laser

pyrolysis, which have already been successfully tried, or

Hybi amplifier controlling the grain size and grain boundries to achieve
Hybrid phase shifter ra controlled critical path through the microbridge. This

I I .A Iconcept is illustrated in Fig. 28. Here there might be one
or more such paths created, and the serial/parallel collec-

tion of such Josephson-junction intergrain couplings might
/• of behave as a coherent (or at least partially coherent) array

Microstrip dielectric Amplifier substrate Common chip carrier with higher dynamic range than a single weak link.

Figure 27 Integrated circuit microstrip oscillator using
feedback coupling, consisting of an HTSC ring resona- 4.4 IMPLEMENTATION AND INTEGRATION
tor, HTSC interconnects, hybrid phase shifter, and GaAs ISSUES Aamplifier on a common chip. ISE

R. K. Hoffman, Handbook of Microwave Integrated Circuits, Key areas of investigation regarding HTSC implemen-

Artech House, Norwood, Mass. (1987). tation and integration, which are common to some of the
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3 in decreasing the interdiffusion and consequent degrada-
tion of superconducting films. The details are the subject

Current bias of further r.search, however; a survey and assessment of
deposition and patterning techniques, as well as related
materials selection criteria are the subject of a separate
report. 102

Critical currents < 106 A/cm2 have already been
Overall current flow achieved in HTSC thin films, but these highly desirable

values are seen only in films deposited on oriented crys-
- .,.tals of strontium titanate, zirconium oxide, and magne-

sium oxide. Whether equally high values can be achieved
Microbridge for HTSC films on technologically useful substrates (such

as quartz, silicon, GaAs), with or without buffer layers,
remains to be seen. The low sensitivity of the critical cur-
rent to externally applied magnetic fields is another essen-

Voltmeter tial feature that needs further exploration. The problem
of critical currents in superconducting ceramics is further
complicated by the inherent high anisotropy of these
materials, and it would be necessary to detennine if proper-

SPossible current paths Superconducting grains ly oriented superconducting films are going to be abso-

lutely essential in exploiting high-temperature supercon-
ductors in applications. I'

An important parameter for technological applications
of superconductors is the ratio, K, of the London penetra-
tion depth, Xr , and the coherence length, %0 (i.e., X, /%).
The most desired values of K are best exhibited by the con-

Figure 28 Typical circuit configuration and mesoscopic ventional superconductor, niobium. The higher values of
detail of a grain-boundary array-type HTSC microbridge. K in superconducting ceramics resulting from much-reduced

values of 0 (0.4-2 nm, depending on orientation) might
hamper the technological usefulness of these materials.
Small values of , undoubtedly pose challenges for fabri-

electronic warfare and electro-optical subsystems and com- cation of active devices based on Josephson junctions;
ponents described above, are however, the granular nature of superconducting oxides

* Fabrication of HTSC devices on technologically use- might allow the exploitation of intrinsic Josephson junc-
ful substrates tions that are prevalent in these materials, as describedI Physical parameters of HTSC materials previously.

* Single-chip integration To achieve the maximum benefit from using HTSC
* Total subsystem cryogenic cooling materials it will probably be necessary to fully integrate

Extensive materials-science-oriented characterization of all components of a given subsystem on a single substrate.
multilayered HTSC structures is needed before practical This and the need to operate at higher frequencies will force
applications can be developed. All the applications require the use of all-superconducting (or at leas! partially-

the integration of superconductors with one or more superconducting) VHSIC or MIMIC circuits. This integra-
materials that include insulators, semiconductors, and met- tion process will be reasonably straightforward for pas-
als. Thus interfacial effects are of crucial importance. The sive components, but for active devices either semicon-
constraints imposed by mismatch of lattice constants be- ducting and/or superconducting nonlinear devices (such

tween the superconducting material and the substrate and as Josephson junctions) must be considered. An active ele-
the inevitable diffusion between the two materials must be ment may take the form of an amplifier, oscillator, or mix-
considered. The appropriate use of thin buffer layers to
reduce strains as well as interdiffusion should be probed. '2 R. M. Sova, "Assessment of High Temperature Superconduct-

Thin passivation layers may also be important to guard ing Device Fabrication Techniques," JHU/APL Technical
Memorandum (to be published, 1990).

the physical and chemical stability of thin-film-layered "B. G. Boone and K. Moorjani, "Superconducting Devices for
structures. Reducing the operating temperature for form- Electronic Warfare Systems," JHU APL Proposal Submitted to
ing and processing multilayered structures will be helpful Air Force Office of Scientific Research, AD-12395 (Jul 1988).
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er of some kind. For semiconducting amplifiers, we nust designed at APL, "'_ is illustrated in Fig. 30. This design 3
address the superconductor semiconductor interface prob- was intended to cool an IR detector for missile guidance.
lem, which has two aspects: fabricating such al interface A third example of a miniature closed-cycle cryocooler
and avoiding the creation of spurious diode characteris- (manufactured by International Cryogenics Enterprises) is
tics at the interface that foil the proper use of the semi- shown in Fig. 31. It uses a Stirling cycle for high efficien-
conducting amplifier. During the fabrication process cy and reliability to meet the requirements of cooling IR
postdeposition annealing of the HTSC material requires FPA's down to 77 K for such systems as common-module
high temperatures that would destroy a previously fabri- forward-looking IR systems.
cated semiconducting amplifier. Either the superconduc-
tor must be depositeu first, or annealing temperatures
should be lowered. In addition, buffer layers should be Gas
used to inhibit diffusion at the semi/superconducting in- connections Window Detector
terface. These considerations will force the creation of en-
tirely new design rules.

An important issue of implementation is to integrate ? .5 i n
conventional pream plifiers with superconducting circuits ......... 5.

on common chip carriers (hybrid circuits) as an interim /
solution to achieving a high signal-to-noise ratio. Under- Electrical
standing the operation of cold electronics, particularly leads Hermetic Mounting
M1OSFET's (metal oxide semiconductor field-effect tran- package Refrigerator substrate

sistors) and GaAs MESFET's at 77 K, "' and using them . 8.7 cm
in specific low- and high-frequency applications (respec- I
tively), such as bolometric detection "o and high-speed sig- Figure 29 Microminiature refrigerator using capillary
nal processing circuits, are critical tasks. Joule-Thompson cooler etched in sapphire substrate.

The integration of HTSC-based components in electron- 3
ic warfare and electro-optical systems will probably require
the cooling of entire subsystems to make efficient use of Incident
the cryogenics needed while maintaining compactness. For- radiation

tunately the cryogenics community has developed a con- U
siderable technology base over the past few years for Optics .:
supporting liquid-nitrogen-range (77-K) cryogenics for Window " Detector

small-scale airborne systems, especially electro-optical sen-U
sors such as HgCdTe FPA's. Nevertheless these cryogen- Thermoelecric
ic systems will have to be adapted and possibly expanded cooler
to accommodate new HTSC-based devices, such as entire
antenna and stripline assemblies, preamplifier modules, and Signal oui
receiver packages. Power in package

Some examples of small-scale cryocoolers are the
microminiature refrigerator (MMR, Inc.) originated by Lit- Decreasing
tIe, "6 which is illustrated in Fig. 29. This device uses the temperature Thermal bath
Joule-Thompson effect (in a special capillary design in sap-
phire to cool an input gas such as nitrogen) to achieve an m i m
operating temperature of - 80 K in a single-stage im- IIIIIIIIIIIfIIIIIII III IU Heat sink

plcmentation. A typical cryogenic cooler for IR detectors,

'aC.A. t.icchti and R. B. tarrick, "Performance of GaAs \f ES- Ambient I
I F V' at I no\% Temperatures," IFEE Trans. Microwave Theory Figure 30 Small-scale Joule-Thompson cooler for mis-
Tech. 24, 376 (1976). sile-guidance applications.

"J. H. Goedel, "Liquid-Helium-Cooled MOSFET Preamplifier
for Use with Aqronomical Bolometer." Rev. Sco. Instrum. 48, "'-T. P. Care,, 'Preliminary Design Review of IR Dome and Win-
389 (1977. dow Seeker Configurations," JHU'APL Technical Memoran-

"'W. A. Little, "Design and (onstruction of Microminiature Crs'o- dum TCE-87-77 (3 Apr 1987).
genic Refrigerators," in lature Trends in Sup.erconductive Elec- 1,'M. Kushnir and C. S. Naiman, "Integrated Cooler/Dewar Struc-
tronics, AlP Conf. Proc. 4, B. S. Deaver, Jr., C. M. Falco, iures for Detector Array Cooling in Infrared Systems," Cryocool-

J. H. Harris, and S. A.Wolf.. ed.. pp. 421-424 (1978). ers 5 Conf., Monterey. Calif. (18-19 Aug 1988).
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Detector Widow Antenna 
S y n c h ro n i z e r

I ~Dewar ~le
Modulatore anama d

y r amp MixerMixer

SCompressor Range gate

Figure 32 Typical monopulse radar block diagram
showing possible HTSC device insertion points. (STA-M = STablecMasterfOscillator.)

I P amp Mixers

(multi-octave)

5cm .. Baseband DF

I onenatyinal systemslsehighlightytwomexamplesnbelo. 32n
one a ypial onouls raar ystm sownin ig.32, Figure 33 Typical ESM block diagram showing pos-the input RF filter can be made of HTSC material and sible HTSC device insertion point. (DIFM = differential

would afford the receiver higher Q and hence better fre- instantaneous frequency measurement.)
oquency selectivity. One or two orders-of-magnitude increase

in Q would be of interest. In addition, lower-noise, higher-
Q oscillators could be used in the radar-receiver chain, if

constructed from HTSC materials. Performance would be quency) could be implemented with superconducting de-

enhanced if surface resistance can, in fact, be made less lay lines. Fixed-delay (slow-wave) devices could be used

than the surface resistance of ordinary copper at reduced to achieve stable but controllable delays for phase mea-

temperatures (:577 K). Another example, shown in Fig. surement and subsequent frequency measurement in

33, is a passive ESM receiver in which the instantaneous microstrip technology. Both examples, however, point to

frequency measurement of received emissions is determined the need for building compact cryocoolers to effc.tively

using correlation. Correlation at RF (or intermediate fre- insert HTSC technology into conventional systems.

I
I
I
I 3
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5.0 CONCLUSIONS AND FUTURE
CONSIDERATIONS

A technology assessment such as described in this re- To achiese the successful development of HTSC devices
port is necessarily incomplete and tentative because the suc- some basic goals for materials scientists and fabrication
cessful use of HTSC technology depends not only on engineers must be met:

technical progress in one area of application, but on tech- 0 Grow epitaxial films to optimize superconducting-
nical progress in other areas as w-ll as economic incen- state parameters (T, , H , J").
tives. The question is not just a matter of "if" but also 0 Control surface morphology and stoichiometry for
.. %%hen." The author's purpose has been to juxtapose the multilavers.
basic technology next to relevant system application areas a Lower processing temperatures to enable compati-
and thereby see where promising HTSC devices, perhaps bility with semiconductor circuits.

even novel designs, emerge. If HTSC technology is to be-
come practical such an assessment at an even more detailed Prospects for near-optimal electronic applications will

level will be required. Before detailed system insertion as- depend on the technologist's ability to fabricate layered

sessments can be addressed, however, feasibility demon- epitaxial nanostructures with high-quality surfaces and in-

strations and critical experiments must be conducted in the terfaces. Only then can development focus on practical

laboratory. The initial assessment provided in this report devices with significant performance gains over conven- I
should help guide the choice of experiments. Many inves- tional devices. Ultimately a mix of HTSC, LTSC, con-

tigators appear to be interested in the same devices and ventional semiconductor, and opto-electronic technologies

acknowledge the same key issues. will be employed.

The most promising thin-film devices are Once initial feasibility demonstrations and critical ex-

* Bolometers periments are accomplished and the technology matures,

" Nonequilibrium granular-array detectors specific system requirements should be addressed to match

* SQUID's components to actual applications. The best way to foster I
" Tunnel junctions or similar devices research and development activities for such purposes is
" Microstrip slowk-wave delay lines first to establish centers of excellence for materials pro-
* Microstrip resonators d cessing and device fabrication. 9 Investigators from uni-

" High-speed interconnects versity, industrial, and government laboratories could then
send in specific designs for processing. Once the compo-

Many other devices (not treated in this report) such as nents are built investigators could test and evaluate them.
larger-scale microwave components (e.g., antennas, entire Visiting scientist and engineer programs should also be es-
stripline assemblies) also appear to be promising. Some key tablished at such facilities. After the feasibility of specific
issues for thin-film-device development and applications devices is thus demonstrated, larger program initiatives
are: should be sponsored, such as the DARPA Terahertz Im-

* Tailoring grain-size distribution and controlling aging Radar Initiative.
mesoscopic film geometry to make controlled granu- Since system laboratories such as APL are well versed
lar arrays in application needs in electro-optics and electronic war-

• Controlling film defects to make good tunnel junc- fare, it makes sense that component feasibility demonstra-
tions and control flux-flow tion experiments, as well as technology insertion

* Perfecting passivation and buffer layers to enable the assessments, should be conducted there. This is currently
use of technologically useful substrates and to effec- underway at APL, and all critical tasks are being carried
tively interface with semiconductor circuits out: materials science research, device design, fabrication,

" Reducing microstrip device losses by minimizing RF test and evaluation, system assessment, and requirements
surface resistance through improved film mor- definition. Because the materials processing and device
phology fabrication problems with HTSC materials are so much

* Using substrates with low dielectric loss and anisotro- greater than those with LTSC materials, APL is focusing
py that lattice-match to HTSC materials for mak- its greatest efforts in that area.
ing microstrip devices

" Integrating HITSC devices into hybrid integrated cir- .. ..
cuits with conventional cold electronics '"K. Moorjam, ") Superconducting Electroni. acility," at-

" Inserting hybrid cold electronics packages into larg- lachment to correpondence to FXecutive Officer. Organizing

er systems with efficient, small-scale cryocooier tech- (ommitee, Superconducting ttectronic, Fabrication Facitityt 5
ersyts Sep 1988).
nology
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GLOSSARY

Symbol Definition Units

'A Cross-sectional area of superconductor cm 2

D* Detectivity cm Hz W
e Electron charge (1.6 x 10 '9) c
e* Effective Cooper pair charge (-2e) c
E Electric field vector V cm
/I Planck's constant (6.62 x 10 -) erg s
H. Critical field A m
I Current A
I, Current bias A
I Critical current A
I, Pulse current A
I, (t Signal current A
I,;, Threshold current A
J Current density Am2

J Current density vector A m-
J, Critical current density A m-2
kl Boltzmann constant (1.38 x 10 6) erg K -
L,, Effective inductance of superconductor H
L, Phase-dependent (Josephson) equivalent inducta-ce H
III Mass of electron gm
II Effective mass of Cooper pair (- 2m) gm
n Total number of current carriers
n Number of pairs
I,, Number of quasiparticles

NIEP Noise equivalent power W Hz
R, Surface resistance 2 sq-
R,(w) Residual surface resistance 2 sq
T Absolute temperature K
T Transition tcmperature K
t Fermi velocity cm s
V Voltage across Josephson junction V

Z1, Characteristic impedence 0
A(T) Superconducting energy gap meVI Phase difference across Josephson junction rad

Ratio of London penetration depth to coherence
length

X, (T) London penetration depth nm
NMagnetic permeability of free space (1.26 x 106) Wb A 'm
Superconducting energy-gap frequency Hz

rr Pi (3.14159)
'I' Superconducting macroscopic wave function
0 Superconducting phase
o Conductivity f2 'cm
0I Real (resistive) part of superconductor conductivity Q2 'cm
J, Imaginary (reactive) part of superconductor

conductivity Q2 'cm
Coherence length at T - 0 nm

4) Magnetic flux Wb (T m 2)
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'to Magnetic flux quantum Wb (T m' I
T Relaxation time of normal electron velocity;

detector response time constant s
79 Gate delay in superconducting sampler s
7,h Thermal time constant of bolometer s

Radian frequency rad s
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