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ABSTRACT

We will presentour recent work on the applications of high t_mlmraturesuperconducting thin films to the development
of newpassiveandactiv_ch'cuicyoperatingup to40 GHz. We wil.[discusstl_n _ffimdeposition(includingnew
results on the effect of low teml_rature anneals) andpatterning Tl-based films to linewidths of 3 la.m,and contacting.
A number of HTS device will be discussed including passive resonators and fihers and an acSve device, the
supcrcor_ductingflux flow mmsistor (SFFT), that can be used in applications such as amplifiers and phase sheers.
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INTRODUCTION

In o_er to develop high frequency applications for HTS materials, threemain issues must be addressed. The film
process must be stabilized and the resulting films must have low surfaceresistance at frequencies up into the millimeter
wave regime and good surface morphology. Existing device processing technologies must be modified for the TI.Ca-
Ba-Cu-O and other HTS fdms. This technology must include lithography with resolution of better than a few tm'_,
high quality contacts, and stablenon-reactivedeposition of dielectricsand normal metal layers compatible with the
HTS films. Finally, passive and active device concepts must be found that address applications requirements while
fitting the characteristicsof these unique materials.

T1-Ca-Ba-Cu-OFILMS

Due to the volatility of TI, development of films in the TI-C.a-Ba-Cu-Osystem has necessitated ex-situ processing.
This processing consists of three main steps: deposition, sintering and annealing. Work to date indicates that the first
step is not critical as long as an approximately c.orrv,a stoichiometry is obtained and the formation of intermetallic
phases is prevented. The second step, however, is critical; phase and morphology are established during sintering in
air. The third step, a controlled oxygenanneal, optimizes the superconductingproperties of the films.

Metallic films are deposited by sequential electron beam evaporationof the pure metals onto the substrateof choice,
LaAiO3for experiments described below, unJer a slight oxygen overpressure (1-3 x 10-Smbar) to prevent
intem_taUic phase formation. The evaporations aredone in layers startingwith Cu and ending with Cu to encapsulate
the structure. The as-deposited partially oxidized structures are metallic as expected and show no evidence of
supemonductivity. Such precursor films are sensitive to oxygen and moisture and consequently are sto_ in an argon
atmosphere dry box while waiting to be sinteredand annealed.

Precursorfilms are oxidized_nd the TI-Ca-Ba-Cu-O superconducfingphasessynthesized duringthe sintering process.
The morphology of the oxidized film is also established at this time. Liquid Tl phases appearto be crucial to ',.he
formation of clean, sharp grain boundaries. Films _ sintered with the substrate sitting f'rimside up on bulk
Tl2C..a2Ba2Cu3.Oy _mmic while a second bulk Tl2C.a2Ba2Cu3Oyceramic is located above, but not in contact with, the
film. The "sascl,;vich"structure is placed in a 3'_ crucible with a fight fitting lid. The tid hasan approximately 5 mm
hole allowing Tl leakage and produdng quasi-.cqualibriumconditions of Tl and oxygen partialpressure. Films are
dnter_for16minutesat 850oc.

Theexactcompositionofthebulkceramicsusedforthe'I"Isourceiscritical.A narrowwindowofcompositionsfrom
T12.04to TIl.% produces the best results. Bulk ceranfics that are too TI rich do notproduce uniform growth Of
supemonducting phases on thewafer. Bulk ceramics that are TI deficient produce good Tl2Ca2Ba2Cu3Oyphase
growth but with random orientationand weak links. The metal ratios in the fihns as deposited axevery close (:.'.'.'_%)to
the desired TI2Ca2Ba2Cu3composition. Typical anneals are 10 rain. (0.3 warnfilms) at 750 °C followed by a furnace
cool, In the best films the effect of this anneal is small with increases in Tc of 2-5 K and increases in Jc of-10%.
Recent work has shown that annealsbelow 600 oC and as low as 300 °(2can subsumtially improve the
superconducting propemes of TIC.aBaCuOthin films and single crystals. Optimum results are typically obtainedat
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400 o(2 in oxygen in a range where DTA and TGA show no significant thermal events. Marginal films (Jt= I03-I0 s
AJcm2) can typicalJy be substantially ,improved while higher quality films (Jt> I0 S AJcm2) show less improvement.
Best results have shown 10-15K _s in Tc and order.of.magnitude inert, ases in Jc (2 x 104 to 2 x I05 AJcm2).
Better films show 10-15% incre..ascsin Tc and Jt. Work to date indicates that these improvements arise from changes
in doping levels due to changes in cationic disorder and oxygen vacancy density. Low temperature annealing
potentially provides a mechanism for the pre,cise tailoring of film pm_rdes.

The morphology and structwe of the films were determined", y scanning electron microscopy (SEM) with energy
dispersive x-ray analysis ('F.,DS)and by x,ray diffr_tion. The 0.3 pm films are smooth on a scale - 0.05 lain and are
highly dense (> 90%). The grain size varies from 10 to >100 lain, indicative in some eases of an approach to true
egitaxial growth. Cleaved films were examined by SEM normal to the subslrate surface. In ali cases the individual
grain thickness is equal to the film thickness mad no layering is observed. The lateral and ver'tieal uniformity strongly
supports the bulk supemonducting nature of the films. Most of the f'rims show ccmaplete c-axis orientation
perpendicular to the _abstrate but only partial a-axis orientation in the plane.

PROCESSING DEVICES

Ali of the..eh-cults to be described are made with standard optical lithography (using a solvent based negative
photorcsist) and wet etching. A solution of 2 % Br in isopmpanol [1] is used for mesa etching with an etch rate of

,,, approximately 30 nm/sec. With this process, stable 3 mm linewidths are obtainable. In some applications described
below, controlled film thinning is required. For example, a narrow region (e,g. 10 lain by 20 Ian) must have its
thickness reduced from 300-700 nm to less than 100 mn. This is done with a carefully timed etch of 0.5-0.8% Br in
isopmpanol.

Dielectric and ntmmal metal levels are also required in some applications. A hard-baked layer of negative photoresist
works as an adequate dielectric for many applications (stable and low loss, tan 6 - 10-4). Other dielectrics are under
investigation. Most normal metals are usable for other layers. If the metal is in contact with a TI-Ca-Ba-Cu-O level, it
must not easily oxidize or oxygen may diffuse from the superconductor causing contact problems. The metals used
are Au, Ti, Al, W-Si and Ag. The W.Si is used frequently as an oxygen diffusion barrier for Ti and A1 resistors. For
ohmic contacts, we use armea_led silver contacts deposited through a shadow mask. Contact resistances of less than
0.1 fl have been achieved and do not appear to degrade with time.

PASSIVE DEVICES

A number of different passive microwave components have been developed both for applications (in conjunction with
the active devices discussed below) and for use in materials characterization. The first components, the ring
resonators, have been built and are used for materials ch,,_.r._,cterization[2]. An all-gold structure is first used to
calibrate the system for the surface resistance of gold. To evaluate the HTS material, ring resonators were constructed
using a TlCaBaCuO top conductor and a gold ground plane, With the gold surface resistance data and the data from
this resonator, it is possible to compute the HTS surface resistance. The method is valid for arbitrary film thicknesses
and the structure is easy to measure using a eontaedess probe (see Fig. 1). For our Tl films, we have measured a
surface resistance of about .6 tn_ at 8 GHz and 77K. This can be compared to the theoretical value for gold of about
9 n_ at 8 GHz and 77K. Modified versions of the Tl ring resonator have been used as fr_luency-determining
r_etworks in oscillators [3].
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Fig. 1. The ring resonator and probe assembly to measure surface resistance (8.2 GHz).



Confocal resonatorshavealso been usedfor materialscharacterization. The structur_usesa nom_ meta]mirror
focussinga Gaussianbeam (modeTEMoon) [4]ontoaplanarsampleasshown inFig.2.Becausethen'mgncticfields
arcsu'ongestatthesampleinthisconfigur_on,lossesindc normalrrctalarcnotasin'IponanttothetotalQ asina
cylindricalcavitysystem.Sincethissystemisquasi.optical,itcanbeeasilyextendedtomuch l_ghcrfrequencies(100
GHz). The surfaceresistanceofTICaBaC"uO fdms at77K and 36GHz hasbeenmeasuredtobe-.8mQ.
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Fi.g.2. Experimental m"rangemcntfor surface resistancemc.asumn'mntsusing a confocal resonator. The sT)herical
mu'tor has a radius of curvature b.

Coplanm"waveguidefiltersinTlfilmshavebe.cndcvelopcd.Thisstn_cRn¢was chosenoverthemore common
microstripf'dtcrs[5]becauseofthepl_;:a"natur_oftheactivedevicesusedand thedesiretoavoidrequiringdouble
sidedfilms.On a700 nm "rlfilm(LaAIO3 substrate)thefihcr(9.5GHz cut-offdesigned)showedapassbandlossof
.5dB andmatchedsimulationresultstowithinldB overtherange7 GHz toIlGHz. The substratcwas apparcndy
ofsufficientqualitythattwinningdidnotdisruptthemicrowaveperformance.

ACTIVE DEVICES

The deviceofmostincrcsttoussofariscalledtheSuperconductingFluxFlow Transistor(SFFF)[6]-[9].lt
consistsofaparallelarrayofweak superconductinglinks(separatingtwo unw_akcn_ banksofsuperconductor)and a
controllinetoprovidealocalmagneticfield.An exampleofthisstructureisshown inFig.3.When thedeviceis
biasedbelowthecriticalcurrent(typicallyon theorderofImA), no fluxisaclmi__.dintothelinksystem(perfect
Meissnerstate).Above thecritical current,fluxisadmittedindisc'mtcquanta known asvortices[10].Thesevortices
canmove sincethebiascurrentgeneratesaLorentz-typeforceon thevortices.The vorticesarcalsosubjecttoforces
ft'oreexternalmagneticfields(fromthecontrolline),viscousdamping,pinningforces(whichareundesirableinthat
theaveragevortexspeedisre.,duced)and surfacebarriersattheedgesofthelinkswhichhamperfluxentryandexit.
The balanceoftheseforcesdeterminesthefluxmotionandhenc_theterminalvoltage.Intermsofactivedevice

pcrforrnancc,thekey principleistheuseofanexternalmagneticfield(viatheconn'olline)tomodulatethefluxdensity
inthelinksystem[lI],[12]and theresultingfluxmotion.
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Fig. 3. A layout of the Superconducting flux flow transistor ($FFT). The links arc 3-5 Ian by l 0 i.u'nand arc 50- ]00
ranthick(thebanksarc300-700mn thick).The controllineprovidesamagneticfieldthinmodulatesthefluxdensity
inthelinksystem.



A typical set of D' . ,n'vesis shown in Fig.4 The transition betw_n the zero=voltagesection and ).beflux flow section
is apparent. By modulating the flux c_nsity in the link system, the control field causes ahorizontal translationof the
flux flow br_ches (with an _x,(xnpanying change in criticalcurrent).
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Fig. 4. I-V curves for the device of Fig. 3. Note the flux flow branches and the effects of control currentlc.

Thedevicebehavioriscloselycorollatedtothequalityofthefilmremaininginthelinkregion.Whileincreased
pinning results in higher eridcal currents, it also reduces sensitivity toexternal magnetic fields (and hence gain) and
reduces ",heflux speed and frequency response of the SFFT. A material with a low Hcl is desirable in that it is easier
to admit flux to the system and increase sensitivity to the control fields. The penetration depth is also important since it
strongly influences the surface barriers and hence control-field sensitivity [13]. In addition, the effective penetration
depth changes with link thickness, greatly increasing the effect of the film thinning process. Maximum gain occurs for
links thinner than a penetration depth but not so thin that the superconductivity is destroyed or the defect density rises
enough to induce excessive pinning centers. For a stable filmproduction process, the effect of link thickness must be
very reproducible (typical thickness of the active region is about 80 nra). Films with higher Jc tend to have narrower
windows of acceptable link thickness but may still bc used with good results.

The next step in the development of microwave applications is th_ creation of an equivalent circuit; one is
shown in Fig. 5 [13]. The input impedance is low (a resistance of less than .5 _ from contacts and surface resistance
and an inductance of around 200-3(')0pH). For applications in a 50 _ system, impedance matching is necessary. The
output is dominatcclby the transresistance mechanism (a dual of the transconductance mechanism in a FET), an output
resistance on the order of 3-5 la, and an output inductance that is non-linear for sufficiently large cttrrent swings. A
typical value of transresistance (rna" AVout/Mctl) for a TICaBaCuO device at 77K is 15-20 _.
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Fig. 5. An equivalent circuit for the device of Fig. 3. For large signal analysis, the output resistance is modeled as
part of a non-linear voltage source. The output inductor can also be non-linear.

Two factors affecting device speed are the input and output L/R time constants as can be seen from Fig. 5. By
reducing device dimensions, these inductances can be reduced, in ninareducing the time constants below 50 ps in most
circuits. Besides the circuit time constants, there is a fundamental device time constant as weil. The vortices take a
finite amount of time to cross the link system. This delay is the transit time constant. With vortex Weeds on the order
of 5 x 105 m/s (at 'T/K) [I3] and typical link dimensions (3-5 links, each 3 ian in the direction of flu× morion) this time
constant is about 10-30ps. As lithographic capabilities improve, this time constant can be reduced further. Device
operation has been demonstrated at 35.8 GHz (a smaller device than that described above, used as a mixer) when the
net time constant In,diets a cut-off of 36.7 GHz [13].
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The SFFT can produce net gain in a 50 I_ system [3]. With _omeimpe.dance matching, one group of devices have the
gain shown in Fig. 6. Because of the very low input impedance, very high g.aincan be achieved with perfect
impedance matching. Preliminary noise measurements show a minimum nmse figure of about 0.8 dB at 4 GHz [14].
Work continues on broadcr band amplifiers and on the evaluationof noise and non-lln_a'ifies.
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Fig. 6. The upper image is the SFFT embedded in its matching networks (composed of superconducting transmission
lines and inductors); the circuit was designed to operate at 4 GHz. The lower image shows amplifier gain in a 50
system. The 3 _ bandwidth was about 1.1 GHz.

The variable output inductance has been used to createa phase shifter. To allow large amounts of linear phase shift (>
2 n radians desired), several devices are used eml_,dded in an artificial transmission line. The individual SFFTs form
the inductors of the transmission line and gap capacitors are used to adjust the impedance level to a nominal 50 f',. At a
,4 GHz test frequency, 2n of phase shift was generated by a control current of 3.5 mA as shown in Fig. 7. The
corresponding insertion loss was less than 4 dB and the useful bandwidth exceeded 2 GHZ.
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Fig. 7. Pl'atseshifter performance at 4 GHZ as a function of control current. Note the lincarity and the large amount of
_ phase shift available.
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CONCLUSIONS

We havepruducedTICaBaC'uOfilms using e-t_am evaporation with subsequent sinlrringandannealing that
havecriticalcurrentdensitiesofatleastseveralhundredk.Alcm2"",criticaltemlx:raturcso,,tcrtOOKandsurface
resistancelowerthanthatofgoldat77K and8GHz. Processingtechniqueshavebeendevelopedformakingpassive
microwaveelementsandafourterminal_tivedevicecalledthesupctronductingfluxflowtransistor(SFFT)for
microwaveapplications.Thetechniquesincludecontacting,dielectricandnormaltr_tallayerdeposition,and
controlledHTS filmetching.TheSFFTshowspromiseasamicrowaveamplifierandasapha._shifter,lthasalso
bccnusedasanactiveimpedanceconvertorbetweenLTS JosephsonjunctionsandGa.AsMESFETs andinprototype
digitalcircuits.Theadvantagesofthedeviceincludehighspeed,potentiallylownoiseand,forsomeapplications,
usefulimpedancelevels.Passiveresonatorsalsoshowpromiseasdemonstratedbyusandmanyothers.
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