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Abstract. For successful realization of planar superconducting microwave de@ags
high powerfilters in communication systems) largeeafiims (1" < 0 < 3") on dielectric
substrates with low surface resistafiGeup to high microwavdield amplitudesB; are
required. Therefore, we have developecke sensitive dielectri;esonatotechnique to
investigatethe temperature anfteld dependenc®&(T, Bs) of both, lowT. (Nb, NkxSn)
and high-T. unpatternedilms (YBa,CwO75, Tl:BaCa ;) Cly30Ox). The measurement
system is based on a low-loss sapphi® (O = 7 mm,h = 3.5mm, tan & < 3x10°%)
resonant af, = 19 GHz in the Tk;-mode.This sapphire is shielded ameside by an
open niobium cavityand on theother side bythe film undertest which is thermally
isolated and can therefore separately be heated ip #djustable coupling antennas
allow anin situ variation of thecouplingstrength.Qq-values above8L0’ for aniobium
film at T = 1.8 K reflect low parasitic losses equivalentRo= 20 Q. Maximum Bs
values ofabout 50 mThave been obtainefdr both, low- andhigh-T. films in pulsed
power measurements at 4.2 K.

1. Introduction

One of the mospromising applications of epitaxial superconducfiilgs on dielectric substrates is
the realization of planar microwave devices [1-Bbr such applicationge.g. high power filters in
communication systems) largeeafilms (1" < [0 < 3") with low surface resistand& up to high
microwavefield amplitudesBs are requiredNonlinear losses have to be avoidedfigld ranges
(typically Bs < 5 mT) and at temperaturé40 K < T < 80 K) whichare envisagedor applications
[4-7]. In order to investigate and optimize these properassitive measurement techniqémsthe
surface resistance and fisld dependence are need&ihcedata obtainedavith patternedilms (e.g.
microstripresonator techniques) devicesmay be influenced bthe patterning process or current
enhancement effects [8], suitable technidoeedasic studies must enabilen-destructiveneasuring
R«(T, Bs) of unpatterned, single films.

Different dielectricresonator setugsave successfully beersed for microwave characterization
of superconducting films (see e.g. [9-11]). The dielectric has the main advantage of concentrating the
microwavefield energy whichmakes it easier to achieve highld levels Bs than with large-size
cavities. The majority ofhese measurement sytems twge superconducting samples to shield the
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two end faces of a sapphioglinder [11]. Therefore, with suclsystems onlyaverage data for two
samples can be obtained.drder twoavoid this disadvantagene sample can bsubstituted by a
shielding cavityFor normalconducting shielding cavitigbge sensitivity is limited bythe background
losses [10] and is often insufficient for high-quality superconducting films.

Therefore, we use a sapphresonator attached to a superconductiimdpium shielding cavity
with very low background losses [12, 13]. Teampleundertest isthermallyisolated in an open
endplate configuration. This leads to vaigh Q valuesand, consequently, results ivery sensitive
technique for temperature dependenieasurements up to high microwave field letls

After a detailed description afur niobium shieldedsapphireresonator,some data for the
temperature anfleld dependenc®(T, Bs) of high-T, (YBaCwO,5) and lowT, fims (Nb, NkkSn
[14]) will be presented. Theseillvallow for both, anestimation ofthe resonatoperformancee.g.
sensitivity limit and field range) and a comparison of the propertieshigh- and lowT, fiims.
Possible loss mechanisraad field limitations wil only be mentioned shortly here and hakeen
discussed in more detail elsewhere [15-20].

2. Niobium shielded sapphire resonator
2.1. Experimental setup

Fig. 1a shows theryogenicsetup of oumeasurement system. The sapph&sonator (sealso
close-up in Fig. 1b) is integrated into a vacuum chamidgch can also bdilled with helium
exchange gas for coolimurposes. The wholeetup isimmersed into a liquid heliuraryostat and
cooled down to 4.2 K. Adielectric we use a low-loss sapphicdd (HEMEX Ultra High-Purity
Quality, Crystal Systemisic., USA) with aheight of3.5 mmand a diameter of 7 mm which is glued
by an adhesive polymer (opti-cleqolymer™) to the niobium shielding cavityThese sapphire
dimensions lead to a resonant frequencghafut 19 GHz for the Tdg-Mode (see Fig. 2a). THiém
under test (1< O < 3") is thermally isolated by a gap from the shielding cavity with the sapphire and
IS mountedonto a coppesample holdewhich can beadjusted by means dlfiree 120°-arranged
micrometer screws. The parallelism of sample and shielding cavithhanidth of the gajtypically
100 -200um) are controlled by thin Kaptofoils which are removed beforelosing the vacuum
chamber. The resulting tilt angle betwesample andiiobium cavity is lesshan 0.1°. Due to the
thermal isolation, which is alssupported byeflon parts in thesuspension athe sampleholder, the
sample can be separatdlgated upwhile the niobium cavityand the sapphireod stay at4.2 K.
Beside low background losses (see 8et) atall temperatures, this has aldee advantage that no
temperature dependent losses/e to besubtractedirom the totallosses to evaluate thsurface
resistance of the film under test.

The input andutputcoupling tothe resonator is performed by open lagennas formed by
the inner conductors of two semi-rigid coaxial cables. The lengths of these arsterutifisrent, i.e.
the longer one is used for the input couplidgth antennas can be simultaneously moved in vertical
direction (searrow in Fig. 1b)n situto adjust theouplingstrength.Therebythe external ralues
can be variied between 1@nd 106 (between 10and 10" for the input(output) coupling. This
allows for both, negligible coupling coefficientbor accurate determination & and critical input
coupling for high field measurements.

Frequency domain measurements tbé temperature dependen&yT) and of thefield
dependenc®&y(Bs) for low input powersRi, < 10 dBm) are performed with a HRector Network
Analyzer (HP 8720C). Fornegligible coupling coefficientsthe error for thelow-field Q
determination isabout 5%. In order t@void heating phenomendaigh field measurements are
performed in théime domain regime by applyirghort RFpulses (typically200 pspulse length and
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Fig. la:

Cryogenic setup for the
niobium shielded sapphire
resonator. Thesample holder
(see Fig. 1b) can be adjusted
by three 120°-arranged
micrometer screws.

Fig. 1b:

Close-up of the niobium

shielded sapphiragesonator.
The gapallows for a con-
trolled heating ofthe sample
(O =< 3") while the shielding

cavity with the sapphirestay

at 4.2K. The coupling
antennas can be adjusted

situ (see arrows).

1 Hz pulse period)For time domain measurements wee a HP Sweep Generator (HP 8340B)
which is externally pulsed by a HP PulSenerator (HP 8013B). The sweep generdtores an
AEG microwaveamplifier (VTL 20021) with amaximumoutput power of 48Bm (20 W). The
input power Py, and thepowerwhich istransmitted through the resonaty.,s are measuredith
detector diodegMillitech DXP-42-00). The unloaded Q of tlwavity can be calculated from the
ratio Pyans/Pin and fromthe external Qralues whichare determined with theetworkanalyzer. At
elevatedfield levels the measuremergrror of Ry increases tal0%. Theaccuracy for theB
determination isabout 20% for thehighestfield levels due to thesimultaneous change of both

couplings.
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Fig. 2a:

Comparison of calculated and
measured resonant frequen-
cies as function othe gap
width (spacing) between sap-
phire and sample

Fig. 2b:

MAFIA resultsfor the partial
geometry factors of the
cavity Geavity and thesample
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2.2. Determination of the measurement parameters

For a controlled operation of the cavity and for the determination of the surface resistance of and the
field level onthe film, a precise knowledge of the measurement parameters, such as resonant
frequency, geometrfactor andfield calibrationfactor, aswell astheir dependence on the gapth

Is necessary. Therefore, we perfornmeonerical calculations dhese numbertr the Tk;; mode

with the computer code MAFIA [21]. Fig. 2a shows a comparison of calculated and meaduesd

for the resonanfrequencyf, for different gaps betweesample and cavityThe deviation between
thosevalues is less thatPeo. Obviously,the decrease df with the gap width[( 3 MHz/um)allows

for a sensitive control of the spacing.

The relation between the unload@glof the sapphireesonator and the surface resistance of the
cavity Rscavity and sampleRs sampie IS given bygeometry factorsGsampe and Geaviry @ccording to
1/Qo = 1Qcaviy + 1Qsample = Rs cavity/Geavity + Rs sample/ Gsample The calculated geometry factors are
plotted in Fig. 2b adunction of the gap. Measurements samples withknown R; as well as
comparison tadatafrom other groupsand measurement systems confitme calculated geometry
factors.

For adetermination of the RHField level Bs, the field calibration factor n must be known
according toBs = n (P Q)" whereP, is the dissipategower in the resonator. Thikependence of
Nsample 2N Ncavity ON the gap widthhas also been calculated with MAFIA and is shown in Fig. 2c.
According to these numbers, maximum field levels of aBgat50 mT can be achieved Qg = 10
and P, = 10 W. Thefield calibrationfactor ncaviry Of the shielding cavity is slightijarger and its
geometry factoGcaviry SMallerthan thenumberdsor the sample because thie field concentration in
the sapphirewhich isnearer to thaiiobium cavity. As aconsequence of these results, we usually
work with a gap width between 100 and 200 um.

3. Experimental results
3.1. Temperature dependence dRs. measurement limit

We have measureithe temperature dependenceRaffor severalhigh- and lowd, films. Typical
results are shown in Fig. 3a on a reduced temperatateT. /T. The opersymbolsshowdirectly
measureddatawhile full symbolsrepresent theamedata after subtraction of a résal resistance
Res The data fohigh-quality lowT. films at T < 4.2 Kyield important information concerning the
measuremenimit of our sapphireresonator. For aiobium film, sputtered onto a coppsubstrate,
we obtained a qualitiactor of Qo = 3x10" (Qp = 3x10°) at T = 1.8 K (4.2 K).This corresponds to a
surface resistance Bf = 80 |2 at 4.2 K, which has also been calculatediericallyfor f = 19 GHz
from the isotropic BCS theory withmaterial parameters of.=9.25 K, A(Q)kT. = 1.90,
AL(0) =38 nm,& = 64 nm,| = 520 nm (for RRR = 200) [22]. The<g, values also allow an
estimation ofthe loss tangent of the sapphioel: tand < 3x10° at 4.2 K (the uppelimit reflects
possible radiation losselrough the gap). Thmaximum Qvalue ofQ, = 3x10’ is equivalent to a
measurement limit d& = 20 |2 (by scaling withf ? this means 50@ at 1 GHz). This limit becomes
relevant for Nkilms only below4.2 K but for NgSn filmsalready a#.2 K [19, 20]. Up to now, we
measured the lowe& valuefor high-T; films to be(110 £ 10) Q for both, YBaCuO;s and
TI,BaxCay 2 Cly3Ox films at 19 GHz and 4.2 K [17].

Therefore, our measurement technigugields an excellent sensitivity, especialfgr the
investigation of highF. films. Consequences from tRgT) dependence for envisaged applications of
double-sidedigh-T, films onvarious substrates [5] or a quantitataalysis othe R(T) curves for
YBa,Cu:;0-.5 [23] and NBSn films[20] can be found elsewhere.
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Fig. 3a:

Comparison ofR(T) depen-
dences for a Nb (squares),
NbsSn (circles) and for a
YBa,CusO-.5 film (diamonds),
respectively While opensym-
bols show directly measured
data, full symbols show the
data after subtraction of the
residual valueR.s= 20 |Q.
This  measurement  limit
(dashedline) becomes rele-
vant only for low-T, films at
T<4.2K.

Fig. 3b:

Field dependence ofR; in
pulsed power measurements
on high- and lowF. films.
Maximum field levelswere
always limited by the
availablepower. Data for Nb
films depend on the substrate
material (see text).

Fig. 3c:

R«(Bs) dependence for a sput-
tered YBaCwO;;5 fim at
different temperatures. The
arrows indicatefield break-
downs.
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3.2. Field dependence dRs: maximum achievable field levels

We performed pulsed high power RF measurements (se2.sgaonhigh- and lowT, samples. Fig.
3b shows a comparison between high field performance of a Nb bulk sample, Nb and:8t [14]
films and one YBgCuwO- film [24] at 4.2 K. Weobtainedmaximum field levels oBs = 50 mT for
both, low- andigh-T, samples, whickverelimited by the available RFpower of 20 W. Up to now,
TI,BaxCay ;) Clp3Ox films [25, 26]yielded a significantower powerhandling capability [17]. In the
case of Ndilms, we olserved an effect dhe substratenaterial onthe data. First, theow-field Rs
values depend on the substrataterial: for a NHilm on copper we measurdel = 80 |, while for
a Nb bulk sample antbr Nb films on sapphire onlyminimum values ofRs=90 2 could be
obtained. These datan be distinguished within thearrors of 5% (see sec. 2.1Secondly, several
Nb films on sapphire substrates showstiong R(Bs) slopes at reducefield levels, most likely
induced by the film-substrate interface as is discussed in more detail in [1Bp28l.otherfilms in
Fig. 3b, we measured comparaBi¢B.) slopeswhich might becaused either by theamples or by
the niobium shielding cavity.

Fig. 3c shows th&(Bs) dependence of a YB@wO;; film measured at different temperatures.
We deposited thiflm by a DC sputtering technique [274nto aLaAlO; substrate [ = 2'). For
T <50 K we observednly weak Ry(Bs) slopes and thenaximum field levelswvere limited by the
availablepower. ForT = 70 K the slopes increased dield breakdowns were observéddicated
by arrows in the plot) dteld levels whichare comprable tathe expected.; valuesfor RF currents
in the a,b-planes of YBa&CuwO75 (Bcx = 15 - 20 mT at 77 K, see e.g. [L5The possible loss
mechanisms and field limitationB4, weak links, global and defect induced thermal phenonveltha)
not be discussed here. We reported about analysis on these mechanisms e.g. in [13, 15, 17, 18].

The achievedhigh power performance has to be compared with requirements of envisaged
applications.Typically (e.g. foroutput mitiplexers in mobile communicatiosystems), nonlinear
losses must be avoided Bg< 5 mT up toT = 77 K [3, 5-7]. Obviouslythese specifications are
already fulfilled by the best films (Fig. 3c).

4. Summary

Our niobium shieldedsapphireresonatorallows for very sensitiveRs determination of planar
superconducting samples’(& 00 < 3") as a function of temperature and f#Hd level. Weobtain
Qo-values above L0’ at 1.8 K corresponding toraeasuremeriimit of 20 pQ at 19 GHzwhich is
equivalent to 50@ at 1 GHz byscaling withf 2 Therefore pur technique is particularly suited for
the investigation of higfiz films (Rs = 110 |Q) but can also be used for loly-samplege.g. for the
investigation ofsubstrate induced effects). Bypplying pulsed Rpower, maximum field levels of
Bs = 50 mT have been achieved both, high- and lowT, superconductoriimited by the available
power of 20 W.

We plan afurther improvement obur measurement technique by substituting theshiblding
cavity by NBSn. This should lead to a further improvementtloé sensitivity for measurements at
T > 4.2 K. Since probably irmany casesfield limitations are defect-induced, scanning sapphire
resonatortechnique is also under constructiaich will allow for spatially resolvedR{(T, By)
measurements on samples up to 4 inch in diameter.
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