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Comparison of Power Dependence of Microwave
Surface Resistance of Unpatterned and Patterned
YBCO Thin Film

Hao Xin, Daniel E. OatesMember, IEEEA. C. Anderson, R. L. Slattery, G. Dresselhaus, and M. S. Dresselhaus

Abstract—The effect of the patterning process on the nonlin-
earity of the microwave surface resistanceR s of YBCO thin films
is investigated in this paper. With the use of a sapphire dielectric
resonator and a stripline resonator, the microwaveRs of YBCO
thin films was measured before and after the patterning process,
as a function of temperature and the RF peak magnetic field in the
film. The microwave loss was also modeled, assuming&. depen-
dence of Zg(J.¢) on current density J,.¢. Experimental and mod-
eled results show that the patterning has no observable effect on
the microwave residual Rs or on the power dependence oRs.

Index Terms—High-temperature superconductors, super-
conducting films, superconducting materials measurements,

superconducting microwave devices, superconducting resonators. o
Fig. 1. SEM photograph of the edge of a patterned YBCO stripline.

|. INTRODUCTION . .
An SEM picture focusing on the edge of a patterned YBCO

HE nonlinearity (power dependence) of the microwav@in film is shown in Fig. 1. The edge is not straight, as can
(RF) surface impedancgs of the highi. superconduc- pe seen in this figure, and the roughness of the edge is of the
tors is important for both practical applications and fundameniglder of a superconducting penetration depth. This edge rough-
materials understanding. Nonlinearity in the surface impedanggss results from the initial imperfections of the photoresist pat-
not only degrades the power-handling ability of devices, bwrn and from nonuniformities of the etching process. The edge
also causes intermodulation and harmonic generation probleiggghness led to the speculation that the condition of the YBCO
at moderate power levels. There has been a large amountjigé edge was influencing the power dependence, and this was
effort to investigate the nonlinedfs, but the origins of these the initial motivation for this paper. The bright particles on the
phenomena are still not understood. Since most of the measuigrface of the YBCO film are the well-known copper—oxide out-
ments have been performed on photolithographically pattern@@wths that are present in all films whose stoichiometry is not
stripline or coplanar-waveguide devices, one of the suggestgect [1]. We have found that outgrowths do not adversely af-
explanations for the nonlinearity is defects and damage causgegt the microwave properties and, therefore, it is unnecessary
by patterning. All patterned devices have some current crowdifimake efforts to deposit films with the correct stoichiometry.
near their edges. For example, stripline and microstrip deviogg have also observed that improvement of the surface mor-
have current distributions that peak sharply near their edggfology to make smoother films than that shown in Fig. 1 does
where the patterning processes have a relatively large influenggt improve their microwave properties, either with regard to
their residualRs or their power dependence.
In this paper, we used both a sapphire dielectric resonator and
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Fig. 3. Structure of the dielectric resonator. measurements. The resonator is packaged in an oxygen-free

copper case, as shown in Fig. 3. Special thermal contacts
were designed to avoid heating problems for high-power
experiments. A copper pressure plate was employed on top
of the upper YBCO wafer. Springs were used (as shown in
Fig. 3) to ensure that the pressure on the YBCO is independent
of temperature. A gold-plated copper foil was soldered onto
the copper pressure plate to enhance thermal conduction to the
copper case from the top YBCO film, which was more likely to

In order to study the effects of defects and damage intrpe affected by heating than the bottom wafer that was anchored
duced in the patterning process on the power dependenceawthe copper base plate. Thermal-conducting grease was ap-
the microwave surface resistance of YBCO thin films, we meagtied between the sapphire puck and the two grounding wafers.
sured the nonlinear microwave-frequency surface resistarfige whole package was operated in a vacuum environment in a
at 10.7 GHz of unpatterned 2-in-diameter 400-nm-thicknesgyocooler with the bottom plate bolted to the cold finger with
YBCO films using a specially designed sapphire dielectrian indium foil for thermal contact. A temperature sensor and a
resonator. The YBCO films were deposited by a dc magnetrg6<2 heater were mounted on the copper case of the resonator
sputtering method [2] on an LaAlsubstrate with a thicknesswith indium foil to monitor and control the temperature.
of 0.5 mm. The unpatterned films were then patterned usingThe sapphire dielectric resonator was operated at'the |
standard photolithography and wet chemical etching with 0.1f4ode for which the center frequency was 10.7 GHz. The loaded
phosphoric acid to make stripline resonators with resonagality factorQ, reflection(Sy 1, Sz2), and transmissiofiSa; )
frequenciesfy = nfi;, wheren = 1,2, ---,andf; = 1.5 coefficients were measured as a function of input power and
GHz. The patterning and dicing procedures are describedtéinperature. The input coupling loop was tuitesitu to main-
Fig. 2. The microwave surface resistance was then measuregs@$ critical coupling at each temperature and input power level.
a function of RF power for the patterned striplines. Comparingritical coupling at the input maximizes the circulating power
our results “before” and “after” the patterning process directind RF magnetic field in the resonator. The output coupling
clarifies whether the patterning contributes to the power dep@gop was fixed and weakly coupled during each measurement.
dence of the microwave surface resistance observed for YBG®e unloaded quality fact@p, was obtained from the measured

wherep(7) and A(7) are, respectively, the real part of the com
plexlocal resistivity and the penetration depth(#) is the local
current density in the film, ang, and A are the corresponding
nonlinear coefficients obtained by fitting the data.

Il. EXPERIMENTAL METHOD

thin films. S parameters an@,, and the surface resistance was deduced
S . from Rs = G/Qo, whereG is the calculated geometric factor
A. Sapphire Dielectric Resonator of the resonator [3]. The results féis are presented as a func-

We have designed a sapphire dielectric resonator, showriin of peak magnetic field in the resonator. TRe measured
Fig. 3, to measure the microwave surface resistance and edpethis method is the average & in the top and bottom YBCO
cially the power dependence of unpatterned YBCO thin film#lms.

The resonator incorporates some unique features, describe@ihe ();, was measured using a standard frequency-domain
below, that allow high-power measurements to be carried ®@#dB-bandwidth method at low input powers where ¢hes in-

without heating the sample via dissipated power. Fig. 4 is a caiependent of power. At higher input power levels, a time-do-
away view of the dielectric resonator. The resonator was maah&in method was employed to reduce heating effects. In this
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method, a continuous wave (CW) microwave pulse with enough
2+ f = 10.7GHz 1

duration to fully charge the resonator was sent into the res-
onator. After the input pulse is turned off, we can calcul@ie
from the decay rate of the output signal that is proportional to
exp[—wt/Q1]. By use of the time-domain method with the spe-
cial thermal design, th&s could be measured without heating
problems for input powers up to 40 dBm, which corresponds
to an RF peak magnetic field gf 100 Oe. Surface resistance
measurements on two pairs of unpatterned YBCO films were
carried out for temperatures in the range of 30—80 K. 04 bt i
In the analysis of the experimental data, we have, as is usual, 0.1 1 10 100 1000
treated the losses of the YBCO superconducting ground planes Peak H_ (Oe)
as a perturbation that does not affect the field or current distri-
bution, while ignoring the losses due to the sapphire puck its&if: 5 s versus RF peak magnetic fie{d ... ) for the unpatterned films
and the copper case. The assumption that only the YBCO filfhg" 1) for various temperatures.
contribute to the power loss is expected to be valid for the fol-
lowing reasons. A good-quality sapphire crystal is almost loss-
less at the cryogenic temperature where we operated since the
tan é (loss tangent) is estimated [3], [4] to be on the order of
10~?. For YBCO films, aQ) of about 16 is observed at low
temperatures. A pair of 2-in-diameter Nb films have yieldgd
values greater than & 10°. That the Nb films gave a higher
@ than those of YBCO indicates that the loss in the sapphire
puck is negligible compared to that of the YBCO films. We es-
timated that the loss in the copper case is very small and yields
aQ greater than 2.5 10°, much higher than that of the YBCO o4 i i v v
films. 0.1 1 10 100 1000 10000
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B. Stripline Resonator 2.0 T
After the microwave surface resistance of the unpatterned 1.5 a g
YBCO films was measured with the sapphire dielectric res- E | (b) T=75K ]
onator, the films were patterned, and stripline resonators were § 1or 4
made. A standard patterning process with wet chemical etching £ o
was employed. As shown in Fig. 2, each 2-in wafer was made @ © 00 g 0°
into four striplines and four ground planes. One piece fromeach ~ 05 L eee e @ . 7
of the top and bottom YBCO wafers used with the dielectric f_f T +#
resonator in Fig. 3 was measured. A description of the stripline 3
resonator used here can be found in detail in [5] and [6]. Similar
to the dielectric-resonator method, the loaded quality fadtor 01 o T e T e heoo

was measured for the stripline as a function of microwave input
power up to 35 dBm, corresponding to an RF peak magnetic
field of 1OQO Oeinthe resc_)nator. One advantage of j[he stnphp% 6. R versus RF peak magnetic field,...) for both unpatterned and

resonator is that th& s at different overtone frequencies can b@atterned films (pair 1) at: (a) 35 and (b) 75 K. The solid circles represent

easily measured. By measuring overtones, we can measuredfit@of the unpatterned films, the open circles and crosses represent data of the
terned films from the top and bottom wafers, respectively, and the dashed line

Q at frequenmes close to that of the d|electr!c resonator ev%ﬁresents the averadig; of patterned films from the top and bottom wafers.
though the fundamental resonance of the stripline resonator is

1.5 GHz.

Peak H  (Oe)

films. Fig. 6(a) compare&s of the unpatterned and patterned
films at 35 K for pair 1. The open circles represent fkie of
the patterned film from the top wafer measured in the dielectric
Rs as a function of the RF peak magnetic fi¢ll,.x at dif- resonator, and the crosses denote fheof the patterned film
ferent temperatures was measured for two pairs of unpattertfiedn the bottom wafer. The average of those two curves (dashed
YBCO films, denoted as pairs 1 and 2 (see Fig. 3). The resulitse) agrees with thé& s of the unpatterned wafers very well and
are shown in Fig. 5. For pair 1, no nonlinearityf3 of the un- suggests that there is no nonlinearity fdy,..,. up to 500 Oe.
patterned wafers was observed up to 80 K evepdl dBm, the Fig. 6(b) shows the results at 75 K for pair 1. For the case of
maximum available power, and correspondingdg... values stripline resonators, because of package modes interfering with
up to 200 Oe. As mentioned abovBs obtained for the un- some of the overtone modes, tRe could not be measured at
patterned wafers is an average surface resistance of the pathefmode closest in frequency to that of the dielectric resonator.

I1l. EXPERIMENTAL RESULTS
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Fig. 7. Rg versus RF peak magnetic field for both unpatterned wafers 1 apgy 8. current distributions of both the stripline resonator (left-hand side) and
2 and the patterned films (pair 2) at 75 K. The squares represent data of §fi¢ dielectric (sapphire) resonator (right-hand side).

unpatterned films and the circles and the triangles represent data of the patterned

films from the top and bottom wafers, respectively.

ignored, the current densitﬁf is in the ¢-direction and has a

Therefore Rs was measured at the closest frequencies possibqg'pendence on radius given by [3], [7]

The results foRs were then scaled assumiflg; o w?. For pair Hy(r)
1, the R of the unpatterned films was measured at 10.7 GHZ,]rf(T) W
and theRs of the two patterned films was measured at 12 and 3
7.5 GHz. A&—AOJI(SIT)’ for0 < r < a
From the results in Fig. 6, we conclude that, for pair 1, no = B Jo(&a)
degradation in the residual surface resistance was observed in V&é m-’ﬁ(é’ﬂ), fora <r < R

the patterned stripline films up tof,, .. of ~200 Oe. No power 3)
dependence was observed up to the maximum input power avail-
able for the unpatterned films, and no effect of patterning on tnﬁ]erejo, J., Ko, and K are various Bessel functions, ¢;,
power handling of YBCO films was found either at 35 or 75 Kyhg &, are constants determined by the geometry of the res-
for pair 1. _ o ~onatorga is the radius of the sapphire puck, aRds the radius of

We grew another pair of 2-in-diameter YBCO wafers, i.ethe superconducting films. The current density thus peaks near
pair 2, with a different deposition temperature with the intéfpe center of the film, as shown in Fig. 8. For the stripline res-
tion to decrease the power handling of the microwave surfaggator, the current density;; has been calculated numerically
resistance. For pair 2 at 35 K, no power dependence aRthe i [g]. For the purpose of simplicity in the calculation, we ap-

was observed in the dielectric resonator up to the maXim%'Poximated]rf(a:) with the following analytical form [9]:
input power, similar to the results obtained for pair 1. How-

ever, atl’ = 75 K, a nonlinearity in theis was observed above ( 9\ 2 —(1/2)

H,... ~ 100 Oe. Results for the patterned films are shown to- J£(0) [1 — <—> ] , T K w
gether with that of the unpatterned films in Fig. 7. In this case, w

Rs was measured at 7.5 GHz for both patterned films in the/.s(z) = 1.£(0) <1-165> (wh)H/2 (4)
stripline resonator. The measured residual surface resistance of ' Ao

the unpatterned and patterned films agrees to within 10%. The exp <_ w/2— |$|)b> v~ w
Rs(H,ax) Of the unpatterned films actually turns up at a some- \ A3 ’

hat lowerH .., than that of the patterned films in the stripline . . .
W W P rms| Pl r(g\erew andb are, respectively, the width and thickness of the
|

resonator. The apparently better power handling of the striplitﬁv This analviical approximation aarees with the numericall
resonator can be explained using the same surface impeda 'E% y PP 9 y

R N op i

by a simple model introduced below. T&,, . is the RF peak ca culatggkcsursrﬁ;t ?'S;rt'?ﬁgoen dtoe\s,vg?ltr;ms A’;Se?rl:;g"ﬁﬁ]‘ f-:; l:l:ﬁe

magnetic field in the two types of resonators, but they have ve‘{y_(x.) P Py dges o P ; .
ripline resonator. For the dielectric resonator, as is obvious

different field distributions. In the following section, we use thé ) . e
different current/field profiles for both the sapphire dielectri N (3), Jit(x) is related directly to the RF peak magnetic field

and sipine resonator o model the measured poner depd 1 0 S ISR e b el s
dence of the unpatterned and patterned films. Y . . ) - P [8].
the samed . in the dielectric and stripline resonators, the por-

tion of the film carrying a high current density is larger for the
dielectric resonator due to the broader peak inthér) distri-

The distribution of currents in the films for the dielectric andbution of the dielectric resonator. Therefore, an apparently better
stripline resonators are different, as shown in Fig. 8. For tip@wer handling in the stripline resonator is not surprising.
dielectric resonator, with a film diameter much larger than the The quality factorg)o (H,.x) Of both resonators have been
diameter of the sapphire puck so that the edge effects candadéculated as a function of RF peak magnetic field using the

IV. MODEL
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