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Microwave loss and intermodulation in Tl,Ba,CaCu,O, thin films
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A superconducting microstrip hairpin resonator is used as a tool to study the linear and nonlinear microwave
response of TBCCO thin films. We extract the surface resist®y€€), penetration deptih(T), and inter-
modulation critical currend,,p(T) for such a resonator at 4.2 GHz. The surface impedance results compare
well with cavity perturbation measurements on portions of the same wafgs(T) is compared against
theoretical models for the intrinsic nonlinear responss-afndd-wave superconductors. We demonstrate that
the dc critical current], and J,,p are distinct material parameters, describing different physical regimes.
[S0163-182608)06734-4

I. INTRODUCTION properties. In the present work we want to focus on the
temperature dependence of the quality factor, resonance fre-
The low microwave surface resistance of highsuper- ~quency, and intermodulation power from which we can ex-

conducting(HTS) thin films at liquid-nitrogen temperatures tract surface resistance, penetration depth, and intermodula-

allows for small, low-loss resonators, and thus highly seleclion critical current as a function of temperature. We

tive filters, to be fabricated. However, the high current den-compare the temperature dependencd,gh with different

. ; . S microscopic models, which allows us to gain some insight
S![t'est that alrlsz dtue to tlhe Size ?fndtthln;fllml ntr_:ltulre of tZes to the microscopic origin of the nonlinear effects in our
structures '€ad 1o nonlinear €efiects at relalively MOUeSk s ang gives us a parameter for nonlinear film character-
power levels, which are undesirable for most applications

. . X Pization.
These nonlinear microwave effects, such as intermodulation |, order to relate measured device properties to material

and harmonic generation, have been the subject of a flurry q§roperties, we must perform precise numerical calculations
recent theoretical and experimental work in both HTS reSOfor a System Composed of two Coup|ed Superconducting mi-
nators and filtersi~"** crostrip lines. In these calculations we use the quasi-TEM
Thallium cuprates are particularly attractive for applica-method of Weekst al® and Sheeret al° to calculate the
tions since they have transition temperatures in excess of 1Qfurrent distribution in the legs of the resonator from which
K, or about 10—15 K higher than YB&u;O;_ 5. The higher we determine the quality factor and intermodulation power
transition temperatures allow for devices to be operated affor more details, see Refs. 7 and)1This treatment ne-
lower reduced temperatures where the superconducting progtects the bend of the hairpin resonator.
erties are better established.
Here, we use a hairpin resonat@s shown in Fig. J1to Il. MATERIAL CHARACTERIZATION

study the linear and nonlinear microwave response of super- gynerconducting TBCCO was deposited on both sides of
conducting T3Ba,CaCyO, (TBCCO) thin films. This struc- 3 2 in.-diam, 0.38 mm-thick MgO substrate using our stan-
ture is slightly more complex than a simple straight half

wave resonator, since the currents in the two legs of the [ ! | e
resonator interact. However, it remains far less complex than i
a typical quasilumped element resonator or filter. We previ- ﬁ
ously studied the dependence of the losses and the inter- 5

modulation power on the geometry of this resonator, particu-

larly the size of the gap between its two legs, and measured

the performance of the device in its fundamental and first F|G. 1. Geometry of the hairpin resonator studied in this work.
harmonic mode& We introduced the intermodulation critical The two legs of the resonator with lengthand linewidthw are
currentd,yp as a material parameter, characterizing the nonseparated by a gap distangeThe coupling of the resonator to the
linear intermodulation response independent of the devic&ansmission line is adjusted by the separason
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dard proces$? The resulting films were approximately 6000 423
A thick and had a nominal, of 100.0-0.5 K as measured

by ac susceptibility at several points across the wafer. The a5 L
microwave circuits were patterned on one side of the wafer
using standard photolithography and then the wafer was
diced into individual 610 mn? chips.

Portions of the wafer were reserved for material charac-
terization and other experiments. The surface resistance of ¢
4 mm-diameter disc patterned from the same wafer measurec
at 77 K and 3.7 GHz at the University of British Columbia 421 ¢
(UBC) wasR;=53 u Q. Using w? scaling this would cor-
respond to 38Q. Q) at 10 GHz or 68u() at 4.2 GHz. 4205 . . . . . . . .

The 3.7 GHz measurements were performed using a cav- 20 30 40 50 60 70 8 9 100
ity perturbation technique. The microwave cavity, which is T (K)
described in detail elsewhetjs a superconducting split-
ring resonator developed for high-sensitivity measurements FIG. 2. Measured temperature dependence of the fundamental
of small, low-loss samples. The 4 mm-diam. TBCCO disc'esonance frequendy.
was mounted on a temperature controlled sapphire finger ar})d

N

422

f, (GHz)

4215

measurements of the surface resistance were performed determinef, andQ's that characterize the linear response

comparing theQ of the unloaded split-ring resonator to e the pircuit at low microwave powers. TIe@s are obtained
when the disc was inserted into the rf microwave magnetiérom direct measurements of the width of the resonance 3 dB
fields of the resonator. The accuracy of the technique is etP0ve the minimumaf . ;4g. The input power Byy) for the

timated to be better thart5 xQ for a 4 mm-diam sample resonators was varied from 10 to —40 dBm. Data was
being measured at 3.7 GHz. taken between 23 K anfi, with a higher density of points at

higher temperatures.
Figure 2 showsf, as a function of temperature. The

ll. BAND REJECT HAIRPIN RESONATORS change in frequency is fairly small until the temperature ap-
proachesT., where it drops much more rapidly. Figure 3
showsQ versusT, where again most of the change occurs
near T, althoughQ continues to rise as the temperature
rops.

The two microwave signals required to produce inter-
odulation products were symmetrically placed 15 kHz
ove and belovi,, for a signal separation of 30 kHz. Con-
uous wave signals were produced using HP8341B and
P83640A synthesized sweepers, and the signals detected
&ging a Tektronix 2784 spectrum analyzer. The output power
of the two sources was measured using an HP 437B power
meter, and adjusted so that the two signals arrived at the

The geometry of a hairpin resonat@ee Fig. 1 is deter-
mined by three parameters: the linewidthlengthl, and the
gap between the two legs of the resonatpr,Microwave
energy is coupled to a resonator in a band reject fashion b
placing it parallel to a 5@) transmission line. The spacirsg
between the transmission line and the resonator, determin
the strength of the coupling and thus the energy stored in th@
resonator, which can be characterized in terms of the loade
quality factorQ, of the device.

The response of a band reject resonator can be charact
ized in terms of three quantities, the resonance frequépcy
and the loaded and unloaded quality fact®@s,andQy, . fg . .
andQ, are determined by the geometry of the resonator an&ample with the same magnitude.

. . . : We then measured the absolute magnitude of the third-
substrate and can be predicted using commercially avaHabI(t)arder intermodulation roducts, Pyp(=P
microwave design tools. P ' IMD 2wy~ wy

The resonator studied here hag=0.4 mm,g=0.4 mm, = P2w,-o,). & @ function ofP(=P, =P,), input
s=0.75 mm, and =6.77 mm. It had a fundamental reso- 60000 . . . . . . .
nance at 4.2 GHz witl@Q in the tens of thousands ari@ -10dBm  +
=1140. The second resonan@e 7.4 GH2 was the subject 50000 b #-. :%8 ggﬁ .
of discussion elsewhefe. R 30dBm o

The circuit was clipped into gold plated test fixtures. The 40000 | e . -40 dBm -—e---
microwave circuit was then completed by wire bonds at both T
ends of the 5Q) through line. The electrical ground plane & 30000 + T .
for the resonator is primarily provided for by the unpatterned _
film on the back side of the substrate. 20000 |

The temperature dependence@f and the intermodula- v
tion products were measured under vacuum in a system us- 10000 |
ing a CTI Cryogenics Model 22 refrigerator that provided
temperatures down to near 20 K. A silicon diode thermom- 020 30 40 50 6 70 8 9% 100
eter was attached to the test fixture. We used a Lake Shore T®)

Model DRC-91C temperature controller to provide thermal

stability (typically within = 0.1 K) during the measurements.  FIG. 3. Measured temperature dependence of the unloaded qual-
The microwave transmissioB,; was measured using a ity factor Q in the fundamental resonance. Note tAgf is power

Hewlett/Packard HP8720B vector network analyzer in ordeindependent up to the highest power level studied here.
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FIG. 4. The intermodulation poweé? o (T) presented for vari- FIG. 6. [A(0)/\(T)]? for various values ok (0) as a function
ous input power levels. Note the relatively flat temperature depenef T/T.. The solid line is single-crystal YBCO data from Refs. 15
dence at lowT. and 16.

power provided to the device and temperat@gain from 23 In Fig. 5 we present the extractedT) for three different

K to nearT,). For the 30 kHz signal separation we are usingvalues of\(0).

here, these signals are generatedigat45 kHz. The results In order to estimaten(0), we compare our penetration
for the lower side band are shown in Figure 4. Below 70 Kdepth results with those from YBCO single crystals at UBC.
there is not much change, but again as the temperature apigure 6 showg X (0)/\(T)]? for three different values of
proachesT ., there is some degradation. The results for thex(0) along with the YBCOa-axis data®>*® We find that
upper side band were very similar. Below 60 K the measured (0)=0.26 um gives the best agreement. Note that this value
values fall below our—110 dBm noise floor for the lowest is slightly bigger than our previous estimate of @& at 77

input power,—20 dBm. K, which corresponds ta(0)=0.22 um?2
The values of\ thus generated are then used to convert
IV. EXTRACTION OF SURFACE IMPEDANCE our measured), into.a surface resistandg;. Comp_aring
AND PENETRATION DEPTH the measure®(T) with the calculated)[\(T),o] yields

the real part of the conductivity,(T). From this, we findRq
We can use our numerical calculations to convert ouffrom
measuredy(T) andQy(T) into Ry(T) andAA(T). We fol-
low the method of Oates, Anderson, and MankiewitH: Ry(T) =22 u2f2\3(T) oy (T). ©)
but include the effects of coupling between the two legs of
the hairpin resonator in our calculations of the inductancén Fig. 7 we showR¢(T) thus obtained for the same values
L(\) as indicated abovesee also Ref. J1For a given value  of \(0) as above.
of N(0), we canthen find\(T) by comparing the numerical The agreement between the 4.2 GHz microstrip data and

L(N)/L[N(0)] with the experimentally determined the 3.7 GHz split-ring measurements is excellent below 60
K, providing a high degree of confidence in the geometric
fg(-r:o) L(T) factors calculated to convert our microsti@s to R;. The
= . 1
fom  L(1=0) W 200 —
B M0)=028 um ,
07 . %Egﬁg'%ﬁ”m :
N T T T T T T A . um H
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02 . . . - . . . T (X)
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T (K) FIG. 7. The extracted surface resistafigT) for various val-

ues of A(0). The dashed line is data obtained using the cavity
FIG. 5. The extracted temperature dependence of the penetratiguerturbation method and has been scaled from 3.7 to 4.2 GHz for
depth\(T) for various values o (0). comparison.
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FIG. 8. The extracted intermodulation critical curreio(T). FIG. 9. The temperature dependencelgfp for the three dif-
Note the relatively flat temperature dependence at TwThe  ferent models described in Sec.($6lid line: JJ model, dotted line:
dashed line shows the measured dc critical curdg(i). intrinsic d wave, dashed line: intrinsEwave. The current density

is normalized to the value 8t/T.=0.2 in each case.
deviation between the two data sets would seem to indicate ) ) . i
that theT, of the 4 mm disc is reduced by up to 10 K. The SePhson junctions]) in the legs of the resonat%. Inthis
disc was patterned from a region of the film that is roughly 5¢@S€-Jimp follows the Ambegaokar-Baratoff forffh
mm from the edge of the wafer to the center of the disc, film

quality is typically lower here than in the bulk of the film due Imp(T) A(T)t ’_(A(T) @
to variations in composition and oxygenation. Jmp(0)  A(0) 2kgT/"
Here we took the BCS temperature dependenceAfr)
V. MICROWAVE INTERMODULATION CRITICAL Wlth ZA(O)/kBTcz 6, a typ|Ca| Va|ue for h|gﬁ:c Supercon_
CURRENT, Jjmp ductors. Clearly, our results are closer to the JJ model, which

In Refs. 7 and 8 we introduced the intermodulation criti-'S réasonable since the magnitudeJgjip for pure s- and

cal currentd,p as a material parameter to characterize thed-wa\;e3sluoge’&(/:onc;uctorsRha;s beeg isﬂmate(:]trc:_ b: Of;he or-
nonlinear intermodulation response at low power levels for €7 Of 3-10° A/em” (see Ref. Yand thus much higher than
uniform superconductod,, Serves as an expansion param-our experimentally determined values. This suggests that

eter for the lowest-order dependence of the penetration dep eak links might dominate the nonlinear behavior_at. _Ieast at
X on the current density: ow power levels, but does not exclude the possibility that

flux penetration might play an important role as well, once
A(0) |2 A(0) 2 th.el magnetic fields at the edges of the legs reach the lower
( ) :< ) _ 3) critical field He; .

AT, J) A(T,J=0) Note that since the intermodulation products for TBCCO
films do not usually scale like the third power of the input
From this we were able to calculate the intermodulationpower, that the extractediy is power dependent. The low-
power for different microstrip geometrié8: (Note that we  power limit of this quantity can serve as a material parameter
changed the notation slightly compared to Refs. 7 and 11 and gives us a characteristic current density for the inter-

We extract Jyp from the measured intermodulation modulation distortion. Our data clearly shows tigjp be-
power P\yp by comparing it with the calculated intermodu- comes smaller with decreasing input power. We therefore
lation power at a given power level adg,p , using the fact estimate this low-power limit to be of the order of
thatPp scales as'l,’,\,,“D. Jimp(T) is shown in Fig. 8. Atlow 10’ A/cm? at low temperaturesP,,, appears to have a
temperatured,,p shows a very flat temperature dependence~3:1 slope at the lowest available powers above 60 K, where

It is instructive to compare these results with differentwe still were able to deted?,,, at P,y=—20dBm. This
models for the microscopic origin of the nonlinear behavior.means that, in this region, the values Xf,, for the two
In Ref. 7 the intrinsic nonlinearities & andd-wave super- lowest powers agree, lending further weight to our argument
conductors were discussed. In Fig. 9 the temperature depetiat the low-power limit is a close upper bound to the zero-
dences of))p for these cases are shown as the dashed angbwer limit.
dotted lines, respectively. For a pus@vave superconductor, In Fig. 8 we also show measurements of the dc critical
nonlinear behavior disappears exponentially at low temperaeurrentJ.(T) on the same wafer. The superconducting ma-
tures and thus)p(T) diverges. For ad-wave supercon- terial was patterned into a configuration for four-point resis-
ductor, on the other hand, nonlinear behavior should gdance measurements. The width of the measured section is 20
through a minimum and become stronger at lower temperagzm and its length is 60@m. Temperature control was pro-
tures due to the nodes in the gap function, as has been digided using the same system described above for the resona-
cussed by Xu, Yip, and Sadfsand in Ref. 7. Thuslyp tor measurements. We use both a leader LFG-1300S function
should become smaller. As a simple model for weak linksgenerator(currents of up to roughly 100 mAand an HP
we show the behavior one would expect for a series of J06294A dc power supplycurrents from 100 mA up to 800

J 2
JlMD(T))
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mA) to provide current for the measurements. A 4919 a reduction of nonlinear response in this low-power regime,
sensing resistor was used to measure the current accuratelyyp is the more appropriate parameter for optimization and
Both the junction voltage and sensing voltage were displayediscussion.

on a Tektronix 7603 oscilloscope. The critical current is de-

termined by increasing the current to the sample until the V1. CONCLUSIONS

onset of junction voltagdtypically detectable at about 2 \easuring the device properties of a hifp-supercon-
wV). Dividing this current by the cross-sectional area givesqycting microstrip hairpin resonator, we were able to extract
Jc. Four distinct. bridges were available close to the po- the temperature dependence of the surface resistance, the
sition of the resonator on the wafer, tlig variation over penetration depth, and the intermodulation critical current of
these 4 samples was of the order of 18%. TI,Ba,CaCy0, thin films. For a penetration depth af0)

As can immediately be seen from Fig.B,andJ,yp have  =0.26 um the temperature dependence[®{0)/\(T)]? is
significantly different temperature dependences although thim good agreement with previous YBCO single-crystal data,
two quantities are similar in magnitude. While the dc critical as has been found earli€rThe intermodulation critical cur-
current increases fromd,=2.4x10° Alcm? at T=77K to  rentJyp has a relatively flat temperature dependence at low
J.=4.8x10° Alcm? at T=60 K, J,yp has only increased by temperatures similar to what one would expect from weak
33% from 8.8 to 11.% 10f A/cm2. These two different char- links and unlike the behavior expected for the intrinsic non-
acteristic current densities are not necessarily connected wifff€ar response of- or d-wave superconductors. This tem-
each other. Whild,, describes the low-power, microwave perature dependence is different than the one for the dc criti-
behavior of the materiall, characterizes the high-power, dc cgl currenth and shows tha.t these two 'quant|t|es describe
behavior. different regimes of the nonlinear behavidy,p character-

Recently, Takken, Beasley, and Péaseeasured the rf 12ing the low-power, microwave response adthe high-
breakdown critical current densifl, ge for YBCO and com-  POWer, (_jc response. For a char:_;tctenzatlon of the intermodu-
pared this to the DC transport critical curredy. It was Iatloq distortion from a hlgh‘FC fllm-below rf breakdown,
found thatJ, geis usually much smaller thal, . It was also ~ Jivp 1S the more appropriate material parameter.
suggested thal. re might be improved by better edge qual-
ity of the film, and that the rf power handling capability of
the films would then also improve. We want to emphasize We would like to thank S. Jimenez, V. Cisneros, and
that this would not necessarily lead to an improvement ofJ. Mitchell for their technical assistance, as well as
intermodulation productsP,,p . Particularly, certain types A. Cardona, M. M. Eddy, N. O. Fenzi, R. B. Hammond,
of edge defec{Ref. 11 lead to a dramatic suppressi@@  G. L. Matthaei, and J. R. Schrieffer for invaluable discus-
(and thus power handlingwhile having limited impact on sions related to this problem. T.D. would like to acknowl-
Pwmp - The effects that are discussed in this paper occur atédge the hospitality of the UCSB Physics Department and
power levels that are many orders of magnitude below thaupport of the Deutsche Forschungsgemeinschaft, as well as
sort of rf breakdown effects discussed by Takken can baupport from Superconductor Technologies Inc. D.J.S.
observed, and thus it should not be surprising that they aracknowledges support from the NSF under Grant No. DMR
governed by different physical parameters. Thus, if one seek85-27304.
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