1480 .

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 9, SEPTEMBER 1991

YBCO Superconducting Ring Resonators
at Millimeter-Wave Frequencies

Christopher M. Chorey, Member, IEEE, Keon-Shik Kong, Student Member, IEEE, Kul B. Bhasin,
Senior Member, IEEE, J. D. Warner, and Tatsuo Itoh, Fellow, IEEE

Abstract —Superconducting microstrip ring resonators operat-
ing at 35 GHz have been fabricated from laser ablated
YBa,Cu;0,_, (YBCO) films on lanthanum aluminate sub-
strates. The circuits consist of superconducting strips over nor-
mal metal ground planes. The circuits are measured from 26 K
to 90 K and with micrewave input powers ranging from 0.25 mW
to 10 mW. The superconducting resonators show significant
improvement in Q (six to seven times higher) over identical gold
resonators at 20 K, but only marginal improvement at 77 K. No
variation in the superconductor performance is observed with
varying input power. Using a microstrip loss model, the mi-
crowave surface resistance of the superconductors is extracted;
the lowest value obtained at 77 K is 9 m{2. The change in the
resonant frequency with temperature is analyzed and a value for
the penetration depth computed. “Double resonances” observed
in some superconducting ring resonators are described and an
explanation for their presence advanced. Factors limiting mil-
limeter-wave high-temperature superconductor circuits are ex-
plored and potential performance levels calculated based on
current reported values for high-temperature superconductor
surface resistances.

I. INTRODUCTION

ONTINUED refinement in the growth of thin high-
temperature superconducting (HTS) YBa,Cu,0,_,
(YBCO) films on microwave-suitable substrates has re-
sulted in materials with very low microwave losses. Cur-
rently, the best reported films have surface resistivities in
the range of 0.1 mQ at 77 K and 10 GHz [1]. When
extrapolated assuming an f2 dependence, surface resis-
tivities lower than that of copper are seen to be possible
to beyond 100 GHz. The availability of such low-loss films
has spurred interest in microwave applications for these
films. Frequently mentioned examples of where high-tem-
perature superconductors could have an impact are mi-
crostrip filters [2], delay lines, and feed networks for
monolithic antenna arrays [3] where overall circuit and
system performance may be improved by the low-loss
superconducting lines.
The microwave loss of the superconducting films is
generally measured by one of several techniques, which
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may be grouped into two categories: 1) those that do not
require patterning of the film, such as cavity techniques
[4] or microwave transmission studies [5], and 2) those
that pattern the film into some form of planar transmis-
sion line resonator [6]. Measurements on the patterned
films are believed to give a more complete assessment of
the superconductor performance in planar microwave cir-
cuits since factors such as dielectric loss, substrate /film
interface imperfections, and edge damage caused by pat-
terning are included in the response of the circuit. Such
patterned film techniques have a drawback, however, in
that values of the surface resistance (R,) are difficult to
extract, and the circuit 0 values have little importance in
comparisons between different test circuits. Nevertheless,
these techniques, when coupled with reasonable attempts
at modeling, can provide valuable insight into HTS mi-
crowave circuit performance.

A number of HTS surface resistance measurements
exist ranging from 1 to 100 GHz [1]; these represent both
cavity-type and patterned resonator measurements, al-
though patterned resonator measurements are generally
restricted to below 15 GHz. Because the superconductor’s
surface resistance increases as the frequency squared,
smaller relative improvements over normal metals are
expected as the frequency increases. Measurements on
patterned resonators at millimeter-wave frequencies are
therefore of interest in assessing the performance level
possible when high-temperature superconductors are used
at these frequencics and in determining the factors that
limit such circuits’ performance.

In this paper, we present results from the study of
microstrip ring resonators at 35 GHz. These resonators
were fabricated from single-sided YBCO films deposited
by laser ablation on lanthanum aluminate (LaAlO;). The
response of the resonator was observed as a function of
temperature, noting the resonator @ and the resonant
frequency as well as the effect of the microwave drive
power on the circuit performance. The results were com-
pared with a gold implementation of the circuit. In addi-
tion to the comparison with the gold circuit, a microstrip
loss model, the phenomenological loss equivalence method
(PEM) was used to calculate surface resistances for the
HTS films and an effective superconducting penetration
depth was calculated. The factors limiting the circuit
performance are discussed, and with the aid of the best
published values for the superconducting surface resis-
tance, potential circuit performance levels are calculated.
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II. Circurt FaBricATION AND TESTING
A. Film Growth and Patterning

The superconducting YBCO films used in this study
were produced by laser ablation of a YBa,Cu;0,_,
(YBCO) target onto one side of a heated lanthanum
aluminate substrate. A 248 nm pulsed excimer laser with
a pulse rate of 2 pps and a laser fluence of 2 J/cm? was
used to ablate a YBa,Cu,;0,_, stoichiometric pellet with
a density of 95% of theoretical. The laser was rastered
over the target by means of an external lens, and the
deposition rate was approximately 100 A per minute. The
substrates were mounted on a heated ( ~ 755° C) stainless
steel block 7.5 ¢m from the target and exposed to an
ambient oxygen atmosphere of 170 mtorr during deposi-
tion. Following deposition, the oxygen pressure was raised
to 1 atm, the block temperature lowered to 450° C, and
the sample allowed to anneal at that temperature for two
hours. Then the block was slowly cooled in oxygen to
room temperature before removing the sample from the
growth chambera Film thicknesses were typically in the
range of 3000 A to 6000 A and substrates slightly in
excess of 1 cm? could be covered.

When observed in an optical or scanning electron mi-
croscope, the samples were generally found to be smooth
and featureless but occasional surface roughness or par-
ticulates from the ablation process could be found. No
misaligned platelets or indications of second phases were
found in these examinations. X-ray diffraction analysis of
the samples confirmed that to within the test resolution,
the material was c-axis aligned and free of secondary
phases. Transition temperatures (T.) of up to 90 K were
achieved.

The superconducting films were patterned into res-
onators by wet etching and standard photolithography. A
positive photoresist was spun on, exposed, and developed
in normal processing fashion. The films were then etched
in a dilute solution of phosphoric acid in water
(1:100::H,0:H,PO,). The etch was quick, but undercut-
ting was found to be minimized by the use of the very
dilute solutions. Following etching, the photoresist was
stripped in acetone. Since the samples had superconduct-
ing films on only one side of the substrate, a normal metal
ground pl%ne was evaporated to complete the circuit.
First, 100 A of titanium was deposited to promote adhe-
sion of the gold layer, which was then evaporated. The
ground plane thickness was slightly in excess of 1 um.

B. Circuit Testing

The resonant circuit consisted of a microstrip ring with
a 3\ resonance near 35 GHz; it is shown schematically in
Fig. 1. The strip width was 143 pm and the mean diame-
ter of the ring was 1980 um. The ring was coupled to a
single microstrip feed line via a capacitive gap 47 pm
across. The substrate thickness was 254 um (10 mils) to
avoid substrate modes at 35 GHz. A normal metal ground
plane was used and its thickness was 1 um. Calculations
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Fig. 1. A schematic drawing of the circuit used in this study. The
microstrip ring was three wavelengths in circumference at 35 GHz. The
line width was 143 pm and the substrate thickness 254 um. The
calculated line impedance was 38 ().
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Fig. 2. The circuit model used to extract the unloaded Q. The cou-
pling gap between the ring and feedline is modeled as an ideal trans-
former plus a series loss.

of the line impedance by the method of Wheeler [7] and
using the observed effective dielectric constant gave val-
ues of ~ 38 (.

Since the ring had only one port, the resonance was
measured via the reflected power. The circuits were mea-
sured using a Hewlett Packard 8510 network analyzer
with a WR-28, Ka-band waveguide option. Transition
from the waveguide mode to the microstrip was accom-
plished by a cosine tapered E-plane ridge in a section of
WR-28 waveguide [8]. The ridge contacted the end of the
microstrip feedline at the edge of the substrate and
launched the quasi-TEM microstrip mode. A standard
waveguide calibration was performed at the plane where
the tapered ridge fixture was connected. This calibration
was performed at room temperature only and was as-
sumed to be valid over the entire temperature range.
Measurements were made using a closed-cycle helium
refrigerator with a vacuum enclosure around the cold
finger. Sample temperatures could be controlled from
room temperature to between 10 K and 20 K. Normal
signal levels at the calibration plane were 0.45 mW;
however the level could be varied from 0.10 to 10 mW for
study of the power dependence of the HTS film proper-
ties.

The reflection data from the resonators provided a
measure of the loaded Q; the unloaded Q’s were calcu-
lated from these data using the model shown in Fig. 2 [9],
where the ring resonance is modeled as a simple RLC
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circuit and the coupling gap as an ideal transformer with
series loss. By circuit analysis of the model, the impedance
of the isolated ring, and its Q (the unloaded Q or Q) is

found to be
1 (e 1\]7!
E“(“’ _ZE)

Q,=w0,CR

=

res

(1
(2)

where o is the angular frequency, w, the resonant fre-
quency, and R, C, and L the distributed resistance,
capacitance, and inductance of the line. This represents
the impedance and Q of the ring only, unperturbed by
the input line. The loaded Q, the quantity actually mea-
sured, is the response of the ring loaded by the line
impedance and coupling loss as transformed by the cou-

pling gap. The impedance of this equivalent circuit and its
Q; (the loaded Q) is

-1

B n? o c 1 ;
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where o = R, /Z, and x = Rn? / Z,,. The values of ¢ and
k relating the loaded and unloaded Q’s can be deter-
mined from the reflection coefficient of the resonator.
Far from the resonance, the reflection coefficient is given
by

(o —-1)
“(o+D) ©)
while at resonance
(o +k—1)
NCETT) ©)

Using the values of o and « obtained through I" at these
points and the measured loaded Q, the unloaded Q was
determined using (4). The determination of whether the
resonator was overcoupled or undercoupled was made
from an examination of the Smith chart.

ITI. CircurT PERFORMANCE
A. Resonator Q and Surface Resistance

Several superconducting resonators were fabricated and
tested. In all cases the YBCO resonators showed no
resonance above 7, owing to the high normal state resis-
tivity of the YBCO material. At a point a few degrees
below 7,, low-Q resonances appeared which quickly
sharpened and rose above the unloaded ( values mea-
sured for gold resonators at those temperatures. The
temperature at which the crossover between the super-
conducting resonator and the gold resonator occurred was
dependent on the quality of the superconducting film,
with the film 7T, being a first-order indicator of the
quality. Unloaded Q’s for the superconducting resonators
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Fig. 3. Measured Q values for gold and superconducting resonators
over the range (a) 0 to 300 K and (b) 0 to 100 K. The Q of the gold
resonator increases by only a factor of 2 in cooling from 300 K to 20 K.
The superconducting resonators show only marginal improvement over
the gold resonator at 77 K, while operation at lower temperatures
provides more substantial improvement.

continued to rise with decreasing temperature, though at
a decreasing rate. Fig. 3 shows the unloaded Q versus
temperature between 0 and 300 K (a) and 0 and 100 K (b)
for two superconducting resonators and a gold resonator.
The difference in the Q values between samples HTS#1
and HTS#2 is typical of the spread among the many
superconducting resonators that were measured. Circuit
performance ranged from only slightly better than gold
across a wide temperature range to the best results as
shown for HTS#1. A strong correlation was observed
between the unloaded Q values and the film T, [10]; films
with higher T.s generally had higher Q’s. Film T.’s in-
cluded in this study ranged from ~ 84 to 89 K.

The effect of the microwave drive power on the Q of
superconducting films HTS#1 and HTS#2 is shown in
parts (a) and (b) of Fig. 4, respectively, where the Q is
plotted versus the microwave input power at three tem-
peratures. The microwave power, as measurcd at the
calibration plane, was varied from 0.25 mW to 10 mW. It
is seen that there is no degradation in the performance
for either film for this range of powers. In general, the
laser-ablated films tended to show no power dependence
up to at least 10 mW unless the film was of particularly



CHOREY et al.: YBCO SUPERCONDUCTING RING RESONATORS

4x108
Bo- ~020K
3 -,
o
B | A50 K
g 2
©
2
[=
D
1 B0 —077 K
@ | I | | l |
0 2 4 6 8 10 12
input power, mW
2x103
O —0 20K
e
°
§ 1 o —/y— A 50 K
o
[=3
- |0 S —{77K
® | I | I I |
0 2 4 6 8 10 12

Input power, mW

Fig. 4. Dependence of the superconducting resonator Q on the mi-
crowave input power for (a) HTS#1 and (b) HTS#2. The laser-ablated
films did not show any power dependence.

low quality (i.e., 7. < 80 K and/or poor morphology).
The performance of the superconducting resonators, as
shown in Fig. 3, provides some improvement over the gold
circuit, with a factor of 2 increase in the unloaded Q at 77
K which grows to a factor of 7 at 20 K. This level of
improvement is below the levels reported for X-band
resonators, where order of magnitude improvements at 77
K are reported [11]. However, when the f2 dependence
of the superconducting surface resistance is considered, it
is seen that smaller improvements over normal metal
circuits are expected at higher frequencies. To assess the
magnitude of the observed improvements and to deter-
mine whether better performance may be expected, mod-
eling of the microstrip is necessary to account for the
superconductor surface resistance. Such a model will not
only allow prediction of circuit performance given the
surface resistance; it will also allow the surface resistance
to be inferred from measured ( data. The development
of accurate equations for the superconducting microstrips
is limited by the lack of precise values for the dielectric
constant and loss tangent of the LaAlO; substrates and
because the accuracy of existing closed-form expressions
for microstrip structures is unknown when applied to
high-dielectric-constant substrates such as LaAlO,. Nev-
ertheless, by matching experimental results from thin gold
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circuits where the surface resistance is reasonably known,
sufficiently accurate expressions may be found to model
the superconducting strips. For this work we have used
the PEM [12].

The basis of the PEM method is that the internal
impedance of the conductors (meaning the resistance and
reactance arising from the field penetration into the strip
and ground plane) can be calculated as the product of the
surface impedance of the material, a geometric factor (G)
determined by the line geometry, and a corrective term
for the conductor thickness:

themal = Zsurface' G -coth [Tte ] .

(7)
Separate G factors are calculated for the strip and ground
plane. The thickness correction for the strip is calculated
from an effective thickness for the conductor, ¢,, and a
complex decay constant, 7, which accounts for the field
decay into the conductor. These are calculated as

t, = G X (cross-sectional area of strip)
. 1/2
T=(jopo) /

where p is the permeability of vacuum and o the com-
plex conductivity. The thickness correction for the ground
plane is determined from the actual conductor thickness
and the decay constant, 7. The geometric factors for the
strip and ground plane are calculated by the incremental
inductance rule [13]:

1 . dL
G-y
w7 on,

(8)

where dL /dn is the derivative of the external inductance
with respect to an incremental recession of the wall i.

We have used the equations of [11] to calculate the G
factors for the strip and ground plane:

G 2 . w12 [1 d d n(2d

e e | — - — 4 —

i = Jmd | _4dI_ 2w oy 24D
)

G —1 - 7] 10

ground 27Td i - _ﬁ] | ( )

where d is the substrate thickness, w is the strip width,
and ¢ is the conductor thickness. Q’s were calculated by
the standard formula:

B B

2( A conductor + X gielectric + aradiation)

(11)

The @ oopguctor 1S cOmputed from the real part of the
internal impedance as calculated from the PEM. The
is computed from the expression [11]

273 [ gk ]| tanéd nepers
Q dielectric 2.68 keff A [ ]

g
e 1
=%

where k is the dielectric constant of the substrate and k¢

A gelectric

meters

(12)
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Fig. 5. Measured Q values for a thin gold resonator and values
calculated using PEM. The agreement is within 10% to about 100 K.
Increasing deviation below 100 K is due to errors in the calculated R,
value for gold at those temperatures.

is the effective diclectric constant experienced by the
propagating wave. The radiation loss is assumed to be
negligible owing to shielding of the circuit. Values for g
were determined experimentally from the resonant fre-
quency of the ring and the known circumference.

As a test of the PEM method, the Q values were
calculated for a thin gold resonator (1 um thick gold) and
compared with the experimentally determined values. The
dc resistivity of the gold in the ring was measured across
the temperature range using a four point probe tech-
nique. The values of the resistivity were then used to
calculate the microwave surface resistance (R,) and pene-
tration depth (5,) at the different temperatures using
R, =(op /20)/? and §, =2/ wuo)'/% A value of 8.3E-5
was used for the dielectric loss tangent. The results of the
calculation are shown in Fig. 5. The match is within 10%
across most of the temperature range, with increasing
deviation below 100 K. Comparisons between experimen-
tal and computed values for 0.45 and 1.5 pum thick gold
resonators also showed agreement within 10% above 100
K with increasing deviation below. The larger deviations
at low temperatures do not appear to be a defect of the
model, but rather appear to derive from incorrect values
for the surface resistance of the gold. Nonidealities such
as surface scattering are not accounted for by the simple
surface resistance equation used, and probably result in
an underestimation of the actual surface resistance. Thus
the PEM equations adequately model the losses for the
microstrip structure.

The PEM method was next applied to the supercon-
ducting resonator results using R, values for the gold
ground plane that were corrected to match the gold
resonator experimental results below 100 K. The same
value for tan § as used in the gold resonator calculations
was used here. Calculations were done with three values
of the penetration depth, since this parameter is not
known with a high degree of certainty. (Calculations in
the following section give a value of approximately 3000
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TABLE I
MicrRoOWAVE SURFACE RESISTIVITY COMPUTED
FROM THE SUPERCONDUCTING RESONATOR
Q VaLuges Using PEM

HTS#1: 0° Penetration Depth, A,

1500 A 3000 A 4500 A
20° 1mQ 0.8m 0.7 mQ)
50° 34mQ 29mQ 25m0
77° 12m& 9mQ 7 mQ

HTS#2: 0° Penetration Depth, A,

1500 A 3000 A 4500 A
20° 7m S5mQ 3.7mQ
50° 104 mQ 7.1mQ 5.5 mQ
77° 15 mQ 9.1mQ 6.3 mQ

;X.) The results are summarized in Table I, where we see
that R, values computed at 77 K for HTS#1 lie in the
range from 12 mQ to 7 mQ, and those for HTS#2 from
15 mQ) to 6 m{}. These computed values of R, at 77 K
are somewhat higher than those for the best reported
films (1-4 mQ) [1]. If surface resistance values of the
order of the best reported can be achieved in patterned
strips, then better circuit performance than observed here
can be achieved.

To determine the levels of performance possible in this
circuit, the PEM can be used to calculate projected Q
values. If a best value of R;=1 mQ at 77 K is assumed
and the present gold ground plane retained, a circuit Q of
~ 2500 is calculated, a factor of 5 higher than that for the
all-gold circuit. The gold ground plane, in this case, limits
the circuit . To achieve higher circuit Q’s a supercon-
ducting ground plane is needed. If the gold ground is
replaced with a 1 m{Q superconductor the Q rises to
~ 5000, an order of magnitude higher than for the gold
circuit. Thus an order of magnitude improvement is possi-
ble at 77 K if surface resistivities of ~1 m{) can be
achieved and superconducting strips and ground planes
are used. It should be noted, though, that this R, value of
1 mQ at 77 K, 35 GHz represents the lowest reported
value for current YBCO material. For superconducting
films with surface resistances higher than this, operation
at lower temperatures would be necessary to achieve
comparable improvements. The effect of the dielectric
loss (assuming tan 8§ = 8.3E-5), while not dominant for the
above conditions, is comparable in magnitude (@ g ecpic =
0.12 nepers/meter) to the conductor losses and con-
tributes to the total ¢ by an amount that cannot be
neglected. As the conductor losses decrease, because of
either improved film quality or lower operating tempera-
ture, the dielectric loss becomes dominant and will begin
to limit the circuit performance.

B. Resonant Frequency Shift and Penetration Depth

Fig. 6 shows the resonant frequency as a function of
temperature for both a superconducting ring and a gold
ring. It is seen that both circuits undergo a shift in the
resonant frequency to higher values as the temperature is
decreased. The resonant frequencies do not coincide in
the common temperature range of the two films owing to
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scatter in the substrate thicknesses among samples as well
as differences in the line widths (a consequence of minor
undercutting during etching). The magnitude of the shift
for both the superconducting ring and the gold ring is of
the order of 1% for the temperature range over which
each circuit is operational. For the superconducting cir-
cuit, there is a very rapid change just below 7, and any
practical circuit operating in this region would be suscep-
tible to drift with any thermal fluctuations. Such drift
would be most severely felt in narrow-band circuits or
applications requiring a high degree of stability. Opera-
tion at 77 K is on the edge of this region and may or may
not provide adequate stability depending on the require-
ments of the circuit.

The causes for the resonance shifts are different for the
two circuits. The gold circuit has been analyzed with the
data available on lanthanum aluminate, and the reso-
nance shift was found to correspond to that which would
be expected from the thermal contraction in the sub-
strate. The shift of the superconducting resonator is due
mostly to the change in the magnetic penetration depth in
the superconducting strip with temperature, although
other effects, among them thermal contraction, are em-
bedded in the response also. By analysis of the frequency
shift it is possible to extract a value for the penetration
depth.

As a first approximation in this analysis, it is assumed
that the shift of the superconducting resonator is due
entirely to the changing penetration depth. The penetra-
tion depth affects the resonant frequency through the
distributed inductance of the line. Specifically, the chang-
ing field penetration in the conductors results in a change
in the internal reactance of the line. The resonant fre-
quency may be related to the inductance through the
standard expression for the propagation constant of a
transmission line:

2
B="==2mf(LC)"”

g

where A, is the guide wavelength, f the frequency, and L
and C the distributed inductance and capacitance of the
line. For the ring resonator at resonance, we know that
the circamference (D) is equal to an integral number of
wavelengths (for this resonator, n = 3); thus,
1

(1) (L{ryc{T))”

(13)
where f, is the resonant frequency and the notation

“{T}’ denotes that the terms are functions of tempera-
ture. If we call f,{0} the resonant frequency at 0 K, then

foT) _ D{O}(L{o}C(op ™
fol0}  D{T)(L{T)C{T})"*

As a first-order approximation we assume that C{T} = C{0}
and D{T} = D{0}; i.e., we ignore any thermal contraction

A,=D/3 and fo{T}= D

(14)
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Fig. 6. The resonant frequency as a function of temperature for super-
conducting and gold resonators. The shift in the gold resonator is due
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Fig. 7. Analysis to determine the penetration depth. The best fit to the
experimental points gives a value of 3000 A for the penetration depth.
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Now the inductance of the transmission line is composed
of three components, from the fields external to the
conductors and the fields inside the strip and ground
plane. The inductance due to the penetration into the
strip and ground is attained from the imaginary part of
the internal impedance as calculated from the PEM (pre-
ceding section). The expression used for the external
inductance is the one that formed the basis for calculating
the G factors in the PEM [13]:

1/2

L{0}

T (15)

L,= Fo In(84/w)+ i(w/d)2

¢ 2 32 )
An analysis for HTS#1 is shown in oFig. 7. The best fit to
the data gives a A, value of 3000 A; similar analysis for

HTS#2 also gave a value of ~ 3000 A.

(16)
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Fig. 8. An example of the double resonance that was seen in several
superconducting resonators. The appearance of two peaks can be ex-
plained by an discontinuity within the ring. This discontinuity may be
due to inhomogeneities in the superconducting film or in the substrate.

C. Double Resonances in Superconducting Rings

A phenomenon seen in superconducting resonators
several times in the course of this study was the splitting
of the single resonance peak into two or more overlapping
peaks, as illustrated in Fig. 8. Analysis of such resonators
was hampered because the overlapping resonances did
not allow Q values to be calculated with a degree of
accuracy. The splitting of a ring resonance can be ex-
plained by a discontinuity in some region of the ring [14].
This discontinuity can be in either the HTS film or the
substrate, but in either case it will set up standing waves
which vary slightly in frequency, thus producing two closely
spaced resonance peaks. Examination in an optical micro-
scope of the superconducting resonators that showed the
splitting did not reveal any obvious defects in the strip.
The lanthanum aluminate substrates contain a large num-
ber of twins and it is possible that the splitting may be
traced to this. At this point, however, no clear determina-
tion of the cause can be arrived at. It can only be noted
that superconducting films, including films that otherwise
appear of high quality, are susceptible to regions of inho-
mogeneity that can produce such discontinuities. It should
be pointed out that similar effects will not be seen in
linear resonators since a discontinuity would divide the
line into two smaller sections that would show resonances
at frequencies above the primary resonance of the line
and so be missed.

IV. CoNcLUSIONS

Microstrip ring resonators with YBCO superconducting
strips and gold ground planes have been fabricated and
tested at 35 GHz. These circuits showed higher unloaded
Q’s than identical resonators with gold strips and ground
planes; the best circuit achieved a factor of 2 improve-
ment at 77 K and reached a factor of 7 improvement at 20
K. Because of the f? dependence of the superconductor
surface resistance, smaller relative improvements over
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normal metal circuits are expected at millimeter-wave
frequencies. However, modeling using PEM indicated an
R, value of ~10 mQ at 77 K, which is higher than the
best reported value of 1-4 m{) at that frequency and
temperature. This indicates that improvements in circuit
performance over those observed here are possible if
patterned strips exhibiting lower surface resistance can
be fabricated. To achieve an order-of-magnitude increase
in unloaded Q at 77 K over the normal metal circuit,
calculations suggest that a normal ground plane cannot be
used. If both strip and ground were superconducting
material with an R, of 1 m{}, which represents the lowest
values reported to date at 35 GHz and 77 K, then an
order-of-magnitude improvement at 77 K would be
possible.

Observation of the resonant frequency versus tempera-
ture of the superconducting resonator showed a shift of
approximately 1% from just below 7. to 20 K. Operation
at 77 K places the circuit away from the steepest part of
the frequency versus temperature curve, but still on the
“knee,” indicating possible thermal stability problems for
very narrow band circuits operated at that point. An
analysis of the frequency shift indicated a value of 3000 A
for the effective penetration depth, Aj.

Millimeter-wave superconducting circuits were found to
severely test the quality of superconducting films. To
achieve significant improvements in loss characteristics
over normal metal lines at these frequencies, the highest
quality films and /or operation below 77 K are required.
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