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Superconducting Kinetic-Inductance
Microwave Filters

Kenneth R. Carroll, Jeffrey M. Pond, and Edward J. Cukauskas

Abstract—Several Kkinetic-inductance microstrip filters have
been designed and tested. The microstrip consists of a supercon-
ducting niobium carbon nitride (NbCN) strip separated from a
NbCN ground plane by an amorphous hydrogenated-silicon
dielectric. The circuits investigated include an interferometer, a
stepped-impedance, a low-frequency stub, and a high-frequency
stub filter. Generally, for frequencies below 20 GHz, good trans-
mission characteristics were measured for these structures. A
simple physical model is used to determine the major features of
the transmission characteristics over a wide temperature and
frequency range. Other important issues such as the supercon-
ductor and dielectric losses, impedance matching, and film
uniformity are addressed for these structures.

I. INTRODUCTION

OR microwave systems, filters are an important class

of circuits. Besides their obvious application of pro-
viding frequency selectivity, they are necessary for match-
ing networks which form an integral part of multiplexers,
negative resistance, and parametric amplifiers, to mention
a few. The use of superconducting transmission lines in
the design of these microwave devices provide several
benefits over their normal-metal counterparts. The pri-
mary advantages are a frequency independent penetration
depth and low surface resistance which allow the imple-
mentation of compact designs with low insertion loss,
large bandwidth, and low dispersion. Additional reduc-
tions in device size can be realized by using superconduct-
ing microstrip operating in the kinetic-inductance limit
[1], [2], [4]. This limit occurs when the thicknesses of the
superconducting and dielectric films are less than the
penetration depth [5], [6]. For passive microwave circuits
where the lengths of the resonant elements are integral
multiples of a half-wavelength, the size reduction can be
substantial while an acceptable level of loss is maintained.
In this paper, four filters using superconducting mi-
crostrip line are reported on. The measured microwave
response of the devices are compared to the predicted
response using the physical model described below. In Fig.
1(a)—-(d), the circuits tested are shown which include an
interferometer, a stepped-impedance, a low-frequency
stub, and a high-frequency stub filter, respectively. A
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coplanar transition region provides the electrical connec-
tion between 50-(} coax cables and the microstrip lines.
The filter geometry is defined by the patterned top super-
conductor layer. The deposition and processing steps for
the niobium carbon nitride (NbCN), amorphous hydro-
genated silicon (a-Si::H), and NbCN trilayers will be given
in the next section. Although trilayer transmission lines
have been fabricated in high-temperature superconduc-
tors [7], presently, the microwave losses are higher than
for the more traditional materials where low-loss circuits
have been successfully fabricated [1], [2], [4].

The microstrip lines in Fig. 1 are ~ 10 um wide and
the dielectric film thicknesses are ~ 0.1-0.3 pm giving
an aspect ratio of ~ 30-100. Consequently, a parallel
plate transmission-line analysis is valid. The coupling be-
tween adjacent lines, which is proportional to the dielec-
tric thickness over the separation, is negligible. The small
dielectric thickness allows the microstrip lines to be placed
in close proximity to one another yielding ultra-compact
designs. One should also note that even though the super-
conducting films are substantially thinner than a penetra-
tion depth, the electromagnetic energy outside of the line
is orders of magnitude less than that of the guided signal.
The vast difference between the thickness of the de-
posited dielectric and the substrate thickness results in
this distribution of the energy [8].

This investigation was undertaken to address several
issues regarding the practicality of using kinetic-induc-
tance microstrip in complex circuit topologies. One of the
major concerns is the matching of the extremely small
cross-sectional geometries of the kinetic-inductance mi-
crostrip to standard 50-Q) components. Another concern
is the spatial thickness variations inherent in any deposi-
tion process, since the propagation constant of the mi-
crostrip is very dependent on the thicknesses of the films
(see (3)). These variations will impose limitations on the
types of designs that can be realized. To more easily
determine the design limitations, the circuits used two
sets of identical elements rather than implementing a
Chebyscheff, elliptical, or other traditional responses
which require additional elements. By restricting the num-
ber of elements, the photolithography is simplified since
the correct impedance ratios between the elements is less
critical.

To quantitatively model the transmission characteristics
of these designs, the superconducting and dielectric films
need to be characterized. The parameters needed for the
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Fig. 1. Photographs of the interferometer (a), stepped-impedance filter (b), low-frequency stub filter (c), and hlgh frequency
stub filter (d) (c and d on facing page).

superconducting films are the thickness d,, critical tem-
perature T,, zero-temperature penetration depth Ay, and
the normal-state conductivity o,. For the dielectric film,
one needs the thickness d,, the relative dielectric con-
stant €, and the loss tangent tan 8. For NbCN, the
penetration depth is reasonably well characterized by the
Gorter-Casimir equation [5]
Ay

V1-(1/1)

A= (M

where T is the temperature of the film. The: effective
conductivity o due to the quasiparticle density of elec-
trons in the superconductor has a temperature: depen-
dence given by [5]

(2

When the thicknesses of the dielectric and supercon-
ducting films are on the same order or less than the
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Fig. 1.

penetration depth, the effective inductance resulting from
the energy stored in the kinetic motion of the Cooper
pairs and the energy stored in the superconducting films is
comparable to or greater than the inductance resulting
from the energy in the dielectric. Since the phase velocity
is given by v, = 1/(LC)"? where L is the inductance
per unit length and C is the capacitance per unit length,
this additional inductance results in a slowing of the
applied signal. In the parallel-plate approximation, the
explicit dependence of the phase velocity on the penetra-

(d)
(Continued).

tion depth and the film thicknesses is [5], [6]
¢ 1

Ve 1 +2(r/d,)coth(d,/A)
where ¢ is speed of light in vacuum and the superconduc-
tors are assumed to be identical. The first term under-
neath the radical is due to the magnetic energy stored in
the dielectric while the second term results from the
additional inductance usually referred to as the kinetic
inductance [5]. A factor of 30 slowing due to the kinetic

(3

Up
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inductance has been demonstrated [1], [2]. Since distribu-
ted microstrip circuits are planar, the size reduction due
to kinetic inductance effects can vary from (¢,)/?v, /c for
a delay line to € (vp/c)2 for a complex two-dimensional
topology. An additional factor of 1.5-5 in slowing results
from the value of the relative dielectric constant.

In addition to the phase velocity, an equally important
issue for any microwave device is its insertion loss when it
is integrated into a circuit. Insertion loss can result from
impedance mismatch, geometric discontinuities, and at-
tenuation loss. In the parallel-plate limit, the characteris-

tic impedance of a superconducting microstrip is given by

(6]

7 =

(4

dy \/ #ol1 + 2(A/dy) coth (d,/A)] @

w €€,
where w is the width of the line, u, is the permeability of
free space, and €, is the permittivity of free space. By
proper design, this impedance can be matched to a stan-
dard 50-Q system either by the proper choice of the
parameters in (4) or by the use of an impedance trans-
former.

The geometric discontinuity involved in the transition
from the kinetic-inductance microstrip to 50-{} coax pre-
sents a challenging design problem. The approach pur-
sued in this investigation is to employ a “coplanar” wave-
guide section, shown in Fig 1(a)-(d), between the coax
and kinetic-inductance microstrip. The center conductor
of the coplanar waveguide linearly tapers down from
where contact with the coax center conductor is made to
the width of the microstrip. The two common outer con-
ductors of the coplanar region are connected to the outer
conductor of the coax at the edge of the substrate and
then taper linearly and merge to become the ground
plane of the microstrip at a point where the center con-
ductor crosses over, separated by the thin-film dielectric.
Although geometrically similar to the impedance trans-
former investigated by McGinnis ef al. [9], the tapered
coplanar region is used here to connect two transmission
lines with similar impedances but drastically different field
patterns.

Insertion loss due to dissipation in the microstrip lines
can result from either losses in the dielectric or quasipar-
ticle conduction in the superconducting films. The loss
constant for the dielectric is

(%)

a

a;, =—tan 8
v
P

where f is the frequency while the loss constant of the
superconducting films is given by [6]

_ Q2nf) Nue,ou,
' 2d,c?

-lcoth (d,/A) + %sinh‘z(ds/)\) . (6)
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A more convenient figure of merit for transmission line
loss is the quality factor which is the ratio of the energy
stored in the electromagnetic signal to the amount of
energy lost per cycle. This quantity is given by Q, , =
mf/v,a, 4. For the superconducting microstrip line, a
total quality factor can be defined as Q= (1/Q, +
1/0,)~%. In the thin-film limit (d,, d, < A), the supercon-
ductor quality factor simplifies to

1

= 7
Qs i ZWf[LOUAZ ( )
which is essentially the square of the ratio of the classical
skin depth to the penetration depth. Since this. expression
is independent of the film thicknesses, additional slowing -
can be achieved by using thinner films without incurring

additional loss. In the thick-film limit (d,,d; > A), the =

quality factor is increased by the ratio d,/A over that
given by (7).

In Fig. 2, the superconducting quality factor is-shown as .
a function of frequency for the ‘reduced: temperatures:
T/T, of 0.3, 0.5, 0.8, and 0.95 in the thin-film limit. The
values used for the penetration depth and normal-state -
conductivity are A, = 0.4 um and g, = 10° (Qm)~?, re-
spectively which are reasonable values for NbCN films [1],
[2], [4]. For these values, one obtains quality factors great‘ T
than 100 below 10 GHz and a reduced temperature of 0
While for some applications a quality factor of 100 may be
acceptable, dielectric quality factors as high as 10° ‘could *
be expected since these have been obtained for bulk '
materials [10]. For Q, = 10°, one is limited by the supet- .

conductor losses for most of the frequency and tempera--
ture range shown in Fig. 2. However, a relatively high. "

overall Q of 10° is maintained up to 10 GHz fora -
reduced temperature of 0.5 T,. e

II. FABRICATION PROCESS AND EXPERIMENTAL
DETAILS

The trilayer structures were fabricated in an’ ultra
high-vacuum sputtering system [11]. The films were grown

on quartz substrates with dimensions of 2.5 X 2.5 X 0.1- "

cm®. The ground plane was first deposited by rf sputtering
a 15 cm-diameter Nb target in an argon (84%), nitrogen
(13%), and methane (3%) gas mixture with a substrate '
temperature of approximately 600 °C and the rf power
density of 4.3 W /cm?. Without breaking vacuum; half the . .
hydrogenated-silicon dielectric layer was ‘then- deposrced,

by sputtering a silicon target in an argon (85%) and
hydrogen (15%) gas mixture with an f power density ‘'of
0.85 W/cm? The sample was then removed from the =

system to pattern the ground-plane layer. After etching
the films in a barrel plasma etcher, the remaining half of
the hydrogenated silicon was deposited followed by the
top NbCN film. The deposition of the silicon layer. intwo -

steps was done to minimize the possibility of pin-hole -
shorts between the two superconducting layers. The top

film was patterned using a parallel-plate reactive “ion
etcher to define the microstrip.lines. The thlckness of the
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Fig. 2. Superconductor quality factor versus frequency for a microstrip
line at the reduced temperatures of 0.3, 0.5, 0.8, and 0.95. The curves are
in the thin-film limit with A, = 0.4 pm and ¢, = 105 (Qm)~'.

NbCN films (which in our previous work were referred to
as niobium nitride films [1], [2], [4]) were 25 nm and the
a-H::Si films were either 100 nm or 300 nm.

To determine the microwave properties of the circuits,
the substrate was mounted on a test fixture which used
0.034-inch diameter coaxial cable. The coplanar transition
regions were connected to the coax in one of two meth-
ods. For one method, silver epoxy was spread over a
portion of the transition-region center conductor and
ground plane. Pressure contact was then made to the
contact points. For the other method, part of the transi-
tion region center conductor and ground plane were
coated with 10 nm of Cr followed by 300 nm of gold using
a photoresist liftoff technique. A 25-um diameter gold
wire was then bonded to the areas and silver epoxy was
typically applied at the bonding points to improve me-
chanical stability.

With the sample mounted, the test fixture was placed in
the experimental space of a liquid helium cryostat. The rf
electrical connection between the room-temperature elec-
tronics and the test fixture was made by 0.085-inch 50-Q
stainless-steel coax cables with a 1.25-m length. The mag-
nitude of the transmission coefficient |S,,| of the filters
was measured with a Hewlett Packard 8510 vector net-
work analyzer. The attenuation of the applied signal due
to the coax cables of the probe and room-temperature
electronics were calibrated out of the measurements.

III. CircUIT MODELING

One of the goals of this investigation is to demonstrate
that these structures can be fabricated with sufficient
accuracy that they can be modeled by incorporating su-
perconducting parallel-plate transmission-line equations
into standard microwave CAD tools. To prove that this
goal can be accomplished, the inverse problem is ad-
dressed. That is, from the measured transmission charac-
teristics, the materials properties of the superconducting
and dielectric films are determined for several devices and
shown to be consistent. The degree of consistency will of
course be limited by the physical model assumed, the
sensitivity of the device characteristics to the material
properties, and processing defects in the microstrip lines.

Modeling of these circuits was facilitated by Eesof’s

microwave-circuit analysis package. The superconducting
transmission lines were modeled using a general transmis-
sion-line element that could incorporate (1)-(6) in a
straightforward manner. The circuit models included a
series parasitic inductance and capacitance at the input
and output of the filters. These parasitics were included to
account for the rf connections between the 50-} coax
cables and the superconducting films of the filters. The
parasitic inductance also accounts for the effects of the
coplanar transition region as discussed in Section IV-B.

The circuit analysis program allows the determination
of the penetration depth, critical temperature, and loss
parameters by comparison of the computed and measured
transmission characteristics. Simple visual comparison of
the experimental and theoretical graphs results in reason-
ably accurate values for the film parameters. Further
numerical optimization can be done to improve the re-
sults. The optimization function used for the numerical
analysis was the sum of the transmission coefficients in dB
over all frequencies. The difference between the mea-
sured and computed functions is then minimized using a
gradient search of the parameter space. This logarithmic
form for the minimization function equally weights the
passbands and nulls.

An efficient way to determine the materials parameters
is to first determine the penetration depth and the loss
tangent at a temperature well below the critical tempera-
ture where both the critical temperature and normal-state
conductivity have a negligible effect on the transmission
characteristics as indicated by (1) and Fig. 2. Then the
critical temperature and normal-state conductivity are
found by fitting data near the critical temperature. As a
consequence of this approach, the model is least accurate
at intermediate temperatures where the measured phase
velocity is slightly lower than the predicted value using the
Gorter—Casimir dependence.

The other parameters such as the parasitic capacitances
and inductances can be optimized at any temperature.
Once the final parameters are determined, one only needs
to change the temperature to produce the curve fit for the
measured transmission data.

IV. RESULTS

A. Material Properties

In Figs. 3—6, the magnitude of the transmission charac-
teristics |S,| of the interferometer, stepped-impedance,
low-frequency stub, and high-frequency stub filter, are
shown, respectively. For each temperature, the solid line
indicates the measured data and the dashed line the
optimized results of the models. A reasonable agreement
between the model and measurements over as broad a
frequency range as possible was sought rather than the
demonstration of an excellent fit over a narrow frequency
range. For the devices, the NDCN and dielectric film
thicknesses were 25 nm and 300 nm, respectively. In Table
I, the lengths and nominal widths of the resonant ele-
ments are given. Generally, the microstrip lines were
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Fig. 3. Interferometer transmission data (solid lines) for the tempera-
tures of 4.65 K, 11.1 K, and 11.6 K. The dashed lines represent the fitted
curves. The model was fitted over as large a frequency and temperature
range as possible for which a reasonable fit could be achieved rather
than optimizing the fit over a single passband.
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Fig. 4. Stepped-impedance filter transmission data (solid lines) for the
temperatures 5.07, 7.88, and 11.1 K. The dashed lines represent the
fitted curves. The model was fitted over as large a frequency and
temperature range as possible for which a reasonable fit could be
achieved rather than optimizing the fit over a single passband.

slightly thinner than these values due to the lithographic
processing. For ¢,, a value of 10.5 was assumed [2]. The
measured line widths were used in the models.

As can be seen from the graphs, the model after opti-
mizing the circuit parameters predicts the transmission
characteristics very well. Especially good agreement is
obtained for the interferometer where each stopband has
a center and two side nulls. The center null results when
the difference in lengths between the short and long arm
are half a wavelength, and the side nulls are due to
reflections from an impedance mismatch between the
arms and the trunkline. For the four devices, the resulting
penetration depth, critical temperature, loss tangent, in-
verse of the superconductor quality factor, and normal-
state conductivity are summarized in Table II. The super-

13
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Fig. 5. Low-frequency stub filter transmission data (solid lines) for the
temperature 4.31, 7.87, and 10.60 K. The dashed lines represent the
fitted curves. The model was fitted over as large a frequency and
‘temperature range as possible for which- a reasonable fit could be
achieved rather than optimizing the fit over a single passband.

Transmission |S,,| (dB)
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Fig. 6. High-frequency stub filter transmission data (solid lines) for the -
temperatures 5.11, 7.84, and 11.10 K. The dashed lines represent the
fitted curves. The model was fitted over as large a frequency “and
temperature range as possible for which a reasonable fit -could: be
achieved rather than optimizing the fit over a single passband. S

conductor quality factor was computed for a frequency of
1 GHz and a temperature of 4.2 K. Also for comparison-
purposes, the previous results teported for a high-
frequency stub filter are included [4]. For this filter, the
dielectric thickness was 100 nm and the critical tempera-
ture was determined to be ~ 0.5 K lower than previously

reported due to more precise temperature measurement. -

As can be seen from Table II, the penetration depths
and critical temperatures agree to within about 3% with
average values of Ay = 303 nm' and T, = 124 K. The
differences between the penetration  depth- and critical
temperature found for the 100-nm thick dielectric stub
filter, are not surprising since the films were grown over a
period of several months. Even though the growth:recipe
is the same, the previous history of the deposition system
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TABLE 1
THE LENGTH (/) AND NOMINAL WIDTHS (w) OF THE RESONANT ELEMENTS IN FIG. 1
Stepped- Low-frequency High-frequency
Interferometer impedance stub stub
w (pum) I (mm) w (um) { (mm) w ( um) [ (mm) w (pm) ! (mm)

Element 1 4 240 4 21.2 10 10.6 16 0.5

Element 2 4 48.0 16 21.2 8 212 8 1.0

Input /output line 8 34 8 1.4 8 1.5 8 33
TABLE II

PENETRATION DEPTH, CRITICAL TEMPERATURE, LOSS TANGENT, INVERSE OF THE SUPERCONDUCTING QUALITY FACTOR, AND
NORMAL-STATE CONDUCTIVITY DETERMINED FROM THE TRANSMISSION CHARACTERISTICS OF THE FILTERS. 1 / Q¢ WAS
COMPUTED FOR A FREQUENCY OF 1 GHZ AND A TEMPERATURE OF 4.2 K

Circuit A (nm) T, (K) tan & 1/Q; g, 10°Q~'m™ 1)
Interferometer 302 12.25 0.005 2x1073 17
Stepped-impedance 297 12.27 (0.005) 2x 1073 V)
Low-frequency stub 302 12.60 (0.005) 3x107° 3)
High-frequency stub 311 12.44 0.005) 2x107° @
Previous high-

frequency stub 456 13.07 0.008 1x107° 0.5

conditions the surface of the Nb target. Depending on the
molecular makeup of the surface, the properties of NbCN
films will be correspondingly influenced [12], [13].

While the penetration depth and critical temperature
can be determined to within a few percent, the dielectric
loss tangent and normal-state conductivity are more dif-
ficult to extract from the data. The difficulty arises be-
cause these quantities result from the amplitude of the
transmission coefficient whereas A, and 7, are deter-
mined by the location of the rejection and pass bands.
The matter is further complicated by impedance mis-
matches at the device input and output and imperfections
in the microstrip line which can set up unwanted reflec-
tions. For the results reported here, the interferometer
was the only device for which values could be accurately
determined. The values are ¢, = 1.7 X 10° (Om)~! and
tan & = 0.005 with uncertainties of 10% and 20%, respec-
tively. As is indicated in Table II, the loss tangent is in
reasonable agreement with the value found for the high-
frequency stub filter. The discrepancy in the normal-state
conductivity is expected given the discrepancies that were
observed for the other superconducting properties.

For the other filters, the loss parameters found for the
interferometer were assumed. For the low-frequency stub
filter, a o, of 3 X 10° (m)~' gave a better fit to the
data than the value of 2 X 10° (Qm)~! found for the
interferometer. This discrepancy may be a consequence of
the same parasitics affecting the non-ideal behavior ob-
served below 4 GHz. Hence, the value of o, extracted
from the interferometer measurements is more likely to
be accurate. Determining the losses for the stepped-im-
pedance filter was complicated by the suppression in the
expected transmission characteristics at ~ 3 GHz at 4.2
K. The inclusion in the model of capacitive coupling
between sections of the microstrip line can partially re-
produce the observed behavior. This capacitive coupling is
motivated by processing problems which resulted in small
islands of metalization which nearly bridge the gap be-

tween two adjacent sections of microstrip line in one of
the reentrant spirals. For the high-frequency stub filter,
an independent determination of the loss tangent and
normal-state conductivity was not possible because of the
degraded passbands. The cause of the passband degrada-
tion is not known.

B. Coplanar Transition Region

In determining the loss parameters, the type of contact
to the coplanar transition region and the circuit model
assumed for the transition region itself is important. For
the pressure contacts, there is a capacitance and induc-
tance associated with the exposed center pin while the
impedance associated with the gold bond wires is primar-
ily inductive. The inductance of the bond wires is on the
order of 1 nH. Generally, the bond wire connections work
well for frequencies below ~ 5 GHz since the capaci-
tance is minimized. For frequencies above ~ 10 GHz, the
pressure contacts are preferred since the inductance is
minimized.

For the measurements of Figs. 3—6, bond wires were
used for the interferometer and stepped-impedance filter
and pressure contacts were used for the stub filters. For
the frequency range of the interferometer and stepped-
impedance filter, the inductance of the bond wires had a
negligible effect on the transmission characteristics. No
lumped circuit elements were included in the model to
describe the transition region. The low insertion loss in
Fig. 3 implies that there is little reflection due to geomet-
ric or impedance mismatch at the input and output of the
circuit. The amount of ripple in the passbands indicates
the degree of impedance mismatch between the mi-
crostrip lines (~ 28 Q at 4.2 K) and the 50-Q cables.
Considering how well the model describes the data, the
observed ripple is entirely attributable to this impedance
mismatch in this frequency range.

In modeling the high-frequency stub data, a series
inductance was needed to describe the coplanar transition
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region. The inductance was found to have two parts, a
magnetic and kinetic-inductance part which had the same
functional dependence as the penetration depth. The
zero-temperature value of the kinetic-inductance part was
~ 0.9 nH and the magnetic part was ~ 1 nH. The use of
the quartz substrates is partially responsible for this series
inductance. The transition region was designed for a sili-
con substrate which has a larger dielectric constant. Due
to processing problems with the silicon substrates, these
circuits were not functional which led to the use of quartz
substrates. Because of the lower dielectric constant, the
coplanar section appears as a short section of high-imped-
ance transmission line and, hence, behaves inductively.

C. Film Uniformity

While the model accurately predicts the center and side
nulls of the interferometer, there is also an “in-phase”
null at the center of some of the higher frequency pass-
bands (e.g. third passband at ~ 1.2 GHz and T = 11.1 K).
This null occurs when the phase difference between the
two paths are nominally equal to integer multiples of a
wavelength: Physically, this in-phase null results from a
slight phase velocity difference between the signals travel-
ing in the two arms and, hence, is most pronounced at the
higher frequencies. Obvious candidates for this phase
velocity difference are spatial variations in the film thick-
nesses, penetration depth, critical temperature, and di-
electric constant, with variations in the film thicknesses
thought to be the most likely.

Allowing a 3% variation in the thicknesses of the films
for the two arms, the model is able to reproduce this
feature, but fails to predict both the depth of the “in-
phase” null or the exact frequency. At T = 11.1 K, the
slight frequency shift is accounted for by the inadequacy
of (1). While one can decrease the losses in the model to
match the depth of the measured null at this frequency,
the overall agreement degrades. One improvement of the
model might be a gradual change in the film thicknesses
between the two arms rather than the step function as-
sumed here. An in-phase null is also observed for the
higher order passbands of the low-frequency stub filter.
These nulls can also be accounted for by a similar varia-
tion in the film thicknesses of the stub and trunk-line
elements. From the modeled curves in Fig. 5, one can see
that these nulls (e.g. ~ 8.0 and 8.8 GHz at T = 431 K)
are reasonably well described.

Spatial variation in the film thicknesses can also explain
the asymmetry seen in the secondary passbands located
between a side and center null of the interferometer. The
thickness variation results in an impedance variation be-
tween the two arms and, hence, affects the shape of the
passband. As was the case for the “in-phase” null, one
finds that the amount of loss improves the agreement for
the secondary bands while degrading the overall fit.

Considering that the circuit size is small fraction of the
15 cm-diameter sputtering targets used for growing the
films, a 3% variation in the film thickness may not seen
reasonable. However, a spatial variation in the “pin-hole”
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density of the dielectric may cause an “effective” variation
in the film thicknesses. As was pointed out in Section II,
the dielectric layers were deposited in two steps. Follow-
ing this procedure, the pin-hole shorts formed in the first' -
half of the dielectric are unlikely to overlap with those
formed in the second half of the dielectric. While shorts
between the superconducting layers have been avoided,
the thickness of the film with be ~ d,;/2 over a small
percentage of the circuit area creating -an “effective”
dielectric thickness. Since one has little control over how
these pin-hole shorts are distributed, the spatial variation
found in the model appears to be reasonable.

The spatial thickness variation also accounts for the
small discrepancies mentioned above for the penetration
depth. Since the phase velocity contains the ratio A,/d;
and A,/d,, any uncertainty in the film thicknesses trans-
lates into an uncertainty for the penetration depth A,.
The 3-6% thickness variation proposed for the interfer-
ometer and low-frequency stub certainly allows for the
3% uncertainty in the penetration depth. For the 3%
critical temperature discrepancy, similar arguments also

apply.
IV. CONCLUSION

The agreement obtained between the modeled and
measured data show that the parallel-plate characteriza-
tion of the superconducting microstrip lines can accu-
rately predict the microwave properties of the circuits:
The agreement between the penetration depths; critical -
temperatures, and loss parameters also supports this claim.
The device characteristics are nevertheless quite suscepti-
ble to circuit imperfections indicating the need: for better
control of the fabrication process which would also in-
crease the yield of the devices.

An important result of this investigation is to quantify
the degree of film uniformity achievable with our present
deposition technology and photolithographic processing.
The presence of an “in-phase” null in the transmission
characteristics of the interferometer. and low-frequency
stub indicate that there was a 3-6% spatial variation .in
the “effective” film parameters which affects the phase
velocity. This spatial variation is thought to be the result
of pin holes in the dielectric layer. The density of pin:
holes might be reduced by using a dielectric layer that is
better lattice matched to NbCN such as MgQO. The use of
a clean-room facility would also significantly reduce the:
amount of dust available for pin-hole sites. Obviously; to
design and fabricate narrow-band filters, significant im-" -
provements in the film-thickness variation are required. ‘

The dissipation losses of the devices tested were limited
by the hydrogenated-silicon dielectric for temperatures
well below the critical temperature. As indicated in Fig. 2,
a loss tangent of 0.0001 is necessary to be limited by the
superconducting losses at a reduced temperature of 0.3
and 10 GHz. This value represents a 50 times reduction
over that found for a-Si::H which might be achieved with,
magnesium oxide (MgO) as the dielectric. The benefits of
using MgO are that it grows epitaxially on niobium nitride
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[14] and, in its bulk form, the loss tangent is in the desired
range [10].

The insertion loss due to impedance and geometric
mismatch for these microstrip structures has also been
discussed. Using (4), the characteristic impedance of the
input lines was ~ 30 Q at 4.2 K. The 30-Q impedance of
the interferometer is responsible for the relatively low
reflected power. To achieve a better match it will be
necessary to fabricate 50-€) kinetic-inductance microstrip
lines which will require accurate control of the penetra-
tion depth and line width. For the geometric mismatch,
the interferometer data showed that the coplanar transi-
tion region successfully minimized these effects for fre-
quencies below 2 GHz. For higher frequency devices,
further refinement of the transition-region design will be
necessary to eliminate the parasitic series inductance re-
quired in the model of the high-frequency stub filter. The
high-frequency design is a nontrivial problem that is
presently hampered by the unavailability of three-dimen-
sional electromagnetic field solving programs that prop-
erly model thin-film superconductors.
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