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Abstract— A microwave method for measuring the electrical
parameters of circuits, including capacitances, using
superconducting resonators was proposed and implemented. An
original technology of manufacturing compact capacitors in
superconducting circuits with a thin anodized insulator layer
was used. The structures comprising arrays of such
superconducting resonators were fabricated and their spectra
were measured. The numerical calculations of the test structures
were compared with the spectra measured in the experiment.
The values of the capacitance, through which the resonators
were coupled to a microwave transmission line, were
determined. The obtained values were analyzed, and the
reliability of the technique used was assessed.
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1. INTRODUCTION

At the present time, the development of quantum
superconducting devices is showing great progress. One of the
main options for the implementation of such devices are
integrated circuits based on the niobium Josephson junctions
[1]. In addition to the Josephson junctions and resistive shunts,
the capacitive and inductive elements are used in such circuits.
The challenging task is to accurately fabricate the compact
elements of such circuits with the given parameters. Despite
the fact that most of these elements are well calculable
analytically, the parameters of the manufactured elements
may differ from the calculated ones, and thus require
experimental determination. For example, in the circuit of a
Josephson traveling-wave parametric amplifier JTWPA) [2],
knowing of the cell-inductance and the cell-capacitance
values is important, because among other things, they
determine the line impedance. Previous studies [3] had shown
that the indirect determination of the inductive parameters of
the JTWPA in dc measurements is not a sufficiently reliable
and accurate method. In this paper, we discuss and use an
alternative scheme for measuring parameters using a coplanar
waveguide (CPW) capacitively loaded with the element under
study, i.e., the high-Q CPW resonator which makes it possible
to determine the necessary parameters at the operating
frequencies.
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II. METHOD FOR DETERMINING PARAMETERS USING A
SUPERCONDUCTING RESONATOR

Thin-film superconducting coplanar waveguide resonators
are widely used in the superconducting qubit circuits [4], in
the matrices of bolometric receivers [5, 6], and in the material
analysis systems [7,8]. There are two main ways of coupling
a CPW resonator and a CPW line: capacitive [9] and inductive
[10]. The design of capacitive coupling is usually more
compact and thus favorable when several resonators are
connected to one line. Traditionally, the capacitive-coupling
design implies the gap or finger capacitors. In circuits with
two or more metal layers, it is also possible to use planar
capacitors, which may provide significantly larger
capacitances and, consequently, a stronger coupling with the
line.

The scheme for measuring inductive and capacitive
elements is shown in figure 1. The frequency o, of grounded,
i.e. M4-resonator is calculated with high accuracy analytically
or using microwave device simulation systems, for example,
AWR Microwave Office. Terminating the similar resonator
by an inductance L or a capacitance Co leads to a shift of the
resonant frequency, down (@, < 1) or up (@3 > ®;) from the
bare frequency, respectively. This shift is also calculated
analytically and makes it possible to determine the load
impedance value.
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Fig. 1. Scheme of coupling coplanar waveguide quarter-wave resonators

with different termination to a coplanar microwave line.
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Fig. 2. The layout of the chip with 4 CPW quarter-wave resonators of
various lengths capacitively coupled to a CPW line 2500 pm long. CPW is
20 um wide and 10 pm gap. The design value of the CPW impedance is 48 Q.

For initial research, a chip with a segment of a CPW line,
and 4 CPW resonators of various lengths (3500, 4000, 4500
and 5000 um) was developed (see Fig. 2). All CPW resonators
were on one side shorted to ground and on the opposite side
coupled to line capacitively at regular intervals. The coupling
capacitances were 200 fF for all CPW resonators. The
designed parameters ensured sufficiently pronounced (< -20
dB) high-Q (Q ~ 15) resonances. The calculation of the entire
circuit was carried out in AWR Microwave Office (see Fig. 3).
Resonances were at frequencies of 5, 5.46, 6.02, 6.68 GHz.
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Fig. 3. Calculation in AWR Microwave Office of a signal passing through
a CPW line with 4 CPW resonators coupled through identical capacitances of
C=200 fF, on a silicon substrate (¢=11.9) with a thickness of 500 um with a
metallic layer on the reverse side (coplanar waveguide with ground).

III. EXPERIMENTAL SAMPLE WITH CAPACITORS WITH A THIN
ANODIZED INSULATOR LAYER

&

Fig. 4. View of the area of the fabricated chip with one of the CPW
quarter-wave resonators capacitively coupled to a CPW line with "air"
bridges.

According to the developed design, the test circuits were
fabricated at the IRE RAS using niobium technology [11]. The
films were deposited by magnetron sputtering, the layer
structure was created using the lift-off method. The lower
metal layer, in which CPW lines were made, was a three-layer
structure Nb/Al-AlO/Nb with a thickness of 200/7/80 nm.
The top layer of metal Nb of thickness of 350 nm was used to
connect resonators to the line and "air" bridges, equalizing the
electric potentials of the CPW line in the places of its bend.
(see Fig. 4). The lower and upper layers are separated by a
Si0; insulator layer 250 nm thick.

Capacitor

Fig. 5.
resonator. The capacitor; area is about 6 um by 6 pm. An “air” bridge is
located on the left side, which provides electrical contact return conductors
for equalizing the potentials of the line. “Air” bridge’s width is 6 pm.

Fragment of the capacitive coupling region of the CPW line and
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TABLE L CAPACITOR STRUCTURE
Material Tl hl:.,cf:::ss f)ielectrii Ca;,;fZamnzce,
M2 Nb 350 Top metal
Ianod_1 AlLO; 12 10 74
Ianod_2 Nb,0s 19 40 19.6
M1 Nb 200 Bottom metal

An original technology for manufacturing capacitors was
used to couple the resonators to the line. Previously, plane-
parallel capacitors with a SiO» insulator layer [12] separating
the upper and lower metal layers were used. The specific
capacitance with a 250 nm thick interlayer is 0.17 fF/um?.
Also, the qubit circuits [13] use similar capacitors with a layer
of amorphous silicon (a-Si), which has a dielectric constant of
about 10, that is larger than that of SiO,. In these samples, the
dielectric layer was obtained by anodizing Al and Nb layers.
Previously, it was proposed to use this method for shunting
Josephson junctions [14]. To do this, after the formation of the
topology of the lower electrode, a photo resist mask is formed,
in the window of which the upper Nb layer is first etched (the
Al layer is the etch stop layer). Further in this window,
anodization is carried out to a voltage of 17 V. Al layer is
anodized firstly: it takes of about 9 V to completely anodize
Al layer and gives about 10-12 nm of Al,Oj3 layer with e=10.
Only after that the Nb layer starts, the additional anodic layer
Nb2Os (h = 18-19 nm, & = 35-45) is created for the extra 8§ V.
As aresult, we got 2 capacitors one on the top of another; total
capacitance is about 5.4 fF/um? (Table 1). At the next stage,
the areas not protected by the resist mask are etched and a
layer of thick SiO, insulator is formed, which determines the
area of the final capacitor. The area, where contact with the
top electrode is made, remains open. In the developed design,
this area is 6 pm by 6 pm, the estimated capacitance is
C.~ 200 fF (see Fig. 5).

Using the proposed technology, it is possible to
manufacture the compact capacitors with a high specific
capacitance, what is important for increasing the density of
elements in the integrated superconducting circuits and
creating compact multi-element circuits. Reducing the size of
the capacitors in such circuits makes it possible to reduce
parasitic size effects, hampering operation of such circuits at
high frequencies.

IV. EXPEREMENT

The fabricated structures were measured at a cryogenic
temperature of 4.2 K in a special probe-insert put into a
transport helium Dewar vessel. The sample was bonded to a
printed circuit board, where the microwave signal propagates
along a microstrip line. The measuring head with the board
was connected to the probe insert via SMP connectors (see
Fig. 6). Additional filters and attenuators in the microwave
path were not used. The measurements were carried out with
a Rohde&Schwarz ZNB20 vector network analyzer at
frequencies up to 20 GHz. Previously, there was a study of a
signal transmission through a similar segment of a CPW line,
which showed that there were no significant attenuations and
reflections in the path.

Fig. 6.
cryogenic insert and the magnetic shield.

Photo of the measuring head with the sample connected to the

The transmission of the signal through the developed
structure with resonators at a temperature of 4.2 K was
measured in band 100 MHz — 20 GHz. A spectrum showed 3
high-Q resonances at frequencies of 3.9, 4.2, and 4.6 GHz and
one resonance feature, at a frequency of 6 GHz (see Fig. 7).
The absence of fourth high-Q resonance (the resonator with a
length of 3500 pm) can be explained by the presence of a
defect, i.e. a short circuit inside the resonator, shifting this
resonance to higher frequencies. This resonance was excluded
from further analysis.

V. RESULTS AND DISCUSSION

A more complex model is required to correctly compare
the calculations with the experimental results. First of all,
parasitic capacitance of "air" bridges was added to the model.
Despite the low specific capacitance of 0.17 fF/ um? of such
overlaps, due to the large area, the capacitance of each bridge
is estimated at 20 fF. On the longest resonator there are 18
"air" bridges in groups of 3. They are introduced into the
model in groups of 3 and with a capacity of 60 fF in design-
advising places. With this correction, we determine the values
of coupling capacitance C.. To match the calculation with the
experiment, this capacitance should be about 375 {F (Fig. 7),
that is larger than coupling capacitance used in preliminary
evaluation.
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Fig. 7. Experimentally investigated signal propagation along a coplanar

line and numerical calculation taking into account the capacitance of the
bridges and the selected value of C.=375 fF.
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There are two main factors, that were not taken into
account earlier. The first problem is related to determining the
exact area of such a capacitor. In the course of manufacturing,
the possibility of drifts of linear dimensions, associated with
the development of the resist and the features of the formation
of structures. Measurements in an optical microscope showed
that the actual side size of a square capacitor was 6.7+0.1 pm.;
giving the total area of about 45 um?.The second problem is
related to the parasitic capacitance (0.17 fF/ um?) of the
resonator's overlap with the center line. This overlapping
275 um? gives extra capacitance 47 {F, connected in parallel.
That is, the capacitance of the capacitor itself is 328 fF.

The capacitance of such a capacitor amounted to
7.3+0.22 fF/ um?. What differs from the calculated specific
capacitance according to the formula for a plane-parallel
capacitor, but this estimate was made "from below". The
determining factor is the thickness of the Al layer, which
determines the thickness of AlbO; and Nb,Os, which is
determined in technology with an accuracy of +£10%. We
associate additional corrections with the imperfection of the
boundaries of such a capacitor. It is possible to refine the
specific capacitance values in the experiment by comparing
the frequencies of an unloaded resonator and one loaded with
a large-area capacitor made according to the described
technology (see Fig. 1).

The conducted research has shown that the designed and
manufactured resonators are suitable for research to determine
the inductive and capacitive parameters of circuit elements
with a fairly simple measurement scheme. The capacitances
under study ensured sufficient coupling of the resonators with
the coplanar line and thus a high signal-to-noise ratio. A
method was tested for manufacturing compact containers with
a dielectric layer obtained by anodizing. The proposed method
makes it possible to create compact planar capacitors in
superconducting niobium circuits with a high specific
capacitance.
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