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A method for measuring the electrical parameters of integrated circuit elements using high-quality supercon-
ducting resonators has been proposed and implemented. Structures were manufactured consisting of a coplanar
waveguide line with resonators connected to it in a capacitive manner. The transmission spectra of a microwave
signal along such a line were measured. A comparison is made of the numerical calculation of test structures with
the transmission spectra measured in the experiment. The values of the coupling capacitances of the transmission
line with the resonators are determined. The parameters of the resonator loads, which are capacitive and inductive
elements, have been determined. The obtained values were analyzed and the reliability of the methodology used

was assessed.
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Introduction

Creation of quantum superconducting devices is currently
an important field of research [1]. Integrated circuits
based on the Josephson tunnel junctions are one of the
main versions of such devices [2]. Besides the Josephson
junctions (JJ), such circuits often use resistive shunt,
capacitive and inductive elements. Fabrication of such
elements with design electric parameters is a quite difficult
problem. Though the electrodynamics of such elements
can be properly calculated analytically, real parameters
of the fabricated elements may differ significantly from
the design parameters and, therefore, need to be clarified
experimentally. For example, for the circuit of Josephson
traveling-wave parametric amplifier (JTWPA) based on
the chain of single-contact (RF) superconducting quantum
interference devices (SQUIDs) [3-7], real inductance and
capacity in each cell are important to define essential
parameters such as line impedance. The RF SQUID
inductance includes both geometrical inductance of the
SQUID loop and Josephson inductance that depends on
the critical current of the tunnel junction composing the
SQUID. Direct measurements of the critical current in such
structures are impossible and are generally conducted in
separate test structures with junctions identical to SQUID
junctions. But the measurements of low critical currents
equal to several puA are strongly affected by external
magnetic fields and induced electrical interference, so the
measured values strongly depend on the measurement
system parameters.

Inductive parameters of a direct current (DC) SQUID
with identical dimensions were measured before in [8].

Dependence of the critical current of such structure on
the externally applied magnetic field were studied. Si that
depends on the ratio of geometrical and Josephson parts
of SQUID inductance was defined from the maximum and
minimum currents on the current flux curve Geometrical
inductance calculated in such way depends strongly on the
measurement accuracy of critical currents that are relatively
low in the working structures. Thus, the DC measurements
do not provide a reliable and accurate method for structures
with critical currents equal to several mA. A procedure
for measuring the parameters of superconducting elements
within the GHz range corresponding to the operating
frequency of the developed devices has been tested herein.

For RF measurement of inductive and capacitive elements
they are traditionally included in an oscillating circuit
with known circuit parameters. The paper discusses and
uses a microwave (MW) measurement circuit using high-
Q superconducting resonators loaded with the elements
of interest. This method is used, first, to define the
parameters of elements for which direct DC measurements
are impossible, and, second, to define the necessary electric
parameters on operating frequencies of the designed circuit
when choosing the resonators with the required resonant
frequency.

1. Measurement method using
superconducting resonators

To measure the parameters of the elements of interest
it is proposed to use coplanar waveguide MW resonators
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Figure 1. Connection diagram of quarter-wave coplanar res-
onators with different load to the coplanar line.

connected to the coplanar waveguide line via which the sig-
nal is read. Thin-film superconducting coplanar resonators
are widely used in superconducting qubit circuits [9],
bolometric detector matrices [10] and material analysis
systems [11,12]. There are two main coupling methods for
a coplanar resonator and a coplanar line: capacitive [13]
and inductive [14]. The capacitive coupling option is more
compact in terms of circuit design, which is very important
for coupling more than one resonator with a single line. For
capacitive coupling, the use of slot and interdigital capacitors
is traditionally implied. In circuits with two and more
metallic layers, plane-parallel capacitors may be also used
to ensure much higher capacities and, therefore, the best
line coupling.

The inductive and capacitive element measurement circuit
is shown in Figure 1. Frequency wqo of a nonloaded short-
circuited resonator is calculated with high accuracy analyti-
cally or by means of numerical simulation of MW devices,
for example, using AWR Microwave Office. Connection of
a load in form of capacity or inductance to the resonator end
results in the resonator frequency shift upwards (w1 > wy)
or downwards (wz < wy), respectively. This frequency shift
is also calculated analytically to determine the resonator load
impedance.

A coplanar waveguide line with bonding contacts was
placed on a 3 x 4.2 mm chip. Four coplanar resonators were
capacitively coupled with this line. The central coplanar
line has a length of 2500 um, width of 20 um and gap of
10 um. The design transmission line impedance is equal to
48 Q. Several types of chip designs with resonators with the
same length as well as with resonators with different length
pre-set to different frequencies were developed during this
study. There is a problem concerning the interaction of
resonators designed for closely spaced frequencies when
they are connected to the same line. Therefore, one the
designs initially implied that 4 resonators with different
length designed for different frequencies with a step of
about 500 MHz will be connected to the line. A design
with the same short-circuited resonators, but with different
coupling capacities was provided to determine the best
coupling capacity. The main design was made in the
form of a coplanar waveguide line to which four resonators
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with the same length (4500 um) are connected at regular
intervals through the same capacities. The end of one of the
resonators is short-circuited to ground, whereas the ends
of other resonators are connected to ground through the
elements of interest. The circuit parameters were chosen
such that to obtain a spectrum with high-Q resonances
within a frequency band from 4 to 8 GHz. The circuit with
elements placed on a 500 um Si substrate (¢ = 11.9) with
a metallic layer on the back side was preliminary calculated
in AWR Microwave Office.

2. Experimental sample fabrication
technique

A technological facility for fabrication of micron and
submicron superconducting structures based on high-quality
Nb-AIOyx-Nb tunnel junctions (with a tunneling current
density of 0.1—-10kA/cm?) is successfully used at Kotel-
nikov Institute of Radio Engineering and FElectronics. A
key feature of this technology is fabrication of complex
multilayer superconducting structures with pre-defined pa-
rameters, high repeatability and multiple elements (more
than 100). This technology has been adapted to fabricate
samples with two superconducting layers, anodization and
insulation layer to reliably prevent short circuits.

The developed design was used to fabricate the test
circuits with Nb-AlOx-Nb tunnel junctions (Figure 2). All
films were deposited by magnetron sputtering, the layer
structure was formed using the ,lift-off* lithography. First,

Figure 2. Photograph of the fabricated chip with 4 quarter-wave
resonators capacitively coupled to the coplanar line.
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a thin (100nm) AlLO; buffer layer is deposited, this
sublayer is a stop layer for sandwich structure etching.
The bottom metal layer where coplanar lines are made
is a Nb/Al-AlO4/Nb sandwich structure with thicknesses
of 200/8/80 nm. Superconductor-insulator-superconductor
(SIS) tunnel junctions in SQUIDs were formed in this
layer. The junctions are formed using the SNEAP (Selective
Niobium Etching and Anodization Process) technique [15].
First, a tunnel junction area is formed by etching the
sandwich structure using a masking photoresist. The same
resist mask is used for anodization primarily of the junction
walls. Then an 250 nm SiO, insulator is sputtered into the
areas not covered by the photoresist to ensure insulation
of the bottom electrode to prevent electric contact of two
superconducting layers. The 350 nm top Nb layer was used
as a contactor in SQUIDs and to connect resonators to
the line and create ,air bridges. These bridges connect
two ground electrodes of the coplanar line and serve for
equipotential bonding of the ground busbar in bend and
break points (Figure 3).

The sandwich structure  formation  parameters
were chosen such that to achieve normal resistance
(RnS) ~ 2000 - um?. The given SQUID structures
use the same round Josephson junctions with diameter
dj =3um (area Sj=7.06um?). The design tunneling
current step |4 on the gap voltage of the junction with
a diameter of 3um is 7.7uA; this corresponds to the
tunneling current density of 1.25 uA/um? (125 A/em?). For
the Nb/Al-AlOy/Nb Josephson junctions, critical current |
is calculated using the Ambegaokar- Baratoff equation [16]
with coefficient 0.55 (to consider the strong coupling effect
in Nb electrodes) and is equal to 4.2 uA.

The study uses an original technique for fabrication of
capacities used to couple resonators with the line. Plane-
parallel capacitors with a SiO, insulator layer [17] separating

Capacitor C,
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Figure 3. View of one of four quarter-wave resonators coupled
capacitively with the coplanar line. This resonator is loaded with
a single RF SQUID (right resonator end). The control line that
sets magnetic flux in the SQUID loop through the flowing direct
current is placed to the left of the loop.

the top and bottom metal layers were used before. The
specific capacity of such capacitor with a 250nm SiO;
insulator layer was 0.17 fF/um?. For such samples, dielectric
interlayer was produced by anodization of Al and Nb
layers [18]. Anodization up to 17V gives Al,O3 layers of
about 12nm in thickness and Nb,Os layers of 18nm in
thickness. The estimated specific capacity of a capacitor
with such dielectric interlayer is almost 30 times as high
as that of a ,standard” capacitor with SiO, insulator and
is equal to 5.6fF/um? This value may be increased by
decreasing the anodization voltage or by anodization of
structures with a thinner Al layer. Such method was
previously proposed for capacitive shunting of the Josephson
junctions [19]. The proposed technique may be used
to created capacitors with high specific capacity, which
is important for increasing the density of elements in
superconducting circuits and creating compact multiclement
circuits [20]. By decreasing capacitor sizes in such circuits,
spurious dimensional effects may be reduced additionally,
which is necessary to ensure the MW operation of such
circuits.

3. Measurement setup

The fabricated structures were measured at a cryogenic
temperature of 42K in a special probe insert placed into
a 40l transport helium Dewar vessel. For prompt MW
testing of samples, a MW sample holder, compatible with
existing probe inserts and magnetic shields, was developed
and made. In this MW holder, a sample is bonded to
the copper base, and the electric contact is provided using
ultrasonic bonding. The design has two MW lines connected
via SMP connectors and 12 contacts for DC connections.
The MW lines are microstrip line segments shielded on
the back side, with calculated wave impedance =~ 50 Q2. A
,bias-tee” circuit option was implemented additionally to
set also direct current in the MW line. For this, capacities
in the form of SMD elements are built in the MW line
gap and direct current is set through inductance. The MW
capacity shall ensure normal transmission of high-frequency
signal, but shall not have natural resonant frequencies,
including during cooling to cryogenic temperature. For
this, before mounting the capacities directly on the MW
holder board, SMD capacities were investigated additionally
in a special holder using a vector network analyzer at
frequencies up to 15GHz. It is shown that a capacity of
about 100 pF is adequate for operation at frequencies from
1GHz. Additional filters and attenuators were not used
in the MW path. Signal transmission through the circuit
was measured using the Rohde&Schwarz ZNB20 vector
network analyzer at frequencies up to 20 GHz.

Before proceeding to resonator measurements, we per-
formed a series of test MW measurements at frequencies
up to 20 GHz. The objective of these measurements was
to determine the effect of the MW feed cables, MW
cryogenic insert and MW head itself on signal transmis-
sion. For correct parameter measurements, uniform signal
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Figure 4. Experimentally measured line of one of the resonators
at 4434 MHz. The width at 3dB was 1 MHz.

transmission within the given range of 4—8 GHz (without
natural resonances) is required. Note that the measured
signal transmission spectra at room temperatures and during
cooling to the operating temperatures of 42K may vary
significantly; additional singularities may occur on them.

4. MW measurement data

Signal transmission ratio (S21) was measured preliminary
through the identical coplanar line segment without couple
resonators and no significant attenuations and reflections
were found in this path. Spectra of signal transmission (S21)
through the developed circuit were measured at 4.2 K. Sig-
nal power was set to the minimum value for the used vector
analyzer and was equal to —30dBm in all measurements,
additional attenuators were not used. Spectra with four well-
defined resonances corresponding to individual resonators
were obtained. Q factor of individual resonances was
more than 1000, with measurement in the frequency band
4—6 GHz of interest with resonance level up to —50dB.
Figure 4 shows one of the measured resonances and approx-
imation of its peak by the Lorentz function. In this case, the
shape of whole resonance curve differs considerable from
the Lorentz curve. For scanning within the whole available
range of the vector network analyzer in a wide frequency
band of 100 kHz —20 GHz, the measured Q factor was more
than 100 with the resonance level up to —30dB. Q factor
in such measurements depends on the resolution bandwidth
defined by the resolution filter bandwidth of the analyzer
that is equal by default to 10kHz. The obtained values
match with the preliminary estimates and are sufficient
determine the resonance positions accurately, and ensure
reliable distinguishability of resonances at closely spaced
frequencies.

For comparison, a spectrum obtained by numerical cal-
culation of the measured structure using AWR Microwave
Office was overlaid on the experimentally measured spec-
trum (Figure 5). The calculation included all designed
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Figure 5. Experimentally measured signal transmission ratio S21
on the coplanar waveguide line of one of the samples and
numerical calculation considering the bridge capacity and fitted
value C; = 287 {F

parameters of lines, resonators and substrate. To consider
superconductivity and dielectric and radiation loss, metal
resistivity normalized with respect to Au was set to
0.00001 and dielectric loss angle tangent was set to 0.001.
Departure of line and resonator dimensions from the design
dimensions during fabrication was negligible. First, the
capacity through which the resonator and transmission line
were coupled was determined using the resonance position
of the short-circuited resonator. The value of this capacity
consists of two components: capacity of the plane-parallel
capacitor with insulator made by anodization and additional
parallel capacity formed by overlapping the top and bottom
metallization layers separated by the insulator layer. For
sample series #32, this value was equal to 325fF and for
series #43—287 fF. These difference may be explained by
different anodization conditions, which has a considerable
effect on the dielectric interlayer thickness in capacitors
through which the resonators are coupled. The calculation
also included spurious capacity of air bridges with each of
them having an estimated capacity of 20 {F.

Then, in the assumption that the coupling capacities for
all resonators on one chip are identical, load impedances
were selected for the calculation to ensure coincidence of
the experimental and design frequency peaks. Thus, param-
eters of real structures in the experiment may be defined
with adequate accuracy. Load capacity is a 19 x 19 um?
plane-parallel capacitor made using the same technique as
the coupling capacity. For series #32, specific capacity was
8 4 0.3 fF/um?, for series #43—6.1 £ 0.3 fF/um?. Calcula-
tion and measurement using this technique are described in
detail in [13].

Inductive elements represented a single RF SQUID and
a circuit with three RF SQUIDs connected in series. In the
absence of a magnetic field, the effective inductance of each
RF SQUID is defined by series connection of the SQUID
loop inductance and Josephson inductance of the junction.
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Geometrical inductance values

Structure RF SQUID 24 um
Geometrical inductance 344 pH
calculated using equationl.25 - yo-d
Geometrical inductancelnductEx 64 pH
DC SQUID with identical size 7—17pH

RF measurements single element | 65 pH—series #32

55 pH—series #43

RF measurement three elements | 160 pH—series #32

150 pH—series #43

We suppose that critical current in our measurements were
suppressed and inductance of such element was defined
only by geometrical inductance. The table shows the
calculation and measurement data for the samples from
different series (substrates). For nominally identical SQUIDs
in different series, their inductances shall be the same. The
obtained inductances for three inductive elements are not
exactly 3 times higher than for a single element, which may
be explained by the contribution to inductance made by
the connections and wiring. This contribution in equivalent
to one element for a group of four elements is lower
than for a single element. Comparison was primarily
performed with the preliminary numerical calculation data
of a single SQUID in InductEx. As mentioned above,
the measurements of DC SQUIDs with the same sizes
are not valid because there are difficulties with accurate
measurement of low critical currents (I¢) and uncertainty
of the modulation depth recalculation into the geometrical
inductance (Lg) [3].

The effective total inductance of RF SQUID may be
varied by setting various magnetic fluxes through the RF
SQUID loop, thus, changing the Josephson component of
inductance. For this, the design included a control line in
which DC can be set (Figure 3). Magnetic field also can be
set by an external coil. Such measurements require a more
complex measurement setup with cold attenuators and
amplifiers for circuit protection against electric noise in the
MW lines that can suppress critical current in RF SQUIDs.

Conclusion

The performed measurements have shown that the de-
veloped and fabricated circuits with resonators loaded on
inductive and capacitive elements are suitable quite simple
experimental determination of their electric parameters. It
is shown that the capacities through which resonators are
coupled provide good coupling between the resonators and
coplanar line in our experiment retaining quite low line
width (high Q factor) of such resonances. Due to this,
resonances on relatively closely spaced frequencies can be
distinguished.

Values of the inductive and capacitive elements were
found through the performed MW measurements. The
obtained quite high specific capacity (up to 8 fF/um?) of
the capacitor with dielectric interlayer made by anodization,
makes it possible to create compact capacitors in super-
conducting integrated circuits, which is useful for operation
of RF devices. The measured values of inductive elements
were close to the numerical calculation data, which confirms
the suitability of the method for the experimental deter-
mination of the parameters of the elements of integrated
superconducting circuits.
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