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Extremely sensitive current sensors are being developed by integrating input coils on superconducting
quantum interference devices (SQUIDs) and optimizing them for being cooled to the mK temperature
range. The most important effects for this type of sensors are investigated in this paper. SQUID charac-
teristics were experimentally studied at mK temperatures and in numerical simulations, revealing a cru-

cial hysteretic effect originating from parasitic elements introduced by the integrated coil. Furthermore,
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the cooling behavior of shunt resistors with attached cooling fins, dominated by the hot-electron effect,
was investigated. A numerical model allows to reproduce the experimental data in a good way.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Low-Tc dc-SQUIDs are being developed for utilization in the
gravitational wave antenna MiniGRAIL [1]. A low-noise operation
of the SQUID amplifier with the resonant load requires a minimum
reachable additive and back-action noise at the target temperature
of 20 mK and at frequencies in the kHz-range. The intended input
inductance in the pH range should have a good coupling efficiency
and thus has to be integrated on the SQUID chip. The results from
our first designs, which were fabricated at the IPHT Jena [2], gave
insights into mainly two areas that will be sketched in the following
two sections: issues related to the SQUID dynamics and the cooling
behavior of the sensors, dominated by the hot-electron effect.

2. SQUID dynamics

The performance of SQUID sensors with integrated input coils
can be heavily influenced by parasitic capacitances. Comparable
sensors have already been under investigation for a long time, as
can be seen in e.g. [3-6]. Still it is no trivial task to predict the
behavior of the fabricated device during the design process.

Two designs were made, a dc-SQUID with integrated flux-trans-
former and a dc-SQUID with a highly symmetric layout separating
the feedback and the signal coil systems [7]. The sensors showed
unexpected behavior by means of partly distorted and hysteretic
characteristics, originating from parasitic elements introduced
by the integrated input coils. Nevertheless, a good noise of 155
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fA/\/Hz referred to the current through the coupling coil was
reached for one SQUID at bath temperatures below 300 mK[7]. This
corresponds to a calculated energy resolution of 60 h referred to the
SQUID loop.

To be able to understand the behavior of the SQUIDs from Ref.
[7] and to predict and optimize the performance of future develop-
ments, we concentrated on numerical simulations on realistic
models of SQUIDs including the radio frequency interaction of
the coil and the washer structure [6]. We were able to reproduce
the measured characteristics and sensitivity in a good way [8]. As
shown in Fig. 1, we observed a hysteresis originating from reso-
nances in the washer structures in the numerical simulations as
well as in an experimental re-investigation of the phenomenon.
The hysteresis is caused by the coil resonance [6], where the wave-
length roughly corresponds to the double of the length of the cou-
pling coil. For the SQUID shown in Fig. 1, the coil resonance of the
60 integrated windings occurs at a corresponding voltage f-@q of
about 0.1 pV [8]. When the SQUID is switching from the supercon-
ducting state to the voltage state, it starts to oscillate with a fre-
quency higher than the named resonance frequency. The
effective SQUID inductance can dramatically change during this
transition [6]. Speaking in terms of the standard theory [9] the
SQUID is switching to a lower p;-value and is forced to a working
point with a higher voltage and oscillation frequency. In case of
the SQUID shown in Fig. 1, p; is decreasing from about 1.8 in the
superconducting to 1.1 in the voltage state. This hysteresis has only
been explicitly observed in numerical simulations before [3-5].

The optimum operation frequency of a dc-SQUID, which has to
be predicted during the design process, is typically given by the fol-
lowing numerically achieved equation, see e.g. [9]:
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Fig. 1. Measured (left) and simulated (right) flux vs. voltage characteristics of the dc-SQUID with integrated flux-transformer at a bath temperature of 0.1 K and different bias
currents. The figure was taken from Ref. [8]. The effective temperature in the measurement is, depending on the working point, increased - see the section on the thermal
behavior. Hysteretic paths are indicated by arrows. In the figure on the left a single flux sweep was measured back and forth for each bias current. Applied bias currents are
from 17 (bottom) to 35 LA (top) for the measurement on the left and 12 (bottom) to 36 A (top) for the simulation on the right.

for = 0.3IoR/ @ (1)

Here, Iy is the critical current of a Josephson junction, R is the shunt
resistance and &, is the magnetic flux quantum 2.07 x 107> Wb. In
a sensor comparable to ours, a low-noise operation in the in Eq. (1)
given working range can easily be ruled out by the hysteresis orig-
inating from this coil resonance, even if its resonance frequency is
orders of magnitude below fop. One is forced to operate the SQUID
at higher voltages, most suitable still far away from other typical
resonance points [6]. Therefore, the target working point has to
be chosen carefully including the hysteresis and other direct reso-
nance effects.

3. Thermal behavior

Another important issue we investigated is the thermal behav-
ior of the sensing device. The sensitivity of practical dc-SQUIDs
cooled down to temperatures below 1K is typically limited by
the hot-electron effect [10]. Here an increased thermal resistance
due to a weakened electron-phonon coupling leads to a higher
temperature of the electrons in the thin film shunt resistors, as de-
scribed by the following equation [10]:

P=> QT -Tp) )

Here, P is the dissipated power, X is a material dependent constant,
Q is the volume of the resistor, T is the effective temperature of the
electrons and Ty, is the bath temperature which is assumed to be
equal to the phonon temperature. Thus the power dissipated in a
SQUID sensor is limiting the electron temperature in its shunt resis-
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Fig. 2. Schematic of the setup to measure the electron temperature in resistors. The
temperature of the electrons is determined from the Johnson noise, measured by a
SQUID. The high-pass filter allows a controlled dissipation via a dc current source
situated at room temperature. The low temperature part was placed in a dilution
refrigerator to reach the bath temperatures of interest, down to about 50 mK.

tors and their Johnson noise. This leads to a saturation of the noise
of SQUID sensors cooled to extremely low temperatures [10].

We included test structures with resistors of the typical geomet-
rical size and resistance value of the shunt resistors attached to our
SQUIDs on the same wafer as the SQUID sensors described above.
The PdAu resistors are contacted by superconducting pads. By dissi-
pating power and measuring the Johnson noise of the resistor via a
SQUID, we could determine the effective electron temperature. The
corresponding measurement setup is shown in Fig. 2. We found a
good agreement with Eq. (2), a fit of the measurement data at differ-
ent bath temperatures and power dissipation allowed us to deter-
mine the material constant ¥ of PdAu to 0.79 x 10° WK™ m~3,
using the volume of the shunt resistor of 15-42-0.11 pum?>.

Cooling fins (CFs), electrically negligible extensions of the vol-
ume of the resistor, can be attached to improve the cooling behav-
ior by providing a reservoir of cold electrons that exchange with
the hot-electrons in the volume of heat dissipation [10]. The ther-
mal behavior of such a system is besides the hot-electron effect
determined by the heat conduction via the electrons within the
geometry of resistor and cooling fin, as described by the following
partial differential equation [11]:

P/A=> "d(T° - T}) - V(Ldp~'TVT) 3)

Here the most left term is only active in the area A of dissipation,
the area of the resistor. d is the film thickness, L is the Lorentz num-
ber 2.45 x 1078 W QK™2, p is the specific resistivity and V is the
Nabla operator.

We also performed measurements on resistors of the same
dimensions as the one described above but with attached cooling
fins in a Au layer of 100 nm thickness of differing size and shape.
A sample measurement of one structure at different bath temper-
atures is shown in Fig. 3.

Eq. (3) was numerically solved in two dimensions by the finite
elements method (FEM) and the result for the different bath tem-
peratures are shown by solid lines in Fig. 3. The determined value
> for PdAu was used here, the X of 2.4 x 10° W K~> m~3 for Au was
taken from literature [11,12]. d and p for the Au and PdAu layers
were taken from the design values [2]. A similarly good agreement
was found for all three characterized resistors with differing cool-
ing fins.

In Fig. 4 a FEM-based comparison of the different configurations
is shown at the same bath temperature. This calculations and of
course also the measurement data show that the cooling fins help
to reduce the electron temperature at lower ranges of power dissi-
pation, but unfortunately their effect vanishes for a dissipation
comparable to the one in the shunt resistors of our SQUIDs in the
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Fig. 3. Measured (circles) and calculated (solid lines) electron temperature vs.
power characteristics for a resistor with attached cooling fin of 80-280 um?. The
calculations are FEM-based solutions of Eq. (3), as described in the text.
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Fig. 4. FEM-based comparison of the characterized configurations of resistors
without a CF and with CFs of differing geometry. The bath temperature was set to
20 mK. The arrow indicates the power dissipation in a shunt resistor of our SQUID
sensor of about 0.6 nW.

order of a nanowatt. The main measures for improving the cooling
behavior of future SQUIDs are on the one hand to use materials
with a larger hot-electron material constant > and a lower resistiv-
ity p and on the other hand to increase the volume of the shunt
resistor itself to both reduce its stand-alone electron temperature
and to improve the effect of a connected cooling fin [10,11,13].

4. Conclusions

We gained insights into mainly two areas influencing the per-
formance of SQUID-based current sensors. On the side of the SQUID
dynamics, we observed a hysteresis that has to be taken into ac-
count while optimizing a wide range of SQUID sensors with
many-turns integrated input coils. A careful modeling and numer-
ical simulations appear to be the best way to include this effect.

Furthermore, the performed measurements and numerical cal-
culations on the hot-electron effect gave insights into the thermal
budget of the sensors. Due to the hot-electron effect, the electron
system in the shunt resistors is easily pushed out of thermal equi-
librium with the phonon system. The measurements and the
numerical model showed that attached cooling fins only help to re-
duce the effective temperature at low power dissipation. A main
measure for improving the cooling behavior is to increase the vol-
ume of the resistor to a maximum. This is again restricted by the
dynamics of the SQUID and the Josephson junction to damp due
to parasitic inductances and capacitances introduced by the shunt
resistor. Accordingly, this also requires a good electromagnetic
modeling and preferable numerical simulations.
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