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Abstract— We have developed a set of SQUIDs optimized for
readout of ac-biased transition edge sensors. Junction shunts are
made of Pd and attached to cooling fins to facilitate low-noise op-
eration at sub-kelvin temperatures. SQUIDs have a low loop in-
ductance in order to reach a large natural dynamic range even
without negative feedback. The SQUIDs are intended to be used
for frequency-domain multiplexing of X-ray calorimeter arrays.
Both traditional dc SQUIDs and novel un SQUIDs are manufac-
tured. The fabrication process and SQUID design criteria are re-
viewed.

I. INTRODUCTION

Imaging arrays of Transition Edge Sensors (TESes) are in-
tended to be used as detectors for astronomical cameras in far
infrared and X-ray regions of the electromagnetic spectrum.
Array readout requires in practice either time-domain multi-
plexing (TDM) [1] or frequency-domain multiplexing (FDM)
[2], whose large bandwidths set strict requirements to the per-
formance of the readout SQUID. We have designed and fabri-
cated a set of new SQUIDs, taking into account the special re-
quirements present in FDM multiplexers for TES arrays. There
are un- and dc-SQUID variants in the mask set. The design of
the un SQUID variant is based on experimental results from our
older un SQUID version.

A. Dynamic range

X-ray detectors are typically single photon counters, whose
(dc-biased) output current has a dynamic range D = 2.36 x
Erax/(AEpwanm,/T;) determined by maximum photon en-
ergy Fiax, required energy resolution A Fpwiy and integra-
tion time ,/7;. Typically the need for dynamic range on unit
bandwidth is D = 10°...107. Furthermore, linearity require-
ment dictates that flux applied to the SQUID should not ex-
ceed ~5% of the full flux range of half flux quantum ®/2. In
single-pixel readouts sufficient dynamic range can be arranged
by negative feedback from the readout amplifier, but this be-
comes difficult in multiplexing schemes, because of the greater
need for bandwidth.

Natural dynamic range of the dc SQUID is the ratio of /2
to the flux noise

3, = \/m = \/24kBTLSQ\/m>
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but this is multiplied by the loop gain of the complete readout
circuit Ay if negative feedback is used. In (1)  is the energy
resolution, bounded from below by ~h, Lgq and C} are the
loop inductance and junction capacitance of the SQUID, kp is
Bolzmann’s constant and 7 is the shunt resistor temperature.

In order to make the feedback loop stable, the loop gain as
a function of frequency must fall below unity before cable de-
lay starts to produce too much phase shift. Because loop gain
cannot increase faster than 40 dB/dec when frequency is low-
ered below the unity-gain frequency!, it is difficult to obtain
large loop gains at high frequencies. Thus it is useful to have a
SQUID with a large natural dynamic range, i.e. a SQUID with
small flux noise. As seen from (1), the natural dynamic range
can be improved by decreasing Lgq even when the energy res-
olution has reached the quantum limit.

Usually, the noise level and subsequently the dynamic range
is not dominated by the internal flux noise of the SQUID, but
rather, by noise due to the readout amplifier and Johnson noise
in the cabling. It is then advantageous to have a SQUID with
large gain. A second SQUID stage to increase gain is con-
ceivable, but then the dynamic range would be limited by the
(possibly amplifier dominated) flux noise of the second SQUID

alone?.

B. Energy resolution

The maximum load inductance tolerated by the TES is lim-
ited by the thermal stability condition [4]. In a single-pixel
readout all the inductance can be coupled to the SQUID, but
in a N-pixel current-summing FDM multiplexer [5] only frac-
tion 1/N of the tolerated inductance can couple to the SQUID,
because the common inductance sets the total bandwidth avail-
able to all N channels. In order to reach noise-equivalent input
current ¢,, gq below the TES noise ¢,, Trg, simultaneously with
low input inductance L;,, one must improve the energy reso-
lution € = LmiflysQ of the SQUID N-fold over the the single-
pixel case. This effect results in a noise penalty equivalent to
the penalty present in the TDM approach [1].

C. Heat dissipation

In space-based missions, such as XEUS [3], available cool-
ing power is limited. If SQUIDs are located at base temperature

In practice, it is difficult to exceed 30 dB/dec obtainable with the integrator-
and-half. Often a simple integrator with 20 dB/dec slope is used.

2SQUID series arrays are sometimes used as second stages because of their
large natural dynamic range. A k-SQUID series array, each SQUID with loop
inductance Lgq, junction capacitance C};, and coupled to an m-turn input coil,
can be shown to have the same small-signal parameters as a single SQUID with
Lsq/k loop inductance, kC; junction capacitance, km-turn input coil and
1 : k transformer at its output.
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Fig. 1. Schematical power flow in dc SQUID and un SQUID.

of the refrigerator, either in order to reduce noise or to sim-
plify the TES-to-SQUID wiring, the SQUID heat production
becomes an issue. Unfortunately, according to a simple esti-
mate the dynamic range and power dissipation of a dc SQUID
are related approximately by P = 14kgT x D2, or 200 pW for
a SQUID with D = 107 at 1 kelvin.

II. UNSHUNTED SQUID

The traditional dc SQUID can be approximated as a super-
conducting ring broken by two unshunted junctions (Fig. 1a),
coupled in parallel with a resistor. The resistor serves two func-
tions: it (i) provides dissipation at Josephson frequency, and (ii)
provides sufficiently low source impedance for stable biasing?
of the junction ring, whose natural dynamic impedance is neg-
ative. One disadvantage of the setup is that more than half of
the signal power generated by the junction ring is wasted away
in the resistor before it ever reaches the readout amplifier. The
result is excess heat generation and loss of available power gain.

In a more attractive setup (Fig. 1b) only the Josephson os-
cillation is dissipated in the shunt resistor, but signal power at
lower frequencies is all fed to the readout amplifier. The am-
plifier effectively reads the current which would flow through
the shunt resistor if one were present. The voltage-to-current
characteristics seen by the amplifier can be approximated by
subtracting a resistive line (due to the missing current through
shunt resistors) from characteristics of a traditional dc SQUID.
The resulting characteristics have negative resistance, so that
voltage bias must be used for stable operation. The device is
called unshunted SQUID (un SQUID) [6].

General usability of the concept has been checked with our
older un SQUID design [7]. When read out directly with a
AD797 operational amplifier (Fig. 2a), white noise level of 6
1®o//Hz was measured, which corresponds to the current in-
duced in the R; =~ -3.5 Q2 dynamic resistance by the 1 nV/ VHz
voltage noise of the op amp. When the device was coupled
in parallel with a 4.3 Q resistor (Fig. 2b), white noise level
dropped to 2 ;i®o/v/Hz, which is explained by the increase of
| Rg4| and subsequent decrease in the current fluctuation induced

3The low-impedance requirement is in close analogy to stable biasing of a
TES, whose characteristics, too, have a region of negative dynamic resistance.
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Fig. 2. (a) Current characteristics of a un SQUID as a function of bias voltage
at applied flux values 0, ®¢/4 and ®¢ /2. An ordinary operational amplifier is
used for readout. There are 1.6 €2 on-chip junction shunts in series with 100 pF
capacitors, and a 1 2/ 1 uF damping circuit made of SMD components at the
4.2K stage. (b) Characteristics of the same un SQUID with an additional 4.3 ©2
resistor. (c) Flux noise of a similar device, equipped with an on-chip readout
SQUID, read out using a cross-correlation technique.

by the amplifier noise. White noise level of a similar device was
0.35 u®o/v/Hz (Fig. 2¢) when measured by a second SQUID
stage and using a cross-correlation technique [7]. Noise mea-
surements were performed at 4.2 K.

III. SQUID FABRICATION
A. Process

The new set of SQUIDs has been designed and fabricated us-
ing a process with ion-mill patterned Pd resistors, a Nb-AlOx-
Nb trilayer with critical current density .JJ. = 107 A/m?, and
further two Nb metallization layers. Pd is grown on AIN sac-
rificial layer which is chemically removed after the ion milling



Fig. 3. Microphotograph of a washer-type dc SQUID with a low loop induc-
tance.

Fig. 4.
is divided into 36 parallel-coupled loops to obtain an estimated ~1 pH induc-
tance. Only one of the @11 pm junctions can be seen in the middle: the second
junction gets hidden in the CMP planarization step.

Microphotograph of a fractional-turn un SQUID. The junction ring

step, for the purpose of obtaining a smooth surface for sub-
sequent layers. Junctions are defined by plasma etching, fol-
lowed by a light anodization step. The NbyOgs capacitor di-
electric is formed in the anodization step, but Al-AlOx is re-
moved before anodization so that low-permittivity aluminum
oxide is not present in the dielectric stack. We estimate that ca-
pacitance densities in the order of C'p = 0.01 F/m? are achiev-
able. Superconducting layers are insulated from each other by
low-temperature PECVD silicon dioxide. Contact windows are
etched in CHF3/O5 plasma. Chemical-mechanical polishing
(CMP) planarization is applied after insulation layer deposition,
in order to improve step coverage and obtain superconducting
traces which can tolerate large current densities. TES signal
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Fig. 5. Schematical arrangement of the multiloop un SQUID consisting of

6 subloops. The radial transmission lines feeding the circumference of the
fractional-turn loop are terminated by R- or RC-shunts, which also act as damp-
ing for Josephson frequency. There are no traditional shunt resistors close to
the junctions.

currents may be large, and a large critical current for Josephson
junctions is implied by the low loop inductance.

B. Design

Simple calculations, derived from well-known analytic for-
mulas for optimal-noise (8o = 2wR2I.Cj/®; = 1 and
81, = 2Lsql./®o = 1) autonomous dc SQUIDs, yield order-
of-magnitude estimates for design parameters and their scaling
as function of external constraints. More complicated formu-
las as well as numerical simulation have been used in the de-
tailed device design. Because the relevant gain figure in the
case of power-matched readout amplifier, i.e. ratio of available
power P, at SQUID output to applied flux ®,, is approximately
VAP, = A®, x %Lg(g/ 4Cj_ 1/ 4, amplifier noise is taken into
account by simply replacing 7" in (1) and in equations derived
from it by T}, /3 where Ty, is noise temperature of the amplifier.

Dynamic range requirement D (which should include the re-
serve for linearization) and available loop gain Ay of the feed-
back electronics at highest operating frequency determine loop
inductance by

_ A wre

= . 2
96kpT D? @

LSQ
Note that the LC-resonance frequency wrc = (LSQCj)_l/ 2
gets fixed by the trilayer properties: the critical current den-
sity J. and sheet capacitance C'r of the tunneling barrier, so
that wyc = (CrB,Po/2J.) /2. Two distinct approaches has
been taken in order to reach low loop inductances. In first ap-
proach, ordinary washer-style SQUIDs are fabricated. The in-
ductance is determined by crossing slits in two superconducting
planes, and estimated to be ~4 pH (Fig. 3). In second approach
the loop is divided into several parallel sub-loops [8] for an es-
timated total loop inductance of ~1 pH (Figs. 4 and 5).
Lower limit to the number of turns in the input coil n is then
defined by requiring that the system is dominated by TES cur-
rent noise %, Trs rather than SQUID noise
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The parameter ¢ = 1...3 sets the a safety margin between
SQUID noise and TES noise.



An upper limit to the number of turns is set by two factors. (i)
Back-action noise from the SQUID should not become a dom-
inant factor. A rough estimate for the back-action noise volt-
age at frequency w is u, >~ wn+/2kpT Lgq&, which also sets
an ultimate upper limit to the operating frequency for the TES
readout. (i) The SQUID input inductance (screened by nega-
tive feedback) seen by the TESes L;, ~ 2LSQ /Ay must be
sufficiently low, because common inductance limits the avail-
able total bandwidth and thus the number of TESes that can be
multiplexed with one SQUID.

Because number of turns in the input coil tends to be rather
low,n ~ 2...10, owing to the low source impedance presented
by the TES, resonances associated with the input coil are at
high frequencies. Because RI.-product which sets the Joseph-
son frequency at typical bias points tends to be high in low-®,,
devices, the resonance frequencies are not well separated from
Josephson frequency. Damping of the resonances is then nec-
essary.

In addition to flux side resonances, the bias side resonances
may cause excess noise, especially in un SQUIDs where less
damping is naturally present. Some versions of our devices con-
tain an on-chip transformer at the SQUID output, designed to
drive a 50 € line. The parasitic resonances of the transformer
are modelled with a general-purpose circuit simulator Aplac,
and suitable damping is arranged.

Resistors in the devices are made of palladium for sub-kelvin
operation. Furthermore, junction shunts are designed to have
large volume so that electron systems of the resistors cool suf-
ficiently even at temperatures where electron system starts to
decouple from phonon system [9]. Owing to the low Lgq it
is sufficient to reach Tyjectr =~ 0.2...0.4 K, below which the
SQUIDs would theoretically be quantum rather than thermally
limited. Note that reduced dissipation in un SQUIDs further
alleviates the need for resistor volume.

C. Measurements

Voltage-to-current and flux-to-current characteristics of a
multiloop un SQUID are shown in Fig. 6. The simplest way
to obtain stable characteristics for a un SQUID is to use an ex-
ternal resistor close to the SQUID chip as a Junction shunt and
thus effectively transform the un SQUID into a dc SQUID: this
is the method used to obtain the characteristics in Fig. 6.

Noise measurements have not been performed.

IV. CONLUSION

We have fabricated a set of SQUID devices, designed for
reading out an frequency-multiplexed array of superconduct-
ing transition-edge sensors in X-ray calorimeter configuration.
The devices are designed for high dynamic range operation at
high frequencies where it is difficult to obtain negative feedback
because of cable delay present between the room-temperature
electronics and the cryogenic stage. The SQUIDs are capa-
ble to reside at a base temperature of a millikelvin refrigera-
tor. In addition to traditional dc SQUIDs, novel devices called
un SQUIDs have been fabricated. Un SQUIDs are even better
suited for TES readout owing to their large gain and low heat
production.
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Fig. 6. Current of a multiloop un SQUID depicted in Fig. 4 as a function of
bias voltage, when coupled in parallel with a 0.1 €2 off-chip SMD resistor. In
the inset the SQUID current is shown as a function of the current through the
3-turn signal coil, when bias voltage is V3, = 10, 20, 40, 60, 80 and 100 pV.
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