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ABSTRACT

Superconducting transition-edge sensors (TESs) are highly sensitive detectors, can detect electromagnetic wave radiations
from millimeter/submillimeter, optical to x/y rays, suitable for astrophysics, quantum information, and biosensing. Direct
current superconducting quantum interference devices (DC SQUIDs) are the detector of choice for TES readout, thanks to
their low noise, low impedance, and low power dissipation. In this work, we designed the DC SQUID with a second-order
gradient structure, which can effectively mitigate the effect of external magnetic flux. We optimized the fabrication process
and successfully fabricated the high-performance DC SQUID with Nb/Al-AlOx/Nb Josephson junctions (critical current
density: Jo~1uA/um?). The properties of the fabricated DC SQUID were in good agreement with the simulation results.
Meanwhile, the measured flux noise was 6 pud,/vHz, corresponding to a current noise of 100 pA/v/Hz. Furthermore, we
demonstrated the capability of the DC SQUID to read out the TES detector, including I-V curves, photon pulse response,
and noise performance.
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1. INTRODUCTION

The superconducting transition-edge sensors (TESs) can be used as a bolometer for power measurement and a calorimeter
for energy-resolved single-photon detection [1]. Voltage-biased within the sharp resistive transition region [2], TESs show
high sensitivity and have been used in large scientific instruments for astronomy [3], quantum information [4], and particle
physics [5]. However, in the early stage of TES development, it was found difficult to match the traditional FET amplifiers
to low-impedance TESs. Superconducting quantum interference devices (SQUIDs) with quantum-limited noise and
ultralow power dissipation are easily matched to TES devices [6]. For the readout of a single TES device, a two-stage
SQUID readout scheme is typically employed [7]. The first stage with a single DC SQUID is low noise, and its current
output modulates a series array of non-hysteric SQUIDs in the second stage via a common modulation line [8]. The second
stage is designed to have high gain such that the output signal exceeds the noise of the room-temperature electronics. In
this way, two-stage SQUIDs preserve low noise, large dynamic range, and high bandwidth.

Meanwhile, a large TES array can improve the collection area, counting rate, and sensitivity. Consequently, multiplexing
readout technologies [9,10] combine the signals of tens to thousands of TESs into a single readout line, reducing the
complexity of wiring, thermal load, and cost. Multiplexing schemes such as time-division multiplexing (TDM), code-
division multiplexing (CDM), frequency-division multiplexing (FDM), and microwave SQUID multiplexing (uMUX)
require SQUIDs to amplify the TES signal. Consequently, the noise performance of multiplexers is determined by SQUIDs.
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The SQUID is highly susceptible to external flux, and a gradient configuration can reduce the flux pickup of ambient
magnetic fields [11]. A second-order gradiometer typically consists of four parallel lobes, whose orientation alternates
around the SQUID, making the SQUID insensitive to both first-order gradients and uniform fields.

We are developing the uMUX based on an Nb-based resonator and second-order gradient RF SQUID [12]. In this study,
we further design and fabricate a single-stage DC SQUID for the readout of TES detectors. Its properties, including current-
voltage characteristics, voltage-flux response, flux noise, and current noise, are thoroughly measured. This DC SQUID
was finally used to read out the TES detector characteristics.

2. DESIGN AND FABRICATION
2.1 DC SQUID Design

We designed the DC SQUID with a cross-coupling structure like that in Ref. [13-15]. As shown in Figure 1, DC SQUID
loop is a second-order gradient structure consisting of four parallel lobes arranged like a cloverleaf. Each lobe is an
octagonal slotted washer with the input coil and feedback coil running in the slot. The feedback and input coils are 0.5 and
1.5 turns around each lobe, respectively. The self and mutual inductances between the coils and the SQUID loop are
calculated using COMSOL software. The SQUID loop is interrupted by two Josephson junctions (JJs) with a junction
diameter (D) of 3.4 um. With the measured critical current density of J. = 0.75 uA/um? from previously fabricated
batches, the critical current I of the JJ is 7 pA at a bath temperature of 4.2 K. Each junction is resistively shunted by two
resistors with Ry, = 2.7 Q) to suppress hysteretic behavior. The shunt resistors are thermally anchored to the cooling fins
to mitigate hot-electron effects [16]. Taking the specific capacitance Cs = 40.3 fF/um? into account, the hysteresis
parameter B¢ = 21I-RZ,C;/®, is 0.06, where C; denotes JJ capacitance (C; = Cs X S), S = m(D/2)? is the junction area,
@, the magnetic flux quantum. Screening parameter is §; = 2I.Ls/®P;~0.34, where Lg denotes the loop self-inductance
of the DC SQUID. The key simulation and design parameters of the DC SQUID are summarized in Table 1.

Figure 1. An optical microscope image of the DC SQUID

Table 1 Simulation and design parameters of the DC SQUID

L M; M ] S I
Parameter s " TP ¢ ¢ Be B
pH] | [pH] | [pH] | [WA/um?] | [um?] | [WA]
Value 514 | 146.7 | 294 0.75 9 7 0.06 0.34

2.2 DC SQUID Fabrication

The DC SQUID was fabricated based on the fabrication process of high-quality Nb/Al-AlOx/Nb JJs. Figure 2 shows the
schematic of the main layers of DC SQUID chips. High-resistivity silicon substrate is covered by a 100-nm thick Al,O;
layer as a stop layer for the following etching process. Firstly, a 150-nm Nb layer, deposited with magnetron sputtering,
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was etched using the reactive ion etching (RIE) technique to form the DC SQUID loop. Then, the Nb/Al-AlOx/Nb trilayer
structure was formed and patterned on the central region of the DC SQUID loop. The Nb bottom and top electrode were
100 and 70 nm in thickness, respectively. The Al film was oxidized in a pure O, atmosphere to form the Al-AlOx barrier
layer. The size of JJs is defined by etching the Nb top electrode. Note that the Al-AlOx barrier was slightly larger than that
of the JJ to avoid uncontrollable lateral corrosion. To provide electrical insulation between two superconducting layers, a
250-nm thick SiO; layer was deposited and patterned by a lift-off technique. A 70-nm thick Mo layer was deposited to
form the shunt resistor. Finally, a 350-nm Nb wiring connects the JJ to the SQUID loop and provides connections to the
input and feedback coils, etc.

Josephson junction
ST
(_ !
N 7/
&S =

Si  AlLO; Nb Al—Alo, Si0, Mo

Figure 2. Schematic of the main layers of DC SQUID chip.

3. MEASUREMENT SETUP AND RESULTS
3.1 Measurement setup

We measured the performance of DC SQUID and TES in a dilution refrigerator (Triton 400, Oxford Instruments) with a
base temperature below 20 mK. The TES detector was anchored to a copper holder and then mounted on the mixing
chamber stage (~20 mK) [17]. As shown in Figure 3, the TES detector is voltage-biased via a 0.33 (1 bias resistor R;,. The
DC SQUID surrounded by an Nb shield was mounted on the 3.5-K plate. A low-noise, high-bandwidth room-temperature
electronics (XXF-1) from Magnicon GmbH [18] was used to characterize the DC SQUID. To measure the optical response
of the TES detector, a 1550-nm pulsed laser was attenuated via an optical attenuator, then coupled to the TES detector.
The output signal of the TES detector was recorded using a digital oscilloscope.
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Attenuator Laser source

RrEs :I D

Oscilloscope

Q00 Isq
Vout
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Figure 3. Measurement diagram of DC SQUID and TES detector.
3.2 DC SQUID results

The current-voltage (I-V) curves of the fabricated DC SQUID are shown in Figure 4(a) for external magnetic fluxes ® =
n®, and ® = (n + 1/2)P,. The critical current of the DC SQUID is I = 2I;, cos(n®/®,). Here, the intrinsic critical
current I, of single junction is estimated to 7.3 HA. Some small distortions appear, related to the fundamental SQUID
resonance [19]. Figure 4(b) presents the voltage-flux (V-®) modulation curves of the feedback coil under different SQUID
bias currents I;;. The feedback coil current, sweeping from —125 pA to 125 pA, corresponds to approximately 3.5
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modulation periods. Thus, the current sensitivity of the feedback coil 1/My,, is 71.3 pA/®,, and the mutual inductance
between the SQUID loop and the feedback coil is Mf, = 29 pH. Similarly, V-® measurement through the input coil gives

the current sensitivity 1/M;,, = 14.7 pA/®, and the mutual inductance between the SQUID loop and the input coil M;,, =
140.6 pH. These results agree with the simulation results in Table 1.
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Figure 4. (a) Current-voltage curves and (b) voltage-flux curves of the DC SQUID at 3.5 K.
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Figure 5. (a) Voltage-flux curve of FLL point. (b) The measured flux and current noise spectra of DC SQUID.
Figure 5(a) shows the V-® curve of the DC SQUID at Iy, = 15 pA. The voltage swing V,, is 12 uV, and the flux-to-
voltage transfer coefficient is V; = 51.6 pV/®, at the steepest working point, where the DC SQUID was flux-locked.
Figure 5(b) shows the measured flux and current noise spectra. The flux white noise \/Sg = /Sy X (Mf,/Ry) is about
6.5 u®,/vHz @10 kHz, where /Sy, represents the measured voltage noise and Ry denotes the feedback resistance. /Sy

is mainly determined by the SQUID intrinsic noise ,/Sg ., and the voltage noise /Sy cicromics and current noise
/St etectronics Of the room-temperature readout electronics [20]

— — 2 2
Y, Stb - \/Sdl‘,int + Stb,V,electronics + S¢,I,electronics - \/S¢,int + SV,electr()nics/VcIJ + SI,electronics(Rdyn/VdJ) (1)

Here \/ Seo.v clectronics and \/ Se.1 elecronics denote the equivalent flux noise components at the input termination, converted
from \/ SV electronics and \/ S\ electronics> Tespectively, and Ry, is the dynamic resistance at the working point. According to
the parameters of the DC SQUID and room-temperature electronics, we obtained \/Se v erectronics~ 6-4 H®o/VHz and

' So 1 etectronics~0-1 NP /VHz. However, \/S¢ e is generally less than 0.5 pd,/vHz [21, 22]. Therefore, the room-

temperature readout electronic noise is the dominant component, and it is necessary to enhance V;, to realize a low-noise
SQUID readout. There are several ways, such as series SQUID arrays (SSA) [23], an additional positive feedback (APF)
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[24], or asymmetrical SQUID [25]. The current noise of the DC SQUID is then obtained as \/S_, = /Se/Mi, =
100 pA/vHz @10 kHz.

3.3 TES electrical characteristics
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Figure 6. (a) Current-voltage characteristics and (b) Joule power as a function of bath temperature of TES detector

Using this DC SQUID, we further measured I-V curves of a TES detector at different bath temperatures (T qp,) from 25
mK to 200 mK (see Figure 6(a)). Joule power (P, = I X V) at 0.5Ry as a function of T}, 4, is plotted in Figure 6(b). The
power flow from the electrons to the bath can be described as [1]

Py = K(T¢" = Thaen) (@)

where T, is the critical temperature of the TES detector, K and n are constants that depend on the TES detector and the
dominant thermal transport mechanism. K, n, and T, are determined by fitting Equation (2) to the measured P; vs. Tyqep.
Thermal conductance (G) between the TES detector and the substrate is calculated in terms of the obtained parameters [1]

G =nKT}! 3)
The fundamental phonon-noise determined noise equivalent power is NEPpponon =/ 4kpTZG =1 X
10717 W /v Hz, where ky is the Boltzmann constant. These key parameters are listed in Table 2.
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Figure 7. The measured current noise spectra of TES at 25 mK at different working points.

Figure 7 presents the current noise spectra measured across various TES resistances Rygg at Tpqen = 25 mK. The current
noise of the TES detector should strongly depend on Rygg and is roughly proportional to 1/Rygs [17]. However, the

measured current noise remains nearly constant, \/?, ~ 100 pA/vHz @10 kHz, independent of Ry, indicating that the
noise level is limited by the DC SQUID as well as its readout electronics.
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Table 2 The key parameters of the TES detector

TC RN G NEPphonan
Parameter n K
[mK] (] [PW/K] [10717W/VHz]
Value 183 10.4 49 50 8.2x107? 1

3.4 TES optical characteristics

We measured the response of the TES detector at 25 mK with a 1550-nm pulsed laser. As shown in Figure 8(a), the
measured pulse response is fitted to a double exponential function [26]

t— tO t— tO
V(®) = Volexp (=——=) —exp (== — )] )

where V,, and ¢, are constant parameters, 7,; and 7 ¢ are electric and effective time constants. The obtained 7, is 5.8 ps

at 0.25Ry. As shown in Figure 8(b), Tff is shortest in the intermediate region, where the negative feedback is stronger
(loop gain is higher).
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Figure 8. (a) The measured and fitted pulse response (b) The measured effective response time as a function of bias resistance

4. CONCLUSION

In summary, we developed the DC SQUID with a second-order gradient structure, which is in good agreement with the

simulation results. The measured flux noise was 6 u®,/vHz, corresponding to a current noise of 100 pA/vHz. This DC
SQUID is used to read out the TES detector successfully. We will improve the flux-to-voltage transfer coefficient Vg to
achieve better noise.
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