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Abstract
Transition-edge sensors (TESs) are used as very sensitive thermometers in micro-
calorimeters aimed at detection of different wavelengths. In particular, for soft X-ray 
astrophysics, science goals require very high-resolution microcalorimeters which 
can be achieved with TESs coupled to suitable absorbers. For many applications, 
there is also need for a high number of pixels which typically requires multiplexing 
in the readout stage. Frequency-domain multiplexing (FDM) is a common scheme 
and is the baseline proposed for the ATHENA mission. FDM requires biasing the 
TES in AC at MHz frequencies. Recently, there has been reported degradation in 
performances under AC with respect to DC bias. In order to assess the performances 
of TESs to be used with FDM, it is thus of great interest to compare the perfor-
mances of the same device both under AC bias and DC bias. This requires two dif-
ferent measurement set-ups with different processes for making the characterization. 
We report in this work the preliminary results of a single-pixel characterization per-
formed on a TiAu TES under AC and afterwards under DC bias in different facili-
ties. Extraction of dynamical parameters and noise performances are compared in 
both cases as a first stage for further AC/DC comparison of these devices.
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1 Introduction

The Netherlands Institute for Space Research (SRON) is currently developing a 
frequency-domain multiplexing (FDM) readout system as baseline and X-ray TiAu 
transition-edge sensor (TES) microcalorimeter arrays as a backup technology for the 
X-ray integral field unit (X-IFU) instrument [1] inside the future ATHENA mission 
[2] led by ESA and to be launched in the 2030s.

Our current FDM readout system applies a set of 18 sinusoidal AC carriers 
(between 1 and 5 MHz), which bias the TES detectors at their working points. This 
is a small version of the baseline readout for the Flight Model which will consist of 
channels with 40 pixels.

Another technique being developed for the X-ray TES readout as a backup option 
for X-IFU instrument is time-division multiplexing (TDM) [3], where the important 
characteristic is that the TESs are DC-biased.

In order to fully understand the main differences between these two readout 
schemes and hence the behaviour of the devices involved in large arrays, it is worth 
to probe and compare their functionality and their properties under both DC bias 
and AC bias. It is essential to demonstrate that the observed good performance of a 
single pixel under constant voltage bias is maintained even when the TES works as 
a modulator [4].

In this paper, we present a preliminary comparison by means of IV curves, com-
plex impedance measurements and noise spectra of an X-ray TiAu TES microcal-
orimeter under DC bias performed at the Institute of Material Science of Aragon 
(ICMA) and under AC bias at a frequency of 3.5 MHz performed in SRON.

2  Detector and Experimental Set‑ups

2.1  TES Under Test

The sensor pixel for this characterization was fabricated at SRON and was cho-
sen from a 5 × 5 array with uniform design pixels. It consists of a 140 × 100 μm2 
TiAu (20/50  nm) bilayer thermometer with three additional normal metal strips, 
situated on a 1 μm thick SiN membrane. The thermometer has a Tc ∼ 100 mK, a 
normal resistance RN = 220 mΩ and a thermal conductance to the bath G ∼ 150 
pW/K. The X-ray absorber, consisting of 3.5 μm Bi on top of 3 μm Au, has a size 
of 248 × 248 μm2 . It has, at its corners, four contact points to the membrane and an 
additional contact point in the centre of the TES. More details on the fabrication of 
the TES array can be found in Ref. [5].

2.2  AC Bias and Set‑up

The characterization at SRON has been done in our FDM readout system in sin-
gle-pixel mode, where a TES is biased by a carrier signal with a bias frequency fc 
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between 1 and 5 MHz. A high-Q superconducting LC resonator filter chip defines 
the different bias frequencies fc [6]. This chip contains 18 LC resonator circuits, 
with resonance frequencies separated by nominally 200  kHz. Coil inductance 
L = 400 nH for all 18. The TES current is picked up by a two-stage SQUID assem-
bly, consisting of a low-power single SQUID at the base temperature and a high-
power SQUID array at the 2K stage.

The TES array chip and the cryogenic components of the FDM readout were 
mounted in a low magnetic impurity copper bracket fitted into an Al shield and 
accommodated in a dilution refrigerator with a bath temperature T

bath
∼ 40 mK . 

T
bath

 on the bracket can be locally tuned by a heater and a thermometer directly con-
nected to the set-up itself. A Helmholtz coil placed on top of the array is used to 
apply an uniform perpendicular magnetic field on the TES array.

2.3  DC Bias and Set‑up

The Council for Scientific Research in Spain (CSIC) is also involved in the devel-
opment of TES sensors based on Mo/Au proximity bilayers with Au/Bi absorbers 
(developed by the Institute of Material Science of Barcelona ICMAB and the Insti-
tute of Material Science of Aragon—ICMA). DC characterization at ICMA is per-
formed in an Oxford dilution refrigerator with a T

bath
∼ 30 mK . The TES chip is 

attached to the mixing chamber, and the experimental volume is shielded against 
external magnetic fields by a μ-metal with a lead layer inside. The holder hosts a 
compensating coil to cancel remnant magnetic fields although it could not be prop-
erly used in these measurements. TES current can be measured through a two-stage 
low-noise SQUID (manufactured at the PTB Institute in Berlin) with 2 mΩ shunt 
resistor.

TES is biased by means of a DC current source from the same Magnicon elec-
tronics that controls the SQUID and TES polarization. All the measurements were 
taken in flux-locked-loop (FLL) mode with a feedback resistance of 100 kΩ.

3  Fitting of Complex Impedance

We use IV curves, complex impedance and noise measurements in both the set-
ups to characterize and compare the behaviour of our TES. In general, the com-
plex impedance is the measurement that needs some additional explanation. All the 
details about the complex impedance measurements and related calibration can be 
found in Ref. [7] for AC and in Ref. [8] for DC case. In this section, we give some 
detail on the Markov Chain Monte Carlo (MCMC) fitting method used to fit the 
complex impedance measurements.

A common reason to use the MCMC method is that it would be useful to margin-
alize over some parameters and find an estimate of the posterior probability function 
for others. For this purpose, we first define the fit function 
Z
TES

= Z
inf

+ (Z
inf

− Z
0
)

1

−1+i��eff
 which is derived from the one-body model that 

seems to be enough to describe our TES, based on previous measurements of such 
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devices [7]. This is our likelihood function, where Z
0
 and Z

inf
 are the low-frequency 

and the high-frequency limits of the impedance, respectively, and �
eff

 is the effective 
time constant of the detector. Afterwards, we define their prior probability suppos-
ing they are described by normal distribution and their posterior probability that is a 
conjunction between the prior probability and the likelihood function. We began 
sampling our parameter space using walkers (much more than twice of the number 
of parameters being varied during the fit) starting from a tiny Gaussian ball around 
the maximum likelihood result obtained from a standard fit with the common 
method of least squared [9]. The plot in Fig.  1a shows all the one- and two-dimen-
sional projections of the posterior probability distributions of our parameters. This 
can quickly demonstrate all of the covariances between parameters and shows the 
standard deviation for each of them. The analysis shown in Fig. 1a refers to imped-
ance measurement in AC bias at 31% of the transition with T

bath
= 55 mK . In 

Fig.  1b, there are some of the complex impedance measurement at different bias 
points in AC and DC case and related fit both at 55 mK (top) and 75 mK (bottom). 
This procedure has been applied to all the bias points for both the set-ups.

4  Comparison

IV curves have been measured at T
bath

 of 55 mK and 75 mK (Fig. 2a, c, respectively) 
and the corresponding extrapolated RT curves are shown in Fig. 2b, d. IV curves 
point out a small offset between the two curves, probably due to a residual magnetic 
field that was not possible to be cancelled in the DC set-up.

From the fitting parameters of the complex impedance measurements, we can 
derive the sensitivity of the TES resistance on the temperature � and on the current � 
and the loop gain at low frequency L  . We use the following equations: � =

Zinf

R
− 1 , 

L =
C

�effG
− 1 and � =

LGT

P
 where R is the TES resistance at the specific bias point, 

G is derived from the P(T) curve, T is the TES temperature, P is the Joule heat dis-
sipated in the TES at that bias point, and the total heat capacity C is the sum of the 
C
ABS

 (1.18 pJ/K) and the C
TES

 (0.02 pJ/K) [7].
In Fig. 3 are shown the derived parameters. The values of the key parameters � 

and � in the AC are smaller, and the shape seems to be smoothed out compared to 
the DC. Looking at the curve of � in the AC, we can see of course the large peak 
around 68% of the transition but only an hint of the second one around 58%. This 
small peak is a bit more evident in the shape of � . In the DC, those are clearly much 
more evident and their values are larger as already said. It is clear that there is a 
shift between AC and DC and this confirms our previous guess about the presence 
of a small magnetic field in the DC set-up. It has been already demonstrated [10] 
that any peak of � and � can appear at different R∕RN for different applied mag-
netic fields in TESs with normal metal structures. Moreover, we can remark that 
the behaviour of � and � between AC bias and DC bias start diverging at lower bias 
point in the transition.

One can use the parameters obtained from the complex impedance to model the 
detector noise. In Fig. 4, the measured noise spectra are shown at 44% and 45% of 
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RN for AC bias and DC bias, respectively, and the results from the model, using the 
AC bias parameters, are over-plotted. The model noise contributions are: phonon 
noise, TES Johnson noise, excess Johnson noise and SQUID noise. Those noise 
sources describe very well the noise observed at frequencies higher than 100 Hz, 
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Fig. 1  The top plot shows the statistical relationship among the fit parameters. On the bottom complex 
impedance measurements at different percentages of R

N
 (open symbols) with related fits (black lines) 

with a bath temperature of 55 mK (top graphs) and 75 mK (bottom graphs) in AC bias and DC bias, 
respectively. (Color figure online.)
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and it looks slightly lower in the DC case. In the frequency range where the Johnson 
noise is dominant, there is an excess noise, which is quantified as M times the John-
son noise and introduced by this factor M [11]. Considering the predicted energy 
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resolution 2.355
�

4kbT
2

0
×

C

�

√

nF(1 + 2�)(1 +M2) for the same bias point of the 
noise spectra shown in Fig. 4, we obtain 3.3 eV in AC against the 2.8 eV in DC. 
This discrepancy of ∼10% could be larger when the behaviour of the detector under 
AC begins to differ from the DC. This is in line with the assumption that detectors 
with high saturation power and high normal resistance, or biased at higher bias 
points in the transition, show generally small or negligible Josephson current under 
AC bias, mitigating the weak-link behaviour in AC-biased detectors.

5  Conclusion

We have performed a comparison of the performance of a single-pixel TES micro-
calorimeter under DC bias and AC bias ( fc = 3.5 MHz ), by means of IV curves, 
complex impedance and noise measurements. The behaviour of the detector under 
AC begins to differ from the DC at working points lower in the transition. In the AC, 
values of � and � are lower and their shape appears to be smoothed out, especially 
in the presence of peaks. A better analysis, including the error estimation on the 
parameters obtained from complex impedance data, has been presented to guarantee 
a fair comparison.

SRON is currently developing high-aspect-ratio TiAu TES, with a thicker bilayer 
and without normal metal structures, high normal resistance and high saturation 
power to accomplish the goal of having high-performance detectors under AC bias 
[12]. In the future, we are planning for these new pixels extensively AC bias and DC 
bias experiments including X-ray energy resolution measurement at different bias 
points to better understand the interaction between these devices and the voltage 
bias readout system.
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line) and phonon noise (blue 
dot-long dash line). The cut-off 
at frequencies above 10 kHz in 
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band-pass filter to avoid interfer-
ence with the neighbouring 
pixel. (Color figure online.)
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