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Abstract

The measured noise in Mo/Au transition-edge sensor (TES) microcalorimeters pro-
duced at NASA has recently been shown to be well described by a two-body electro-
thermal model with a finite thermal conductance between the X-ray absorber and the
TES. In this article, we present observations of a high-frequency peak in the meas-
ured current noise in some of these devices. The peak is associated with an oscilla-
tory component of the TES response that is not predicted in a single-body model but
can be qualitatively described by the two-body model.

Keywords Transition-edge sensor - Microcalorimeter - Multi-body

1 Introduction

Superconducting transition-edge sensor (TES) microcalorimeters produced at
NASA’s Goddard Space Flight Center are the baselined technology for the X-ray
Integral Field Unit instrument on the Advanced Telescope for High-ENergy Astro-
physics (ATHENA) [1]. These microcalorimeters must be capable of simultaneously
achieving all the challenging performance requirements of the instrument, such as
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energy resolution, energy range and X-ray count rate. In order to do this, it is impor-
tant to have extremely close control and knowledge of all the intrinsic properties of
these devices.

In the simplest model of a TES microcalorimeter, the noise sources can be calcu-
lated by treating the TES as a normal resistor, and the thermal model of the device
as a single thermal body connected to a heat bath by a single thermal conductance
term [2—4]. A long standing problem with superconducting TES devices has been
the measurement of noise in excess of the predictions from this simple model [4-6].
Many experimental and theoretical works have presented explanations for this so-
called excess noise by adding additional complexity to the treatment of either the
TES electrical behavior or the thermal model of the microcalorimeter [7-10]. Recent
work by our group presented evidence that, despite the excellent energy resolution
they can achieve, a significant source of noise in our Mo/Au TES microcalorimeters
is from internal thermal fluctuations between the Bi/Au X-ray absorber and the TES
[11]. These fluctuations produce significant noise because of a finite thermal con-
ductance between these two regions of the device. The magnitude and dependencies
of that finite internal thermal conductance were shown to be consistent with it origi-
nating from the thermal conductance of the TES bilayer itself.

In this article, we show experimental observations of a high-frequency peak in
the measured current noise of some of our TES devices over a small range of the
bath temperature and TES-biased resistance. The two-body model described above
is able to qualitatively explain this behavior as arising from an oscillatory compo-
nent in the solution of the two-body electro-thermal equations. This is strong evi-
dence that a multi-body description of these Mo/Au TES microcalorimeters should
be included in any discussion of the noise behavior. This knowledge will enable
more accurate modeling of the microcalorimeter performance, and in the future may
give routes to further improvements in the TES design.

2 Methods

The TES microcalorimeters discussed in this article consist of a TES made of a Mo/
Au bilayer (thickness 35/172 nm) placed at the center of silicon nitride membrane
that extends to a Si frame that is well heat sunk and forms the thermal bath. The
sheet resistance of the bilayer was 22 mQ /0. The TES is connected to a 240 pm
square Bi/Au absorber by two Au pillar-shaped stems that are ~ 4 pm tall and 10 pm
in diameter. Electrical connection to the TES bilayer is made with Nb leads. Addi-
tional details of the device design and fabrication are discussed elsewhere [4, 6].
The measurements presented here were taken using TES’s with a range of sizes and
aspect ratios. The TES width and length vary from 70—130 pm. A schematic dia-
gram of the TES is shown in Fig. 1.

In order to model the microcalorimeter behavior, it is necessary to measure many
different intrinsic properties. The TES is placed in the circuit shown in Fig. 1. The
thermal conductance G,y was calculated through fitting of the Joule power when
the TES was biased to a resistance R that is 50% of the normal state resistance R, at
different bath temperatures. Ry in the devices discussed here ranges from 10-30 mQ
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Heat bath

Fig. 1 Left—Schematic diagram of TES device viewed from above with absorbers removed for clarity.
Mo/Au bilayer is shown in gray, electrical connection with Nb leads shown in blue. Green circles indi-
cate Au pillar attachments to a Bi/Au absorber. Arrow shows direction of current /. W and L indicate the
width and length of the TES, respectively. Right—Schematic diagram of two-body thermal model of
microcalorimeter with electrical circuit also shown. C, and C, are the heat capacity of the absorber and
TES, respectively. G,. and G, are the thermal conductance between the two bodies and from the TES to
the bath, respectively. Reproduced from [11] (Color figure online)

and, when Ty, = 55 mK, a typical Joule power is ~ 1.8 pW when biased to 50% of
Ry. Gpan ~ 90pW/K at the superconducting transition temperature 7, where 7, is
typically ~ 85 mK. The total heat capacity of the TES was calculated from measure-
ments of the decay time of an X-ray pulse measured at a bath temperature Ty, close
to T,, where electro-thermal feedback is negligible. TES noise spectra were calcu-
lated from the Fourier transform of the measured current through the TES. This cur-
rent was measured using a superconducting quantum interference device (SQUID)
with a 250 kHz Bessel low-pass filter of 12 dB/Oct. Any residual magnetic field in
the experimental apparatus normal to the plane of the TES was nulled by the appli-
cation of an additional field from a wire coil. Complex impedance of the TES circuit
was measured in the range of 10 Hz—5 kHz with the TES biased at different known
fractions of Ry. Complex impedance measurements with zero DC bias current can
be used to calculate the inductance of the circuit, which is typically ~ 85nH. Fur-
ther details of these measurement techniques are shown elsewhere [2, 4, 11-13].

3 Theory

In the single-body model of a microcalorimeter, the system is described by two
coupled differential equations [12]. There are two eigenvalues to these equations
that dictate the ‘rise-time’ and ‘fall-time’ response of the TES to a delta-function
impulse of heat into the system. In certain limits, such as large inductance L, these
two time constants become complex and are complex conjugates of one another,
indicating an oscillatory response to the heat impulse. The system is then described
as underdamped. In extreme cases, this can lead to a peak in the measured noise
spectrum. When this occurs in our devices, it is often well described by the single-
body model and the peak frequency is typically of order 1-10 kHz.

The differential equations that describe the response of the linearized two-body
model shown in Fig. 1 are given by [9, 11, 14],
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dt AT,
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+ pbath(t) +pae(t) - Ietes(t)
W(1) = P (D)
ey
where [ is the current through the TES, T, is the temperature of the TES, and 7, is
the temperature of the absorber. Superscripts to the G terms indicate the temperature
of the body at which the thermal conductance is used. The transition parameters of

the TES are defined in the usual way by, a = TRl and p= L oR [2]. W(p) is a
RT|, Rl |,

power input into the absorber that is taken as a delta function of time at = 0. The
total energy input is arbitrary but is typically assumed to be 6 keV. e, and ey, are
the Johnson voltage noise terms from the TES and shunt, respectively. p,,, and p,.
are the thermodynamic noise from the TES to the bath and the absorber to the TES,
respectively. These four noise terms are defined in frequency space, as described in
[11]. These differential equations now have three eigenvalues corresponding to the
three time constants of this more complex system. As in the single-body model,
there is an oscillatory component of the response of the system to a perturbation if
two of these eigenvalues become complex and are complex conjugates of one
another [15]. When this oscillatory component is large enough, it will give rise to a
peak in the noise spectrum.

4 Results

The current noise was measured in a TES of width 80 pm and length 120 pm at dif-
ferent bias points within the resistive transition, with Ty, = 55 mK. This noise is
shown in Fig. 2 as a function of frequency. For the curve at R/R, = 2.5% at around
100kHz, a large sharp peak is evident in the measured noise. This feature is more
rounded at R/Ry = 5%, before being suppressed at R/Ry = 7.5% and above. Note
that our devices are typically operated above R/Ry = 10%, and therefore away from
these noise peaks.

To try to understand the noise peaks observed in our devices, we have fit the
measured noise spectrum shown in Fig. 3 using the two-body model shown in Fig. 1
and several simplifying assumptions. The measured complex impedance (not shown)
was fitted simultaneously using this model to extract a and f of the transition. Note
that, as shown in [11], over the measured frequency range the other parameters of
the model are not well constrained in the complex impedance fits alone. The heat
capacity of the TES C, was assumed to be the BCS theoretical value for the volume
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Fig.2 Current noise as a func-
ti(?n of frequency for a TES with 10° 4 R/R,=2.5%
w1dth.80 Hm and liengthll ZQ pm 1] R/R,=5% T ssmk
at var19u§ bias po.u}ts w1§h1n '§ — R/R,=7.5% bath=2>> M
the resistive transition with <z R/R,=10%
bath temperature 7} ,5, = 55 mK >
. < 9
(Color figure online) ‘q'; 10 3
z
: _
o
= o
<
3 104
1l M | M | MR |
10° 10° 10* 10°

Frequency (Hz)

Fig.3 Current noise as a func-

tion of frequency for a TES with 10
width 80 pm and length 120 pm

biased at R/Ry = 2.5% and

® Measured noise R/Ry=2.5%
— Total noise from two-body model
“““ Shunt resistor Johnson noise
== Non-equilibrium TES Johnson noise

Tian = 55 mK (red dots) and a 10° Phonon noise
------ Internal thermal fluctuation noise

fit of the total noise calculated
in the two-body model shown
in Fig. 1 (black line). The dif-
ferent components of the total
calculated noise are shown in
dashed lines. Detailed descrip-
tions of these noise terms are
shown elsewhere [11] (Color
figure online)
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of material in this particular pixel, at the maximum of the superconducting jump at
T,, plus a small contribution of 0.01 pJ/K from the silicon nitride membrane. G,
and the total heat capacity were taken as the measured values for the device. The
absorber heat capacity C, was assumed to be the difference between the measured
heat capacity and C,. These assumptions constrain the problem to fitting a single
free parameter, the internal thermal conductance between the absorber and the TES
G,.- These assumptions are described more fully in previous work and were shown
there to give reasonable fits to the measured noise [11]. Note that in those previous
measurements there were no well defined peaks in the noise spectra.

Figure 3 shows the measured noise spectrum from Fig. 2 at R/R, = 2.5%, along
with a fit to the noise using the two-body model described above. This model
predicts the peak in the noise spectrum at around 100 kHz. The fitted G,, in this
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example is 50 nW/K. This is the same order of magnitude as found in previous
devices with different geometries and Ry, which did not show this peak in the noise
[11]. 50 nW/K is also the same magnitude as the sheet thermal conductance of the
TES bilayer calculated using the Wiedemann—Franz law and the measured electrical
sheet resistance (22.4 mQ/[]). Therefore, the presence of a peak in the noise spec-
trum in the case discussed here is a consequence of the particular values of L, « and
p and not a result of atypical values in the thermal model.

Although the two-body model is able to qualitatively capture the peak in the
measured noise in our device, it is clear that it slightly underestimates the magni-
tude of the noise at all frequencies, and the measured peak is significantly sharper
than the model predicts. Better agreement cannot be found within the constrained
model we discuss here. Calculations have shown that in certain limits the two-body
model is very sensitive to the exact parameters of the model, for example of C, and
C, [13, 15]. This makes modeling such a dramatic feature extremely challenging but
may mean that by relaxing our assumptions of these parameters one could find a
better fit to the data. Unfortunately, if many parameters of the model are allowed to
be free then degeneracy of the parameters means that the fits to the available data
are too unconstrained to be meaningful. With more measurements of these dramatic
features over a wide range of parameter space, it may be possible in the future to
further refine our model parameters and obtained better fits to the data. Here, we
merely demonstrate that this kind of noise peak can be naturally explained, albeit
qualitatively, as a consequence of underdamping in a two-body system. Note that
in the presence of this underdamped responsivity all noise sources show a peak at
the oscillation frequency. Thus, while the two-body thermal model may be an accu-
rate description of the frequency dependence of the measured noise, the discrepancy
between the magnitude of the modeled and measured noise may be the result of an
additional noise source not considered here. Evidence of such noise sources in some
of these devices have been discussed elsewhere [11, 16].

One way to further constrain the two-body model would be to fit the pulse
response of the device to the absorption of a photon. Because of nonlinearity of the
transition shape, this pulse would need to be sufficiently small to stay within the
small signal limit described by our linearized model. To date, we have only meas-
ured pulses from 6 keV X-rays, which are well beyond the small signal limit. Meas-
urement of low energy photons with these devices could be an interesting area of
future study.

One other interesting feature in the measured noise shown in Fig. 2 is the addi-
tional noise peaks observed at integer multiples of the frequency of the main peak.
These additional noise peaks cannot be described within our linearized two-body
model and likely arise from nonlinearity in the system. This nonlinearity could be
from the electrical circuit or the TES response to changes in current and tempera-
ture. We have observed that these higher order peaks are not altered by changes to
the external electronics, such as SQUID feedback parameters and readout electron-
ics. Therefore, it appears this is intrinsic to the electro-thermal system of the TES.

The measured current noise in a TES of width 130 pm and length 70 pm
is shown in Fig. 4 as a function of frequency at 5% Rn for different values of
Ty This figure shows the absence of the noise peak at low bath temperature, in
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Fig.4 Left Current noise as a function of frequency for various values of 7,,, for a TES with width
130 pm and length 70 pm biased at R/Ry = 5%. Right—Current noise spectrum predicted by two-body
model. All parameters in the model are kept fixed except for a and g is different in each line, as indicated
(Color figure online)

contrast to Fig. 2. The peak is then observed at 7,,, = 77.5 mK and above, with
the peak frequency increasing with increasing bath temperature, but the magni-
tude of the noise decreasing. This is likely a consequence of the changing transi-
tion shape and physical parameters of this TES with T}, , but more quantitative
analysis will require highly detailed modeling of the system. The right of Fig. 4
shows the effect on the predicted noise in the two-body model of changing a and
p values. Increasing a and f can reduce the magnitude of the noise and increase
the peak frequency. These data and models demonstrate the sensitivity of the
noise peak to the various parameters of the system.

5 Conclusion

In conclusion, we have observed high-frequency peaks in the measured current
noise of Mo/Au TES microcalorimeters. These dramatic features in the noise
are an excellent test of our understanding of the relevant electro-thermal mod-
eling of our devices. We have shown that they are qualitatively consistent with
the two-body electro-thermal model presented for these devices previously [11].
This is further evidence that a multi-body description should be considered when
describing the behavior of these devices. However, quantitative understanding of
these features will require more precise knowledge of the device parameters and a
more precise electro-thermal model.
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