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NWO-I/SRON Netherlands Institute for Space Research, Niels Bohrweg 4, 2333 CA Leiden, Netherlands

 (Received 22 July 2021; revised 10 September 2021; accepted 12 October 2021; published 29 October 2021)

Transition-edge sensors (TESs) are the selected technology for future spaceborne x-ray observatories,
such as Athena, Lynx, and HUBS. These missions demand thousands of pixels to be operated simulta-
neously with high energy-resolving power. To reach these demanding requirements, every aspect of the
TES design has to be optimized. Here we present the experimental results of tests on different devices
where the coupling between the x-ray absorber and the TES is varied. In particular, we look at the effects
of the diameter of the coupling stems and the distance between the stems and the TES bilayer. Based
on measurements of the ac complex impedance and noise, we observe a reduction in the excess noise as
the spacing between the absorber stem and the bilayer is decreased. We identify the origin of this excess
noise to be internal thermal fluctuation noise between the absorber stem and the bilayer. In addition, we
see an impact of the coupling on the superconducting transition in the appearance of kinks. Our observa-
tions show that these unwanted structures in the transition shape can be avoided with careful design of the
coupling geometry. The stem diameter appears to have a significant effect on the smoothness of the TES
transition. This observation is still poorly understood, but is of great importance for both ac and dc biased
TESs.

DOI: 10.1103/PhysRevApplied.16.044059

I. INTRODUCTION

Transition-edge sensors (TESs) are very sensitive detec-
tors of energy that utilize the sharpness of a superconductor
normal-to-superconducting transition [1–3]. TESs are the
selected technology in a number of either planned or
proposed spaceborne observatories, such as Athena [4],
Lynx [5], and HUBS [6]. These missions aim for thou-
sands of pixels to be operated simultaneously with high
energy-resolving power. The limited resources available
for a satellite-based instrument, such as electrical power,
cooling power, and allowable weight, require the use of
sophisticated multiplexing schemes, such as time division
multiplexing (TDM) [7], frequency division multiplexing
(FDM) [8], and others [9–11]. In this paper, we focus
on TES-based x-ray microcalorimeters developed for the
Athena X-ray Integral Field Unit (X-IFU) instrument [12].
X-IFU will consist of over 3000 multiplexed pixels with a
planned spectral resolution of 2.5 eV for 7 keV x-rays.

In order to achieve the demanding requirements set by
the X-IFU instrument, every aspect of the TES pixel design
has to be optimized. Over the years, much work has been
done towards achieving this goal. Research topics included
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the effect of the thermal conductance on the TES transi-
tion width [13–15], the effect of the normal resistance by
changing the TES size and aspect ratio [16–18], the noise-
mitigating properties of normal-metal features [19–22],
and how the energy deposited in the absorbed is transferred
to the bilayer [23–26]. In this paper, we expand on this last
point by studying how the detailed design of the coupling
between the x-ray absorber and the TES bilayer affects the
properties of the TES microcalorimeters. The basic layout
of the TESs are explained in Sec. II of this paper.

Previous work has shown that the design of the cou-
pling geometry can have a big impact on the detector
properties. It was demonstrated that the stems introduce
effects of nonequilibrium superconductivity via the prox-
imity effect, affecting the critical temperature and critical
current, and influence the small-signal transition param-
eters α = (T/R)(∂R/∂T) and β = (I/R)(∂R/∂I), and the
detector energy resolution and time constants [20,26–28].
Note that these effects were reported for stems with a
very large footprint on the bilayer, whereas in this work,
we study the effect of much smaller stems, which will
allow us to pick up on more subtle differences than those
reported previously. We mainly investigate the effect of the
diameter of the two stems that connects the absorber to
the bilayer, and the spacing between these two. We mea-
sured the complex impedance and noise, which are used to
estimate the internal thermal conductance in the TES and
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how this is influenced by the geometry. We compare the
small-signal limit energy resolution, estimated from the
measured noise and transition shape, with the measured
noise equivalent power (NEP), and find a good qualitative
agreement between the two.

II. DETECTORS AND MEASUREMENT SETUP

We have fabricated an 8 × 8 TES array with four dif-
ferent geometries for the absorber-bilayer coupling. The
basic layout of the detectors is shown schematically in
Fig. 1(a). The TESs are based on a bilayer made of 35 nm
Ti and 200 nm Au, with a sheet resistance of 26 m�/�.
The bilayer is patterned to be an 80 × 10 μm2 rectangle
with a normal resistance of approximately 200 m�. Nio-
bium leads (with critical temperature ∼ 9 K) are used to
apply a voltage bias to the devices. The bilayers are grown
on a 0.5-μm-thick silicon nitride membrane. The TES is
connected to a 240 × 240 μm2 Au x-ray absorber via two
central absorber stems with a height of 3.5 μm, one at
each edge of the bilayer. Four additional stems [not shown
in Fig. 1(a)] with diameter 5 μm are used to support the
absorber on the membrane. The absorber has a thickness of
2.35 μm and a heat capacity of 0.85 pJ/K at 90 mK. Fur-
ther details about the TESs and the fabrication procedure
are given by Nagayoshi et al. [29].

To study how the detailed coupling between the
absorber and the bilayer affects the detector properties, we
vary the geometry of the two absorber stems, as schemati-
cally illustrated in Fig. 1(b). We look at the possible effect
of the diameter of the two central stems, by comparing
two designs with diameters D = 10 μm and D = 5 μm,
both fabricated such that the edge of the bilayer is aligned
with the edge of the outer perimeter of the stem. In addi-
tion, we look at whether the precise position of the stems is
of importance for the final detector performance, by com-
paring three designs with the same diameter D = 5 μm
but different spacing between the edge of the bilayer and

the edge of the stems, X = 0, 5, and 10 μm. The arm
connecting the stem and the bilayer is an integral part
of the bilayer, deposited in the same step of the fabrica-
tion. A schematic close-up view of the connection between
the stems and the bilayer is shown in Fig. 1(c). All other
properties of the devices are identical to allow for direct
comparison.

We characterize the devices using an FDM setup, with
which we bias a single pixel at a time within the super-
conducting transition using an alternating current (ac).
The resistance of the TES at a particular bias point is gen-
erally specified with respect to the normal resistance Rn.
Each of the investigated pixels is connected to a high-Q
LC resonator [30] with a bias frequency between 1-5 MHz.
An overview of the electrical and thermal circuits is shown
in Fig. 2. Further details about the FDM setup are given
elsewhere [31]. Most of the results presented in the remain-
der of this paper do not depend on the bias frequency, and
are valid for both ac and direct current (dc) biased pixels.
To facilitate straightforward comparison between different
readout techniques such as TDM and FDM, we mainly
present results from pixels measured at low bias frequen-
cies (< 2 MHz), where frequency-dependent effects unre-
lated to those discussed in this paper, such as Josephson
effects and ac losses, are less significant.

The setup is mounted at the mixing chamber of a
cryogen-free dilution refrigerator, and is stabilized at
a temperature of 50 mK. External magnetic fields are
shielded using a room-temperature μ metal shield and a
lead and cryoperm shield at the cold stage. Both the setup
and the cryoperm shield are suspended from a Kevlar
vibration isolation stage for mechanical decoupling [32].
A more extensive overview of the setup is given else-
where [18].

For all devices we have determined the critical tem-
perature (TC) and thermal conductance (Gb) between the
TES and the thermal bath. To do so we follow a widely
used method in which current-voltage characteristics

(a) (b)

D = 10 µm - X = 0 µm D = 5 µm

X = 0 µm

X = 5 µm

X = 10 µm

X

TES bilayer
Absorber
stem

Si support

SiN membrane

Au x-ray absorber D (c)
D = 10 µm

D = 5 µm

FIG. 1. (a) Schematic of the layout of the TESs. We vary only two aspects of the design: the diameter of the absorber stem D and the
spacing between the bilayer and the stem X . (b) Overhead view of the four different designs studied: a single design with D = 10 μm
and X = 0 μm and three designs with D = 5 μm and varying spacing, X = 0, 5, and 10 μm. The green structures are the niobium
leads. (c) Close-up view of the connection between the absorber stems and the bilayer for the D = 10 μm (top) and D = 5 μm (bottom)
designs.
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SQUID
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TES
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Cbias
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C1

C2

Gitfn
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FIG. 2. Schematic of the FDM readout and the two-body ther-
mal model. The TES is coupled to an LC resonator and is readout
using a two-stage SQUID. The bias voltage Vac is applied via
a shunt resistor Rsh and bias capacitor Cbias. In the two-body
thermal model as used in Sec. III the detector is separated into
two bodies, where one body is connected with a thermal con-
ductance Gitfn to a second body that is connected to the thermal
bath via Gb.

(I -V curves) are measured at different bath temperatures
Tb. These I -V curves are used to determine the amount
of Joule heating required to bias the pixel as a function
of temperature. This power-temperature (P(Tb)) relation
is then fitted with the power law P (Tb) = K

(
Tn − Tn

b

)
,

where K is a geometry-dependent coefficient, T is the TES
temperature, and n is an exponent giving information on
the nature of the thermal contact. The thermal conduc-
tance is then given by G (T) = nKT(n−1). The averaged
thermal conductance for all devices is 46.5 pW/K with a
standard deviation of 4.6 pW/K at a critical temperature
of 81.8 ± 0.2 mK. Given the fact that the thermal conduc-
tance of this type of devices is generally proportional to the
phonon-emitting perimeter of the TES [13,18,33], the ther-
mal conductance is expected to increase for larger X , with
a difference of approximately 7 pW/K between the X = 0
and 10 μm devices. This predicted difference has not been
resolved in the measured data. The measured critical tem-
peratures for all devices are given in the supplemental
material [34].

III. IMPACT OF STEM-BILAYER DISTANCE

We fully characterize the properties of the transition
by measuring the complex impedance of the TES [35].
For various points in the transition, a small modulation is
added to the bias current with a frequency ranging from
10 Hz–50 kHz, where we record the TES response for
each frequency. These data are combined with knowledge
of the heat capacity, which is dominated by the x-ray
absorber, and thermal conductance to extract the dimen-
sionless derivatives of the resistance with respect to the
temperature α and to the current β. We focus on these

0 .1 0 .3 0 .5
R /R n

0

1 0 0 0

2 0 0 0

3 0 0 0

0 .1 0 .3 0 .5
R /R n

0

2 0

4 0

D = 5 m
X = 1 0 m

D = 5 m
X = 5 m

D = 5 m
X = 0 m

(a) (b)

0 .1 0 .2 0 .3 0 .4 0 .5
R /R n

5 0

7 5

1 0 0

/

(c)

FIG. 3. Results of complex impedance and noise measure-
ments for low-bias-frequency pixels with different stem-bilayer
separations: (a) α and (b) β extracted from complex impedance
measurements for the relevant part of the normal to supercon-
ducting transition; (c) ratio of α/β computed for the same bias
points as those shown in (a) and (b).

parameters, as they describe the shape of the supercon-
ducting transition and can be used to obtain, among other
things, the bandwidth and sensitivity of the detectors.
Details of this measurement and analysis under ac bias
are given elsewhere [36,37]. Representative data for α and
β for low-bias-frequency devices with varying length of
the arm between the absorber and the bilayer are shown in
Fig. 3.

All the devices show a similar ratio between α/β, visible
in Fig. 3(c). However, there are clear differences between
the devices low in the resistive transition, as visible in
Figs. 3(a) and 3(b). The X = 5 μm and X = 10 μm
devices show high peaks in both α and β, signs of sharp
features or kinks in the superconducting transition. No
kinks are observed for the X = 0 μm devices for all
measured bias frequencies. Kinks are regularly observed
in devices with normal metal stripes on top of the TES
[22,38]. Here we show that also the normal metal of the
absorber stems might play a role in the precise location
of these kinks in the transition. For the shortest arms with
X = 0 μm, the kinks are absent or might have shifted to
lower resistance values outside of the region of interest.
The position of the kink for the X = 5 and X = 10 μm can
shift by a few percent of Rn. When the kinks in the transi-
tion are located close to typical bias points of the detectors,
they reduce the homogeneity of the array and make achiev-
ing a uniform sensitivity and energy gain scale calibration
over the full array very challenging. Therefore, the removal
of kinks from the transition, in particular the region around
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Measured
Total

Phonon

RSJ noise
ITFN noise
SQUID noise

+ additional

FIG. 4. Example noise spectra measured for the different D = 0 μm pixels, measured at R ∼ 0.15 Rn. Dashed lines represent the
calculated noise models: SQUID noise (purple), phonon and additional low-frequency noise (orange), voltage noise from the RSJ
model (green), and ITFN (red). The total of all noise sources is given by the solid black line.

0.1–0.2Rn at which devices of this type are typically oper-
ated, is of utmost importance. This holds especially for
TDM-based systems, where multiple pixels share abreak
common bias line and individual tuning of pixels is not
possible. In FDM, the removal of kinks is less critical as
each pixel can be biased individually at its optimal bias
point.

Apart from the complex impedance, for each bias point
we have measured the current noise spectrum. Example
noise spectra for the three D = 5 μm pixels measured
at R = 0.15 Rn are shown by the blue points in Fig. 4.
The roll-off visible at high frequencies results from the
bandwidth of the electrical circuit.

We can compare the measured noise spectra with the
calculated contributions from various noise sources. First
there is the white readout noise of the SQUID at approx-
imately 5 pA/

√
Hz. The second noise contribution is

the phonon noise originating from thermal fluctuations
between the TES and the heat bath, with a power spectral
density given by SP,ph = 2kBT2Gb

(
(Tb/T)n+2 + 1

)
. Above

approximately 200Hz the phonon noise has a roll-off deter-
mined by the thermal bandwidth of the detector. Additional
low-frequency noise sources, such as vibrations and stray
photons, are summed under the name additional low-
frequency noise. This low-frequency additional noise is not
considered fundamental for the TES as it can be mitigated
with a proper design of the setup. For the results presented
in this paper, the most interesting is the noise at higher fre-
quencies within the electrical bandwidth of the detector,
typically characterized around 1 kHz. At these frequen-
cies the principal source of noise is Johnson noise from
the TES resistance. At low frequencies the Johnson noise
is suppressed by the electrothermal feedback [39], whereas
at high frequencies the roll-off results from the bandwidth

of the readout. It has recently been shown that for this
type of devices the Johnson noise is best described by the
resistively shunted junction (RSJ) model [37,40,41], given
by

SV,RSJ = 4kBTR
(

1 + 5
2
β + 3

2
β2

)
, (1)

with kB being the Boltzmann constant. All of these main
sources of noise are shown as the various dashed lines in
Fig. 4. The details on how these contributions are calcu-
lated have recently been covered extensively by Gottardi
et al. [37]. From Fig. 4 it is immediately apparent that the
sum of these noise sources is insufficient to fully explain
the measured noise. Therefore, we express the factor of
difference between the measured noise and the predicted
noise at frequency 1 kHz using the parameter M 2, defined
by

M 2 = (
SV,data − SV,RSJ

)
/SV,data. (2)

Figure 5(a) shows M 2 for various bias points in the transi-
tion for the different designs, showing a clear rise in M 2 as
X increases.

To explain the additional noise in the kilohertz range,
we interpret it as resulting from internal thermal fluctua-
tion noise (ITFN) within the detector itself [37,42]. ITFN
occurs when there are distributed heat capacities inside
the detector connected by internal thermal impedances. We
apply a two-body model, in which the detector is separated
into two bodies, where one body is connected with a ther-
mal conductance Gitfn to a second body that is connected
to the thermal bath via Gb. A schematic of this two-body
model is shown in Fig. 2. Details about the implementa-
tion of this model for our detectors are given by Gottardi

044059-4
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(a)

(b)

G
itf

n

FIG. 5. (a) Excess noise factor defined with respect to
expected noise in the RSJ model SV,RSJ for the same bias points
shown in Fig. 3 and (b) Gitfn required to minimize the excess
noise factor for each bias point.

et al. [37]. Thermal excitations in one of these bodies lead
to thermal fluctuation noise, analogous to the previously
mentioned phonon noise, with a power spectral density
given by SP,itfn = 4kBT2Gitfn [43,44]. This contribution is
shown as the red dashed lines in Fig. 4. Note that the shape
of the ITFN is similar to the RSJ Johnson noise due to
the conversion of power to current noise via the power-to-
current responsivity and the TES circuit inductance. Here
Gitfn is treated as a free parameter to be varied such that
M 2 is minimized. The resulting Gitfn is shown in Fig. 5(b).
As expected, the internal thermal conductance decreases as
X increases. At R/Rn ∼ 20%, the extracted Gitfn increases
from approximately 14 nW/K for X = 10 μm to around
18 nW/K for X = 5 μm, and, finally, to about 27 nW/K
for X = 0 μm.

The internal thermal conductance is believed to be a
combination of the internal thermal conductance of the
bilayer Gbl, and the limited thermal conductance of the
arm between the absorber stem and the bilayer, Garm. Using
the simplest possible thermal model in which the different
thermal components are connected in series, Garm can be
estimated from the measured Gitfn using

Garm =
(

1
Gitfn

− 1
Gbl

)−1

. (3)

FIG. 6. Estimated value of Garm, assuming a constant bilayer
thermal conductance given by the Wiedemann-Franz law (green
dashed line). The blue dashed line shows the arm thermal con-
ductance when it remains superconducting (ignoring the temper-
ature dependence of the gap). The red dashed line shows the arm
thermal conductance when it is in the normal state (and, thus, fol-
lows the Wiedemann-Franz law). We take the effective length of
the arm equal to X + D/2.

The internal thermal conductance of the bilayer is esti-
mated by using the Wiedemann-Franz law, Gbl = L0T/R�,
with L0 = 2.45 × 10−8� WK−2 and R� the sheet resis-
tance of the bilayer [37]. For the 80 × 10 μm2 devices,
Gbl = 77 nW/K. The estimated Garm is shown as the
magenta points in Fig. 6.

To understand the origin of the limited thermal conduc-
tance of the arm, we estimate it in two limiting regimes.
The upper limit is given by the normal state thermal con-
ductance of the arm GNS, which again is estimated using
the Wiedemann-Franz law. In this case the resistance of the
arm is calculated using an effective length X + D/2, the
full length of the arm including the end part covered by
the absorber stem. This upper limit is shown in Fig. 6 as
the red dashed lines. The lower limit is obtained by assum-
ing that the arm remains superconducting. As Cooper pairs
cannot transport heat the thermal conductance is purely
governed by the fraction of depaired electrons, which is
dictated by the temperature dependent superconducting
gap �(T) and the thermal excitation energy kBT. Thus, the
thermal conductance can be estimated using

GSC = GNS exp
(

−�(T)

kBT

)
. (4)

Knowledge about the temperature dependence of the
superconducting gap is required to evaluate this equation.
For a conventional s-wave superconductor at T ≈ TC, this
dependence is given by

�(T) ≈ 1.74�(0)

√

1 − T
TC

, (5)
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with �(0) = 1.764 kBTC the gap at T = 0 [45]. How-
ever, this is not valid in the presence of the proximity
effect, which significantly alters the size of the gap close
to the TC of the bilayer. Therefore, we simplify the prob-
lem and derive a lower limit for the thermal conductance
by neglecting the temperature dependence of the gap and
using �(T) = �(0). The resulting GSC is shown as the
blue dashed lines in Fig. 6. Indeed the values for Garm
extracted from the experimental data fall between these
two boundaries, supporting the interpretation that the arm
partially remains superconducting with a �(T) that is sup-
pressed compared with the ideal T = 0 value, but remains
finite.

The previous analysis clearly indicates that a small but
significant reduction of the excess noise can be achieved by
keeping the stem as close to the bilayer as possible, or per-
haps by even placing the stems on top of the bilayer [46].
Note that after reducing the ITFN, the performance of this
type of device under these conditions will remain lim-
ited by the noise resulting from the weak-link effect as
described by the RSJ model.

(a)

(b)

(c)

FIG. 7. Measured α versus R/Rn for pixels with different stem
diameters. We show three sets of pixels at different bias frequen-
cies: (a) 1.1–1.5 MHz, (b) 2.4–2.6 MHz, and (c) 4.1–4.3 MHz.

IV. IMPACT OF STEM-BILAYER DIAMETER

The main effects of the stem diameter are visible in the
measured α, shown in Fig. 7, and excess noise, shown
in Fig. 8. In these figures, we focus on the designs with
X = 0 μm. Three different sets of pixels are selected, mea-
sured at (a) low, (b) mid, and (c) high bias frequencies,
the precise values of which are indicated in the legend of
Fig. 7.

Changing the stem diameter from D = 10 to D = 5 μm
does not change the overall trend of α. However, there
is a striking difference between how α, and consequently
β and M 2, change throughout the transition. The D =
10 μm devices show large oscillations of α for different
bias points. These oscillations are typically attributed to
the weak-link effect in these detectors resulting from the
interaction between the high TC Nb leads and the low TC
bilayer. This weak-link effect scales with the supercon-
ducting phase difference φ ∝ √

PR/ω (with P the detector
power and ω the bias frequency), and with the length of
the link and the difference in critical temperature of the
coupled superconductors [47]. However, the amplitude of
the oscillations is much smaller for all D = 5 μm devices,
except for those measured at the highest bias frequen-
cies as visible in Fig. 7(c). To understand the underlying
mechanism for why the smaller stem diameter improves
the smoothness of the superconducting transition, more
devices with different stem diameters should be studied.
However, we speculate about one possible explanation in
Sec. VI.

(a)

(b)

FIG. 8. (a) Excess noise M 2 and (b) M 2 / α for low-frequency
pixels with different stem diameters. In (a), data are shown for the
X = 0, D = 10 μm (red) and X = 0, D = 5 μm (green) devices.
In (b), also the data for the X = 5 μm (blue) and X = 10 μm
(yellow) devices are shown as a reference.

044059-6
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Another interesting feature of the smaller stem diameter
is visible in the excess noise in Fig. 8(a). For all of the five
devices studied in this work with D = 10 μm, a peak in the
excess noise is visible between R = 0.2Rn and 0.5Rn. This
peak is never observed for any of the devices with D =
5 μm. We present this bump in terms of the excess noise
parameter instead of using ITFN, as we expect the ITFN
to be very small for the X = 0 μm devices. Therefore, we
do not expect that it is justified to explain this particular
feature of the noise using ITFN. The D = 5 μm devices
do show a bump in the transition around R ≈ 0.1Rn, visible
in Fig. 3, but in those cases the increase in α is correlated
with an increase in M 2. This is not the case for the D =
10 μm devices, a fact that becomes clear when looking at
Fig. 8(b), in which we plot M 2/α. The stark difference in
the ratio of M 2 and α between the D = 10 μm data (red
points) and the other data signifies the difference in nature
of the bump in the excess noise.

V. NEP AND ENERGY RESOLUTION

Arguably the most important figure of merit for a
microcalorimeter is the energy resolution, i.e., the capa-
bility to resolve different photon energies. In this section,
we demonstrate the effect of the absorber-coupling geome-
try in two ways. First, we evaluate the energy resolution
estimated from the integrated NEP at 5.9 keV for bias
points between R = 0.05Rn and 0.30Rn. The NEP(f )2 =
〈|N (f )|2〉/ |S(f )|2 is the ratio between the average noise
power spectral density and the squared detector responsiv-
ity. The theoretically achievable energy resolution is then
given by

�ENEP = 2.355
(∫ ∞

0

4
NEP(f )2 df

)− 1
2

. (6)

The prediction from the integrated NEP does not account
for nonlinearity in the detector in the large-signal limit, but
for the devices reported here we have empirically found
that it is generally still a good predictor for the achievable
energy resolution. In addition, we can use α, β, and M 2, as
shown in Secs. III and IV, to calculate the expected energy
resolution in the small-signal and strong electro-thermal
feedback (ETF) limit for each bias point, using

�ETHE

= 2
√

2 ln 2

√√√√4kBT2 C
α

√(
1 + 5

2
β + 3

2
β2

)
(
1 + M 2

)
.

(7)

This equation considers all excess noise to be of similar
nature to the Johnson noise, and does not take into account
the full two-body responsivity. However, for the high ratio

between Gitfn and Gb reported here the effect of this sim-
plification is expected to be small. The results for the NEP
and expected energy resolution are shown in Fig. 9 for
four different pixels, one of each design, measured at low
bias frequencies. In absolute terms, a relatively large dif-
ference is observed between the NEP and estimated �E.
This is most likely the result of the fact that our detectors
are working outside of the small-signal limit for 5.9 keV
x-rays. Note that the increase in NEP and �E seen in the
D = 10 μm, X = 0 μm device at higher R/Rn is caused
by the bump in the excess noise shown in Fig. 8.

The NEP and calculated �E qualitatively give the same
results, and confirm the trends identified previously. The
best energy resolutions are expected for the devices with
X = 0 μm. As the length of the arm between the absorber
and the bilayer increases, the energy resolution becomes
worse. This observation holds over the full bias frequency
range. The increase in the energy resolution is about
0.2–0.4 eV, and clearly indicates that maximizing the ther-
mal conductance between the absorber and the bilayer is
of great importance to optimize the resolution. The effect
of the stem diameter is much less pronounced, with only a
very small reduction of less than 0.1 eV for both the NEP
and �E. This is not completely unexpected. If we assume
that the gold in the absorber stem has a electrical resistiv-
ity ρAu = 1 n� m, similar to previously reported values
[42], the Wiedemann-Franz law can be used to estimate
a thermal conductance of the stem (with height 3.5 μm).
This leads to Gstem = 11 μW/K and 45 μW/K for the
5 μm and 10 μm diameter stems, respectively. For both
diameters, Gstem is much higher that the estimated thermal

(a)

(b)

FIG. 9. (a) Measured NEP and (b) small-signal limit energy
resolution calculated using Eq. (7). The NEP is measured at the
optimal bias frequency for each value of R/Rn.
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conductance of the arm, and therefore does not play a
significant role in the noise.

VI. DISCUSSION

In the previous two sections, we have shown a number
of effects of the absorber coupling that are as of yet poorly
understood: (1) the appearance of kinks in the transition
for different values of X ; (2) increased oscillations in the
transition for the D = 10 μm devices compared with the
D = 5 μm devices; (3) the presence of unexplained bump
in the excess noise for the D = 10 μm devices. Although
these three observed effects appear separated at first glance,
we believe that they all have the same underlying cause,
which is the distribution of the current within the central
part of the bilayer and the absorber stems.

As stated in Sec. III, kinks in the transition have been
linked to the presence of noise-mitigating normal metal
structures on top of the TES, as was done for instance by
Wakeham et al. [22]. In that work, the authors associate
the kinks in R(T) and α with regions of large change in
the I(B) curve. This correlation is interpreted as result-
ing from changes in the supercurrent distribution within
the TES. Although for our devices we see no significant
discontinuities in the IC(B) curve such as those reported
by Wakeham et al. (see the supplemental information for
representative IC(B) curves for each design [34]), finite-
element analysis of our devices indicates that, in fact,
the current distribution should be expected to be different
between the designs.

To understand these differences, we have to consider
the details of the geometric coupling between the stems
and the bilayer, as shown in Figs. 1(b) and 1(c). For the
D = 10 μm devices, the arm connected to the stem is
broad, and it is connected to the bilayer with a rounded
corner. As a result of this, the current at the center of the
bilayer between the stems can split, with one part flow-
ing in the bilayer, and another part flowing through the
arms and stems. The precise distribution of the current
depends on the ratio between the resistance of the bilayer,
which changes with the bias point, and the (interface) resis-
tance of the stems. However, for the D = 5 μm devices
the current density in the arms drops severely within a few
micrometers from the edge of the bilayer, owing to cur-
rent crowding resulting from the combination of the small
width of the arms and the sharp corners between the arms
and the bilayer. The reason why the differences in the cur-
rent distribution are not observed in the IC(B) curves are
not fully understood. The simplest explanation might be
that the impact was too small to be resolved in our mea-
surements, as the differences in current distribution are
confined to a very small fraction of the bilayer close to the
stems.

This returns us to our observation of the kinks in α and
β for the devices of varying X . The geometric suppression

of the current distribution in the arms leads to a distinction
between the X = 0 μm devices, for which current can just
flow underneath or through the normal metal of the stem,
and the devices with X > 0, where this is not the case.
Although the exact origin for the appearance of the kinks
remains elusive, this would explain why we see such a
stark difference between the X = 0 devices where no kinks
are seen above R = 0.05Rn and the X > 0 devices where
we have always observed a kink without a clear correlation
between the kink position and the length of the arm.

Now let us consider the excess noise bump for the D =
10 μm devices. As explained previously, in these devices
a part of the current can easily flow through the stem,
where the precise distribution of the current depends on
the bias point and the resistance of the stem. Following the
same procedure as outlined in Sec. III, for the D = 10 μm
device we extract an estimated thermal conductance of
the arm of approximately 60 nW/K, corresponding to a
resistance of approximately 30 m�, possibly located at
the interface between the arm and the stem. This resis-
tance is comparable to the square resistance of the bilayer.
Thus, the distribution of the current at the center of the
TES can change significantly within the resistive transi-
tion. Although it is not possible to draw hard conclusions
based on only a single device design, we speculate that the
increased excess noise is related to current flowing through
the stems. This would explain the disappearance of excess
noise low in the transition where the bilayer resistance
becomes far less than the estimated resistance of the arm,
and most of the current stays within the bilayer.

The final topic is the reduction in the oscillations
in the transition parameters for the D = 5 μm, X =
0 μm devices compared with the D = 10 μm devices,
as reported in Sec. IV. Typically these oscillations are
explained as coming from the weak-link effect resulting
from a simple SS′S junction consisting of the niobium
leads (S) coupled to the Ti/Au bilayer (S′). This expla-
nation is probably correct for the small stem diameter
devices, where the supercurrent is restricted to flow purely
in the bilayer, and almost no current actually crosses
the stems, as discussed previously. This simple weak-
link effect is characterized by oscillations with a constant
period (when plotted as a function of the TES voltage) and
gradually changing amplitude, precisely what is observed
for the green curves in Fig. 7. However, for the large-
diameter devices the situation is different. In this case,
simulations suggest that in particular for bias points high in
the resistive transition, a significant part of the current does
not flow through the center of the bilayer, but instead is
diverted along the stems. For this situation, we hypothesize
that the TES has to be modeled as two junctions in paral-
lel, the first being the previously introduced SS′S junction,
and the second being made up of two S′NS′ junctions
between the bilayer and the normal metal stems (N). This
introduces a combined weak-link effect with two different
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characteristic oscillation periods. Signatures of the mixing
of these periods are visible in the red data of Fig. 7, in par-
ticular for the higher-frequency pixel shown in Fig. 7(c). In
addition, in this model, the impact of the S′NS′ junctions
should be less in the transition, where the bilayer resistance
starts to drop below the resistance of the stems, meaning
a larger part of the current is confined to the central part
of the bilayer. Thus, for low resistance values, the oscilla-
tions should become cleaner with a similar period to that
observed in the D = 5 μm devices, another feature that is
clearly visible in Fig. 7(c) for R < 0.15Rn. The transition
between the single-junction and double-junction behav-
ior overlaps with the low-resistance flank of the measured
excess noise bumps.

In order to test the idea that all these effects indeed
originate from a splitting of the supercurrent between the
bilayer and the absorber stems, we are currently fabricat-
ing a number of new devices. For example, one of the new
devices will contain two 5 μm diameter stems which are
not connected via arms to the bilayer, but are instead placed
directly on top of the bilayer. This design will considerably
constrict the current flow in the central part of the bilayer,
forcing a larger portion of the current to travel underneath
the stems. This design should act like the exaggerated ver-
sion of the current D = 10 μm device, and, if our current
hypothesis of the double junction is correct, should exhibit
a significantly larger mixed weak-link effect than what is
measured in the current D = 5 μm devices.

VII. CONCLUSIONS

We have studied the effect of the detailed geometry for
the thermal coupling between the x-ray absorber and the
bilayer, with a particular focus on the diameter of the two
stems that connect the absorber to the TES bilayer, and the
spacing between the stems and the bilayer.

Based on measurements of the noise, we have found
that the noise is reduced for shorter arms, an observation
that we explain in terms of a higher internal thermal con-
ductance between the absorber and the TES. In addition,
we observe that the position of kinks in the supercon-
ducting transition is affected by the spacing between the
stems. Comparing the devices with different stem diame-
ters resulted in the striking observation that the smoothness
of the transition seems to be improved significantly for
the smaller stem diameter. Although a more thorough
investigation is required to fully understand the responsi-
ble mechanism, we hypothesize that the observed effects
are related to variations in the current distribution within
the bilayer and the stems. Additional devices of different
geometries, such as that we discuss at the end of Sec. VI,
should help to definitively confirm these ideas. The new
devices are currently under fabrication.

The conclusion of this study is that the stems should be
placed as close to the bilayer as possible in order to reduce

the ITFN, leading to an improved energy resolution of up
to 0.4 eV. This observation is consistent with the results
from similar studies [46]. To maximize the thermal con-
ductance between the absorber and the bilayer, often the
choice is made to connect the stems to normal metal edge
banks running along the length of the TES [21,22]. Unfor-
tunately, the banks lower the resistance of the devices,
making them incompatible with ac biased readout systems
such as FDM in which high resistance devices perform
best. In any case, the presented results indicate that ITFN
can be mitigated to a sufficiently low level by a careful
design of the coupling structure. The optimization of the
stem diameter is more complicated. For the energy resolu-
tion, increasing the diameter could further reduce the ITFN
and give better energy resolutions at certain bias points
(even though the effect will be quite modest). However, our
results suggest that reducing the stem diameter, or perhaps
only using a single supporting stem or making a sharper
edge for the connection between the stem and the bilayer,
might greatly improve the smoothness and uniformity of
the normal-to-superconducting transition, a feature that is
of great importance for the successful operation of a large
number of TESs in any multiplexing scheme.
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