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ABSTRACT

The basic transition parameters and excess noise of Mo/Au-based transition-edge sensor (TES) x-ray detectors without banks and with Au
absorber are analyzed as a function of TES dimensions and absorber stems position. We show the effect of the absorber stems and TES
dimensions on these parameters. We observe that the logarithmic derivatives of R(T) are reduced and develop non-monotonous behavior vs
bias as stems are placed on the Mo/Au sensor area, progressively disturbing the current flow inside the TES. TESs with outer tangent stems
display higher excess noise but also higher figures of merit because of their higher α and β values. We find that both longer and narrower
TESs have higher excess noise so that a trade-off is required for TES performance optimization. We discuss some hints for that. The possible
origins of the experimental excess noise of these devices are also explored and discussed.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0303520

INTRODUCTION

Transition-edge sensors (TESs) constitute radiation and parti-
cle detectors that exploit the superconducting transition of a thin
film. They rely on the extremely sharp dependence of resistance on
temperature within this transition region. The thin film is biased at
some specific point within the transition and thermally connected
to a colder bath via a thermal link, typically a Si3N4 membrane.
When heat is deposited—usually through the absorption of a parti-
cle or a photon in an absorber or antenna thermally coupled to the
TES—the sensor’s resistance rises sharply. Under voltage bias, the
resulting negative electrothermal feedback1 drives the TES back
toward equilibrium, generating a current pulse that corresponds to
the detected event.

TESs form the basis of ultra-sensitive bolometers or microcal-
orimeters that are widely used, or envisioned for use, in advanced
instruments for astrophysics, cosmology, quantum information,
materials science, and other fields; for a general overview, see
Refs. 2–14 and reviews.15–17 Each application demands specific per-
formance parameters—such as spectral resolution, noise-equivalent

power, time response, and quantum efficiency—and, thus, requires
tailored device designs. Understanding the relationship between the
TES design and performance is, therefore, essential. The size and
geometry of the superconducting film determine the transition
mechanism and, thus, the dependence of resistance on temperature
and current, R(T,J). Additional key factors include the properties of
the radiation absorber (type, material, heat capacity, etc.) and the
thermal links between TES, the absorber, and the thermal bath.

The performance of TESs is primarily governed by the sensi-
tivities of their superconducting transition to temperature and
current, as well as by excess—unexplained—noise. The sensitivities
are quantified by the logarithmic derivatives of the device resistance
with respect to temperature and current, denoted as α and β,
respectively. The M parameter characterizes the Johnson-like excess
noise that cannot be explained by the standard TES operation
framework.1

Over the past two decades, numerous theoretical and experi-
mental studies have been conducted,18–39,15,16 aimed at optimizing
performance of TES-based detectors for specific applications.
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Despite significant progress and the remarkable performances
achieved, a comprehensive understanding of the interplay between
α, β, and M remains elusive. Theoretical models linking excess
noise to the width of the superconducting transition include inter-
nal thermal fluctuation noise, weak link effects, the two-fluid
model, and flux flow mechanisms.26,29–32

Experimental works determining α, β, and M in Mo-based
and Ti-based TESs have explored factors such as the influence of
normal metal structures,18,24,27,28 device aspect ratio,22,24,25,36,37,38

and the position of the absorber stems.34 However, drawing general
conclusions is challenging due to variability across devices. For
instance, many studies of Mo-based TESs correspond to designs
with the so-called banks: normal metal stripes along the edges,
deposited to avoid Mo superconducting shorts and improve transi-
tion shape,18–25,31 while some24,26,39 do not. On the other hand, Ti/
Au-based TESs do not have banks. Variations in the bias circuit,
materials, geometry (length and width), sheet resistance, and differ-
ent thermal conductance all may impact the nature of the super-
conducting transition and the excess noise—particularly
influencing weak-link behavior.

We are developing Mo/Au-based TESs without banks or addi-
tional normal metal structures for x-ray detection. In previous
work, we analyzed the effect of the aspect ratio on the α and β
parameters of bare sensors without absorbers.40 Here, we report on
the α, β, and M parameters of TESs with gold x-ray absorbers,
examining how these parameters depend on the TES size and the
position of the absorber stems.

Our results show that α and β decrease and exhibit non-
monotonic behavior with respect to bias, when the absorber stems
are placed partially or entirely on the main sensor area, progres-
sively disturbing current flow within the TES. Devices with
absorber stems positioned tangentially at the outer edge show
higher excess noise but also improved figures of merit due to their
elevated α and β values. We also observe that longer and narrower
TESs tend to exhibit greater excess noise. While we evaluated
several common hypotheses for the origin of this excess noise, our
results are inconclusive; however, certain trends emerge that may
help in future device optimization.

EXPERIMENTAL

Mo/Au TESs without banks and with Nb/Mo leads were fabri-
cated according to the process described in Ref. 41. The Si3N4

membrane is 0.5 μm thick and has a size of 250 × 250 μm2. Square
Au absorbers of the lateral size 240 and 2.5 μm thickness were elec-
trodeposited, using a Ti/Au seed layer of thickness 5 /100 nm
deposited by electron beam evaporation. All the absorbers have
four external stems lying on the membrane close to its corners,
plus one or two stems lying on the TES or tangent to it. All stems
have a height of 2.5 μm.

TESs analyzed in this work correspond to a wafer with normal
square resistance Rsq = 29 mΩ and critical temperatures Tc close to
109 mK, with different positions of the absorber stems in contact
with the sensor and different TES sizes w × L, where w and L are,
respectively, the width and length; the aspect ratio is, therefore,
AR = L/w. Their basic parameters and names used in this paper are
summarized in Table I, while their designs are shown in Fig. 1.

Stems in contact with the TES and partially or totally outside the
main Mo/Au rectangle area defining the sensor are thermally
linked to it through a Mo/Au basis (an extension of the main
Mo/Au rectangle constituting the TES), as shown in the case of
design (c) and in Fig. 1 in the supplementary material; they may
have circular or square base, as listed in Table I. Stems lying on the
center of the TES are square, as are those on the membrane. Two
devices from another wafer, without absorber and slightly different
Tc, were characterized for the sake of comparison; they are also
included in Table I.

Dark characterization under DC bias was performed in a
Blueflors dilution refrigerator, as described elsewhere.41 It included
I–V curves at different bath temperatures Tbath, and complex
impedance Z(ω) and noise spectra as a function of bias and Tbath,
with frequency ranging between 10 Hz and 100 kHz. The shunt
resistance of the bias circuit is 2 mΩ; no Nyquist inductor is used,
and the total residual circuit inductance is 56 nH. The entire holder
is magnetically shielded using a superconducting aluminum enclo-
sure and a CRYOPERM shield. If any residual field Bres remains, it
is compensated along the perpendicular direction using a
Helmholtz coil, thus ensuring that the TES operates in a near zero-
field environment. To estimate and compensate Bres, we bias the
TES within its transition region and sweep the applied magnetic
field to maximize the TES current. Bres rarely exceeds 0.6 μT.

Fits of the I–V curves were used to extract the TES thermal
parameters and estimate Tc at each bias point; typical error bars for
G are below 10% and below 0.1% for the transition temperature.
The critical temperatures shown in Table I were extracted from the
fits to the I–V curves at 50% Rn. The normal state resistance of the
devices was obtained from the value at 200 mK, close to twice Tc.

In order to extract α, β, the heat capacity, and the time cons-
tant at each bias, Z(ω) data were fitted using the one thermal block
(TB) model. This approximation works quite well for most devices,
with the notable exception of TES 50 × 128a (see Fig. 2 in the
supplementary material). A detailed inspection of the Z(ω) fits
reveals increasingly noticeable deviations from the 1 TB behavior
gradually appearing for the longer devices with higher aspect ratios
(20 × 60c, 20 × 60d, 40 × 100b), suggesting that this simple model
may not be suitable for long, elongated TESs. An examination of
the error bars of the parameters extracted for representative devices
and fits (see Fig. 3 in the supplementary material) indicates that
the overall results and behavior discussed in this paper are reliable.
Previously, we had also verified42 that extracted β values using 1
and 2 TB differ slightly (few %). α values depend on the 2 TB con-
figuration and can change in some cases significantly, although the
bias dependence is not strongly affected. In light of this, and given
that the main trends of α, β, and M of TES 50 × 128a are consistent
with the qualitative behavior observed in the rest of the data sets
reported here, we have included the results of TES 50 × 128a in this
paper. However, we emphasize that both the poor fits to 1 TB and
its anomalous G value suggest that its results should be interpreted
with caution.

Noise spectra were fitted using the theoretical noise expected1

from the experimental parameters obtained from Z(ω) (α, β, time
constant, and heat capacity) and adding a Johnson-like excess noise
term, M. As reported by other groups,43 an excess phonon noise
component (Mph) was also required to fit the low frequency part of
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the spectra, see Fig. 4 in the supplementary material. Since phonon-
like and Johnson-like noises dominate in different frequency ranges,
no influence of Mph on the extraction of M is expected. The uncer-
tainty in the extracted M values is generally small (below 10%) but
can become significant for very low data values, M≤ 0.1. Therefore,
such small values are considered indistinguishable from M = 0.
Missing data points in M graphs below (shown in the logarithmic
scale) indicate that the Johnson-like excess noise M displays vanish-
ingly small values (M≤ 0.1) for some devices/biases. This is the
case, for instance, for TES 30 × 100a at all biases.

The spectral resolution was calculated from the noise spectra
at each bias by using

ΔEexp,noise ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln(2)

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiÐ1
0

4

NEP(ω)2
dω

r : (1)

The NEP here is the equivalent input-inferred power noise
obtained using the measured current noise and current-to-power
responsivity obtained from Z(ω) data fits to the 1 TB model.

Results reported here correspond to a bath temperature Tbath

of 50 mK. Analysis of data at different Tbath between 50 and 80mK
has shown that the parameters in this study have a very small
dependence on Tbath, for the explored temperature range. Data (not
shown) of critical current as a function of the magnetic field,
collected for the two devices without absorber, reveal traces of
weak-link behavior for TES sizes 40 × 80 and 60 × 60, though
considerably feeble; this is in agreement with earlier results on
similar TESs.40

RESULTS

Figure 2 allows for a comparison of the effects of the presence
of absorber stems on α and β, for TES dimensions 60 × 60 and
40 × 80. The bias dependences of both parameters in TESs without
absorber are quite similar to those of TESs with absorbers display-
ing monotonous behavior in Fig. 3. They are also nearly identical
both in value and bias dependence to those of similar TESs
without absorber reported in a previous study,40 highlighting the
reproducibility of our devices. In particular, we note that both α
and β are higher for the 40 × 80 TES than for the 60 × 60 one.

TESs without absorber exhibit higher α values than those with
absorber; devices with outer tangent stems show α values that are
closer to those of the absorber-free devices, indicating a progressive
degradation of α as the stems increasingly influence current flow.
In contrast, β is slightly lower in TESs without absorber than in the
TES with this particular stem configuration.

A more detailed analysis of stem position is presented in
Fig. 3, which shows α and β as a function of bias for all TESs with
absorber listed in Table I. The values and bias dependences of
both parameters are significantly affected by TES dimensions
and absorber stem positions, especially at low and intermediate
bias levels.

FIG. 1. Illustrations of the device layout showing the different positions of
absorber stems in contact with the Mo/Au bilayer: (a) one central stem, (b) two
outer stems tangent to the edges that delimit the w × L TES sensor rectangle
area, (c) 2 inner stems tangent to the edges, and (d) two stems centered on the
edges.

FIG. 2. Bias dependence of α (a) and β (b) at Tbath = 50 mK, for devices of
sizes 40 × 80 and 60 × 60, without absorber and with absorber.
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α and β reach their highest values and show monotonous
behavior in the four devices with outer tangent stems [design (b) in
Fig. 1]. An inflection vs bias develops in devices with w = 20 μm
and inner-tangent or on-the-edge stems [designs (c) and (d)] and
is most pronounced in the TESs with a central stem [design (a)],
which exhibit both a minimum and maximum, more noticeable in
β. This trend (non-monotonous behavior) becomes more evident
as the TES aspect ratio increases.

Interestingly, among the two TESs displaying intermediate
behavior, that is, those with inner-tangent or edge-positioned
stems—which are also those with the smallest width—the device
with the stem fully inside the TES exhibits a more pronounced
plateau, reinforcing the trend of the effect of inner stems, which in
fact act as a constriction to current flow since the Mo/Au area
under them is not superconducting. Also, because of the lateral
inverse proximity effect, the region around the stems is expected to
have superconductivity suppressed. Table I includes the minimum
effective TES width wmin at the constriction caused by the stem,
considering a lateral inverse proximity effect of extension of the

order of the effective coherence length, ξ*.15 The superconducting
current through the TES will circulate within wmin.

Among TESs with outer tangent stems—those exhibiting the
highest α and β values—both α and β increase with length L. A
comparison between the 60 × 80 and 40 × 80 devices suggests that
the width w has minimal impact on α, at least within the size range
studied. TESs without an absorber (Fig. 2) show similar trends withFIG. 3. Bias dependence of α (a) and β (b) at Tbath = 50 mK, for all the devices

with absorber.

FIG. 4. R(T) transitions reconstructed from the I–V curves measured at the
higher recorded Tbath which allows observation of superconducting behavior, for
all TESs analyzed in the paper. TES 30 × 100a evidences a double transition,
as expected from the behavior of α vs bias in Fig. 3(a). TES 50 × 128a, which
also displays a minimum and a maximum in α and β vs bias, does not show an
obvious double transition, though detailed inspection reveals an inflection, in
correspondence with a sudden change of the derivative, i.e., α. Notice also the
transitions of 20 × 60c, 20 × 60d, and 40 × 80a, somehow broader than the rest,
in accordance with the slower decays observed in α vs bias.

FIG. 5. Bias dependence of α/β at Tbath = 50 mK, for all the devices analyzed
in this work.
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respect to L and w. Even more, the two 20 × 60 TESs (one of them
featuring inner-tangent stems, which, in principle, exert a similar
constraint as a central stem) show higher and more monotonic α
values than the 40 × 80a device (with central stem), thus corrobo-
rating the effect of increasing L—and, therefore, AR—on rising α
and β. In opposition, among TESs with central stems lower α and β
values are observed at low biases as the aspect ratio increases.
Finally, at high bias levels and regardless of stem position, longer
TESs yield higher α values, possibly due to the lack of rounding in
the upper part of the R(T) transition, when the length of the TES is
significantly larger than the effective superconducting coherence
length, L≫ ξ*.44

The non-monotonous behavior exhibited by α and β in some
devices is indicative of the presence of a kink [a change in the
derivative in the R(T) transition], which might in fact correspond
to a change in the transition mechanism or a double superconduct-
ing transition. Inspection of the R(T) curves reconstructed from
the I–V measurements (Fig. 4) indeed reveals a double transition in

TES 30 × 100a, while 50 × 128a displays a broad transition with
possibly a subtle kink. The origin of this behavior remains unclear.
This could be related to the above discussed effects of the stems
lying partially or totally on the TES rectangle area, inducing
changes of the superconducting order parameter in the region
around them because of the lateral inverse proximity effect.
Nevertheless, three considerations must be noted. First, there is no
correlation between the effective minimum width wmin and the sig-
nificance of the non-monotonous behavior (either minima/maxima
or kinks in α and β vs bias) observed for some devices. However,
TESs exhibiting non-monotonous behavior share two features:
(i) stems partially or entirely inside the rectangle defining TES area
and (ii) widths equal or smaller than 40 μm. Second, observing a
double transition requires a region along the TES length with a dif-
ferent Tc across the full cross-section. Since TESs 20 × 60c and
20 × 60d, with minimum constricted widths wmin of 10−2ξ* and
15−2ξ*, respectively, do not display clear double transitions, it is
unlikely that TESs 30 × 100a and 50 × 128a, which have larger
wmin, exhibit a double transition because of this reason. Third, a
significant difference of TESs 30 × 100a and 50 × 128a compared to
the others is their greater length. A possibility, to be investigated in
future studies, could be that these TESs display significant varia-
tions of the superconducting critical temperature along their length
due to the presence of the central stem and the longitudinal prox-
imity effect.

Finally, the fact that TESs with the minimum constricted
widths 10−2ξ* and 15−ξ* do not display double transitions also
indicates an upper limit for the effective coherence length,
ξ* < 5 μm. In Ref. 44, we showed that ξ* is indeed expected to be of
the order of ∼μm.

The plot of α/β vs bias (Fig. 5) highlights that α is not propor-
tional to β. Distinct behaviors are observed as a function of bias,
indicating different R(T,I) dependences and, therefore, distinct
superconducting regimes depending on the TES length and current
distribution. In the low-bias region, most devices—except the two
60 × 60 TESs and those without absorber, which show a monoto-
nously decreasing trend—display a steep rise in α/β with bias,

FIG. 7. M2/α as a function of bias, Tbath = 50 mK.

FIG. 6. (a) Dependence on bias of excess noise parameter M2 at
Tbath = 50 mK. (b) Dependence on alpha of excess noise parameter M2 at
Tbath = 50 mK.
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which can be approximated by an exponential. At intermediate and
high biases, and for TESs lacking local extrema in Figs. 3 or 5, the
relationship between α and β can be roughly described by a power
law, α∼ βn, as reported by other groups.33,36,38,39,40 The exponent n
ranges from 0.6 to 1, likely reflecting the approximated character of
this functional dependence and the influence of the bias range
selected for the fits.

Figure 6 shows M2, the parameter quantifying Johnson-like
excess noise, as a function of both bias and α. No clear correlation
is found between M and TES perimeter, area, or thermal conduc-
tance to the bath. In general, M values are low, with only TESs with
outer tangent stems exhibiting M > 1, particularly at low bias. Both
longer L and narrower w tend to increase M. Among devices with
the highest α and β (i.e., those with outer tangent stems), M corre-
lates with the value of α: TES 40 × 100b shows the highest M, fol-
lowed by 60 × 80b, 40 × 80b, and 60 × 60b. Although M generally
increases with α, different functional dependences are observed.
Particularly noteworthy are the two narrower TESs with on-the-edge
or inner-tangent stems, which for α∼ 100–200 and β∼ 2–10 (low
biases) display lower M values than those corresponding to the
other TESs in the same α and β value range. The low-bias branch of
TES 50 × 128a follows a similar trend. This behavior deserves
further analysis in the future, to clarify what originates it and, in
particular, verify whether the low M values are due to some artifact.

Figures 7 and 8 further explore the relationships between M
and α and β. Figure 7 shows M2/α, which should remain constant
if internal thermal fluctuation noise dominated the excess noise.26

The graph reveals the variety of observed behaviors and values. M2/
α is only approximately constant for devices with outer tangent
stems at low to intermediate biases. Significant dispersion in M2/α
at low bias is observed. Also, and again, the two narrower TESs
with on-the-edge or inner-tangent stems (20 × 60c and 20 × 60d)
and the lower bias part of 50 × 128a display a distinct behavior.

Figure 8 illustrates the nonlinear effects of β on noise. As
expected, they are more prominent for higher β values. TESs with
outer tangent stems and the higher bias branch of 50 × 128a
display the greatest nonlinearities.

Attempts were made to test the dependences of M on β and
bias using various noise models. Figure 9 plots the ratio (1 + 2β)/
(1 +M2)/(1 + β)2, which should equal unity if two-fluid noise domi-
nates M.31 This is approximately the situation for several devices at
intermediate and high biases. However, the model fails at low
biases. Fits to the bias dependence expected for
weak-link-dominated noise30 were also attempted, but generally
unsuccessful even at low biases. The lack of satisfactory fits to a
single model suggests that multiple excess noise sources might be
contributing, with varying weights depending on TES geometry and
bias. In addition to the three possible origins of excess noise
explored here, which are the most common reported so far, the
motion of magnetic vortices might also be considered. Noise associ-
ated with magnetic flux flow was outlined in Ref. 32; however, the
particular case of vortex depairing and subsequent motion at low
biases, which was proposed in Ref. 45 as a possible mechanism for
the appearance of finite resistance in TESs, would require further
specific developments. Indeed, the conventional flux flow is an
ohmic (i.e., linear) regime, in which the number of moving vortices,
responsible for the resistance, is given by the external magnetic
field. In the mechanism considered in Ref. 45, there is no external
magnetic field, and the flux quanta able to move are unbound vorti-
ces and antivortices; this is a highly non-linear regime, in which
current plays a relevant role. Therefore, the estimates in Ref. 32 may
not hold and specific calculations are likely to be necessary.

Figure 10 shows the modified figure of merit including
Johnson-like excess noise,

K 0 ;
αffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2β
p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þM2
p : (2)

FIG. 8. Graph depicting the possible nonlinear effects on excess noise, for the
lower M and β values; the data points indicate the tendency to increasing non-
linearities as M for higher M and β values. The line with slope 1 corresponds to
M = 0.

FIG. 9. Ratio (1 + 2β)/(1 +M2)/(1 + β)2 as a function of bias. This ratio should
equal unity in the case of two-fluid dominated noise.
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This figure of merit takes into account both the Johnson-like
excess noise and the second order non-linearities.22,46 Therefore, in
Ref. 1, higher K0 should correspond to better energy resolution.
The graph confirms that TESs with larger w and outer tangent
stems tend to yield better K0 values, provided they are not exces-
sively long. The best performance is seen in the 60 × 60b and
40 × 80b devices at low biases. In contrast, stems located on the
area of the bilayer determined by the w × L rectangle and higher
aspect ratios progressively reduce K0. These results reflect the
balance between the opposite tendencies of α/β and M with respect
to the stem position and aspect ratio: since most devices display
quite low M values, α/β dominates the behavior of K0.

Finally, Fig. 11 displays the spectral resolution derived from
experimental noise, ΔEexp,noise. Comparison of both Figs. 10 and 11
shows that TESs with better K0 generally exhibit lower ΔEexp,noise, as
expected. A notable exception is represented by TESs 40 × 100b
and 60 × 80b: the former has somewhat lower K0 but a significantly
higher ΔEexp,noise.

CONCLUSIONS

We have conducted a detailed analysis of the influence of
absorber stem position and TES geometry on the key performance
parameters and Johnson-like excess noise of high-quality Mo/Au
TESs with gold absorbers.

The logarithmic sensitivities α and β are comparable to values
reported by other research groups, and the Johnson-like excess noise
M is generally low. Absorber stems located within the TES rectangu-
lar area are detrimental to α and β since they cause constrictions in
the superconducting bilayer that distort current flow across the TES.
This effect, however, diminishes as the TES width increases—for
instance, the 60 × 60 TES with a central stem outperforms narrower
TESs (w = 20–30 μm) with outer or partially outer stems.

Among TESs with tangent outer stems, those with higher
aspect ratios exhibit increased α and β values but also higher M.
Since M tends to decrease with decreasing L and increasing w, TESs
with aspect ratios greater than 2 show a lower figure of merit K0

compared to more square-shaped devices, independent of the stem
position. This is especially evident at low bias. Interestingly, TESs
with the high aspect ratio and central stems display non-monotonous
α and β behavior that results in improved K0 at higher bias.

In conclusion, the best-performing TESs combine moderate
aspect ratios, wider geometries, and outer absorber stems.
Promising optimization strategies include (1) refinement of TES
geometries with w = 40–60 μm and L = 40–80 μm, using outer
tangent stems or (2) deeper investigation into the distinct excess
noise behavior observed in narrow, high-AR TESs (e.g., 20 × 60).

Preliminary analyses using various noise models do not con-
clusively identify the dominant origin of the Johnson-like excess
noise, particularly in TESs with internal stems. Internal thermal
fluctuation noise and higher-order nonlinearities may govern M at
low bias in devices with outer tangent stems, while at high biases,
excess noise may be more consistent with the two-fluid model
predictions.

SUPPLEMENTARY MATERIAL

See the supplementary material for optical microscope images
of TESs, graphs of Z(ω) with fits, error bars on parameters
extracted from Z(ω) fits, and a representative graph of noise and its
contributions.
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