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In this letter, we present the performance of a 100 µm × 400µm × 40 nm W Transition-Edge Sensor (TES)

with a critical temperature of 40 mK. This device has a noise equivalent power of 1.5 × 10-18 W/
√

Hz, in
a bandwidth of 2.6 kHz, indicating a resolution for Dirac delta energy depositions of 40 ± 5 meV (rms).
The performance demonstrated by this device is a critical step towards developing a O(100) meV threshold
athermal phonon detector for low-mass dark matter searches.
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As dark matter (DM) direct detection experiments
probe lower masses, there is an increasing demand for
sensors with excellent energy sensitivity. Several ather-
mal phonon sensitive detector designs have been pro-
posed using superconductors1 or novel polar crystals2–5

as the detection medium. Additionally, experiments that
use single infrared (IR) sensitive photonic sensors to read
out low band gap scintillators or multi-layer optical halo-
scopes for both axion and dark photon DM have also been
proposed6.

Each of these designs would ultimately require sen-
sitivity to single optical-phonons or IR-photons, corre-
sponding to energy thresholds of O(100) meV1–3,6. Co-
herent neutrino scattering experiments have made recent
progress using DM detector technology and are also in-
terested in cryogenic detectors with very low thresholds7.
Transition-Edge Sensor (TES) based detector concepts
have been successfully applied in DM searches8–10, as well
as IR and optical photon sensors11. The same concepts
can also be used in these new applications, as the neces-
sary energy sensitivities can theoretically be achieved1,2.

The energy resolution of a calorimeter can be esti-
mated with an optimum filter (OF)12,13 from

σ2
E =

[
ε2
∫ ∞
0

dω

2π

4|p(ω)|2
SP (ω)

]-1
, (1)

where SP (ω) is the total (one-sided) power-referred
noise spectrum, ε is the total phonon collection effi-
ciency, and p(ω) is power-referred pulse shape defined
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as p(ω) = 1/(1 + jωτph), with τph the athermal phonon
collection time of the detector. The resolution for a TES-
based calorimeter is minimized when the noise is dom-
inated by the intrinsic thermal fluctuation noise (TFN)
between the TES and the bath14. This noise can be writ-
ten as

SP (ω) ≈ 4kBT
2
cGF (Tc, TB)(1 + ω2τ2−), (2)

where kB is the Boltzmann constant, Tc is the supercon-
ducting (SC) critical temperature, TB is the temperature
of the bath, G is the dominant thermal conductivity be-
tween the TES and the bath, and F (Tc, TB) ≈ 1/2 is a
scale factor accounting for the nonequilibrium nature of
the thermal conductance. The effective time constant15

in the strong electrothermal feedback zero inductance
limit (also neglecting small effects from the resistance
terms and the current sensitivity) can be approximated

as τ- ≈ C
√

2n/(Gα), where α is the dimensionless tem-
perature sensitivity, C is the heat capacity, and n is the
thermal conduction power law exponent. Under this sce-
nario, the integral in Eq. (1) becomes

σ2
E ≈

1

ε2
4kBT

2
cGF (Tc, TB)(τph + τ−). (3)

If the energy of an incident particle is absorbed directly
by the TES, that is, τph = 0 and ε = 1, then the energy
variance in Eq. (3) becomes

σ2
E ≈ kBT 2

c

C

α

√
n

2
. (4)

For a metal in the low-temperature regime, the heat ca-
pacity scales with the volume of the TES (VTES) and the
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FIG. 1. Left: TES mask design. The W is shown in red,
while the blue represents Al bias rails. The Al connects to
the left and right sides of the TES. Middle: Thermal model
for experimental setup. For simplicity, only two TESs are
shown in the model. Right: Electrical circuit. Rsh is a shunt
resistor which turns the current source (IBias) into a voltage
bias. Any parasitic resistance on the shunt side of the bias
circuit is absorbed into the value used for Rsh in this analysis.
Rp is the parasitic resistance on the TES side of the bias
circuit. L is the inductance in the TES line. RTES is the TES
resistance, which takes on a value of R0 when in transition
and takes on a value of RN when its temperature is above Tc.

temperature as C(T ) ∝ VTEST , suggesting

σ2
E ∝ VTEST

3
c . (5)

However, if operated as an athermal phonon sensor,
specifically a Quasiparticle-trap-assisted Electrothermal-
feedback Transition-edge sensor (QET)16, the energy
sensitivity dependence on Tc becomes even more impor-
tant. The energy resolution is minimized when athermal
phonons bounce in the crystal for times long compared
to the characteristic time scale of the TES sensor (i.e.
τ− < τph)1,13,17, as long as the surface athermal phonon
down-conversion rate is negligible18. In this case, the
thermal conductance term is not cancelled from Eq. (3).
For low-Tc W films, the thermal conductance is dom-
inated by electron-phonon decoupling, thus scaling as
G ∝ VTEST

n−1
c with n = 5, as confirmed by measure-

ment described later in this letter. This implies that the
baseline energy variance of the detector will scale with
critical temperature as σ2

E ∝ T 6
c , suggesting that a low-

Tc device is ideal for single optical-phonon sensitivity.
A set of 4 W TESs was fabricated on a 525µm thick

1 cm × 1 cm Si substrate (“chip”). The smallest of the
TESs was 25µm × 100µm × 40 nm. Each subsequent
TES increased in area by a factor of four, keeping an
aspect ratio of 1:4 (width : length), which implies all the
TESs have the same normal resistance (RN ). The TES
mask design can be seen in left panel Fig. 1. Two sets
of these chips were made, one with TESs of Tc = 40 mK
and the other with TESs of Tc = 68 mK. This letter
focuses on the measurement and characterization of the
low-Tc 100µm×400µm×40 nm TES (hereby referred to
as simply “the TES”), but will also present characteriza-
tion data from these other devices to elucidate scalings
with Tc and volume. The utility of such devices for appli-
cations of photon detectors and athermal phonon sensors
will also be discussed.

The voltage-biased TES was studied at the SLAC Na-
tional Accelerator Laboratory in a dilution refrigerator at

a bath temperature of 15 mK. The Si chip was mounted
to a copper plate with GE varnish. The current through
the TES was measured with a custom DC Superconduct-
ing Quantum Interference Device (SQUID) array system

with a noise floor of ∼4 pA/
√

Hz, fabricated for the Su-
perCDMS experiment, with a measured lower bound on
the bandwidth of greater than 250 kHz. The SQUID ar-
ray was read out by an amplifier similar to the one in
Ref. 19.

Multiple measures were put in place to mitigate elec-
tromagnetic interference (EMI). Pi-filters with a cutoff
frequency of 10 MHz were placed on all input and output
lines to the refrigerator. Ferrite cable-chokes were placed
around the signal readout cabling at 300 K, and the
4K and 1K cans were filled with broadband microwave-
absorptive foam to suppress radio frequency (RF) radia-
tion onto TESs. The outer vacuum chamber of the dilu-
tion refrigerator was surrounded by a high-permeability
metal shield to suppress magnetic fields. These measures
were the result of a systematic search of the system’s sus-
ceptibility to environmental noise, and they lowered the
measured electrical noise by roughly an order of magni-
tude. Despite these efforts, an unknown parasitic noise
source remained, which inhibited the smallest two low-Tc
TESs from going through their SC transition.

To characterize the TES, IV sweeps were taken at
various bath temperatures by measuring TES quiescent
current (I0) as a function of bias current (IBias)

20, with
complex admittance data taken at each point in the IV
curve13,21. Data were also taken simultaneously with the
largest low-Tc TES (TES2) on the same Si chip, biased at
an operating resistance (R0) of approximately 40%RN ,
in order to attempt to quantify the amount of remain-
ing excess noise that coupled coherently to both TES
channels. From the IV sweep at each temperature, both
the DC offset from the SQUID and any systematic off-
set in IBias were corrected for using the normal and SC
regions of the data. After this correction, the parasitic
resistance in the TES circuit (Rp), the normal state re-
sistance, the TES resistance in transition, and the quies-
cent bias power (P0) were calculated (see the right panel
of Fig. 1 for circuit diagram).

Since the Si chip contained multiple TESs, the ther-
mal conductance between the chip and the bath (GAB)
was measured by using one as a heater and one as a
thermometer. Knowledge of GAB allowed us to infer the
temperature of the Si chip (TA) from a measurement of
TB . See the middle panel of Fig. 1 for a thermal diagram
of the setup. Measuring P0 as a function of temperature
from the IV sweeps, the thermal conductance between
the TES and the Si substrate (GTA), Tc, and n were fit
to a power law22, confirming our n = 5 assumption. We
measured that GAB was roughly 3 orders of magnitude
larger than GTA, meaning that TA was effectively equal
to TB , and the system could be modeled as a single ther-
mal conductance between the TES and the bath. The
characteristics of the TES system from the IV data are
shown in Table I.
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TABLE I. Various calculated parameters of the TES. R� or “R-square” is the sheet resistance of the W film.

Rsh [mΩ] Rp [mΩ] RN [mΩ] R� [Ω] P0 [fW] GAB [nJ/K] GTA [pJ/K] Tc [mK] TB [mK] T` [mK] n
5.0± 0.5 5.8± 0.6 640± 65 2.56± 0.26 31± 2 1.6± 0.1 4.0± 0.4 40± 1 15± 1 37± 2 5

FIG. 2. Fitted values for β (purple dots) and effective elec-
trothermal TES response time τ− (black crosses) as a function
of TES resistance.

For each point in transition, a maximum likelihood fit
of the complex admittance was done, using the standard
small-signal current response of a TES14:

Z(ω) ≡ Rsh +Rp + jωL+ ZTES(ω),

ZTES(ω) ≡ R0(1 + β) +
R0L

1−L

2 + β

1 + jω τ
1−L

.
(6)

In this fit, L, R0, Rp, Rsh
23, β, τ , and L are all free

parameters. L is the inductance in the TES bias circuit,
β is the dimensionless current sensitivity, τ is the natural
thermal time constant, and L is the loop gain. We in-
clude the estimates from the IV data of R0, Rp, and Rsh
as priors in the fit. Additionally, we include a prior on L,
measured from SC complex admittance data. The TES
response times can also be measured from the complex
admittance data, defined as the rise and fall times of the
TES response from a delta function impulse (τ+ and τ−,
respectively)14. Best fit values of β and τ− are shown in
Fig. 2, while a typical complex impedance curve can be
seen in Fig. 3.

The normal-state noise was used to estimate the
SQUID and amplifier noise, once the Johnson noise com-
ponent of the TES at RN was subtracted out. The ef-
fective load resistance temperature24 was estimated from
the SC noise spectrum, resulting in T` ≈ 37 mK, which
was used to estimate the Johnson noise from Rsh and
Rp. The TFN and TES Johnson noise components of
the system were calculated as defined in the standard
small-signal noise model14, using the complex admittance
fit parameters. The measured power spectral density
(PSD), referenced to TES current, of the device in transi-
tion was converted into the noise equivalent power (NEP)

2

0
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FIG. 3. A typical complex impedance curve for the TES in
transition for R0 ≈ 15%RN . The measured magnitude and
phase of the complex impedance are shown in black and blue,
respectively. In cyan, the complex impedance derived from
the maximum likelihood fitting routine is shown.
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FIG. 4. Modeled noise components: TES Johnson noise (or-
ange solid), load resistor Johnson noise (red dashed), electron-
ics noise (yellow dashed), thermal fluctuation noise (purple
alternating dashes and dots), and total modeled noise (pur-
ple dots) compared with the derived NEP (black solid). The
noise model and NEP are shown for R0 ≈ 15%RN . The
shaded regions represent the 95% confidence intervals.

with the power-to-current transfer function14

∂I

∂P
(ω) =

[
I0

(
1− 1

L

)(
1 + jω

τ

1−L

)
Z(ω)

]-1
, (7)

where Z(ω) is defined in Eq. (6). A comparison of the
noise model to the derived NEP for a typical operating
point in transition is shown in Fig. 4.

From the derived NEP, the energy resolution of a Dirac
delta impulse of energy directly into the TES was esti-
mated using Eq. (1), with ε = 1 and τph = 0. It can
be seen in the upper panel of Fig. 5 that when the TES
is operated at less than ∼ 15% RN , the estimated reso-
lution of the collected energy is σE = 40 ± 5 meV. At
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FIG. 5. Upper: Estimated energy resolution (from data)
throughout the SC transition. Lower: Scale factor needed to
increase STFN to make the noise model match the measured
PSD.

this point in the transition, the sensor has an NEP of
1.5× 10-18 W/

√
Hz in a bandwidth of 2.6 kHz. This res-

olution represents the lower limit of the performance of
this sensor given the measured noise, operated as either
a photon or athermal phonon sensor. In the case of the
athermal phonon sensor, there would be an additional
efficiency factor based on the design of the detector.

It is evident from Fig. 4 that the NEP is elevated
from the theoretical expectation across the full frequency
spectrum. We split the excess noise into two categories.
Noise that scales with the complex admittance and is
present when the TES is biased in its normal or SC state,
we call “voltage-coupled”, e.g. inductively coupled EMF.
Noise that is only seen when the TES is in transition is
referred to as “power-coupled”, e.g. IR photons radiating
onto device. The excess voltage-coupled noise (SSC∗)
can be modeled by scaling the SC power spectral density
(PSD) by the complex admittance transfer function when
the TES is in transition via Eq. (8). This modeled noise
can then be subtracted from the transition state PSD in
quadrature.

SSC∗(ω) = SSC(ω)

∣∣[Z(ω)]R0

∣∣2∣∣[Z(ω)]R0→0

∣∣2 (8)

We expect power-coupled noise from an environmen-
tal origin to couple coherently to each TES on the same
Si chip, though we have seen evidence of power-coupled
noise generated by the Ethernet chip on our warm elec-
tronics to have significantly different couplings to differ-
ent electronics channels. Because we acquired data si-
multaneously on TES2, we can determine the correlated
and uncorrelated components of the noise by using the
cross spectral density (CSD)21,25. The scaled SC noise
PSD and correlated part of the CSD are plotted with the
measured PSD in Fig. 6 for R0 ≈ 15%RN . The two noise
sources can explain the peaks in the noise spectrum, but
cannot explain the overall elevated noise level.

H
z]

Model

Data

√
SSC∗

Corrected Data

Correlated

FIG. 6. Measured noise (black solid), modeled voltage-
coupled noise (purple solid), correlated noise (yellow dashed),
measured noise with voltage-coupled and correlated compo-
nents subtracted (orange solid), and theoretical noise model
(purple dots) shown for R0 ≈ 15%RN . The environmental
noise model explains the peaks in the measured spectrum,
but there is still a discrepancy between the environmental-
noise-corrected data and the noise model.

To investigate the hypothesis of the excess noise being
explained by IR photons radiating onto the TES struc-
ture, we modeled this system by multiplying the TFN by
a scalar in order to make the total noise model match
the NEP. This scale factor is shown in the lower panel
of Fig. 5. The fact that this scale factor is monotoni-
cally increasing with R0 implies that this mechanism is
not a dominant source of excess noise, as it should be
independent of the TES operational bias point.

We ruled out the possibility of the excess noise being
due to multiple thermal poles26,27, as none of these mod-
els were able to explain the observed noise spectra. This
is also evident by noting the lack of additional poles in
the complex impedance in Fig. 3.

The fact that the two smallest low-Tc TESs (the most
sensitive to parasitic power noise) were not able to go
through their SC transition, suggests that a nonnegligible
amount of the excess noise is environmental in origin.
However, given the previous discussion, this leaves open
the possibility that some of this excess noise is intrinsic
to the TESs.

We compare the estimated energy resolution of the
TES to the high-Tc TESs, using the same analysis tech-
niques, in Table II. The high-Tc TESs also observed a
similar amount of excess noise. Despite the elevated noise
seen on both sets of TESs, the resolution scaling with vol-
ume and Tc from Eq. (5) still approximately holds. We
note that we do not compare the energy resolutions using
the expected scaling relation for athermal phonon sensors
because of its dependence on both substrate material and
QET geometry.

With an estimated energy resolution of
40± 5 meV (rms), this device has comparable en-
ergy sensitivity to world leading optical and near-IR
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TABLE II. Energy resolution estimates for 68 mK Tc TESs
compared to the 40 mK Tc TES described in this work.

Tc TES Dimensions σE σE
a

[mK] [µm× µm× nm] [meV] [meV]
Estimated Predicted

using Eq. (5)

40 100× 400× 40 40± 5 N/A
68 50× 200× 40 44± 5 44± 5
68 100× 400× 40 104± 10 89± 11

a The resolution expected from a hypothetical device (with the
same physical properties) by scaling the resolution of the

low-Tc TES (σ1) using Eq. (5), i.e. σx = σ1
√

VxT 3
cx
/V1T 3

c1

TABLE III. Performance of state-of-the-art TES single pho-
ton calorimeters/bolometers.

TES Tc VTES σE
σE√
VTES

Method

[mK] [µm3] [meV]
[

meV

µm3/2

]
W28 125 21.88 120 25.7 measured
Ti29 50 0.13 47 128.2 measured

MoCu30 110.6 2000 295.4 6.6 estimatedb

TiAu31 106 90 48 16 measured
TiAu32 90 202.5 ∼23 1.6 estimatedb

W (this) 40 1600 40 1 estimated
b The energy resolution is estimated with Eq. (1) from the given

NEP and sensor bandwidth.

TESs, but with a volume that is much larger, due
to its low-Tc (see Table III). It has immediate use as
a photon detector in optical haloscope applications6.
Furthermore, its large volume suggests that significant
improvements in sensitivity can be made in short order;
a 20µm × 20µm × 40 nm TES made from the same W
film would be expected to have 4 meV (rms) sensitivity,
provided that we can reduce observed excess noise and
the volume scaling in Eq. (5) continues to hold.

For athermal phonon sensor applications1–5, the ex-
pected resolution is also impacted by the athermal
phonon collection efficiency, which is typically > 20%
in modern designs33. Thus, small-volume crystal detec-
tors (∼ 1 cm3) should be able to achieve sub-eV trig-
gered energy thresholds. Though such devices could not
achieve the ultimate goal of single optical-phonon sensi-
tivity, they could achieve the intermediate goal of sen-
sitivity to single ionization excitations in semiconduc-
tors without E-field amplification mechanisms9,34, which
have historically correlated with spurious dark counts.
A decrease in TES volume and Tc, along with concomi-
tant improvements in environmental noise mitigation and
the use of crystals with very low athermal phonon sur-
face down-conversion, would additionally be necessary to
achieve optical phonon sensitivity. As we expect the en-
ergy variance to go as T 6

c in this application, the benefit
of lower Tc should be significant.

This work was supported by the U.S. Department
of Energy under contract numbers KA-2401032, DE-

SC0018981, DE-SC0017859, and DE-AC02-76SF00515,
the National Science Foundation under grant numbers
PHY-1415388 and PHY-1809769, and Michael M. Gar-
land. The main findings of this letter can be replicated
from the presented data, but the full data that support
the findings of this study are available from the corre-
sponding author upon reasonable request.
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