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ABSTRACT

Solid state phonon detectors used in the search for dark matter and coherent neutrino nucleus interactions (CE v NS) require excellent
energy resolution (eV-scale or below) and low backgrounds. An unknown source of phonon bursts, the low energy excess (LEE), dominates
other above-threshold backgrounds and generates excess shot noise from subthreshold bursts. In this paper, we measure these phonon bursts
for 12 days after cooldown in two nearly identical 1 cm” silicon detectors that differ only in the thickness of their substrate (1 vs 4 mm thick).
We find that both the channel-correlated shot noise and near-threshold shared LEE relax with time since cooldown. Additionally, both the
correlated shot noise and LEE rates scale linearly with substrate thickness. When combined with previous measurements of other silicon pho-
non detectors with different substrate geometries and mechanical support strategies, these measurements strongly suggest that the dominant
source of both above and below threshold LEE is the bulk substrate. By monitoring the relation between bias power and excess phonon shot
noise, we estimate that the energy scale for subthreshold noise events is 0.68=0.38 meV. In our final dataset, we report a world-leading
energy resolution of 258.5 = 0.4 meV in the 1 mm thick detector. Simple calculations suggest that these silicon substrate phonon bursts are
likely a significant source of quasiparticle poisoning in superconducting qubits operated in well shielded and vibration free environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0281876

¥5:€2:20 G20g 1aquwiaoe(q Le

Appl. Phys. Lett. 127, 263502 (2025); doi: 10.1063/5.0281876 127, 263502-1
Published under an exclusive license by AIP Publishing


https://doi.org/10.1063/5.0281876
https://doi.org/10.1063/5.0281876
https://doi.org/10.1063/5.0281876
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0281876
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0281876&domain=pdf&date_stamp=2025-12-30
https://orcid.org/0000-0002-6311-0448
https://orcid.org/0000-0002-6441-980X
https://orcid.org/0000-0002-5800-4210
https://orcid.org/0000-0002-9466-3213
https://orcid.org/0009-0005-7919-1923
https://orcid.org/0000-0003-3133-3660
https://orcid.org/0000-0002-9970-8150
https://orcid.org/0000-0002-2946-3944
https://orcid.org/0000-0003-0286-1114
https://orcid.org/0000-0002-9939-7786
https://orcid.org/0000-0002-2330-2242
https://orcid.org/0000-0001-9020-9112
https://orcid.org/0000-0002-0985-6070
https://orcid.org/0000-0002-3490-6754
https://orcid.org/0009-0008-8727-1925
https://orcid.org/0000-0001-9615-1388
https://orcid.org/0009-0000-5969-368X
https://orcid.org/0000-0002-9556-1876
https://orcid.org/0000-0002-3946-0886
https://orcid.org/0000-0003-4681-4109
https://orcid.org/0000-0001-7290-2175
https://orcid.org/0000-0003-0259-7392
https://orcid.org/0000-0001-7669-3235
https://orcid.org/0000-0003-1385-3806
https://orcid.org/0000-0002-1887-2451
https://orcid.org/0000-0002-6540-436X
mailto:rkromani@berkeley.edu
https://doi.org/10.1063/5.0281876
pubs.aip.org/aip/apl

Applied Physics Letters

Solid state phonon detectors with excellent energy resolution and
low backgrounds are a key technology with applications in fundamen-
tal physics and beyond. For example, the search for light dark matter
candidates' ~ and the detection of rare eV-scale Coherent Elastic
Neutrino Nucleus Scattering (CE v NS) from nuclear reactors™
require detectors with both low noise and low background rates to
probe new regions of parameter space. High-resolution phonon sen-
sors can also be used as a veto® in photon-coupled rare event searches
(e.g., dark photon or axion searches™'”)

Unfortunately, today’s low-threshold phonon detectors observe
orders of magnitude more background events below several hundred
eV than expected from background radioactivity or cosmic ray interac-
tions.'"'* These events are often referred to as the “low energy excess”
(LEE). Measurements' " show that the LEE can be categorized into
two distinct subclasses based on the channel energy partition in detec-
tors with multichannel phonon sensor readout. “Single” LEE events
are found to deposit nearly all of their energy in a single phonon sensor
channel, suggesting that they originate within the metal films of the
phonon sensors themselves. By contrast, “shared” LEE events deposit
nearly equal amounts of energy in all phonon sensor channels, which
suggests a substrate origin. Similarly, our collaboration has observed
both channel-correlated and uncorrelated excess noise in our phonon
sensors, consistent with shot noise from subthreshold events from
these two classes.”* This work probes the scaling of these backgrounds
and noise terms with substrate thickness to further understand
their origin.

Here, we measure background events and noise in two nominally
identical 1cm” silicon low-threshold athermal phonon detectors,
where the silicon substrate thickness was varied from 1 mm (mass:
0.233g) to 4mm (mass: 0.932g) (Fig. 1). To readout phonon signals,
the detectors use W Transition Edge Sensors (TES, T, ~ 50 mK) cou-
pled to aluminum phonon collection fins in the common
Quasiparticle-trap-enhanced Electrothermal-feedback Transition Edge
Sensor (QET)'” architecture, employing an identical design to the
detectors in Ref. 14. These individual phonon sensors are aggregated
into two separately readout channels to distinguish events and noise,
which deposit energy in a single phonon sensor from those that
deposit energy in multiple phonon sensors.'”'*'® The phonon sensors
on these detectors have improved phonon energy collection efficiency,
saturation energy, and channel uniformity compared to those from an
earlier fabrication run that suffered from accidental W over-etching."*
As in Ref. 17, both detectors are suspended by wire bonds to suppress
backgrounds associated with detector holding and housed together in
an IR and EMI shielded set of housings attached to the mixing cham-
ber stage of a dilution refrigerator. They were readout using single-
stage DC SQUID array amplifiers.

To minimize LEE rate differences due to uncontrolled systematic
variables, differences in fabrication, transport, storage, and measure-
ment were minimized to the extent possible. Both detector substrates
were detector-grade double side polished intrinsic silicon (70k Q ¢cm
for 1 mm thick and 20k Q cm for 4 mm thick). The detectors were fab-
ricated in the same facility at Texas A&M using identical procedures
in consecutive fabrication runs separated by less than one week. Since
LEE is known to potentially vary with time and thermal cycling, the
detectors were transported, diced, stored, and run together in the same
experimental setup at UC Berkeley using nominally identical electronic
channels. Unfortunately, the detectors displayed different susceptibility

ARTICLE pubs.aip.org/aip/apl

4 mm thick detector
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FIG. 1. (Top left) Photograph of our 1 mm (left) and 4 mm thick (right) 1cm? silicon
detectors. (Top right) Detail on mask design for our phonon sensors (QETs). For
scale, the QET fins have a radius of approximately 140 um. (Bottom) Sketch of
backgrounds and shot noise sources we observe in our devices. Shared LEE back-
grounds and correlated phonon shot noise appear at approximately 4x the rate in
the 4 mm detector compared to the 1 mm detector.

to environmental vibrations, which we believe is due to uncontrolled
variability in the wirebond hanging process.

To calibrate our detectors’ response, we illuminate the phonon
sensor face with pulses of 450 nm (2.755 eV) photons, emitted from
a diffuser at the tip of a single mode fiber, which runs from the
detector cavity to a room temperature laser. To precisely record the
time of photon calibration events, a logic level signal from the signal
generator that powers the laser is concurrently recorded and stored
with the continuously recorded signal data streams. Phonon signal
amplitudes are then estimated offline using optimum filters."*"*
Plotting the height of the resulting events in each channel (Fig. 2,
left), we observe the same features as in Ref. 14. Most photons are
absorbed in the detector substrate system and produce approxi-
mately equal responses in both channels, while occasionally photons
are directly absorbed by the aluminum phonon collection fins, pro-
ducing a large saturated response in only one channel. Because mul-
tiple photons may strike the detector in one laser pulse, we also
observe a superposition of these event types.

To combine the responses of the two channels of one detector,
we use a “2 x 1”7 multichannel optimum filter, which simultaneously
fits the response in both channels, scaling them together by one ampli-
tude."*"” In our final dataset, we achieve a baseline phonon energy res-
olution of 2585 * 04meV for this combined channel response,
improving upon the resolution of our previously world-leading detec-
tor' "' and prior work by other groups.'”*’

We periodically calibrate our detector and find that the energy
resolution of both detectors monotonically improves over the course
of the run (Fig. 2, Bottom Right). In principle, this could be due to two
factors: an improvement in the sensors’ phonon collection efficiency
over time or a reduction in noise in the detector. Monitoring our
detectors’ phonon collection efficiencies over time, we find that they
are approximately constant (see the supplementary material Sec. A),
implying that our noise environment is improving with time.
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To characterize our detectors’ noise over time, we record 2 h of
continuous data following each calibration dataset and remove time
periods with abnormally low bias power, which is primarily caused
by unusually high environmental vibrations or large energy deposi-
tions. Additionally, to select periods without above-threshold events
that would contaminate and bias our noise, we find the largest mag-
nitude pulse in the entire 200 ms period using an optimal filter and
select periods for which this fit has a negative amplitude, i.e., the
largest event in the trace is a statistical fluctuation rather than a real
energy deposition. In total, 3.9% of the 200 ms traces pass these very
strict noise selection criteria and are used to estimate the noise
Cross Power Spectral Density (CSD, see the supplementary material
Sec. C for further discussion of our cuts). We reference this CSD to
noise equivalent power by applying a three-pole responsivity
model”"”” for each channel [i.e., OP/OI(f)] that is estimated from
IV and g—{, measurements as in Ref. 14.

Similar to our observations in Ref. 14, we find that the noise is
significantly larger than the expected theoretical TES noise”” and has a
significant broad band channel-correlated component (which should
be statistically consistent with zero). The broad spectrum correlated
noise is consistent with shot noise from many subthreshold phonon
events in the substrate; i.e., it has the same frequency shape and chan-
nel energy partition (~ 50% left, ~ 50% right) as substrate-interacting
calibration photons (Fig. 3, Top Right). The magnitude of this broad
correlated noise appears to scale with the detector volume, since the
correlated noise is four times larger in the 4 mm detector than in the
1 mm detector (Fig. 3, Top Right).

After removing these correlated noise terms, we find that there is
an additional quasi-flat uncorrelated noise term, in significant excess
of the expected level of thermal fluctuation noise in the TESs, but in
some tension with the flat shot noise model of Ref. 14 (see the supple-
mentary material Sec. D for further discussion).

Repeating this measurement of the correlated phonon noise
amplitude, we are able to plot the correlated noise measured in the
detector as a function of time (see Fig. 4). As with the phonon energy
resolution, we find that the correlated phonon noise drops with time,
causing the resolution improvement with time.

We additionally find that the TES bias power (i.e., the power
applied to the TES to keep it in transition) increases substantially over
time (see Fig. 4). We assume that this increase over time is essentially
entirely due to a decreasing parasitic power over time, as shifts in bias
power due to a cooling dilution fridge base (mixing chamber, MC)
temperature should be very small (see the supplementary material
Sec. B). As with the correlated noise, the shift in the bias power over
time is approximately four times larger in the 4 mm detector than in
the 1 mm detector.

As shown in Fig. 4, right, the correlated noise and bias power are
found to be linearly related for all times in both detectors, thus share
an identical functional dependence on time. This strongly suggests
that both observations are caused by the same underlying mechanism.

To gain insight with a simple benchmark model, a random pro-
cess in which a quantized energy deposition ¢ occurs with an average
rate R(#) that scales with the detector thickness, and ¢ will produce a
parasitic power and excess shot noise of

Py par = R(t) = eRot ™", (1)

Py par = 4R(t) = e4Rot ", )

Siex = 26°R(t) = 26"Rot ™ = 2¢P) pay, (3)
Siex = 8&”R(t) = 8&*Rot ™™ = 2ePy pay- (4)

We plot the excess correlated noise and bias power as a function
of time and find good agreement with this model (an exponential trend
is not a good fit to the data). We find & = 0.68+0.38 meV and
K = 0.635 * 0.009. While the characteristic energy scale ¢ seems to
remain constant over time, there is no reason to assume that the shot
noise events all have an identical energy. As discussed in supplementary
material Sec. E, € is readily generalizable to processes, which have a dis-
tribution of energy depositions, where & = <<ET2>> So long as the distri-
bution is not e.g., double peaked, ¢ can still be thought of as a
characteristic energy scale of the underlying phonon burst process.

For steep exponential and power law spectra, ¢ is on the order of
the low energy cutoff to the spectrum. This offers a potential explana-

tion for why the measured ¢ is comparable to the aluminum
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FIG. 3. (Left) Noise in the left channels of the 1 mm (top, green) and 4 mm (bottom, blue) detectors. Our noise is well in excess of our modeled TES noise (gray, dotted) and is
composed of correlated phonon noise and uncorrelated noise as in Ref. 14. The peaks around 150 Hz are due to vibration coupled noise. Gray dashed lines show the primary
(electrothermal) pole of the TES. (Top right) Correlated noise (i.e., off diagonal CSD element S;) in the 4 and 1 mm detectors. The correlated noise in the 4 mm detector is
four times as large as the 1 mm detector. The amplitude of the 1 mm correlated noise is fit in the orange highlighted region (to avoid vibration coupled peaks), while the 4 mm
noise is fit in the orange and yellow regions. Dashed green and blue lines show the primary phonon poles of the 1 and 4 mm detectors, respectively. (Bottom right)
Uncorrelated noise (i.e., Sy;, with the modeled correlated noise subtracted) in the left channels of the 1 and 4 mm detectors, consistent with the modeled TES Johnson noise at
high frequencies and an excess noise term that is approximately flat and consistent between the two channels at low frequencies (see supplementary material Sec. F for further
discussion). Data correspond to the final (day 12) dataset.
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superconducting bandgap energy, 2 A =~ 3604 eV, below which athe-
rmal phonons do not break Cooper pairs in the aluminum phonon
collection fins of our sensors.

In addition to this phonon burst shot noise from below threshold
events, we observe a high rate of above-threshold background events
(often called the “Low Energy Excess,” or LEE'"'?). To investigate
these LEE events, we recorded 2 or 12 h periods of continuous back-
ground data following each calibration run and triggered this dataset
offline using an optimum filter optimized to search for events with a
channel energy partition and pulse shape consistent with that of sub-
strate absorbed calibration photons as in Ref. 18. In Fig. 5, bottom left,
a scatterplot shows the energy deposited in each channel without a
constraint on the partition. Identical to observations in Ref. 14, the
LEE backgrounds split into two classes: “shared” events with an
approximately equal channel partition and a pulse shape identical to
substrate absorbed photons, and “single” events where nearly all
energy is deposited in a single phonon sensor channel. Singles have a
pulse shape with a fast rise, but a slow fall consistent with an energy
deposition that saturates a subset of the athermal phonon sensors that
are readout in parallel within a channel.'” Each event is then fit with a
multichannel optimum filter whose pulse shape and channel partition
are fixed to the average of each LEE class (singles left, singles right, and
shared) and classified according to lowest A 72

Similar to our observations of correlated phonon noise, we see
that the rate of above-threshold shared background events scales with
the detector thickness, as it does for below threshold phonon shot
noise (the y-axis has been normalized by substrate mass, proportional
to detector thickness). However, the rate of these high energy above-
threshold shared events is consistent with being constant with time on
these short timescales. At lower energies, where statistics are better, the
rate of shared LEE events does appear to decrease over time.

As in Ref. 14, our singles appear to originate within the alumi-
num QET films, and we additionally observe that their rate decreases
with time (see further discussion in supplementary material Sec. F).
These observations give additional support to the proposal that dislo-
cation mediated relaxation of thermal stress in these aluminum QET
films is responsible for these singles.'**°

We observe that both the correlated phonon noise level and the
shared LEE backgrounds scale with the detector substrate thickness.
From this scaling alone, we conclusively reject the hypotheses that our
aluminum or tungsten sensor films constitute the dominant source of
shared phonon bursts.”® Likewise, the phonon bursts are unlikely to
originate from the top and bottom polished 1 cm? silicon faces of the
substrate.

This thickness scaling observation is compatible with a phonon
burst process whose rate scales with the diced sidewall area, the mass,
or the volume of the substrate. To discriminate between these hypothe-
ses, we would ideally measure shared LEE and correlated noise rates in
detectors with different volume to sidewall ratios while keeping all
other detector characteristics fixed. Unfortunately, this study with
strict extraneous variable control has not been done.

However, we have characterized the LEE rate in two large area
Cryogenic Photon Detectors (CPDs).”"** These large area cylindrical
substrates (diameter: 76.2 mm, thickness 1 mm) have ~ x8 larger vol-
ume to sidewall ratio than the 1 cm?* detectors discussed to this point.
We observe good agreement with volume scaling and find that when
scaling by sidewall area, both noise and above-threshold backgrounds
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FIG. 5. (Top) The mass normalized shared background rates in the 1 and 4 mm
detectors, with backgrounds measured in the SPICE 1%,'“'® CPDv1,** CPDv2
(previously unpublished), and CRESST 0.35g Si*° detectors. Broadly, all six detectors
seem to observe the same backgrounds normalizing for mass. Note that as the CPD
and CRESST detectors are one channel detectors, which cannot reject singles,'* the
increased background rates near threshold could be due to singles as well as noise
triggers or additional LEE backgrounds. For clarity, the 1 mm, 4mm, and SPICE 1%
detectors have their spectra cut off at 30 eV to remove saturated events from cosmic
rays and radioactive backgrounds, which begin to appear at these energies. (Top
insert) Detail of the 1 mm, 4 mm, and SPICE 1% detector backgrounds. The orange
and green bands show the energy ranges in which time dependence was measured
(see bottom right). (Left bottom) Background event energy partitioning between left
and right channels, showing single and shared events. Note the energy reconstruction
assumes a shared pulse shape in each channel. (Right bottom) Rate of shared events
over time in the 1 mm detector in the shaded 2.5-5 and 5-10 eV bins in the center top
figure. Dashed line shows the (weighted) average rate in the 5-10€V range, and a
power law fit in the 2.5-5€V bin.

differ between these two sets of detectors by around an order of magni-
tude. While the differences in holding method, fabrication, handling,
and storage history detract from our ability to control extraneous vari-
ables, we believe that the evidence for volume scaling is compelling
(see the supplementary material Sec. H for additional discussion of
these systematics).

Volume scaling suggests that defects in the detector substrate are
responsible for LEE and excess phonon noise observations. For exam-
ple, the relaxation of neutron induced crystal damage discussed in
Refs. 27 and 28 could create phonon bursts consistent with our obser-
vations. The strong rate vs time since cooldown dependence we
observe in our noise data, for example, could be explained by assuming
that meV-scale gaps between different energy levels in defects are ther-
mally populated at 300 K and then relax to lower energy states at mK
temperatures. The observation of time dependence in above-threshold
LEE rates, both here and previously,z5 is more difficult to explain,
given their eV scale energies are much larger than room temperature
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energy scales. As discussed in Ref. 27, an avalanche-like process where
the relaxation of a meV-scale state triggers the release of many more
such states is one possible mechanism by which the relaxation of ther-
mally populated states can trigger eV scale events.

Since the shared LEE phonon bursts we observe have been shown
to originate in the silicon substrate, it is likely that they would also
occur in other devices constructed on silicon substrates such as super-
conducting qubits and MKID detectors. Phonon bursts produced in
the silicon substrate would be expected to create quasiparticles in the
device’s superconductors, contributing to the excess equilibrium quasi-
particle density long observed in these devices. To make a rough esti-
mate of the importance of this quasiparticle generation mechanism
compared to other sources, we assume that the “reduced” quasiparticle
density x4, = ng4y/n, in an aluminum superconductor follows the
dynamical equation:

d;c—zp =, +g, 5)
where 7~ (20ns) " is the prefactor for the quasiparticle density
dependent recombination rate and g is the normalized quasiparticle
generation rate,”” ' ie, the rate at which phonons create
quasiparticles. x,, is the reduced quasiparticle density, the ratio of the
quasiparticle number density 7, to the Cooper pair density
Ne A 4 x 10°um . We assume that the quasiparticle dynamics in
the superconductor are dominated by recombination as in Ref. 30.

Modeling the device as a silicon substrate with an aluminum
superconducting region (including qubits, KIDs, and ground planes)
on the surface of the chip, we assume for simplicity that LEE
events are evenly distributed through the bulk silicon chip,
collected uniformly in the aluminum, and neglect any source of qua-
siparticle generation besides LEE phonon bursts originating in the
substrate (e.g., high energy backgrounds™ and infrared radiation™).
This produces an average normalized quasiparticle generation
rate ’of

<pp> Vsi
2040 Var’

&= (6)
where (p,) is the average LEE power density that we estimate as
O[1fW/(1 em? x 1mm)] from Fig. 4 bottom left and V§; and V; are
the volumes of the silicon substrate and aluminum superconductor,
respectively. Assuming the temporal variation in g is small compared
to its average value (g), Eq. (5) can be Taylor expanded to zeroth order
to find the reduced equilibrium density

(Pp) Vi1 @)
2Aumey Varr’
For the aluminum KID on a silicon substrate described in Ref. 33, we
expect a residual density of roughly x, ~ 4 x 107 created by low
energy phonon bursts originating from the substrate, which compares
favorably to the xz, = 4.6 x 107 that they observed in their KID res-
onator. This technique can also be used to estimate the residual quasi-
particle density caused in qubits (taking into account both the
0(100nm) thick qubit and ground plane, which cover nearly all
the surface of the chip) and gives x,, ~ 107® — 1077, roughly in line
with observations for modern non-gap-engineered qubits.”” Our

pubs.aip.org/aip/apl

observations also agree with the phonon origin®* and reduction in the
rate over time’*” previously observed for such bursts in supercon-
ducting quantum devices constructed on silicon substrates.

See the supplementary material for eight sections, which provide
additional explanation of our methods. These sections discuss the
following:

* Our phonon collection efficiency measurements over time

* The effects of mixture chamber cooling

¢ Our data quality cuts

* Uncorrelated noise, and our methods for reconstructing this
noise term

* The shot noise generated from a given spectrum of small events

* The saturation and time dependence of our singles

* A comparison of the time dependence of our above-threshold
event rates and excess noise sources

* Data and arguments comparing the scaling of excess shot noise
and LEE backgrounds with detector volume as opposed to side-
wall area
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