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Abstract

In recent years, there has been increasing interest in developing detectors which
are sensitive to sub-GeV dark matter and low-energy events from coherent neu-
trino scattering. Due to carbon’s light atomic weight and its tendency to form crys-
tals with high-energy, long-lived phonon modes, carbon-based crystals (including
diamond and silicon carbide (SiC)) present themselves as natural target materials
for scattering-based searches in this regime. We present our preliminary results in
adapting our TES-based detectors to these substrates, specifically 4-H SiC and poly-
crystalline diamond. We focus on our fabrication efforts, specifically tuning the tran-
sition temperature (T) of tungsten films sputtered on these materials, as well as our
advancement toward fabricating and testing devices on these substrates.
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1 Introduction

As we attempt to expand rare event searches into previously unexplored regimes
for dark matter (DM) detection (see, e.g., Ref. [1] for a recent review) and low-
energy neutrino physics, the need for more sensitive cryogenic calorimeters has
grown. Specifically, the efforts to refine these devices toward eV-scale energy
thresholds have driven a plethora of innovations. One of the most promising
avenues for improving these sensors is by switching from the popular and read-
ily available substrates such as silicon, to slightly more exotic substrates, whose
properties are better suited for these high-sensitivity measurements.

Of particular interest have been carbon-based substrates, chief among which
is diamond, which are becoming more readily available. These substrates benefit
from higher band-gaps, long lived phonon modes and radiation hardness, making
them highly suitable for a wide array of applications [2, 3]. We are already seeing
breakthroughs enabled by this switch, as demonstrated by recent results from the
CRESST [4] and MAGNETO [5] experiments. While the use of diamonds has
shown potential, SiC is also a highly promising substrate for these calorimeters,
sharing many of the advantages afforded by diamonds. Additionally, compared to
diamond, SiC is cheaper, and high quality wafers are easier to procure. Moreover,
SiC has the potential to enable directional searches, thanks to its multiple poly-
types [3].

In this paper, we show our progress toward migrating our existing detector
design from Ref. [6] to these new substrates. This migration comes with a mul-
titude of challenges, from both a material science standpoint and the necessary
down-scaling required to work with these more scarce materials.

2 Detector Fabrication R&D
2.1 Substrate Selection

The challenges in selecting substrates differs substantially between SiC and
diamond. Our initial work focused on procuring diamond of a large enough
size and quality to be suitable for production of TES-based phonon detectors,
which turned out to be a larger challenge than anticipated. The first round of
substrates was procured from stock available at Element-6 Co. (e6), including
large polycrystalline wafers and a couple small single-crystal substrates roughly
4.5 mm X 4.5 mm X 500 pm in size. We also obtained polycrystalline samples
from II-VI Co. from the same wafer at the ATLAS beam monitor chips procured
through Ohio State University (OSU). These were grown with input from ATLAS
to produce high-purity diamond free from inclusions and nitrogen traps, based
on previous experience in the RD42 collaboration [7]. Initial fabrication results
for this first round of samples is described below. We initially found the ‘quan-
tum-grade’ polycrystalline diamonds from e6 still have a slight tint, indicative of
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nitrogen vacancies, suggesting nitrogen is still used to accelerate chemical vapor
deposition (CVD) growth of these crystals. We excluded this sample from further
consideration for phonon or charge sensing, though we still used it for initial film
deposition testing.

Remaining samples were screened by OSU using two main techniques. The first
technique was established by their lab to screen crystals for diamond beam moni-
tors. In these detectors, the charge collection distance (CCD) is used as a proxy for
crystal quality—good crystals have a collection distance larger than the substrate
thickness (see, e.g., [7]). The first round of samples showed poor charge collection
distance, and the wafer was later shown to have substantial surface damage due to a
change in processing at the manufacturer. Surface damage was confirmed by bire-
fringence imaging. We obtained a second round of polycrystalline samples which
all showed greatly improved charge collection distance indicative of high-quality
substrates. One polycrystalline sample from the second batch and one single-crystal
sample from e6 were characterized with metallic magnetic calorimeters (MMCs)
[5]. The single-crystal sample showed degraded phonon collection indicative of
thermalization in the substrate, but the new polycrystalline substrates exceeded the
performance of high-quality sapphire, with phonon collection efficiencies higher
than 90% [5, 8], indicating the polycrystalline diamond should be the preferred sub-
strate for future phonon R&D.

SiC can be obtained in many polytypes, but the most commercially available sub-
strates are 4" wafers of 4 H-SiC [9]. These are also of the most interest for DM
detection due to the higher anisotropy of the crystal phonon modes [3]. We procured
a set of 4" wafers specified as semi-insulating with zero micropipe density (ZMP)
grade. We have diced a first set of wafers for deposition tests and plan to put these
substrates through the same two sets of characterizations as our diamond samples to
compare SiC phonon and charge collection to standard diamond and sapphire sub-
strates. SiC is a more conventional material in semiconducting microfabrication, and
we can thus follow a standard set of surface cleaning and preparation regimes [10].
Results from a first round of W deposition are reported below. The first diced sam-
ples were not run through the industry standard cleaning nor any additional reactive
ion etching (RIE) surface preparation, and we expect some of the issues reported
below to resolve with our next round of improved processing.

2.2 Tungsten Deposition

In order to prepare for the fabrication of TES devices, the T of the deposited W
needs to be tuned to a range that allows both sufficient bandwidth and ample sensi-
tivity.! This tuning is dependent on a multitude of factors, including thickness, strain
and crucially—the surface of the substrate we deposit on. For this initial test, we
used the same deposition parameters used in SuperCDMS SNOLAB detectors [11,

! We note that this is a different challenge than the pure a phase W produced for the detectors in Ref [4],
and these tests aim to demonstrate that the same Fe doping in the W target can be used to produce com-
parable T films on our new substrates.
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Fig. 1 4-Wire resistance measurements of sputtered W films measured with a Lakeshore 372 AC resist-

ance bridge. Bonding geometry was arbitrary, so absolute resistance values are not indicative of sheet
resistivity

Table 1 Summary of T results from (Fig. 1)

Substrate Crystal structure T directly on substrate T with poly-Si layer

Si Diamond cubic single crystal 45 mK 74 mK

SiC 4 H Single crystal 45 mK No transition

Diamond Diamond cubic polycrystalline No transition 75 mK - Broad transi-
tion

12]. Sputtering was performed in an AJA ATC2200 UHV sputtering system. Films
were deposited in the presence of 3mTorr of Ar, substrates were biased at —200V
relative to W target, and an RF power of 200W was used. All substrates were tested
with both direct deposition of W, as well as with an initial sputtered polycrystalline
silicon layer (poly-Si). These samples were then packaged in a light tight copper
housing, mounted in a Bluefors dilution refrigerator, and 4-wire resistance measure-
ments were conducted as a function of temperature. The results of this measurement
are displayed in Fig. 1 (Table 1).

2.3 Chip Scale Nano-Patterning

In order to fabricate devices on these substrates, it is necessary to permanently pat-
tern the Al and W using photo-lithography techniques. Due to the scarcity and high
price of diamond substrates, it is not feasible to do wafer scale fabrication, especially
not during the R&D phase. As a result, we have begun the process of migrating
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Fig.2 Left and Middle: Initial fabrication attempt with wet-etch on diamond. Surface shows significant
flaws and damage, as well as over-etched features. Right: Same mask using new dry etching process on
Si test wafer. This device underwent functionality testing which demonstrated that the W film survives
all steps of the dry-etching process

our process to tools more suitable for this scale—specifically moving to direct-
write photo-lithography and dry etch. Due to the small substrate size, it is difficult
to obtain consistent results with a traditional mask aligner, leading us to switch the
exposure step of our process to a Heidelberg MLLA150. Furthermore, our previous
attempts at wet etching on this scale yielded poor patterns and over-etched features
(Fig. 2 left and middle). To address these issues, we transitioned to a dry-etch using
a Plasma Therm Versaline LL ICP Metal Etcher. This transition has yielded work-
ing detectors on silicon (Fig. 2 right), with detectors on SiC and diamond expected
soon.

2.4 Modular Packaging and Readout Architecture

To characterize our test devices and operate them as a scientific payload, we
designed a new stacking, light-tight packaging architecture based on those devel-
oped for HVeV detectors measured in the Northwestern EXperimental Underground
Site at Fermilab (NEXUS@FNAL) [13]—an underground cryogenic device test-
ing facility [14]. This design includes a 6 channel box used for 4-wire resistance
measurements and housing for 2 channel TES detectors with high-voltage biasing.
Detectors are mounted using a home-made pick and place machine—made with
from a Prusa MK3S+ 3d printer—with a custom made vacuum head replacing the
traditional print head (Fig. 3). They are then held in place by a back-plane which
is used for voltage biasing. This plane is significantly larger than the chip itself to
ensure field uniformity, and only contact the corners of the chip to minimize phonon
loss. The sensors are then wire-bonded to a flexible printed circuit board (flex-PCB),
which is connected to the SQUID readout system.

As part of these efforts, we developed a new SQUID readout system, based on
SuperCDMS SNOLAB room-temperature electronics described in [15]. This new
system, currently being commissioned, is geared toward detector prototyping and
is anticipated to allow closed-loop readout at 1 MHz bandwidth. Initial testing of
this system shows a significant reduction in parasitic resistance, with a measured
parasitic resistance ~ 5m& using readily available commercial connectors. This high
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Fig.3 Left: Commercially available 3D printer modified to mount detectors with sub-mm precision.
Middle and Right: packaged HVeV silicon detector in new housing

bandwidth readout system will allow us to better take advantage of the high speed
of sound possessed by these materials, and rapid iteration is enabled by the simple
plug-and-play design. This system is also set to be installed in at CUTE—a cryo-
genic underground test facility at SNOLAB. [16] in the near future.

3 Discussion

Diamond and SiC present themselves as highly attractive substrate candidates for
sub-GeV DM searches. More work needs to be done on growing the low T layer,
including material studies of deposited W films. Alternatively, transitioning to less
surface-dependent technologies such as Pt-Ir TES can circumvent this problem and
allow a higher degree of flexibility working with future substrates. Once these stud-
ies are complete, we are well positioned to make these detectors and operate them.
Further R&D will move to superconducting resonators and junction-based devices
on these substrates.

The excellent phonon collection performance of pCVD diamond is very positive
news for the feasibility diamond substrates in high energy physics (HEP), as large
polycrystalline wafers are significantly easier to fabricate and, despite a high cost,
can be obtained from the same vendors that we current procure 1 cm samples from.
The RD42 program to produce beam monitors for ATLAS and CMS demonstrates
that this is already the case for use in high-radiation environments, where diamond
substantially out-performs other substrates [7]. As a basis of comparison, we can
purchase 1 cm pCVD samples for the same cost as the smaller 4.5 mm single crystal
samples, and we expect this cost advantage to grow as pCVD finds more uses in the
open market. Furthermore, if 4 H-SiC can match the phonon collection performance
of diamond, it is a much more attractive target for carbon-based HEP applications,
as a 4" wafer is roughly the same cost now as a 1-cm pCVD diamond sample. While
substrate cost is not the primary barrier to the growth of this technology, it is often
an initial hurdle that prevents rapid progress in early R&D, and obtaining larger sub-
strate volumes allows for science-grade results with lower overall fabrication yields.
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