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Superconducting Nanowire Single Photon Detectors (SNSPDs) are a leading detector

technology for time-correlated single-photon counting from the UV to the near-infrared.

Due to their unique combination of low energy thresholds and low intrinsic dark count

rates, SNSPDs have become attractive as sensors for emerging low-mass dark matter (DM)

detection experiments, where they offer the potential to fill existing technology gaps and

enable the exploration of previously unconstrained parameter space. One developing DM

detection concept, sensitive to MeV-scale DM electron recoils, uses n-type GaAs as a cryo-

genic scintillating target instrumented with a large-area SNSPD as the sensor for scintilla-

tion photons.

This thesis focuses on the development and characterization of SNSPDs with mm2-

scale active areas for DM applications in general, and specifically for the detection of scin-

tillation light. This work demonstrates the coupling of n-type GaAs with SNSPDs, and the

design of novel characterization experiments using optical and energy-tagged X-ray exci-

tation to measure the effective light yield and photoluminescence timescales of cryogenic

scintillators using SNSPDs. The isotropic nature of scintillation light and the large active



areas of the devices studied in this work introduce unique challenges for SNSPD design,

nanofabrication, and performance. This thesis provides insights into the current state-of-

the art, limitations, and approaches to scaling SNSPDs to cm2-scale active areas for future

work. The presented findings advance the status of SNSPDs for DM detection and other

emerging High-Energy Physics applications.
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What we observe is not nature itself, but nature exposed to our method of questioning.

- Werner Heisenberg
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Chapter 1: Dark Matter

1.1 Introduction

Elucidating the particle nature of dark matter (DM) is one of the largest unsolved prob-

lems in fundamental physics. Though DM has evaded direct detection to date, indirect

probes of its gravitational interactions with celestial bodies at multiple scales indicate that

it comprises nearly 80% of the matter in the Universe and is necessary to explain large-scale

structure formation.

The most mature and large-scale experimental DM search programs have focused on

the Weakly Interacting Massive Particle (WIMP) paradigm. Due to a lack of conclusive de-

tection signal, new theoretical frameworks have emerged in recent years, and there is now

strong motivation to explore a broader set of candidate particles experimentally. Hidden

sector DM candidates are neutral under Standard Model (SM) forces and charged under

new forces that can weakly couple to ordinary matter via portal interactions. The range of

potential mass of hidden sector DM is broader than that of the WIMP DM. Importantly, the

mass range below a GeV, the so-called sub-GeV DM contains theoretically well-motivated

targets that are either below the noise floor or not accessible in WIMP search experimental

programs and thus require the development of novel experimental approaches. Increasing

the sensitivity of direct detection experiments to lower masses of DM requires the develop-

ment of new target materials sensitive to proposed interactions and new low-noise sensors

with low-energy thresholds. As these technologies develop, sub-GeV DM can be explored

1



substantially with smaller-scale table-top direct detection pilot experiments.

This chapter serves as a brief introduction to DM. Section 1.2 briefly summarizes the

experimental evidence for DM, Section 1.3 presents an overview of relevant DM candi-

date particles, and Section 1.4 introduces DM detection strategies to motivate the work

contained in this PhD thesis.

1.2 Evidence for Dark Matter

Evidence for the existence of DM has steadily increased over the last several decades.

Observational support includes its gravitational effects, such as galaxy rotation curves,

gravitational lensing, and the large-scale structure of the universe, all of which cannot be

accounted for by visible matter alone. Further evidence comes from cosmological observa-

tions consistent with predictions from the Lambda cold dark matter model (ΛCDM), which

serves as the standard model of Big Bang cosmology.

1.2.1 Galactic Rotation Curves

The earliest evidence for a cold, non-luminous matter pervading the Universe came

from the study of galactic rotation curves. These were first measured in the Coma Cluster

by Franz Zwicky in the 1930s [1] and later in the 1970s by V. Rubin [2] in the Andromeda

galaxy and others [3]. Obtaining a rotation curve entails measuring the rotational velocity

of galaxy or galaxy clusters via Doppler shifts and subsequently plotting this quantity with

respect to the distance from the center of the galaxy.

The rotational velocity of a galaxy can be expressed using Newtonian mechanics as

νrot(r) =

√
GM(r)

r
, (1.1)
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where M is the enclosed mass, r is the radial distance from the galactic center, and G is

the gravitational constant. Assuming that visible matter comprises the entirety of the mass

distribution, νrot should decrease as 1√
r2 for distances beyond the visible galactic disc. In

practice, the measured vrot curves flatten at large r (see figure 1.1), implying a constant

mass distribution that can’t be explained by visible matter alone.

Measured galactic rotation curves are all consistent with a spherically symmetric mass

distribution that increases linearly with r [4]. On the contrary, the visible mass, consti-

tuted by stars and gases which can absorb and emit light, is concentrated in the inner disk.

Zwicky, in addition to pioneering these early measurement techniques, coined the term

”dunkle materie” (dark matter) to refer to the non-luminous component of the mass distri-

bution.

Other proposed explanations for this discrepancy include modifications to gravity in-

cluding Modified Newtonian Gravity [5]; however, these lack consistency with phenomena

at other scales [6] that are explained in the following sections.

1.2.2 Cosmological scale

The Cosmic Microwave Background (CMB) is the background radiation in the Uni-

verse comprised of the photons that first decoupled from matter shortly after the Big Bang.

It was initially believed to be isotropic until faint (µK-scale) anisotropies in temperature

and polarization were discovered in the early 1990s. The origins of these anisotropies

are understood to be from the matter-energy density of the early universe. Namely, it is

hypothesized that oscillations in the baryon-photon fluid under the influence of the gravita-

tional potential due to local wells and peaks of cold dark matter produced the temperature

anisotropies, which now manifest in the CMB power spectrum as acoustic peaks [9].

The CMB has a blackbody spectrum with a temperature of 2.73 K, peaked at λ =

3



Figure 1.1: Rotation curve measured for the galaxy NGC 6503 (black dots) and fit to DM-halo
model shown with the solid black line. The dashed black line is the Keplerian prediction based on
visible matter. The dotted-dash is the DM-halo rotation curve that is required to explain the flatness
of the curve at large r. Figure adapted from ref. [7]
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Figure 1.2: The CMB map as seen by NASA’s COBE (top)and WMAP (middle) missions and
ESA’s Planck mission (bottom). Figure adapted from [8].
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1.06mm. Atmospheric water molecules absorb this wavelength of light, making it amenable

to study via ground and space-based missions (see figure 1.2 for examples). Missions

such as COBE [10], WMAP [11], and Planck [12] have directly measured the tempera-

ture anisotropies. The power spectrum of these temperature fluctuations offers a means to

validate cosmological models that make predictions about this spectrum.

Lambda-Cold Dark Matter (ΛCDM), a mathematical model of the Big Bang serving as

the cosmological standard model, contains three main components describing the baryonic

matter, dark matter, and dark energy contents of the Universe. As shown in figure 1.3, the

ΛCDM model prediction fits the CMB anisotropy data with high statistical significance.

This alignment reinforces the robustness and accuracy of the ΛCDM model and the impor-

tance of dark matter in our understanding of the Universe and its evolution.

The baryonic and non-baryonic matter densities extracted from the 2018 Planck col-

laboration are Ωbh2 = 0.0224 and ΩDMh2 = 0.120, where h is the dimensionless Hubble

constant [12]. The ratio between dark matter and baryonic matter densities is given by

ΩDM/Ωb ≈ 0.120/0.0224 ≈ 5.4, indicating that dark matter is approximately five times

more abundant than ordinary matter.

1.2.3 Gravitational Evidence

Gravitational lensing measurements have also provided a compelling set of evidence

for the existence of dark matter. Gravitational lensing is a phenomenon whereby a massive

celestial body causes significant perturbations in the space-time metric such that light is

bent from a distant source as it travels toward an observer. Most lines of sight that are ac-

cessible are in the weak gravitational lensing regime, where distortions can’t be measured

from a single source. In composite lensed images, mass distributions can be reconstructed

through correlations in the observed ellipticity of the distorted objects. In these measure-
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Figure 1.3: Temperature power spectrum of CMB measured by Plank mission – red dots , and the
λCDM model prediction is shown in blue. Figure taken from ref. [12]

ments, the reconstructed mass causing the lensing phenomenon exceeds the visible mass of

the object by a factor of tens to hundreds, pointing to the presence of dark matter.

A well-known example is the bullet cluster [13], which was formed through the colli-

sion of two galaxy clusters roughly 3.8 billion years ago. The Hubble space telescope was

used to obtain weak gravitational lensing measurements, from which the mass distribution

was derived. The luminous mass distribution was also extracted from X-ray spectra of the

cluster measured by the Chandra x-ray observatory. The mass reconstructed from lensing

is a factor of 200 more abundant than the luminous mass extracted from the spectroscopic

measurements. As shown in figure 1.4, there is a clear offset between the visible center

of mass and the center of mass reconstructed from weak gravitational lensing. This off-

set arises because dark matter only interacts conventionally through gravity and not via

traditional electromagnetic forces. Consequently, during the collision, dark matter passed

through largely unaffected, while the visible matter, which interacts electromagnetically,

experienced drag and slowed down, leading to the observed separation between the two.

7



Figure 1.4: Composite image taken from ref. [13]of the galaxy cluster 1E 0657- 56, also known as
the “Bullet Cluster.” Pink depicts the hot gas measured by Chandra X-ray observatory and includes
most of the normal baryonic matter - Blue depicts the concentration of mass determined by weak
gravitational lensing

8



1.3 Dark Matter Candidates

It has has been conclusively shown that none of the particles in the Standard Model

can account for the properties of dark matter, as they either interact too strongly with light

or do not have the necessary mass and behavior. DM thus requires extensions beyond

the Standard Model of particle physics, which describes the known fundamental particles

and forces. This has led to the development of numerous theoretically well-motivated

dark matter candidate particles. Constraints on these candidates are typically calculated

one model at a time, but it is possible that dark matter is composed of multiple species

of particles. This collection of particles is often referred to as the dark sector. The dark

sector may involve complex interactions, similar to the visible sector, but these would be

extremely weak or invisible to current detection methods, making them difficult to study

directly.

There are specific properties that dark matter models must satisfy based on obser-

vational evidence. First, dark matter does not emit light, meaning any viable candidate

must have an extremely weak or vanishing electric charge and electric or magnetic dipole

moments. As a result, dark matter cannot radiate energy electromagnetically or ther-

malize through photon emission, making it approximately dissipationless. Additionally,

dark matter is known to be collisionless—if collisions occurred, dark matter halo profiles

would be spherical, but observations show that DM halos are clustered, with prolate shapes

in their centers and triaxial structures toward their outskirts [14]. Finally, dark matter

is non-relativistic (or ’cold’), as indicated by the formation of large-scale cosmic struc-

tures [15, 16].

Dark matter candidates are discussed extensively in reviews [17–20]. The following

sections contain first an overview of the general classes of DM candidates, WIMP dark

matter for context regarding the previous work in the community, and finally sub-GeV

9



dark matter for its relevance to the context of the work contained in this PhD thesis.

1.3.1 Classes of Dark Matter Candidates

The search for DM has expanded beyond Weakly Interacting Massive Particles (WIMPs)

and now includes a wide range of alternative candidates. These candidates can be broadly

classified into two categories: wavelike (or ultralight) and particle-like dark matter. The

classification depends on the de Broglie wavelength, λdB, which is given by:

λdB =
h
p

where h is Planck’s constant, and p is the momentum of the particle. This wavelength

provides insight into whether the particle behaves more like a classical particle or exhibits

wave-like properties. Wave-like behavior occurs when the de Broglie wavelength is com-

parable to or larger than the characteristic scale of the system, for example the the average

inter-particle separation in a galaxy like the Milky Way. Particle-like behavior is exhibited

when the de Broglie wavelength is much smaller than the relevant physical scales, causing

the dark matter to behave classically with trajectories similar to standard particles. These

two classes differ fundamentally in their mass, behavior, and detection strategies.

In general, wavelike dark matter consists of particles with extremely low masses. These

candidates include bosonic fields such as scalars or pseudoscalars [21]. Axions are a

prominent example, originally introduced to resolve the strong CP problem in quantum

chromo-dynamics (QCD) [22]. Their mass range is typically 10−22 eV to 10−5 eV, and

they are promising dark matter candidates due to their ability to form a coherent oscillat-

ing field. Axions can be detected through haloscope experiments like ADMX [23], where

they convert into photons in the presence of strong magnetic fields. Other novel detec-

tion techniques involve nuclear magnetic resonance (NMR) [24] and condensed matter
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systems [25]. Dark Photons are another example of wave-like dark matter, arising from

a hidden U(1) gauge symmetry [26, 27]. With masses less than 1 eV, dark photons can

oscillate with ordinary photons, leading to observable signatures. Detection methods of-

ten involve photon mixing experiments, such as cavity searches or precise atomic clock

measurements.

Particle-like dark matter candidates arise in extensions of the Standard Model and can

range from keV to solar mass scales. Sterile Neutrinos [28] are one such candidate, with

masses in the range of keV to MeV. Unlike active neutrinos, sterile neutrinos do not interact

via the weak force, making them challenging to detect. Additionally, models proposing a

Dark Sector suggest the existence of dark baryons, analogous to protons and neutrons but

confined to a dark sector. This dark sector may involve its own set of forces and particles,

weakly interacting with Standard Model particles. Detection could arise from, missing

energy signatures in collider experiments, dark sector particles decaying into visible matter,

or direction detection searches [29–31].

1.3.2 WIMP Dark Matter

Of the possible DM candidates, the (particle-like) Weakly Interacting Massive Particle

(WIMP) paradigm has been the most tested experimentally over the past several decades.

Broadly, a WIMP is a proposed fundamental particle which interacts via gravity and an-

other force(s) that is non-vanishing in strength at the weak-scale or below, with a mass

range from a few GeV/c2 to several TeV/c2.

The primary WIMP production mechanism is thermal freeze out. In the early hot and

dense Universe, WIMPs interacted more frequently with ordinary matter due to the high

temperature. As the Universe expanded and cooled, the interactions between WIMPs and

other particles became less frequent due to lower particle densities. Eventually the expan-
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sion rate of the universe exceeded the annihilation rate of the dark matter, resulting in a

reduced number of WIMPs and leaving a stable relic density.

Through observational evidence from cosmological surveys and insights from particle

physics experiments, the relic abundance of DM has been determined with high precision.

Any DM theory must account for this precise relic abundance in order to be considered

viable. The relic density of WIMP DM can be obtained from the Boltzman equation and

expressed as:

Ωχ ≈ 3×10−27 cm3 s−1

⟨σAν⟩ (1.2)

where ⟨σAν⟩ is the thermally averaged annihilation cross section for DM and h is the

dimensionless Hubble parameter. A particle with electroweak-scale interactions naturally

leads to a relic abundance that is consistent with the relic abundance derived from cosmo-

logical constraints. This has been referred to as the “WIMP miracle”.

WIMP experiments are generally designed to detect nuclear recoils caused by interac-

tions between WIMPs and atomic nuclei. The interaction cross-section for WIMPs with

nuclei is typically larger than that with electrons. Thus, the recoil energy deposited in a

nucleus from a WIMP collision is generally more significant than the energy deposited in

an electron collision.

Targets designed to probe WIMP interactions include noble liquids such as xenon and

argon. The LZ experiment is one of the largest-scale WIMP searches. The characteristic

nuclear recoil energy in liquid xenon is on the order of 10 keV, which is comparable to

the recoil energy from radiogenic backgrounds. Because of this, one of the primary design

considerations in WIMP experiments is the minimization of radiogenic backgrounds.

Another challenge facing WIMP experiments is the the intrinsic scaling of the interac-
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tion rate. The number of WIMP interactions, nDM, is given by the relation:

nDM =
ρDM

MDM
(1.3)

where ρDM is the dark matter density and MDM is the mass of the dark matter particle.

As MDM increases, nDM decreases, making the interaction rate lower. For this reason,

WIMP experiments need to have extremely large target volumes to significantly probe the

parameter space. For example, the latest iteration of the LZ experiment features a target

mass of 7 tons of liquid xenon.

1.3.3 Axions and Axion-Like Particles (ALPs)

The concept of axions emerged in the 1970s as a solution to the strong CP problem in

quantum chromodynamics (QCD). The strong CP problem refers to the apparent absence

of a significant violation of the CP symmetry (combined Charge Conjugation and Parity)

in strong interactions, despite the fact that the QCD Lagrangian allows for a potential CP-

violating term:

LQCD =
θ

32π2 GµνG̃µν (1.4)

where Gµν is the gluon field strength tensor, and G̃µν is the axion field strength tensor.

The parameter θ is expected to be a small number, but its value is not constrained by

theory, and large values would induce strong CP-violation effects that are not observed

experimentally.

In 1977, Peccei and Quinn proposed a solution to this problem by introducing a new

symmetry (Peccei-Quinn symmetry) that spontaneously breaks, leading to what became

known as the axion. The axion is a light scalar particle that provides a dynamic mechanism
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to relax the value of the θ -term to near zero, effectively solving the strong CP problem.

Axion-like particles (ALPs) are generalizations of the axion. These are hypothetical

light scalar particles that do not necessarily arise from the Peccei-Quinn mechanism but

share similar properties, such as interactions with photons and other particles.

The axion field a(x) can be described by the following Lagrangian density:

Laxion =
1
2

∂µa∂
µa− 1

2
m2

aa2 +gaγγaFµν F̃µν (1.5)

Here, ma is the axion mass, Fµν is the electromagnetic field strength tensor, and F̃µν is

its dual. The coupling constant gaγγ describes the interaction strength of the axion with two

photons. This term allows axions to couple to photons and can lead to observable effects,

such as axion-photon conversion in external magnetic fields.

Axion-like particles have similar interactions, but their Lagrangian can also include

interactions with other particles, depending on their origin:

LALP =
1
2

∂µa∂
µa− 1

2
m2

aa2 +gaγγaFµν F̃µν +gaψψaψ̄ψ (1.6)

where ψ represents a fermion field, and the second term introduces the possible inter-

action of ALPs with fermions.

RF resonant-cavity experiments, such as ADMX and HAYSTAC (Haloscope At Yale

Sensitive To Axion CDM), aim to detect axion dark matter by exploiting axion-photon con-

version in a strong magnetic field. The axion signal is expected to manifest as a narrow-

band electromagnetic wave at a frequency determined by the axion mass, resonantly en-

hanced by a tunable microwave cavity. ADMX and HAYSTAC focus on axion masses in

the range ∼ 1–40 µeV, corresponding to frequencies in the GHz range. HAYSTAC has

probed masses in the region of ∼ 4–20 µeV, complementing ADMX at slightly higher fre-

quencies. These experiments contribute to systematically excluding portions of the viable
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axion parameter space.

Resonant-cavity experiments face several limitations that constrain their ability to ex-

plore the full axion parameter space. These setups are inherently narrow-band, sensitive to

a small range of axion masses at a time. Scanning a broader range requires precise tuning

of the cavity frequency, which is time and resource intensive. Additionally, the resonant

frequency of a cavity is determined by its dimensions, making it challenging to probe very

small axion masses (< 1 µeV) due to the prohibitively large cavity sizes required, or very

large axion masses (> 40 µeV), where resonant enhancement becomes inefficient. Noise

further limits sensitivity, with thermal noise dominating at lower frequencies and quan-

tum noise at higher frequencies, though the HAYSTAC collaboration has made significant

progress in overcoming the latter through quantum squeezing techniques. Finally, the weak

axion-photon coupling strength (gaγγ ) necessitates long integration times to detect potential

signals, adding to the challenges.

Despite significant progress by experiments like ADMX [23, 32–36] and HAYSTAC [37,

38], large regions of the axion mass parameter space remain unexplored. The low-mass

range (< 1 µeV) and high-mass range (> 40 µeV) are particularly challenging due to the

constraints of cavity design and sensitivity. Exploring these regions will require innovative

approaches and new technologies, as resonant-cavity designs are fundamentally limited in

their scalability. Developing broadband haloscopes is essential to overcome these chal-

lenges, enabling simultaneous searches over wide mass ranges and reducing the time re-

quired to explore the uncharted axion landscape. The Broadband Reflector Experiment for

Axion Detection (BREAD) collaboration introduces an innovative approach to search for

axion and dark photon dark matter across a wide range of masses, spanning approximately

µeV to eV, without requiring tuning. The experiment utilizes a cylindrical dish resonator

designed to fit within solenoidal magnets. In this setup, axions (in the presence of the mag-

netic field) or dark photons interact with the metallic surface of the dish, converting into
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photons independent of their mass. These photons are subsequently directed by a parabolic

focusing reflector onto a highly sensitive single-photon counting detector.

For the pilot dark photon experiment within the BREAD program, the large-area mi-

crowire arrays developed and characterized in this thesis are currently being integrated as

the single-photon detector. Chapter 8 describes the characterization and integration of these

sensors into the experiment and plans for the future.

1.3.4 Dark Photons

Dark photons are hypothetical particles that are introduced as the gauge bosons (force

carriers) of a new U(1) symmetry associated with DM interactions. The idea behind dark

photons is that they could mediate interactions between dark matter particles and possibly

visible matter, but with a very weak coupling to the standard model particles. This idea is

motivated by the dark sector in theoretical physics, which posits the existence of a hidden

sector of particles that interact very weakly with ordinary matter.

In its theoretical framework, a dark photon can mix with the standard photon, leading to

the possibility of dark matter-photon interactions. This interaction is particularly interesting

for explaining anomalies observed in certain experiments, such as the g-2 anomaly in the

muon magnetic moment, and for providing a candidate for dark matter.

The Lagrangian for the dark photon can be written as:

Lγ ′ =−1
4

FµνFµν − 1
4

F ′
µνF ′µν +

ε

2
FµνF ′µν +m2

γ ′A
′
µA′µ (1.7)

where Fµν is the field strength tensor for the standard photon, F ′
µν is the field strength

tensor for the dark photon, and ε is a small parameter that represents the mixing between

the standard photon and the dark photon. The term m2
γ ′ corresponds to the mass of the dark

photon, and the mixing term enables the possibility for photon-dark photon oscillations.
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The interaction between the dark photon and standard model particles is typically mod-

eled as a kinetic mixing term:

Lint = εFµνF ′µν (1.8)

This term leads to weak couplings between ordinary matter (via the electromagnetic

interaction) and dark matter (via the dark photon).

1.3.5 sub-GeV Dark Matter

The absence of a DM signal in existing WIMP direct detection experiments and the lack

of supporting non-Standard Model physics in collider experiments have led to interest in the

development of other candidates for DM. The lack of sizable interaction between DM and

ordinary matter motivate the hypothesis that dark matter is neutral under all standard model

forces but interacts through new forces that to-date have been undiscovered. This is referred

to as hidden sector DM. In several frameworks, the sub-GeV scale arises naturally and via

production mechanisms beyond the standard freeze-out. Each mechanism implies targets

in the DM parameter space that are accessible experimentally. The DM relic density can be

accounted for by mechanisms that describe portal interactions between hidden sector forces

and ordinary, for example via an exchange of a dark photon. Importantly, the parameter

space for these models is unexplored experimentally and also, in part, beyond the scope of

astrophysical bounds.

The higher mass region of the hidden sector parameter space is well-probed by WIMP

search experiments (few GeV to 100 TeV). The lower region of the hidden sector DM

parameter space below a few GeV is not well-probed by WIMP search experiments and

requires new detection strategies. This is referred to as sub-GeV dark matter.

One of the challenges in probing light dark matter via traditional nuclear recoil methods
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lies in the kinematics; for lighter masses of DM, the total kinetic energy transferred to the

nucleus during a recoil is suppressed. Low nuclear recoil energies are a challenge to detect

and necessitate sensors with drastically reduced energy thresholds and background rates.

Another avenue to search for DM is through interaction with electrons in target ma-

terials as opposed to nuclei. This is more kinematically favorable, as a higher fraction

of kinetic energy can be transferred from a light DM particle to an electron via inelastic

scattering processes, for example. Due to the inverse relationship between interaction rate

and the DM mass shown in Equation 1.3, interactions can be probed with smaller target

volumes and exposure for lighter dark matter masses. For this reason, pilot programs for

sub-GeV DM searches are able to utilize table-top sized experiments.

The measurable signatures of hidden sector DM are dictated by the type of new force

coupling the DM to ordinary matter. As are described in benchmark models [39], a new

force can be mediated by scalar of vector bosons which couple to leptons or hadrons. The

bench-marked coupling models are described in detail in this reference for hidden sector

DM in general, and also the low-mass (sub-GeV) parameter space for hidden sector dark

matter .

For concreteness, sub-GeV DM that interacts with electrons through a dark-photon

mediator is described in the following section.

DM-electron scattering

Using the notation in reference [40], a DM particle χ can couple to the standard model

via a U(1) gauge boson A
′

(dark photon). A′ kinetically mixes with the SM U(1) field via

the following interaction:

L ⊃ ε

2cosθ
Fµν

Y F
′
µν (1.9)

where θ is the mixing angle, ε is the coupling strength, and Fµν

Y and F
′
µν are the field
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strengths.

The scattering cross-section can be written as

σe =
16πµ2

χeαε2αD

(m2
A′ +α2m2

e)
2 ≈

{16πµ2
χeαε2αD

m4
A′

, mA′ ≫ αme

16πµ2
χeαε2αD

(αm4
e)

, mA′ ≪ αme

(1.10)

where µχe is the DM-electron reduced mass and α = g2
D (the U(1)D coupling.

The corresponding form factor can be written as

FDM(q) =
m2

A′ +α2m2
e

m2
A′ +q2 ≈

{1, mA′ ≫ αme

α2m2
e

q2 , mA′ ≪ αme

(1.11)

where q is the DM-electron momentum transfer. The DM form factor describes how the

interaction between dark matter particles and ordinary matter varies with the momentum

transfer in a scattering event which which is essential for calculating event rates in dark

matter detection experiments and understanding the interaction mechanisms. In a DM-

electron scattering interaction, the DM can transfer at most its kinetic energy 1/2mA′ν2,

where ν = 10−3c is the galactic DM velocity and c is the speed of light. The parameter

space for both regimes is shown in figure 1.6.

DM-electron absorption

Dark matter (DM) candidates such as axion-like particles (ALPs) and dark photons can

interact with ordinary matter via absorption, especially through interactions with bound

electrons. The absorption of dark photons A′ can be modeled as the absorption of a non-

relativistic particle with mass m with coupling ε to electrons [26, 27]. In absorption other

DM transfers its entire rest mass energy mA′c2.

19



The absorption of dark photons or axion-like particles occurs when these particles inter-

act with electrons bound in atoms. The process is commonly referred to as the axio-electric

effect for axions and axion-like particles. This interaction leads to the absorption of the

dark-matter particle, which transfers its energy to an electron, causing it to be ejected from

its atomic orbit. For a dark photon, this effect arises due to kinetic mixing with the photon

field, while for axions, the interaction is based on the axion’s coupling to the electromag-

netic field.

For dark photons, the absorption cross section can be expressed as:

σγ ′(E) =
ε2

m4
γ ′

(
E2

∆E2 +E2

)
(1.12)

where ε is the kinetic mixing parameter, mγ ′ is the mass of the dark photon, E is the

energy of the incoming dark photon, and ∆E is the energy width of the absorption process,

typically related to the material’s band gap or the electron binding energy.

For axion-like particles (ALPs), the absorption cross section is given by:

σa(E) =
g2

aγγ

m4
a

(
E2

∆E2 +E2

)
(1.13)

where gaγγ is the axion-photon coupling constant, ma is the mass of the ALP, and the

other terms are analogous to those for dark photons.

Current direct detection experiments such as XENON100 [41–43], CDMSlite [44], and

SuperCDMS [45–47] are sensitive to these types of interactions, especially with electron

recoil events. The cross section can be probed by observing the energy deposited by dark-

matter particles in the form of electron recoils, allowing for the constraining of the coupling

constants (ε for dark photons, gaγγ for ALPs) in regions of parameter space that were

previously unexplored.

However, the sensitivity of these experiments to lower mass range for dark-matter parti-
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cles, especially below a few MeV, remains poorly probed. This region is difficult to explore

due to the relatively low recoil energies associated with light dark-matter candidates, which

are often below the detection thresholds of existing experiments. Moreover, many direct

detection experiments have better sensitivity at higher masses (e.g., GeV-scale DM), leav-

ing a significant gap in their ability to probe lighter candidates such as dark photons or

ALPs with small masses.

To overcome these limitations, future experiments are under development with the goal

of lowering the energy thresholds and increasing the sensitivity of detectors. These next-

generation experiments aim to probe the unexplored regions of parameter space where dark

photons and axions may exist. Theoretical studies have already begun to investigate the

potential for detecting bosonic DM absorption in materials with lower energy thresholds,

such as semiconductors and superconducting materials. These materials probe potentially

weakly coupled interactions of low-mass dark photons and axions, and thus could enable

the detection of these particles in new mass ranges [48, 49].

1.4 DM Detection Strategies

As shown schematically in figure 1.5, there are the three general categories of exper-

iments that provide complementary insight into the nature of dark matter. Indirect dark

matter detection strategies focus on the measurement of the products of dark matter inter-

actions (i.e. gravitationally) rather than the dark matter itself. Accelerator experiment aim

to produce dark matter directly or via decays of heavier new particles. Direct DM detection

experiments aim to directly measure the collisions between dark matter and a target ma-

terial in terrestrial apparatuses. Importantly, the verification of an excess as a dark matter

signal would require concurrent study and verification between all of the above channels

as well as consistency with expected daily and annual modulation of the signal [50, 51].
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Figure 1.5: Schematic showing the possible channels of dark matter detection. Indirect DM detec-
tion involves searching for the standard model (SM) products of dark matter interactions and con-
straining annihilation cross sections. Collider searches seek to produce DM through high-energy
collisions. Direct Detection probe interactions of DM with a target material through a measurable
signal of the energy deposition.

Direct detection experiments search for DM interactions with nuclei or electrons in target

materials. Large-scale, mature experiments have placed exclusions on much of the DM pa-

rameter space above 1 GeV. With the theoretical developments and evidence from collider

experiments that DM might have a lighter mass (>GeV) than once previously thought, it is

important to devise novel detection strategies to explore the sub-GeV DM parameter space.

1.4.1 Direct Detection of sub-GeV Dark Matter

Many new experiments spanning a diversity of fields from atomic [52] and molecu-

lar [53] physics to condensed matter physics [54], [55], [56], [57] have been proposed to

probe sub-GeV DM via both electron and nuclear recoils. Figure 1.6 shows the approxi-
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mate mass range of sub-GeV regime, along with some of the proposed experiments that are

under development.

WIMPAxion DM
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sub-GeV DM

Figure 1.6: (a) Parameter space of dark matter (DM) mass showing the sub-GeV regime between
WIMP and axion DM predictions. (b) Experiment proposals for sub-GeV dark matter searches.
Materials in use are indicated by solid lines, while those under consideration for the near-term
and long-term are shown by solid-dashed and light-dashed lines, respectively. The horizontal scale
indicates the mass-sensitivity range. Figure adapted from ref. [58].

1.4.2 n-type GaAs as a Cryogenic Scintillating Target

Scintillators are a widely adapted experimental target for direct dark matter searches [59].

In direct DM searches, when dark matter particles interact with electrons in a scintillating

material, they deposit energy, causing the material to emit photons through radiative de-
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Acceptor Energy Level Wavelength
Shallow defects 1.44 eV 861 nm

Ionized boron on arsenic site 1.33 eV 930 nm
Si˙GaV˙Ga complex 1.16 eV 1069 nm

Si˙GaV˙GaSi˙Ga complex 0.93 eV 1333 nm

Table 1.1: Radiative acceptors in n-type GaAs and their associated energy levels and wavelengths.

cays. These photons are then detected by sensitive detectors, providing a measurable signal

that can be analyzed to infer the presence of dark matter. As a novel cryogenic scintillator,

n-type Gallium Arsenide (GaAs) features a band gap of 1.52 eV and desirable properties

as a target for the MeV/c2 mass range, which falls within the poorly explored sub-GeV

regime [60]. An n-type GaAs target coupled to a single photon detector is the system of

interest that this work will focus on. N-type GaAs doped with silicon (Si) and boron (B)

was first proposed as a cryogenic scintillator for the detection of sub-GeV DM via elec-

tron recoils due to its high luminosity and the commercial availability of large, high-purity

crystals[61–63]. Scintillation photons are emitted from n-type GaAs via the following pro-

cess:

(1) Electronic excitation leaves one or more holes in the valence band

(2) Acceptors trap the valence band holes

(3) The acceptor holes recombine radiatively with delocalized donor band electrons and

scintillation photons are emitted

The emission wavelengths are thus dependent on acceptor energy levels. Known accep-

tors and their associated energy level/corresponding scintillation wavelength are listed in

table 1.1 [64]. Scintillation in the 930 nm band is the most dominant. Figure 1.7 adapted

from ref [62]shows the x-ray excited luminescence spectra of n-type GaAs doped with

silicon and boron measured with silicon and InGaAs CCDs at 10K, where the contribu-

tions from these different radiative decay processes can be seen. The relative intensities of
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doped GaAs crystals. But in the framework of this work, such 
features will not be considered. For simplicity, these emission 
peaks were collected in one group – band A. The nature and 
specific of these short wavelength emissions can explains the 
position and asymmetric shape of band A in GaAs:Si and 
GaAs:(Si, B) (see Fig. 2). As can be seen from the experimental 
and literature data, the shape, intensity and peak position of the 
bands in 800-900 nm region in GaAs crystals drastically 
depends on purity, type of dopants and defects [11-15]. And it 
also depends, as shown in Reference [13], on the type of 
conductivity. 

 The transitions from shallow silicon donors to boron 
acceptors on an arsenic site leads to emissions at 930 nm (band 
B) [10, 16, 17]. 

The energy relaxation on gallium vacancy-donor center leads 
to emission at ~1070 nm [18]. This center (band C) is a gallium 
vacancy (VGa) bound to a donor (like Si, Ge, Sn, C, S, Se, Te). 
The peak position of band C depends on the type of activator 
impurity. 

The nature of the broad band D at ~1335 nm is associated 
with defects or complex centers like (SiGa + VGa + SiGa) or 
(SiGa + SiAs) and other [11, 12]. It is important to note that the 
formation of long-wavelength centers at ~1377 nm was 
observed in undoped GaAs crystals with neutron dose. The 
intensity of band D increases with neutrons dose rate 
increasing, which indicates the important role of vacancies in 
the formation of this emission center [12]. 

 

B. Light Yield Estimation 
The photocurrent of all samples under X-ray was measured 

using the InGaAs or Si photodiodes with or without filters and 
shown on Fig. 3. Table III compiles the total light output and 
the contribution of each emission band separately which were 
obtained in this work based on PIN detectors photocurrent. 

The obtained results indicate a very high efficiency of the 

scintillation process in activated crystals. It is seen that the LY 
of the GaAs:(Si, B) is very high: 125 ph/keV. The Si doped 
GaAs crystal has LY=71 ph/keV. It is important to note that 
about 65% of the total output of activated GaAs is contained in 
the region of 1000-1700 nm, i.e. bands C and D. This feature is 
dictated by the specificity of the radiative relaxation of energy 
in the co-doped GaAs crystal. The results show how important 
the addition of the acceptor boron is. Also, this indicates the 
need to use photo detectors that are sensitive in a fairly wide 
range (like Ge, InGaAs). Silicon-based photodiodes are only 
partially suitable as photodetectors, since 35 to 60% of the light 
is lost in case of GaAs:(Si, B) and GaAs:Si respectively. 

It should be noted that the experimental approach used to 
determine the light output does not take into account the 
refractive index. GaAs has a refractive index of 3.55 at 930 nm 
and 3.4 at 1300 nm. Since the scintillation light is emitted 
isotropically, only a small fraction is able to exit the crystal 
directly. In this experiment, scattering within the crystal or on 
the roughened surface allowed a large fraction of the light to 
exit. A coating with a graded index of refraction will allow 

 
Fig. 2. The X-ray luminescence spectra of undoped GaAs, GaAs:Si and 
GaAs:(Si, B) crystals obtained by Si (left column) and InGaAs (right column) 
CCDs at 10K. 
 

TABLE II 
THE PARAMETERS OF RADIATIVE CENTERS IN GAAS CRYSTALS 

Band λ, nm E, eV Comments 

A 800-870 1.42-1.54 
Transition from CB to 
VB, exciton and shallow 
levels (defects) 

B 933 1.33 
The boron in arsenide site 
(BAs center) 

C 1050-1090 1.14-1.18 Center like (SiGa + VGa) 

D 1305-1335 0.93-0.95 
Complex center like 
(SiGa + VGa + SiGa) or 
(SiGa + SiAs) 

 

 
Fig. 3. The InGaAs (Top) and Si (Bottom) PIN photodiodes current 
dependence on X-ray filament current with/without the different shortpass 
(FES) and longpass (FEL) optical filters obtained on the GaAs:(Si, B) (Left) 
and GaAs:Si (Right) sample at 10 K. 

Figure 1.7: X-ray excited luminesence spectra of n-type GaAs doped with silicon and boron mea-
sured with a silicon CCD (left) and an InGaAs CCD (right) showing the near-infrared emission
bands. Figure adapted from ref.[62].

the emission bands depend on the dopant and free carrier concentrations, as do the decay

timescales.

One of the most desirable features of n-type GaAs compared to other cryogenic scintil-

lators is its lack of afterglow [60], the emission of scintillation photons at long time scales

after a particle interaction has occurred. In order to avoid these afterglow effects in GaAs,

the samples must be doped above the so called Mott transition [65]. In cooling the crystals

from room temperature to below 1 K, some of the free carriers bind to individual silicon

atoms at an energy level 2.3 meV below the conduction band, and repulsion then forces

the additional electrons into the next higher available energy level, which is in the conduc-

tion band. Electrons in the conduction band remain highly mobile down to 0 K, and they

serve two purposes: (1) annihilation of any meta-stable radiative states that would result

in unwanted afterglow, and (2) efficient combination with electron holes to maximize the

prompt scintillation light (the desired signal).

To demonstrate this, figure 1.8 adapted from reference [63] shows the intensity of the

scintillation light emitted from a GaAs sample at 10K of sample before, during, and after
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as the system returns to its ground state. A closer look at the
GaAs emission curve [Fig. 8(b)] shows that it is indistinguish-
able from the instrumental background. The apparent absence
of thermoluminescence in n-type GaAs can be explained by the
annihilation of metastable radiative states by the delocalized
conduction band electrons. A search of the literature found only
one paper describing thermally stimulated luminescence from a
conductive semiconductor.32 This paper described thermolumi-
nescence from an n-type ZnSe crystal using UV (365 nm) exci-
tation. This was later explained as the absorption of the UV
exciting radiation (attenuation length 10!4mm) by a layer of
non-conductive surface defects.33

IV. CONCLUSIONS

(1) Electron excitations "1.44 eV can produce 1.33 eV
photons.

(2) The most luminous GaAs sample studied (#13316) has
an observed scintillation luminosity of 43 photons/keV,
below the theoretical limit of about 200 photons/keV.

(3) Ionization from background radiation (e.g., muons and
gamma rays) is not expected to cause afterglow, pro-
vided that the free carrier concentration is above the
Mott transition, where even near 0 K conduction band
electrons are not frozen out and can annihilate any meta-
stable radiative states.

These measurements show that n-type GaAs is a promis-
ing cryogenic scintillator for DM particle detection in the
MeV/c2 mass range in that it can be grown as large, high-
quality crystals, and has good scintillation luminosity, a
threshold sensitivity at the 1.52 eV bandgap, and potentially
no afterglow. However, more work is needed to optimize the
doping concentrations, to reduce hole traps that compete
with boron acceptors, and to develop anti-reflective coatings

FIG. 7. (a) Optical emission of sample 13 316 at 10 K before, during, and after exposure to a 50 keVp X-ray beam, measured in 2 s time bins. (b) Enlargement
of emission around the time the beam was turned off.

FIG. 8. (a) Thermally stimulated luminescence of GaAs sample #13330 and crystals of NaI(Tl), NaI, and CsI as a function of temperature after a 30-min expo-
sure to a 50 keVp X-ray beam at 10 K. All crystals were similar in size. The vertical scale is the same for all samples. (b) Comparison between the GaAs curve
and the instrumental background with vertical scale enlarged 20x.

114501-5 Derenzo et al. J. Appl. Phys. 123, 114501 (2018)
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Figure 1.8: Figure adapted from ref [63] showing (a) the normalized intensity of emitted scintillation
light before, during, and after irradiation with 50 keVp X-ray beam and (b) an inset showing the
time during which the shutter closed. Of note is the sharp return to a baseline around 0 intensity
after irradiation.

a 600 second exposure to the 50 keVp X-ray beam. The scintillation intensity is cleanly

correlated with the opening and closing of the excitation beam shutter with no lingering

emission after irradiation, as shown by the return to a baseline around 0 intensity.

1.4.3 DM Detection concept using n-type GaAs

In the detection concept that is the focus of this work, photons are emitted from n-

type GaAs after excitation by DM-electron scattering or absorption of DM by an electron

and subsequent radiative recombination. The near-infrared scintillation photons are then

detected by an SNSPD. The signal associated with a DM – electron interaction depends on

the mass of the DM particle and the interaction. In a DM-electron scattering event, for the

case that the DM particle is heavier than an electron (the case relevant for n-type GaAs as a

target material), the maximum energy transferred is the kinetic energy of the DM. Given a

galactic DM velocity vχ = 10−3 c, where c is the speed of light, a 10 MeV/c2 DM particle

transfers
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Figure 1.9: Schematic depiction of the detection concept: a DM particle scatters off (or absorbs
onto) an electron in n-type GaAs, exciting it to a higher-energy level; scintillation photons are
emitted through radiative recombination processes; these are subsequently detected by the SNSPD
array
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Ee ≤
1
2

mχv2
χ ≲

1
2
(10MeV)2 (10−3c

)2
≲ 5eV [39]. (1.14)

A 5 eV energy deposit into n-type GaAs leads to the emission of 3–4 scintillation pho-

tons given its 1.52 eV band-gap.

In a DM-electron absorption event, the DM transfers all of its rest mass to the electron.

The energy transferred to an electron is thus given by simply the DM mass [39]:

Ee ≈ mχc2
χ ≈ mχ . (1.15)

In principle, using n-type GaAs as a target, bosonic DM (dark photons, scalars, and axion-

like particles) can be probed via absorption onto electrons in n-type GaAs for DM masses

down to 1 eV [48].

Figure 1.10 shows projections for GaAs as a scintillating target for dark photon absorp-

tion with sensitivity down to one or more photons.

Figure 1.11 shows projected sensitivities of the dark matter - electron scattering cross

section as a function of dark matter mass for GaAs targets, given exposures of 1g-month to

10kg-years for two different form factors.

1.4.4 Sensor Classes for n-type GaAs and Low Mass DM Targets

The sensor requirements for the scintillation photons emitted from n-type GaAs are

high sensitivity in the near-infrared, low dark count rate, and cryogenic operation. Given

this, superconducting devices are natural candidate to develop detection concept. It should

be noted that the development of SNSPDs for this detection concept will extend to many

other experiments in the dark matter detection landscape in the future.

SNSPDs are typically operated at sub-kelvin cryogenic temperatures and have been
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Figure 3. Constraints (shaded regions) and prospective sensitivities (solid colored lines) for axion-
like particle (ALP) dark matter (left) and dark-photon (A′) dark matter (right), assuming that
the ALP/A′ constitutes all the dark matter. Colored regions show constraints from XENON10,
XENON100, and CDMSlite, as derived in this work, as well as the DAMIC results for A′ from [85].
Shaded bands around XENON10 and XENON100 limits show how the bound varies when changing
the modeling of the secondary ionization in xenon. Deep- and light-purple solid lines show projected
90% C.L. sensitivities for SuperCDMS SNOLAB HV using either Ge (20 kg-years) or Si (10 kg-
years) targets, respectively. Yellow, orange, and green solid lines show projected sensitivities for
hypothetical experiments with the scintillating targets CsI, NaI, and GaAs, assuming an exposure
of 10 kg-years. All projections assume a realistic background model discussed in the text, but zero
dark counts to achieve sensitivity to low-energy electron recoils. In-medium effects are included for
all A′ constraints and projections. Shaded gray regions show known constraints from anomalous
cooling of the Sun, red giant stars (RG), white dwarf stars (WD), and/or horizontal branch stars
(HB), which are independent of the ALP or A′ relic density. Also shown (left) are the combined
bounds from XENON100 [22], EDELWEISS [21], CDMS [20], and CoGeNT [19]; and (right) a
bound derived in [35] based on XENON100 data from 2014 [22]. Shaded orange region in left plot
is consistent with an ALP possibly explaining the white dwarf luminosity function.

– 12 –

Figure 1.10: Constraints (shaded regions) and projected sensitivities (solid colored lines) for dark
photon dark matter. The yellow, orange, and green solid lines show projected sensitivities for hypo-
thetical experiments with the scintillating targets CsI, NaI, and GaAs, assuming an exposure of 10
kg-years. Figure adapted from ref. [48].
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Figure 1.11: Projected sensitivities (blue lines) to dark-matter-electron scattering mediated by a
heavy mediator (left) or light mediator (right) of a GaAs target assuming for different exposures
(1g-month, 100g-month, 1 kg-year, 10 kg-year). We assume zero background events for events
with one or more photons, a radiative efficiency of 1, and a photon detection efficiency of 1. Ex-
isting constraints are shown in gray from SENSEI, DAMIC at SNOLAB, XENON10, XENON100,
XENON1T, DarkSide-50, and CDMS-HVeV [66–75]. Orange regions labelled “Key Milestone”
are from [76].

demonstrated with near-unity system detection efficiency in the NIR and ultra-low dark

count rates. The main challenge with SNSPDs in the context of instrumenting large-scale

scintillating targets is scaling the active area of SNSPDs to the cm2-regime while preserving

these detection metrics to the greatest extent possible.

As an alternative sensor, TES-based technologies are under development to instrument

n-type GaAs. TES are somewhat maturely developed for nuclear recoil DM experiments.

In large collaborations such as SuperCDMS [45], large-area cryogenic detectors, with a to-

tal area of 45cm2, utilizing TES-based athermal phonon sensors have achieved 4 eV energy

sensitivity [45]. Given that σE ∝
√

A, where A is the total instrumented area, resolutions of

600meV in 1cm2 detectors are feasible given the current state-of-the-art. Extending ather-

mal phonon sensors to lower mass electron recoil DM searches will entail design features

such as lowering the critical temperature (Tc) of the TES and optimizing sensor geometry
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to improve athermal phonon collection efficiency. This would enable further enhancements

in sensitivity and expand the instrumented active area per channel beyond 1cm2.

In GaAs, both phonons and NIR photons are produced after excitation. The TESSER-

ACT collaboration is developing both nuclear recoil and electron recoil experiments with

the approach of exploring multiple target materials and developing multiple detection strate-

gies. One of the developing ER experiments involves n-type GaAs instrumented with TES-

based athermal phonon sensors. The prototype design includes a 1 cm3 GaAs target in-

strumented with athermal phonon sensors on its surface, and inside an optical cavity with a

1 cm3 x 1 mm thick Ge crystal that serves as an infrared photon collector [77]. TES readout

offers the possibility to use the same detector to measure both scintillation and phonons in

coincidence which can give background discrimination capabilities. The main challenge to

TES readout for low energy threshold DM experiments is the low energy excess (LEE), the

observed increase in event rates or signals at low energy thresholds that are not accounted

for by known backgrounds or expected detector noise. Nearly all experiments instrumented

with phonon sensors with sufficiently low energy thresholds see a this steeply rising event

rate [78–81]. Efforts to understand the origin of [82] and mitigate the LEE are ongoing.
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Chapter 2: Superconducting Nanowire Single Photon Detectors

2.1 Introduction

Since their first demonstration by Golt’sman et al. in 2001 [83], superconducting nanowire

single photon detectors (SNSPDs) have emerged as detector for time correlated single pho-

ton counting from the UV to the near-infrared. Specialized devices have shown detection

efficiency of 98% at 1550 nm [84], timing jitter as low as 2.7 ps [85], intrinsic dark count

rates of 6×10−6 counts per second [86], and energy thresholds as low as 42.8 meV (wave-

length 29 µm) [87]. Many of these demonstrations have involved detectors that are opti-

mized for one performance metric at the expense of others. As a relatively new detector

technology, one of the challenges for SNSPDs is to realize devices that perform well across

multiple metrics. This continues to develop as our understanding of the fundamental device

physics and intrinsic trade-offs becomes more complete.

SNSPDs have made their way into a wide variety of applications, including quantum

optics [88], [89] quantum information science [90–95], imaging [96, 97] and free-space

laser communication [98]. Most of these demonstrations involve fiber-coupled light in-

cident on a small, circular active area. Driven by imaging [96] and astronomy[99] ap-

plications, the active areas of SNSPDs have grown steadily over the past several years

from the order of the cross section of a single-mode optical fiber core (10s of µm2) to ar-

rays with active areas in the mm2 regime [100]. Large-scale arrays up to kilopixel [101]

and now megapixel-scales [102] have been developed using row-column [103] or ther-
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mal row-column multiplexing techniques[104] that provide spatial resolution, and time-of-

flight readout bus multiplexing for large scale cameras [102].

Recent developments in nanofabrication, device characterization, and modeling of fun-

damental device physics have pushed forward the performance of SNSPDs in their his-

torical strengths as single photon detectors, revealing novel applications in fundamental

physics. The project described in this paper will focus on the development of SNSPDs

for dark matter searches using cryogenic scintillating targets. With sufficient research and

development of the technology, these SNSPDs have the ability to provide new capabilities

for low-mass dark matter searches and across many areas of High Energy Physics.

2.2 Device Operation Principles

SNSPDs are constructed from current-carrying nanoscale wires. Typical devices have

wire widths from 10s to 100s of nm and thicknesses of 2-10 nm. A common technique to

achieve high optical coupling efficiency and absorption is to meander the nanowire over the

active area with a high fill factor. SNSPDs are usually operated from 1–4 K depending on

the superconducting materials used (WSi, MoSi, NbTiN, NbN, etc.) with a DC bias current

applied through a bias tee. In parallel with the nanowire is the readout arm which consists

of a load impedance, usually the input to a readout amplifier. The readout portion can be

DC or AC coupled. A schematic of the photon detection mechanism in SNSPDs is shown

in figure 1. The detection cycle begins with the nanowire in the current-carrying supercon-

ducting state. When a photon is absorbed in the cross section of the nanowire, it triggers a

cascade of events that ultimately leads to a detection signal. Qualitatively, this cascade can

be understood as follows: absorption of a photon leads to the formation of electron-hole

pairs, which through a down-conversion process transfer their energy into a hot-spot of ex-

cited quasi-particles and high energy phonons. The evolution of this hot-spot leads to the

33



4

Figure 1.1: (a) Schematic of the SNSPD detection process. The device begins in
the current-carrying superconducting state (1) until a photon is absorbed (2) and
generates a hotspot of excited quasiparticles and high-energy phonons through a
process of downconversion shown in (b). The evolution of these quasiparticles
leads to the instability of the superconducting state, resulting in the formation of
vortices (vortex-antivortex pair generation if the hotspot is in the center of the
nanowire or vortex entry from the edge if the absorption is near the edge) as shown
in (c). As the vortices move due to the current flow (3), they dissipate energy,
leading to the formation of a normal domain across the entire cross-section of the
nanowire. Once formed, the normal domain grows along the length of the wire
due to Joule heating (4), increasing the impedance of the device. This change in
impedance diverts current from the nanowire to the readout circuitry, leading to
a voltage transient (center). Once current is diverted to the readout, the nanowire
cools, recovers to the superconducting state, and current returns to the device. (d)
A typical SNSPD is operated using a bias-tee with the DC port carrying the bias
current and the RF port coupled to a low-noise amplifier.

Figure 2.1: (a) Schematic depiction of the SNSPD photon detection mechanism reproduced
from [105]. The device begins in the current-carrying superconducting state (1) until a photon is
absorbed (2) which generates a hot-spot of excited quasi-particles and high-energy phonons through
a down-conversion process depicted in (b). The evolution of this hot-spot destabilizes the supercon-
ducting state and leads to the formation of vortices, which are depicted in (c). Current flow causes
the vortices to move (3), and they dissipate energy, causing the formation of a normal domain across
the entire cross-section of the nanowire. The normal domain propagates along the length of the wire
(4), which increases the impedance of the device. This change in impedance diverts current from
the nanowire to the readout circuitry, leading to a voltage transient (center). Once current is diverted
to the readout, the nanowire cools, recovers to the superconducting state, and current returns to the
device. (d) A typical SNSPD is operated using a bias-tee with the DC port carrying the bias current
and the RF port coupled to a low-noise amplifier.
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instability of the superconducting state, and vortices form. The dissipative vortex evolution

leads to the formation and growth of a normal domain which spreads along the length of

the nanowire, increasing the impedance of the device, until the nanowire transitions fully

into the normal state. At this time, the bias current gets diverted into the readout electron-

ics. The nanowire then cools and recovers to its superconducting state, and its impedance

decreases until the bias current returns fully to the device. In typical SNSPDs, the photon

absorption and hot-spot formation phase typically occurs on a picosecond timescale, and

the recovery phase timescale which is set by the kinetic inductance of the nanowire, is on

the order of nanoseconds[105].

Traditional SNSPDs are comprised of nanowires with widths O(100 nm) meandered

over the photoactive area and are fabricated using electron-beam lithography (EBL) to

achieve the required resolution and optimal performance. Recent advances in the prepara-

tion of thin superconducting films have enabled the fabrication of a novel class of single-

photon detectors with wire widths of several micrometers. Microwire devices offer many

advantages over traditional nanoscale devices for applications such as dark matter searches

where large active areas area required, as they are amenable to fabrication via optical lithog-

raphy - a more scalable fabrication process than electron beam lithography which is used

to fabricate traditional devices [106].

2.3 Detection Metrics

This section reviews some of the detection metrics of SNSPDs, following ref [107] and

the current state-of-the-art for each metric.
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2.3.1 Detection Efficiency

The system detection efficiency (SDE) is the probability of registering an electrical out-

put signal produced by a photon once the photon has entered into the the photon detection

system. The SDE can be thought of as being comprised of multiple components:

SDE = ηcoupling ·ηabsorb ·ηinternal ·ηtrigger, (2.1)

where ηcoupling is the efficiency of the delivery of light to the active area of the device,

ηabsorb is the probability that a photon incident on the detector’s active area gets absorbed

into the material, ηinternal is the probability that an absorbed photon results in an observable

output pulse, and ηtrigger is the efficiency of the readout electronics in registering the output

signal as a detection event.

While conceptually useful, it is often difficult to accurately measure each separate com-

ponent of SDE. Instead, it is conventionally measured by using the following relation:

SDE =
Rlight −Rdark

Rincident
, (2.2)

where Rlight is the recorded count rate when the device is under illumination, Rdark is the

count rate recorded when the device is not under illumination (background count rate), and

Rincident is the incident rate of photons delivered to the detector.

The current state-of-the-art result for the highest SDE is 98% for the TE polarization

(electric field parallel with the nanowire grating) at 1550 nm in a MoSi SNSPD developed

by the NIST group [84]. This was achieved using an optical stack with distributed Bragg

reflector (DBR) mirrors and a 50-µm diameter active area.
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2.3.2 Dark Count Rate

A dark count in a photodetector is defined as an output pulse that registers as a detection

event in the absence of an incident photon. The dark count rate (DCR) can be expressed as:

DCR = Rintrinsic +Rbackground +Relectronic. (2.3)

The intrinsic dark counts, Rintrinsic, in SNSPDs result from spontaneous resistive state

formation. At the temperatures at which SNSPDs operate (1–4 K), it has been shown that

the primary phenomenon underlying intrinsic dark counts is thermally activated vortex-

anti-vortex pair unbinding [108] or vortex entry and crossing from the nanowire’s edge.

This effect is exacerbated by geometric factors [109, 110], such as constrictions in the

nanowire width or sharp bends at the ends of meanders, where it is observed that dark

count rates increase [110]. In these regions, increased current density from current crowd-

ing [111–114] lowers the barrier for both vortex entry and vortex-anti-vortex unbinding.

Background counts, Rbackground, primarily result from spurious photons reaching the

detector’s active area, originating from black-body radiation outside or within the cryo-

stat. Spurious photons can also arise from Cherenkov radiation in materials surrounding

the detector or from transition radiation from charged particles passing through bound-

aries between media with different dielectric properties. The background count rate in a

given system, Rbackground, can be reduced through appropriate shielding around the detec-

tor, the implementation of light-tight packaging, the use of mid-IR absorbing paint on areas

surrounding the detector in the cryostat, and spectral filtering to attenuate the black-body

radiation reaching the detector. This is a particularly important consideration for rare-event

search applications such as dark matter detection.

The electronic noise component, Relectronic, arises from electronic noise which causes
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the readout electronics to register a detection click that did not originate from the detector

itself. This can be mitigated by using low-noise cryogenic amplifiers, or if the waveforms of

an SNSPD are measured on an oscilloscope, pulse shape discrimination between an actual

SNSPD output pulse and a detection event caused by electronic noise can be implemented.

The current record for the lowest DCR observed in an SNSPD was measured to be

6× 10−6 cps in a WSi SNSPD with an active area of 400 µmby 400 µm, measured at 300

mK [115].

Chapter 4 of this thesis details the study of the dark count rates in large-area microwire

arrays and efforts.

2.3.3 Timing Resolution

Because SNSPDs are used for time-correlated single-photon counting, timing resolu-

tion is an important detection metric. The timing resolution is typically characterized by

the instrument response function (IRF), which is measured by comparing the detector re-

sponse to a reference. Typically, the full width at half max (FWHM) of the IRF is taken

to be the timing jitter of the device. The measured IRF has contributions from intrinsic

and extrinsic IRFs. Extrinsic contributions from electrical and amplifier noise can broaden

the IRF [116, 117], and a lot of work has been done in the SNSPD community to engineer

low-noise cryogenic amplifiers and readout to minimize this. Intrinsic contributions include

contributions from the stochastic nature of energy down-conversion in the superconductor

after photon absorption and those from geometric jitter, geometric inhomogeneities, and

constrictions in the device. These dominate in large-scale meander arrays. Chapter 3

details these effects and presents jitter measurements in large-area microwire arrays.

Sub-3-ps jitter has been demonstrated in specialized 5-µm-long niobium nitride (NbN)

devices that were designed to minimize intrinsic (down-conversion) and geometric jit-
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Figure 2.2: The origin of longitudinal geometric jitter is shown in (a), where the microwave signals
associated with photon detection events along different segments of the nanowire have different
lengths to travel. This leads to different delay times relative to the photon arrival, shown in (b).

ter [85].

2.4 Design Tradeoffs for Large-area SNSPDs

2.4.1 Active Area vs Timing Performance

There is an intrinsic trade-off between the active area and timing performance in SNSPDs.

Increasing the active area of an individual pixel also increases the length of the nanowire,

which in turn increases the kinetic inductance. The recovery timescale in SNSPDs is gov-

erned by the relationship Tr =
Lk
RL

, where Lk is the kinetic inductance and RL is the load

resistance. Because of this direct proportionality, the recovery timescale (Tr) will be slower

in SNSPDs with longer wire lengths, which will also limit the maximum count rate achiev-

able by the detector. Additionally, longer nanowires have greater longitudinal geometric

jitter, which arises from propagation delays due to detection events at varying locations

along the nanowire’s length. The origin and effect of longitudinal geometric jitter on delay

times in the onset of the SNSPD detection pulse are shown in figure 2.2. This effect can be
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mitigated using differential readout, in which both ends of the nanowire are connected to

readout circuits. In this configuration, when a photon is absorbed at a particular position in

the nanowire, the counter-propagating positive and negative voltages pulses counter prop-

agate, and the arrival times of the signals at the two ends are which are slightly offset from

each-other can be analyzed such that the propagation delay effects are canceled out.

Larger SNSPD pixel areas have more bends and a greater probability of constrictions

occurring along the nanowire length. Constrictions have the effect of locally increasing

current density and causing suppressed Iswitch . This prevents operation at higher Ibias, at

which the jitter performance is better due to enhanced signal-to-noise ratio (SNR).

2.4.2 Array Size vs Readout Complexity

One way to alleviate the constraints described in the previous subsection, where larger

SNSPDs have the intrinsic trade-off of lower timing resolution, and a reduced maximum

count rate (slower recovery time), is to design an SNSPD array in which multiple pixels

operate in parallel. Direct readout of individual pixels increases thermal load in the cryostat

and readout complexity. Given this, the mm2-scale arrays studied in this work have been

designed in linear array formats. These arrays, with pixel counts of 4, 8, and 16, are feasible

for direct readout. The direct, single-ended readout scheme employed in this work has been

scaled to 64-pixel arrays [118]; however, in the pursuit of cm2-scale devices with thousands

of pixels, this approach isn’t scalable. Multiplexing techniques reduce the number of coax

lines required to bias and readout arrays.

2.5 Large-active area SNSPDs

In recent years, the active areas of SNSPDs have steadily increased from the scale of a

single-mode optical fiber diameter (∼100 µm2) to the mm2 regime [119]. As new applica-
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tions for SNSPDs that leverage these large active areas emerge, there is a growing interest in

exploring novel materials and device architectures. For applications in high energy physics

such as dark matter (DM) searches, it is necessary to realize SNSPDs with larger active

areas than the current state-of-the-art, by at least an order of magnitude. Scaling devices

beyond the mm2 regime remains an open question that presents many challenges in terms

of design, fabrication, and readout.

2.5.1 Materials

The question of which materials are best for large-active area SNSPD fabrication re-

mains an open topic in the community. For scaling to mm2 active areas and beyond with

large pixels sizes, it is an open question which approach to take as far as the material selec-

tion. The challenge is to yield a thin-film superconductor with high material homogeneity

over a large active area. WSi and MoSi are promising materials for large active-area de-

tectors since the films are amorphous and are, thus, expected to be very homogeneous over

large areas compared to polycrystalline superconductors such as NbN or NbTiN. Producing

a thin-film superconductor with a large area is generally easier with an amorphous mate-

rial than with a polycrystalline one. Amorphous superconductors lack the grain boundaries

present in polycrystalline materials, which can interrupt superconducting pathways and

create weak links between grains. This uniformity makes amorphous films less prone to

structural defects over large areas, which is beneficial for achieving consistent supercon-

ducting properties across the entire film. In polycrystalline films, grain boundaries intro-

duce stress and dislocations that are amplified over large areas. Amorphous films, being

structurally homogeneous, have fewer internal stresses and are more resilient over larger

areas. Additionally, amorphous films are easier to deposit over large areas because their

lack of well-defined crystal structure makes them less sensitive to the surface on which
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they’re deposited. This allows for more flexibility in deposition conditions and substrates,

making it simpler to produce large, uniform films without needing the precise conditions

required for well-formed crystal growth in polycrystalline films. The substrate versatility of

amorphous superconductors was shown with MoSi in reference, wherein MoSi deposited

on a passivated GaAs surface was observed to have the same critical temperature as MoSi

deposited on silicon, and the detection metrics of the devices fabricated from both of these

were very similar [120].

2.5.2 Device architecture

In traditional devices, nanowires are often patterned in a meander geometry to enhance

optical absorption. This design allows the nanowire to cover a larger area by folding back

and forth in a continuous, closely packed pattern, thereby increasing the likelihood that an

incoming photon will interact with the detector.

The fundamental unit enabling superconducting meanders is the hairpin bend, which

consists of a single 180° turn connecting two wire segments. However, one of the main

factors limiting the performance of meander-based SNSPDs is the current crowding ef-

fect, particularly in the bending regions [111, 112]. In SNSPDs, current crowding oc-

curs when the super-current density increases at sharp bends, corners, or discontinuities in

the nanowire. This localized increase in current density can surpass the superconductor’s

switching current, Iswitch, causing the SNSPD to transition to the normal state prematurely.

As a result, the performance of the detector is degraded.

Additionally, the higher current density in the bends lowers the energy barrier for vortex

entry, which is a primary cause of dark counts in SNSPDs. Thermally activated vortices

can lead to an increase in dark count rate, further degrading performance by decreasing the

signal-to-noise ratio [113]. The impact of current crowding becomes more pronounced in
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meanders with higher fill factors.

To mitigate these effects, several strategies can be employed. One approach is to use

bend thickening techniques, which help reduce the localized current density in the bending

regions [113, 114]. Additionally, the design of the bends can be optimized to minimize cur-

rent crowding and the associated enhancement of dark counts. Specifically, sharper bends

with smaller inner radii tend to degrade performance, while rounded bends with smoother

transitions are more effective [109, 111]. Another technique to improve current crowding

effects involves helium ion irradiation of the straight segments of the meander [121].

Nanowire vs Microwire Detectors

In 2020, single photon sensitivity in micrometer-wide superconducting wires was first

demonstrated in small microstrip devices [122]. Near-IR photons were detected in a device

made from a 3.3 nm-thick MoSi film with 2 µm-wide wires. This led to increased interest

in developing microwire devices with non-trivial active areas and an exploration of new

materials. Near-IR photon sensitivity in wires as wide as 4 µm and with active areas as large

as 1 mm2 have since been reported [123], with similar results seen in NbN devices[124].

2.6 SNSPDs for Dark Matter Detection and HEP Applications

SNSPDs are the single-photon detector of choice for quantum information science and

technology applications. However, their unique combination of high timing resolution, low

dark count rates, and a response over a broad range of wavelengths makes the technology

attractive for HEP applications. In particular, SNSPDs can be used in low-mass DM ex-

periments where the primary sensor requirements are (1) (vanishingly) low intrinsic dark

count rates, (2) a high photon detection efficiency and (3) low energy thresholds for infrared

single photon detection. For these metrics, SNSPDs are the highest performing detectors
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available in separate demonstrations. To mature the technology for DM detection, it is nec-

essary to combine these performance metrics into one device and understand the inherent

trade-offs. This is a central focus of the work contained within this thesis. Additionally, it

is important to investigate the fundamental limits of the aforementioned detection metrics

for SNSPDs.

There are now multiple pilot and proof-of-concept phase low mass dark matter detec-

tion experiments using SNSPDs in the detection scheme. The development of large-active

area SNSPDs to instrument n-type GaAs targets is one of the primary focuses of the work

contained in this thesis. Light A’ Multilayer Periodic Optical SNSPD Target (LAMPOST)

is a dark photon search targeting DM in the eV mass range, via coherent absorption in a

multilayer dielectric haloscope [115]. The layered dielectric target is designed to capture

the conversion of dark photons to regular photons which are then focused onto an SNSPD.

In this detection concept, the sensitivity is ultimately governed by the limits of the SNSPD

and in principle as the energy thresholds of SNSPDs are lowered, versions of this exper-

iment that probe lower mass dark photon DM can be implemented to constrain more of

the parameter space at lower masses. Of interest to this future direction are mid-infrared

SNSPDs whose current status and challenges are summarized in the next section.

The Broadband Reflector Experiment for Axion Detection (BREAD) experiment fea-

tures a cylindrical metal barrel to convert dark matter into photons and parabolic reflectors

to focus signal photons onto a photosensor [125, 126]. This science program contains two

pilot experiments. GIGABread is the RF pilot axion and dark photon experiment targeting

DM in the tens of GHz regime and focuses them onto a coaxial horn antenna. INFRABread

is the program’s pilot dark photon search at IR frequencies. The detectors developed and

characterized in this thesis are being deployed as the photo sensors for this pilot experiment.

More on the current status of this implementation is described in chapter 8.

In addition to their use in low mass DM searches, the mm2-scale arrays from this work
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are also large enough to be potentially interesting technology for broader HEP applications.

One of the 8 pixel 2 mm x 2mm SNSPD arrays of this work was deployed in the Fermi-

lab Test Beam Facility and exposed to various high energy particles [127]. The results

are described in Chapter 8 and are a promising step towards developing SNSPD sensors

optimized for high energy particle detection and identification for future accelerator-based

experiments.
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Chapter 3: Large Active Area SNSPD Design and Characterization

This chapter details the design and performance characterization of large active-area

SNSPDs. The primary application of these arrays is their hybridization with n-type GaAs,which

is described in chapter 5 and 6. The work presented here aims to optimize the performance

of SNSPDs and understand the limitations.

The SNSPDs used for measurements in this chapter were fabricated by Ekkehart Schmidt,

Sahil Patel, and Emanuel Knehr in the Microdevices Laboratory (MDL) clean room at JPL.

All measurement setups described in this chapter were constructed as a part of this thesis re-

search, and all of the described measurements were performed and analyzed independently

as a part of this thesis research.

3.1 Background

The context of the large active area arrays studied in this chapter can be understood

in thinking about scaling the dark matter detection concept using n-type GaAs targets.

Referring back to figure 1.11 where the projected sensitivities of GaAs to DM-electron

scattering were plotted, we consider the requirements for instrumenting the quoted target

masses of 1 g , 1 kg , and 10 kg with SNSPD sensors. It is as assumed that the GaAs

material is homogeneous and the SNSPDs are evenly distributed across the target area.

For a 1 g target mass of GaAs with a thickness of 0.5 cm and an SNSPD pixel size

of 1 mm2, approximately 38 SNSPD pixels would be required to instrument the target,
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resulting in a total active area of about 1 cm2. For a larger 1 kg target mass, the GaAs

thickness is increased to 10 cm, and the SNSPD module is defined, where each SNSPD

module has a size of 1 cm2 with 100 pixels per module. This configuration would require

roughly 1,900 pixels to fully cover the target, resulting in an active area of about 10 cm2.

Finally, for the largest quoted target mass of 10 kg with the same GaAs thickness of 10 cm,

the SNSPD module size is further increased to 2 cm2, with 100 pixels per module. This

results in the need for around 4,700 pixels to cover the target, which equates to a total active

area of about 100 cm2.

These calculations are based on the assumption that the GaAs material is homogeneous

and that the SNSPDs are evenly distributed across the target area. Additionally, the pixel

sizes are fixed at 1 mm², 1 cm2, and 2 cm2 for each of the respective module sizes, ensuring

that the required photon detection capacity is met as the target mass increases. The scaling

of the SNSPD array and active area is directly related to the target mass and the geometry

of the GaAs material, which are both crucial for optimizing the performance of the detector

system.

With this scaling in mind, one of the key challenges is efficiently fabricating a large

number of pixels. Optical lithography is a promising solution for this issue, as it allows

for the efficient patterning of the large pixel arrays. Over the past few years, the yield of

photolithography-fabricated devices has significantly improved, making it a feasible option

for producing high-performance SNSPDs at larger scales.

Another challenge lies in the scalable readout of these many pixels. With an increase

in the number of pixels, the complexity of the readout system also grows, which increases

the heat load, and the complexity of cryo-coolers required for operation. To address this,

multiplexing techniques can be employed to reduce the number of coaxial lines required

for biasing and reading out the array. The discussion of multiplexing techniques is left to

the conclusion chapter, as their potential applications for next-generation microwire arrays
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will be explored in future work.

In general, scintillation light is emitted when atoms and molecules are excited by radia-

tion, such as gamma or particle radiation. These transitions are inherently isotropic because

they depend on the intrinsic properties of the energy states rather than external directional

factors. Given the isotropic nature and random polarization of scintillation light, efficient

collection requires a sensor with the following properties:

1. Large active area

2. High system detection efficiency over the range of scintillation wavelengths

3. High system detection efficiency over a broad range of incident angles

4. Polarization insensitivity

To meet the requirement for a large active area, linear arrays with micron-scale wire

widths were chosen as the device architecture. This design facilitated the realization of

mm2-scale SNSPDs while ensuring scalability to cm2-scale devices and beyond. SNSPDs

with micron-scale wire widths have the advantage that it is easier to cover larger active

areas, and the larger feature sizes and are more compatible with optical lithography pro-

cesses for scalable fabrication. In contrast, traditional SNSPDs comprised of nanowires

with widths nm-scale widths meandered over the photoactive area are fabricated using

electron-beam lithography (EBL) to achieve the required resolution and optimal perfor-

mance.

To date, SNSPD development has primarily focused on applications involving fiber-

coupled light that is normally incident. Challenges and approaches to improving sys-

tem detection efficiency across a broad range of incident angles using optical stacks with

DBR back-reflectors are discussed in Chapter 7. Polarization-insensitive designs have been
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Table 3.1: Properties of the films used for detector nanofabrication
Name Substrate Film Stoichiometry (W:Si) Thickness Sheet Resistance ρ300 TC Fabrication
Film1 Si WSi 52:48 ±10 % 2.2 nm 1000 Ω 220 µΩcm 2.6 K e-beam lithography
Film2 SiO2 WSi 70:30 ±1 % 5.1 nm 570 Ω 177 µΩcm 3.25 K e-beam lithography
Film3 SiO2 WSi 42:58 ±1 % 4.7 nm 750 Ω 320 µΩcm 1.9 K e-beam lithography
Film4 SiO2 MoSi unknown 2 nm 1180 Ω 236 µΩcm 3.4 K photolithography

demonstrated for normally incident, fiber-coupled light [128] and can be adapted for sce-

narios involving a broader range of incident angles. Additionally, as discussed in Chapter 7,

optical stacks optimized for polarization-averaged light can be designed.

3.2 Generation 1 Microwire Arrays

The first generation of microwire arrays fabricated at JPL are described in ref. [119].

This work investigated 8-pixel SNSPD arrays made from amorphous superconducting thin

films including WSi of 3 different stoichiometries and MoSi using both electron beam and

photolithography.

3.2.1 Detector Design

The 8-pixel SNSPD array features meander geometry, 1 µm-wide wires, 25% fill factor,

and a total active area of 1 mm2 was fabricated from each material for comparison. Optical

and SEM images of the SNSPD active areas are shown in figure 3.1.

3.2.2 Materials

The films studied and fabricated into devices are summarized in table 3.1.

Film 1 was co-sputtered from tungsten and silicon targets using the procedures outlined

in Ref. [123]. Films 2, 3 and 4 were deposited onto an oxidized Si(100) substrate with a

240 nm-thick thermal oxide. Film 2 was sputtered from a W50Si50 target in an Ar atmo-

sphere at a pressure of 5 mTorr and a sputter power of 130 W. Film 3 was sputtered from a
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Figure 3.1: (a) A photograph of a mm2 array in detector packaging (b) Optical image of the detector
chip, (c) scanning electron micrograph of the meander, and (d) SEM showing zoomed in view of a
micron-wide wire made with photolithography.

W30Si70 target in an Ar atmosphere at a pressure of 5 mTorr and a sputter power of 130 W.

Film 4 was made by co-sputtering process from Mo and Si targets in an argon atmosphere

at a pressure of 2.5 mTorr. The Mo target was DC biased with a current of 130 mA, while

73 W of RF power was applied to the Si target.

3.2.3 Detector Characterization

Cryogenic set-up and Readout

All SNSPDs and composite n-type GaAs / SNSPD systems were characterized using

a temperature-controlled 880 mK stage of a He4 sorption fridge. Each of the arrays was

individually biased and measured using a DC coupled cryogenic amplifier designed to be

compatible with the 1 µs recovery time of the WSi arrays. A schematic of the readout is

shown in figure 3.2.
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(10 kΩ)

Figure 3.2: Readout scheme featuring DC-coupled cryogenic amplifiers at 40K stage.

Optical Characterization

The Photon count rate (PCR) versus bias current (IB) was measured at 1064 nm for

all devices. A plateau in the PCR curve indicates saturated internal detection efficiency

(IDE) , meaning that all photons absorbed in the nanowire lead to a detection event. It is

desirable for this plateau to be as long as possible in a device for the target wavelength so

that IB can be chosen in a regime with low background counts (maximizing SNR) and so

that fluctuations in IB don’t lead to a fluctuation in the IDE. As shown in figure 3.3, all

devices fabricated yielded functional detectors, with the longest plateaus seen for films 1

and 3. This result shows that SNSPDs can be made using photolithography as a scalable

(towards cm2-scale active area) fabrication technique. The film 3 array had the best yield,

and a device from that wafer was selected for further characterization and integration into

scintillation measurements described in chapter 5. Shown in figure 3.4, the photo-response

at 1064 nm and dark count rate of the film 3 array was characterized across all pixels.

Single photon detection is seen in all pixels of the array, and saturated internal detection

51



10 15 20 25 30 35 40
Bias current ( A)

0

0.2

0.4

0.6

0.8

1
N

or
m

al
iz

ed
 p

ho
to

n 
co

un
t r

at
e

Film 1 PCR
Film 2 PCR
Film 3 PCR
Film 4 PCR

Figure 3.3: Photon count rate (PCR) versus bias current (IB), normalized on the saturation plateau.
The characterization wavelength is 1064 nm.

efficiency in 6/8 pixels. The long plateaus seen in the photon count rate curves in figure

8 for pixels 1–2, 4, and 6–8 are desirable for device operation, as the photon count rate is

stable to drifts in current or temperature. Long plateaus also allow the device to be operated

at a bias current with low dark counts to optimize SNR.

The bottom plot of figure 3.4 shows the photoresponse at 1064 nm of a single pixel of

the array along with the dark count rate shown in light blue measured with a lid to block

background photons. The dark count rate with this lid is about 10−2 cps at bias currents

optimal for operation that are well within the plateau in the PCR curve. In figure 3.5, (a)

shows the mm2 array mounted at the 1K stage of the sorption in the packaging that was used

for all measurements in this section, (b) is the lid used for dark count rate measurements,

and (c) is the lid used for measurements where optical access was needed (PCR curves,

jitter, and efficiency measurements).
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Figure 3.4: (Left) Photon count rate for each pixel of the SNSPD array as a function of bias current.
All pixels exhibit single photon sensitivity and all pixels except 3 and 5 have long plateaus. (Right)
Normalized photon count rate from pixel 1 of the array with dark count care. The shaded gray area
shows the optical operation regime, with the photon count rate on the plateau, and a low dark count
rate.
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(a) (b)

(c)

Figure 3.5: (a) a packaged film 3 array mounted onto the 1K stage of the open sorption fridge. (b)
shows the lids for dark count measurements and (c) is the lid with optical access with a threaded
hole to mount filter stacks.
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Efficiency Measurements

The system detection efficiency of an array (SDEa) is defined as the fraction of photons

incident on the detector that are counted by the readout electronics as detection events.

The relationship between this and the individual pixel system detection efficiency (SDEp is

SDEa = ΣSDEp).

The efficiency of the Film 3 device was characterized using the biasing and readout

scheme depicted in figure 3.2 according to a procedure similar to those of references

[128, 129]. The efficiency measurement setup is shown in figure 3.6. 1064 nm photons

from a mode-locked fiber laser were sent into a fiber beam splitter. A power meter (PM 1)

was connected to one output of a 90:10 fiber beam splitter (BS) to monitor power fluctu-

ations in the laser. Light from the signal output of the beam-splitter was collimated and

directed through three attenuator wheels consisting of various neutral density (ND) filters,

and then coupled into a single fiber patch cable via a collimator. The attenuation factor

corresponding to each ND filter was measured at λ = 1064 nm using a calibrated power

meter (PM 2). Linearity was verified with combinations of different ND filters at high

power measured by PM 2. These calibrations are shown in appendix c.

After calibration, the light was attenuated down to the single-photon level and a known

quantity of 1064 nm photons was delivered into the cryostat to illuminate the SNSPD. The

transmission of this SMF-28 fiber at 1064 nm was also calibrated. On the lid of the SNSPD,

the collimated beam passes through an aspheric lens with a nominal focal length of 15 mm.

Losses through these optics were calibrated, and the lens was placed out of focus to increase

the spot size illuminating the detector, to approximately 500 µm. The logic behind this

selection of spot size is outlined as follows:

A Gaussian beam has an intensity profile given by

55



BS 
50/50

Laser
1064 nm

BS
A1 A2 A3

Free space

PWM 1

X
FC

X

PWM 2

FC

Counter
Cryostat

SMSPD

Free space beam

Optical fiber

FC: Fiber coupler

PWM: Power meter

BC: Beam splitter

Ax: Attenuator wheel

PM 1

PM 2

PM: Power meter

Figure 3.6: Efficiency measurement setup used to calibrate a source down to single-photon level
output powers.

I(r) = I0 exp
(
−2

r2

w2
0

)
(3.1)

where w0 is the beam waist (the radius at which the intensity drops to 1/e2 of its maximum

value I0). The area containing 100% of the power for a Gaussian beam is given by

A = πD2 (3.2)

where D is the beam diameter. We want to find the beam diameters such that the area A

is between 0.7 mm2 and 0.9 mm2. This gives us the inequalities

0.7mm2 ≤ πD2 ≤ 0.9mm2. (3.3)

By isolating D2, This can be expressed as

0.7mm2

π
≤ D2 ≤ 0.9mm2

π
. (3.4)

Taking the square root of each part provides the beam diameters:
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√
0.7mm2

π
≤ D ≤

√
0.9mm2

π
. (3.5)

Now, calculating the specific values defines the optimal range

Dmin =

√
0.7
π

and Dmax =

√
0.9
π

. (3.6)

Dmin ≈
√

0.7
3.14159

≈ 471.4µm

and

Dmax ≈
√

0.9
3.14159

≈ 537.1µm.

Thus, the beam diameters ensuring that 100% of the power is contained within the area

range of 0.7 mm2 to 0.9 mm2 are approximately between 471.4 µm and 537.1 µm, and

500 µm is a convenient target within the range.

As shown in figure 3.7, the SDE reaches 4.2%. The uncertainty of the power meters was

estimated by calculating the standard error of the mean of 10 consecutive measurements on

4 different power meter heads. This was determined to be ∼ 10%. The total SDE error is

therefore ±0.5%.

Tc Measurement

A resistance versus temperature measurement was performed on a Film 3 device, shown

in figure 3.8. The Tc is defined as the inflection point, extracted by calculating the derivative

of the curve, as illustrated. This is a robust method of defining the Tc, even with a narrow

range of data. A Tc of 1.82 K was extracted from this measurement.
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Figure 3.7: Left axis, black data: SDEa vs. Ibias for the Film 3 device. Error bars of ±0.5% are not
shown. Right axis, red data: system dark count rate vs. Ibias at 0.8 K.
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Figure 3.8: The resistance versus temperature curve for Film 3. The Tc at the inflection point of the
curve is shown graphically at 1.82 K.
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Timing Resolution Characterization

The timing resolution of single-photon detectors is an important detection metric, as

it determines the precision with which a device can measure the arrival time of photons.

Optimizing timing resolution is important for achieving the best performance in a given

application. Among various types of single-photon detectors, SNSPDs offer exception-

ally high timing resolution, surpassing that of most other detectors. Low jitter is essential

applications in quantum information, classical and quantum optical communication, laser

ranging, and measurement of short-lived signals such as fluorescence in biomedical imag-

ing and ultra-fast transients in astronomy.

Fundamentally, the single-photon detection process in SNSPDs is not instantaneous

and there is a finite period of time between the photon absorption event and the event reg-

istration in the readout electronics. This is referred to as detection latency. In addition, the

latency will have some statistical variation across many events. Ultimately, this determines

the timing resolution of an SNSPD. Because the absolute detection latency is not directly

accessible experimentally, the standard method of characterizing the timing resolution of

an SNSPD is to measure the instrument response function (IRF) which is measured by

comparing the detector response to a reference. The width of this (usually the FWHM or

similar metric) is referred to as the timing jitter.

Sources of jitter were once dominated by contributions from electrical and amplifier

noise [117, 130]. There have been significant efforts in the community to reduce this

through the development of low-noise cryogenic amplifiers [131]. Geometric contribu-

tions to jitter include longitudinal geometric jitter, which arises from the finite propagation

speed of microwave signals along the length of the nanowire and transverse geometric jit-

ter, which arises from the difference response times from various absorption sites along the

width of the nanowire. Contributions from transverse geometric jitter (jitter from different
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photon absorption sites along the width of the wire) are expected to be more pronounced in

microwires than nanowires. In large active area devices, the largest contribution is the lon-

gitudinal geometric jitter which can be mitigated by using a double-ended readout scheme

with a low noise cryogenic amplifier on each end and an impedance-matching taper to

avoid reflections near the nanowire ends [132].

Large area detector elements also prone to inhomogeneity-induced jitter. Longer wires

are more prone to geometric inhomogeneities along the nanowire (microwire) [133]. In-

homogeneities influence the electro-thermal evolution of the nanowire (microwire) during

the detection process and create different local environments for hot-spots generated at

different locations [134].

Given that the microwire arrays studied in this thesis are meander geometry with large

active area (long microwire length), and made from thin film high kinetic inductance ma-

terials, the timing jitter is expected to be large compared to smaller devices made for fiber-

coupled light detection, or detectors optimized for low timing jitter. This can be seen as an

intrinsic trade-off of large SNSPDs.

In the target applications of microwire arrays in high energy physics and dark matter de-

tection, the jitter requirements are not as stringent as those in the quantum information and

quantum communication spaces. In low-mass dark matter detection experiments, the pri-

mary goal is to identify rare interactions between dark matter particles and ordinary matter,

typically through low-energy recoils in a detector material. Unlike quantum information

science applications, where ultra-high timing resolution is crucial, dark matter experiments

do not necessarily require such precision for several reasons. First, low-mass dark matter

interactions are expected to be extremely rare, necessitating long observation times to ac-

cumulate sufficient events for statistical significance. In this context, the maximum count

rate can be relatively low and the timing resolution can be relatively coarse, as the events

may be spaced out over longer timescales, allowing for effective signal discrimination from
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Figure 3.9: Jitter measurement setup using a 1064 nm mode-locked laser as a reference. The laser
reference is split via a fiber beam splitter (BS) , where one port is diverted to a fast photodiode
(PD) , and the other port is diverted to a variable optical attenuator (VOA) for illumination at the
single-photon level of the SNSPD. The PD reference pulse and SNSPD output are connected to the
Becker & Hickl TCSPC card.

noise. Additionally, the scintillation timescales of n-type GaAs are on the order of many

microseconds [64]. Given this, the relatively high jitter expected from the mm2 arrays will

still be suitable for the application.

The timing jitter of the Film 3 array at λ = 1064 nm was characterized by measuring

the IRF of the device with respect to a pulsed 1064 nm mode-locked laser. The output of

the 1064 nm mode locked laser with 50 MHz repetition rate was attenuated to the single

photon level by a fiber variable optical attenuator (VOA). Timing reference pulses were

generated by a fast photodiode and sent to the “Stop” port of a commercial time-correlated

single-photon counting (TCSPC) module (Becker-Hickl, SPC-150). The amplified voltage

output pulses of the SNSPD were sent to the ”Start” port of the SPC-150, which then builds

a statistical distribution of the intervals between the “Start” and the “Stop” signals. This

setup is depicted in figure 3.9.

The detector and illumination setup is shown in figure 3.10. A 1326 nm short pass filter
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was implemented to reduce loading of background photons on the detector. An optical fiber

was used to couple light via flood illumination onto the detector’s active area.

The IRF (jitter histogram) of one pixel of the Film 3 array is shown in Figure 3.11 for

bias currents of 10.4 µA, 11.4 µA, and 12.4 µA. Jitter is typically defined as the FWHM

of the IRF and was measured, but as can be seen in Figure 3.11, the jitter is non-Gaussian

and thus the observed trend with increasing bias current of operation isn’t captured by the

FWHM metric.

The observed FW1/10 max and FWHM for Ibias of 10.4 µA are 1.01 ns and 829.1 ps,

1.25 ns and 845.91 ps for Ibias of 11.4 µA, and 1.38 ns and 803.15 ps for Ibias of 12.4 µA.

These widths are dominated by longitudinal geometric jitter. In a single-ended readout

scheme, the differences in pulse propagation time from different absorption sites along the

length of the nanowire contribute to the IRF. Figure 3.12 depicts this effect schematically.

The jitter histogram width is larger at lower bias currents. This feature is well-understood

in terms of the intrinsic detection mechanism and SNR effects. In general, the amplitude

of the detection response is proportional to the absolute bias current delivered to the de-

vice. When the jitter at different bias currents is measured with the same amplifier for each

measurement, the same amplifier noise is present for each measurement. For higher bias

currents, a higher output pulse amplitude results in a higher slope of the rising edge of the

response pulse, and the amplitude noise from the amplifier leads to less temporal variation

in crossing over a fixed threshold. This will result in less jitter [135]

3.3 Generation 2 Microwire Arrays

The second generation of the large-area microwire arrays features improvements in the

photolithography process development, an increase in fill factor, overall active area, and

individual pixel size. The film was sputtered using a compound 50:50 WSi target and
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Figure 3.10: (a) shows an illustration of the flood illumination setup used for jitter measurements,
where a single-mode fiber is incident on the SNSPD active area with a 1326 nm short pass filter to
attenuate stay light from reaching the detector active area. (b) shows a photograph of the optical
assembly mounted over the SNSPD packaging in the cryostat.

63
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Figure 3.11: Jitter histogram for one channel of the Film 3 array at λ = 1064nm, measured at
Ibias = 10.4µA, Ibias = 11.4µA, and Ibias = 12.4µA. The FWHM for Ibias = 10.4µA, Ibias = 11.4µA,
and Ibias = 12.4µA are 829.109 ps, 845.901 ps, and 803.15 ps respectively. The FW1/10M for the
aforementioned Ibias are 1.01 ns, 1.25 ns, and 1.38 ns.
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Figure 3.12: The origin of longitudinal geometric jitter is shown in (a), where the microwave signals
associated with photon detection events along different segments of the nanowire have different
lengths to travel. This leads to different delay times relative to the photon arrival, shown in (b).

deposited onto an oxidized silicon substrate with a 240 nm-thick oxide. The microwires

have a width of 1.5 µm and were patterned on a 2.3 nm thick film using photolithography

with the deep-UV stepper. After etching, the microwires were passivated with 40 nm of

amorphous Si. Devices include 4-pixel, 8-pixel, and 16-pixel arrays with active areas of 1

mm2, 4mm2, and 16mm2, respectively.

3.3.1 Detector Design

The second generation microwire arrays have a 1.6x increase in fill factor compared

to the generation 1 microwire arrays (0.4 vs 0.25). SEM images of generation 1 and 2

microwire arrays are shown in figure 3.14. The bends are tapered out the outer radii in the

generation 2 arrays to improve the lithography, as earlier attempts showed narrowing at the

onset of the bends.

The perimeter of the SNSPD chip also has 5 µm- tall standoffs made from SU-8, a
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Figure 3.13: Full optical microscope image of the 4 mm x 4 mm generation 2 microwire array.
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Figure 3.14: SEM images of a portion of the generation 1 microwire array (left) with a fill factor
of 0.25 and 1 um wide wires and the generation 2 microwire (right) with a fill factor of 0.4 and
1.5 micron wide wires. The bends are widened in the generation 2 microwire design to improve
photolithography.

high contrast, epoxy-based photo-resist, for mounting GaAs samples to the detector at a

fixed distance for scintillation measurements. Figure 3.15 shows these in a zoomed-in

microscope image. They can also be seen around the chip perimeter in the full micrograph

of the 4 mm x 4 mm array shown in figure 3.13.

3.3.2 Tc Measurement

To measure Tc of the generation 2 microwire array, a resistance versus temperature

measurement was performed, again taking Tc as the maximum in the inflection point of the

derivative of resistance with respect to temperature. A Tc of 2.49 K was measured, shown in

figure 3.16. There are advantages to a higher Tc compared to the generation 1 arrays (1.82

K). When operating a device, it is optimal to reach high fractions of the intrinsic depairing

current [136], and it has been shown that the maximum achievable fraction of the depairing

current (referred to as the constriction factor) is achieved when the operation temperature
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Figure 3.15: Optical microscope image of SU-8 standoffs on the corners of the SNSPD chip.

is < 0.3Tc [136, 137]. Thus, for a fixed operating temperature of 800 mK, the optimal Tc is

expected to be 2.4 K.

3.3.3 Optical Characterization

The response to UV, visible, and NIR single photons were measured in PCR curves.

The various sources used for characterization are listed in table 3.2.

Wavelength Laser
373 nm Picoquant pulsed diode laser
660 nm Newport Digital Modulated Laser Diode
1064 nm Calmar Mendochino series mode locked laser
1310 nm Diode laser

Table 3.2: Wavelength and Laser Specifications

These wavelengths were chosen to span the full width of scintillation light emitted

from n-type GaAs. In addition to this, the response to higher energy photons (visible and

UV) was measured for diagnostic purposes to assess the yield and quality of the array.

Figure 3.17 shows the normalized PCR curves from a representative pixel of the array.

Saturated internal detection efficiency is reached for all wavelengths measured. The plateau

length is shorter for the longest wavelength measured (1310 nm), but the results indicate
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Tc = 2.49K

Figure 3.16: Resistance versus temperature measurement for one pixel of the 2mm x 2mm 8 pixel
generation 2 microwire array showing a Tc of 2.49 K.
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Figure 3.17: PCR curve for an 8 pixel generation 2 microwire array measured from UV to NIR
wavelengths to characterize the dynamic range of the device. Saturated internal detection efficiency
is reached for PCR curves out to 1310 nm, which is the longest emission wavelength of n-type
GaAs.

that a bias current can be chosen such that the detector will be sensitive to even the longest

wavelengths of emitted scintillation light from n-type GaAs.

3.3.4 Timing Resolution Characterization

The jitter in the generation 2 microwire array is expected to be higher than that of the

generation 1 array measured for multiple reasons. The primary reason is that the microwire

length is a more than a factor of 4 larger in the generation 2 array design, so longitudinal

geometric contributions to jitter will scale accordingly. With a larger microwire width, there

will also be some broadening from transverse geometric jitter, which arises from different

photon absorption location along with width of the nanowire.

Previous work in the field has shown that longitudinal geometric jitter can be mitigated

by using differential readout, where the positive and negative voltage pulses are read out
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Figure 3.18: Illustration of double-ended readout of an SNSPD, where the positive and negative
outgoing voltage pulses Vpos and Vnegare read out using two independent amplifier channels.

from each end of a nanowire [132] are collected. The pulses are subsequently processed

and the differential signal has the geometric contribution to the jitter compensated for. This

process relies on the transmission line behavior of a nanowire which is improved through

ground plane coupling from the metal mirrors used as back-reflectors in optical stacks.

Impedance-matching taper interfacing the nanowire to the readout line are also typically

incorporated into devices intended for geometric jitter cancellation. These haven’t been

demonstrated for mm2-scale arrays. Additionally, in the case of the large microwire arrays

in this work which lack a metallic back-reflector and this are expected to exhibit more

limited transmission line behavior , the extent to which the longitudinal geometric jitter

can be canceled hasn’t been measured.

To investigate this, the jitter of the 2mm x 2mm active area 8-pixel array was character-

ized using double-ended readout, which is illustrated in figure 3.18.

Here, signals from both ends are read out independently with two independent readout
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channels of the DC-coupled cryogenic amplifiers that are a part of the measurement infras-

tructure of the cryostat used for measurements in this thesis (as opposed to a differential

amplifier). The biasing scheme is shown in figure 3.19. The ends of a pixel were each

wire bonded to separate signal pins, which were directed into different channel of the DC

coupled cryoamps. When a detection event occurs along the microwire, both a positive

and negative pulse will co-propagate into the readout electronics, and if both of these are

timestamped, it can be inferred where on the microwire length the photon was detected and

the effects from the propagation along the microwire to the readout can be canceled fully

or partially. The goal of this measurement is to cancel out some or all of the effects from

longitudinal geometric jitter.

In the DC-coupled cryogenic amplifier used in these experiments, there is an asymmetry

between the negative and positive pulses which can be seen in figure 3.20 in the middle

and bottom panels, where there is less SNR in the positive pulse than the negative output

pulse. Given this asymmetry, it is unclear a priori which combination of thresholds will

be the most amenable to the cancellation. Thus, to avoid having to pick sets of thresholds

for a time-tagger, an oscilloscope was operated in segmented mode so that all waveforms

could be recorded and different combinations of an arbitrary number of thresholds could

be selected in post-processing to see which one is optimal.

To post-process the waveforms, a python script to process hdf5 output files was written

to look for the crossing of a specified voltage threshold and via linear interpolation find the

time of crossing for the positive and negative output pulses as well as the laser pulse signal

from the fast photodiode. Arrays of the positive and negative pulse time-tags with respect

to the sync as the reference were then constructed. This was done for a range of voltage

thresholds. Waveforms from the photodiode and the negative and positive output pulses of

the SNSPD are shown in figure 3.20

Now, with the positive voltage pulse arrival time τ+ and the negative voltage pulse
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Figure 3.19: Double ended biasing and readout scheme employed for jitter measurements. Both
ends of the SNSPD were connected to separate DC-coupled cryogenic amplifier channels where
they receive Ibias+ and Ibias−, respectively, and during the detection cycle, the negative and positive
outgoing SNSPD pulses can both be directed into the readout electronics.
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Figure 3.20: Waveforms for (top panel) fast photodiode reference pulses (middle) positive SNSPD
output pulses, and (bottom) negative SNSPD output pulses.
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arrival time τ− both referenced to the sync pulses, the geometric jitter can be taken to be

Jittergeom = (τ+− τ−)/2, (3.7)

and the system jitter with the geometric contributions subtracted is the average of the jitter

from the negative and positive pulses

Jittersub = (τ++ τ−)/2. (3.8)

Figure 3.21 shows the jitter histograms for the negative and positive SNSPD pulses

as well as the geometric subtracted jitter. The geometric subtracted jitter is narrower in

FWHM and FW1/10M than the negative and positive SNSPD pulses histograms, which can

be taken to be the single-ended jitter. The FWHM of the positive, negative, and geometric

subtracted jitter histograms are 1.01, 0.91, and 0.79 ns, respectively, and the FW1/10M is

2.19, 1.99, and 1.60 ns, respectively.

The geometric jitter can be partially canceled with the detector in the current configu-

ration to achieve sub-nanosecond timing resolution. This meets the jitter requirements to

resolve the expected microsecond-scale scintillation timescales of n-type GaAs.
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Figure 3.21: Top: IRFs of positive (blue) and negative (orange) SNSPD pulses with respect to
the reference laser pulses, along with the average that gives the geometric subtracted jitter (green).
The FWHM of the positive, negative, and geometric subtracted IRFs are 1.01, 0.91, and 0.79 ns,
respectively, while the FW1/10 max values are 2.19, 1.99, and 1.60 ns. The bottom plot shows the
geometric subtracted jitter histogram and the generation 2 microwire array jitter, both centered at a
time difference of 0 ns for clarity.
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Chapter 4: Backgrounds in Microwire Arrays

Each type of superconducting device has its own susceptibility to backgrounds that

lead to spurious counts and lower the SNR. SNSPDs having single-photon sensitivity over

a broad range of wavelengths for any given detector architecture means that stray photons

coupling into the cryostat through windows or fibers have the potential to cause detection

events. These can be mitigated by the implementation of spectral filtering to reduce inci-

dent blackbody photons on the detector system. In devices with free-space coupling with

high-efficiency operation in the NIR, sub-0.1 Hz dark count rate have been demonstrated

using optical filtering and external Peltier coolers for the fiber connectors usually sitting at

room temperature [138]. The susceptibility of SNSPDs with large active areas to various

backgrounds and intrinsic dark counts has not been systematically studied. This chapter

details the study of the background and intrinsic dark counts of mm2-scale SNSPDs as a

function of pixel active area and temperature.

The SNSPDs studied in this chapter were fabricated by Ekkehart Schmidt, Sahil Pa-

tel, and Emanuel Knehr in the Microdevices Laboratory (MDL) clean room at JPL. The

measurements described in Sections 4.1, 4.2, and 4.3 were independently performed and

analyzed as part of this thesis research. The temperature dependent measurements de-

scribed in Section 4.4 were conducted by Christina Wang at Fermilab on detectors that

were pre-screened and characterized at 800 mK as part of this thesis research.
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Figure 4.1: A typical filter stack for NIR illumination of a microwire array. Filters include a 1326 nm
short pass filter (Semrock) and an OD 2 reflective NIR neutral density filter (Thorlabs NDUV20B).
The ND filter is in an angled mount to prevent on-axis back scattering.

4.1 Extrinsic Background Mitigation

4.1.1 Filtering

The first thing to do is implement filtering to reduce background counts which decrease

SNR and load the detector. Figure 4.1 shows a typical filter stack used with SMSPDs

targeting NIR operation at GaAs scintillation wavelengths (850nm - 1300nm).

Dark Packaging

A dark packaging was designed to further mitigate background photons from accessing

the detector active area. The first feature of this is a printed circuit board (PCB) mounted ex-

ternally to the enclosed detector. Materials in PCBs can emit background photons through
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mechanisms such as radioactivity and Cherenkov radiation, potentially interfering with

sensitive detection systems. Materials like FR-4, commonly used in printed circuit boards

(PCBs), may contain trace amounts of naturally occurring radioactive isotopes, including

uranium, thorium, or potassium-40, which can decay and emit gamma rays, contribut-

ing to background photon levels. Cherenkov radiation can also be a concern in PCB di-

electrics and insulators, where high-energy charged particles, such as those from cosmic

rays or beta decay, pass through the material at speeds greater than the speed of light in

that medium, producing photons in the visible or ultraviolet range. The design utilized in-

terlocking grooves with small channels to enable air to be pumped out during cool-down.

Glass-sealed hermetic pins were used to interface the detector housed on the interior of the

packaging to the external PCB. The pins were sealed with Stycast 1285 epoxy to prevent

stray light from leaking through. and then the device was wire-bonded directly to the pins.

On the inside of the packaging, the SNSPD chip is mounted and bond pads are connected

to pins through wire bonds. Two lids were designed for use in this packaging - one fully

sealed for intrinsic dark count measurements and a version an aperture where 1/2” optics

could be mounted.

The effect of the dark packaging on mitigating background photons can be demon-

strated in figure 4.3. In a cool-down with the version of the packaging with the optical ac-

cess aperture, a PCR curve was measured with a 940 nm source, as well as the background

counts with the fiber in place but the source off. These are referred to as the background

count rate (BCR). In a separate cool-down, the fully sealed lid was implemented to measure

the dark counts, referred to as dark count rate (DCR). The lid reduces the dark count rate at

low Ibias by 2 orders of magnitude and resolves the DCR into a plateau-regime at low Ibias

and an exponential regime at high Ibias.
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Figure 4.2: Photograph showing the dark box detector packaging. (a) is the inside of the packaging
which houses the detector. (b) and (c) show the inside and outside of the lid, respectively. (d) shows
the back of the packaging with the external PCB.

PCR
DCR
BCR

Figure 4.3: Dark count rate measured with closed lid (DCR) overlaid with background count rate
measured with optical access lid and source turned off (BCR) and PCR curve measured with 660
nm diode laser.
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4.2 Intrinsic Backgrounds in Microwire Arrays

4.3 Scaling with Active Area

To study the scaling of dark counts as a function of pixel area, the dark count rate (DCR)

of the largest and smallest versions of the generation 2 microwire arrays were measured in

the dark packaging described in the previous section with the fully enclosed lid. The top

plot of Figure 4.4 shows the DCR as a function of normalized Ibias for one pixel of the 1 mm

× 1 mm 4-pixel array and one pixel from the 4 mm × 4 mm 16-pixel version of the array.

Ibias was normalized such that the transition between the plateau region of the DCR at low

Ibias and the exponential portion at high Ibias was set to 1. This is shown in the dashed black

vertical line. The pixel active areas are 0.25 mm2 and 1 mm2 for the small and large pixel,

respectively. The bottom plot of Figure 4.4 shows the low Ibias portion of both DCRs. the

As a visual guide, the DCR of the smaller pixel was multiplied by a factor of 4. The DCR

of the larger pixel which is a factor of 4 larger area scales according to area at low Ibias.

The pixel from the 4-pixel array is four times smaller than the pixel from the 16-pixel

array. As seen in Figure 4.4, there is slightly different scaling in the exponential portion

of the dark count rate (DCR) at high bias currents. The smaller pixel (with an area of

0.25mm2) reaches roughly an order of magnitude lower dark counts at the lowest Ibias

values, with dark counts of 10−2 cps for the 1 mm2 pixel and 10−3 cps for the 0.25mm2

pixel, respectively. In terms of the measured dark counts, both devices feature sub-0.1 Hz

at low Ibias.

Regarding the operational Ibias values on the plateau, the DCR curves from Figure 4.4

are shown in Figure 4.5, overlaid with 940 nm PCR curves. For operation at 940 nm with

saturated internal detection efficiency, the 0.25mm2 pixel can be operated at 0.8Ibias, where

the DCR is 10−1 cps. The optimal Ibias for 930 nm operation with the 1mm2 pixel is closer
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Figure 4.4: Top - The dark count rate as a function of normalized Ibias for the 0.25 mm2 (blue
triangles) and 1 mm2 (green circles) SNSPD pixels, where Ibias is normalized such that the transition
between the two regions of the DCR is set to 1, marked with the dashed vertical line. Bottom - The
DCR of the larger and smaller pixel zoomed in on the low Ibias region. The grey x indicates the 0.25
mm2 DCR scaled by a factor of 4. It can be seen that at low Ibias, the DCR scales with area as the 1
mm2 DCR (green circles) overlaps with the gray x (scaled DCR by area).
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Figure 4.5: The PCR curves measured in a separate cool-down at 940 nm are overlaid with the 0.25
mm2 pixel DCR (blue triangles) and the 1 mm2 pixel ( green circles) to demonstrate operational
bias currents.

to 0.9Ibias, where the DCR approaches tens of counts.

4.4 Temperature Dependence of Dark Counts

The dark count rate of an 8 pixel generation 1 microwire array was characterized in an

adiabatic demagnetization refrigerator (ADR) in a collaborating facility at Fermilab. The

open Rainer Model 103 ADR designed by High Precision Devices, Inc. is shown in a

photograph in figure 4.6. The ADR has a base temperature of 50 mK and can be operated

over a range of temperatures. The same DC-coupled cryogenic amplifier board used for all

microwire measurements in this work was installed in the Fermilab ADR.

To prevent spurious photons from entering the fridge, light- tight radiation shields were

added at 40 K and at room temperature. To further shield the detector active area from

spurious photons, the lid designed for the generation 1 array packaging described in chapter
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Figure 9.10: The opened ADR with SNSPD attached is shown. The cryostat
frame consists of three stage plates (room temperature, 40 K, and 4K) connected by
thermally isolating supports. Below the 4 K plate, lies the 1 K stage to the right of
the picture and the cold finger at 50 mK, where the SNSPD is attached. Each plate
includes a series of pass-throughs for experimental and thermometer wiring.

temperatures (1 K and 50 mK) are provided by the ADR in the cryostats. The two-
stage ADR contains a superconducting 4 T magnet, a gadolinium gallium garnet
(GGG) paramagnetic salt pill, a ferric ammonium alum (FAA) paramagnetic salt pill,

SNSPD

cryoamps

300K

40K

4K

1K

50mK

Figure 4.6: The opened ADR with SNSPD attached to the cold finger. The cryostat frame consists
of three main stages (from top to bottom - 300 K, 40 K, and 4 K) connected by thermally isolating
supports. Under the 4 K stage, the 1K stage is mounted and the 50 mK cold finger beneath has the
SNSPD mounted.
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in the 1mm2 SNSPD. There is ongoing effort to improve the readout to be able to
readout all 8 channels simultaneously.

At room temperature, a Swabian Time Tagger [376], a multi-channel time-to-digital
converter that can tag up to 70M tags/s, is used to measure the dark count rate
and photon count rate based on a predefined threshold. The threshold is defined to
be 80 mV, based on the analog shape of the SNSPD signal pulse observed in an
oscilloscope.

9.4.3 Dark Count Rate Measurement
The dark count rate of the SNSPD is one of the most important characteristics to
be measured, which determines the background level of a DM experiment. The
dark count rate is measured by counting the number of SNSPD pulses per second
using the Swabian Time Tagger. To be able to measure the lowest dark count rate
possible, we make sure that the radiation shield at each temperature is light tight, to
prevent black-body radiation at high temperature. As shown in Figure 9.16, light-
tight radiation shields are added at 40 K and at room temperature, and additionally
a detector lid is added to the SNSPD to prevent background thermal photons from
reaching the SNSPDs.

Figure 9.16: The radiation shield (left) at 40 K and the detector lid (right) are shown.

The radiation shields can lower the dark count rate by five orders of magnitude,
allowing us to achieve an unprecedentedly low dark count rate of 10−3 cps at
0.2 K, measured for the first time on micron-wide, large-area SNSPDs. The dark
count rate with respect to the bias current is shown in Figure 9.17. The measured
DCR has two distinct regions. The exponential component at higher bias current
corresponds to intrinsic dark count rate from internal thermal fluctuations. The

Figure 4.7: The 40K radiation shield (left) and the SNSPD packaging with lid (right).

3 was implemented. The radiation shield at 40 K and the SNSPD packaging with the lid

installed are shown in figure 4.7

The use of ADR enables the operation of SNSPDs at lower temperatures and, for the

first time, the observation of the temperature dependence of the DCR in large-area SNSPDs.

Figure 4.8 illustrates the DCR as a function of bias current, measured at a range of tem-

peratures from 0.2 K 0 1.2 K. The DCR shifts to the right as the operating temperature

decreases. This indicates that, for the same bias current, operating at lower temperatures

significantly reduces the dark count rate, highlighting the advantage of operating at the low-

est possible temperatures for dark matter (DM) experiments. This observed temperature

dependence aligns with previous studies conducted on traditional nanowire devices [108].
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Figure 9.18: DCRs measured at different operating temperature is shown. Given
the same bias current, operating at lower temperature significantly decreases dark
count rate. This demonstrates the advantage to operate at as low temperature as
possible for DM experiments.

9.4.4 Photon Count Rate Measurement
In this section, the effort towards measuring the signal efficiency and the mea-
surement of the normalized photon count rate (PCR) with external laser excitation
is discussed. To allow a photon from an external laser at room temperature to
reach the SNSPD, all windows that were shielded at different temperature now need
to be opened with optical filters added to keep the background photon rate low.
Fiber-based laser diodes placed at room temperature are coupled to the cryostat
through a reflective collimator (RC08SMA [378]) that has high reflectivity within
the 450 nm–20 µm wavelength range and outputs a collimated beam of 8.6 mm in
diameter. The PCR has been studied with four fiber-based laser diodes [379] from
QPhotonics with wavelengths of 635, 1060, 1300, and 1650 nm to understand the
SNSPD response to different photon wavelengths. A schematic diagram of the setup
is shown in Figure 9.19 and a picture of the setup from outside of the cryostat is
shown in Figure 9.20.

To be able to accurately measure the photon count rate and reduce the background
count rate from thermal photons, a few optical filters are added at different tem-
perature stages. A custom cryogenic short-pass filter [380] composed of a N-BK7
glass window with optical coating deposited by Andover Corp., is added to the 40 K
stage to filter out photons with wavelengths between 1.9 and 4.5 µm with an optical
density of 3. The filter rejects wavelengths shorter than 3 µm through the reflective
optical coating, and attenuates longer wavelengths through material absorption in
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is discussed. To allow a photon from an external laser at room temperature to
reach the SNSPD, all windows that were shielded at different temperature now need
to be opened with optical filters added to keep the background photon rate low.
Fiber-based laser diodes placed at room temperature are coupled to the cryostat
through a reflective collimator (RC08SMA [378]) that has high reflectivity within
the 450 nm–20 µm wavelength range and outputs a collimated beam of 8.6 mm in
diameter. The PCR has been studied with four fiber-based laser diodes [379] from
QPhotonics with wavelengths of 635, 1060, 1300, and 1650 nm to understand the
SNSPD response to different photon wavelengths. A schematic diagram of the setup
is shown in Figure 9.19 and a picture of the setup from outside of the cryostat is
shown in Figure 9.20.

To be able to accurately measure the photon count rate and reduce the background
count rate from thermal photons, a few optical filters are added at different tem-
perature stages. A custom cryogenic short-pass filter [380] composed of a N-BK7
glass window with optical coating deposited by Andover Corp., is added to the 40 K
stage to filter out photons with wavelengths between 1.9 and 4.5 µm with an optical
density of 3. The filter rejects wavelengths shorter than 3 µm through the reflective
optical coating, and attenuates longer wavelengths through material absorption in

180

20 22 24 26 28 30 32 34
 A]µbias current [

5−10

4−10

3−10

2−10

1−10
1

10

210

310

410

510

da
rk

 c
ou

nt
 ra

te
 [c

ps
]

0.2K
0.8K
1.0K
1.2K

Figure 9.18: DCRs measured at different operating temperature is shown. Given
the same bias current, operating at lower temperature significantly decreases dark
count rate. This demonstrates the advantage to operate at as low temperature as
possible for DM experiments.

9.4.4 Photon Count Rate Measurement
In this section, the effort towards measuring the signal efficiency and the mea-
surement of the normalized photon count rate (PCR) with external laser excitation
is discussed. To allow a photon from an external laser at room temperature to
reach the SNSPD, all windows that were shielded at different temperature now need
to be opened with optical filters added to keep the background photon rate low.
Fiber-based laser diodes placed at room temperature are coupled to the cryostat
through a reflective collimator (RC08SMA [378]) that has high reflectivity within
the 450 nm–20 µm wavelength range and outputs a collimated beam of 8.6 mm in
diameter. The PCR has been studied with four fiber-based laser diodes [379] from
QPhotonics with wavelengths of 635, 1060, 1300, and 1650 nm to understand the
SNSPD response to different photon wavelengths. A schematic diagram of the setup
is shown in Figure 9.19 and a picture of the setup from outside of the cryostat is
shown in Figure 9.20.

To be able to accurately measure the photon count rate and reduce the background
count rate from thermal photons, a few optical filters are added at different tem-
perature stages. A custom cryogenic short-pass filter [380] composed of a N-BK7
glass window with optical coating deposited by Andover Corp., is added to the 40 K
stage to filter out photons with wavelengths between 1.9 and 4.5 µm with an optical
density of 3. The filter rejects wavelengths shorter than 3 µm through the reflective
optical coating, and attenuates longer wavelengths through material absorption in

Figure 4.8: DCR curves for a generation 1 microwire array measured at different temperatures in
the FNAL ADR. The DCR curves preserves its structure and shifts to higher Ibias with decreasing
temperature. This points to a thermally mediated DCR mechanism and a better SNR can be achieved
with lower operation temperature.
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Chapter 5: Optically-excited Scintillation Measurements

N-type GaAs is a promising cryogenic scintillator for the detection of MeV-scale dark

matter via electron recoils. This chapter describes efforts to demonstrate coupling of n-type

GaAs to state-of-the-art large active area SNSPDs and characterize the hybridized system

via optical excitation. Coupling a cryogenic scintillator to an SNSPD presents novel chal-

lenges. The well-established methods for achieving high system detection efficiency are

primarily optimized for normally incident, fiber-coupled light, where the active area is

matched to the diameter of a single-mode optical fiber. The optical stack is designed to

enhance absorption through constructive interference of normally incident light at a spe-

cific wavelength over the fiber core’s active area. Furthermore, nanofabrication techniques

for standard NIR SNSPDs, intended for NIR fiber-coupled light detection, are well devel-

oped and even commercially available. Additionally, the timing resolution and background

susceptibility of these systems are well-studied, making them suitable for advanced appli-

cations.

In a proof-of-concept hybridization of GaAs instrumented with SNSPD readout, two

critical measurements characterize the system: the scintillation timescale and the light

yield. It has been demonstrated that the scintillation timescale is highly dependent on the

silicon and boron concentrations within the GaAs, as well as the proportions of scintillation

light in each emission band [64]. While the scintillation timescale has been characterized

at 10 K, it has yet to be investigated at even colder temperatures.

Previous characterization efforts have focused on optical excitation, with excitation-
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emission spectra measured at 10 K using wavelengths ranging from ultraviolet to near-

infrared [63]. This work aimed to probe the emission bands of GaAs, although timing

information was not measured. The emission spectra and luminescence of GaAs have also

been characterized at 10 K through X-ray excitation, alongside measurements of scintil-

lation timescales using InGaAs photomultiplier tubes as the photosensor. However, the

scintillation timescale remains understudied at sub-kelvin temperatures, particularly in re-

sponse to lower energy excitations in GaAs.

To further investigate the scintillation response of n-type GaAs, two excitation sources

were employed in this work. Measurements with a pulsed 660 nm source are detailed in

this chapter, while those involving a cobalt-57 X-ray source are described in chapter 6.

The 660 nm source excites the GaAs at the single electron-hole pair level, meaning that

for each incident 600 nm photon, one electron-hole pair is created. In contrast, the X-ray

source excites multiple electron-hole pairs, representing two distinct regimes of excitation.

5.1 Overview of systems measured

Scintillation measurements were performed with 2 different samples of n-type GaAs.

These will be referred to as Sample A, and Sample B. Two different SNSPDs were used

for Sample A and Sample B measurements, respectively.

The SNSPDs used in measurements in this chapter were fabricated by Ekkehart Schmidt,

Sahil Patel, and Emanuel Knehr in the Microdevices Laboratory (MDL) clean-room at JPL.

All measurement setups described in this chapter were constructed as a part of this thesis

research with input from collaborator Steven Derenzo(LBNL). All of the described mea-

surements were performed and analyzed as a part of this thesis research. Sample B of

n-type GaAs was provided from LBNL.
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5.1.1 GaAs Specifications and Analysis

N-type GaAs samples with high luminosity have free carrier concentrations from 2×

101 cm−3 to 6× 1017 cm−3, with silicon and boron concentrations on the order of 10×

1017 cm−3 [? ]. Sample A was sourced from University Wafer, and sample B was sources

from Freiberger. Table 5.1 lists the specifications of the two samples.

Sample Dimensions (mm) Carrier Concentration NBoron NSilicon
A 5 x 5 x 0.625 2.99×1017 cm−3 6.29×1017 cm−3 1.14×1019 cm−3

B 10 x 10 x 4 1×1017 cm−3 to 2×1017 cm−3 unknown unknown

Table 5.1: Specifications of n-type GaAs samples. All information was obtained from the vendors,
except for NBoron and NSilicon which were obtained via SIMS analysis.

5.2 Detector and Sample Information

Two SNSPDs were used for measurements with the two n-type GaAs samples. The

SNSPD used for sample A measurements was a WSi 1 mm2 active area 8 pixel array.

Specifically, it was a generation 1 microwire array made from film 3 described in chapter

3. The SNSPD used for sample B measurements was a WSi 4 mm2 active area 8 pixel

array from the generation 2 microwire wafer. More details on the device architecture and

materials are listed in Table 5.2.

Device Pixels Material Stoichiometry Thickness Wire Width Fill Factor Tc Fabrication
A 8 WSi 42:58 4.7nm 1 µm 0.25 1.9K e-beam lithography
B 8 WSi 50:50 2.3nm 1.5 µm 0.4 2K photolithography

Table 5.2: Device Specifications

5.2.1 System A

System A consists of Sample A of GaAs coupled to device A.
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Figure 5.1: (a) the SNSPD and packaging used in system A (b) the SNSPD in the chip carrier with
GaAs sample A

Device packaging and Hybridization

The device was placed in an LCC chip carrier in packaging with 8 SMA outputs. The

GaAs sample was glued to the chip carrier using rubber cement. Figure 1a shows the

SNSPD in the detector packaging, and Figure 1b shows the GaAs sample glued onto the

active area of the SNSPD.

5.2.2 System B

System B consists of sample B of GaAs coupled to device B.

Device packaging and Hybridization

The packaging for system B was designed to be light-tight to reduce background counts.

The PCB is external to the packaging to prevent any emitted Cherenkov radiation from
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Figure 5.2: (a) the SNSPD and packaging used in system A (b) the SNSPD in the chip carrier with
GaAs sample A

reaching the detector. The device is wire bonded to hermitic pins that are isolated from the

exterior of the packaging and sealed in with Stycast 2850 ft epoxy. There are also barriers

to prevent stray photons from accessing a path into the packaging. Figure 2 shows the dark

box packaging. The lid with optical access was used for optical excitation measurements,

and a sealed lid can also be implemented for a dark count rate measurement.

Device B has on-chip SU-8 standoffs for mounting the n-type GaAs sample at a fixed

distance of 5 µm. Sample B of n-type GaAs was mounted over the active area and held in

place with rubber cement glue, shown in figure 3.

5.3 Calibration of SNSPDs for Scintillation Light

As described in chapter 3, the near-infrared single-photon sensitivity of the SNSPDs

was verified so it was expected that via visible pumping of the GaAs crystal hybridized

to the SNSPD, a PCR curve could be measured. An example of this is shown in system

A in figure 5.3, where the 660 nm laser was operated in CW mode while sweeping Ibias.

PCR curves with different input powers of 660 nm excitation light were measured. This
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Figure 5.3: Scintillation light PCR curves shown for different levels of excitation beam power to
show the dynamic range of the detector. A plateau indicating saturated internal detection efficiency
is clear and allows for an optimal Ibias to be selected for operation.

procedure allowed an optimal Ibias to be determined for scintillation lifetime measurements,

where as shown in this figure Ibias was selected to be within the plateau of the scintillation

light PCR curve. We also observe a clear shift in the onset of the scintillation light PCR

curve when it is compared to PCR curves on just the SNSPD (with no GaAs mounted) at

wavelengths of 660 nm and 930 nm. This is shown in figure ??, where the bias current

was normalized to the switching current. The onset of the plateau of the scintillation PCR

curve occurring at higher Ibiasis due to the longer wavelength contributions from the 1100

nm and 1300 nm emission bands of n-type GaAs.
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Figure 5.4: Normalized PCR curves for 660 nm and 930 nm incident on the SNSPD with no scin-
tillator mounted and the PCR curve using the same detector of the NIR scintillation light generated
from 660 nm excitation of the GaAs sample B. Ibias has been normalized to the Iswitch measured
since this image is a composite of two different cool-downs - one without the scintillator and one
with the scintillator mounted.
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5.4 Scintillation timescale measurements

Figure 5.7 shows the experimental setup used for scintillation timescale measurements

using a pulsed 660 nm excitation beam. The 660 nm diode laser illuminating the n-type

GaAs was driven via TTL control by a function generator to operate at a 10 kHz repetition

rate. Another output of the function generator synced to the same pulse sequence was used

as a reference for the Swabian Time Tagger. The SNSPD output was connected into an

input channel on the Swabian Time Tagger, and the SNSPD output pulses correlated with

the laser reference pulses were histogram. The SNSPD in system A was biased at the

optimal Ibias. The count rate refers to the counts per second registered on the SNSPD with

the GaAs under illumination.

This is shown on the GUI output in figure 5.5, where channel A is the SNSPD output,

and input B is the reference pulse from the function generator driving the laser. The count

rate on the SNSPD (channel A) is shown in the upper panel, and the histogram of correlated

SNSPD output pulses with the laser reference is shown in the bottom panel.

To verify linearity of the decay curves and characterize the dynamic range of the detec-

tors to scintillation light, a set of scintillation timescale histograms were measured using the

setup described above at varying excitation beam powers. The scintillation decay curves

measured for count rates of 10, 25, and 35 kcps on the detector are shown in figure 5.6 (a).

The area under each curve was integrated, and the results are plotted in (b) for each count

rate.

Single pixel measurement means that one pixel of the SMSPD array was biased, the

GaAs was illuminated with 660 nm light, and the scintillation light was detected in the

operating pixel. A sync pulse from the laser and the SMSPD output were directed to

two different input channels of a Swabian Time Tagger Ultra run in standard resolution

mode. A histogram of the time delay between the laser pulse and the SMSPD pulses was
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Figure 5.5: The Swabian Time Tagger GUI. Top panel showing the count rate on the SNSPD cou-
pled to GaAs under 660 nm illumination (channel A), and the reference pulse from the function
generator driving the laser (channel B). Bottom panel - histogram of the correlations between chan-
nel A and B is showing the SNSPD output pulses correlated with the laser sync pulses.

(a) (b)

Figure 5.6: (a) The photoluminescence decay curves measured for different excitation beam powers,
shown as different average count rates on the SNSPD.In (b) the area under each curve was calculated
and plotted as a function of the average count rate on the SNSPD to verify linearity.
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Figure 5.7: The 660 nm laser setup used for optically excited scintillation measurements. The pulse
waveform parameters from function generator (FG) drive the laser repetition rate and a sync pulse
into the Swabian Time Taggger . Light is coupled through a beam splitter (BS); one port is diverted
to a power meter (PWM) to monitor power fluctuations in the laser. The signal path is attenuated by
a series of ND filters (A1-A3) before it is coupled into a fiber that feeds into the fridge to illuminate
the sample.

collected. These measurements were first done in the ICE fridge which had one readout

line. The spot0 fridge has 8 readout and bias lines, and once the experiment was transferred

to spot0 a set of single-pixel measurements were performed before scaling up to readout

out multiple pixels at once. The System A SMSPD has a pixel size of 125 µm2 and the the

System B SMSPD has a pixel size of 500 µm2.

5.4.1 Measurement setup

One pixel of System A was measured in the ICE fridge with the 660 nm laser running

at a 10 kHz repetition rate. The light was directed into the fridge via a 660HP fiber.
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Figure 5.8: The optical assembly used for scintillation measurements. Via 780HP fiber, 660 nm
light is coupled into reflective collimator, after which is passes through a 1326 nm short pass filter

A reflective collimator and focusing lens was added to the device packaging to deliver

a small (15 µm) diameter spot on to the GaAs surface. Details of the optical assembly are

shown in figure 5.8.

A single pixel measurement was done on System B in the spot0 cryostat. The same laser

and optical setup was used, but to accommodate the longer timescale the laser repetition

rate was slowed to 4 kHz.

5.4.2 Results and exponential fitting

Figure 5.9 shows the single-pixel scintillation timescale measurements; Figure A is

from system A and figure B is from system B. An empirical 2-exponential fit to a function

97



System A System B

Figure 5.9: Scintillation timescale measurements from system A and system B.

of the form A1e−
t

τ1 +A2e−
t

τ2 +B.

System A decays on a shorter timescale with a ˜50 µs return to baseline. System B

decays on a longer timescale with a ˜170 µs return to baseline. The larger geometry of the

GaAs sample in System B will cause the scintillation light to bounce around more before

exiting the face of the crystal adjacent to the SNSPD; this effect will cause broadening of

the photoluminescence decay curve on the order of 100s of picoseconds per bounce. Given

the very short timescales associated with this broadening, this is not sufficient to account

for the longer time constants seen in System B compared to System A. The differences are

likely due to System B having a significantly higher exiton lifetime, which is dependent on

the dopant and free carrier concentrations of the GaAs sample [? ].

5.5 Effective Light-yield Measurements

An estimate of the effective light yield Ymeas of the measurements of systems A and B

was performed. This metric is defined by the following relationship:

Ymeas = Yabs ·ηdet ·ηcoll, (5.1)
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where Yabs is the absolute light yield of the n-type GaAs, an intrinsic property of the

material, ηdet is the system detection efficiency of the SNSPD over the range of wave-

lengths emitted by n-type GaAs, and ηcoll is the light collection efficiency of the coupled

scintillator and target which takes into account geometric losses, losses from absorption in

materials other than the superconducting microwires, and scattering.

Measuring Yabs directly is experimentally difficult due to the fact this it is difficult to

quantify ηcoll with a scintillator of known light yield [139]. Rather, in a system with a well-

characterized high-efficiency detector, the effects of ηcoll are usually calibrated out with a

reference scintillator of known light yield. This is a future direction for a more efficient

SNSPD and less system losses to achieve reasonable error bars.

In this work, Ymeas was estimated as a way to demonstrate the optical coupling between

n-type GaAs instrumented with SNSPDs.

5.5.1 Measurement Setups

The quantity of light delivered to the n-type GaAs sample was calibrated using the

same method described in chapter 3 for SNSPD efficiency measurements, where the 660

nm source was attenuated down to single-photon level using a series of calibrated ND

filters. The losses through fiber and collimation optics were calibrated at 660 nm at room

temperature. For Ymeas measurement on system A, one 1 SNSPD channel was biased and

read out due to limitations in the cryostat readout lines at the time of measurement. The

SNSPD output was directed to a Keysight counter. For system B, 5 SNSPD pixels were

biased and readout simultaneously. The SNSPD outputs were directed to the Swabian

Time Tagger. A measurement script and GUI was created to collect scintillation timescale

histograms from all active channels out SNSPD output simultaneously, all using the laser

sync pulse as the reference time.
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Figure 5.10: Light yield measurement performed on system A using the calibration setup shown in
3.6 to calibrate the 660 nm excitation source. The light yield is shown as a function of bias current
with the dark count rate of the detector overlayed.

5.5.2 System A effective light yield

The effective light yield is shown in figure 5.10 as a function of Ibias of the SNSPD. The

light yield on the y axis is the percentage of incident 660 nm excitation light that results in

an NIR scintillation photon count on the SNSPD. A value of of 4e-3% is reached on the

plateau.

5.5.3 System B Effective Light Yield

The scintillation timescales measured from the 5 operational SNSPD pixels are shown

in figure 5.11 (raw data only, no fitting). The counts are relatively homogeneous across the

array pixels.
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Figure 5.11: Multi-pixel scintillation timescale measurements system B.

The procedure to estimate the effective light yield in the configuration of system B

utilizes a similar calibration setup shown in chapter 3.6. The version built for 660 nm

is depicted schematically in figure ??. Integrated into the measurement GUI controlling

the Swabian Time Tagger is a feature that measures the cumulative power of the 660 nm

laser and given the calibrated fiber losses, beam-splitter ratios, and a user input set of ND

filters used, calculates the total power delivered to the scintillator during the measurement

integration time. Then, the scintillation decay curves can be integrated to total a number of

NIR photon counts collected during the measurement. Using this procedure, an effective

light yield of 2.94× 10−4% was calculated. The order of magnitude of loss compared to

the system A estimate is notes -¿ explanation will be added.

5.6 Future work towards Absolute Light Yield Measurements

The goal for a light yield measurement is to maximize the light collection efficiency

of the scintillation light. To divert scintillation light that exits the GaAs crystal from faces

that aren’t adjacent to the SMSPD active area back into the crystal, external reflector will
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Figure 5.12: The light-tight packaging shown with machined slots for external reflectors to be
inserted around the GaAs sample to improve light collection efficiency.

be places around the GaAs. This method was shown to be more efficient using monte carlo

simulation methods in Ref. [? ]. Once this light is redirected into the GaAs, it will bounce

around in the sample and the scattering off of free carriers will change the angle of the

photon’s trajectory until it is within the solid angle that can couple out of the crystal (less

than 16 degrees to avoid total internal reflection assuming an index of refraction of 3.6 for

GaAs and a GaAs-air interface). Then the light will couple out of the GaAs on the detector-

adjacent face. The packaging with these external reflector is shown in an illustration in

figure 7.

With this implementation and an SNSPD in an optical stack with higher efficiency, the

system losses can be calibrated with a scintillator of known light yield such as BGO in the

same geometry is the n-type GaAs sample under investigation.
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Chapter 6: X-ray Excited Scintillation Measurements

Chapter 5 detailed optically-excited scintillation measurements with n-type GaAs us-

ing microwire SNSPDs. This chapter describes X-ray excited scintillation measurement

on the same system and implementation of energy-tagged X-ray excitation measurement

infrastructure. The GaAs/SNSPD modules used in this chapter are system B as described

in Chapter 5. The design and analysis of the mock-up energy-tagged X-ray excitation setup

was lead by Christina Wang and Jason Trevor (Caltech) [140]. The extension of this to the

GaAs/SNSPD and cryogenic system and analysis was carried out as a part of this thesis

research.

The direct band gap of n-type GaAs is 1.42 eV, corresponding to a wavelength of ap-

proximately 870 nm. In chapter 5, the 660 nm excitation beam, which corresponds to 1.88

eV, is slightly above the band gap. The absorption coefficient α for GaAs at 660 nm is

≈ 104 cm−1. The penetration depth is given by d = 1
α

. For a 660 nm photon, the pene-

tration depth d660nm is given by d660nm ≈ 1
104 cm−1 = 0.1microns ≈ 100nm. So, the 660

nm photons that get absorbed in a 4 mm thick GaAs crystal will result in a near-surface

excitation of approximately 1 electron-hole pair.

X-ray deposition in scintillators using a Compton scattering setup which will be out-

lines in the following section is a standard method of characterization in High Energy

Physics. When X-rays pass through a material, they interact with the atoms primarily via

processes like photoelectric absorption, Compton scattering, and pair production. These

interactions cause the X-ray intensity to decrease exponentially with the thickness of the
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material. The reduction in intensity I of X-rays as they travel through a material of thick-

ness x is described by the equation:

I(x) = I0 e−µlx (6.1)

where I0 is the initial intensity of the X-ray beam, µl is the linear absorption coefficient,

and x is the thickness of the material. The linear absorption coefficient µl represents the

probability per unit length that an X-ray photon will be absorbed or scattered as it trav-

els through a material. The linear absorption coefficient µlin is calculated from the mass

absorption coefficient µm using the following formula:

µlin = µm ×ρ

For 5 keV X-rays:

µlin(5keV) = 350cm2/g×5.32g/cm3 = 1862cm−1

For 10 keV X-rays:

µlin(10keV) = 50cm2/g×5.32g/cm3 = 266cm−1

The penetration depth d is the inverse of the linear absorption coefficient µlin:

d =
1

µlin

For 5 keV X-rays:

d5keV) =
1

1862cm−1 ≈ 0.000537cm ≈ 5.37 µm
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For 10 keV X-rays:

d(10keV) =
1

266cm−1 ≈ 0.00376cm ≈ 37.6 µm

In this regime, the penetration is greater by roughly an order of magnitude, and the

number of electron-hole pairs created in GaAs upon excitation is approximately 1000–2000

for 5 keV and 10 keV energy depositions, respectively. The scintillation timescale and

exciton interaction dynamics will be different in this regime.

This chapter details the energy-tagged X-ray excitation system designed to measure the

light yield and detection efficiency of the GaAs/SNSPD prototype.

The SNSPDs used in the measurements of this chapter were fabricated by Emanuel

Knehr in the Microdevices Laboratory (MDL) clean-room at JPL. The measurement setup

described in Section 6.3 was designed and implemented by Christina Wang (FNAL) and Ja-

son Trevor (Caltech). The X-ray measurements of the SNSPS/GaAs system in the cryostat

and analysis were performed independently as a part of this thesis research.

6.1 Compton Scattering

When X-rays interact with GaAs, several processes can occur, including photoelectric

absorption and Compton scattering. In photoelectric absorption, the X-ray photon transfers

all its energy to an electron, ejecting it from the atom. In Compton scattering, the X-ray

photon collides with an electron, transferring part of its energy and changing its direction.

In the setup used for this work, an incoming high-energy photon will have some probability

of undergoing Compton scattering with the target. In that case, it scatters off the GaAs,

depositing some energy and leading to scintillation photons that the SNSPD will detect.

This also produces an outgoing scattered photon at an angle θ with respect to the original

photon’s direction. The relationship between the energy of the incoming photon (Ein) and
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the outgoing photon (Eout) is given by:

Eout =
Ein

1+ Ein
mec2 (1− cosθ)

(6.2)

where me is the electron mass, c is the speed of light, and θ is the scattering angle.

A detector placed external to the cryostat can be used to capture the outgoing scattered

photon. Coincidences between this external detector and the SNSPD detection events will

indicate that Compton scattering events have been captured.

A detector placed external to the cryostat can be used to capture the outgoing scattered

photon. Coincidences between this external detector and the SNSPD detection events will

mean that the Compton scattering events are captured. A high-purity Germanium detector

(HPGe) is used as the external detector due to its excellent energy resolution in the 3-

300 keV range. In comparison, other scintillating detectors traditionally used in Compton-

scattering setups such as Sodium Iodide (NaI) detectors with photomultiplier tubes (PMTs)

can’t resolve energies lower than 1000 keV. A schematic diagram of the experimental setup

for the X-ray characterization is shown in Figure 6.1. In this setup, the GaAs and SNSPD

are located inside of a cryostat. The radioactive source is at room temperature on a linear

stage, and the HPGe detector requires cooling to cryogenic temperature with liquid nitrogen

which can be accomplished using a dewar.

Cobalt-57 (57Co) has gamma-ray emissions at 6.5 keV, 14.4 keV, 122.1 keV, and 136.5

keV. These energies are useful for both calibration and energy deposition in the scintillating

GaAs. The relationship between the target energy (Eout) and the scattering angle θ from

equation 6.2 is plotted in figure 6.2.
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Figure 6.1: Schematic of the Compton scattering setup for the X-ray characterization. An incident
X-ray with energy Ein travels through the cryostat to the n-type GaAs target, where it undergoes a
Compton scattering interaction with an electron in the target. An outgoing X-ray with lower energy
Eout exits the cryostat is is detected by an externally mounted HPGe detector.

6.2 X-ray Source

The X-ray source shown in a lead container in figure 6.1 is a 50 Mössbauer cobalt-57

sample. The activity in June 2018 was 50 mCi. The activity at the time of experiments

(October 2024) can be calculated using the following formula for radioactive decay:

A(t) = A0 × e−λ t (6.3)

where A(t) is the activity at time t,A0 is the initial activity, λ is the decay constant, and

t is the elapsed time .

The half life (T1/2) of cobalt-57 is 271.82 days and can be related to the decay constant

λ as λ = ln(2)
T1/2

. The elapsed time from June 2018 to October 2024 is 2,313 days. Plugging

all of this in, the activity of the source at the time of measurement is
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A(t) = 50mCi× e−
(

ln(2)
271.8×2313

)
≈ 0.137mCi (6.4)

For all experiments, the cobalt-57 source was placed in a tungsten collimator with a

3 mm diameter aperture. The rate of X-ray flux through the collimator aperture can be

calculated as Γx = Φ ∗ηco−57, where Φ is the flux through the collimator aperture, given

by the activity of the source in Bequerels / aperture area, and ηCo57 is the X-ray yield for

cobalt-57. Plugging in the relevant values, we have

Φ =
(0.137×10−3)× (3.7×1010 Bq)×0.09

π × (1.5×10−3 m)2 ≈ 6.45×1010 Bq/m2 (6.5)

≈ 6.45×1010 x rays/(s ·m2) (6.6)

The portion of this rate corresponding to the 122 keV, 136 keV and lower energy emis-

sions can be estimated from the branching ratios of cobalt-57 which provide the percentage

of emissions corresponding to each energy. These are listed in table 6.1.

Gamma Energy (keV) Branching Ratio (%)
122 85.5
136 11.4

Others 3.1

Table 6.1: Branching ratios for gamma emissions from Cobalt-57

6.3 Calibration of HPGe Detectors

To validate the setup, the cryogenic GaAs/SNSPD system was replaced by a second

HPGe detector with the goal of measuring the energy deposited in both detectors. Each

HPGe detector was calibrated by measuring and analyzing the energy spectrum of Co-57.

The output signal from the HPGe detectors is processed through a shaping amplifier, which
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Figure 6.2: A photograph of the Cobalt - 57 source in leaded housing used for X-ray characterization
experiments.
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Figure 6.3: Connection of components in an HPGE Energy Spectroscopy System. The HPGe is
biased with an Ortec 659 NIM module. Internal to the HPGe detector there is a high voltage filter
implemented as well as a preamplifier before the detector output to a shaping amplifier.

generates Gaussian pulses with amplitudes proportional to the energy. These pulses are

then displayed on an oscilloscope, producing a histogram of the pulse amplitudes. This is

shown schematically in Figure 6.3. The amplitudes are converted to energy by correlating

the peaks in the histogram with the known photon emissions of Co-57, specifically at 6.5,

14.4, 122.1, and 136.5 keV. Figure 6.4 shows the energy spectrum of Co-57 as measured

by one of the HP-Ge detectors. The observed peaks are at 6.3, 14.2, 121.9, and 136.6

keV, with full widths at half maximum (FWHM) of 1.4, 1.9, 1.1, and 0.5 keV, respectively,

which are consistent with the vendor’s specifications.

A picture of the two-HPGe setup is shown in 6.5. Measurements were performed with

angles 35o, 70o, and 120o, corresponding to target detector energy deposits of 5, 16, and 32

keV, respectively. The measured energy at both detectors agrees with the expected energy,

which was calculated based on the scattering angle between the two detectors for all angles.

The 2D energy distribution of the target and tag detectors for the 35o experiment is

shown in Figure 6.6 (left). A diagonal line with an energy sum of 122 keV is clearly visible,

and another fainter diagonal line with a sum of 136 keV is also visible, corresponding to
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Figure 6.4: Energy spectrum of Co-57 measured by HPGe detector using an oscilloscope.

122 and 136 keV photons from Co-57. The energy distributions of the target and tag

detectors after requiring the sum of the energy deposits at the detectors to be between 121

and 123 keV are shown in Figure 6.6 (right). Energy peaks of 5.3±1.1 keV and 116.3±1.3

keV are measured at the target and tag detectors, respectively, agreeing with the expected

energies of 5 and 117 keV for a scattering angle of 35o. Similar agreements were observed

for scattering angles 70o and 120o. Therefore, it has been demonstrated that X-ray energy

between 5 ( = 35o) and 32 keV ( = 120o) can be deposited in the GaAs.

6.4 Timescale Measurements

Before proceeding with measurements on the hybridized SNSPS-GaAs system, it was

verified in a measurement with the SNSPD without the scintillator did not have direct

sensitivity to the X-ray source. The detector was mounted with the lid that has optical
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Figure 6.5: A picture of the setup to validate the Compton scattering experiment with two HPGe
detectors is shown. The radioactive source is placed as close as possible to the target detector, where
the Compton scattering occurs, to maximize the rate. Lead plates are placed next to the source to
block any photons from Co-57 to directly reach the tag detector. The tag detector is placed at an
angle of 70o from the target detector.

Figure 6.6: The 2D energy distribution (left) of the tag and target detector and the individual energy
distributions (right) of the two detectors after requiring their energy sum to be between 121 and 123
keV. The energy distributions correspond to a scattering angle of 35o.
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Figure 6.7: The inter-arrival time of the time-ordered SNSPD detection events measured with no
X-ray source. The data approximately follows an exponential, indicating Poisson distributed noise.

access over the active area. A central pixel of the SNSPD was biased and the output was

directed to a Keysight counter. The X-ray source was placed directly in front of the spot

where the detector is mounted from outside of the cryostat in the collimator and with the

top of the collimator open to increase the flux. In both situations, no change in the counts

on the detector occurred. This procedure was repeated for all active channels across the

array. Moving forward with analysis, the GaAs sample B was mounted for an 8 pixel 2 mm

x 2 mm generation 2 microwire array (system B as described in chapter 5).

6.4.1 Background Measurements of GaAs-SNSPD System

System B was cooled to 800 mK and the SNSPD channels were biased with SRS volt-

age sources to 0.90 Iswitch and outputs were connected to the Swabian Time tagger. Time

tags corresponding to detection events on the SNSPD were collected for 1 hour. Figure 6.7

shows the inter-arrival times of these events across all measured SNSPD channels.
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Figure 6.8: Photograph of a CAEN digitizer V1751 module in VME crate.

6.4.2 CAEN Digitizer Readout

The CAEN Mod.V1751, shown in figure 6.8, is a digitizer that records waveforms. It

can also perform advanced algorithms for online digital pulse processing (DPP) of charge

integration and pulse shape discrimination with constant fraction timing and zero-length

encoding. Data is read by a Flash ADC with 10-bit resolution and 1 GS/s sampling rate,

which is well suited for signals from common detectors used in High Energy Physics in-

cluding organic, inorganic and liquid scintillators coupled to PMTs or Silicon Photomulti-

pliers. For the Compton Scattering experiment of interest in this work, the HPGe detector’s

energy resolution is needed to infer the quantity of energy deposited into the scintillator.

The ADC channels of the digitizer can be calibrated to the cobalt-57 emission spectrum.

An example of this calibration is shown in figure blah blah.

To implement the full Compton-scattering experiment, it is necessary to also integrate

the SNSPD output channels intro the digitizer readout. This readout for SNSPDs offers

the advantages of waveform filtering to remove noise pulses from electrical pickup. An

example of this is shown in figure 6.9

The digitizer stores data using ROOT, the open-source software and analysis framework
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Figure 6.9: Waveform filtering capabilities enabled by the CAEN digitizer demonstrated, where the
waveforms on the left include events that triggered on electronic noise. These are filtered out in the
set of waveforms shown on the right.

developed by CERN. In the work contained within this chapter, the python library Uproot

was used for reading and writing ROOT files in pure Python and NumPy to then perform

analysis in python. In the ROOT data structure, the waveforms are time-stamped, so time

tags corresponding to the detection events can be accessed and analyzed in a similar manner

to the analysis performed using a Swabian Time tagger.

6.4.3 Source Effect on GaAs-SNSPD System

With the SNSPDs biased at this same Ibias as the measurement in Section 6.4.1, the

cobalt-57 source was directed at the mounted GaAs from outside of the cryostat. The angle

of the source relative to the cryostat was scanned to maximize the count rate across SNSPD

pixels. This corresponds to approximately normally incident X-ray flux onto the GaAs

sample. The GaAs sample was irradiated for 1.5 hours while the SNSPD time-stamped

waveforms were collected on the CAEN digitizer. The inter-arrival times of the SNSPD

detection events are plotted in Figure 6.10.

In the inter-arrival time data, there are two timescales evident - a prompt component and

a slower component resembling the background distribution shown in figure 6.10. Figure
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Figure 6.10: Inter-arrival times of SNSPD counts recorded on the CAEN digitizer during X-ray
irradiation of the n-type GaAs through the cryostat.
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Figure 6.11: The inter-arrival time distribution for the SNSPD channels during irradiation of GaAs
with the cobalt-57 source has a prompt decay component and a slow decay component.

shows these components.

Fitting the prompt component (0 - 100 µs) of the inter-arrival time distribution to a

triple exponential of the form blah, the timescales associated with this decay are consistent

with the scintillation decay times of n-type GaAs. The prompt component of the inter-

arrival times and exponential fits are shown in figure 6.12 with (a) linear y-scale and (b)

logarithmic log scale.

The scintillation decay curve measured via X-ray excitation is compared to the mea-

surement obtained via optical excitation in Chapter 5 in Figure 6.13.
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(a) (b)

Figure 6.12: The prompt component of the inter-arrival time distribution (inter-arrival times up to
100 µs) is fit to a triple exponential. The normalized decay curve and exponential fits are plotted on
a linear scale (a) and logarithmic scale (b).

Figure 6.13: The scintillation decay measured via X-ray excitation (blue) and via optical excitation
(green). The X-ray excited scintillation measurements feature a more prompt decay.
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6.5 Compton Scattering Analysis and Challenges

In the ideal scenario of a Compton scattering experiment, the X-ray Compton scatters

off of the n-type GaAs target, depositing some energy into the target. Then, the outgoing

X-ray exits the cryostat and is detected by the HPGe detector at a set angle with respect

to the irradiation axis, while the excited GaAs in the cryostat decays and begins emitting

scintillation photons. There will be an expected burst of scintillation photons detected

on the SNSPD in coincidence with the Compton-scattered X-ray detection in the exter-

nal HPGe detector. The coincidence window is set by the scintillation decay timescale.

Figure 6.14 demonstrates this schematically, taking this window to be 20 µs, where (a)

shows the SNSPD pulse bursts centered around the HPGe pulses, (b) depicts the energy-

resolved HPGe output pulses coming out of the shaping amplifier, and (c) demonstrates the

expected proportionality between the HPGe pulse amplitude and the number of photons

detected on the SNSPD. The higher amplitude HPGe pulses correspond to higher X-ray

energies, meaning that less energy was deposited into the GaAs target, so fewer photons

are expected to shower the SNSPD. The slope of (c) is the light yield in photons/keV of the

system, accounting for all losses.

If the digitizer is operated to store all time-stamped waveforms on the SNSPD and

HPGE output channels, it should therefore be possible to expose the target and collect time

and energy-stamped waveforms from the SNSPD and HPGe output pulses, and in post-

processing make an energy cut for a particular energy on the HPGe detector. Then, for

a particular, the script can search for SNSPD pulses that occurred within the coincidence

window around the HPGe event. These will correspond to SNSPD events from radiative

decay of n-type GaAs after an X-ray deposited a known quantity of energy into it via

Compton scattering.

For example, a dataset is collected with the HPGe set at an angle pf blah from the
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Figure 6.14: (a) The top panel shows HPGe events where the pulses are energy resolving, and the
bottom panel shows bursts of SNSPD pulses correlated with the HPGe pulses in a 20 µs coincidence
window. (b) depicts the energy proportionality of the HPGe output pulses, and (c) depicts the
relationship between the HPGe pulse amplitude and the number of photons detected by the SNSPD.
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Figure 6.15: The dead time of the SNSPD can be extracted by looking at the early inter-arrival times
in the histogram, shown in (a). (b) shows the histogram zoomed in to the earliest inter-arrival times,
and where the counts drop to zero is the recovery time of the device.

irradiation axis to target a 7 keV energy deposition into the cryostat by the relationship

in equation 6.2. After the run, a narrow energy cut is made around 115 keV ±0.2 on the

HPGe output pulses. This signal on the HPGe means that the 122 keV X-ray exited the

co-57 source and deposited 7 keV of energy into the GaAs before exiting the cryostat. The

coincident events on the SNSPD channels in a 20 µ window around the HPGe event are

then counted.

The scintillation timescale of is in a regime where one SNSPD channel can go through

the detection cycle and recover while the GaAs is still undergoing radiative decays. To

verify this, the time tags from the dataset of section 6.4.3 measuring the source effect on

the GaAs-SNSPD system were separated by SNSPD channel. In the single-channel inter-

arrival time histograms, the dead-time of the SNSPD is the distance between 0 and the first

bin of events. This is shown in figure 6.15 for one of the SNSPD channels where the

dead-time was measured to be 1.5 µs.
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6.5.1 Poisson Statistics and Mean Photon Number Fitting

In the full Compton scattering setup at this stage, there are system-level losses that

complicate the ability to obtain an absolute photon number count with respect to a given

HPGe energy cut. These losses include geometric losses due to the mismatch in the coupled

surface area between the GaAs sample B (10 × 10 mm2) and the SNSPD active area (4

mm2), a low system detection efficiency of the SNSPD, and losses from photons exiting

the face of the GaAs sample not adjacent to the detector. The logic for a modeling-based

workaround is as follows:

In the post-processing analysis of the Compton scattering data, when a correlation

search is performed around an energy-cut HPGe event to look for coincidence detection

events on SNSPD channels, there will be some number of single-pixel SNSPD events cor-

related with the HPGe event, and a distribution of multifold SNSPD pixel coincidences.

Given that the SNSPD channels are independent from each-other, and the excitation of the

scintillator is driven by a radioactive decay process, the distribution of 1-fold, 2-fold, 3-

fold, 4-fold, 5-fold, and 6-fold coincidences measured across the SNSPD channels should

follow a Poisson distribution. Therefore, if the SNSPD events correlated with a HPGe event

are histogrammed according to coincidence order, a Poisson distribution can be fit to the

data and a mean photon number can be extracted. As discussed in the previous section, the

lower energy events on the HPGe detector correspond to greater energy deposition into the

GaAs target, so there should be a higher mean photon number for SNSPD events correlated

with a lower energy HPGe event.

For clarity, the histograms will be organized in terms of the energy deposited, which

corresponds to the energy deposited into the GaAs, given by 122 keV (the excitation en-

ergy) - the energy detected on the HPGe detector.

The coincidence order histograms for HPGe energies of 70keV, 80keV, 90keV, and
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Figure 6.16: Histograms of 1-, 2-, and multifold coincidence events across SNSPD pixels correlated
with an energy-cut HPGe event. The data is shown in light blue and the Poisson distribution fits
are shown in black, with the mean photon number λ given in the legend. The Poisson distribution
doesn’t adequately describe the statistics

110keV, corresponding to deposited energies of 52 keV, 42 keV, 32 keV, and 12 keV, re-

spectively are shown in figure 6.16

It can be seen from visual inspection of figure figure 6.16 that the Poisson distribution

doesn’t adequately fit the data. There is a clear excess of SNSPD events in the 1-fold

coincidence bin, corresponding to single SNSPD pixel clicks. Making the assumption that

there is some noise contribution inflating the count of that bin, the mean photon number

also doesn’t scale as expected. It is in the vicinity of a mean photon number of 1 for all

deposited energies when the expectation is that it would be higher for higher deposited

energies.
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6.5.2 Understanding the Observed Distribution

Given the clear evidence of scintillation present from the inter-arrival times discussed

in section 6.4.3, it is unlikely that the dark counts in SNSPD pixels can account for the

observed non-Poissonian distributions shown in the previous section. This can be shown

through modeling.

In a measurement time of 5 hours, 168,860 counts on the HPGe detector registered

within the energy cut of 1500 - 2750 ADC units. Each SNSPD channel has a dark count

rate and given these, the number of ”false” coincidences arising due to dark counts on the

SNSPDs can be estimated. To estimate the number of n-fold, where n SNSPD channels

fire within a 20 microsecond window in coincidence with the HPGe detector, the following

dark count rates were measured for each SNSPD channel:

Channel DCR (cps)
1 3.5
2 3.3
4 1.5
5 2.8
7 12.8

Table 6.2: Dark Count Rates (DCR) for SNSPD channels

For a channel with dark count rate ratei, the probability that it will have a count within

a 20-microsecond window is:

probabilityi = ratei ×20×10−6 (6.7)

Applying this to each channel:
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Channel 1: 3.5cps ⇒ 3.5×20×10−6 = 7×10−5

Channel 2: 3.3cps ⇒ 3.3×20×10−6 = 6.6×10−5

Channel 4: 1.5cps ⇒ 1.5×20×10−6 = 3×10−5

Channel 5: 2.8cps ⇒ 2.8×20×10−6 = 5.6×10−5

Channel 7: 12.8cps ⇒ 12.8×20×10−6 = 2.56×10−4

The HPGe detector had 168,860 counts over 5 hours:

HPGe rate =
168,860
5×3600

≈ 9.38cps (6.8)

Since we are looking for coincidences in the 20-microsecond window, the number of

coincidence windows per second with HPGe events is:

HPGe coincidence windows per second = 9.38 (6.9)

So, over 5 hours, the total number of coincidence windows with an HPGe event is:

9.38×5×3600 ≈ 168,860windows (6.10)

For each possible n-fold coincidence, we’ll calculate the probability of exactly n out of

the 5 channels firing within the same 20-microsecond window as an HPGe event.

Let p1, p2, p3, p4, p5 be the probabilities calculated in Step 1 for each of the SNSPD.

Then the probability of an n-fold coincidence with HPGe is given by the binomial distribu-

tion:

P(n-fold) =
(

5
n

)
×
(

n

∏
i=1

pi

)
×
(

5

∏
i=n+1

(1− pi)

)
(6.11)
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The expected number of n-fold coincidences for a total of 168,860 HPGe events over

a 5-hour period is as follows: approximately 59 events for 1-fold coincidences, 0.008

events for 2-fold coincidences (negligible), about 2.3×10−7 events for 3-fold coincidences,

roughly 6.6× 10−12 events for 4-fold coincidences, and effectively zero, approximately

3.4×10−16 events, for 5-fold coincidences.

The justification for binomial distribution is as follows: For each SNSPD channel, there

are only two possible outcomes within the coincidence window: it either fires (registers a

dark count) or it doesn’t. This binary outcome (fire or no fire) aligns with the binomial dis-

tribution’s basic conditions. Each HPGe event is a trial during which we check if any subset

of the 5 channels fires. Thus, for every HPGe coincidence window, we assess whether 1,

2, 3, or more channels fire. It is assumed that each channel has a fixed probability of firing

within the 20-microsecond window, calculated based on its dark count rate and that the

probabilities remain constant throughout the measurement duration. Finally, it is assumed

that the dark counts in each channel are independent, so the probability of multiple chan-

nels firing is based on the independent probabilities of each channel firing within the given

window.

One feature not incorporated into this model thus far is that the coincidence window is

long compared to the detector reset time. Taking the dead time of the detector to be 1.5 mi-

croseconds as it was measured in Figure 6.15, any of the SNSPD channels can fire multiple

times within a 20-microsecond coincidence window. To account for this, the probability

calculation for each channel must be adjusted to reflect that it could fire multiple times

within the 20-microsecond coincidence window. Taking this into account, First, the num-

ber of sub-windows within each 20-microsecond coincidence window can be determined

by dividing the total window duration by the reset (dead-time) interval. This gives each

channel approximately 13.33 effective sub-windows, meaning it could potentially reset

and fire again around 13 times within the 20-microsecond span.
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Neffective =
20 µs
1.5 µs

≈ 13.33 (6.12)

Now, the probability that each channel will have at least one count in a sub-window

based on its dark count rate. For a channel with dark count rate ratei, the mean number of

expected counts within a single 20-microsecond window is given by

λi = ratei ×20×10−6. (6.13)

To factor in the multiple sub-windows, we adjust the expected counts using

λi = Neffective × ratei ×20×10−6, (6.14)

where Neffective is the number of effective sub-windows. The cumulative probability that

each channel will fire at least once within the 20-microsecond window is then calculated as

P(firing) = 1− e−Neffective×pi, (6.15)

using the exponential model to reflect a Poisson process.

The binomial distribution can then be used to calculate the probability of exactly n-fold

coincidences occurring among the channels. The expected number of n-fold coincidences

with the HPGe detector over the 5-hour measurement period is obtained by multiplying the

probability of each n-fold coincidence with the total number of coincidence windows in

this time-frame. The number of coincidence windows with HPGe events is estimated as

NHPGe windows = 168,860, (6.16)

based on an HPGe rate of 9.38 counts per second.
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After adjusting for the channels’ reset times, the expected counts is calculated for each

level of n-fold coincidences over the 5-hour measurement period. The results are as fol-

lows: for 1-fold coincidences, approximately 783 events are expected; for 2-fold coinci-

dences, around 1.38 events; for 3-fold coincidences, approximately 5.5×10−4 events ; for

4-fold coincidences, 2.1×10−7 ; and for 5-fold coincidences, 1.4×10−10 events, which is

effectively negligible. This doesn’t explain the statistics observed.

6.5.3 Understanding System Losses and Secondary X-ray Generation

The energy-tagged X-ray excitation setup, in principle, is designed to deliver an inci-

dent photon with well-defined energy Ein, as shown in Figure 6.1) through the cryostat and

onto the GaAs target. Upon reaching the target, this X-ray undergoes Compton scattering

within the GaAs, depositing some energy in the target. The outgoing scattered X-ray Eout

is then expected to exit the cryostat and reach the HPGe detector. Then, using conservation

of energy, the quantity of energy deposited into the GaAs target via Compton scattering,

Edep, can be calculated as Edep = Ein −Eout . Figure 6.17 a) demonstrates this ideal sce-

nario schematically in the cryostat, where an incident X-ray penetrates the cryostat outer

can and radiation shields without interaction before Compton scattering in the GaAs, and

then the outgoing X-ray transits the detector packaging, radiation shields, and outer can

once again without interaction before hitting the HPGe. In practice, however, the materi-

als in the cryostat introduce significant attenuation losses and secondary beam generation

mechanisms that are not considered in the ideal scenario explained above and shown in

figure 6.17 a). A major source of these effects arises from X-ray interactions with the cop-

per components inside the cryostat. These include the detector packaging, the bracket that

connects the detector packaging to the 1K stage, and the surrounding radiation shields. To-

gether, these components add more than 10 mm of copper interaction path for any given
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a)

b)

Figure 6.17: The cryostat consists of an aluminum outer can shown in silver. The radiation shields
and copper detector packaging and brackets are shown in a copper color. The GaAs/SNSPD module
is shown in green. The ideal scenario in the energy-tagged X-ray excitation experiment is depicted in
a), where the incident X-ray of energy Ein doesn’t interact with any of the cryostat metal, it Compton
scatters in the GaAs depositing some energy, and the outgoing X-ray of energy Eout passes through
the cryostat metal without interaction and is detected in the externally mounted HPGe detector. A
more realistic scenario is shown in b), where at every copper interface, the X-ray Compton scatters
off of electrons in the copper, leading to unmeasured losses and beam deflection.
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X-ray.

Copper’s high density and atomic number (Z) significantly increase its interaction prob-

ability with X-rays compared to a material like aluminum. The linear attenuation coeffi-

cient (µ) scales with both density (ρ) and atomic number (Z), as µ ∝ ρZ. This has the

effect of signal loss of both the excitation beam and the outgoing scattered X-rays, reduc-

ing the SNR. In addition to attenuation, Compton scattering in the copper of the cryostat

generates secondary X-rays. The Compton scattering cross-section (σC) also scales with

Z, so the rates are significant in Copper. In the ideal scenario, the X-rays only Compton

scatter off of the GaAs target. In practice, the unwanted X-ray - copper Compton scatter-

ing events cause any given incident X-ray to deposit unknown amounts of energy into the

surrounding copper before it reaches the GaAs. The outgoing X-rays leaving the GaAs tar-

get also undergo these spurious Compton scattering interactions with surrounding copper

in the transit out of the cryostat. This process is depicted schematically in figure 6.17 b),

where each time an X-ray interacts with a copper component in the cryostat, an unwanted

Compton scattering interaction occurs, depositing energy into the Copper, and the outgo-

ing scattered X-ray has lost some energy and deflected by an angle θ proportional to the

energy loss. This creates uncertainty in the energy deposited into the actual GaAs target.

Notably, in figure 6.17, the HPGe detects a scattered X-ray out of the cryostat of the same

energy in a) and b) (the angle with respect to the original incident X-ray is θ in both cases);

however, in a) there were no losses due to spurious Compton scattering in Copper, and in

b) there are losses due to Compton scattering at every Copper interface. Since the Comp-

ton scatters in Copper aren’t read out by a detector, the energy that is actually deposited in

the Copper versus GaAs can’t be determined. Ultimately, these loss mechanisms have the

effect of decoupling the incident X-ray beam from the detected HPGe signal, complicating

the interpretation of the measured energy spectra on the HPGe detector and preventing the

expected proportionality in the effective light yield.
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Copper also exhibits a high K-shell fluorescence yield of 41%, compared to only 3.5%

for aluminum. From this, a low energy background of a few keV arises, further degrading

the correlation between the SNSPD events and HPGe events. This, in combination with the

low SNSPD efficiency and the low light collection efficiency of the GaAs - SNSPD system,

can also qualitatively explain the excess of single events and deviation from Poissonian

behavior seen in figure 6.16.

Element ρ (g/cm3) Z K-shell fluorescence yield

Cu (Copper) 8.96 29 41%

Al (Aluminum) 2.70 13 3.5%

Table 6.3: Comparison of material properties affecting X-ray attenuation and scattering.

Given the properties listed in 6.3, aluminum emerges as a superior choice for detec-

tor packaging and for components surrounding the detector area within the cryostat. Its

lower density, atomic number, and fluorescence yield significantly reduce X-ray attenu-

ation, Compton scattering, and secondary X-ray emissions. To effectively minimize un-

wanted interactions with copper components, a cryostat dedicated to energy-tagged X-ray

excitation could be designed or retrofitted with clear and direct entrance and exit path-

ways for X-rays, ensuring that the excitation and scattered beams traverse minimal copper.

By combining aluminum-based packaging with strategic cryostat design, the correlation

between SNSPD events and HPGe detector measurements can be preserved, enabling a

cleaner, more interpretable signal and enhancing the overall performance of the experi-

mental setup.
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Chapter 7: Designs and Challenges of Improved Microwire Arrays

The next steps in improving large-area microwire arrays focus on enhancing yield, per-

formance, and detector efficiency. One key development for performance enhancement is

the implementation of bend thickening to alleviate current crowding. This is illustrated

in Figure 7.1, where (a) shows a meander geometry with thicker bending regions, and (b)

displays a standard uniform thickness meander. The out-of-plane thickening alleviates cur-

rent crowding, which suppresses switched current and lowers the energy barrier for vortex

entry—a mechanism that contributes to dark counts. This modification improves detec-

tion efficiency, reduces timing jitter, and lowers the dark count rate compared to uniform

thickness devices of the same geometry and film quality [114]. Figure B.1 demonstrates

the reduction of current crowding in the inner radius of the variably thickened bend (b)

compared to the uniform thickness bend (a). Additionally, (c) and (d) show how the lower

vortex-entry barrier in uniform thickness bends contributes to dark counts.

In addition to bend thickening, the integration of an optical stack is being explored.

A significant challenge for large-area devices is ensuring the reflector’s homogeneity over

a large area, as surface inhomogeneities, such as spurious particle counts, can limit the

material homogeneity of the thin-film superconductor deposited above. This issue is less

pronounced in UV SNSPDs, which are made with thicker superconducting films due to

higher photon energies. However, NIR SNSPDs typically have thicknesses in the range of

2-4 nm, where this effect is more noticeable. Furthermore, commercial distributed Bragg

reflector (DBR) mirrors are often used as back reflectors in UV SNSPDs due to gold’s poor
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Figure 1. (a) To minimize the current-crowding effect in SNSPDs,
we use different thicknesses for straight nanowire segments and
bends in the superconducting film. In this design, the bends are
made of a thicker film compared to the nanowire segments.
(b) To understand the effect of the thicker bends, we analyzed the
devices in (a) using those in (b) as controls.

SNSPD due to their sharp 180◦ turning point at the end of
each straight wire section. A reduction in the switching cur-
rent IC of the detector decreases the applicable bias current IB
in relation to its theoretical depairing current Idep. The drop
in this ratio (IC/Idep) limits the degree to which the super-
conducting energy gap can be suppressed in the nanowire,
which defines the minimum energy of photons ϵmin

ph that can be
detected deterministically. According to the diffusion hotspot
model [5], the proportionality of ϵmin

ph to IC can be described as:

ϵmin
ph =

hc
λc

∝ 1− IC
Idep

. (1)

Here, h is the Planck constant and c is the speed of light.
The cutoff wavelength λC is the smallest wavelength for which
photons can be detected deterministically with an intrinsic effi-
ciency close to unity.

In addition, the dark count rate is increased by current
crowding: a larger current density in the bends decreases
the energy barrier for vortex entry. More thermally activated
vortixes, which are the predominant cause for detector dark
counts [6], can enter the nanowire which results in an increase
of the dark count rate.

Previous approaches to reduce the current-crowding effect
in SNSPDs rely on the design of an optimal curvature for
bends in the meander part. Optimal rounded bends require
larger bending radii which in a meander decreases the filling
factor, and consequently, lowers the overall detection effi-
ciency [2]. A way to increase the bend radius without sig-
nificantly compromising the filling factor is to use a spiral
design [7]. Despite convincing results of increasing the IC
to Idep ratio from 0.40 to 0.55 [8], a spiral detector is not
suitable for some applications: its polarization insensitivity
decreases the optical coupling efficiency for polarized photons
when compared to a properly aligned meander with the same
area. In a detector array, any arrangement of spirals will cause
blind spots and they cannot be easily integrated into photonic
integrated circuits. In addition, the geometry of an optimal
curvature or spiral design is more challenging to fabricate in
comparison to a standard meander in the usually used electron
beam lithography process.

As neither the optimal rounded bend approach nor the
spiral approach are perfect, we propose a new approach to
limit current crowding at bends. To keep the advantages of
meanders, we propose an SNSPD composed of two regions
with different thicknesses. In our approach, the bends aremade
of thicker NbN film, while the superconducting nanowire
segments (the active area of the detector) are made of thin-
ner NbN film. Thicker bends reduce the local current dens-
ity, which results in a locally increased switching current
and increased vortex entry barrier. As a consequence, the
switching current in bends is higher than the switching cur-
rent of straight nanowire sections. In such a detector, which
we call a variable thickness (VT) SNSPD (see figure 1(a)), the
switching current of the full detector would not be limited by
the current-crowding effect at the bends. To assess the per-
formance improvement of the VT SNSPDs, we use uniform
thickness (UT) SNSPDs with a uniform thickness in straight
nanowire segments and bends as controls (see figure 1(b)).
Apart from the bend’s thickness, the UT SNSPDs share the
same geometry.

2. Theory

To assess the potential improvement of the current distribu-
tion for the VT SNSPD and to assess the influence on the
vortex entry barrier, we simulated both bend designs using a
conformal mapping technique. Conformal mapping is a gen-
eral approach to map a complicated 2D geometry to another
2D geometry for which an analytical solution of the current
distribution exists. We use a conformal mapping technique to
map a 180◦ bend to a half plane that has a uniform current
distribution. The details of this approach can be found in [2].
Then, the inverse mapping is calculated numerically to obtain
the current distribution in the actual structure. The calculated
current distribution for a bendwith uniform thickness is shown
in figure 2(a). The nanowire fill factor is 1/2. The current-
crowding effect is seen around the inner edge of the curvature.
This results in a reduction in the measurable switching current,
IC. Increasing the nanowire thickness around the curvature
helps to reduce the current density as illustrated in figure 2(b).
To avoid the current crowding that potentially arises from a
steep thickness step, the detector should be designed and fab-
ricated in a way that allows a smooth transition from the thin
nanowires to the thick bends.

It has recently been suggested that vortex crossing can
be responsible for a phase transition in a superconducting
nanowire [9–11]. Vortices in a thin (Type-II) superconductor
are formed along the edges of the nanowire. The bias current
applies a force (known as the Lorentz force [12]) on the vor-
tices perpendicular to the direction of the current flow, but
there is a potential barrier which hinders the vortex from cross-
ing the wire. The potential barrier of a vortex around the saddle
point that is close to the inner edge of the nanowire can be
approximated as [12, 13]:

Uv(rv) = ε0(rv) ln
2rv
ξ

− Φ0

c
d(rv)

ˆ rv

0
jn(r)dr, (2)

2

Figure 7.1: Illustration of (a) variable thickness between the straight nanowire segments and the
bends in the superconducting film, where the bends are thickened to suppress current crowding
effects compared to the (b) conventional device with uniform thickness. Figure taken from [113].

reflectivity in the UV range. These DBR mirrors can be engineered for the wavelength

range of GaAs scintillation output.

The simulation results discussed in this chapter and the IV curve measurements were

performed independently as a part of this thesis research on devices fabricated by Emanuel

Knehr in the MDL clean room at JPL.

7.1 Optical Stack Design for Microwire Arrays

The canonical optical stack for SNSPDs is shown in Figure 7.3. It consists of a mirror

layer, a quarter-wave dielectric spacer, the sensor layer, and one or more layers of anti-

reflection coatings deposited on top. Using Rigorous Coupled-Wave Analysis (RCWA),

the thicknesses of the anti-reflection coating layers and the spacer layer between the back

reflector and the nanowire layer can be optimized for a specific wavelength, incident angle,

and, if desired, polarization.

Extending this approach to large-area microwire arrays introduces additional challenges.

One key issue is the large capacitance of a gold back reflector over large active areas (mm2-

scale), which can cause pulse distortion. This issue is less significant in smaller devices.

For any back reflector, it is crucial to ensure high homogeneity over a large area. Surface

inhomogeneities, such as spurious particle counts, can degrade the material homogeneity
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Figure 2. The bias current density in the bend normalized to the
current density in the straight arm for (a) uniform and (b) variable
thickness NbN SNSPDs. The width of the nanowire in the straight
arm is 100 nm. The current-crowding occurs around the inner side
of the curvature. Increasing the thickness near the bend reduces the
current density. The vortex potential barrier normalized to the
characteristic vortex energy, ε0, inside the full etched region for
(c) uniform and (d) variable thickness SNSPDs are also shown. The
bias current is 0.7IvC in the straight section. The current-crowding
weakens the vortex barrier in the uniform SNSPD. This causes a
reduction in the vortex switching current and an increase in the
dark-count rate. Increasing the thickness near the bend increases the
self-energy of a vortex, and as a results, the switching current is
enhanced to the switching current of the straight arm and the dark
count rate is reduced.

where ε0 = Φ2
0/8π

2Λ(rv) is the characteristic vortex energy,
Λ = 2λ2/d(rv) is the Pearl length, λ is the London penetra-
tion depth, d(rv) is the position-dependent thickness of the
nanowire, rv is the distance of the vortex from the inner edge,
Φ0 = hc/2e is the magnetic flux quantum, e is the electron
charge, ξ is the coherence length, jn(r) is the bias current dens-
ity normal to the width of the nanowire, and r is the in-plane
distance from the inner edge of the nanowire. The first term
on the right side of equation (2) is the self energy of the vortex
and the second term is the work done by the Lorentz force.

If a vortex circumvents the barrier and reaches the other
edge of the nanowire and the bias current is high enough, the
vortex crossing releases enough energy to cause a phase trans-
ition across the entire width of the nanowire [14]. Increasing
the bias current reduces the potential barrier. The minimum
bias current that causes the barrier to vanish completely is
called the vortex switching current, IvC, which is lower than
the depairing current, Idep [10]. Even if the bias current is
below the switching current and the potential barrier is not
suppressed completely, vortices can be thermally excited and
overcome the barrier [11]. Recent experiments have suggested
that vortices overcoming the barrier is the main reason for dark
counts in SNSPDs [9].

Figure 2(c) displays the calculated vortex potential barrier
based on equation (2) and the current distribution shown in

figure 2(a). The current crowding near the inner edge of the
bend lowers the vortex potential barrier to 0.75IvC in the straight
arm of the nanowire. This causes a reduction in the switching
current of the nanowire and an enhancement in the dark count
rate. The current crowding can be eliminated by optimally
designing the inner boundary of the curvature [2]. However,
the fill factor for the optimal bend cannot be larger than 1/3
[2]. This limits the detection efficiency of SNSPDs.

As seen in equation (2), increasing the thickness of the
nanowire increases the self energy of the vortex without chan-
ging the work done by the Lorentz force. This enhances the
potential barrier within the thicker region of the nanowire as
shown in figure 2(d). Hence, the switching current rises up
to IvC of the straight arm without a significant change in the
detection efficiency of the SNSPD since a large portion of the
SNSPD is fully etched. The higher potential barrier for vortex
entry also leads to a reduction in the dark count rate. Note that
figures 2(c) and (d) display the potential barrier for the vortices
penetrating from the inner edge into the nanowire. The poten-
tial barrier for vortices with opposite rotation which penetrate
from the outer edge is even higher because the current density
is lower around the outer edge of the curvature.

3. Design and fabrication

Two sets of detector chips were fabricated independently (set
A and set B) in two different laboratory’s to confirm the uni-
versal character of our approach. Set A was fabricated at the
MIT (affiliation 1) and set B at the KIT (affiliation 2). UT and
VT SNSPDs were fabricated on each chip next to each other
and underwent the same nanopatterning process. The fabrica-
tion process thereby ensured that both types of detectors have
the same thickness aside from the bends.

The fabrication steps for realizing set A and set B SNSPDs
are shown schematically in figure 3. The fabrication in both
cases was performed in a three step electron-beam lithography
(EBL) process. Initially, a 12 nm thick niobium nitride (NbN)
film was sputter-deposited on top of an R-plane sapphire sub-
strate (figure 3(a)).

For the set A SNSPDs, the meandered nanowires were pat-
terned into NbN film in an EBL step with the use of a high-
resolution positive tone electron-beam resist (ZEP 520 A) and
reactive-ion etching in CF4 plasma (see figures 3(a)–(c)).

The set B SNSPDs were fabricated in a slightly differ-
ent way. We took advantage of the polymethyl methacrylate
(PMMA) resist in its negative-tone regime as an etch mask.
The PMMA is a well-known positive-tone resist, but it could
serve as a high-resolution negative tone resist and experiences
cross-linking when it is exposed to a very high electron-beam
dose [15]. By using EBL, the SNSPD structure was patterned
into the negative-tone PMMA resist layer and then transferred
to the NbN film via an Ar+ milling step (see figures 3(d)–(f)).

Thinning out was achieved for the full SNSPD in the UT
SNSPD and for straight sections of the VT SNSPD. The chip
was covered by a 200 nm-thick positive-tone electron beam
resist, which was patterned by EBL to make an opening on
top of the detector. For the VT SNSPDs, the openings in the

3

Figure 7.2: The bias current density in the bend region of the SNSPD, normalized to the current
density in the straight segment, for (a) uniform and (b) variable thickness NbN SNSPDs with 100
nm-wide wires. Current crowding can be seen in (a) at the inner bend radius, which is alleviated
in (b) through bend thickening, thereby reducing the current density. (c) and (d) show the vortex
potential barriers, normalized to the characteristic vortex energy, ε0, within the fully etched region
for (c) uniform and (d) variable thickness SNSPDs, where the uniform thickness bend in (c) has a
lower potential barrier than the varying thickness bend in (d) in the inner bend radius. Figure taken
from [113].

134



Figure 7.3: Conventional optical stack design for SNSPDs, where the nanowire is embedded in a
cavity with a back reflector underneath a quarter-wavelength dielectric spacer, and layers of AR
coating are deposited on top. The back reflector is a gold-coated mirror which is typical for NIR
devices.

of the thin-film superconductor deposited above. This problem is less pronounced in UV

SNSPDs, which use thicker superconducting films, allowing higher photon energies to

penetrate. In contrast, NIR SNSPDs typically have thinner films (around 3-4 nm), making

them more sensitive to surface irregularities.

In terms of optimizing an optical stack for a particular wavelength, RCWA can be used

to generate broadband or narrowband optical stacks. Gold remains a suitable choice for

broadband optical stacks across the visible and mid-infrared wavelengths, although it is

less effective in the UV range. For detecting scintillation light with an isotropic emission

pattern, implementing an optical stack based on constructive interference is not ideal. An-

tireflection (AR) coating layers are sensitive to incident angles, so a more effective design

is the use of a half stack, which incorporates a DBR back reflector at an optimized distance,

tailored to a broad range of incident angles.
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7.1.1 Rigorous Coupled Wave Analysis

The thin-film nature of the superconducting materials used in SNSPDs limits the amount

of light absorbed in a single transmissive pass. To enhance absorption, nanowires (or mi-

crowires) are integrated into an optical stack. Since SNSPDs are typically meandered over

an active area, they can be modeled as periodic structures, and Rigorous Coupled-Wave

Analysis (RCWA) can be applied to solve Maxwell’s equations in the Fourier basis for in-

cident plane waves. Using this semi-analytical approach, the amount of light absorbed in

the nanowire layer and the electric field profile can be numerically computed. This allows

for the efficient design of optical stack structures that maximize constructive interference

in the sensor layer, leading to high detection efficiency. This method has been successfully

employed in many SNSPDs.

In RCWA simulations, the device is divided into layers, each uniform in the z-direction.

Electromagnetic modes are calculated and analytically propagated through these layers,

with boundary conditions matched at the interfaces between them. The electromagnetic

modes of the incident plane wave are computed by expanding the partial differential form

of Maxwell’s equations and applying the boundary conditions using Floquet functions in

Fourier space.

The geometry and conventions of a standard RCWA simulation is shown in Figure 7.4.

7.1.2 Angled-Incidence RCWA Simulations

An RCWA simulation was performed on the Generation 2 microwire array with a fixed

geometry (0.4 FF, 1.5um-wide wires, 3-nm thick WSi with an amorphous Si passivation-

layer on top) to understand the detector’s response to light at various incident angles. The

detection efficiency for different wavelengths at different incident angles is shown in Fig-

ure 7.5. In these results, each curve has been polarization-averaged and averaged over all
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Figure 7.4: The geometry of a RCWA simulation of an SNSPD modelled as a periodic structure is
shown. The angle theta is the angle from the vertical, phi is the polar angle, and psy is the electric
field orientation denoting the polarization of the light. T is the thickness of layer, w is the wire
width, and s is the spacing between nanowires.
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Incident angle (θ) 

Figure 7.5: The detection efficiency of a generation 2 microwire array is simulated for a range of
incident angles and a range of wavelengths centered around 950 nm.

polar angles.

From the results, we can observe that the detection efficiency drops as θ increases,

and some resonances appear due to interference effects. Averaging over all angles and

polarizations yields an overall efficiency of 5.1%. The goal of the next section is to design

an optical stack configuration that can significantly improve the detection efficiency over

these target wavelengths.

7.1.3 DBR Optical Stack Design for Broad-Angle Efficiency

A key challenge in the detection of scintillation light is the need to design an optical

stack that achieves high efficiency over a broad range of incident angles. This is particu-

larly important for many dark matter (DM) experiments, where the target emits isotropic
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light or light over a broader range of angles than what is typically encountered in fiber-

coupled SNSPD experiments. To date, this aspect of optical stack design has not been

well-developed.

The development of efficient optical stacks, including DBR stacks, will be beneficial

for microwire arrays in general. Improving the system detection efficiency of large-area

microwire arrays is still a topic of study in the SNSPD field, and for this, the application of

gold reflectors is not a straightforward solution.

In this context, commercial broadband SiO2/Ta2O5 DBR mirrors optimized for absorp-

tion in the wavelength range from 850 nm to 1300 nm were obtained from Spectrum Thin

Films. These were implemented into the RCWA simulation using structural information

and n and k data from the vendor

For designing an optical stack for the Generation 2 microwire array, the thickness of the

superconducting layer, the amorphous silicon capping layer, and the DBR configuration

were held constant, while the SiO2 spacer layer was varied to optimize the design for

enhanced absorption.

The difference between a DBR mirror and a gold mirror as the back reflector for 930 nm

light at various incidence angles, polarization-averaged and averaged over all polar angles,

is shown in Figure B.1. A DBR mirror consists of alternating layers of materials with dif-

ferent refractive indices, designed to reflect light through constructive interference. When

light hits these layers, it is partially reflected and transmitted at each boundary. For spe-

cific wavelengths, the reflections from multiple layers interfere constructively, enhancing

the reflection.

DBR mirrors are sensitive to the angle of incidence because the phase relationship be-

tween reflected waves changes with angle. At normal incidence, the light waves align per-

fectly for constructive interference. However, as the angle increases, the optical path length

changes, which affects the phase and alters the range of wavelengths that can be reflected
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efficiently. This makes DBR mirrors highly effective at specific angles and wavelengths,

but less so as the angle deviates from normal.

As shown in Figure 7.6, the optical stack with a DBR back-reflector exhibits a drop

in efficiency at smaller incident angles compared to the gold back-reflector device. This

limitation is inherent to the use of DBR reflectors. The gold back-reflector device also

experiences a drop in efficiency, but at larger incident angles, as the stack becomes less

effective. In Figure 7.6, the absorption as a function of incident angle is shown for two

devices, both with 5 nm-thick WSi of 1.5 µm width, a fill factor of 0.6, and an amorphous

silicon capping layer. The data in blue represents the simulated nanowire absorption for

the DBR back-reflector device, while the data in gold represents the simulated nanowire

absorption for the gold back-reflector device.

Angular Distribution of Light from GaAs

The light incident on an SNSPD to instrument GaAs has a distribution of angles that

can be modeled as the distribution of light leaving a GaAs-air interface using the fresnel

equations. To analyze the angular distribution of light exiting a GaAs-air interface, the

refractive indices for GaAs and air are defined as

ni = 3.6 (GaAs), nt = 1.0 (air) (7.1)

The critical angle for total internal reflection at the GaAs-air interface is calculated as:

θc = arcsin
(

nt

ni

)
(7.2)

This critical angle, θc, represents the maximum angle of incidence within GaAs beyond

which light undergoes total internal reflection instead of transmission. Now, using Snell’s
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Figure 7.6: Simulated absorption as a function of incident angle θ in a device with a DBR-back-
reflector (blue data) and a device with a gold back-reflector (gold data). Both configurations expe-
rience a decrease in efficiency at larger incident angles, but the DBR device drops off in efficiency
at smaller incident angles.
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Law, we calculate the transmission angle θt in air for each incident angle θi in GaAs:

ni sin(θi) = nt sin(θt) (7.3)

Solving for θt , we have:

θt = arcsin
(

ni

nt
sin(θi)

)
(7.4)

This equation is applied over a range of incident angles, from 0◦ up to the critical angle

θc.

The Fresnel equations give the reflection (r) and transmission (t) coefficients for light at

the GaAs-air interface. These coefficients depend on the polarization of the incident light.

For s-polarized light where the electric field is perpendicular to the plane of incidence, the

reflection coefficient rs and transmission coefficient ts are given by:

rs =
ni cos(θi)−nt cos(θt)

ni cos(θi)+nt cos(θt)
(7.5)

The transmission coefficient for s-polarized light is then:

ts = 1− r2
s (7.6)

This expression for ts represents the fraction of incident s-polarized light that is trans-

mitted into the air.

For p-polarized light where the electric field is parallel to the plane of incidence, the

reflection coefficient rp and transmission coefficient tp are:

rp =
nt cos(θi)−ni cos(θt)

nt cos(θi)+ni cos(θt)
(7.7)
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Figure 7.7: The transmission coefficients are shown for s-polarized, p-polarized, and the average of
s- and p-polarization, calculated for a GaAs-air interface using the Fresnel equations.

And the transmission coefficient for p-polarized light is:

tp = 1− r2
p (7.8)

Here, tp represents the fraction of incident p-polarized light transmitted through the

interface.

The transmission probabilities for both s-polarized and p-polarized light can be calcu-

lated across the range of incident angles. These in addition to the average of both polariza-

tions are plotted with respect to incident angle in figure 7.7:

To accurately represent the angular distribution of light exiting the GaAs-air interface,

we need to account for both the transmission probability and the spatial distribution of the
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transmitted light. The transmission coefficients ts and tp (for s-polarized and p-polarized

light, respectively) give the fraction of light intensity transmitted through the interface at

each angle. However, they do not capture how this transmitted light spreads out in physical

space at each angle. The solid angle factor 2π sin(θt) describes the angular spread of the

transmitted light as a function of the transmission angle θt . Specifically,

dΩ = 2π sin(θt) (7.9)

where Ω is the solid angle. This factor quantifies the spatial distribution of light exiting

the interface. By multiplying the transmission coefficients ts and tp by the solid angle factor

2π sin(θt), we obtain an effective transmission intensity that considers both the likelihood

of transmission and the angular spread of light. This yields:

Effective Transmissions = ts ·2π sin(θt) (7.10)

Effective Transmissionp = tp ·2π sin(θt) (7.11)

For the average transmission (assuming no preferred polarization), we can define:

Effective Average Transmission =
ts + tp

2
·2π sin(θt) (7.12)

Thus, the product ts ·2π sin(θt) (or tp ·2π sin(θt)) gives the effective transmission inten-

sity. This quantity is proportional to both the transmission probability and the spatial area

over which the light exits, providing a more comprehensive representation of the trans-

mitted light’s angular distribution at the GaAs-air interface. The effective transmission

intensity is shown in figure 7.8 as a function of transmission angle.

After incorporating the solid angle weighting factor 2π sin(θt) into the transmission co-
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Figure 7.8: The effective transmission coefficients (transmission coefficients × solid angle weight-
ing factor 2π sinθ ) are shown for s-polarized, p-polarized, and the average of s- and p-polarization.
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Figure 7.9: Normalized transmission probability for s-polarized, p-polarized, and the average of s-
and p-polarization.

efficients, we introduce a normalization condition to ensure that the angular distribution of

transmitted light sums to the total solid angle, 4π steradians. To achieve this normalization,

we first calculate the sum of all effective transmission values over the range of transmission

angles. We then divide each effective transmission value by this sum and multiply by 4π

to maintain the total solid angle. This ensures that the distribution reflects the true angular

spread of the transmitted light while conserving the total intensity within a 4π steradian

solid angle. The normalized transmission probability distribution is shown as a function of

transmission angle in figure 7.9.

The transmission angles at this interface become the incident angles on the SNSPD.

It can be seen when looking at the polarization-averaged angular transmission probability

distribution that it is skewed to be maximized at larger incident angles. The distribution
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Figure 7.10: The normalized transmission probability for the average of s- and p-polarizations is
maximized at θ = 60.1◦.

maximum calculated through the gradient method is 60.1 degrees as shown in figure 7.10.

This is in contrast to the common situation in SNSPDs designed for single-mode fiber-

coupled light in which nearly all of the incident light is normal incidence (0 degrees in the

convention used in this chapter).

It is possible to designate 60◦ as the incident angle in the RCWA optimizer instead

of running the RCWA optimizer to optimize the stack configuration for normally incident

light. A more robust approach is to expand the capabilities of the RCWA optimizer to

optimize for a weighted distribution of incident angles.

In MATLAB a multi-objective wrapper for the RCWA optimizer was created for op-

timizing an optical stack design. The wrapper function allows for inputting a range or

distribution of incident angles rather than a single designated angle. Within the wrapper,
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Si substrate

146 nm SiO2 buffer

3 nm a-Si
3 nm WSi

SiO2/Ta2O5 
DBR

Figure 7.11: The SNSPD on a Si substrate with a DBR back-reflector, SiO2 spacer layer, and
amorphous silicon capping layer.

a loop iterates over the specified angles, calculating and summing the objective function

values for each angle. By accumulating the results across multiple angles, the optimization

process aims to improve the optical stack’s performance over a broader range of incident

angles. This approach is particularly useful in applications where light arrives at varying

angles, ensuring the design is robust and efficient across different incidence conditions.

DBR Design

The detector model in the DBR cavity for input into the RCWA optimization script is

shown in figure 7.11. The value of the SiO2 layer thickness between the microwire and

top of the DBR mirror was varied in the optimization. The figure shows the optimal value

of 146 nm for the SiO2 spacing layer thickness. The optimization was performed with the

weighted distribution given in figure 7.10 for a wavelength of 930 nm. The fill factor for

the device was chosen to be 0.4 and WSi thickness was set to 2.3 nm to be consistent with

the set of generation 2 microwire arrays used in chapters 5 and 6. The absorption will be

higher if the thickness of the WSi is increased.

The response of this configuration to angled incident light at 930 nm, as well as the
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detection efficiency for light at different wavelengths near the optimized value, is shown

in Figure 7.12 (a) and (b), respectively. The results reveal that the response is primarily

dominated by the angular and wavelength dependence of the DBR mirror.

The increasing the fill factor of the device in future iterations will increase the overall

optical absorption. The polarization-averaged response to angled incident 930 nm light is

shown for fill factor 0.4 (the current iteration of the design), as well as fill factors of 0.5,

0.6, and 0.65.

7.2 Fabrication Challenges and Steps Forward

The SNSPD design from the previous section was fabricated, and the reflectance was

measured for the bare DBR mirror, the DBR mirror on the Si substrate, and the mirror

integrated into the optical stack in the SNSPD array using a Filmetrics F40-UV for reflec-

tometry. The results, shown in figure 7.14 are consistent with the expected behavior and

specifications from the vendor, within the quoted bandwidth of 800 nm - 1350 nm, as well

as the RCWA simulations.

Along with the DBR optical stack, bi-layer NbTiN bends were implemented for en-

hanced performance and current crowding suppression. The full design of the array in the

optical stack is shown in Figure 7.15. The wafer was fabricated with 4, 8, and 16 pixel

arrays, each with a 0.4 fill factor, 1.5 µm wide wires, and active areas of 1 mm2, 4 mm2,

and 16 mm2.

The attempt at nanofabrication showed suppressed switching currents and degraded

pixels, with none of them being photosensitive. The suppressed switching currents can

be seen in the IV curves from two devices that are representative of the wafer. There is

a combination of open channels and channels with degraded switching currents that are

asymmetric across the array.
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(a)

(b)

Figure 7.12: For the 0.4 fill factor version of the detector shown in figure 7.11(a) RCWA-simulated
nanowire absorption as a function of incident angle in the optimized DBR optical stack for TE, TM,
and polarization-averaged light. (b) RCWA-simulated nanowire absorption at wavelengths of 900
nm, 930 nm, and 960 nm for polarization-averaged light.
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Figure 7.13: The response to angled incident 930 nm light for RCWA-optimized optical stacks with
DBR mirror back reflectors, an SiO2 spacer, and 3 nm-thick WSi patterned with various fill factors.
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Figure 7.14: Measured reflectance of the bare DBR mirror (yellow), the DBR mirror on the dielec-
tric (red), and in the detection area of the SNSPD (blue) as a function of wavelength.

Si substrate

SiO2 buffer

a-Si
SU-8

WSi

SiO2/Ta2O5 
DBR

Ti/Au/Ti contacts
NbTiN bends

Figure 7.15: A schematic of the SNSPD design with the DBR optical stack and bi-layer bends.
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As mentioned previously, particle contamination on the DBR mirror can disrupt the

uniformity of the superconducting layer deposited above, potentially leading to inhomo-

geneities that affect the device’s performance. This likely impacted the yield. Future work

will focus on systematically exploring solutions and further optimizing the nanofabrication

processes. For example, planarization processes used for arrays with stacked photosensitive

layers, such as the thermal row-column architecture [97], could potentially be optimized

to planarize the surface above the DBR layer. Additionally, First Contact, a proprietary

blend of solvents designed to clean mirrors, diffraction gratings, and diffractive optics to

the molecular level, could be incorporated into the process. To improve robustness to inho-

mogeneities, the WSi layer can be thickened. To maintain sensitivity while thickening the

WSi layer, a more tungsten-rich stiochiometry can be used. This approach would allow for

thicker films while maintaining sensitivity, as these films will ultimately have a lower Tc.
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Figure 7.16: IV curves for two different devices from the wafer with the DBR mirror integrated into
the microwire array. The low yield and suppressed switching currents are evident in devices from
two locations on the wafer: R3C1 (top), where only two pixels switch with degraded switching
currents, and R0C1 (bottom), where there is a spread of switching currents across the pixels.
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Chapter 8: Microwire Arrays in Other Experiments

This chapter discusses additional experiments that have integrated the microwire arrays

developed in this work. The first section details the study of a Generation 2 microwire array

in the GeV-scale beam line at Fermilab and its response to high-energy proton, electron, and

pions. This work is part of efforts to integrate large-area SNSPDs into future accelerator

experiments. The second section describes a pilot-phase broadband axion and dark photon

search, where a large-area SNSPDs will serve as the photosensor coupled to a reflector-

based haloscope target.

The detectors described in this chapter were fabricated by Emanuel Knehr, Sahil Patel,

and Ekkehart Schmidt in the MDL cleanroom t JPL. The detectors were screened and char-

acterized as a part of this thesis research. The RCWA simulations discussed in SEction 8.2

were performed independently as a part of this thesis research. The beam line measure-

ments described in Section 8.1 were performed by collaborators at FNAL on detectors that

were pre-screened and characterized as a part of this thesis research. The results follow the

work discussed in reference [127].

8.1 Detection of High Energy Particles with Large Area SNSPDs

Until recently, SNSPDs have had limited use cases in high energy physics (HEP) exper-

iments due to their small active areas (approximately 100 µm2) compared to, for example,

Silicon Photomultipliers (SiPMs), which can have active areas ranging from tens to hun-
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dreds of cm2 and are commonly used in accelerator experiments. The mm2-scale microwire

arrays developed and characterized as part of this thesis work represent an advancement in

the state of the art for the active area of SNSPDs, opening up the detector technology for

future accelerator-based experiments. With future collider experiments in mind as potential

applications for large active area SNSPD arrays, the response of a Generation 2 microwire

array to GeV-energy particles from the Fermilab Test Beam Facility (FTBF) was studied.

8.1.1 Detector Design and Measurement Infrastructure

The detector implemented in the FTBF beam line is a WSi generation 2 microwire

array with 2 mm x 2 mm total active area and 8 pixels. The device was pre-screened before

deployment. It was packaged in the dark packaging described in Chapter 4, and each pixel

was wire bonded so that it could be biased and read out single-ended. The dark box and

detector were mounted in a Helium Sorption Fridge with a base temperature of 0.9K. The

DC-coupled cryoamps described in previous chapters were mounted on the 40K stage.

More information on the measurement setup of the beam line can be found in ref. [127].

8.1.2 Results

The beams available for testing included a 120 GeV proton beam and 8 GeV secondary

electron and pion beams consisting of about 35% of pions and 65% of electrons. The

FTBF is equipped with a silicon tracking telescope to measure the position of each incident

particle and a 240 micro-channel plate (MCP-PMT) which provides reference timestamp

with 10 ps resolution.

Future work will focus on optimizing SNSPDs for high-energy particle detection, of-

fering high spatial and temporal resolution with larger active areas. This will enable the

exploration of the feasibility of using superconducting wire detector arrays in upcoming
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Figure 6. The detection efficiency normalized to the fill factor (40%) of the four SMSPD pixels are shown.
The efficiency as a function of the incident proton track position in the x and y directions (left) and in the
y direction only (right). The data in both plots were recorded with pixel 2 operating at 14.2 µA, pixel 3
operating at 14.8 µA, pixel 4 operating at 14.8 µA, and pixel 5 operating at 14.4 µA.

Through simulation with toy models, we have modeled the smearing and estimated that a 30 µm ±
1 µm spatial resolution would cause an underestimation of 11.7%±0.2% for each pixel. Therefore,
we apply a correction factor of 1.117 to all efficiency measurements and the uncertainty on the
spatial resolution of the tracks are propagated as a source of systematic uncertainty, amounting to
a relative uncertainty of 0.2% on the efficiency measurements. An uncertainty on the SMSPD bias
current, amounting to 0.32µA, is also included in Figure 7. The uncertainty is due to the variations
of the DC offset in the DC-coupled cryogenic amplifier and the parasitic resistance of the SMSPD
across different cool down cycles, as described in Section 2. The detection efficiency of one of the
SMSPD pixels (channel 2) is overlayed with its dark count rate, as shown in Figure 7 (right). The
dark count rate is measured with a Swabian Time Tagger about 20 hours after the beam is off. As
shown in the figure, there exists an operating regime with bias current from 10–13 µA, where the
SMSPD efficiency is above 40% and dark count rate is below 1 Hz.

4.2 Experimental Results for Electrons and Pions

In this section, we will present our result for the 8 GeV secondary electron and pion beams from
FTBF. To distinguish electron and pions from the secondary beam in FTBF, three radiation lengths
of tungsten plates were added to the front surface of the MCP-PMT to induce showers from
electrons, while pions, due to their higher masses and lower velocity, will still deposit MIP-like
signals. Therefore, a MCP-PMT signal consistent with a MIP signal amplitude is identified as pion
and a MCP-PMT signal consistent with a shower signal amplitude, six times larger than the MIP
signal amplitude, is identified as a showering electron.

Events considered in the analysis for electrons and pions are required to have a high-quality
track that has a position measurement consistent with the SMSPD active area and a MCP-PMT signal
corresponding to a MIP for pions or shower for electrons. Due to the higher scattering probability
of the lower energy electrons and pions and the large amount of materials in the cryostat, only the
six strip planes that are upstream from the cryostat are used to reconstruct tracks. A high-quality
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Figure 6. The detection efficiency normalized to the fill factor (40%) of the four SMSPD pixels are shown.
The efficiency as a function of the incident proton track position in the x and y directions (left) and in the
y direction only (right). The data in both plots were recorded with pixel 2 operating at 14.2 µA, pixel 3
operating at 14.8 µA, pixel 4 operating at 14.8 µA, and pixel 5 operating at 14.4 µA.

Through simulation with toy models, we have modeled the smearing and estimated that a 30 µm ±
1 µm spatial resolution would cause an underestimation of 11.7%±0.2% for each pixel. Therefore,
we apply a correction factor of 1.117 to all efficiency measurements and the uncertainty on the
spatial resolution of the tracks are propagated as a source of systematic uncertainty, amounting to
a relative uncertainty of 0.2% on the efficiency measurements. An uncertainty on the SMSPD bias
current, amounting to 0.32µA, is also included in Figure 7. The uncertainty is due to the variations
of the DC offset in the DC-coupled cryogenic amplifier and the parasitic resistance of the SMSPD
across different cool down cycles, as described in Section 2. The detection efficiency of one of the
SMSPD pixels (channel 2) is overlayed with its dark count rate, as shown in Figure 7 (right). The
dark count rate is measured with a Swabian Time Tagger about 20 hours after the beam is off. As
shown in the figure, there exists an operating regime with bias current from 10–13 µA, where the
SMSPD efficiency is above 40% and dark count rate is below 1 Hz.

4.2 Experimental Results for Electrons and Pions

In this section, we will present our result for the 8 GeV secondary electron and pion beams from
FTBF. To distinguish electron and pions from the secondary beam in FTBF, three radiation lengths
of tungsten plates were added to the front surface of the MCP-PMT to induce showers from
electrons, while pions, due to their higher masses and lower velocity, will still deposit MIP-like
signals. Therefore, a MCP-PMT signal consistent with a MIP signal amplitude is identified as pion
and a MCP-PMT signal consistent with a shower signal amplitude, six times larger than the MIP
signal amplitude, is identified as a showering electron.

Events considered in the analysis for electrons and pions are required to have a high-quality
track that has a position measurement consistent with the SMSPD active area and a MCP-PMT signal
corresponding to a MIP for pions or shower for electrons. Due to the higher scattering probability
of the lower energy electrons and pions and the large amount of materials in the cryostat, only the
six strip planes that are upstream from the cryostat are used to reconstruct tracks. A high-quality
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Figure 8.1: The detection efficiency, normalized to the fill factor (40%), of four SNSPD pixels is
shown as a function of the incident proton track position in both the x and y directions (left) and in
the y direction only (right).

Figure 9. The detection efficiency normalized to the fill factor (40%) of four SMSPD pixels as a function of
the incident proton track position in the y direction for 120 GeV protons (same as what is shown in the right
panel of Figure 6), 8 GeV electrons, and 8 GeV pions are shown. The bottom-most pixel with the lowest
y position (pixel 5) was not biased for electron and pion beams, resulting in a smaller active area in the
y-direction. The data were recorded with pixel 2 operating at 14.2 µA, pixel 3 operating at 14.8 µA, pixel 4
operating at 14.8 µA, and pixel 5 operating at 14.4 µA (only for proton beam). The error bars on the data
points only include the statistical uncertainty.

pixel 5 (bottom-most pixel) during the test beam campaign, resulting in a smaller active area in
the y-direction. Additionally, lower energy pions and electrons are more likely to scatter in the
tracker, resulting in lower statistics and a worse track resolution of 130 µm measured from fitting
the turn-on of the SMSPD response in-situ. Therefore, the edge of the SMSPD is more smeared for
electrons and pions. However, it can be seen for the first time that the SMSPD detection efficiency
is similar across the three particle types.

Finally, the inclusive detection efficiency per pixel for electron and pion, calculated by inte-
grating the active area of each SMSPD pixel, is compared against the proton detection efficiency at
three different operating bias currents, as shown in Figure 10. Using the same simulation model as
mentioned in the previous section, the 130 µm±20 µm spatial resolution of the tracks would result
in an 80%±14% underestimation in the inclusive detection efficiency measurement. Therefore, a
correction factor of 1.8 and a relative systematic uncertainty of 7.8% is applied to the electron and
pion efficiencies in Figure 10. It can be seen from the plot that for the first time, we observed that
there is no significant difference of the SMSPD detection efficiency across the three particle types
at all three measured bias currents.

5 Summary

In summary, this paper presents detailed studies of an 8-channel 2 ◊ 2 mm2 WSi SMSPD array
exposed to 120 GeV proton beam and 8 GeV secondary electron and pion beam at the FTBF. The
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Figure 8.2: The detection efficiency normalized to the detector fill factor (40%) of four SMSPD
pixels as a function of the track position in the y direction for 120 GeV protons (red), 8 GeV
electrons (green), and 8 GeV pions (black).
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collider and beam-target experiments.

8.2 Broadband Reflector Experiment for Axion Detection

The Broadband Reflector Experiment for Axion Detection (BREAD) science program

based out of the University of Chicago and Fermilab is developing haloscope-based dark

matter experiment with two pilot experiments.

8.2.1 Detection Concept and Experiment Design

Traditional radio-frequency resonant-cavity axion searches have several disadvantages.

Narrow-band tuning is intrinsically limiting for unknown dark matter (DM) mass, and these

searches scale poorly to high masses. The axion-to-photon conversion power is propor-

tional to the volume, λ 3 ∝
1

m3
a
, meaning that large numbers of small cavities are needed

to maintain signal power as the mass increases. There are significant sensitivity gaps in

the [10−4 − 1 eV] mass regime, which motivates the development of new broadband ap-

proaches.

BREAD realizes a new dish-antenna haloscope approach using a cylindrical metal bar-

rel for broadband DM-to-photon conversion with a coaxial parabolic reflector that focuses

signal photons onto a sensor. The performance and sensitivity of the photosensor ultimately

govern the final discovery reach.

The geometry of the experiment was optimized around the magnetic field profile of

high-field solenoids for the axion search component of the pilot experiment. Additionally,

there is also a dark-photon search, which does not require the external magnetic field to run.

There are two ongoing pilot experiment in the BREAD program. GigaBREAD operates in

the 10-20 GHz range and uses a coaxial horn antenna as the sensor. InfraBREAD operates

at 300 THz ( 1 micron) and uses superconducting nanowire detectors (SNSPDs) as the
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Figure 8.3: Schematic setup in the cryostat for the BREAD pilot dark photon searches. Figure taken
from [125].

sensor. A Generation 1 microwire array is currently deployed in the BREAD cryostat for

characterization.

The InfraBREAD experimental setup is shown in figure 8.3. The signal photons are

focused onto the SNSPD. The current area of the reflector is 0.7 cm2, but it is expected to

scale to 10 m2 over time. The 1 mm2 SNSPD is suitable for the current pilot experiment.

The light focused by the parabolic reflector requires the SNSPD to have a broad range

of acceptance angles over its active area. Additionally, the broadband nature of the ex-

periment necessitates that the sensor have sensitivity over a range of wavelengths. Given

these requirements, coupled with the cryogenic operating temperature and low dark count

rate, the SNSPD is an ideal choice for the sensor. Moreover, the Generation 1 microwire

array does not require an optical stack, which is acceptable. As mentioned in the previous

chapter, conventional optical stacks can limit the efficiency of light at large incident an-
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(a) (b)

Figure 8.4: Projected BREAD sensitivity for different sensor technologies: (a) dark photons (A′)
and (b) axions (a). In (a), κ is the strength of the kinetic mixing term coupling dark photons to SM
photons (this was ε in the notation in Chapter 1). In (b), gaγγ is the axion-photon coupling constant.
Figure taken from [125].

gles, enhancing efficiency at a target wavelength but narrowing the sensitivity to different

wavelengths.

The projected sensitivity with a a dish area of 10 m2using different sensor technologies

including KIS/TES-based sensors, quantum capacitance detectors, and SNSPDs are shown

in figure 8.4 for (a) dark photon searches and (b) axion searches.

8.2.2 RCWA Efficiency Simulations

RCWA simulations were performed to provide collaborators at Fermilab with estimates

of the SNSPD detection efficiency for different wavelengths across a range of angles, con-

sistent with the numerical apertures of the experiment design. In the simulations, following

the convention of Chapter 7, the incident angle is denoted as θ , the azimuthal angle as φ ,

and the polarization as ψ . The SNSPD modeled has a fill factor of 0.25, a WSi thickness

of 5.1 nm, and a 40 nm a-Si capping layer. This was chosen to match the parameters for

the film 2 array described in [119], as the device is from that wafer.
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Figure 8.5: Simulated nanowire absorption as a function of incident angle θ for the Film 2, Gen-
eration 1 microwire array deployed at FNAL for the BREAD pilot experiment. The results are
polarization-averaged and averaged over the azimuthal angle φ from 0 to 180 degrees.

Numerical apertures (NA) of 0.643, 0.766, and 0.866, corresponding to to incident

angles θ in the ranges:

0◦ ≤ θ ≤ 40◦, 0◦ ≤ θ ≤ 50◦, 0◦ ≤ θ ≤ 60◦,

respectively.

The simulation results in figure 8.5 show the nanowire absorption as a function of

incident angle for the average of the TE and TM polarization modes, averaged over φ 0 to

180 degrees for wavelengths of 930 nm, 1064 nm, 1310 nm, and 1550 nm. These results

integrated over the different NAs are tabulated in table 8.1.
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Wavelength
(nm)

Nanowire Absorption

NA 0.643 NA 0.766 NA 0.866
800 9.25% 9.08% 8.85%
930 7.29% 7.09% 6.88%
1310 4.66% 4.69% 4.70%
1550 4.77% 4.82% 4.92%

Table 8.1: Simulated nanowire absorption at different wavelengths, averaged over incident angles
0◦ ≤ θ ≤ 40◦ (NA 0.643), 0◦ ≤ θ ≤ 50◦ (NA 0.766), and 0◦ ≤ θ ≤ 60◦ (NA 0.866).

It can be observed that the detector maintains most of its efficiency across the differ-

ent numerical apertures (NAs) considered. Although the absolute efficiency is relatively

low, this robustness to incident angles arises because the array in an optical stack, which

typically increases a detector’s sensitivity to varying incident angles. Additionally, the

efficiency of a detector in an optical stack would be enhanced for a narrow-band target

wavelength, but this enhancement would drop off for wavelengths outside of the range op-

timized for. Therefore, the device without the optical stack serves as a suitable sensor for

this experiment which requires a broadband photosensor with a wide range of acceptance

angles.

8.2.3 Future Work

Future work will involve validating the above simulation results with calibrated effi-

ciency measurements over a range of different numerical apertures. This can be done using

similar methods as those depicted in reference [118]. In addition to this, the susceptibility

of large active SNSPDs to backgrounds from muons is under investigation.

Traditional SNSPDs do not have a large enough area to interact significantly with

muons, given the known event rates of muons from cosmic ray origins. However, large-area

SNSPDs in the mm2 regime may be sufficiently large for this effect to become significant.

The underlying mechanism involves energy deposition into the substrate, energy deposi-
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Figure 8.6: Muon telescope infrastructure at FNAL including (left) plastic scintillator paddles
wrapped in reflective coatings and black shielding and (right) the skipper CCD group ADR which
will house the muon coincidence search.

tion into the substrate which can then down-convert into high energy phonons and trigger

a detection event in the active area. A system to study the SNSPD dark count rate using

a muon telescope is currently under development. This system consists of plastic scintil-

lator paddles mounted at the top and bottom of the cryostat, coupled to photomultiplier

tubes (PMTs). When a muon shower occurs, it will cause a coincidence event between the

two scintillator paddles. This event can then be investigated to determine if one or more

SNSPD pixels within the cryostat have events that are correlated with the muon detectors

mounted externally to the cryostat. This effort to understand susceptibility of large-area

SNSPDs to high energy backgrounds is important for applications in HEP and also for the

understanding of the DCR performance limitations of large-area SNSPD.
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Chapter 9: Conclusions

9.1 Summary

This thesis presents the development, characterization, and study of large-area su-

perconducting nanowire single-photon detectors (SNSPDs). The successful operation of

SNSPDs with sub-0.1 Hz dark count rates at the mm2-scale with near-infrared (NIR) sensi-

tivity has been demonstrated. This combination of results is promising for the application

of SNSPDs to low mass dark matter searches.

This work also highlights the pathways towards SNSPDs with active areas on the cm2

scale. This can be accomplished by combining high-resistivity amorphous superconducting

materials with multiplexing techniques to scalably increase pixel number while limiting the

number of readout lines and the heat load on system cryogenics.

Additionally, this thesis explores the coupling of state-of-the-art large-area SNSPDs

with cryogenic scintillating targets, which are under development for low-mass dark matter

detection applications. The measurement infrastructure developed for this work merges

high-energy physics instrumentation with single-photon counting instrumentation to enable

novel characterization capabilities. This work lays a foundation for future advancements in

DM detection technologies using SNSPDs.
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9.2 Future Work and Outlook

Future work in detector development includes several key directions. First, improve-

ments in large-area SNSPD nanofabrication processes, particularly the use of DBR mirrors,

will enable high system detection efficiency in microwire arrays. Techniques such as bend

thickening to reduce current crowding and He ion irradiation to reduce constrictions in

microwires can further enhance their performance. Furthermore, new device architectures

that incorporate multiple offset sensor layers can enable devices with a higher effective fill

factor and higher efficiency.

Another future direction to explore for n-type GaAs as a cryogenic scintillating target is

hybridization with other classes of superconducting detectors such as microwave kinetic in-

ductance detectors (MKIDs), which can offer energy resolution capabilities. Furthermore,

developing methods to index-match high-index scintillators to the materials commonly

used in SNSPD optical stacks will improve the light extraction efficiency of hybridized

systems and behavior at interfaces.

Additionally, the development of a cryostat specifically designed for energy-tagged X-

ray excitation via Compton scattering is a promising direction for a robust test-bed facility.

This system would feature aluminum windows in the radiation shields, minimizing the

attenuation of X-rays and production of secondary X-rays that degrade SNR.
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Appendix A: Procedure for IV Curve Analysis with DC Coupled Cryo-

genic Amplifiers

The DC-coupled cryogenic amplifiers used for all measurements have both an unknown

DC offset and series resistance that can vary between cool-downs and thus must be mea-

sured and adjusted for each time an IV curve is taken. The IV curve is obtained by measur-

ing the voltage across the SNSPD (Vsense) as the bias voltage (Vbias) varies.

The DC offset can be found through symmetrizing the measured IV curve. The IV

curve first acquired will be asymmetric with respect to zero Ibias. This is shown in Figure

A.1, where an offset between the positive and negative switching currents, Iswitch + and

Iswitch -, respectively, is demonstrated on the raw IV curve data.

After obtaining Iswitch + and Iswitch - from the raw data, the DC offset can be calculated

as

Ioffset =
Iswitch + −|Iswitch -|

2
. (A.1)

In this example, we have

Ioffset =
24.23−|−18.80|

2
= 2.715 µA. (A.2)

Now, subtracting this offset from all Ibias values in the IV curve and re-plotting, the

switching currents are symmetrized with respect to zero Ibias. This is shown in Figure A.2.

The next feature to correct for is the unknown parasitic resistance that we assume to
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Figure A.1: The raw IV curve of an SNSPD pixel with asymmetric switching currents for negative
and positive bias currents.
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Figure A.2: The IV curve has had the calculated DC offset subtracted from all Ibias values, and the
positive and negative switching currents are now symmetric.
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Figure A.3: The IV curve has had the calculated DC offset subtracted from all Ibias values, and the
positive and negative switching currents are now symmetric.

be in series with the SNSPD from the cabling. Figure A.3 shows a simplified diagram

depicting the biasing scheme. Governed by the equation

Vbias =Vsense

[
1+10kΩ×

(
1

50Ω
+

1
Rfit

)]
, (A.3)

the parasitic resistance Rfit can be extracted from the superconducting portion of the

offset-corrected IV curve as the inverse of the slope. Using this extracted series resistance,

the actual bias current delivered to the SNSPD, Ibias, SNSPD, can be calculated as

Ibias, SNSPD =
Vbias

10kΩ
+

50Ω×Rhs

50Ω+Rfit
. (A.4)

The final value of Ibias, SNSPD after this correction procedure is thus

Ibias, SNSPD = (Ibias −offset)× 50
50+Rfit

, (A.5)

where 50
50+Rfit

is the scale factor accounting for the parasitic series resistance.

This linear fit, superimposed onto the superconducting portion of the offset-corrected

IV curve, is shown in Figure A.3.
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Rfit = 4.165 Ω

Figure A.4: The superconducting branch of the IV curve, adjusted for the DC offset, with the
superimposed linear fit to extract the unknown series resistance. A value of 4.164 Ω was found in
the fit, which is within the expected range for the cabling used.

In this example, it can be seen from inspection of the IV curve plot that the slope has

units of current [µA]

voltage [V]
. The inverse of this gives Rfit in units of MΩ. The extracted slope is

240072.22 µA/V or 240072.22MΩ−1. Taking the inverse of the slope, we get a value of:

Rfit =
1

slope
=

1
240072.22

= 4.165×10−6 MΩ = 4.165Ω. (A.6)

The scale factor from this would be:

50Ω

50Ω+Rfit
=

50Ω

50Ω+4.165Ω
= 0.9231061005169963. (A.7)

Now, all of the Ibias values for measurements (PCR curves, etc.) can be adjusted as:
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Ibias, SNSPD = (Ibias −offset)×Scale factor = (Ibias −2.715)×0.9231061005169963.

(A.8)
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Appendix B: n-type GaAs Sample Information

Two samples of n-type GaAs were obtained for experiments in this thesis. Sample A

was sourced from University Wafer, and Sample B was sources from Freiberger. Table B.1

lists the specifications of the two samples.

Sample Dimensions (mm) Carrier Concentration NBoron NSilicon
A 5 x 5 x 0.625 2.99×1017 cm−3 6.29×1017 cm−3 1.14×1019 cm−3

B 10 x 10 x 4 1×1017 cm−3 to 2×1017 cm−3 unknown unknown

Table B.1: Specifications of n-type GaAs samples. All information was obtained from the vendors,
except for NBoron and NSilicon which were obtained via SIMS analysis.

B.1 Sample A - More Information

Table A.2 shows more information on Sample A from the vendor.

Item 1F1058
Diameter (mm) 100 ± 0.1
Diameter (inch) 4
Thickness (µm) 625
EPD (cm−2) 4869
Mobility (cm2/V.s) 3185
CC (cm−2) 2.99×1017

Resistivity (ohm-cm) 6.55×103

Orientation (100)
Surface Polished

Table B.2: Sample Properties and Characteristics

SIMS analysis on a piece of the wafer was carried out by Eurofins, Inc. to determine the
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Figure B.1: Measured concentrations of Silicon and Boron in the sample analyzed via SIMS analy-
sis as a function of depth.

Si and B concentrations. The lower detection limits of this analysis are NB = 2×1014 cm−3,

and NSi = 5×1014 cm−3. The measured values, NB = 6.29×1017 cm−3 and NSi = 1.14×

1019 cm−3, are well above the detection limits. Figure A.1 shows the analysis plot.

B.2 Sample B - More Information

The following table contains information on the wafer that sample B was cut from. This

was supplied by Freiberger.
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Property Value
Crystal Growth Method VGF
Font Side Pre-polished
Back Side Pre-polished
Roughness Front Side (Ra) ≤ 10 nm
Roughness Back Side (Ra) ≤ 10 nm
Conduction Type N-Type, semi-conducting
Dopant Si
Carrier concentration (cm−3) (1.0−2.0)×1017

EPD (Average over wafer) (cm−2) ≤ 5000
Diameter (mm) 150.0 ± 0.5
Notch [010] ± 2°
Surface Orientation (100)
Off-Orientation Degree 6 ± 0.5 tow. (11-1)
Edge Rounding facet manually ground, facet can vary in width, ≤ 3mm edge exclusion,

notch is not beveled

Table B.3: Sample Properties and Characteristics. Notes: (1) Roughness Front Side (Ra) ≤ 10 nm.
(2) Roughness Back Side (Ra) ≤ 10 nm.
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Appendix C: Publications

Luskin, J., Schmidt, E., Korzh, B., Beyer, A., Bumble, B., Allmaras, J., Walter, A.,

Wollman, E., Narváez, L., Verma, V., Nam, S., Charaev, I., Colangelo, M., Berggren, K.,

Peña, C., Spiropulu, M., Garcia-Sciveres, M., Derenzo, S., Shaw, M. (2023). Large

Active-area Superconducting Microwire Detector Array with Single-photon Sensitivity in

the Near-infrared. Applied Physics Letters, 122(24), 243506.

Peña, C., Wang, C., Xie, S., Bornheim, A., Barrı́a, M., San Martı́n, C., Vega, V., Apresyan,

A., Knehr, E., Korzh, B., Luskin, J., Narváez, L., Patel, S., Shaw, M., Spiropulu, M.

(2024). High Energy Particle Detection with Large Area Superconducting Microwire

Array.
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G. Benato, A. Benoı̂t, A. Bento, L. Bergé, A. Bertolini, R. Bhattacharyya, J. Billard,
I.M. Bloch, A. Botti, R. Breier, G. Bres, J-.L. Bret, A. Broniatowski, A. Brossard,
C. Bucci, R. Bunker, M. Cababie, M. Calvo, P. Camus, G. Cancelo, L. Canonica,
F. Cappella, L. Cardani, J.-F. Caron, N. Casali, G.del Castello, A. Cazes, R. Cerulli,
B.A. Cervantes Vergara, D. Chaize, M. Chapellier, L. Chaplinsky, F. Charlieux,
M. Chaudhuri, A.E. Chavarria, G. Chemin, R. Chen, H. Chen, F. Chierchie, I. Colan-
toni, J. Colas, J. Cooley, J.-M. Coquillat, E.C. Corcoran, S. Crawford, M. Crisler,
A. Cruciani, P. Cushman, A. D’Addabbo, J.C. D’Olivo, A. Dastgheibi-Fard, M. De
Jésus, Y. Deng, J.B. Dent, E.L. Depaoli, K. Dering, S. Dharani, S. Di Lorenzo,
A. Drlica-Wagner, L. Dumoulin, D. Durnford, B. Dutta, L. Einfalt, A. Erb, A. Er-
hart, R. Essig, J. Estrada, E. Etzion, O. Exshaw, F. Favela-Perez, F. v. Feilitzsch,
G. Fernandez Moroni, N. Ferreiro Iachellini, S. Ferriol, S. Fichtinger, E. Figueroa-
Feliciano, J.-B. Filippini, D. Filosofov, J. A. Formaggio, M. Friedl, S. Fuard,
D. Fuchs, A. Fuss, R. Gaı̈or, A. Garai, C. Garrah, J. Gascon, G. Gerbier, M. Ghaith,
V.M. Ghete, D. Gift, I. Giomataris, G. Giroux, A. Giuliani, P. Gorel, P. Gorla,
C. Goupy, J. Goupy, C. Goy, M. Gros, P. Gros, Y. Guardincerri, C. Guerin, V. Guidi,
O. Guillaudin, S. Gupta, E. Guy, P. Harrington, D. Hauff, S. T. Heine, S. A. Hertel,
S.E. Holland, Z. Hong, E.W. Hoppe, T.W. Hossbach, J.-C. Ianigro, V. Iyer, A. Jas-
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