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Abstract

This thesis presents a comprehensive study on Transition-Edge Sensors (TESs),
superconducting detectors with single-particle sensitivity, focusing on their design,
fabrication, modeling, and optimization for both photon and electron detection.

The introductory chapter outlines the operational principles of TESs, introducing
the electro-thermal feedback model and the physics governing the superconducting
transition, including the two-fluid and weak-link models. A comparative analysis
of the main superconducting photon detectors—TESs, Kinetic Inductance Detec-
tors (KIDs) and Superconducting Nanowire Single-Photon Detectors (SNSPDs)
concludes the chapter, contextualizing the specific advantages of TES technology.

Chapter 2 details the microfabrication processes developed for TES devices,
focusing on the core steps of photolithography, thin-film deposition and patterning.
The experimental setups for morphological, electrical and optical characterization
are also described.

In Chapter 3, the research addresses the development of fast-response detectors
within the framework of the SEQUME project. Aluminum-based TESs are investi-
gated for their high-speed potential, highlighting challenges related to fabrication
reproducibility. To effectively accelerate the thermal response, the integration of
lateral gold banks on standard TiAu TESs is explored. The results demonstrate that
this geometric modification significantly reduces the recovery time to the order of
hundreds of nanoseconds.

Chapter 4 presents a preliminary study on the application of TESs for single-
electron detection within the PTOLEMY project context. The challenges related to
scattered and secondary electron (SE) emission and backscattering are discussed,
with kinematic estimates suggesting that time-of-flight are very fast compared to
the detector response and do not allow discrimination of the SEs from their primary
electron. Simplified geometrical considerations are then applied to modeling the



v

collection probability of scattered electrons, offering initial design guidelines to
improve efficiency.

In Chapter 5, the longitudinal proximity effect induced by the wiring on the TES
bilayer is investigated. Systematic measurements of the critical temperature (TC)
and transition width (∆TC) are conducted on strips with varying lengths and wiring
materials (Nb, Ti, Al). The study evaluates different configurations, including the
use of a top Titanium layer, which is shown to effectively suppress the longitudinal
proximity effect.

Chapter 6 addresses the enhancement of photon detection efficiency. Anti-
reflection (AR) coatings fabricated achieve measured efficiencies up to 85%. Further-
more, the potential of plasmonic metasurfaces is explored as an alternative absorption
strategy; numerical simulations of optical micrometric gratings are presented along-
side ellipsometric characterization of test structures with reflectivities as low as
5%.

Supplementary material, including the fundamental theory on superconductivity,
SQUIDS and detailed fabrication and measurement procedures, is provided in the
Appendices. This work contributes to the technological advancement of TESs at
INRiM, pushing the boundaries of high-efficiency single-particle detection and
temporal resolution necessary for quantum technologies and fundamental physics
experiments.
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Chapter 1

Concepts

The research presented here represents a direct continuation of the activity initi-
ated during my Master thesis [1]; consequently, this chapter incorporates material
originally developed in that context.

This thesis presents a comprehensive study on Transition-Edge Sensors (TESs),
superconducting detectors with single-particle sensitivity. The work focuses on
their design, fabrication, modeling, and optimization for both photon and electron
detection. In this introductory chapter, we outline the fundamental principles of
the electro-thermal model of TESs and compare them with other superconducting
single-photon detectors.

1.1 Transition-Edge Sensor

TES devices consist of at least one superconducting material. However, to tune its
critical temperature it is possible to add another layer of a normal material, in order
to exploit the proximity effect explained in App. A. These layers, or films, for the
TES devices discussed in this thesis, have thicknesses of a few tens of nanometers
and areas from 20×20 µm2 to 60×60 µm2. The TES is operated at temperatures
and currents corresponding to a point in the transition region of the superconducting
material’s phase diagram. When biased at an operating point, with resistance R0 set at
a certain percentage of the normal resistance Rn, small temperature variations cause
large changes in resistance, making a TES work as a transducer and an amplifier. An
incident photon with energy Eγ will cause a temperature increase:
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∆T =
Eγ

C
, (1.1)

where C is the heat capacity of the TES.

Fig. 1.1 TES phase transition showing how the electrical resistance change rapidly with
small variation of its temperature near the working point (green dot).

1.1.1 Electro-Thermal Model

As proposed by Hilton and Irwin [2], TES devices are voltage-biased by placing a
shunt resistance Rsh (or Rbias) in parallel with the detector and biasing the circuit with
a constant current. Crucially, the condition Rsh ≪ RTES must be satisfied to ensure
a stiff voltage bias across the TES. The detector branch also contains a parasitic
resistance Rpar and an inductance L, through which the TES current ITES flows. This
inductance is magnetically coupled to a DC-biased SQUID operating in FLL mode.
This configuration allows temperature variations ∆T to translate into resistance
variations ∆R, which then induce current variations ∆I in the TES branch. Finally,
these variations are measured as output voltage changes:

∆Vout = GSQUID∆I. (1.2)

This setup is illustrated in the circuit diagram in Fig. 1.2.



1.1 Transition-Edge Sensor 3

Fig. 1.2 TES operating configuration proposed by Irwin and Hilton.
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The primary advantage of this configuration is the electro-thermal feedback
(ETF), which allows for faster device response.

Electro-Thermal Feedback Mechanism

The fundamental operating principle of a voltage-biased TES is the negative Electro-
Thermal Feedback (ETF). This mechanism exploits the steep dependence of resis-
tance on temperature to stabilize the detector and speed up its response. Since
the TES is biased with a constant voltage VTES ≈ Vth (thanks to the condition
Rsh ≪ RTES), the Joule power dissipated in the film is given by:

PJ =
V 2

TES
R(T )

. (1.3)

When energy (e.g., a photon) is absorbed, the electron temperature T increases.
Since the device is in the superconducting transition, this leads to a sharp increase
in resistance R(T ). Consequently, the Joule heating power PJ decreases. This
reduction in electrical power creates a net cooling effect that counteracts the initial
temperature rise, restoring the equilibrium conditions much faster than the natural
thermal relaxation of the system.

This feedback provides two main advantages:

1. Linearization and Stability: The ETF maintains the TES at the working
point on the transition edge, self-regulating against small drifts in the bath
temperature.

2. Fast Response: The feedback reduces the effective thermal time constant
of the detector. While the intrinsic thermal relaxation time is τ = C/G, the
effective response time becomes:

τeff ≈
τ

1+L
, (1.4)

where L is the loop gain, a parameter quantifying the strength of the feedback,
defined as:

L =
αPJ0

GT0
. (1.5)
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For L ≫ 1, the detector is significantly faster than its intrinsic thermal limit, enabling
higher count rates.

In addition to the electrical circuit, the TES is embedded within a thermal circuit.
The physical parameters involved include an input thermal power Px from incident
photons, the TES heat capacity C, the TES thermal conductance G, the power
transferred from the TES to the thermal bath PC, and the temperatures of the TES
(TTES) and the bath (Tbath). The transition to the superconducting state does not
alter the lattice-specific heat, which remains cph = βT 3, where β is a parameter
unchanged by the superconducting transition. However, there is a variation in the
electronic specific heat. The transition is second-order, meaning that latent heat is
not involved. From BCS theory, the jump in specific heat is given by:

∆ce = 1.43 · γTc, (1.6)

and the electronic heat capacity decreases in the superconducting state following:

ce ∝ e−b Tc
T , (1.7)

as reported in [3]. When operating at the critical temperature Tc, the total heat
capacity is given by:

C =Cph +Ce ≈Ce, (1.8)

since heat capacities are proportional to their respective specific heats. Addition-
ally, phonons are assumed to have an energy equivalent to the thermal bath energy,
meaning that there is no heat exchange between the phonon gas and the bath. The
thermal conductance G considered is the one between electrons and phonons within
the TES itself. To describe the entire system, we use the Thevenin equivalent circuit
in voltage biasing mode, allowing us to write the coupled equations governing the
system. The Thevenin equivalent components are:

Vth = IbiasRbias, Rth = Rbias +Rpar. (1.9)

From which the coupled equations are derived:
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LdI
dt =Vth − IRth − IRTES,

C dT
dt = Px +PJ −Pbath.

(1.10)

These equations contain nonlinear terms that complicate their solution. However,
they can be linearized under small-signal approximation around steady-state values
RTES → R0, T → T0, and I → I0. The detailed derivations of the equations presented
in this section can be found in Irwin’s chapter [4]. The final results of the analysis
include the exponential decay of current and temperature variations, the signal
rise and fall times, the energy resolution, and the saturation energy. The solutions
describing exponential decays are given by:

∆T (t) =
εEγ

C
e−

t
τetf . (1.11)

Using this expression, the current variation is found as:

∆I(t) =−I0α
∆T (t)

T
=−∆I0e−

t
τetf . (1.12)

Solving instead with the variable transformation approach used by Linderman in
[2], we obtain:

δ I(t) ∝

(
e−

t
τ+ − e−

t
τ−
)
, (1.13)

where τ+ is the signal rise time and τ− is the recovery time. If the inductance L
is sufficiently small, making τ+ ≪ τ−, a condition observed experimentally in the
TES devices analyzed in this thesis, we obtain:

τ+ → τel =
L

Rth +R0(1+βI)
, (1.14)

τ− → τetf = τ
1+βI +

Rth
R0

1+βI +
Rth
R0

+(1− Rth
R0
)L

. (1.15)

Here, the loop gain L is an important parameter in determining the response
dynamics of the TES. It is defined as:
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L ≡ PJ0α

GT0
, (1.16)

We can write τetf in a way to explicit only measurable values as:

τetf ∼

[
τ
−1 +

i20R0

Esat

1− Rth
R0

1+ Rth
R0

]−1

, (1.17)

where Esat will be explained in the next section.

1.1.2 Energy resolution and saturation energy

The energy resolution ∆EFWHM is one of the most important figures of merit for
TES devices, as it determines the ability to resolve the number of photons or, more
precisely, the energy corresponding to a given number of photons. Given that a TES
operates as a calorimeter, in a first approximation it is possible to assume a Gaussian
noise distribution and express the resolution as:

∆EFWHM = 2
√

2ln2
[∫

∞

0

4
SPtot( f )

d f
]−1/2

, (1.18)

where f denotes frequency and SPtot is the sum of all spectral power density
(PSD) contributions. The more rigorous approach used in this thesis is necessary
when nonlinear elements are present. The power spectral density of a resistance
subject to voltage noise follows:

SV = 4kBT R, (1.19)

where R accounts for all series or parallel resistances in the Thevenin equivalent
circuit. In the non-linear approach, noise is determined under the assumption that the
system remains close to equilibrium, but βI and R0 are stationary with bias current
I0. For noise components associated with resistances in the circuit, the PSD linked
to the load resistance Rth remains unchanged:

SVth = 4kBT0Rth, (1.20)
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while the TES resistance contribution becomes:

SVTES = 4kBT0R0ζ (I), (1.21)

where the dimensionless factor ζ (I) accounts for the deviation from standard
Johnson noise due to the non-linear nature of the superconducting transition.

The thermal fluctuation noise is given by:

SPTFN = 4kBT 2
0 ·F(T0,Tbath), (1.22)

where F(T0,Tbath) accounts for thermal dissipation properties. The final energy
resolution expression contains all this terms and is written in [4], combined with the
Joule heating power at equilibrium PJ0, the thermal conductance between the TES
and the thermal bath G, the equilibrium temperature T0 and the loop gain Eq. 1.16
that quantifies the strength of the electrothermal feedback (ETF) mechanism (which
stabilizes the TES by reducing temperature variations through self-regulation). The
energy resolution ∆EFWHM defines the ability of the TES to resolve different photon
numbers or the corresponding deposited energy. While the complete derivation
with the noise terms in [4] provide a detailed understanding, a sufficiently accurate
formula for practical purposes is:

∆EFWHM ≃ 7

√
kBEsatTc

√
(1+2β )(1+M2), (1.23)

where the term (1+M2) represents the excess noise. In our typical operation
conditions, we empirically find M ≈ 3. While historically treated as an unexplained
noise component, recent studies suggest that this excess noise can be physically
explained by internal thermal fluctuations arising from finite thermal conductance
effects within the sensor itself (e.g. within the bilayer) [5].

Esat is the saturation energy, the energy beyond which the TES can no longer
discriminate photon numbers using the same method applicable at lower energies.
An approximate expression for the saturation energy is given by:

Esat ∼
CT0

αI
, (1.24)
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Finally, the parameters α and β describe the sensitivity of the TES resistance to
changes in temperature and current, respectively. They are defined as:

αI ≡
T0

R0

(
∂R
∂T

)
I0

, (1.25)

βI ≡
I0

R0

(
∂R
∂ I

)
T0

. (1.26)

Here, R0 is the TES resistance at the operating point, T0 is the equilibrium
temperature, and I0 is the operating bias current. The parameter αI quantifies how
much the resistance changes with temperature, and βI quantifies the dependence
of resistance on current. Additionally, it is worthwhile to note the proportionality
between energy resolution, TES area, and critical temperature follows:

∆EFWHM ∝

√
k−1AT 3

c . (1.27)

Here, A is the active area of the TES and we have the quality factor from [6]:

k =
α√

1+2β
. (1.28)

The parameter k, together with the excess noise M, serves as an indicator of
the intrinsic quality of a TES, independent of its physical dimensions and critical
temperature. This allows for a meaningful comparison between TES devices with
different areas and Tc values, ensuring that their performance is evaluated on a
normalized basis. While, the proportionality of the saturation energy is

Esat ∝ AT 2
c . (1.29)
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1.2 Modelling

1.2.1 Two-Fluid Model

To describe the dependence of resistance R on temperature T and current I, the two-
fluid model is often employed. This model, proposed by Irwin et al. [7], is physically
justified by the Phase Slip Line (PSL) theory. To understand the physical origin of
these resistive features, it is useful to recall the distinction between superconducting
classes. Unlike Type I superconductors, which completely expel magnetic flux up
to a critical field (Meissner effect), Type II superconductors allow magnetic flux
to penetrate the material in the form of quantized vortices above a lower critical
field Hc1. In the 2D thin-film limit, typical of TES devices, the resistive transition is
governed by the dynamics of these vortices. Specifically, the unbinding and motion
of vortex-antivortex pairs across the superconductor generate phase slips, leading to
energy dissipation.

Based on this phenomenology, the model treats the current as flowing through
two parallel channels: a superconducting channel and a normal one. The resulting
resistance in the transition region can be expressed phenomenologically as:

R(I,T ) = cRRN

(
1− cI

Ic(T )
I

)
, (1.30)

where RN is the normal-state resistance, Ic(T ) is the critical current (often ap-
proximated by the Ginzburg-Landau power law), and cR,cI are parameters related
to the normal and superconducting conduction channels. From this constitutive
equation, the sensitivity parameters αI and βI essential for detector characterization
can be derived. Specifically, experimental works [8] have shown that αI scales with
the current ratio as:

αI ∝

(
Ic0

I0

)2/3

. (1.31)

This model provides a useful framework for fitting transition shapes and under-
standing the trade-off between transition sharpness and current dependence.
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1.2.2 Weak Link Model

An alternative description treats the TES as a weak link, where the superconducting
properties are suppressed by the proximity effect from the leads. In this scenario, the
device behaves similarly to a long SNS (Superconductor-Normal-Superconductor)
junction. Assuming the Resistively Shunted Junction (RSJ) limit, the resistance for
currents I > Ic can be described by:

R(T, I) = RN

√
1−
(

Ic(T )
I

)2

. (1.32)

This model predicts different constraints for the detector sensitivities compared to
the two-fluid model. In the limit of a long junction, it implies a specific relationship
between the logarithmic sensitivities:

βI =
R2

N
R2 −1. (1.33)

Both models serve as limiting cases or fitting functions to describe the resistive
transition of real devices, depending on the specific geometry and material properties
(e.g., dirty vs. clean limit, strength of proximity effect).

1.2.3 Mapping of α and β

The models presented above doesn’t fit any TESs. In particular, in our case, neither
a combination of the two-fluid and weak-link model explain the behavior of this 2
fundamental parameters αI and βI . [6] reveal that while the overall current-voltage
characteristics appear smooth, subtle oscillations are present. These fine features,
which are amplified in the derived quantities αI and βI , indicate that the conventional
models miss key details. Notably, variations in the external magnetic field can
produce significant effects, suggesting that interference phenomena are intrinsic to
TES operation. However, this sensitivity strongly depends on the geometry of the
TES; for small TESs or those with a high aspect ratio, the sensitivity to magnetic
fields is actually quite poor within a range of ±2 µT or even more [9]. Moreover,
the observed fine structures are stable and reproducible—aside from high-voltage
regions prone to instabilities—underscoring that they are inherent to the device
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physics rather than mere measurement artifacts. This high sensitivity implies that
factors like spatial non-uniformities and self-field effects, typically neglected in
simpler models, play a critical role. In essence, while the two-fluid and weak-link
models provide a useful framework, Zhang’s work highlights the need for more
sophisticated approaches that incorporate these subtle, yet crucial, effects. Enhanced
models accounting for these nuances will be vital for accurately predicting TES
behavior and optimizing sensor design.

1.3 Superconducting Photon Detectors

Photon/particle detection is a fundamental requirement in a wide range of scien-
tific and technological applications, from astrophysics and quantum information to
biomedical imaging and optical communication. Traditional semiconductor-based
photon detectors, such as silicon photodiodes and avalanche photodiodes (APDs),
operate at room temperature and provide satisfactory performance in many scenarios.
However, these devices suffer from fundamental limitations in terms of noise, timing
jitter, and sensitivity at low photon fluxes. Superconducting photon detectors, in-
cluding Transition Edge Sensors (TESs), Kinetic Inductance Detectors (KIDs), and
Superconducting Nanowire Single-Photon Detectors (SNSPDs), have emerged as
promising alternatives due to their unique operating principles and extreme sensitiv-
ity. Despite requiring cryogenic cooling, modern refrigeration techniques, such as
closed-cycle cryostats, have made superconducting detectors increasingly practical
for laboratory and field applications. Their unique combination of ultra-low noise,
high efficiency, and high spectral resolution positions them as essential tools for
advancing quantum optics, astronomical observations, and next-generation photon
detection technologies.

1.3.1 TESs

As explained above, TESs are highly sensitive superconducting photon detectors
that operate based on the sharp resistance transition between the normal and super-
conducting states. A TES consists of a thin superconducting film maintained at its
critical temperature Tc, where small changes in absorbed energy Eγ cause resistance
variation and measurable current ∆R,∆I. The TES operates by being voltage-biased
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in the superconducting-to-normal transition region. When a photon with energy Eγ

is absorbed, it causes a temperature increase given by:

∆T =
Eγ

C
, (1.34)

which in turn produces a proportional resistance variation ∆R.

The TES is embedded in an electrothermal feedback loop, which stabilizes its
temperature at Tc and allows precise measurements of absorbed photon energy. When
a photon is absorbed, it increases the TES temperature, leading to a resistance change
and so a current reduction that can be detected by a SQUID amplifier. Modern TESs
have demonstrated exceptional performance across various applications:

• Energy Resolution: TESs have outstanding energy resolution, enabling
photon-number resolution (PNR) in multiple wavelength ranges. In the X-ray
regime, TESs have achieved energy resolutions as low as 0.9 eV at 1.5 keV
[7], while in NIR regime TESs have achieved energy resolutions as low as
67 meV at 0.8 eV [10].

• Photon Discrimination: TESs are inherently capable of resolving individual
photon events and determining the number of photons in a pulse due to their
intrinsic energy resolution. This property makes them uniquely suited for
applications requiring photon-number-resolving (PNR) capabilities, such as
quantum optics and quantum information processing. In the near-infrared,
TESs have been demonstrated to resolve up to 55 incident photons [11].

• Response Time: TESs have slower response times compared to SNSPDs,
but faster than KIDs, typically in the range of 1− 100 µs. However, their
thermal response can be optimized by engineering the thermal conductance
and heat capacity of the sensor reaching recovery times of about 186 ns–250 ns
at 0.8 eV [12, 13].

• Detection Efficiency: TESs can have very high internal quantum efficiency,
thanks to anti-reflective coatings. The system detection efficiency (SDE) can
be above 95 % at 1550 nm and 98 % at 850 nm [14, 15].

• Operating Temperature: TESs require dilution refrigerators or ADR to
maintain temperatures in a typical range around 20 mK and 300 mK, which
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limits their portability and scalability for some applications. However, their
unparalleled sensitivity justifies the need for cryogenic cooling in specialized
fields.

• Dark Count Rate: Due to their extremely low operating temperatures and
intrinsic detection mechanism, TESs have an exceptionally low dark count
rate. Recent measurements have demonstrated intrinsic dark count rates below
4× 10−4 Hz [16], making them comparable to or better than SNSPDs for
ultra-low background applications.

• Multiplexing Capability: The multiplexing capability of TESs is primarily
limited by the SQUID readout bandwidth. Modern TES arrays have been
demonstrated with SQUID multiplexing techniques, allowing large-scale ar-
rays to be read out efficiently. Currently, arrays with hundreds to thousands of
pixels are successfully used in astrophysical applications, such as X-ray and
Gamma-ray spectroscopy [7, 17]. However, for quantum optics applications,
the fast response times required (MHz bandwidth) pose significant challenges
for standard SQUID multiplexing, limiting current implementations to small-
scale arrays. New researches are overcoming this limitation using Kinetic
Inductance Current Sensors (KICS) instead of SQUIDs [18, 19].

In summary, TESs provide unmatched photon-number resolution and energy
discrimination capabilities, making them ideal for applications requiring precise
photon counting and energy measurement with extremely low noise and dark count
rate. Their primary limitations are their moderately slow response times, the difficulty
of multiplexing caused by the use of SQUIDs and the need for deep cryogenic
cooling, but their superior energy resolution and high detection efficiency make them
a powerful tool in quantum optics, astrophysics, and X-ray spectroscopy.

1.3.2 KIDs

Kinetic Inductance Detectors (KIDs) [20] are superconducting sensors that exploit
changes in the kinetic inductance of a superconducting film when it absorbs energy.
The KID is placed in a circuit with a capacitor, forming a resonant circuit. The
kinetic inductance, Lk, of a KID is related to the density of Cooper pairs ns as:
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Lk ∝
1
ns
, (1.35)

A decrease in the density of Cooper pairs leads to an increase in the kinetic
inductance. The resonant frequency f0 of the resonator is given by

f0 =
1

2π
√

LC
, (1.36)

where L = Lk +Lg is the total inductance, including both the kinetic inductance
Lk and the geometric inductance Lg, and C, the capacitance of the resonator. When a
photon is absorbed by the detector, its energy breaks Cooper pairs, thereby reducing
ns and increasing Lk. This change in kinetic inductance causes a fractional frequency
shift in the resonator. This frequency shift is measured via a microwave readout line,
providing a sensitive probe of the absorbed energy. Modern KIDs have demonstrated
outstanding performance:

• Energy Resolution: Advanced KIDs can achieve energy resolutions on the
order of ∼ 10–20 eV for x-ray applications and resolutions of ∆E < 5 eV for
single 6 keV photons as in [21]. In [22] an energy resolution of 0.17 eV at
808 nm is reported, while in [23] a resolution of 42 meV at 1545 nm has been
obtained using SiN membranes.

• Photon Discrimination: As TESs, KIDs are capable of resolving individual
photon events. Since the number of broken Cooper pairs is proportional to the
absorbed energy, they can discriminate between multiple simultaneous photon
events. For example, in [24] they resolved up to 7 photons per pulse.

• Response Time: The detectors exhibit intrinsic response times often around
∼ 1 ms for X-rays applications [25] and can have a timing resolution of ∼ 1 µs
[26].

• Detection Efficiency: Recent advancements have led to significant improve-
ments in the absorption efficiency of KIDs. In particular, a 61% detector
efficiency at 500 nm was demonstrated in [27], where the application of a
54 nm SiN anti-reflective (AR) coating to the β -Ta inductor should theoreti-
cally enhance the absorption efficiency from ∼ 40% to ∼ 80% at 600 nm. The
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measured efficiency accounts for the absorption efficiency of the supercon-
ducting inductor, the effective fill factor of the absorber, and the lens coupling
efficiency. Further enhancements are expected by implementing multi-layer
optical stacks to achieve near-unity absorption.

• Multiplexing Capability: Arrays containing thousands of KIDs have been fab-
ricated, enabling simultaneous readout of large numbers of detectors through a
single microwave feedline [28]. This scalability makes KIDs especially attrac-
tive for applications in astronomical instrumentation and large-scale quantum
experiments.

• Operating Temperature: These detectors operate at temperatures, typically
between 100 mK up to some Kelvin.

In summary, KIDs convert photon-induced changes in the superconducting state
into measurable shifts in the resonator’s frequency. When photons are absorbed,
they break Cooper pairs, reducing the Cooper pair density ns, increasing the kinetic
inductance Lk, and shifting the resonance frequency. With superior energy resolution,
rapid response times, and the ability to integrate thousands of detectors in an array,
KIDs represent a powerful and versatile technology for a wide range of applications,
in particular in astrophysics.

1.3.3 SNSPD

Superconducting Nanowire Single-Photon Detectors (SNSPDs) [29] are supercon-
ducting detectors that rely on the formation of a resistive hotspot when a photon is
absorbed by a thin nanowire biased close to its critical current. The SNSPD is typi-
cally designed as a meandering nanowire to maximize absorption while maintaining
a high-speed response. The basic principle of SNSPD operation is as follows: A
superconducting nanowire, biased just below its critical current Ic, carries a uniform
supercurrent. When a photon with sufficient energy is absorbed, it disrupts local
superconductivity, creating a resistive region known as a "hotspot." If the resulting
redistribution of current leads to a local current density exceeding Ic, a voltage pulse
is generated, marking the detection of a photon. The resistance change in an SNSPD
can be described by a time-dependent resistance function R(t), which follows the
thermal relaxation dynamics of the hotspot. The recovery time τR of the detector is
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determined by the kinetic inductance Lk of the nanowire and the impedance of the
readout circuit:

τR =
Lk

Z
, (1.37)

where Z is the characteristic impedance of the detection circuit. This parameter
defines the reset time of the SNSPD, which impacts its maximum achievable count
rate. SNSPD are already commercial detectors and performances in literature are the
following:

• Response Time: The response time of SNSPDs is extremely fast, with timing
jitter on the order of a few picoseconds [30], with timing jitter as low as
15 ps when using cryogenic amplifiers. Detectors in the same batch achieved
sub-20 ps jitter and a timing resolution of 26 ps at 1425 nm with cryogenic
amplification [31]. These properties make SNSPDs ideal for applications
requiring high timing precision, such as quantum optics and time-correlated
single-photon detection.

• Detection Efficiency: Recent advancements in SNSPDs have led to system
detection efficiencies (SDE) exceeding 99.5 % at 1350 nm and 98±2.07 % at
1425 nm [31]. The high efficiency is achieved through optimized NbTiN super-
conducting films with saturated internal efficiency, broadband membrane cav-
ity coupling, and precise system efficiency calibration with narrow-linewidth
tunable lasers.

• Dark Count Rate: SNSPDs exhibit dark count rates lower than semiconductor-
based photon counters, in [32] has been obtained a dark count rate of ∼ 6 µHz
with SNSPDs. This make them well-suited for ultra-low-light applications
[33] at temperatures around 2−3 K. However, as clearly depicted in [34], high
bias currents lead to better detection efficiencies, but also to higher dark counts
rates. Then, low dark count rates are a trade off with detection efficiencies.

• Spectral Range and MIR Performance: While traditionally dominant in the
near-infrared, SNSPD technology is rapidly expanding into the mid-infrared
(MIR). Recent developments have demonstrated saturated internal detection
efficiency at wavelengths up to 29 µm using WSi nanowires [35]. Furthermore,
optimized NbTiN devices have achieved high system detection efficiencies
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(> 70%) with high time resolution in the 2−4 µm window [36], opening new
possibilities for molecular spectroscopy and sensing.

• Operating Temperature: Unlike TESs, which require temperatures below
500 mK, modern SNSPDs can achieve high efficiency and low jitter at tem-
peratures between 2.5 K and 2.8 K. This compatibility with more compact
closed-cycle cryostats simplifies integration into real-world applications, such
as space-based photon detection and long-range optical communication [37].

• Multiplexing Capability: While SNSPDs are traditionally limited by the need
for complex readout electronics, recent efforts in cryogenic CMOS electronics
have enabled the multiplexing of large arrays of SNSPDs for single-photon
imaging [38] reaching a single-photon camera of 400 k−pixels [39], where
each pixel is an SNSPD. Future developments of large-scale detector arrays
are rapidly evolving [40].

In summary, SNSPDs provide high-speed, high-efficiency single-photon de-
tection. However, their cryogenic operating temperatures and trade-off between
detection efficiency and dark counts are the only limiting factors for widespread
deployment in certain applications. Their relatively small dark count respect to room
temperature and comparable with TESs, with their only a posteriori PNR capability
for arrays, operating temperature higher than the one necessary for TESs, low costs
and commercial availability could be an advantage or disadvantage depending on the
application.

1.3.4 SPD Comparison

In conclusion, SPDs (TESs, KIDs, and SNSPDs) offer unique advantages over tradi-
tional semiconductor-based detectors. A direct comparison of their key performance
metrics is summarized in Table 1.1. Before discussing the values, it is important to
clarify the distinction between related metrics. Photon Number Resolving (PNR)
vs. Sensitivity: While all three detectors possess single-photon sensitivity (the
ability to detect the arrival of a single quantum of light), PNR refers specifically
to the capability of distinguishing the number of photons in a multi-photon pulse.
TESs and KIDs are intrinsic PNR detectors due to their proportional energy response,
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whereas standard SNSPDs are binary ("click") detectors unless spatially or tempo-
rally multiplexed. Response Time vs. Timing Jitter: The temporal performance is
defined by two distinct parameters. The response time (or recovery time and often the
main contribution for the time resolution) indicates how fast the detector resets after
a detection event, determining the maximum count rate. The timing jitter represents
the uncertainty in determining the exact arrival time of the photon. As shown in the
table, SNSPDs excel in both metrics, while TESs are significantly slower but offer
superior energy resolution.

Table 1.1 Comparison of key performance metrics for Transition-Edge Sensors (TES),
Kinetic Inductance Detectors (KID), and Superconducting Nanowire Single-Photon Detectors
(SNSPD). Values represent the state-of-the-art reported in literature.

Metric TES KID SNSPD

Energy Res. 67 meV @ 0.8 eV
[10]
0.9 eV @ 1.5 keV
[7]

42 meV @ 0.8 eV
[23]
0.17 eV @ 1.5 eV
[22]

–

PNR Capability Up to 55 photons
[11]

Up to 7 photons [24] Up to 65 (arrays)
[41]

Time Resolution 186–250 ns [12, 13] ∼ 1 µs [26] 26 ps [31]

SDE > 95% @ 1550 nm
[14]
98% @ 850 nm [15]

61% @ 500 nm [27] > 99.5% @ 1350 nm
[31]

Dark Count < 4 ·10−4 Hz [16] – ∼ 6 µHz [32]

Multiplexing Hundreds [7, 17] Thousands 400 k−pixels [39]

Op. Temp. 20–300 mK 100 mK – 1 K 2.5–2.8 K

While no single detector type dominates in all metrics, the choice depends on the
specific application. TESs are the reference for energy resolution and PNR, SNSPDs
for timing and speed, and KIDs for large-scale multiplexing.



Chapter 2

Experimental set-up and fabrication
processes

2.1 Fabrication

2.1.1 TES fabrication process

The fabrication of TESs is a multi-step process that requires micro-fabrication
precision, material uniformity, and process reproducibility. This chapter describes
the fabrication procedure used for TES devices at INRiM, from wafer preparation to
the final device. The entire process was carried out at the QRLab facility of INRiM.

The TES basic fabrication loop requires the following steps and is depicted in
Fig. 2.1:

• Mask design: This is the fundamental step required for any project, defining
the TES, wiring, and overall chip geometry, along with other features like
anti-reflective coatings and shields described later in the thesis.

• Photoresist spin-coating: This procedure covers the chip with photoresist, a
removable polymeric material that can be patterned with a laser.

• Positive photolithography: The resist is treated with a Laser Writer or a mask
and UV exposure, then chemically developed to remove the resist exposed
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to UV, creating a pattern. The resist now covers the chip except where the
material needs to be deposited.

• Sputter etching: The chip with resist is cleaned through ion bombardment to
guarantee clean surfaces before deposition.

• Deposition: The desired thickness of the material is deposited on the chip in a
UHV/HV chamber by evaporation or sputtering.

• Lift-off: The resist on the sample is chemically and physically removed. In
this way, only the material adhering to the exposed surface remains, forming a
patterned chip.

• Iteration: The previous steps are repeated for the wiring, anti-reflective
coating, and any additional structures.

Fig. 2.1 Fabrication workflow. The first step is the design of a CAD file serving as the
mask for the photolithographic process (red geometries for TES areas, blue for wirings).
After spin-coating, laser writing, and development, the result is a patterned photoresist. The
brighter areas are TiAu TES areas, while the grey-brown ones are "holes" in the photoresist
ready for wiring deposition. Then, the desired materials are evaporated or sputtered, covering
both the resist and the exposed areas. Finally, the lift-off process removes the photoresist,
leaving the deposited materials only in the patterned areas.
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Photoresist spin-coating

The process usually begins with a (2×2) cm2 chip of Si (500 µm)/ SiO2 (140 µm)/
SiNx (480 µm), which serves as the substrate.

The choice of SiNx is motivated by several factors:

• First, it allows for the fabrication of TESs on suspended membranes if required
by the application.

• Second, since the fabrication process was originally established and optimized
on this substrate, maintaining it ensures consistency and reproducibility.

• Third, the SiNx layer acts as a phonon barrier, attenuating phonons generated
in the Silicon substrate by stray photons that do not land directly on the TES,
thereby reducing the background noise contribution.

We clean the chip in the cleanroom via an ultrasonic bath. This cleaning method
is based on the generation of high-frequency sound waves (typically in the range of
20−40 kHz) in a liquid medium, such as acetone, ethanol, or isopropanol. These
ultrasonic waves produce rapid pressure variations in the liquid, leading to the
formation and collapse of microscopic bubbles due to cavitation. The implosion
of these bubbles near the sample surface generates localized high-pressure jets that
dislodge contaminants and particles without mechanical abrasion. The procedure
consists of 5 min in acetone and another 5 min in ethanol, both at 40◦C at maximum
power, followed by drying with a nitrogen gun before photoresist spin-coating. This
step ensures the removal of organic residues, dust, and particulate matter, providing a
clean and homogeneous surface for subsequent processing. After this initial step, we
proceed with spin-coating. Photoresist is a light-sensitive polymeric material used in
lithographic processes to form patterns on a substrate. When exposed to ultraviolet
(UV) light or other forms of radiation through a photomask or with a laser writer,
the photoresist undergoes chemical changes that alter its solubility in a developer
solution. There are two main types of photoresists:

• Positive photoresist: The exposed regions become more soluble in the devel-
oper and are removed, leaving a pattern that replicates the mask.

• Negative photoresist: The exposed regions become less soluble due to cross-
linking, and the unexposed regions are removed during development.
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Photoresists are typically spin-coated onto substrates to form a uniform thin film.
After exposure and development, the resulting patterned layer serves as a mask for
etching or deposition processes, enabling precise control over micro-scale structures.

The spin-coating process (first images in Fig. 2.2) is a technique used to deposit
uniform thin films of photoresist onto flat substrates. First, the photoresist is spun
on the substrate and then baked. The spinning procedure involves dispensing a
liquid-phase photoresist solution onto the center of a substrate and rapidly spinning
it to spread the material evenly by centrifugal force. The final film thickness depends
on several factors, including the spin speed and the viscosity of the resist, while the
time influences the uniformity of the distribution.

In this work, we use Microchemicals GmbH AZ1505 positive photoresist, a
commonly used material for fine-feature lithography. After the spinning step, the
sample undergoes a soft bake on a hot plate to remove residual solvents and improve
adhesion. This process results in a uniform resist film with a typical thickness of
approximately 500 nm. For a thickness of approximately 1 µm with the same resist,
we simply change the spin speed to 1000 rpm using the same recipe.

The process parameters are as follows:

• Spin speed: 4000 rpm

• Spin time: 30 s

• Bake temperature: 100◦C

• Bake time: 50 s

The coated substrate is then ready for UV exposure and subsequent development.

Photolithography and development

The lithographic process is performed using a Heidelberg µPG 101 (second images
in Fig. 2.2), a micrometric-precise maskless laser writer for direct writing of pho-
tolithographic patterns. It employs a focused laser beam at a wavelength of 405 nm
to expose a positive or negative photoresist, reproducing the design of a CAD file
loaded from its software.
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This technique is particularly valuable for flexible and rapid prototyping, as it
eliminates the need for photomasks, reduces cost and time, and allows for pattern
correction and iteration during development.

In the system, the substrate is mounted on a precision stage that moves in the xy
plane. Through an air flux system, the laser can auto-focus on the chip and find its
edges to automatically calculate the center. Once the design is loaded, the center
found, and parameters set, writing can begin. The laser spot remains in a fixed
position and is modulated (on/off) while the stage moves according to the pattern
layout. Writing is performed by moving the stage in the x direction for a length equal
to the distance between the outer geometries in the CAD, and then moving to the
next line in the y direction. The resolution depends on the optimization of the overall
process and can ideally reach 1 µm, while the precision is sub-micrometric. For the
first lithography on the chip, these are the only steps required. For subsequent steps,
it is necessary to load the chip in the same orientation as the first lithography and
calculate the offset between the center found by the laser writer and the real center
of the previous pattern, along with any rotation caused by manual loading. For these
operations, the Heidelberg µPG 101 is equipped with a camera mounted above the
movable stage, allowing the user to view the structures on the chip. For this reason,
it is essential that at least the first lithographic CAD includes alignment markers to
determine the chip’s center and rotation, as shown in red in the first image of Fig. 2.1.

The key parameters of the writing process are:

• Laser Power: The exposure dose is controlled by adjusting the laser power,
which must be optimized according to the resist type and thickness, feature
dimensions, and substrate reflectivity. For our standard SiO2-SiNx(500 nm)
substrates and 500 nm-thick AZ1505 resist, we use 4 mW for TES areas and
2 mW for wiring. For Si substrates, the power is halved. Small structures on
the TES require 1−2 mW. Conversely, with AZ1505 spun at 1000 rpm for
large structures (e.g., the shield in Chapter 4), 7 mW is required.

• Power Filter: The Heidelberg µPG 101 is equipped with an optical filter to
reduce the power below 1 mW, the laser’s minimum selectable power. The
percentage is selectable via software. For example, the plasmonic structures
in Chapter 4 (2−3 µm on a highly reflective mirror) were lithographed with
1 mW and a 30% filter.
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• External Filter: An additional manual lens filter can be placed in the beam
path to halve the power.

• Writing Time: Depends only on the CAD dimensions (distance between the
farthest geometries).

• Resolution: The µPG 101 can achieve feature sizes down to 1 µm or below,
depending on the process optimization.

After UV exposure, the substrate undergoes a chemical process called "develop-
ment". The AZ1505 photoresist undergoes a chemical modification in the regions
where the laser beam has passed. Being a positive-tone photoresist, the exposed
regions become more soluble in the developer solution (AZ Developer). Specifically,
UV exposure breaks the chemical bonds of the photoactive compound within the
resist, degrading the polymer chain in the exposed regions. Consequently, these
areas become soluble in the alkaline AZ Developer, while the unexposed regions
remain relatively insoluble.

During the development step (third images in Fig. 2.2), the sample is immersed
in a diluted AZ Developer solution (1 : 1 with deionized water) for 20 s at room
temperature and agitated manually to improve uniformity. A shorter time leads
to incomplete development, while a longer time causes over-development, risking
wider features and rough edges, or merging distinct patterns.

After development, the sample is rinsed in deionized water for 30 s to stop the
reaction and remove residues, then dried with a nitrogen gun. Rinsing is performed
in two separate beakers (15 s each) to minimize contamination. All beakers are
cleaned with IPA, and a full dummy cycle is performed before the actual process. At
this point, the chip is covered in patterned resist, ready for deposition.

Evaporation and lift-off

The patterned photoresist serves as a sacrificial mask defining the material deposition
areas. Before deposition, the chip undergoes Oxygen Plasma Etching and Ion Milling.
The plasma etching is described in Section B.1.2, and Ion Milling in Section B.1.3.

A thin metallic or dielectric layer is then deposited over the entire sample (fourth
image in Fig. 2.2), covering both the substrate and the resist. Deposition uses
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Fig. 2.2 Top: Scheme of the overall fabrication process sequence. Bottom: Images of real
processes, results, or systems corresponding to the steps in the scheme.
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techniques like e-beam or thermal evaporation to ensure directional flux and high-
quality film growth. Details on the deposition systems are reported in Section
B.1.4.

Following deposition, the lift-off process is performed by immersing the sample
in acetone, which selectively dissolves the resist (Fig. 2.2). This removes the resist
and the material atop it, leaving only the material in direct contact with the substrate.
Ultrasonic agitation in an Ultrasonic Bath (UB) is used carefully to facilitate clean
lift-off without damaging fine structures.

We follow these steps:

• Soaking: The sample soaks in acetone (fifth image in Fig. 2.2) to initiate
resist degradation. Time ranges from minutes to overnight. A rinse typically
removes large portions of weakened resist.

• Pre-cleaning: The lift-off beaker is cleaned with two UB steps (acetone then
IPA) at 40◦C for 5 minutes at full power.

• Cleaning: The sample undergoes the same procedure, but with UB power
reduced to 50%.

This results in well-defined structures replicating the laser-written pattern (last
images in Fig. 2.2). Edge quality, positioning precision, and interface cleanliness are
crucial for well-behaved TESs, especially at small dimensions.

To investigate the edge profile—a critical factor for vortex entry and pinning
mechanisms as discussed in Chapter 1—Scanning Electron Microscopy (SEM)
imaging was performed on a (230×230) µm2 square TES (Fig. 2.3). The electron
micrographs, acquired at a 15◦ tilt and 350x magnification, reveal slight undulations
along the edges of the superconducting strip and wiring. These imperfections are
likely attributable to the photolithography or development limitations, indicating that
further process refinement is required to achieve sharper edge definitions.

Other details can be found in App. B.1.
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(a) Overview of the (230×230) µm2 TES. (b) Digital zoom highlighting edge roughness.

Fig. 2.3 SEM characterization of a (230× 230) µm2 TES acquired with a 15◦ tilt. (a)
Overview of the device. (b) Detail of the edges showing slight waviness, likely resulting
from the lithographic or development steps.

2.2 Characterization Set-up

2.2.1 Thickness measurements

AFM

We use a Park System NX20 Atomic Force Microscope (AFM) in non-contact
mode. It maps surface morphology with nanometer resolution using a cantilever tip
scanning at ∼ 3 nm distance. Deflection due to van der Waals/electrostatic forces
(Lennard-Jones potential, Fig. 2.4a) is measured via laser reflection (Fig. 2.4b) and
kept constant by a feedback loop controlling a piezoelectric stage.

Vertical resolution is ∼ 0.3 nm, lateral ∼ 10 nm (tip size). Max scan area:
100× 100 µm2. Measurement steps: Calibration (align cantilever/laser), Sample
loading, Measurement (scan), Analysis (leveling, artifact removal). Resist residues
at edges can affect thickness estimation.

AFM measurements were performed on test samples (Fig. 2.5) to calibrate the
thickness monitor. We measured central squares (50×50 µm2) in 4 regions to get
average thickness ⟨h⟩ and deviation σ . Two Ti samples (reference 20 nm and 25 nm)
were analyzed.

Results (Fig. 2.6): Ti (20 nm ref) measured (24±2) nm; Ti (25 nm ref) measured
(25.4±0.3) nm. Measurements agree with reference values.

Furthermore, a previous study performed on a 1×1 µm2 scan area revealed a
TES surface roughness of approximately 1−1.5 nm.
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(a) Lennard-Jones potential: V (r) = 4ε((σ

r )
12 − (σ

r )
6).

(b) Schematic of an AFM with laser feedback system.

Fig. 2.4 AFM working principle and potential.
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Fig. 2.5 Overview of the test chip geometries (right) and zoom of one zone (left).

Stylus Profilometer

The stylus profilometer physically traces the surface with a diamond tip, measuring
vertical displacement via a transducer. It allows scanning large areas for step heights
and roughness. Vertical resolution ∼ 1 nm, lateral ∼ 100 nm (tip radius ∼ 2 µm). It is
suitable for robust materials but not delicate plasmonic gratings. Measurements were
done on Ti (20 nm) and Ti (5 nm)/Au (30 nm) samples. Meanders and circles were
measured. Profiles were leveled and steps calculated (ISO 5436, Fig. 2.7). Results
(Fig. 2.8): TiAu measured ⟨h⟩ = (38± 4) nm; Ti measured ⟨h⟩ = (22± 4) nm,

compatible with references. Uncertainties are σ =
√

σ2
1 +σ2

2 .

Derivation of the uncertainty budget of the thickness during the deposition

We assign an uncertainty ut to the deposition process using an Ishikawa diagram
(Fig. 2.9) to classify sources (instrumentation, environment, etc.) [42]. Sources
include: profilometer measurement (σ ), thickness monitor precision (∼ 0.2 nm,
consistent with 1−5%), and sample positioning (misalignment and tilt, Fig. 2.10).
The misalignment effect is negligible for our geometry. Tilt effects are included in

the AFM σ . The final standard error is ut =

√
∑σ2

ti
n .

Based on measurements:
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(a) Backward measurement, 20 nm sample.

(b) Forward measurement, 25 nm sample.

Fig. 2.6 AFM measurements of Ti samples.

• Ti (20 nm): uTi,20 = 2 nm

• Ti (25 nm): uTi,25 = 0.25 nm

• Au (30 nm): uAu,30 = 1.6 nm
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Fig. 2.7 Left: Raw and leveled meander profiles. Right: ISO 5436 step evaluation.

Fig. 2.8 Profilometer results for TiAu (red) and Ti (green) samples.

We assign a relative standard uncertainty of ≈ 5.5% for Gold and ≈ 10% for
Titanium:

uTi,rel =

√(
0.25
25

)2

+

(
2

20

)2

≈ 0.10. (2.1)

This observed difference in uniformity can be attributed to the distinct deposi-
tion techniques employed. Gold is evaporated using a Knudsen-type effusion cell
equipped with a chimney, which generates a thermally equilibrated, broad molecular
beam characterized by a stable and highly uniform spatial distribution. Conversely,
Titanium is deposited via electron-beam evaporation (e-gun). In this method, the
high-energy electron beam focuses on a small spot within the crucible, effectively
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Fig. 2.9 Ishikawa diagram for deposition thickness uncertainty.

Fig. 2.10 Schematic of positioning uncertainties: off-axis misalignment (left) and tilt (right).

acting as a point source. This results in a flux distribution that is typically more
directional (narrower angular lobes) and sensitive to variations in the melt shape and
beam position, inherently leading to a steeper thickness gradient across the substrate
compared to the effusion cell.

Modifications to the UHV evaporator (Fig. 2.11), including rotary sample holders,
are planned to improve uniformity.
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Fig. 2.11 Planned modifications: 2-inch sample holders, new effusion cell, and rotary
platform.

2.2.2 Superconductivity measurements

This section incorporates concepts, visual materials, and structural elements previ-
ously included in my earlier thesis [1].

A foundational measurement that is consistently performed at the laboratories
of the INRiM is the measurement of resistance of superconducting samples as a
function of temperature. The main instrument used for this purpose is the cryostat,
which allows temperatures lower than the superconducting transition temperature of
the materials under test. To determine the critical temperature of the samples, the
resistance is accurately measured as a function of temperature using a resistance
bridge or a Lock-In amplifier.

The characterization of the TES devices is performed in two distinct stages. First,
the resistance as a function of temperature (R vs T ) is evaluated using a four-wire
measurement configuration. From these curves, the normal resistance RN and the
critical temperature Tc are estimated. The experimental setup allows for the thermal
characterization of up to 12 samples simultaneously in this mode. Second, the TES
performance is evaluated by placing the device in the voltage-bias circuit (ETF
configuration) and coupling it with an optical fiber. In this stage, the current flowing
through the sensor is measured by varying the bias current and the bath temperature,
regulated by a Proportional-Integral-Derivative (PID) controller. Superconducting
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Quantum Interference Devices (SQUIDs) are used to read out the current variations.
With this setup, we can illuminate and fully characterize 3 TESs simultaneously.

To send photons, a laser source with an attenuator is used to control the power
sent through the fibers. Each fiber is manually aligned and glued to the TES using
an inverted optical microscope.

Finally, a spectrum analyzer is used to measure noise frequency spectra, in order
to record and compare measurement conditions.

Some details on the refrigerator used and measurements tecnique can be found
in App. B.3

2.2.3 Optical Fiber Alignment with the Sample

The process of aligning the optical fiber to the TES, involves positioning the fiber
onto the sample and securing it in place. This operation is carried out using an
inverted optical microscope.

The TES devices developed at the INRiM laboratories consist of titanium and
gold metallic films, while the electrodes are fabricated using niobium, aluminum,
or titanium. The substrates on which the TES devices are deposited are made of
silicon, covered with a silicon nitride layer. Both materials are transparent in the
infrared range. By observing the TES chips with an inverted microscope equipped
with an infrared light source, the niobium or titanium tracks and the TES itself can
be identified as dark regions through the substrate. This happens since the the Si
substrate is transparent to infrared light, while the TESs and their wirings are not.

The fiber alignment process is facilitated by micrometric screws, which allow
fine positioning of the fiber along the three spatial directions. The fiber is held in a
stable position using a dedicated clamp.

Initially, the fiber is cleaved to ensure that its section in contact with the TES
is as smooth and perpendicular as possible to the surface. A continuous-wave
laser operating at a wavelength of 1550 nm generates photons exiting the fiber. By
adjusting the laser intensity, it becomes possible to observe an illuminated region
corresponding to the fiber core (approximately 10 µm in diameter) when the fiber is
sufficiently close to the sample. Additionally, a dark circular region, corresponding
to the fiber cladding with a diameter of approximately 125 µm, becomes visible,
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Fig. 2.12. Once the alignment is completed, the fiber is secured by applying small
drops of adhesive using a syringe. The adhesive drops spreads along the fiber,
reaching the sample. The drops are cured using ultraviolet (UV) light and then baked
at 50 degrees for 24 hour to solidify it.

Fig. 2.12 Microscope image of a (12×12) µm2 TES with the aligned fiber. The illuminated
core of the fiber is visible.



Chapter 3

Fast response TESs

Part of the work described in this chapter has also been previously published in [43].

3.1 Abstract of the chapter

The SEQUME project [44] aims to demonstrate quantum advantage using high-
brightness, high-efficiency entangled photon sources and high-purity single-photon
sources. Within this framework, Transition-Edge Sensors (TESs) are required for low
photon flux calibration, specifically necessitating Photon Number Resolving (PNR)
capability at detection rates exceeding 2 MHz. These requirements translate into strict
performance metrics: an energy resolution ∆E < 0.4eV, a detection efficiency greater
than 90%, and an effective response time τeff ≈ 100ns.In this chapter, we investigate
two primary strategies to achieve these speeds. First, we explore the fabrication
of aluminum-based TESs (Al TESs), exploiting the lower specific heat capacity
and higher critical temperature of aluminum compared to traditional titanium-gold
(TiAu) bilayers. We present the characterization of Al strips and TESs, highlighting
the challenges related to film quality and oxide formation. Second, we demonstrate
the efficacy of introducing lateral gold banks to standard TiAu TESs. We prove that
adding these thermal links significantly accelerates the detector recovery time to the
order of hundreds of nanoseconds without compromising the structural integrity of
the device.
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3.2 Aluminum TESs

3.2.1 Motivations and complications

The initial idea was to fabricate TESs based on Aluminum instead of our usual TiAu.
The advantages related to Al are given by an intrinsic higher TC with respect to Ti,
and thus an higher conductance G. Moreover, the specific heat capacity C of Al is
lower than the one of the Ti.

In fact, the TC of Al is ∼ 1.2 K while the one of a Ti film is ∼ 400− 500 mK.
Moreover, C is given by C ∝ (γ + ζ T 2)TV where the free electrons contributes
through γT thanks to the Sommerfeld constant γ and V is the volume. For C we
have γAl/(γTi+ γAu) = 1.35/(3.31+0.69) and ζAl/(ζTi+ζAu) ∝ 1.3/(1.18+21.8),
while for G = nΣV T n−1 we have ΣAl/(ΣTi +ΣAu) = 0.3/(1.5+2.4) [3].

If we calculate both C and G with a volume V = 45 nm× 100 µm2 for an Al
TES at 1 K and a TiAu TES at 100 mK we obtain CAl = 1.5 fJ

K , GAl = 6750 pW
K

and CTiAu = 0.16 fJ
K , GTiAu = 5 pW

K . The characteristic times are τTiAu = 34 µs and
τAl = 220 ns. While, if we compare a Ti TES and an Al TES both with TC = 400 mK
and the same volume of before we obtain: CAl = 0.6 fJ

K , GAl = 173 pW
K , τAl = 3.4 µs

and CTi = 1.4 fJ
K , GTi = 864 pW

K , τTi = 1.6 µs, [45, 46].

These calculations show us that TiAu is limited in temperature and Ti alone is
limited in ∆E because of C. Al seem to be a good trade-off between the energy
resolution and recovery time due to its TC and thermal capacitance. In addition, it is
a metal easy to evaporate with an e-gun in an HV chamber and it is not expansive.

The comparison of the calculated thermal properties for the two material systems
is summarized in Table 3.1.

Table 3.1 Comparison of calculated thermal properties for a standard TiAu TES and an Al
TES. The values are estimated for a fixed device volume of V = 45 nm× 100 µm2. The
significant difference in the thermal time constant τ highlights the potential of Aluminum for
high-speed detection.

Material Tc Heat Capacity C Thermal Cond. G Time Constant τ

(K) (fJ/K) (pW/K)

TiAu 0.1 0.16 5 34 µs

Al ∼ 1.0 1.50 6750 220 ns
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The first 2 complications related to Al films are the well known oxidation of Al
and the deviation of its properties depending on the growth of the Al grains of the
film.

From [47], we can learn that Al films with well-coupled grains exhibit supercon-
ducting behavior that follows the BCS theory. In contrast, when the grains are poorly
coupled, both the residual resistivity ratio (RRR) and the critical temperature (TC)
tend to increase.

Variations in TC can be attributed to several factors. Among the minor contri-
butions are the size of the aluminum grains and the specific deposition techniques
employed. However, the most significant influence on the critical temperature is the
nature of the substrate on which the aluminum is deposited.

Furthermore, it has been suggested that a coherent interaction of planar defects
within the film [47] can formally lead to a TC > 1.2 K for an Al film.

Moreover, in [48] it is shown that the deposition of an Al film on a Ti layer using
an Atomic Layer Deposition technique (ALD) is advantageous. Al films deposited
with a titanium seed layer exhibit a strong (111) crystallographic orientation, regard-
less of the underlying substrate. This (111) orientation offers enhanced resistance
to stress-induced migration and contributes to a longer operational lifetime when
used as an electrode material in device applications. In fact, the superconducting
transition temperature of these aluminum thin films is comparable to that of bulk
aluminum, indicating high structural and electronic quality.

With these information, we initially decided to fabricate TiAl bilayers, with a
5 nm Ti layer under the Al layer that serves both as a growth seed and as an adhesion
layer.

3.2.2 Results: superconductive transitions

We fabricated and characterized a series of samples containing Al TESs and test
strips with varying dimensions and layer structures to optimize the superconducting
properties. The deposited Al thicknesses range from 15 nm to 30 nm. The wiring
consists of Nb or an Al/Nb bilayer with a Nb thickness of 100nm or 150 nm,
ensuring a wiring critical temperature Tc ∼ 8−9 K. The TESs are rectangular with
side lengths varying from 3 µm to 12 µm, designed to minimize heat capacity C
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and tune the normal resistance RN. To improve uniformity, most chip masks (except
SEQ1 and SEQ3) feature a central layout where TESs are arranged on two concentric
circles equidistant from the chip center (Fig. 3.1). This design minimizes thickness
variations due to the deposition profile.

Fig. 3.1 Central layout pattern of the chip mask. The TESs are placed equidistant from the
chip center to minimize thickness gradients.

Table 3.2 summarizes the parameters and results for the "SEQ" sample series (1
to 10) and the second-generation "SEQB" samples. The latter feature an optimized
contact pad layout for faster characterization.

Initial samples (SEQ1-SEQ5) utilized an evaporated Ti/Al bilayer with sputtered
Nb wiring. As shown in Table 3.2 and Fig. 3.2, these samples exhibited anomalously
high resistivities (ρ ∼ 15−19 µΩcm) compared to expected values (6−12 µΩcm)
and very low Tc. This indicates poor film quality and incomplete removal of the
native Al oxide at the interface. Furthermore, TESs consistently showed higher
resistivity and broader transitions than the corresponding strips (Fig. 3.4), confirming
the presence of a resistive oxide barrier at the wiring contacts. This barrier likely
forms a weak-link junction, as evidenced by the humped shape of the transition and
its dependence on the excitation current (Fig. 3.3).



3.2 Aluminum TESs 41

Fig. 3.2 Resistivity vs temperature of the strips in the SEQ samples. Top: all transitions.
Bottom: zoom of the main region. Red labels indicate resistivity values far from literature
expectations.
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Sample
SEQ

Ti
(nm)

Al
(nm)

Sputter Etching
VBIAS, P, t

Tc strip

(mK)

ρ strip

(µΩcm)

Tc TES

(mK)

ρ TES

(µΩcm)

1 5 15 640 V, 26 W, 2′ 631 (5) 19 170 (15) 17.6

3 5 25 // 603 (12) 16 603 (12) 40.5

4 2 15 // – – [400–1200] 130

5 2 20 // 741 (8) 15 [400–1200] 269

7 0 30 // 1202 (2.4) 2.7 1178 (97) 200

8 0 30 670 V, 26 W, 2’ 1296 (4.2) 2.7 1050 (8.2) 6.4

9 0 30 624 V, 26 W, 5’ 1024 (14) 2.7 ∼780 (500) 6

10 0 30 748 V, 26 W, 7’ 800 (12) 4.4 548 (17) 4.4

B1 (Nb first) 0 25 620 V, 25 W, 2’ 1318 (4) 0.5 1320 (24) 0.5

B2 0 25 700 V, 25 W, 5’ 1328 (3) 2.5 1312 (23) 5
Table 3.2 Summary of Al/Ti bilayer samples (SEQ), indicating Ti and Al thickness, applied
sputter etching conditions (bias voltage VBIAS, power P, and time t), and superconducting
properties of both test strips and TESs: critical temperature Tc, transition width (in parenthe-
ses), and resistivity ρ .

Fig. 3.3 Superconductive transition of an Al TES with a natural oxide layer. The humped
shape and current dependence suggest weak-link behavior.
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Subsequent samples (SEQ7-SEQ10) used sputtered Al without the Ti underlayer,
with optimized sputter etching parameters. While strip properties improved, TESs
still showed discrepancies. The breakthrough was achieved with samples SEQB1
and SEQB2, where we inverted the process by depositing the Nb wiring before the
Al TES. This eliminated the issue of removing the robust Al oxide. Both samples
showed well-behaved transitions with Tc ∼ 1.32 K and sharp widths (∆Tc ∼ 3 mK
for strips), with ρTES ≈ ρstrip in SEQB1.

The investigation of the proximity effect in these samples was motivated by the
large coherence length ξ (T ) of Al near the transition. Recalling Eq. A.17 from
Chapter 1, we estimated the specific coherence length for our sputtered Aluminum
films. We assume the dirty limit condition (l ≪ ξ0), where l is the electron mean free
path. Using the literature values for Fermi velocity vF ≈ 1.6×108 cm/s and a diffu-
sion constant D ≈ 60 cm2/s (typical for thin films), we estimate l = 3D/vF ≈ 11 nm.
Consequently, the zero-temperature coherence length is ξ (0)≈ 0.85

√
ξ0l ≈ 116 nm,

where ξ0 = 0.18(ℏvF)/(kBTc)≈ 1.7 µm. Applying the temperature dependence de-
scribed in Chapter 1, at the onset of the transition (T ≈ Tc −∆Tc), the coherence
length diverges, reaching values of ξ ∼ 2 µm. Since this length scale is comparable
to the dimensions of our strips, the choice of wiring material and geometry becomes
critical.

Given the large coherence length of aluminum, we further investigated the
impact of Nb wiring on Al strips (samples SEQ10 and SEQB1) using the contact
configurations detailed in Fig. 3.5. As shown in the transition curves in Fig. 3.6, the
Nb wiring in SEQ10 induced a reduction in normal resistivity and a broadening of
the transition width, consistent with the injection of Cooper pairs characteristic of the
longitudinal proximity effect. The observed shift in Tc (14 mK), however, remained
within experimental uncertainty. conversely, for SEQB1, where the contact pads
were spaced further apart, all measurement configurations (2-wire and 4-wire across
different segments) yielded compatible resistivity values, confirming the absence of
spurious contact barriers
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Fig. 3.4 R vs T measurements for TESs in samples SEQ1 to SEQB2. Early samples (SEQ1,
SEQ3, SEQ7 TES) are affected by oxide. SEQB1 (Nb first) shows ideal sharp transitions at
1.3 K with low resistivity.
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Fig. 3.5 Wiring configurations for Al strips in SEQ10 (left) and SEQB1 (right) used to study
contact effects.
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Fig. 3.6 Superconducting transitions for the strip configurations in Fig. 3.5. Top: SEQ10.
Bottom: SEQB1.
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The evolution of superconducting properties across the sample series is sum-
marized in Fig. 3.7, showing the convergence of ρ , Tc, and ∆Tc towards expected
literature values. This optimization effort enabled the realization of fast single-photon
detectors, the results of which are discussed in the following subsection.

Fig. 3.7 From top left to bottom left: graphs in logarithmic scale of the resistivity ρ , critical
temperature TC and transition width ∆TC of strips (black lines) and TESs (red lines) as a
function of the number of chip "SEQ#" (considering SEQB1 as SEQ11 and SEQB2 as
SEQ12). Green horizontal lines represents the values reported in literature. It can be noted
that the values for TESs and strips converges both to values from literature and between
each other. Bottom right: output signal during the photon detection for a TES of the SEQB1
sample polarized at the 60% of RN. The oscillating signal is interpreted as the detector
ringing due to electro-thermal instability (τel ∼ τetf), from which we deduce an upper limit
for the decay time of ∼ 43 ns.

3.2.3 Results: photon detection

Our initial photon characterization was performed using a TES from the SEQ3
batch (area 3.5×3 µm2, TC = 603 mK), prior to optimizing the Al film properties
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to match literature values. The device was coupled to a 1.6 µm core optical fiber for
telecom wavelength detection, utilizing a 2 MHz low-pass filter. The results, shown
in Fig. 3.8, demonstrated the potential of Al TESs for single-photon sensitivity,
achieving an energy resolution of 0.3 eV. However, the measured pulse decay time
was approximately 1 µs, which, while promising, was limited by the non-optimized
film and the external filter, proving slower than state-of-the-art results [12, 13, 49].

Fig. 3.8 SEQ3 TES photon counting. On top, the pulses measured with an oscilloscopes
and a low pass filter of 2 MHz show overall pulses faster than 1 µs. On the bottom, the
resulting histogram can discriminate single photons with λ = 1540 nm with a suitable energy
resolution ∆E = 0.31 eV.

A second characterization was conducted on a 7×7 µm2 TES from the optimized
SEQ8 batch. This device exhibited a normal resistance RN = 2.2 Ω (ρ = 6.6 µΩcm),
TC = 1047 mK, and a sharp transition ∆TC = 3 mK (see Tab. 3.2).

In this case, we were unable to detect clean single-photon pulses with monotonic
decay. Instead, all the photon absorption events revealed a strong oscillating response,
as shown in Fig. 3.7 (bottom right). We interpret this behavior as a manifestation of
electro-thermal instability, consistent with the theory described by Irwin and Hilton
[4]. For a voltage-biased TES, stability requires specific conditions relating the
electrical time constant τel and the effective thermal time constant τetf. Given the
circuit inductance L ≈ 10 nH and the device resistance, we estimate an electrical
time constant τel = L/[Rth +R0(1+β )] ≈ 7.4 ns (assuming β ≈ 0). According to
Irwin and Hilton, a TES can exhibit underdamped oscillations or instability when the
loop gain L is high and the time constants are comparable. Specifically, for stability
in the high-loop-gain limit, one typically requires τel to be significantly faster than
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τetf. However, for our fast Al TESs, simulations suggest an intrinsic thermal time
constant τ ∼ 200 ns, implying an effective decay time τetf = τ/(L + 1) that can
become extremely short.

If τetf approaches τel, the system enters an underdamped regime characterized by
oscillations. The condition for critical damping or stability is roughly τetf > 5.8τel

[50]. In our case, this would imply a stability limit of τetf ≈ 43 ns. Since we observe
oscillations, it is likely that the actual thermal response of the device is faster than this
threshold (τetf < 43 ns), violating the stability condition for our specific L. Attempts
to stabilize the device by biasing it higher in the transition (60% of RN) to reduce α

(and thus L ) were insufficient to suppress the oscillations completely, confirming
the extremely fast nature of these Al devices.

Furthermore, the observed oscillation frequency is close to the bandwidth limit
of our dc-SQUID readout (∼ 6 MHz). This could be another plausible explanation
for which oscillations occurs and that prevents a resolved measurement of the
fundamental pulse shape.

3.2.4 Conclusions for Al TESs

The study presented here highlights the potential of aluminum as a promising material
for TES fabrication, offering a compelling compromise between thermal conductance
and energy resolution. Thanks to its intrinsically higher critical temperature and
lower specific heat compared to titanium and titanium-gold bilayers, Al allows for
significantly faster thermal response times without excessively compromising energy
sensitivity.

Our experimental results on the SEQ8 sample, interpreted through the Irwin-
Hilton stability framework, suggest that optimized Al-based TESs can achieve
thermal time constants in the deep sub-microsecond regime (τetf < 43 ns), potentially
challenging the bandwidth limits of standard SQUID readout electronics. This
confirms their suitability for high-rate counting applications.

However, the development process also revealed critical challenges. The for-
mation of a native aluminum oxide layer and variability in film grain structure
significantly affect the reproducibility of TC and resistivity, as seen in the SEQ1-
SEQ5 batches. The data indicate that standard sputter etching is insufficient for
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oxide removal and that careful optimization of deposition parameters (e.g., sputtering
power, substrate temperature) is required to achieve bulk-like film quality.

In conclusion, while Al TESs offer a path toward extremely fast single-photon
detectors, realizing their full potential requires precise interface engineering and po-
tentially the integration of customized readout circuits with higher critical inductance
or bandwidth to manage the intrinsic speed and stability of the devices.

3.3 Gold banks

Another way to make faster TESs is to add additional Au structures [8, 13] to the
TES. This is done in particular for thin W TESs, but is also exploited for thick TESs
and MoCu TESs. However, an additional volume of Au can increase the thermal
conductivity G even in thin AuTi TESs, albeit with an increase in thermal capacitance
and a possible worsening of α .

3.3.1 Results

Our first design for this approach has been to cover the edges of the TESs with Au
banks (separated stripes with a gap under the wirings or closed rings around the
overall TES). The banks are 2 µm wide and 30 nm thick, designed to cover the TES
surface for 1 µm and touch the substrate with the other half of the width, as shown
in Fig. 3.9. This design has been conceived for three potential benefits:

• To increase G thanks to these Au thermal links between the Au on top of the
TES and the substrate (results will be explained in this chapter);

• To affect the TES superconductive transition by modifying the proximity effect
at the edge, and consequently the lateral proximity effect (results are shown in
Ch. 5);

• To cover the exposed Ti at the edges to limit oxidation (this study is still
ongoing and results will not be presented in this thesis).
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Fig. 3.9 On the left: TES area with the lithography of the banks/ring. On the right: fabricated
(100×100) µm2 TES with TES area, wirings and banks/ring. The Au ring is half on the
TES and half on the substrate, so as to cover the TES edges correctly. In the middle, between
the inner and outer edge of the ring, it is possible to see the underlying edge of the TES itself.

We have fabricated and characterized two (60×60) µm2 TiAu TESs: the first
with only one bank and the second with two banks. Both devices were characterized
utilizing photons with a wavelength of λ = 406 nm.

To evaluate the thermal conductance G, we have used the power vs the bath
temperature curve. This is an approximate way to evaluate G (and n) using the
equilibrium condition for Joule power and dissipated power as R0i20 = k(T n

0 −T n
bath),

from which one can calculate G as G = nkT n−1
0 (see Ch. 1).

For TESs with this area, two banks are estimated to affect the thermal capacitance
by only 2 % of the total.

For the TES with one bank, G has been estimated as (413± 5) pW/K, which
is 2 times greater than our previous TESs having the same structure, materials,
geometries, and similar Tc. The transition, measured by the dc-SQUID in the photon
counting setup, reveals a transition with no particular features, with Tc ∼ 123 mK,
∆Tc = 1.2 mK and a small RN due to the gold bank in parallel with the TES.

The superconductive transition, the pulses generated by photons, and the his-
togram of the pulses for λ = 406 nm are shown in Fig. 3.10. The device is not ex-
cellent in terms of energy resolution and saturation energy, which are ∆E = 0.82 eV
and Esat = 4.27 eV, but it excels in recovery time.
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3.3.2 Results

Standard TES pulses are typically fitted with a two-exponential model describing
the electrical rise time and the electro-thermal decay:

A(t) = A
(

e−
t

τel − e−
t

τetf

)
. (3.1)

However, the pulses from the TES with Au banks exhibit a distinctive "bump" or
secondary feature in the decay tail (see Fig. 3.10) that cannot be accurately described
by Eq. 3.1.

To interpret this behavior, we considered two main hypotheses: electro-thermal
instability (Irwin-Hilton mechanism) or a multi-body thermal effect (Bennett model).
As explained before, when the electrical time constant τel is comparable to the
thermal time constant τetf in a high-loop-gain regime electro-thermal instability
typically arise, leading to underdamped oscillations. While this mechanism can
produce ringing, the observed feature is a relatively slow, damped modulation in the
pulse tail rather than the high-frequency ringing characteristic of critical instability
near the superconducting transition edge. Furthermore, the device remains stable
under bias, suggesting that global electro-thermal instability is unlikely the primary
cause.

Conversely, the two-body model developed by Bennett et al. [51] provides a
compelling explanation. In this framework, the lateral gold banks act as auxiliary
heat capacities thermally coupled to the main TES thermometer. Although photons
are absorbed directly in the TES, the heat subsequently flows into these banks, which
equilibrate on a different timescale compared to the primary TES-bath link. This
creates a compound calorimeter system (TES + Banks). Under specific thermal
coupling conditions, the solutions to the coupled differential equations can become
complex conjugates, resulting in an underdamped thermal response. This manifests
physically as a damped oscillation or "bumps" superimposed on the decay tail,
exactly as observed.

Therefore, we fitted the single-bank data using a model derived from the Bennett
framework, including a real component (rise and decay) and a damped oscillating
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component:

A(t) = A0 +A
(

e−
t−t0
τel − e−

t−t0
τetf

)
+Aosce−

t−t0
τosc cos(πωosc(t − tc)). (3.2)

From this refined fit, we obtained an electrical rise time τel = (180±3) ns and
a thermal recovery time τetf = (822± 3) ns. The oscillatory component shows a
decay constant τosc = (582±3) ns. The quality of the fit supports the multi-body
thermal interpretation, although a residual contribution from electro-thermal feedback
dynamics cannot be entirely excluded without further impedance measurements.

Fig. 3.10 Characterization results from a (60×60) µm2 TiAu TES and one (2×60) µm2 Au
bank covering one of the edges. On the left, pulses for 1 (black), 2 (red) and 3 (green) photon
detection events at λ = 406 nm. Both the rise and the electro-thermal time are (423±11) ns
and (426±2) ns, respectively. On the right, its R vs T curve measured through a dc-SQUID
in photon counting set-up with a Tc ∼ 123 mK and the histogram from photon counting with
∆E = 0.82 eV.

We performed a similar analysis for the TES with two banks (Fig. 3.11). In this
case, the thermal conductance increased further to G = (657±5) pW/K, suggesting
its dependence by the banks. Since there are two distinct gold banks, the system
should theoretically be described by a 3-body model (TES + Bank 1 + Bank 2).
Assuming the two banks are nearly identical except for small fabrication defects,
their individual responses can be modeled as two oscillations with slightly differ-
ent frequencies, ω3 = ⟨ω⟩+ dω and ω4 = ⟨ω⟩− dω , and similar amplitudes. By
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factoring the common terms, the superposition of these two oscillations can be
mathematically described by the product of two cosines, resulting in a modulation of
the oscillation envelope. The fitting function thus becomes:

A(t)=A0+A
(

e−
t−t0
τel − e−

t−t0
τetf

)
+Aosce−

t−t0
τosc cos(πωosc(t−tc))cos(πdωosc(t−tc)).

(3.3)
Fitting the experimental data with Eq. 3.3 yields a fast electrical rise time τel =

(43±3) ns and a thermal recovery time τetf = (432±8) ns. The oscillation decay
time is τosc =(270±5) ns. The parameter related to the frequency difference, defined
as dωosc = dω/(⟨ω⟩2 +dω2), was found to be (−280±5) ns.

The significantly reduced τetf compared to the single-bank device confirms
that the gold banks effectively increase the thermal conductance to the substrate.
Furthermore, the compatibility of the fitted model with the experimental data suggests
that the complex pulse shape is consistent with the superposition of the thermal
responses from the multiple gold bodies, providing a plausible description of the
internal thermal dynamics.

Fig. 3.11 Characterization results from a (60×60) µm2 TiAu TES with Nb wiring and two
(2× 60) µm2 Au banks covering the edges. On the left, pulse for 1 photon detection at
λ = 406 nm; black represents the data, red represents the fit. The rise time is ∼ 80 ns and the
electro-thermal feedback time is 244 ns, half that of the single-bank device. On the top right,
the Joule power vs Tbath from which we obtained G = 657 pW/K. On the bottom right, its
R vs T curve measured through a dc-SQUID in photon counting set-up with a Tc ∼ 124 mK.
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In conclusion, this type of gold bank appears to be advantageous, but only for
larger TESs. The volume of these additional gold structures influences both G and C,
but the effect on C is negligible for TESs where the bare C is much larger than the C
of the banks. However, G can be increased by a factor of 4, leading the total pulse
time to 1.3 µs for a (60×60) µm2 TES made of 15 nm of Ti and 30 nm Au on a Si
(500 µm)/ SiO2 (140 µm)/ SiNx (480 µm).

It is worth noting that the pulses shown in Fig. 3.10 and Fig. 3.11 exhibit
a characteristic long tail, deviating from a simple single-exponential decay. This
behavior can be explained using the two-body analytical model developed by Bennett
et al. [51]. In this framework, the lateral gold banks act as auxiliary heat capacities
(absorbers) that are coupled to the main TES thermometer via a finite internal
thermal conductance. Consequently, the device behaves as a compound calorimeter
characterized by multiple time constants rather than a single thermal relaxation time.
The observed tail arises from the internal thermalization process between the main
TES film and these lateral banks, which equilibrate on a slower timescale compared
to the primary feedback loop.

In addition to the previous samples, we have fabricated other TESs with titanium
wirings. We have thermally and electrically characterized them, but unfortunately
not optically, as they were unable to discriminate photons at 1540 nm. We believe
that the origin of this limitation may be related to the confinement of quasi-particles,
which depends on the energy gap difference between the TES and the wiring material.
In this framework, the use of Ti wiring might not have provided sufficient quasi-
particle confinement, leading to the loss of the PNR capability. These devices will
be characterized at 406 nm in the near future to extrapolate their pulse times.

In the electrical characterization, we measured extremely sharp ∆Tc, between
1 mK and 2 mK, with a minimum of ∆Tc = 0.75 mK for a (20×20) µm2 TES.

While the thermal characterization of a (60×60) µm2 device of this series was
performed with the usual power vs bath temperature curve (Fig. 3.12), we obtained a
value of G greater than the previous TESs, equal to (839±126) pW/K. Since the
time pulse does not depend on the energy, we expect this TES to have τetf close to
190 ns and τtot ∼ 1 µs.
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Fig. 3.12 Curve of the Joule power PJ0 = R0i20 vs the bath temperature Tbath for a (60×
60) µm2 TiAu TES with Ti wiring and two (2×60) µm2 Au banks. R0 and i20 have been
obtained by the i0 vs Ibias curve.

3.3.3 Future Work and Discussion

The experimental results presented in this chapter demonstrate that lateral gold banks
are a powerful tool for engineering detector speed. By introducing these additional
structures, we achieved a significant increase in thermal conductance to the bath (G),
reducing the effective recovery time τeff to the order of hundreds of nanoseconds.

However, the detailed pulse shape analysis revealed that these banks introduce
additional complexity. The observed "bump" is best described by a multi-body
thermal model, where the banks act as auxiliary heat capacities exchanging heat
with the TES. While the fit results strongly favor this thermal interpretation, we
acknowledge that the high speed of these devices pushes them towards the limits of
electro-thermal stability. Therefore, a mixed regime where both multi-body thermal
dynamics and electro-thermal feedback effects contribute to the pulse shape remains
a possibility.
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While the speed improvement is evident, the energy resolution obtained (∆E ≈
0.82 eV) suggests a trade-off. As discussed in [8], increasing G often leads to a
reduction in the temperature sensitivity α , thereby worsening the energy sensitivity.
For high-G devices, the increase in heat dissipation requires a higher bias current I0,
reducing the ratio Ic0/I0 and consequently α (Eq. 1.31).

To mitigate this effect and optimize the bank design, we propose investigating
two primary strategies:

• Geometric Optimization of Banks: Future fabrication runs will investigate
Au structures with different geometries, areas, and thicknesses. The goal is to
tune the thermal coupling between the TES and the banks to push the system
from the underdamped (oscillating) regime towards a critically damped regime,
eliminating the secondary "bump" while maintaining fast recovery.

• High-Resistance Designs: To counteract the reduction of α , we can adopt the
approach of increasing the normal resistance RN (e.g., via high aspect-ratio
designs [8]). This reduces the necessary operating current I0, restoring a higher
Ic0/I0 ratio and recovering α and energy resolution without sacrificing the
high G provided by the banks.

In conclusion, while the current gold bank design successfully addresses the
speed requirements for the SEQUME project, future work will focus on refining the
bank geometry and TES aspect ratio to simultaneously achieve high speed, robust
stability, and high energy resolution.



Chapter 4

Electron Detection

The results presented in this chapter have also been published in [52].

This chapter focuses on the optimization of Transition-Edge Sensors (TESs) for
single-electron detection within the framework of the PTOLEMY project. We first
outline the scientific goals of the project, specifically the detection of the Cosmic
Neutrino Background (CνB). We then describe the fabrication and characterization
of large-area TiAu TESs designed for this purpose. Unlike photon detection, electron
detection involves complex scattering dynamics. We aim to demonstrate that standard
TES temporal resolution is insufficient to discriminate Secondary Electrons (SE)
from primary events based on timing alone. To this end, we present an analytical
model describing the flight times and ranges of SEs and Back-Scattered Electrons
(BSE). Finally, we develop a geometric cross-section model to estimate detection
probability and propose design strategies to enhance the collection efficiency of
primary electrons.

4.1 Project: PTOLEMY

The PTOLEMY [53] project is a groundbreaking experimental proposal aimed at
detecting the cosmic neutrino background (CνB)—a sea of low-energy neutrinos
that have permeated the universe since roughly one second after the Big Bang. These
relic neutrinos are a direct prediction of the Big Bang model and are expected to be
the oldest observable particles in the universe.
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Unlike cosmic microwave background photons, which decoupled around 380,000
years after the Big Bang, relic neutrinos decoupled much earlier, making them a
unique probe into the universe’s infancy. However, due to their extremely low
energy (on the order of 10−4 eV) and weak interactions, detecting them presents an
enormous experimental challenge.

PTOLEMY aims to measure these neutrinos through the process of neutrino
capture on tritium:

νe +
3H → 3He+ e−

This reaction has no energy threshold and results in an electron with an energy slightly
above the endpoint of tritium beta decay. By precisely measuring the electron energy
spectrum near this endpoint, PTOLEMY seeks to identify the excess events that
would signify relic neutrino interactions.

This measurement would not only confirm a major prediction of the Standard
Cosmological Model but also provide constraints on the absolute neutrino mass
scale, the number of neutrino species, and potentially probe new physics beyond the
Standard Model.

The project incorporates several advanced technologies:

• Graphene-based tritium targets for uniform and stable tritium deposition.

• Electromagnetic filters to pre-select electrons near the endpoint energy.

• TES for high-resolution calorimetric measurements.

• RF-based trigger and tracking systems to enhance event identification and
background rejection.

The event rate is related to the number of tritium atoms in the target, to the cross
section for neutrino capture on tritium and to the local density of relic neutrinos
predicted by standard cosmology. The PTOLEMY collaboration estimates the
expected event rate to be ∼ 9.5 events/year for 100 g of tritium [54] from relic
neutrino capture, with the relic neutrino density modeled as a uniform Fermi-Dirac
number density throughout space. In terms of energy, the expected footprint of a
relic neutrino capture is a peak in the emitted electron spectrum at an energy larger
than the β -decay endpoint by twice mν [55].
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The target for our TESs is the capability to detect low-energy electrons with an
energy resolution of 0.1 eV at 10 eV (standard deviation σe =

∆EFWHM√
8ln2

= 50 meV).

4.2 Fabrication and optical characterization

The TESs for PTOLEMY were fabricated using a TiAu bilayer with Nb wiring and
an area of 100× 100 µm2. This large area was selected for the first phase of the
project to ensure the collection of electrons, albeit at the expense of energy resolution.
The first chip contained 4 TESs and a shield to prevent the substrate from charging
due to electrons implanted at its surface, as shown in Fig. 4.1. One of the TESs was
thermally characterized, showing a transition with Tc = 84 mK and ∆Tc = 1.5 mK,
and then optically characterized, revealing a ∆EFWHM = 4.06 nm (σe = 1.72 eV)
and response times of τel = (250±0.5) ns and τetf = (9.48±0.03) µs. The chosen
wavelength was 406 nm, corresponding to 3.1 eV, which is the highest photon energy
that we can transmit through the fiber.

The shield was realized with 300 nm of SiOx covered by 30 nm of Au. The SiOx

deposition was performed in two steps to guarantee good isolation. Specifically, we
deposited the first half and then let the sample rest in air for one hour. The exposure
to an oxygen-rich environment ensures the oxidation of the SiOx surface, closing
potential conductive pinholes that arise from defects.

In the second chip, we realized 8 TESs with alternating areas of 100×100 µm2

and 60× 60 µm2, similar to the first chip. The physical proximity of the TESs
ensured good uniformity during deposition; thus, they show almost identical Tc,
between 92.5 mK and 94 mK, and sharp transitions, with ∆Tc in the range 1−2 mK.
This second chip will be used for the next runs of electron detection.
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Fig. 4.1 On the left: first chip for the PTOLEMY project with four 100×100 µm2 TESs.
The top left TES has been used for electron detection, while the two on the right have been
covered by the shield to measure the thermal effect of electrons absorbed by the shield
without direct detection (since the electron source was much wider than the distance between
the TESs). On the right: Superconductive transition of top left TES with a Tc = 84 mK and
∆Tc = 1.5 mK.

Fig. 4.2 On the left: superconductive transitions of the 8 TESs in the second chip for the
PTOLEMY project, measured with a current of 1 µA. All the TESs show almost identical
Tc, between 92.5 mK and 94 mK, and sharp transitions, with ∆Tc around 1−2 mK. On the
right: chip with all the TESs physically close to the center of the chip and with areas of
100×100 µm2 or 60×60 µm2. This physical proximity ensures good uniformity during
the deposition and in the behavior of the various TESs.
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4.3 Results

Electron detection with TESs has been demonstrated in [56] for electrons in the
energy range 0.3−2 keV achieving σe = 17 eV, and in [52] for energies < 100 eV,
where we describe the work done so far. We succeeded in measuring electrons
with energy 90−101 eV with a resolution σe = 0.8−1.8 eV using shielded 100×
100 µm2 TESs.

The measurement setup, schematically depicted in Fig. 4.3, consists of a cryo-
genic stage housing the detector and the source. Carbon Nanotubes (CNTs) act as
the electron source, driven by a high voltage bias to generate field emission. To
prevent charging effects on the insulating substrate, the TES wiring and substrate
are protected by a grounded Au shield. The source plate and detector plate are
separated by sapphire spacers, maintaining a precise source-to-detector distance of
approximately 500 µm.

The detection counts are shown in the histogram on the right of Fig. 4.3. The
peak on the far right corresponds to the full absorption of Primary Electrons (PE),
while the counts at lower energies (amplitudes) are due to inelastically scattered
electrons and Secondary Electrons (SE).

Fig. 4.3 Left: schematic of the measurement setup. Carbon nanotubes (CNTs) act as the
electron source by applying high voltage, while the TES substrate and wiring are protected
by a grounded Au shield. The TES plate and the CNT plate are separated by sapphire
spacers. The CNT source was 3 mm2 wide and placed 500 µm from the TES. Right:
histogram obtained from electron detection with a 100×100 µm2 TES having the transition
at Tc = 84 mK.

Most importantly, in [52] we showed that energy resolutions for photons and
electrons are compatible for the same energies. Since the target energy resolution at
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10 eV is a feasible goal, this is a promising result for incoming upgrades and allows
us to study the energy resolution with photons before moving to electrons, greatly
simplifying the work.

4.4 SE lifetimes and TES discrimination

The fundamental difference between photon detection and electron detection lies
in the generation of inelastically scattered electrons and secondary electrons. We
want to demonstrate that if a Primary Electron (PE) reaches the TES and generates
Secondary Electrons (SE) or is reflected, these secondary events occur so rapidly
that the TES is unable to distinguish them from the primary event.

Consider a small region close to the center of the TES. When an electron arrives,
we have a simplified case of an electron generated by the CNT plane at a voltage
VCNT falling onto the TES held at 0 V. The energy measured by the TES for a fully
absorbed primary electron is EPE = e∆V = eVCNT −φTES, where e is the electron
charge and φTES = 4.38±0.03 eV is the work function of the TES [52]. A secondary
electron or inelastically scattered electron (SE) emitted from the TES will have a
fraction of this energy ESE = rEPE. We can remain generic by assuming r ∈ [0,1]
and calculating the flight time assuming a simple parabolic motion with a range that
covers only the TES area. The flight time is given by the classical expression:

t = 2
√

2r me

EPE
d, (4.1)

where me is the mass of the electron and d is the distance between the CNT and
the TES.

The current setup does not allow independent control of emission and acceleration
energies. To overcome this limitation and study flight times more generally, we
can conceptually introduce a decoupling plane between the CNT and the TES, as
illustrated in Fig. 4.4. This plane allows us to distinguish between the voltage applied
to generate electrons (VCNT) and the voltage used to accelerate them toward the
TES (VII). In this generalized configuration, d represents the distance between the
decoupling plane and the TES. The kinetic energy of the primary electron is regulated
by the voltage of the decoupling plane as Ee = eVI = e(VII +VCNT −φTES), where
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VCNT is the voltage difference between the CNT and the decoupling plane, and VII

is the voltage difference between the decoupling plane and the TES. Moreover, we
add a possible emission angle α between the SE trajectory and the TES surface. The
flight-time equation is then modified as:

t = 2d cos(α)

√
2me

e

√
rVI

VII
. (4.2)

Fig. 4.4 Schematic of the motion of inelastically scattered electrons and secondary electrons
in a set-up for electron detection with TES equipped with a decoupling plane. On top are
the CNTs as electron source while on the bottom is the TiAu TES. In the middle there is
the decoupling plane (light blue rectangle) at a distance d from the TES. If we consider
only electrons with trajectory confined in the central region of the TES, we can simplify the
problem with a parabolic motion in a constant and uniform electric field. Our setup in [52]
was not equipped with a decoupling plane and can be represented simply by removing it,
substituting VI =VCNT −φTES.

Using Eq. 4.1, we calculate the flight times as a function of the energy fraction r
of the SE for various configurations, as shown in Fig. 4.5. Specifically, considering a
PE with energy 100 eV (our measurement limit) and a CNT-TES distance of 1 mm
(larger than our actual d = (600±50) µm), the green curve shows that the flight time
is t < 2 ns even for a reflected PE (r = 100%). Crucially, this satisfies the condition
t ≪ τetf, where τetf = 9.48 µs for our device. This confirms that if a PE reaches the
TES and is reflected or generates SEs, they return to the detector on a timescale
much shorter than its thermal response time, making the events indistinguishable.
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Fig. 4.5 Simulation of the flight times for inelastically scattered electrons and secondary
electrons for different energies of the primary electron E generating them and distance
between the CNT and the TES d. Even for energies as low as 5 eV and distances as large as
1 cm, the SEs have flight times smaller than ∼ 30 ns (light blue curve), which are negligible
compared to our usual TES time responses.

In Eq. 4.1 and Fig. 4.5, we did not take into account the factor cos(α) in Eq. 4.2
because the condition of a SE generated from the TES and falling back into the TES
is X ≤ L (where L is the TES side), which leads to:

αmax =
1
2

arcsin
L

4dr
. (4.3)

In our case, the range X is:

X = 2rd sin(2α), (4.4)

where α is the angle between the SE trajectory and the TES surface.

Considering r from 5% to 100%, we have cosαmax ≥ 0.88, which can be approx-
imated to unity. This approximation has been taken considering a peak of secondary
electrons at 6 eV as in Fig. 4.7.
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4.5 SE range and SE from the shield

While the flight times are negligible, the range of the SEs is very large. In fact, for
d = 600 µm, in the worst-case scenario with α = π/4 and r = 1, we can reach a
range of X = 1.2 mm.

Then, the probability of a SE generated on the TES surface falling back onto the
TES is shown in Fig. 4.6(left) and can be described with a geometrical cross-section
of the form:

Pshield→TES(r,α) ∝
ATES

AC
=

L2

πX2 =
L2

4πd2
1

r2 sin2 2α
. (4.5)

However, if the SE is generated outside, we need to consider the intersection
area Aint between the TES and the circle of radius X . This term Aint depends on
the distance between the TES and the point where the SE is generated (Fig. 4.6,
right). Then, from energy conservation, we should note that for elastic scattering
the input energy is equal to the final one, EPE = NSEESE. For inelastic scattering,
the SE globally loses energy in the TES. Thus, the number of SEs with the same
energy must satisfy NSE ≤ 1/r. Finally, we can assume a simple case using momen-
tum conservation. If we consider only electrons moving in the vertical direction
(perpendicular to the TES plane) and we assume that momentum conservation holds
between the incident electron and the inelastically scattered electrons (at least in
direction), kPE = ∑kSE, we can conclude that in the horizontal direction (along the
TES plane) roughly each SE is associated with another SE moving in the opposite
horizontal direction. That is, if one SE hits the TES, another one is moving away
from the TES; thus, the probability is reduced by at least a factor of 2.

Then, the probability of a PE falling on the TES is PPE,TES = ATES/ACNT =

L2/(3 mm)2, where we have that 4πd2 = 4.5 mm2 ∼ ACNT/2. Only a fraction of
these PEs is absorbed by the TES and not divided into SEs, but this means that
the peak of the PE should be primarily formed by PEs generated by the source and
directly detected by the TES. From Fig. 4.7, we can define a function representing
the probability of measuring an electron with energy rEPE, called f (r), and with an
angle α , called f (α). These functions will not be calculated here, but are required
for the calculation of the final distribution of electrons detected by the TES in our
detection configuration as a function of their energies. We can express f (α) as
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Fig. 4.6 On the left: representation of SEs generated from the center of the TES (yellow
square at the center) with side L = 90 µm and the maximal area C that can be covered in the
worst case scenario in light blue, with Xmax ∼ 1.2 mm being the maximal range of the SE
trajectory. On the right: two areas on which the SEs fall if generated at the center of the red
and blue circles outside the TES. The shade of color represents the number of SEs falling in
that region. The blue circles C1 indicate that generating points of SEs far enough from the
TES have little influence on the final detection histogram, while those near the TES have a
great influence on the shape of the histogram (red circles C2).

Acos(α/αC) [57–60], where A takes into account that the integral under the curve
should be equal to 1. Since the electrons scattered or re-emitted from the TES are
reflected back to it unless their angle is α ≥ αmax, the probability as a function of r
for electrons only related to the TES is PTES→TES(r) = f (r) with perfect energy and
time discrimination. The probability for all the allowed angles is Fα =

∫ 90◦
αmax

f (α)dα .
The overall probability is then PTES→TES(r) = f (r)Fα .

From Fig. 4.7, we consider that f (α) = Acos(α/αC) is 0 at α ∼ 40◦, obtaining
αC ∼ 40◦/(π/2)∼ 0.44. From

∫ 90◦
αmax

f (α)dα = 1, we obtain A = 1/αC ∼ 2.27 and
we can roughly approximate Fα as 1− sin(αmax/αC). Eq. 4.3 shows that in our
case αmax(r = 10%) = 12.3◦, while we have αmax(r = 5%) = 28.3◦. Then, for r >
10% we can use the rough approximation Fα ∼ 1−αmax/αC and αmax ∼ L/(8dr),
obtaining Fα ∼ 1−L/(8drαC).

We can then remove the angle dependency from Eq. 4.5 by integrating the angle
dependencies with f (α) as:

Pshield→TES(r) =
L2

4πd2r2

∫ 90◦

αmax

f (α)

sin2 2α
=

L2

4πd2r2Cα . (4.6)
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Fig. 4.7 Characterization of a TiAu film with the same thickness as our TESs, performed in
Roma3. The measurement of electron reflectivity as a function of energy shows a Gaussian
peak corresponding to the PE, an asymmetric dominant peak at 6 eV corresponding to
secondary electrons, and a small peak related to inelastically scattered electrons with a long
left tail. The measurement with respect to the angle at fixed energy shows that the maximum
counts occur for angles close to the normal of the surface and decrease to 0 just above 40◦.
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Finally, we can sum together all the contributions:

Pdetection(E)∼
[

ATES

ACNT
Fα f (rEPE)+

Ashield

ACNT
Cα

L2

4πd2r2 f (EPE(r+
h
d
))

]
e−

(E−rEPE)
2

2σ ,

(4.7)

where h is the distance between the shield and the TES, i.e., the SiOx thickness
h ∼ 300 nm. This term accounts for the energy increase of electrons from the plane
due to the free fall to the TES, equal to eV h/d ∼ EPE/2000 ∼ 50 meV. Moreover,
Ashield ∼ πX2 −ATES ∼ 2d, and σ can be attributed to the TES and the CNT for the
PE. Finally, if the detection time of the TES is much larger than the flight time of the
SE, as in our case, the first term simplifies as:

PTES→TES(E)∼
ATES

ACNT
[I(EPE)+X((1− r)EPE)]e−

(E−rEPE)
2

2σ , (4.8)

where I(EPE) = 1−Fα f (rEPE) is the number of electrons with energy EPE and
X((1 − r)EPE) = Fα f ((1 − r)EPE) is the number of events detected as multiple
electrons recollected by the TES with a loss of energy caused by a fraction of SEs
escaping due to their emission angles. More importantly, long detection times mix
the events of the two species of electrons (from TES to TES and from shield to TES).

From these considerations, we realized that the main contribution for the left
peak comes from the SE generated in the Au shield, whatever the distribution of
energy for the SE, and falling on the TES. We performed measurements reducing the
source area and using a 60×60 µm2 TES and, in fact, we obtained a much cleaner
histogram as in Fig. 4.8a (a). Compared to the previous histogram, here we can
clearly see that the PE peak remains the highest peak until we move to low energy,
where we find a left peak that we identify with the SE peak from the shield. This
peak is very sharp and asymmetric (Fig. 4.8b (b)), similar to the one in Fig. 4.7.

4.6 Detection efficiency and future works

Achieving high efficiency in electron detection with TESs is a significant challenge
because SEs cannot be avoided, and a simple uniform electric field perpendicular to
the TES plane can confine them only in the vertical direction. This is a challenging
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(a) Histogram for electron detection obtained with smaller CNT area with a 60×60 µm2

TES.

(b) SE peak zoomed from the second histogram obtained with smaller CNT area with a
60×60 µm2 TES.

Fig. 4.8 Results for smaller CNT area setup. (a) Full energy spectrum histogram. (b) Detail
of the secondary electron peak.
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target, but fundamental for the PTOLEMY project. For this task, we will try three
main solutions.

The first is to reduce the electron source area in order to reduce the amount of
SEs from outside and border regions of the TES. This could be achieved by reducing
the CNT area or using a metallic nanometric tip as the electron source. Increasing
the TES active area would also geometrically reduce the impact of border events;
however, this approach is disfavored as it increases the sensor’s heat capacity, thereby
degrading the energy resolution, which is a critical constraint for the PTOLEMY
experiment.

The second solution is to use a hemispherical cover as a decoupling electrode,
where the pole is the electron source. In this solution, all secondary electrons and
scattered electrons should experience a force parallel to their trajectories and fall
back on the TES with their starting energy. The difficulties in this solution are the
correct alignment and positioning. Moreover, the field produced by a hemispherical
cover could suffer from inhomogeneity due to, at least, the need for a hole for the
TES wiring. These solutions could work for an electron source near the TES, but in
the final experiment, the electron will come from outside a cryostat, and so the TES
needs a way to be intrinsically efficient.

The third idea is to modify the TES surface to create a nested structure. We can
produce 3D gold poles, like those in [61], on top of the TES surface to increase the
cross-section between SEs and the TES surface. With optimized parameters, a geo-
metric trapping effect could emerge, significantly enhancing the capture probability
(analogous to a particle trapped in a forest of pillars).
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4.7 Conclusions

The PTOLEMY project represents a pioneering effort in the direct detection of relic
neutrinos from the early universe, leveraging a combination of novel target design,
high-precision energy filtering, and ultra-sensitive cryogenic detectors. While the
expected event rate is extremely low—on the order of a few events per year—the
scientific payoff in terms of cosmological and particle physics is significant.

This work has contributed to the fabrication and study of the first low-energy
detection with TESs specifically designed for PTOLEMY’s goals. The large-area fab-
ricated TESs demonstrated excellent superconducting transitions and time responses,
validating their potential for single-electron detection.

A key challenge remains the efficient discrimination of primary, secondary, and
scattered electrons. We showed that SEs are emitted with sub-nanosecond delays,
too short to be temporally separated from the primary signals by TESs with current
time resolutions. This is an advantage for the electron detection. However, the
large range of scattered electrons imposes strong constraints and complications on
detector design and motivates further design strategies and geometric source-detector
optimizations.

Future work will focus on enhancing intrinsic detection efficiency by engineering
the TES geometry, improving the electron source collimation, and implementing
novel shielding and decoupling configurations. These developments will be critical
not only for relic neutrino detection, but also for broader applications in ultra-low
energy particle calorimetry.



Chapter 5

Longitudinal and Lateral Inverse
Proximity Effect

This chapter presents a systematic study of the longitudinal and lateral inverse
proximity effects on the superconducting transition of thin-film TES devices. These
effects, stemming from the physical configuration of the TES and its connections,
have been shown to significantly modify the transition temperature Tc and its width
∆Tc, thus impacting device performance.

Unlike previous studies [62, 63], which focused on characterizing these effects
for specific material combinations, this work provides a systematic comparison
across three distinct wiring materials: Niobium (Nb), Titanium (Ti), and a Titanium-
Aluminum (TiAl) bilayer, applied to TiAu and AuTi TES strips. Our primary
goal is to highlight the differences between this work and previous literature by
demonstrating how the choice of wiring material specifically alters the Tc scaling
behavior. Furthermore, we aim to prove that utilizing a top Titanium layer in the
TES structure effectively suppresses the longitudinal proximity effect, offering a
pathway for more stable device engineering.

5.1 Longitudinal Proximity Effect

The longitudinal proximity effect arises from superconducting leads connected at the
ends of the TES structure. When superconducting leads, typically made of niobium
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(Nb), are attached to the TES, they enhance the superconducting order parameter
along the length of the TES film. As shown by Sadleir et al. [62, 64], the shift in the
critical temperature (δTc) due to the longitudinal proximity effect scales inversely
with the square of the distance L between these superconducting leads. This happens
even for the transition width ∆Tc. This effect is quantified as:

δTc,l ∝
1
L2 , (5.1)

∆Tc,l ∝
1
L2 . (5.2)

Thus, smaller spacing between superconducting leads significantly increases Tc

and widens the transition width (∆T ) as shown in Fig. 5.1, degrading sensitivity and
performances of the TES [65]. This effect is often related to a weak-link behavior
because the TES and its wiring form a S’SS’ junction. In fact, they often show
Fraunhofer-like oscillations as a function of an applied magnetic field, [62].

Fig. 5.1 On top: Schematic of the TiAu bilayer with gold banks and its wiring. L is the
length or distance between the wirings and W is the width or distance between the edges of
the bilayer. On bottom: Tc distribution respect to L given by the presence of the wiring.
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5.2 Lateral inverse Proximity Effect

Conversely, the lateral inverse proximity effect is caused by normal metal structures,
called "overhangs", situated laterally at the edges of the TES . This inverse proximity
effect leads to a suppression of superconductivity, reducing the intrinsic Tc of the
bilayer TES material [63]. Nagayoshi et al. have experimentally demonstrated this
effect on Ti/Au TES bilayers with Au overhangs that arise during the etching process.
They observed a significant decrease in Tc with decreasing TES width (W ), which
follows a scaling law similar to the one of the longitudinal proximity effect:

δTc ∝ − 1
W 2 . (5.3)

This trend indicates that narrower TES structures suffer from a greater reduction
in Tc and the usual widening of the ∆Tc related to a non-uniformity of the bilayer.
This effect is critical for a fine tuning of the TES performances and to avoid that the
superconductive transition is under the cryostat minimal temperature.

5.3 Material dependence

In [65], it has been shown that the longitudinal proximity effects vary on different
type of wirings (Nb, Mo, Ti) and TESs (TiAu, MoAu, MoCu). In fact, the longi-
tudinal proximity effect seems to be related to the difference between the wiring
Tc,W and the TES Tc,TES, the bigger this gap the higher the effect. For this study and
in order to optimize out TESs, we choose wirings of niobium (Nb with Tc = 9 K),
titanium (Ti with Tc = 300−500 mK) and aluminum (Al with Tc = 1.2 K) while the
TiAu bilayer remains around 100 mK.

In addition, the bilayers tested are of two different kinds. The first is our usual
TiAu, so that the interface between the wiring and the bilayer is with the gold, while
the second is an AuTi bilayer, for which the interface is between the wiring and the
titanium.

Lastly, the effect of the edge of the bilayer could, in principle, be given by gold
"overhangs" or the exposed part of the titanium. In this study, we fabricated some
Au banks that cover the edges for all the bilayer length, Fig. 5.1.
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5.4 Design and measurements

We designed and fabricated three distinct chips to disentangle the longitudinal and
lateral proximity effects and to study their dependence on the wiring material. We
aim to verify if the scaling laws observed in literature hold for different material
combinations and to quantify the suppression of these effects.

The chips are named "Nb", "Ti", and "TiAl" after their wiring materials. The
detailed design parameters for the varying Length (L) and Width (W ) series are
summarized in Table 5.1. The first two chips (Nb and Ti) share the same TiAu
bilayer structure (15 nm Ti / 30 nm Au). The third chip (TiAl) uses a tri-layer
structure (5 nm Ti / 30 nm Au / 25 nm Ti) to avoid direct contact between Au and
the Al wiring, preventing alloy formation. The wiring for this chip consists of 50 nm
Ti and 150 nm Al. The native TiO2 on the top Ti surface was removed via ion
milling before wiring deposition. In the same chip, the L and W series are repeated
identically with and without lateral gold rings (banks) to study edge effects. The
strips with rings are indicated with the suffix "R".

Chip Name Layer Structure Variable Parameter Fixed Parameter Condition

Nb Ti(15)/Au(30)
W ∈ [12,350] µm L = 500 µm
L ∈ [10,300] µm W = 100 µm

Ti Ti(15)/Au(30)
W ∈ [12,350] µm L = 500 µm
L ∈ [10,300] µm W = 100 µm

TiAl Ti(5)/Au(30)/Ti(25)
W ∈ [8,150] µm L ∈ [300,450] µm

L ∈ [10,200] µm
W = 30 µm (for L < 10 µm)

W = 60 µm (for 10 < L < 95 µm)
W = 100 µm (for L ≥ 95 µm)

Table 5.1 Summary of the geometric design parameters for the three fabricated chips. For
the TiAl chip, the width W was adjusted in steps for the variable L series to accommodate
the current range of the resistance bridge.

With these 3 chips, we were able to measure the longitudinal and lateral inverse
proximity effects and compare the difference for different wirings on similar strips.
Unfortunately, the Nb and Ti samples did not show any clear trend as a function
of W . As shown in Fig. 5.2, the TiAu strips with Nb wiring had their Tc randomly
spanning between 116 mK and 140 mK while increasing W , and the strip resistivities
ρ followed a similar irregular behavior. Consequently, we will report only the
analysis for features vs L for all samples.
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Fig. 5.2 Critical temperature Tc (black) and resistivity ρ (red) of TiAu strips with Nb wiring
as a function of strip width W . No clear trend is observed, with Tc spanning randomly
between 116 and 140mK and ρ showing a similar irregular behavior.

As a first step, we verified the measurement conditions to isolate and properly
address the proximity effects. We recall that Tc is influenced by the current density J
flowing in a superconductor as Tc(J) = Tc(0)(1− (J/Jc)

2) in the Ginzburg-Landau
theory. Moreover, the Joule power dissipated in the TES P could lead to an increase
of the local TES temperature, resulting in a lower measured Tc. If the measurement
is performed too quickly or the Joule power is high, this could greatly affect the
results. In all measurements, we used constant currents of i = 1 µA or i = 3.16 µA.
The power P has been calculated as P = RN i2 and the current density as J = i/(W t),
where t is the total thickness of the strip.

Because the Nb and Ti samples are geometrically identical, Fig. 5.3 represents
the conclusions for both. We can see that the trend in the Tc curve (black) cannot
be described by variations in J or P. In fact, J is flat because the current and W are
constant with respect to L, while P increases linearly due to the resistance RN and
its effect should be to decrease the Tc. An increase in P correspond to a decrease
in Tc because the strip temperature would be actually higher than the one measured
by the thermometer and, thus, the thermometer will be at a lower temperature when
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(a)

(b)

Fig. 5.3 Critical temperature analysis for the Nb sample. (a) Tc (black) and J (red) as a
function of L. J is flat because the current and W are constant. (b) Tc (black) and Joule power
P (red) as a function of L. P is linear with respect to L because RN scales linearly with length.
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the phase transition occurs. The slight increase in Tc can be explained by two
mechanisms:

• The first involves a deviation in the effective current density J. If the actual
conductive cross-section is larger than the nominal geometry (for instance,
due to lithographic imperfections such as beam widening that create a series
of "bulges" along the strip), the effective J would be lower than calculated.
Physically, a reduction in current density is consistent with the observed
increase in Tc.

• The second possibility relates to spatial non-uniformities in the film deposition.
Since strips of similar lengths are often localized in specific regions of the chip,
a spatial gradient in film properties could manifest as an apparent dependence
on L.

However, the rising trend is quantitatively negligible respect to the drop in Tc for
small L and becomes resolvable only in the regime where the longitudinal proximity
effect is fully suppressed. Moreover, both these explanations cannot explain the the
drop in Tc for small L because the first should behave monotonically and the second
monotonically or randomly.

In the TiAl sample (Fig. 5.4), P and J show steps related to the design changes in
W . Even here, the main Tc trend cannot be explained by P or J. However, in the final
part of the curve, an unexpected rise of Tc appears. Since both J and P drop at those
points (due to the larger width W = 100 µm for L ≥ 95 µm), we attribute this specific
rise to the reduced heating/current density effects. Moreover, the unexpected step
in Tc for the strips with 30 µm ≤ L ≤ 70 µm can be explained with local deposition
non-uniformities. This is related to the strips positions on the chip, in fact strips with
similar L are closer to each other respect to the other strips in the mask.

With these considerations suggesting that we are correctly isolating the proximity
effects, we move to the results of the Tc vs L and ∆Tc vs L curves.

In Fig. 5.5, the critical temperature and transition widths for Nb wiring are shown
for strips with and without Au rings. For both, clear trends as a function of L are
visible. The effect of the rings (red curves) appears to be a slight reduction in Tc at
the expense of a slight widening in ∆Tc.
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(a)

(b)

Fig. 5.4 Critical temperature analysis for the TiAl sample. (a) Tc (black) and J (red) as a
function of L. J shows steps corresponding to the W design changes. (b) Tc (black) and Joule
power P (red) as a function of L. The final rise in Tc correlates with the drop in power.
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(a)

(b)

Fig. 5.5 Results for TiAu strips with Nb wiring. (a) Tc vs L with (red) and without (black) Au
rings. (b) ∆Tc vs L. Dashed lines represent fits to Tc = TC0 +A/L2 and ∆Tc = ∆TC0 +a/L2.
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In Fig. 5.6, the critical temperatures of the samples with Ti wiring are shown.
Here, the strips with rings show higher critical temperatures. Since equivalent strips
with and without rings are physically close on the chip, this effect is unlikely to be
caused by deposition non-uniformity. Moreover, the resistance vs L curves overlap,
suggesting no significant structural differences. The Tc uncertainties (not shown)
are approximately 5 mK. Meanwhile, the transition width trend (Fig. 5.6b) is in
agreement with the Nb case.

Finally, we measured the samples with TiAl wiring (without rings). Fig. 5.7
shows both Tc vs L and ∆Tc vs L. The trends are similar to the others, except for the
final rise previously explained by the power/current density drop.

In all these curves, the dashed lines represent fits of the form Tc = TC0 +
A
L2 or

∆Tc = ∆TC0 +
a

L2 [63].

sample Ring TC0 [mK] A [µm2/mK] ∆TC0 [mK] a [µm2/mK]
Nb no 119,6±1,4 3124±366 2,1±0,2 508±138
Nb yes 116±2,3 2874±554 3±2 476±508

TiAl no 88,3±0,9 454±90 1,1±0,3 206±30
Ti no 112,1±0,1 2022±100 1,51±0,06 1076±40
Ti yes 121±0,3 824±293 2,1±0,3 1227±293

Table 5.2 Table showing the parameters obtained by the Tc = TC0 +
A
L2 and ∆Tc = ∆TC0 +

a
L2

fits for Nb, Ti and TiAl samples.

Comparing the values of A, a, TC0, and ∆TC0 from Tab. 5.2, we can conclude
that:

• For both Ti and Nb wiring with TiAu TES, both A and a are compatible,
meaning that the Au rings do not significantly reduce or increase the lateral
inverse proximity effect.

• For TiAu TES with Nb wiring, both TC0 and ∆TC0 are compatible, while for
the Ti wiring this is no longer true. This could be explained by the fact that the
Nb wiring effect is stronger (since its Tc is higher) and dominates any possible
effects given by the Au rings. This does not happen with the Ti wiring sample,
on which the Au rings have a slightly detrimental effect.

• TC0 and ∆TC0 for different samples are completely dominated by differences
during the deposition process. For this reason, we cannot compare them across
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(a)

(b)

Fig. 5.6 Results for TiAu strips with Ti wiring. (a) Tc vs L with (red) and without (black) Au
rings. (b) ∆Tc vs L. Dashed lines represent fits to the longitudinal proximity effect model.
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Fig. 5.7 Tc (black) and ∆Tc (red) vs L of AuTi strips with wirings in TiAl. The dots represent
the measured data, while the dashed lines represent the fit of the equation ∆Tc = ∆TC0+a/L2.

different samples. However, the Nb and Ti samples were fabricated under
similar conditions and show similar TC0 and ∆TC0.

• The parameter A is higher with Nb wiring, followed by Ti wiring without rings,
Ti with rings, and finally TiAl wiring. The last two are compatible. The low
value of A in the AuTi TES with TiAl wiring is suspected to be caused by the
different TES structure or contacts. This is consistent because TiAl wiring
has the Tc of Al alone, and we expect A to decrease with the Tc gap between
wiring and TESs.

• On the other hand, a is higher in the Ti wiring case, then in the Nb case,
and finally in the AuTi with TiAl wiring. Again, we suspect that the major
contribution in the last case is due to properties related to the contacts, while
the Ti and Nb cases seem to suggest that a should decrease while increasing
the Tc gap.

In Fig. 5.8, the resistivity ρ plots are shown for all samples. We can note that:

• None of the ρ curves is flat except for the one with Ti wiring (bottom left),
which shows only fluctuations. All other curves show that ρ increases with L
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Fig. 5.8 Plots of the resistivity ρ (red) with the relative Tc curve (black) as a function of L.
Top left: Nb without ring. Top right: Nb with rings. Bottom left: Ti sample without ring.
Bottom right: TiAl case without rings.
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on average—in an almost linear way for the TiAl case (bottom right) and with
a concave increasing function for the Nb wiring (top).

• Moreover, in both TiAl and Nb wiring cases, the final increasing trend of the
Tc curve seems to be correlated to the ρ curve. The relationship is likely not
due to intrinsic film properties (as strips were deposited in the same run for
each sample type) but rather to the proximity effect. This is compatible with
the fact that the closer the wirings are to each other, the smaller the resistivity
due to the presence of Cooper pairs injected from the superconducting leads,
as discussed in Ch. 3.

This behavior can be understood by modeling the total conductivity σ as the
superposition of the normal channel (Drude model) and the superconducting channel
(London theory). The resistivity ρ is therefore inversely related to the densities of
normal electrons (nn) and Cooper pairs (ns) injected by the wiring:

ρ ≈ 1
σDrude +σLondon

∝
1

Ann +Bns
, (5.4)

where A and B are coefficients related to scattering times and effective masses.
Consequently, a higher ns (shorter L) leads to lower ρ and higher Tc, confirming
that both the critical temperature and resistivity trends are manifestations of the
longitudinal proximity effect.

• The ρ in the TiAl wiring case spans a higher range of values compared to
the other two samples. Since the intrinsic ρ of the strips should be around
1− 2 µΩcm in all cases, we can see that the Nb and Ti wiring cases are
behaving well. Meanwhile, the resistivity of the TiAl sample is higher, and this
difference can be explained by a "dirty" interface (oxide residue) that limits
the longitudinal proximity effect.

5.5 Conclusions

The longitudinal and lateral proximity effects significantly modify the transition
temperature Tc and its width ∆Tc in thin-film bilayer TES devices, directly impact-
ing detector performance. This study systematically investigated these effects by
fabricating and characterizing three distinct chip designs ("Nb", "Ti", and "TiAl").
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We validated the measurement conditions by analyzing the trends of Joule power
and current density. At short lengths (L), the behavior of resistivity ρ and critical
temperature Tc is consistent and well-explained by the longitudinal proximity effect.
The injection of Cooper pairs from the superconducting wiring into the bilayer leads
to a simultaneous decrease in resistivity and an increase in Tc, following the expected
1/L2 scaling. However, the magnitude of this effect varies with the wiring material;
specifically, the TiAl sample showed a reduced effect compared to expectations,
which we attribute to a thin oxide layer on the Ti surface acting as a barrier, limiting
the proximity effect.

At large lengths (L), where the proximity effect fades, we observe a different
behavior: a slight increase in both Tc and ρ . The increase in resistivity with length is
attributable to the statistical distribution of film defects or inhomogeneities, which
naturally accumulate in longer strips. However, the presence of defects would
typically degrade superconductivity and lower the Tc; therefore, statistical defects
cannot explain the observed rise in critical temperature. Similarly, self-heating
effects can be ruled out as the cause of this trend. Since the measurements were
performed at constant current, the Joule power P ∝ R ∝ L is highest for the longest
strips. If self-heating were dominant, it would raise the strip temperature above
the bath temperature, leading to an apparent decrease in Tc. Since we observe the
opposite trend (a rise), self-heating is negligible at higher L (and thus at lower). A
possible explanation for the slight Tc rise at large L could be related to the current
density J. If the effective conductive cross-section were larger than the nominal
geometry (e.g., due to current redistribution effects or lithographic problems for
which strips are actually more series of bulges caused by widening of the laser spot),
the effective J would be lower, which is physically consistent with an increase in
Tc. Another explanation could be related to deposition non-uniformities on the chip
and for which a gradient appears respect to L, but is actually related to the strips
positions on the chip (long strips are close to each other and far from short strips in
the masks). The bulges collection hypothesis could be verified with SEM images. In
any case the rising effect for long strip is negligible since it should be monotonous
and it is visible only after the LoPE is absent.

Crucially, the fact that the trend at large L (slight rise) is qualitatively different
and driven by mechanisms distinct from those at small L allows us to isolate the
longitudinal proximity effect. This confirms that the steep variation observed at short
lengths is indeed the genuine signature of the proximity effect.
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Conversely, the lateral inverse proximity effect was not clearly observed in our
measurements; no significant correlation between Tc and strip width W was found in
the first two samples. This suggests that either the effect is weak in these specific
geometries or that the fabrication process resulted in interfaces that masked the
effect.

Future improvements will include the fabrication and characterization of a TiAu
TES with TiAl wirings to further explore the suppression of the longitudinal effect.
Overall, these results provide a framework for optimizing superconducting detec-
tors by carefully selecting wiring materials and geometries to tailor the transition
properties.



Chapter 6

TES efficiency

6.1 Abstract of the chapter

Maximizing photon absorption is critical for applications ranging from dark matter
searches to quantum optics. For TESs, achieving high System Detection Efficiency
(SDE) requires minimizing reflection at the device interface. While multi-layer
dielectric Anti-Reflection (AR) coatings are a standard solution, Plasmonic Meta-
surfaces offer a promising alternative for achieving high absorption in thin metallic
films.

This chapter addresses the enhancement of photon detection efficiency through
two approaches. First, we discuss the design and fabrication of a traditional dielectric
AR coating (SiOx/TiO2), reporting measured efficiencies of up to 85%. Second, we
introduce the theory of Grating-Coupled Surface Plasmon Polaritons (GC-SPP). We
present numerical simulations for both gold and aluminum nanogratings, predicting
absorption rates exceeding 95% at specific target wavelengths. Finally, we report
the ellipsometric characterization of fabricated test structures, proving that optical
micro-gratings can successfully reduce reflectivity to below 5% in the target spectral
range.



90 TES efficiency

6.2 Guiding projects and ideas

In the following chapter, our work on the optimization of detection efficiency will be
shown. We have simulated and fabricated a sample with an antireflective coating on
top of a TES. The TES itself has been redesigned with Ti on top in order to reduce
the total reflectivity and make the required antireflective coating simpler. Then, we
performed simulations to design optical and plasmonic gratings for TESs with Au on
top. In fact, the Au layer on top of the Ti one has the advantage to protect the Ti from
oxidation, since Au is an inert metal. Gratings are necessary since the Au reflectivity
is too high to make possible simple antireflective coatings designs and are used to
additionally decrease the reflectivity. The simulations and designs have been made
for the telecom wavelengths (λ = [1540,1550] nm) and for the wavelengths relevant
to two projects. λ = [630,690] nm are the wavelengths for a project in the Next
Generation EU plan with PNRR funds. The project aim to measure pressure variation
that will produce the generation of photons from nano-diamonds color centers. These
photons will be detected by highly efficient TESs. Meanwhile, λ = [780,800] nm
and λ = 1300 nm are the wavelengths related to the STAR project (Superconducting
TES Arrays with energy number Resolution), a PNRR cascading project coming
from the NQSTI project in the framework of quantum technologies.

6.3 Hints on System Detection Efficiency

The setup used to measure the system detection efficiency (SDE) is based on a
configuration similar to that in [66–68, 43]. It includes a laser source, calibrated
photodiode, two optical attenuators, and fiber connections. The laser beam is split
into two beams: one path is used to monitor the power with a powermeter, while the
other is attenuated to single-photon levels and directed into the cryostat through an
optical fiber aligned with the TES. The SDE quantifies the probability that a photon
entering the cryostat is detected by the TES, accounting for internal losses and
misalignments. Measurements were performed at λ = (690±5) nm using Keysight
attenuators and a ThorLabs S150C photodiode.

We performed measurements for a TES with antireflective coatings using this
cryogenic setup, while the plasmonic efficiency study is in a preliminary stage and
only films with plasmonic structures measured via ellipsometer will be shown.
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6.4 Anti-reflection Coating

One widely explored solution is the implementation of dielectric anti-reflective (AR)
coatings. These coatings, based on interference effects, aim to minimize reflectivity
at the target wavelength and enhance the net optical absorption of the sensor.

Multilayer coatings enable the optimization of the AR performance by stacking
alternating layers with high and low refractive index materials. These can be tailored
to create broad or multiple-band suppression of reflectance. In practical devices, AR
coatings are often designed using optimization algorithms, such as in the software
Macleod [69], to match the required spectral characteristics. The theory can be found
in App. A.4.1.

6.4.1 Design and fabrication

Our first design for a high efficiency TES for wavelengths around 690 nm is made of
an AuTi bilayer (Au 26 nm and Ti 34 nm) with an anti-reflection coating made of only
2 layers of SiOx and TiO2. The Ti layer on top of the Au layer has been chosen to
reduce the intrinsic reflectivity of the TES bilayer and allow a simpler anti-reflection
coating design. We used SiOx and TiO2 due to their stable optical properties and
compatibility of their deposition with evaporators designed for superconductor
deposition. The anti-reflective coatings is realized with 8 nm of SiOx upon the TES
and 50 nm of TiO2 on top of that Fig. 6.1a . No mirrors or cavities between the
TES and the SiNx substrate have been used in this case. We applied this design to a
60×60 µm2 with a 95 mK critical temperature as in Fig. 6.1b).

6.4.2 Results

The TES with the AR coating has been optically characterized with a laser of
wavelength 690 nm. The total attenuation has been set to 30 dB to measure a low
number of photons per pulse. From the histogram of the measured single photon
pulses, both the energy resolution and the SDE have been calculated. The SDE can
be measured as:

SDE =
µTES

µre f
, (6.1)
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(a) Structure of the overall TES and anti-reflective coating design.

(b) Microscope capture of the fabricated TES with the anti-reflective coating from above.
The large green square is the dielectric coating. Under the clean room lights, the coating on
the SiNx appear in a green shade, while on the TES look of a gray shade.

Fig. 6.1 Design and microscope capture of the fabricated TES and anti-reflective coating.
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where µTES is the average number of photons per pulse detected by the TES and
µre f the average number of photons in the fiber. The value of µre f can be measured
from the photodiode monitor and the characterization of the branches from the laser
source to the TES and to the photodiode as in [68, 43]. Meanwhile, µTES can be
obtained by the well known formula of Gaussian functions per each pulse convoluted
with the Poissoniana distribution of the laser statistic:

F(x; µ,σ) = A
∞

∑
n=0

µne−µTES

n!
· 1√

2πσn
exp
(
−(x− xn)

2

2σ2
n

)
(6.2)

From the fit in Fig. 6.2 we obtained µTES = 1,6, σ1 = 0,005 V, X0 = 0,003 V and
X1 = 0,016 V. The energy resolution can be calculated as ∆E = 2

√
2ln2 σi/(X1 −

X0) = 0.9 eV. It is worth noting that this value is consistent with the resolution
obtained for similar devices in Chapter 3 (∆E ≈ 0.82 eV). The apparent lack of peak
separation in the histogram compared to previous measurements is primarily due
to the lower energy of the incident photons used here (λ = 690 nm → Eγ ≈ 1.8 eV)
compared to the characterization at 406 nm (Eγ ≈ 3.05 eV). Since these energy
resolutions are close, but the measurements are done with different incident energies,
the ratio between the peak separation (determined by Eγ ) and the peak width (∆E) is
significantly reduced at 690 nm, leading to the observed overlapping of the photon
peaks.

While, the obtained value for SDE is (85±6)% with a confidence level of the
95%. This value doesn’t reach the required values (> 90%) for most of the projects
and this is probably due to a wrong thickness of the SiOx layer. In fact, measurements
of a large area on the chip designated for ellipsometric characterizations revealed a
slight shift in the maximum absorption peak and thickness measurements show a
total thickness 2 nm lower than expected. On the other hand, the large uncertainty on
the SDE is given by the large uncertainty of a commercial photodiode used during
the characterization of the setup.

6.5 Plasmonic Metasurfaces

Plasmonic metasurfaces and optical gratings on TESs are a poorly investigated
field. Here, I try an attempt in simulating some structure for TES with high photon
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Fig. 6.2 Histogram of the TES with AR coating at 690 nm. The peaks has been analyzed
and we obtained an energy resolution of ∆E = 0.9 eV for the peak of 1 photon. The small
picture shows the TES with a fiber aligned at the center of it.

detection using plasmonic gratings and the realization of optical gratings on thin
TiAu bilayers. The theory can be found in App. A.4.2.

6.5.1 Design and simulations

We made various simulations of Au gratings on a TiAu continuous bilayer with and
without a mirror structure made of SiO2 and Au for different λ and α . Moreover,
we simulated Al gratings followed by the same mirror structure to create a supercon-
ductive photon absorber linked to the TES. Before showing the simulation results,
we bring some preliminary considerations:

Polarization Sensitivity: The interaction between incident photons and plas-
monic gratings in literature is highly polarization-dependent. Transverse magnetic
(TM) polarized photons, with their electric fields oriented perpendicular to the grating
lines, strongly couple to SPP modes, significantly enhancing absorption. Conversely,
transverse electric (TE) polarized photons interact weakly, resulting in substantially
lower absorption efficiency [70]. This polarization dependency could be restrictive in
some applications and with standard optical fibers. However, it grants the possibility
to detect light with only one polarization, useful in some experiments and possibly
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reducing noise related to stray or reflected photons. Moreover, this dependency could
disappear for some grating design and lower angles. In our simulations, we focused
on the TE polarization only and we measured both the polarizations reflection.

Optimization of Plasmonic Gratings

To engineer plasmonic gratings effectively, key geometric parameters—including
grating period, fill factor, metal thickness, and dielectric environment—must be
optimized. Numerical techniques such as Finite-Difference Time-Domain (FDTD)
simulations and neural-network-assisted methods are frequently employed for this
optimization process [71]. By fine-tuning these parameters, one can precisely achieve
a sharp resonance condition, significantly enhancing photon-to-SPP coupling effi-
ciency. Consequently, metasurfaces exhibit minimal reflection. Adding a mirror
structure or using thick and opaque materials under the plasmonic grating, one can
achieve negligible transmission at the resonant wavelength, resulting in near-perfect
absorption [72]. We adopted and modified the simple comsol model [73] and used
the Wave Optics package in COMSOL Multiphysics 6.2. Moreover, we create 2
dimensional maps for absorbance or reflection varying 2 parameters at a time while
fixing the others. We select the couple of parameters for the best results for each
couple and repeated the process until we converge at the desired values. Most of the
refractive indexes used for the simulations are obtained from tables of the refractive
indexes as a function of the incident wavelength of single material layers measured
via ellipsometer. While the others comes from [74]. In Tab. 6.1, I report the approxi-
mate values of the real parts of the refractive indexes n (or phase velocities) and the
extinction coefficients k (imaginary parts) of the materials used in the simulations at
the wavelengths required by our guiding projects.

Table 6.1 Real and imaginary parts of the refractive indexes (n,k) of the different materials at
the different wavelengths used in the simulations.

Material (n;k) (n;k) (n;k) (n;k)
λ 630 nm 780−808 nm 1300 nm [1540,1550] nm
Ti (3,58; 3,33) (4,1; 3,1) (4,4; 3,1) (4,4; 3,1)
Au (0,23; 3,51) (0,19; 5) (0,43; 9,08) (0,6; 10,9)
Al (1,05; 6,15) (1,95; 6,94) (1,34; 10,8) (1,72; 12,8)
SiOx (2; 0) (1,96; 0) (1,92; 0) (1,92; 0)
TiO2 (2,44; 0,016) (2,4; 0,0001) (2,4; 0) (2,36; 0)
SiNx (2,18; 0,002) (2,16; 0,0011) (2,13; 0,0005) (2,13; 0,0005)
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In addition, the grating geometries have been taken simple as infinitely periodic
squares with perfectly sharp corners. We are aware that real geometries will be
smoother and this may cause broader, but less intense scattering lobes, especially
in regimes where edge effects dominate due to the attenuation of high-frequency
components in the Fourier domain.

The simulations in this thesis are of 4 kinds: the firsts are simple Au gratings
on top of the TiAu TES, the seconds are simple Au gratings covered by an AR
coating and the thirds are Al absorbers to be connected to the TES. Under all of this
a cavity in SiOx and a mirror in Au or Al are used to suppress the transmittance.
The fourth kind are Al or Au gratings on top of a SiOx or TiO2 layer upon a TiAuTi
TES exploiting a proper nanopatterning to increase the the light-to-heat conversion
[75, 76]. The first two kinds are limited by the ratio between the volume of the Au
grating and the volume of the Ti in the TES because of the proximity effect, while the
third are limited by the fact that the photon absorption will happen outside the TES.
The external absorbers rely on the energy down-conversion from the grating-absorber
to the TES due to the difference in the energy gaps before the lost of its energy
[77]. A possible loss of the absorbed energy could happen to phonons flowing from
the absorber to the substrate and we eventually need to fabricate the absorber on a
membrane.

In Fig. 6.3 is shown what usually appear in this type of simulations. On the top
we can see the typical condensation of the electric field while getting closer to the
grating, where the red "bubbles" are the space region on which the electric field
density is higher. On the bottom, it is shown a map of the total reflectivity R with
respect to the width of the grating wires wgr and to the width of the trenches (or
distance between the wires) a in the case of an Au grating with a layer of TiO2 on
top as an AR coating. The scattered features are given by the grating itself, in fact
the GC-SPP act on the reflectivity with specific combinations of a and wgr. This dots
in R are usually arranged in parallel lines with a minimum of R at some point and R
progressively increasing on the same line and moving far from the minimum. The
continuous variations of R are given by the continuous layers, both by the AR layers
and by the TES layers and by the mirror and cavity. The map for cavity and mirror is
usually monotonically changing in the mirror layer tmirror (with T decreasing while
increasing tmirror) and periodically changing with the thickness of the cavity tcav. The
thickness of the GC-SPP tgr usually act with a maximum at some precise values and
progressively decreasing moving far from there. While the map for the TES layers
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Fig. 6.3 Typical maps resulting during the simulations, in particular for a TES with a GC-SPP
covered by an AR coating. Top plot, the electric field density with the usual condensation of
the field while reaching the grating. Bottom plot, a typical map of the total reflectance vs the
parameters a and wgr of the grating indicated in the figure on the left. The scale for a and wgr
are in nanometers, while the legend of color scale is in the right part of the image.
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are usually continuous, with R increasing with the thickness of the more reflective
layer (Al or Au).

Validation of the Comsol model

The first necessary step is to compare the simulations of a simple TiAu film
between the Comsol model created for plasmonic gratings, the MacLeod software
used for AR Coatings and some external software such as [78].

As reported in Fig. 6.4, all the simulations of the basic stack Glue-Au 30 nm-Ti
15 nm-Si3N4 500 nm-Si are in agreement in terms of values for R vs λ at α = 0◦,
even if Comsol shows additional features. At the interested λ for the projects, the
values of R are the same, but for λ = 800 nm. At that wavelength Comsol and KLA
agree and differ from MacLeod by a 5% of reflectivity. In terms of angles, MacLeod
and Comsol agree under 1% of reflectivity in the range α ∈ [0◦,15◦], that are the
possible angles incident on the TES due to the spread of light from the optical fiber.
The Comsol model has been considered enough in agreement and then used as basic
model for the the GC-SPP simulations.

I will now proceed to show the best obtained simulations in COMSOL for GC-
SPP for TES high efficiency, indicating with tnamelayer the thickness of each layer.
The function R,A and T vs λ are all calculated at an angle α = 0◦, while upon the top
structure (GC-SPP or AR coating) we considered a medium with n = 1.5 simulating
the glue between the sample and the optical fiber. The simulated polarization is TE.

Au grating for λ = 630 nm

In this simulation we obtained an absorption of A = 99.5% at a wavelength
λ = 630 nm and an incident angle of α = 0◦ using an Au grating directly on top of
the TES.
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Fig. 6.4 Reflectivity R of the following stack: Glue-Au 30 nm-Ti 15 nm-Si3N4 500 nm-Si as
a function of the wavelength λ at an angle of 0° with Comsol, [78] and MacLeod. Then, R as
a function of the angle α at λ = 630 nm with Comsol and MacLeod with the s polarization.
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Table 6.2 Optimized geometric parameters for the Au grating structure on AuTi TES designed
for λ = 630 nm and normal incidence (α = 0◦).

Parameter Value [nm]
a 210
wgr 160
tTiO2 65
tSiOx 20
tgr 65
tAu 10
tTi 22
tcav (TiO2) 40
tmirror (Au) 60

Fig. 6.5 On the top: simulation of R,T,A vs α at λ = 630 nm for an Au grating on top of a
TiAu TES and a cavity on a mirror with a TE polarization and covered by an AR coating in
SiOx and TiO2. On the bottom: simulation of R,T,A vs λ at α = 0◦ for the same structure.

Au grating for λ = 1550 nm
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In this simulation we obtained an absorption of A = 93% at a wavelength λ =

1550 nm and an incident angle of α = 0◦ using an Au grating directly on top of the
TES.

Table 6.3 Optimized geometric parameters for the Au grating structure on AuTi TES designed
for λ = 1550 nm and normal incidence (α = 0◦).

Parameter Value [nm]
a 1870
wgr 1620
tgr 90
tAu 40
tTi 25
tcav 30
tmirror 25

Fig. 6.6 On the top: simulation of R,T,A vs α at λ = 1550 nm for an Au grating on top of a
TiAu TES and a cavity on a mirror with a TE polarization. On the bottom: simulation of
R,T,A vs λ at α = 0◦ for the same structure.
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Al optical grating on Ti for λ = 808 nm

In this simulation we obtained an absorption of A = 91% at a wavelength λ =

808 nm and an incident angle of α = 0◦ using an Al grating directly on top of a Ti
layer.

Table 6.4 Optimized geometric parameters for the Al optical grating on Ti layer at λ =
808 nm.

Parameter Value [nm]
a 5000
wgr 1500
tgr 170
tTi 15
tcav 260
tmirror 80

Fig. 6.7 On the top: simulation of R,T,A vs α at λ = 808 nm for an Al optical grating on
top of a Ti TES and a cavity on a mirror with a TE polarization. On the bottom: simulation
of R,T,A vs λ at α = 0◦ for the same structure.
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Al absorber for λ = 630 nm

In this simulation we obtained an absorption of A = 97% at a wavelength λ =

630 nm and an incident angle of α = 0◦ with an Al grating on top of a mirror and a
SiOx cavity.

Table 6.5 Optimized geometric parameters for the Al absorber structure at λ = 630 nm.

Parameter Value [nm]
a 340
wgr 40
tgr 80
tcav 230
tmirror 60
tadhesion Ti 5

Fig. 6.8 On the top: simulation of R,T,A vs α at λ = 630 nm for an Al grating on top of a
cavity on a mirror with a TE polarization that should work as an absorber for a TES. On the
bottom: simulation of R,T,A vs λ at α = 0◦ for the same structure.

Al absorber for λ = 780 nm
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In this simulation we obtained an absorption of A = 95% at a wavelength λ =

778 nm, A = 96% at a wavelength λ = 1186 nm, A = 80% at a wavelength λ =

610 nm with an Al grating on top of a mirror and a SiOx cavity. The incident angle
is α = 0◦ and the refractive index of the medium above the grating is n = 1.

Table 6.6 Optimized geometric parameters for the Al absorber structure at λ = 780 nm.

Parameter Value [nm]
a 320
wgr 220
tgr 110
tcav 220
tmirror 60
tadhesion Ti 5

Fig. 6.9 On the top: simulation of R,T,A vs α at λ = 780 nm for an Al grating on top of a
cavity on a mirror with a TE polarization that should work as an absorber for a TES. On the
bottom: simulation of R,T,A vs λ at α = 0◦ for the same structure.

Al absorber for λ = 1300 nm
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In this simulation we obtained an absorption of A = 97% at a wavelength λ =

1300 nm with an Al grating on top of a mirror and a SiOx cavity. The incident angle
is α = 0◦ and the refractive index of the medium above the grating is n = 1.5.

Table 6.7 Optimized geometric parameters for the Al absorber structure at λ = 1300 nm.

Parameter Value [nm]
a 1260
wgr 1480
tgr 190
tcav 194
tmirror 60
tadhesion Ti 5

Fig. 6.10 On the top: simulation of R,T,A vs α at λ = 1300 nm for an Al grating on top of a
cavity on a mirror with a TE polarization that should work as an absorber for a TES. On the
bottom: simulation of R,T,A vs λ at α = 0◦ for the same structure.

Al/Au GC-SPP + single oxide layer on TiAuTi TESs
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In this simulations we obtained high absorption (around A = 95%) for different
wavelengths (λ = 798 nm, λ = 630 nm, λ = 1540 nm with an Al or Au grating on
top of a single oxide layer of SiOx or TiO2. Under the GC-SPP and the oxide there
is the TiAuTi tri-layer used for TESs also with AR coatings as in Fig. 6.11. The
incident angle is α = 0◦ and the refractive index of the medium above the grating is
n = 1.5.

Fig. 6.11 Schematic of the TES covered by the oxide layer and by the Al GC-SPP on top.

The parameters for the 3 different wavelengths can be found in he following
table. The columns are divided for each wavelength, while in the row are indicated
the materials, in addition to the usual thicknesses.

Table 6.8 Optimized geometric parameters for Al/Au gratings on TiAuTi TES with single
oxide layer.

Parameter Value [nm] Value [nm] Value [nm]
λ 630 798 1540
Absorption 95% 95% 90%
a 610 820 660
wgr 390 600 310
Grating material(tgr) Al(120) Al(210) Au(100)
Oxide(toxide) SiOx(50) TiO2(30) TiO2(130)
tadhesion Ti − tAu − tTi 5−20−35 5−20−35 5−20−35
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In Fig. 6.12 are shown the maps from which I extrapolated the parameters for
Tab. 6.8 related to λ = 798 nm and the absorption respect to the wavelength spectrum.
In Fig. 6.13 is shown the absorption function respect to λ at α = 0◦.

Fig. 6.12 On the top: simulated map of A vs a,wgr at λ = 798 nm, α = 0◦ for an Al grating
on top of a TiO2 layer on a TiAuTi TES with a TE polarization. On the bottom: simulation
map of A vs tgr, tTiO2 at λ = 798 nm, α = 0◦ for the same structure. For both: dark red means
highest absorption, while dark blue lowest absorption.
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Fig. 6.13 simulation of R,T,A vs λ at α = 0◦ for an Al grating on top of a TiO2 layer on a
TiAuTi TES.

6.5.2 Fabrication and results of µm−gratings test structures

Among the many simulations performed, three representative samples were fabri-
cated for experimental testing. These samples have µm−gratings made via laser
writing and have no mirrors or cavity. Moreover, the refractive index of the external
medium considered is n = 1. They have been optically characterized only measuring
R via ellipsometer and so has areas large at least 3× 3 mm2 each and angles of
interrogation between 20◦ and 80◦. They are named Sample1 and Sample2 and will
be explained here. In all the samples, there are different areas with different grating
geometries with name in the form column wgr −a. The film C0 is the reference film
without any additional layer or structure on the basic TiAu bilayer and is used as a
reference for the effects of the gratings on that film. The film C∞ has a continuous
Au layer with a thickness equal to tgr and is used has upper limit for R as a grating
with fill factor of 100%.

Sample1

Sample 1 has been simulated as periodic linear stripes with AR coating and
optimized to have A = 55% at 630 nm and α = 0. Because the peak of this sample
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disappeared at higher angles, the following results are reported only to show the
methodology used in these studies. The structure is:

Table 6.9 Geometric parameters for the Au grating and AuTi TES (Sample 1).

Parameter Value [nm]
a 6000
wgr 5000
tSiOx 10
tTiO2 55
tgr 60
tAu 60
tTi 25

The films present in this sample are the following:

Table 6.10 List of different grating patterns on the fabricated samples. Various geometries
and dimensions were tested.

Name Form wgr [µm] a [µm]

A5-6 linear stripes 5 6
B∞ flat layer ∞ 0
C0 none 0 ∞

A□5-6 squares in a squared lattice 5 6
BO5-6 circles in an hexagonal lattice 5 6
A10-30 linear stripes 10 30
BCH5-6 10 concentric circular crowns in a hexagonal lattice 5 6
B⊕5-6 10 concentric circular crowns in a cross lattice 5 6

However, because of the impossibility to characterize the sample at angle 0◦ via
ellipsometer, we performed simulations for angles ≥ 20◦ and we discovered that
there were no more resonances at 630 nm, but only a peak at 690 nm. Then, we
measured that peak to understand if the combination of AR coating and the optical
µm−grating with our fabrication facilities were consistent with simulations.

In Fig. 6.14, the simulated A maps of the Sample 1 vs different couples of
parameters are shown for λ = 630 nm, α = 0◦ and n = 1. In the top left map, the
chosen parameter are the one in the red dot that represent the better couple of lateral
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parameters of the grating. In this study, there was only one stretched dot in which the
combination of a = 5 µm and wgr = 6 µm was slightly better than the combination
a = 5 µm and wgr = 5 µm. In the top right map, the red horizontal stain represents
the better thickness for the grating while varying the thickness of Au. A slightly
increases with the thickness of Au and we chose the minimum amount for which
the variation in A was consistent. In the bottom left map, the simulation suggest
that A is better with higher thicknesses of both the Ti and Au layer. However, this
is not fully compatible with our thin film TESs and we chose a compromise for
this test, reducing the amount of Au and selcting 40 nm of Ti. In the bottom right
map, the better couples of dielectric thicknesses are shown in red dots. We chose
(tSiOx = 10 nm, tTiO2 = 55 nm) to limit the amount of deposited dielectrics.

In Fig. 6.15, simulation of our a = 6 µm and wgr = 5 µm Au grating covered
in TiO2/SiOx results in a peak in the absorbance at λ = 690 nm and α ∼ 74◦. The
minimum R from the simulation is R ∼ 30%.
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(a) Absorptance vs lateral parameters of the grating (a, wgr)

(b) Absorptance vs grating and Au thicknesses (tgr, tAu)

Fig. 6.14 (Continued on next page...)
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(c) Absorptance vs Ti and Au thicknesses of the TES (tAu, tTi)

(d) Absorptance vs dielectric thicknesses (tTiO2 , tSiOx )

Fig. 6.14 Simulated A maps of the Sample 2 vs different couples of parameters for λ =
630 nm, α = 0◦ and n= 1. (a) A vs lateral grating parameters. (b) A vs grating/Au thicknesses.
(c) A vs Ti/Au thicknesses. (d) A vs dielectric thicknesses.
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Fig. 6.15 Simulated R(blue), T (green) and A(red) vs the angle of incidence at λ = 690 nm
and vs λ at α = 74◦ for a = 6 µm and wgr = 5 µm from top to bottom.

In Fig. 6.16 different patterns indicated in Tab. 6.10 are shown. These patterns
was done as variant patterns from the linear stripes, but keeping unchanged the
periodicity, fill factor, structure and thicknesses. The crowns had the function to
reduce possible dependencies from the polarization adding a rotational invariance,
while the hexagonal lattice had the function to reproduce the grating pattern from 1
axis to 3, adding an invariance for periodic translations. In the same figure we can
see the measurement of R vs λ at α = 20◦ for the different films and none of them
differ from the basic film C0, but for a 10% overall reduction in R decreasing above
λ = 1 µm for the patterned films. This simply implies that we were far from the
correct investigation conditions.
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Fig. 6.16 From top to bottom: images of the films realized in the Sample 1 from the linear
stripes simulated pattern, to the circles in hexagonal lattice to the concentric circular crowns
in the hexagonal lattice. In the bottom right: measured R vs lambda at α = 20◦ for the
different films. None of them differ from the basic film at that angle.

Fig. 6.17 shows the main features from this sample:

• at higher angles, the µm−gratings do not show additional polarization depen-
dencies respect to the film and AR coating ones;

• the angle at which a peak appear in the measurements is shifted from the one
from simulations. This could be due to wrong thicknesses of some deposited
layer ;
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• simulations for A5-6 suggest that the peak appear at 690 nm ( at lower wave-
length respect to C0, A10-30 and B∞) and is narrower and deeper than the
other simulated films;

• the measured peaks appear at the λ of the A5-6 peak, but with lower depth
and at a different angle (in the R vs λ plot).

We can infer 2 different conclusions:

1. the measured peak can be caused by the AR coating and the optical gratings
does not contribute. The difference in the dielectric thicknesses respect to
simulations are the cause for the shift (in both angle and wavelength) and
enhancement of the peak.

2. the peak is caused by the optical µm−gratings since it appears at the correct
λ , but chamferings due to fabrication processes or errors in the deposited
thicknesses have caused a decrease in the depth of the peak and a shift in
the incident angle at which it appears. Discrepancies between simulations
and experimental results may arise from fabrication uncertainties, particularly
in layer thicknesses (crucial in simulations), deviations in grating width and
corner rounding, and slight refractive index variations in deposited thin films
compared to nominal values. Additionally, the simple 2D geometry assumed
in simulations cannot fully capture 3D fabrication defects.
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Fig. 6.17 From top to bottom: simulated (black and red) and measured (green, light blue,
yellow) R vs the angle of incidence at λ = 690 nm and vs λ at α = 73◦ and 79◦ for the films
C0, B∞, A5-6 and BO5-6.



6.5 Plasmonic Metasurfaces 117

Because of these complications, we decided to produce a new sample without
AR coating on top to simplifies the analysis.

Sample2

Sample 2 has been simulated as periodic linear stripes and optimized to have
A = 48% at 630 nm and α = 0. The structure is:

Table 6.11 Geometric parameters for the structure of Sample 2.

Parameter Value [nm]
a 8000
wgr 2000
tgr 115
tAu 40
tTi 40

The films present in this sample are the following:

Table 6.12 List of different grating patterns on Sample 2.

Name Form wgr [µm] a [µm]

A8-2 linear stripes 8 2
B2-8 linear stripes 2 8
C0 none 0 ∞

A3.5-5 linear stripes 3.5 5
C2-8 concentric circular crowns 2 8
A10-10 linear stripes 10 10
B100-100 linear stripes 100 100
CO2-8 circles in a hexagonal lattice 2 8

For the Sample2, the interrogated wavelengths are from 300 nm to 800 nm.
Simulations and measurements of the film C0 are shown in Fig. 6.18a. Simulations
of R vs λ for C0 at α = 20◦ for TE waves have the same smooth trend of the
measurements, but the real film show a R = 20% at 450 nm instead of the 45% of
the simulations and then converge for higher λ . The reason for this difference could
related to deposition, but they seem to affect the results between our region of interest
(600−700 nm) only from a 10% to a 5%.
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(a) R vs λ of the film C0 at α = 20◦. The green curved is the simulation for TE wave, while
red and black curves are the measurements via ellipsometer for the 2 polarizations. The
curves have the same trend, but at low λ are different and they start to converge at higher
wavelengths. This difference can be caused by difference in the material refractive indexes
or real thicknesses of the film.

(b) Measured R vs λ of the films C0 and C2-8 at α = 20◦. The concentric circular crowns
grating in C2-8 greatly reduce R from the 75% to the 10% at 580 nm.

Fig. 6.18 R vs λ for flat film: simulations and measurements. R vs λ measurements for flat
film and concentric circular crowns grating.
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Fig. 6.18b show the difference between the flat film C0 and the film with concen-
tric circular crowns C2-8. The concentric circular crowns scheme has been adopted
to reduce the dependency from the polarization, being rotationally invariant on the
film plane. There are no consistent differences between the 2 polarizations and, in
particular, the reflectivity drops from the 70% for C0 to the 10% for the C2-8 at
580 nm. In the region of interest (600−700 nm) we have that the R of the C2-8 film
grows from below 15% to 45%. That is very low compared to the values from 75%
to 90% of the basic film C0.

In the Fig. 6.19, R vs λ of A10-10, B100-100, A8-2 and CO2-8 are shown for
α = 20◦ and α = 40◦. The simulations for B100-100 and A8-2 mostly follow the
one of C0, while A10-10 goes to 70% after ∼ 600 nm (instead of 90%) and have a
drop from 90% to 56% at 645 nm. The circles in the hexagonal lattice in the CO2-8
film have not been simulated, but realized to create a periodicity in 3 axis instead of
the 2 of the linear stripes in addition to a rotational symmetry of 60◦. Since C0 has
reflectivities 10% lower than the simulations and R = 20% just above 450 nm, all
the measurements have lower values than expected. In fact, A10-10 reflects less than
the 10% between the 450 nm ans 500 nm for the p-polarization at α = 40◦ and has
a drop to the 15% at 645 nm (larger, but lower than the simulated 56%). The film
B100-100 is similar to C0, but R remain confined under the 70% after 550 nm instead
of growing to the 90%. This phenomenon didn’t appear during the simulations and
is considered as a simple corrugation of the film, without resonances or matching
conditions, but generically increasing scatterings and reducing the reflection. The
opposite happens with the A8-2 film, whose grating is complementary to the 2-8
grating, that after 600 nm act as a mirror reaching R ≥ 90%. All these films act
similarly from what we expected if related to the differences between the C0 film
and its simulations. However, the major differences could be caused by the presence
of imperfections, roundings and chamferings of the corners of the gratings. Probably
because of these fabrication problems, the small 2 µm circles doesn’t show any
optical grating behavior, but act as simple corrugations better than the one in B100-
100. One can see that R is lowered to 50% at 600 µm instead of the 70% of the
B100-100 film and the 80% of C0.
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Fig. 6.19 Measured R vs λ of the films A10-10, B100-100, A8-2 and C02-8. A10-10, B100-
100 and A8-2 films act similarly from what we expected if related to the differences between
the C0 film and its simulations. A10-10 has resonances similar to the simulate ones, while
B100-100 act only as a corrugation, while A8-2 as a mirror. CO2-8 differ from the linear
stripes B2-8 and act simply as corrugation better than B100-100.

The B2-8 film is shown in Fig. 6.20a with an evident resonant minimum between
600 nm and 700 nm at α = 20◦ and α = 40◦. The reflectivity drops under the 5%
and the overall R remains under the 40% even at λ = 1 µm. There are no great
differences between the 2 polarizations (specially in the range λ ∈ [600 nm,800 nm])
and the minimum seem to shift to the right while increasing α . The minimum was
expected at (λ = 630 nm,α = 0◦) and we measured it at (λ = 640 nm,α = 20◦)
and (λ = 680 nm,α = 40◦). This result suggest that, in a merely optical point of
view, µm−gratings can be competitive with the classical AR coatings. In fact, the
dependence on the polarization doesn’t appear so limiting and the absorbance can
be greater than the 90%. However, a fine tuning to regulate the thickness of gold
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needed for the µm−gratings resonance while not destroying the TC of thin film TESs
is required and the effect on ∆TC is not already known.

Finally, Fig. 6.20b show an overview of all the films. The "mirror" A8-2 film
has the higher R, followed by the vanilla film C0. Then from the corrugation films
(B100-100, CO2-8, A3.5-5) and finally by optical µm−gratings films A10-10, C
2-8 and B2-8. The takeaway message is is that the polarization does not act much
on R for our gratings at low angles and that R can be lowered to the 4% at 640 nm
and 20◦. Moreover, the solution of circles in a hexagonal lattice act as simple
corrugations and lost the optical grating properties due to fabrication complications
or because overlapping in the periodicity of grating and lattice. Lastly, the concentric
circular crown act good, but not as the standard linear stripe solution. Since there
no dependencies on the polarization for low angles, the rotational invariance is not
useful and the complication of aligning the fiber to the center of the crowns can be
avoided with this optical µm−gratings.
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(a) Measured R vs λ of the film B2-8. A large resonant drop in R can be seen between
600 nm and 700 nm at α = 20◦ and α = 40◦. This drop is attributed to the simulated
µm−gratings resonance. The reflectivity drops under the 5% and the overall R remains
under the 40% even at λ = 1 µm.

(b) Overview of all the films in the Sample2. The higher R is given by the "mirror" A8-2
(green), with a grating complementary to the one minimizing R to the 5% for optical grating
resonance B2-8 (light blue). The uncorrugated film without grating C0 (red) is just below
A8-2 and above the other films. The B100-100 (orange), CO2-8 (purple) and A3.5-5 (blue)
act as corrugations without resonances, but still decreasing R to 70% and 50%, respectively.
A10-10 (yellow), C2-8 (pink) show resonance in the region 550−700 nm between 10%
and 20%. At 20◦, none of these gratings or corrugations show substantial differences in the
polarization behaviors.



Chapter 7

Conclusions and Future Perspectives

This thesis presented a comprehensive study on the design, fabrication, and opti-
mization of Transition-Edge Sensors (TESs) tailored for advanced applications in
quantum optics and fundamental physics. The work spanned from the fundamental
investigation of superconducting proximity effects to the engineering of high-speed,
high-efficiency, and electron-sensitive detectors. The research was driven by the
specific requirements of four major frameworks: the SEQUME project, aiming for
fast single-photon detection for quantum communication, the PTOLEMY project,
focused on low-energy electron calorimetry for neutrino physics and the the STAR
project, a project in the framework of quantum technologies requiring almost unitary
detection efficiency.

7.1 Summary of Key Discoveries

The experimental and simulation activities led to several key findings regarding TES
physics and performance optimization:

• High-Speed TES Engineering (SEQUME): To overcome the inherent speed
limitations of standard TESs, we investigated two approaches. While aluminum-
based TESs showed limitations related to film quality and oxide formation, we
successfully used a design based on lateral gold banks applied to TiAu bilay-
ers. This geometric modification proved to be a game-changer: it increased
the thermal conductance to the bath significantly, reducing the effective recov-
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ery time τeff to the order of hundreds of nanoseconds (down to ∼ 200 ns), a
four-fold improvement compared to standard designs, without compromising
the structural integrity of the device.

• Low-Energy Electron Detection (PTOLEMY): We successfully fabricated
and characterized large-area TiAu TESs capable of detecting low-energy
electrons (10−100 eV) with high energy resolution. Crucially, we developed
an analytical model describing the dynamics of Secondary Electrons (SE)
and Back-Scattered Electrons (BSE). We proved that the flight times of SEs
are on the sub-nanosecond scale, making them temporally indistinguishable
from primary events using current TES readout bandwidths. This discovery
shifts the focus of background rejection from temporal discrimination to
geometric optimization, suggesting the necessity of source collimation and
active shielding.

• Physics of Longitudinal Proximity Effects: We performed a systematic
study of the longitudinal proximity effects, which are critical for tuning the
transition temperature Tc with small devices. We confirmed the 1/L2 scaling
law for the longitudinal effect induced by superconducting leads. However,
a key discovery was the strong dependence on the contact between wiring
material and TESs (TiAu or AuTi): Niobium leads on Au induce a strong
proximity effect, whereas Titanium leads on Au showed a weaker effect, but
an insufficient particle confinement. Then, we analyzed Titanium-Aluminum
(TiAl) leads on Ti, resulting in a suppressed effect likely due to interface
oxidation acting as a weak barrier.

• Photon Absorption Efficiency: To maximize quantum efficiency, we ex-
plored both dielectric, gratings and plasmonic solutions. We achieved a system
detection efficiency (SDE) of ∼ 85% using traditional SiOx/TiO2 AR coat-
ings. More innovatively, we modeled and designed Grating-Coupled Surface
Plasmon Polariton (GC-SPP) structures. Our simulations predict absorption
rates exceeding 95% at target wavelengths (630,780,1300,1550 nm). Experi-
mental characterization of fabricated test micrometric gratings confirmed the
presence of resonant absorption dips, validating the model despite fabrication
tolerances.
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7.2 Future Perspectives

The results obtained in this thesis open several pathways for future research and
technological development:

• Integration of Plasmonics and Fast Designs: The immediate next step is
the integration of the optimized plasmonic nanogratings directly onto the
fast "gold-bank" TESs. This combination aims to produce a device that is
simultaneously fast (∼ 100 ns) and highly efficient (> 95%), meeting the
strict requirements of many quantum communication protocols and quantum
technologies.

• Advanced Electron Calorimetry: For the PTOLEMY project, future itera-
tions will focus on implementing the proposed geometric solutions to mitigate
secondary electron loss. This includes the testing of "decoupling planes" to
separate generation and acceleration voltages and the use of nanometric tip
sources to spatially confine the primary electron beam away from the detector
edges.

• Material Optimization: The study on proximity effects suggests that further
control over the wiring-TES interface is needed. Future fabrication runs will
test TESs with Au on top and TiAl wirings to conclude the study. This allows
for more precise Tc engineering for small TESs considering: the material of
the leads such to both properly confine the quasi-particle generated from the
particle detection and minimize the longitudinal proximity effect; the material
of the TES in direct contact with the wirings that can present or not a contact
barrier weakening the longitudinal proximity effect.

In conclusion, this thesis has advanced the state of the art of TES technology
by providing robust ideas for speed, models for photon detection efficiency and
particle discrimination. These developments not only serve the specific goals of
our projects, but also contribute to the broader field of superconducting detectors,
offering versatile tools for the precision measurement of single quanta of energy.
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Appendix A

Additional materials on
superconductivity and optics

In this appendix, we outline the fundamental principles of superconductivity neces-
sary to understand the physics necessary to TESs. We provide a brief overview of the
BCS theory and the London equations, followed by a description of the proximity
effect, which is crucial for engineering the critical temperature of the bilayer films
used in this work. We then describe the operation of dc-SQUIDs, the readout devices
used for our sensors. Finally, we will introduce the principles of anti-reflection
coatings and plasmonic gratings.

A.1 Some elements of superconductivity

Some materials have the ability to transition to a state called superconductivity
below a critical temperature Tc. For low Tc, the phenomenon of superconductivity is
explained by the formation of Cooper pairs, a bound state of two electrons due to an
attractive interaction. These pairs no longer behave as fermions, but as bosons. The
binding energy of Cooper pairs allows them to move without resistance, avoiding
scattering events and thus making the material a perfect conductor, as shown in
Fig. A.1a. The formation of these pairs was first explained in 1957 by Bardeen,
Cooper, and Schrieffer with the BCS theory [79]. The binding energy of the two
electrons in each Cooper pair is due to interactions with positive ions in the lattice
mediated by phonons. When an electron moves in a superconductor, the positive
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ions in the lattice are attracted to it. Because the electron moves faster than the
ions can respond, a region of positive charge is generated. This region, in turn,
attracts a second electron. The resulting binding energy is called the superconducting
energy gap of the material. In a superconductor described by BCS theory, the
transition temperature Tc is related to the superconducting energy gap Egap in the
weak-coupling limit by the relation [79]:

Egap ≈
7
2

kBTc. (A.1)

In addition to perfect conductivity at temperatures lower than Tc, another charac-
teristic aspect of superconductivity is the Meissner-Ochsenfeld effect, whereby the
system’s free energy is minimized when any external magnetic field is expelled from
the superconducting sample, as shown in Fig. A.1b. A magnetic field applied to a
superconductor is exponentially shielded by a supercurrent of Cooper pairs induced
on its surface. The state transition can also occur relative to the critical values of two
other quantities: magnetic field and current density, as shown in Fig. A.2.

(a) Resistance as a function of temperature
during the transition from the normal to the
superconducting state.

(b) Illustration of the Meissner effect in a su-
perconducting material
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Fig. A.2 Phase diagram of the superconducting state for temperature, current density, and
applied magnetic field. The superconducting region is the blue volume.

A.1.1 London Equations

The London equations are the simplest constitutive relations that describe supercon-
ductivity. The first equation describes the absence of resistance starting from the
Drude model, which describes the motion of electrons in a material:

m
d
dt

v =−eE−m
v
τ
, (A.2)

where e, m, and v are the electron’s charge, mass, and velocity, respectively; E
is the electric field and τ is the relaxation time, i.e., the average time between two
collisions of an electron with the ions in the crystal lattice. The two-fluid model
allows us to represent two different groups of electrons: those in the normal state and
those in the superconducting state. At temperatures above the critical temperature,
all electrons are normal; below it, they become superconducting, always conserving
the total number of electrons. The subscript s will refer to superconducting elec-
trons. Since τ−1 is proportional to the electrical resistivity ρ and the resistivity in a
superconductor is zero, we can assume τ → ∞, simplifying the Drude equation to
Eq. A.3:

m
d
dt

vs =−esE. (A.3)
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Given a volumetric density of superconducting electrons ns in the material, and
defining the current density as:

Js =−nsesv, (A.4)

we can write the first London equation from Eq. A.3 as follows:

d
dt

Js =
nse2

s
ms

E. (A.5)

The second London equation serves to describe the Meissner-Ochsenfeld effect
and the associated perfect diamagnetism, which is absent in the first equation. From
Faraday’s law:

∇×E =− d
dt

B, (A.6)

and from the first London equation we obtain:

d
dt

(
∇×Js +

nse2
s

ms
B
)
= 0. (A.7)

Inside the superconductor, there are no currents if its thickness is greater than the
London penetration depth λL, and magnetic fields are excluded. Thus, we obtain the
second London equation:

∇×Js =−nse2
s

ms
B. (A.8)

Using Maxwell’s equations:

∇×E =− d
dt

B, (A.9)

∇×B = µ0Js +
1
c2

d
dt

E, (A.10)

and the mathematical property of the curl:
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∇×∇×B = ∇(∇ ·B)−∇
2B, (A.11)

we obtain the following equation:

(∇2 − 1
c2

d2

dt2 )B =
B
λ 2

L
, (A.12)

where λL is the London penetration depth given by:

λL =

√
ms

µ0nse2
s
. (A.13)

For simplicity, setting d
dt B = 0, ∇ = ∂x, and an external magnetic field along an

axis perpendicular to x, indicated as B(0), we obtain:

B(x) = B(0)e−x/λL , (A.14)

as shown in Fig. A.3.

Fig. A.3 Penetration of a constant magnetic field along the x-axis at the interface with the
superconductor, reaching the value B(0) at x = λL.
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A.1.2 BCS Theory

In 1957, Bardeen, Cooper, and Schrieffer proposed a microscopic theory of supercon-
ductivity (BCS theory) that quantitatively predicts the properties of superconductors
at low critical temperatures [79]. The central concept is the formation of "Cooper
pairs," bound states of two electrons with opposite spin and momentum (k ↑,−k ↓)
mediated by an attractive electron-phonon interaction.

While the normal ground state of an electron gas consists of a Fermi sea filled
up to the Fermi energy EF, Cooper demonstrated that this state is unstable in the
presence of even a weak attractive potential. The instability leads to the formation of
a new ground state separated from the excited states by an energy gap, Egap. This
gap represents the binding energy required to break a Cooper pair and is directly
related to the critical temperature. In the weak-coupling limit, this relationship is
given by:

Egap(0)≈ 3.528kBTc. (A.15)

The existence of this gap explains the exponential dependence of the specific heat
and the perfect conductivity observed in the superconducting state. For the purpose of
TES operation, the most relevant aspect of BCS theory is this temperature-dependent
energy gap, which determines the ultimate energy resolution limit of the detector
and the confinement of quasiparticles when different superconducting materials are
in contact.

A.1.3 Proximity Effect

For a superconductor, the attraction between electrons is a consequence of the
electron-phonon interaction, an idea confirmed by the isotopic effect, from which
it follows that Tc ∝ M−α , where M is the mass of the lattice ion. However, in the
context of TES (Transition Edge Sensors), superconducting materials are interfaced
with normal metallic materials. For two-layer TES, it is possible to predict and
regulate the critical temperature based on the parameters of the materials used and
the geometries of the two layers.
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Fig. A.4 On the left, a superconductive layer with its Cooper pairs under its critical tempera-
ture. On the right, a bilayer of a superconductive film on the bottom and a normal metal on
top. In this case, the density of Cooper pairs is reduced because the Cooper pairs from the
superconductor can occupy a bigger volume.

The approach used is that of Usadel [80, 81], which describes the behavior of
superconductors in the "dirty limit" (where the electron mean free path is smaller
than the coherence length). The core concept is that Cooper pairs can diffuse
from the superconductor into the normal metal, while normal electrons diffuse into
the superconductor. This leads to a spatially varying order parameter ∆(x) and,
consequently, a suppression of the critical temperature Tc of the bilayer system
compared to the intrinsic critical temperature Tc0 of the isolated superconductor.

The spatial behavior of this effect is described by the variation of the supercon-
ducting order parameter ∆(x). At the interface between the superconductor (S) and
the normal metal (N), the density of Cooper pairs does not drop abruptly to zero.
Instead, the order parameter leaks into the normal metal and is suppressed within the
superconductor near the boundary. In the normal metal, the probability of finding
Cooper pairs decays exponentially with the distance x from the interface. This decay
is characterized by a specific length scale, the coherence length in the normal metal,
denoted as ξn. In the diffusive limit (dirty limit), which typically applies to our thin
films, ξn is given by:
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ξn =

√
ℏDn

2πkBT
, (A.16)

where Dn is the diffusion coefficient of the normal metal.

Furthermore, within the superconductor itself, the order parameter varies over
a characteristic scale known as the Ginzburg-Landau coherence length ξ (T ). This
length diverges near the critical temperature Tc following the relation:

ξ (T ) =
ξ (0)√
1− T

Tc

, (A.17)

where ξ (0) depends on the material purity. In the dirty limit, ξ (0)≈ 0.85
√

ξ0l,
where l is the mean free path and ξ0 is the intrinsic BCS coherence length. The
interplay between the film thicknesses and these coherence lengths determines the
strength of the proximity effect.

By solving the Usadel equations with appropriate boundary conditions at the
interface, one obtains an equation relating the critical temperature Tc in the presence
of a normal metal to Tc0. For thin films (where the thickness is much smaller than
the coherence length), the critical temperature can be approximated as:

Tc

Tc0
=

[(
kBTc0

1.13ℏωD

)2

+

(
kBTc0

1.13τ

)2
]α

2

, (A.18)

where α depends on the ratio of the thicknesses d and the density of states n
of the normal (n) and superconducting (s) layers: α = dnnn

dsns
. This relationship is

fundamental for tuning the Tc of TES devices by adjusting the thickness of the
normal metal layer (e.g., Gold) on top of the superconductor (e.g., Titanium), as
depicted in Fig. A.5.

A.2 DC SQUID

The theoretical principles of superconductivity discussed in the previous sections
are a basic set of knowledge for understandin TESs. In this section, magnetic flux
quantization and the Josephson effect will be explained as crucial mechanisms in
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Fig. A.5 Transition of a Titanium thin layer (gray) translated to lower values adding a gold
thin layer on top of it (yellow).

the operation of Superconducting Quantum Interference Devices (SQUIDs). These
devices are extremely sensitive magnetic flux sensors and are essential for the readout
of TESs. Before detailing the specific TES operation, it could be useful to introduce
the working principles of the DC SQUID, as it serves as the fundamental current-
sensing element in our experimental setup.

A.2.1 Magnetic Flux Quantization

A fundamental property of superconductivity, derived from the macroscopic quantum
nature of the condensate, is flux quantization. The macroscopic wavefunction
describing the Cooper pairs must be single-valued. This imposes a constraint on the
phase of the wavefunction around any closed superconducting loop. Consequently,
the magnetic flux Φ threading a closed superconducting loop cannot take arbitrary
values but is quantized in integer multiples of the flux quantum Φ0:

Φ = nΦ0, (A.19)



A.2 DC SQUID 145

where n is an integer and Φ0 =
h
2e ≈ 2.068×10−15 Wb. This principle is central

to the operation of SQUIDs, which convert magnetic flux into measurable voltage
signals.

A.2.2 Josephson Junction

The Josephson effect appears whenever there is a weak coupling between supercon-
ductors, for example at the interface between two superconductors separated by a
thin insulating layer as shown in Fig. A.6. This results in a non-zero overlap of the
macroscopic wavefunctions.

Fig. A.6 Two superconductors with wavefunctions Ψ1 and Ψ2 separated by an insulating
barrier. The top curves represent the Cooper pair densities n1,n2 as a function of position.

For a potential difference at the interface ∆V = 0, a DC supercurrent Is flows
through the junction, dependent on the phase difference ∆θ = θ2 −θ1 between the
two superconductors:

Is = Ic sin(∆θ), (A.20)

where Ic is the critical current of the junction. When a voltage ∆V ̸= 0 is applied,
the phase difference evolves in time according to:
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d(∆θ)

dt
=

2e
ℏ

∆V. (A.21)

This results in an AC supercurrent oscillating at the Josephson frequency ωJ =
2e∆V
ℏ .

A.2.3 DC SQUID Operation

The device used in TES measurements is the DC SQUID, which simultaneously
exploits the quantization of magnetic flux in a superconducting loop and the Joseph-
son junctions. A DC SQUID consists of a superconducting loop interrupted by two
Josephson junctions, allowing it to sense extremely small changes in magnetic flux.
The total current is the sum of the contributions from the two junctions. Assuming
identical junctions, applying a magnetic flux to the loop results in an interference
pattern where the maximum critical current of the SQUID modulates with the applied
flux:

Imax(Φ) = 2Ic

∣∣∣∣cos
(

π
Φ

Φ0

)∣∣∣∣ . (A.22)

When the device is biased with a current I > Imax, the voltage across the SQUID
varies periodically with the applied magnetic flux with a period of Φ0. This allows
the SQUID to act as an extremely sensitive flux-to-voltage transducer.

A.2.4 Flux-Locked Loop DC SQUID

The mode of operation of the SQUID in question is the Flux-Locked Loop (FLL)
mode, which involves the use of a feedback circuit to keep the flux inside the
SQUID constant, as shown in Fig. A.7 and as explained in [[82], [83]]. The SQUID
is coupled with an input coil, which measures variations in the magnetic flux it
generates. Additionally, it is current-biased as previously described and referenced to
a constant voltage value through a comparator. Furthermore, it is also magnetically
coupled to a feedback coil. Any variation of the flux in the SQUID will result in
a voltage change, which passes through the comparator and is compensated by the
feedback circuit. The voltage read at the device output is the voltage applied to the
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feedback circuit, which, when applied to the feedback resistance Rfb, generates a
current that, in turn, is converted into a magnetic field by the feedback inductance
Lfb until the flux linked to the SQUID returns to the operating point. The advantages
offered by reading signals in this way include the linearization of the response and a
gain given by:

G =
Mfb

Min
Rfb, (A.23)

where Mfb,Min are the mutual inductances of the feedback and input inductances.

Fig. A.7 Configuration of the FLL DC SQUID with an input coil coupled to the SQUID,
carrying the TES current, and a feedback circuit.

A.2.5 Advantages of SQUID Readout for TESs

The dc-SQUID is the readout device of choice for Transition-Edge Sensors due to
its unique compatibility with the physical properties of the detector. First, TESs
are low-impedance devices (typically RTES < 1Ω even in the transition). The super-
conducting input coil of a SQUID offers a naturally matched low-impedance load,
essential for efficient signal transfer and voltage-biased operation. Second, SQUIDs
are the most sensitive magnetic flux sensors available, translating to an extremely
low current noise floor (typically few pA/

√
Hz). This allows them to resolve the

minute current variations generated by single-photon events in the TES loop. Finally,
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SQUIDs operate at cryogenic temperatures compatible with the TES working stage,
minimizing thermal noise and simplifying the cold-stage assembly.

A.3 Advantages of KICS over dc-SQUID-based Read-
out

A promising result for fast TESs, particularly beneficial for large-scale TES arrays,
is the one obtained in [19] using Kinetic Inductance Current Sensors (KICS) instead
of dc-SQUIDs. KICSs are superconducting resonator-based devices similar to KIDs
that leverage the nonlinear kinetic inductance of a superconducting resonator to
measure currents with high sensitivity. Unlike dc-SQUIDs, which require complex
fabrication and significant space, KICS are smaller and less expensive. They can be
galvanically connected to TESs and do not require external bias current, since they
are dissipationlessly self-biased through a loop made with an aluminum strip called
a Superconductive Switch that traps a persistent current through flux quantization,
allowing for continuous frequency tunability.

One of the primary limitations of TES readouts using dc-SQUIDs is the need
for multiplexing to manage large pixel arrays. Current multiplexing techniques
such as time-division multiplexing (TDM), frequency-division multiplexing (FDM),
and microwave dc-SQUID multiplexing (µMUX) introduce trade-offs in speed,
bandwidth, and scalability.

KICS overcomes these challenges through several key advantages [19]:

• High-speed Readout: The speed of a KICS is set by its resonator bandwidth,
making it inherently faster than dc-SQUID-based techniques, particularly for
high-speed applications.

• Microwave Frequency-Division Multiplexing: Unlike µMUX, which relies
on RF-SQUIDs with complex flux ramp modulation, KICS can be directly
read out with microwave techniques similar to those used in Microwave KIDs
(mKIDs), enabling simpler multiplexing [20].

• Simplified Fabrication: KICS requires only a single superconducting layer for
its resonator structures, whereas dc-SQUIDs need highly uniform Josephson
junctions, complicating large-scale fabrication [84].
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• Compact Design: dc-SQUID-based readout cells typically require > 0.4 mm2

per channel due to large coupling coils and noise-mitigation structures. KICS
devices can be as small as 0.02 mm2, significantly reducing the footprint of
large TES arrays [85].

• Self-Biased Operation: KICS employs a persistent current biasing method
using superconducting switches, eliminating the need for active bias lines that
can introduce excess noise [86].

• Low-Noise Performance: The readout noise of KICS, measured at 1.4 pA/
√

Hz,
is significantly lower than the TES noise at operating frequencies, ensuring
minimal degradation of detector performance [19].

• Scalability for Large Arrays: With an effective bandwidth of 250 MHz per
readout line, KICS allows for multiplexing factors of over 1000 pixels per
channel, surpassing the 500-pixel limit of µMUX and the ∼40-pixel limit of
TDM/FDM [84, 87].

The KICS represents a promising alternative to dc-SQUID-based readouts for
TES arrays, particularly in applications where high-speed, low-noise operation is
critical. The self-biasing scheme, compact design, and simplified fabrication process
make KICS a promising candidate for next-generation readouts for TESs. At the
time of this thesis, the demonstration of the multiplexed readout of TES arrays with
multiple KICS devices coupled to a shared microwave transmission line has yet to
be performed.

A.4 Anti-reflective coatings and plasmonic gratings

A.4.1 Principles of Anti-reflection Coating

The fundamental concept behind Anti-reflection (AR) coatings is the destructive
interference of reflected waves at the interface between materials of different refrac-
tive indices. I will now provide a brief description of the theory for a thin film as in
Fig. A.8. We indicate with E0 the amplitude of the electric field of the incident light
and with k0 its wave vector coming from air or glue indicate by the refractive index
n0. The subscript 1 indicates the first thin film layer of the anti-reflective coating with



150 Additional materials on superconductivity and optics

thickness l1, while the subscripts t and r indicate the progressive or regressive wave.
This formulation can be quickly declined for a multi-layer of which the i-th layer
has thicknesses li, refractive indexes ni and in which there are progressive waves
(Eit ,kit) and regressive waves (Eir,kir). Finally, we indicate the reflected wave in the
0-th medium with (ER,kR) and the wave transmitted after the TES and mirror with
(ET ,kT ).

Fig. A.8 Schematic for the light propagation and structure of a TES with anti-reflective (AR)
coating and mirror. The incident light from the medium 0 (E0,k0) can be reflected (ER,kR) or
transmitted in the first anti-reflective layer. The i-th layer has thickness li and refractive index
ni with progressive waves (Eit ,kit) and regressive waves (Eir,kir). Under the AR coating,
there is our TES, followed by a mirror to reduce transmitted wave in the substrate (ET ,kT ).
Dotted arrows indicate greater orders of reflection and transmission.

We recall the following basic concepts and definitions:

• the refractive index in a medium is ni =
c
vi

, where c is the speed of light in
vacuum and vi is the one in a medium,

• we can write a monochromatic plane wave as Ez = E0,z exp i(Kzr−ωzt)

• the wave vector is ki = nik = 2πniλ
−1, where λ is the wavelength of the

incident light,

• the optical thickness is Li = nili,
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• the ratio of the incident angle θit and the refraction angle θir at the interface of
2 media i and j is given by the Snell’s law sinθir

sinθit
=

n j
ni

• the total reflectance R, transmission T and absorbance A are related by the
closure relation A+R+T = 1.

For boundary conditions, the tangential components of the electric field E and
the magnetic field H are continuous at each interface. For each interface between the
layer i and the subsequent j, we have:


Eit +Eir = E jt +E jr

Eiteikili +Eire−ikili = E jt

Hit −Hir = H jt −H jr

Hiteikili −Hire−ikili = H jt

The regressive and progressive waves have exponential phase factors with oppo-
site signs moving in opposite directions of the same medium. If we propagate to the
various interfaces, use the Maxwell laws and a matrix formalism, we can write [88]:

(
E0

H0

)
=

[
m00 m01

m10 m01

](
Es

Hs

)
= M

(
Es

Hs

)
=

N

∏
i=1

Mi

(
Es

Hs

)
, (A.24)

where the matrix of the i-th layer is:

Mi =

[
cosδi iγi sinδi

iγ−1
i sinδi cosδi

]
(A.25)

and in which :

δi = kili cosθi (A.26)

and

γi =


ηi

cosθi
T E mode

ηi cosθi T M mode

with ηi =
nic
εiε0

.
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So, for the 2 polarizations s (TE mode) and p (TM mode) we can finally calculate
the reflectance and the transmittance as R =

∣∣r∣∣2 and T =
∣∣t∣∣2, where r and t can be

calculated through the matrix M for the 2 polarizations as:

r =
ER

E0
=

(m00 +Psm01)P0 − (m10 +Psm11)

(m00 +Psm01)P0 +(m10 +Psm11)

t =
ET

E0
=

2P0

(m00 +Psm01)P0 +(m10 +Psm11)
.

(A.27)

The terms P0 and Ps contains the difference for the 2 polarizations and are by the
first and last medium, respectively:

P0 =


η0 cosθ0

z0
T E mode

cosθ0

η0z0
T M mode

Ps =


η0 cosθs

z0
T E mode

cosθs

ηsz0
T M mode

where we have z0 =
√

µ0
ε0

, where ε0 and µ0 are the electric permittivity and
magnetic permeability in vacuum.

Recent experimental works have demonstrated significant improvement in photon
absorption of TESs with AR coatings. For instance, in [14], a Ti/Au TES integrated
with an SiO2/TiO2 bilayer AR coating achieved a system detection efficiency above
95% at λ = 1550 nm. Similar high-efficiency results were obtained by [15], who
reported over 98% absorption using carefully engineered dielectric stacks on TESs.

In conclusion, AR coatings provide a robust and passive method to increase
efficiency without modifying the TES structure or requiring resonance-based effects.
However, their efficiency strongly depends on TESs areas and fiber-TES alignments,
since the TES should be larger than the core of the fiber and the fiber should be
placed inside the TES areas.
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A.4.2 Principles of Plasmonic Metasurfaces

When light reaches the interface between a dielectric and a flat metal from the
dielectric side, the incident photons have a momentum ℏkd =

h
λ

nd and are mostly
reflected following the Snell’s law nd sinθ = nm sinθR, conserving the momentum.
Differently, light propagating in the metal has a direction given by θT and a momen-
tum ℏkm = h

λ
nm. Since usually one has nd > nm for visible, near-visible and telecom

wavelengths, θT has a maximum value equal to 90◦, corresponding to a critical value
for the incident angle as θC = nm

nd
. The momentum along the surface for θ > θC is

higher than ℏkm, the supported value in the metal. This generate evanescent fields
(oscillating electric field spatially decaying in both media from the interface) cause
surface charges to oscillate and radiate into the metal.

By structuring metallic surfaces into periodic gratings, it is possible to couple
incident photons effectively into surface plasmon polaritons (SPPs) through the
evanescent fields, significantly increasing photon absorption at targeted wavelengths
and angles [89, 71]. Sensors with this gratings are called Grating Coupled Surface
Plasmon Resonance sensors (GC-SPR sensors).

Surface plasmon polaritons (SPPs) are collective oscillations of electrons at the
interface between a dielectric and a metal, which can strongly confine and enhance
electromagnetic fields. The dispersion relation governing SPP propagation at a planar
interface is given by:

kSPP =
ωp

c

√
εmεd

εm + εd
=

ωp

c
nSPP (A.28)

where εm and εd represent the complex dielectric permittivities of the metal and
dielectric materials, respectively, ωp is the plasma frequency for that material, and c
is the speed of light in vacuum [89, 90].

This follows considering a p-polarized electromagnetic wave propagating in
the x direction with the usual monochromatic plane wave equation for the electric
Exz(x) and magnetic Hy(x) fields in the x− z and y directions, respectively. Because
we have waves in media, we need to take into account the term exp(−kz,mediumz).
Using the notation Fj such that Fjδ ( j,y) = (0,Hy,0) and Fjδ ( j,xz) = (Ex,0,Ez)

we have Fmedium = Fj,medium exp(−kz,mediumz)exp i(k j j−ωt). Using the Maxwell’s
equations and and the boundary conditions at the interface we obtain:



154 Additional materials on superconductivity and optics

k2
zd = k2

x − εdk2

k2
zm = k2

x − εmk2

kzd

kzm
=− εd

εm
.

Substituting kx with kSPP we obtain Eq. A.28 as in [91].

Due to the mismatch between photon momentum in a dielectric medium (kd) and
the SPP momentum (kSPP > kd), direct excitation of SPPs in a flat metallic layer from
photons is not straightforward. This mismatch can be compensated using periodic
grating structures, which provide the additional momentum needed.

Fig. A.9 Schematic for the grating coupling for Single Plasmon Polaritons and photons.
The incident light from the dielectric medium has momentum kd and kzd = kd sinθ in the
z direction (along the normal to the grating plane). The grating here is made of gold with
thickness h and periodicity P. The relative dielectric constants are εd for the dielectric
medium and εm for the metallic layer. The diffracted light is represented in various orders
labeled by the value m. The plasmonic grating is, here, represented on top of an AuTi TES
on its SiNx substrate. It is also possible to image the grating not on the TES and a mirror
under the TES or under the grating like in Fig. A.8.

We consider a metallic film with grating in the xy direction under a dielectric
medium with refractive index nd (that in dielectrics is equivalent to εd ) as in Fig. A.9.
To transfer the energy from the photon to the SPPs we need to couple their momenta
in the z direction. The wavevector momentum of the incident photon in z direction
is:
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kzd = k0nd sinθ , (A.29)

while the wavevector of the diffracted light of order m can be given by:

kG = mG = m
2π

P
, (A.30)

where P is the grating period.

The resonance condition for coupling photons into SPPs via a grating is described
by the equation [92]:

kSPP +∆nSP
e f f = kzd ± kG, (A.31)

where ∆nSP
e f f takes into account the difference of the effective indices of the

surface plasmon (SP) due to, for example, AR coating or prism-based Kretschmann
configuration upon the grating.

With the grating only and substituting ωp/c = λ and εd = n2
d, we can write

[93, 94]:

sinθ +m
λ

P
=±

√
εmn2

d

εm +n2
d
. (A.32)

When photons match this resonance condition, they couple efficiently into SPPs,
drastically reducing reflectivity at the resonant wavelength and achieving a black
body-like behavior for optimized structures [95, 72]. It is important to note that, once
selected the materials and the grating periodicity, the matchable wavelengths are
limited due to sinθ function that is limited in the range [0,1]. In fact we have mλ =

P(±nSPP − sinθ) that for m = 1 is limited in the range
[
P f (nSPP −1),P(1+nSPP)

]
,

where f (nSPP −1) = 0 if nSPP < 1 and f (nSPP −1) = nSPP −1 if nSPP > 1.

The choice of material for the plasmonic grating significantly impacts the per-
formance of the metasurface. Ideal materials exhibit a large negative real part and a
minimal imaginary part of their dielectric permittivity. Silver has superior plasmonic
properties, but its tendency to oxidize limits its practicality, making Au the preferred
choice for its chemical stability [96, 97]. Because Ag and Au are expensive, copper



156 Additional materials on superconductivity and optics

and aluminum are valid choices, but both suffer from chemical instability under
atmospheric conditions. Metals have plasmon resonance in the visible and NIR
because their plasma frequency values corresponds to the ω in these region, while
Si and other semiconductors have ωP corresponding to the microwave region, [98].

In fact, we can write ωP =
√

Nee2

ε0m∗ , where Ne is the density of carriers and m∗ their

effective mass. Then we consider that m∗ = h2
(

d2E
dk2

)−1
∼ 1.1 me in Au,Al and Ag

[99] and that for those metals Ne typical values are around 1022 −1023 cm−3. The
resulting ωP falls in the region of the spectra between NIR and UV for these flat
metals.

At telecom wavelengths, the values of nSPP for different metal-dielectric com-
binations can be approximated with nSPP ∼ nd because one has εm ≫ n2

d. This
can be verified considering the values found in [78]: εm(Ag) = −125.53+ i3.2,
εm(Al) = −236+ i48, εm(Au) = −111.8+ i10.8 and nd(Air) = 1, nd(Glue) = 1.5,
nd(SiO2) = 1.44, nd(TiO2) = 2.45. For θ = 0 we can compute the grating period
for a specific λ as P = mλ

±nd
. This approximation is valid only for λ ∼ P, θ = 0 and

if εm ≫ n2
d because, in general, we have P = P(θ ,λ ) and εm = εm(λ ),εd = εd(λ ).

Once the photons are converted into SPP modes they have an oscillating fre-
quency:

ωSPP =
ωP√

1+ εm
, (A.33)

following from the free electron form of the dielectric constant εm = 1− ω2
P

ω2 . The
penetration depth in the media of the SPP in the direction normal to the interface is
given from dSPP,medium = 1

kz,medium
, for which the electric field is ESPP(dSPP,medium) ∝

ESPP(0)e−kz,mediumdSPP,medium . With the notation for the real and imaginary parts of the
permittivities as εm = ε ′m + iε”

m and εd = ε ′d + iε”
d , the solution is:

dSPP,medium =
1
k0

√∣∣∣∣ εd + ε ′m
−(ε ′medium)

2

∣∣∣∣, (A.34)

for both the medium. Since εd ≪ εm it follows the the SPP penetration depth is
larger in the dielectric than in the metal.
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Since εmedium are complex numbers, from Eq. A.33 and Eq. A.28 we can derive
that both the wavelength and the frequency are complex and given by [100]:

nSPP = n′SPP +n”
SPP =

√
ε ′mεd

ε ′m + εd
+ i

(√
ε ′mεd

ε ′m + εd

)3
ε”

m
2(ε ′m)2

kSPP = k′SPP + ik”
SPP = k0

(
n′SPP + in”

SPP
)

ωSPP = ω
′
SPP + iω”

SPP = ω0
(
1+ in”

SPP
)
.

The SPP mode can propagate on a flat surface in a limited range due to gradual
attenuation from the losses caused by absorption in the metal. The decrease during
the propagation along a direction in the x-y plane is expressed by the real part in
the exponent of the plane wave expression e−k”

SPPx. Using Eq. A.4.2, we can obtain
propagation length LSPP due to the ohmic losses:

LSPP =
1

2k”
SPP

=
λ

2π

(√
ε ′m +n2

d

ε ′mn2
d

)3
ε ′2m
ε”

m
, (A.35)

In the same manner, we can calculate the SPP life-time from the dissipative term
e−2ω”

SPPt as:

τSPP =
1

2ω”
SPP

=
1

ω0

(√
ε ′m +n2

d

ε ′mn2
d

)3
ε ′2m
ε”

m
, (A.36)

Considering a wavelength of 1530 nm we can roughly calculate the penetration
depth, propagation length and life-time for various interfaces as in Tab. A.1.

Table A.1 Calculated SPP penetration depths, propagation length and life-times at 1530 nm
for different metal-oxide combinations.

Interface dSPP,m(µm) dSPP,d(nm) LSPP(µm) τSPP(ps)
Au-Air 23 2563 28 0.9
Au-glue/SiO2 23 1705/1776 15 0.5
Au-TiO2 23 1040 71 0.2
Al-Air 16 3733 280 0.9
Al-glue/SiO2 16 2486/2590 152 0.5
Al-TiO2 16 1519 72 0.2
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All this calculation for LSPP and τSPP are considered in a flat media. In a
corrugated metal we need to consider that the SPP could loss energy re-emitting
photons because of the grating, reducing both LSPP and τSPP. In addition, rough
surface increase the SPP scattering reducing the propagation of the SPPs even more.

The group velocity is vgr =
dω ′

SPP
dk′SPP

and can be estimated with transmission mea-
surements of slit-groove nano-structures in broadband optical spectroscopy [101].

Meanwhile, from [102], the propagation length and the life-time are related by
the phase velocity as LSPP = vphτSPP and in a grating the phase velocity can estimated
by vph =

P
λpeak

c, where λpeak is the measured wavelength at which a resonance peak
appears and c the speed of light in vacuum. The phase velocity can be calculated
from Eq. A.4.2 as:

vph =
ω ′

SPP
k′SPP

=
ω0

k0n′SPP
=

c
n′SPP

(A.37)

and, if we consider a photon perpendicular to the grating, Eq. A.32 reduce to
mλ

P = ±n′SPP, we obtain vph =
c

n′SPP
= P

λpeak
c for m = 1. This will be useful in the

attempt to describe the plasmonic resonance with a Lorentzian line shape.

The Lorentzian describes the spectral shape of many resonances and could take
the form:

ASPP =
a

(k− kpeak)2 +(Γ/2)2 , (A.38)

where ASPP represent the efficiency in the excitation of a SPP due to an incident
photon, a is the efficiency amplitude related to the coupling strength and Γ the Full
Width at Half Maximum (FWHM) of the peak. While k = 2πλ−1nd sin(θ) is the
momentum of the interrogated photon and kpeak the momentum at which the peak
occur or the one for which the grating has been designed.

If the peak (described by the subscript peak) is mainly generated by the homo-
geneus broadening of SPP, the FWHM is Γ = 2ℏ

τSPP,peak
. It become larger if there are

contributions from the inhomegeneus broadening caused by structural imperfections
[102] and radiative losses due to grating outcoupling. TESs could, in principle, mea-
sure the Joule heating caused by SPP absorption and so we can consider a FWHM
given by the sum of different contribution as Γ = Γabs +Γimp +Γout , in which Γimp
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and Γout are given by imperfections and outcoupling. While Γabs is the width related
to SPP absorption and so the most relevant for TESs detection.

Exploiting the phase velocity, we can rewrite Γ as 2ℏ
τSPP,peak

=
2 ℏ vph,peak

LSPP,peak
and then

recall that LSPP,peak =
1

2k”
SPP,peak

=
λpeak

4πn”
SPP,peak

and that vph =
c

n′SPP,peak
. The computation

leads to:

Γ/2 = hc
n”

SPP,peak

n′SPP,peak
λ
−1
0,peak, (A.39)

where λ0,peak is the wavelength in kpeak =
2π

λ0,peak
nd sinθpeak.

Then, we can obtain kpeak immediately from Eq. A.32 as:

kpeak =±k0,peak nSPP,peak −m
2π

P
. (A.40)

Finally, the peak depend both on the angle of incidence and on the wavelength
and they are related by:

sinθpeak =±
n′SPP,0

nd
− m

nd

λ0,peak

P
. (A.41)

If the grating is optimized for θpeak = 0, Eq. A.39 and Eq. A.40 become simpler
because Eq. A.41 directly relate the grating period P and the real part of the SPP
equivalent refractive index obtaining:

mG =±k0nSPP,peak =± 2π

λpeak
nSPP,peak

λpeak =
P
m

nSPP,peak

Γ = hc
m
P

ε”
m

(ε ′m)
2 nSPP,peak,

recalling that n”
SPP = (n′SPP)

3 ε”
m

2(ε ′m)2 from Eq. A.4.2.

Finally, we can turn the Lorentzian resonance peak in a Lorentzian reflectivity
dip as R = Rbg −ASPP. For a grating optimized for λp and θ = 0 we obtain:
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R = Rbg −
4a

16π2
(

λnd sinθ − m
P nSPP,p

)2
+
(

hc m
P

ε”
m

(ε ′m)
2 nSPP,p

)2 . (A.42)

Using an ad hoc mirror under the grating to avoid transmission losses we can con-
sider T = 0, A = 1−R, Rbg = 1 and so A = ASPP, meaning the the total absorbance is
due only to the Lorentzian plasmonic resonance. The only remaining free parameter
is the coupling efficiency a, that is crucial in the final calculation and that must be
find experimentally



Appendix B

Elements of TES fabrication and
measurements

B.1 Additional material on fabrication procedures

B.1.1 Facilities: UHV and HV evaporators

Both the HV and UHV deposition systems employ thermal evaporation. In the UHV
system, an e-gun is used for Ti, while Au is evaporated by an effusion cell.

The UHV deposition system at INRiM consists of two chambers dedicated to Ti-
Au TES deposition. The load-lock chamber (atmospheric pressure to ∼ 10−7 mbar)
houses the sample on a rotary platform and includes an argon Ion Milling system.
The main deposition chamber (base pressure 10−10 mbar) houses the Ti and Au
sources. A gate valve connects the chambers, and a magnetic transfer arm moves the
sample. The sample can be positioned over the Ti crucible and then translated to the
Au effusion cell in 15−25 s. This rapid transfer under UHV prevents Ti oxidation,
ensuring a high-quality interface.

Fig. B.2 shows the deposition chamber interior. The effusion cell can be heated
to 1385◦C and stabilized, while the e-gun current is modulated for Ti evaporation.
Shutters control deposition: the effusion cell has a manual shutter, while the Ti
crucible has both an automatic shutter (controlled by the microbalance) and a manual
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Fig. B.1 External view (top) and schematic (bottom) of the evaporation chamber where Ti
and Au for TESs are deposited. Left: load-lock chamber with Argon Ion Milling system.
Right: deposition chamber with e-gun (Ti) and effusion cell (Au).
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Fig. B.2 Interior of the UHV deposition chamber: center-bottom, Ti crucible for e-gun
evaporation; left, Au effusion cell chimney; above sources, shutters; top, magnetic transfer
arm and quartz crystal microbalances.
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shutter for rate adjustment. Two quartz crystal microbalances monitor the thicknesses
of Ti and Au.

The HV evaporator is used for various materials (nanospheres, plasmonic struc-
tures, AR coatings, Al wiring). Its load-lock lacks a sputter etching module, but it
features a multi-pocket crucible for e-gun evaporation. The system base pressure is
∼ 7×10−8 mbar. It deposits superconductors (Al, V, Ti), inert metals (Au), and ox-
ides (SiO2, TiO2). Magnetic materials are avoided. Fig. B.3 shows the HV chamber
with the multi-pocket crucible. A motorized linear translator positions the sample.
Controlled oxygen injection allows reactive evaporation for depositing TiO2 and
SiO2 from TiO or SiO at ∼ 10−4 mbar.

Fig. B.3 Interior of the HV deposition chamber showing the multi-pocket crucible, manual
shutter, and quartz crystal thickness monitor. Bottom right: crucible with melting material
under e-gun heating.

Both systems use water cooling for the chamber and components.
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B.1.2 O2 Plasma Etching

O2 plasma etching is a dry etching technique to remove organic layers (photoresist
residues). The process occurs in a plasma reactor at ∼ 10−3 mbar, where oxygen
is ionized (Fig. B.4). Reactive species (O+, O+

2 , radicals) break down organic
compounds into volatile by-products (CO, CO2, H2O) which are pumped away.

Fig. B.4 O2 plasma in the plasma matrix showing its typical white-grey color. The sample is
at the bottom.

The Plasma Matrix system controls gas flow, RF power, pressure, and time. The
procedure includes:

• Purge: N2 line purge for 5 minutes (no RF).

• Pre-etching: O2 plasma ignition to clean the chamber. Matching network
tuning minimizes reflected RF power and maximizes DC bias for stability.

• Cleaning: Sample loaded and exposed to plasma for 80 s at 40 W.

This ensures consistent cleaning without degrading the photoresist pattern, crucial
for interface quality.
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B.1.3 Ion Milling (Sputter Etching)

Ion milling (sputter etching) is a physical dry etching technique using focused inert
gas ions (Ar+) to remove material. It is used here for thin film cleaning. Ions
accelerated by an electric field impinge on the surface, physically sputtering atoms.
The sputtering yield Y approximates to:

Y ∝
E
Us

, (B.1)

where E is ion energy and Us is surface binding energy. Ion milling is highly
anisotropic, enabling vertical etching. It cleans contact areas and removes native
oxides (e.g., on Ti, Nb, Al) before top electrode deposition or cleans the SiNx surface.
Parameters are optimized to avoid damage. Etching is performed from bottom to top
to prevent redeposition.

B.1.4 Thermal Evaporation Methods

E-beam evaporation is used for superconducting films, optical coatings, and micro-
electronic devices [103]. A high-energy electron beam heats and evaporates the
target material. It is ideal for refractory metals (Ti, W, Mo) and dielectrics. High
kinetic energy of evaporated species ensures dense, adherent films.

The process operates under HV/UHV. The beam, generated by a thermionic
emitter and steered by magnetic fields, focuses on the target. Evaporated atoms travel
ballistically to the substrate. The deposition rate R is estimated by the Hertz-Knudsen
equation:

R =
αPsat√

2πmkBT
, (B.2)

where α is sticking coefficient, Psat vapor pressure, T temperature, and m atomic
mass. E-beam allows rapid, high-purity growth with fine rate control via beam
power.

The effusion cell (Fig. B.5) is used for gold in UHV (< 10−9 mbar). It consists
of a crucible heated by a resistive filament. Gold atoms evaporate thermally and form
a molecular beam. The rate is controlled by temperature (PID). We use ∼ 0.7 /s.
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Fig. B.5 Effusion cell for gold evaporation, comprising a crucible inside a metallic tube,
resistive heater, thermal shielding, water cooling, and PID control. The chimney defines the
beam direction.

The effusion cell with a chimney provides a smooth, uniform coating. Thermal
evaporation follows a modified Knudsen’s cosine law:

I(θ) = I0(cosθ)n, (B.3)

where I(θ) is the flux at angle θ . The chimney collimates the flux, improving
uniformity but reducing rate. The uniformity cone is defined by:

∆t
t0

≈ 1− cosn(θmax), (B.4)

where t0 is central thickness and θmax is the maximum emission angle. In our UHV
evaporator, the source-to-substrate distance is d = 22 cm, ensuring 96% uniformity
for 1-inch samples (Fig. B.6).

B.2 Elements of ellipsometry

B.2.1 Ellipsometer

Ellipsometry determines the complex refractive index and thickness of thin films
by measuring the change in polarization state (Ψ, ∆) of reflected light. The ratio of
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Fig. B.6 Film thickness distribution profiles for Au deposition using the evaporation chimney.
Curves show normalized thickness vs. lateral position for different distances d. For our
system (d = 22cm), uniformity is ∼ 96% for 1-inch samples.

reflection coefficients for p- and s-polarization is:

rp

rs
= tan(Ψ)ei∆. (B.5)

Fresnel equations describe reflection and transmission (Fig. B.7) based on refractive
indices n1,n2 and angles θi,θt (Snell’s Law: n1 sinθi = n2 sinθt).

For s-polarized light:

rs =
n1 cosθi −n2 cosθt

n1 cosθi +n2 cosθt
, ts =

2n1 cosθi

n1 cosθi +n2 cosθt
. (B.6)

For p-polarized light:

rp =
n2 cosθi −n1 cosθt

n2 cosθi +n1 cosθt
, tp =

2n1 cosθi

n2 cosθi +n1 cosθt
. (B.7)
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Fig. B.7 Reflection and transmission of light at an interface. Incident θi, reflected θr, and
transmitted θt angles follow Snell’s Law.

For absorbing materials, ñ = n+ ik. By measuring Ψ and ∆ versus wavelength
(200−1700 nm) and angle (20◦−80◦), we extract n,k and thickness.

B.2.2 Experimental Procedure

A J.A. Woollam V-VASE ellipsometer was used.

1. Lamp ignition: Xe lamp activated 1 hour prior for stabilization.

2. Calibration: Performed using a standard Silicon substrate. The sample is
aligned in the xy plane and centered along z to maximize signal. System
calibration records intensity and gain.

3. Sample Positioning: Sample positioned and alignment verified (Fig. B.8).

4. Data Acquisition: Reflectance (Rs,Rp) or ellipsometric data acquired for
plasmonic gratings (Sec. 6.5) or AR coatings/TiAu bilayers (Sec. 6.4).
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Fig. B.8 Ellipsometer measurement of a sample with Si/SiNx substrate, TiAu bilayers, and
gold gratings.

B.3 Elements of cryogenics

B.3.1 Adiabatic Demagnetization Refrigerator Cryostat

The fundamental instrument for characterization is the cryostat. The cryostat used
is an "Adiabatic Demagnetization Refrigerator" (ADR). The ADR in the INRiM
laboratory for TES measurements and its schematic are shown in Fig. B.9. Thermal
insulation from the external environment is achieved through thermal shields and
vacuum isolation. The basic mechanism follows the principle of Dewar flasks:
through vacuum, there is no heat transfer by convection or conduction, only by
radiation. The latter process is minimized using reflective shields. The vacuum is
achieved using a turbo-molecular pump and a dry pre-vacuum mechanical pump.

The ADR system at INRiM cools down to approximately 3 K using a pulse-tube
cryocooler, illustrated in Fig. B.10. The compressor piston moves periodically,
increasing and decreasing the pressure in the tube. The initial temperature inside the
cryostat is ambient temperature TH . As shown in the figure, when the piston moves
to the right, gas is pushed towards the regenerator.

The regenerator is made of a material with high heat capacity but low thermal
conductivity along the gas flow direction. It retains the heat from the gas it contacts,
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(a) Overall view of the ADR cryostat. (b) Schematic of the ADR cryostat.

Fig. B.9 ADR Cryostat and its schematic.

Fig. B.10 The pulse-tube cryocooler consists of: a compressor for the ambient temperature
TH , heat exchangers X1, X2, X3, a regenerator, a pulse tube operating at low temperatures TL,
a flow resistance, and a buffer volume.
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so the gas entering at temperature TH exits at a lower temperature TL. The gas then
leaves the heat exchanger at TL and enters the high-pressure adiabatic region of the
tube. In this region, temperature variations are solely linked to pressure changes.
The same gas returns due to the pressure drop induced by the piston.

Simultaneously, gas from a buffer volume enters the same adiabatic tube region
at TH under low pressure and exits at a higher temperature under high pressure.
Since the gas from the buffer volume exits at a higher temperature, the gas from the
compressor exits at a lower temperature.

The cryostat consists of three temperature stages: 300 K, 60 K, and 3 K. Instru-
mentation cables pass through these stages to the sample holder platform.

The ADR device contains a superconducting magnet coil through which current
i flows. The coil generates a magnetic field on paramagnetic salts when current is
applied. The paramagnetic salts used are "gadolinium gallium garnet" (GGG) and
"ferric ammonium alum" (FAA). When subjected to specific magnetothermal cycles,
these salts exchange their thermal and magnetic entropy, cooling the surrounding
environment. To perform the correct magnetization cycle enabling this cooling effect,
a cold source must be connectable and disconnectable to the salts via a thermal
switch. Finally, these salts are in contact with the sample platform via a "cold finger."
The minimum achievable temperature is approximately 28 mK. Here, the TESs are
located with the terminal of the fiber, Fig. B.11.

Fig. B.11 Sample mounting stage with TES and optical fiber.

The thermal cycle of the salts is illustrated in Fig. B.12, using normalized entropy
S as a function of temperature and where R is the universal gas constant. The process
is controlled by adjusting the current and thermal switches.
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Fig. B.12 Magnetization cycle of paramagnetic salts.
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Initially, at state A, the salts are at approximately 3 K with zero magnetic field
(B = 0 T ), zero current (i = 0 A), and the thermal switch closed, connecting the cold
source and salts.

Increasing the coil current raises the magnetic field on the salts, leading to
isothermal magnetization. At point A, the thermal entropy remains unchanged,
as the salts are in thermal equilibrium with the source. However, the magnetic
field aligns atomic spins, reducing magnetic entropy until reaching state B. This
state is characterized by maximum magnetic field, unchanged temperature from A,
maximum coil current, and a closed switch.

After stabilizing for a few dozen minutes to reach thermal equilibrium, the switch
is opened, disconnecting the source from the salts, making them adiabatic. The cur-
rent and thus the magnetic field are then reduced, causing adiabatic demagnetization.
Consequently, atomic spins regain random orientation at the expense of thermal
energy, reaching point C, characterized by the minimum temperature (T ≈ 28 mK in
this case), with zero current and field, and an open switch.

Over time, the salts experience heating due to entropy redistribution, requiring
cycle repetition. If maintaining the minimum temperature is unnecessary, the system
can be stabilized at a higher temperature. An adiabatic demagnetization from point
D to F conserves energy and preserves the salts’ cooling power.

B.3.2 Four-Wire Measurement Technique

To accurately measure the superconducting transition, the four-wire sensing tech-
nique is employed. This method is essential for precisely measuring small resistance
values, as it eliminates the influence of lead and contact resistances, which can
otherwise introduce significant errors, especially when measuring superconducting
samples.

The four-wire technique, illustrated in Fig. B.13, utilizes four contacts on the
sample. Two contacts are dedicated to injecting the current, while the other two
measure the resulting voltage drop across the sample. This separation between the
current supply and voltage measurement ensures that the measured voltage is not
affected by the resistance of the wires and contacts.
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Denoting the resistance values of the voltmeter, wires, contacts, and the supercon-
ducting sample as RV , R f , Rc, and Rs, respectively, the currents flowing in the circuit
are i through wires 1 and 4, iV through wires 2 and 3, and is through Rs. Assuming
that the wire resistances are equal and that the contact resistances are also equal, the
voltage drops across the sample can be represented as:

i = iV + is, V2,3 = isRs = iV (2Rc +2R f +RV ). (B.8)

Thus, the voltage measured by the voltmeter is:

V = iV RV =V2,3 − iV (2Rc +2R f ). (B.9)

If the condition RV ≫ Rs,Rc,R f holds, we can approximate:

iV =
isRs

RV
. (B.10)

From this, the measured resistance is given by:

Rmeasured =
V
i
=

[
1−

2(Rc +R f )

RV

](
1
Rs

+
1

RV

)−1

≈ Rs. (B.11)

This technique enables the measurement of extremely small resistance values,
even approaching zero, since the resistance of the measuring instrument is signifi-
cantly larger than other resistances present in the system. In particular, it is invaluable
for studying the superconducting transition, where resistance rapidly drops to zero
as the sample enters the superconducting state.

By employing this four-wire technique, the resistance of the superconducting
sample is measured as a function of temperature to identify its Tc. As the temperature
decreases and approaches Tc, the resistance of the sample drops sharply, ultimately
reaching a negligible value in the fully superconducting state.

In practical measurements, a small alternating current (AC) is injected into the
sample in order to avoid thermoelectric forces that arise due to the temperature
variations occurring in the measurement circuit. The resulting voltage is measured
using a high-impedance voltmeter to ensure that all injected current flows through
the sample.
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Fig. B.13 Four-terminal resistance measurement schematic. Two contacts are used to inject
current, while voltage measurements are taken using two separate contacts, preventing the
influence of wire and contact resistances.

This technique, combined with precise temperature control and shielding from
electromagnetic interference, provides a reliable means to investigate the supercon-
ducting transition and characterize the electrical properties of the material under
study.
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