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ABSTRACT

Detection of high energy radiation has always been a hard task to be faced. The physics of
interaction between matter and radiation constitutes the basis of dosimetry and related
devices. Analyses on materials, architectures and electronic readout systems are mandatory
for precise and accurate detection of the absorbed dose. Amongthe former, one of the notable
breakthroughs is to be found in hybrid metal-halide perovskites, that have emerged as
promising for radiation detection due to their unique chemical and optoelectronic properties.

This class of materials, consisting of alternating organic and inorganic layers, exhibits
semiconducting features with tuneable bandgaps, excellent charge-transport and scintillation
properties and high radiation hardness, making them suitable as active layers for dosimetry
devices. Furthermore, the high atomic number facilitates detection of high-energy photons and
particles, allowing for specific applications such as medical and space-related to be targeted
directly.

Recent research has highlighted two-dimensional (2D) perovskites as valid alternative to the
well-established 3D counterpart: reasons are to be found in higher stability and remarkably
lower dark current, that lead to long-term performance and durability. On top of that,
perovskite-based radiation detectors are fabricated from solution-processing techniques,
which are cost-effective and allow for scalability to large-area devices.

In this work, we chose PEA,PbBr, 2D-perovskite as active materialin the form of polycrystalline
thin films for direct detection of high energy ionizing radiation. We investigated physical and
chemical properties of the materialincluding charge-carriers mobility, lifetime, response time,
photovoltage with specific techniques and designed and fabricated devices to be employed for
medical and space-related applications. We tested these devices response under X- and y-
rays, under high energy protons and alpha particles. We realized the first flexible dosimeter for
real-time monitoring of clinically relevant proton beam and radiotracer extravasation. We
demonstrated alpha particles spectroscopy power of thin films, that is of huge interest for
medical applications as it directly conveys towards neutron detection. Lasty, space-related
applications are targeted as a perovskite-based dosimeter is implemented to be sent to the
International Space Station for dedicated tests with the crew onboard.
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PREFACE

Note: the ensuing written composition is intended to be an approachable guide to whom is
interested in direct radiation detectors based on a specific 2D perovskite material. As it aims
to highlight the core features of radiation sources and the reason why perovskites have been
widely employed as detectors, a compromise is reached between technical language and
clarity. References will be of advanced support all long.

The compelling need for cost-effective, high-precision dosimeters has significantly driven
research and development efforts toward novel materials aimed at enhancing the overall
quality of radiation detection systems. Personal dosimetry, a critical area of this research, has
stringent requirements including mechanical flexibility, high stability, low cost, and reliability.
These requirements underscore the necessity of studying material properties, as they directly
impact the performance and efficacy of dosimetric devices.

This study focuses on the use of 2D perovskite PEA,PbBr, as a core material in the form of a
thin film. The research investigates its physical properties and performance under various
high-energy radiation environments. The choice of PEA,PbBr, is based on its previously
explored features[1], which suggest its potential for reliable device fabrication and
performance.

The primary objectives of this work are twofold:

1. To deeply analyse the material features of PEA,PbBr, with the aim of enhancing its
performance and providing accurate interpretations of the recorded data.

2. To develop dosimeters incorporating this material that can be integrated into read-out
electronic systems, facilitating high-energy radiation detection and monitoring in both
technical and clinical contexts.

By addressing these goals, the study aims to contribute to the advancement of personal
dosimetry through improved material performance and practical application in radiation
detection systems.

The workflow starts with gathering the required knowledge in the field of radiation sources,
interaction mechanisms with matter and goes straightforward to the well-established
detection techniques. This is intended to underscore the key elements to be considered when
fabricating and characterising novel devices. First paragraph briefly covers radiation types and
the physics behind signal production and recording; it finally extends it all to applied dosimetry,
thatis technological transfer to clinically relevant devices. Limitations of state-of-the-art RTSD
devices are explained [2] and desired achievements clearly described.

Secondly, metal halide perovskites (MHPs) are presented as a novel class of materials suitable
for radiation detection [3]. Although widely employed in solar cells, main topic is high-energy
related: for this reason, we outline their major features of interest in matter of radiation
absorption and signal recording. Physical and chemical properties are highlighted and
described in detail, as their understanding is crucial for the following optoelectronic analyses.
Specifically, a comparison between 3D and 2D structures is reported as the differences lead



to completely separated fields of interest: 3D perovskites account for high response, 2D on
their side are more stable and exhibit lower dark current.

Subsection 1.3 is an extension of this preface, as it goes further with this research targets and
goals, together with the needs and challenges to be faced for dosimeters realization.

The second chapter is fully centered on laboratory-scale techniques for fabrication and
analysis. It is divided in two specific subsections which distinguish between how to make a
device and which analytical tool to be chosen to check material properties and performance.
In order to give the reader clear understanding of mechanisms and the possibility to have them
reproduced, accurate description of instruments working principle and set-ups is accounted
for. Specifically, we report a step-by-step lithography procedure for substrate patterningand a
list of radiation measurement systems that allow for tests under UV light, X-rays and alpha
particles.

Results and achievements are reported in Chapter 3 and divided between novel discoveries on
material properties and case studies of fabricated devices in relevant medical and space-
related applications.

Material features have been investigated at the university of Bologna; extensive analyses have
been conducted that demonstrate the high performance of PEA,PbBr, thin films as radiation
detectors.

We report the first evidence of 2D perovskite response in form of photovoltage and
photocurrent generation when illuminating far from the electric field up to 1cm distance.
Attribution of this effect are still uncertain and under investigation.

Furthermore, we demonstrate 2D perovskite thin film response under alpha particles down to
single pulse and compare it with its single crystal counterpart. This is crucial for future
applications in the field of neutron detection. Measurements have been conducted in the
laboratories of the University of Surrey, Guildford, UK, under the supervision of prof. Paul J.
Sellin.

Measurements under high energy protons are also presented in collaboration with TIFPA
centre, Trento, and LABEC, Firenze.

Published works include:

» proton beam monitoring of 2D perovskite films onto interdigitated multipixel arrays, with
which a clear gaussian-shaped profile has been extracted and accurate dose analyses
have been performed [4].

» Y-rays monitoring from radiotracer injection and extravasation; setup resembling a human
phantom [5].

Finally, the ongoing IRIS project is intended to provide portable dosimeters for the astronauts
to be worn during 2025 mission on ISS, with the intent of real-time monitoring radiation
environment inside ISS Columbus modulus.



1. INTRODUCTION

1.1 BASICS OF RADIATION: PRINCIPLES AND DETECTION METHODS

As primary target of this contribution is ionizing radiation detection, the following will be
centered on high-energy radiation only, ranging from a few tens of keV for photons up to
hundreds of MeV for protons. Analyses under visible light will be nevertheless present in the
work as they constitute basic investigation of perovskite-based devices performance.

1.1.1 RADIATION MATTER INTERACTION

The detection of ionizing radiation relies on the conversion interaction effects of radiation itself
into measurable electronic signals [6]. As a product of such interactions, these signals are
generated by high-energy particles interacting with the absorbing material within the detector
and transferring energy to it; this produces observable outcomes in the form of ionization or
excitation. As the design, prototyping, and operational principles of radiation detectors are
intrinsically linked to the nature and energy of the particles being detected, a comprehensive
investigation into the underlying interaction mechanisms is imperative. Specifically, the ways
in which high-energy particles trigger physical and chemical processes within the detector's
components must be thoroughly understood prior to devices fabrication [7].

Before discussing the relevant physical quantities and establishing the key performance
metrics -or figures of merit- required for the successful fabrication of these devices, it is
essential to first develop a deep and systematic understanding of these interaction
mechanisms. Such an acknowledgement provides the foundation for optimizing detector
design and ensuring devices responsivity to the specific types of radiation they are meant to
detect. In the following, primary distinction is made between charged and uncharged ionizing
radiation. Reason is to be found in the different interaction mechanisms that lead to different
outputs as reported in Fig. 1 below: with the advent of nuclear medicine and radiation
therapies, the need for exact penetration behaviour needs to be carefully acknowledged.
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Figure 1 Energy loss of particles in the form of relative dose as function of distance from impinging surface in human tissues.
Heavily charged particles such as protons or ions penetrate up to specific finite distance and their energy loss exhibits a peak
after which the particle is completely absorbed. That peak -Bragg peak- is of high interest for hadron therapy as it is tuned to
target the active tumor regions. Photons and neutrons interact differently, as they can pass through without getting absorbed;
their effects are measured through secondary products [8].

Anotherimportant distinction must be made between heavily charged particles (in this context:
particles with a mass M exceeding the electron mass m such as alpha particles or protons) and
beta particles/fast electrons as they exhibit different energy loss mechanism and penetration
depth. For the same reasons, photons (such as X-rays or gamma rays) and neutrons must be
treated separately. Although X-rays can ionize matter directly though photoelectric effect, high
energy photons and neutrons do not ionize matter directly. Instead, they interact indirectly
through specific processes that lead to the creation of secondary charged particles that carry
out the ionization process [9].

The interaction of both heavily charged particles and photons with matter can result into the
generation of secondary electrons. As these byproducts can vary significantly in energy and
behavior, they may contribute additional ionization and energy deposition within the material.
We will explore the role and implications of these secondary electrons in greater detail later
on, as they play a crucial role in the overall energy transfer and ionization process during
particle detection.



1.1.1.1 Charged Particles
Alpha particles, protons, heavyions

As a direct consequence of Coulombic interactions with the coulombic field that is intrinsic in
the atomic structure of absorbing media, charged particles progressively lose energy. This
energy transfer occurs in the form of electronic excitation or atomic ionization as the particle
interacts with the electrons and nuclei of target materials. The rate at which this energy is

dissipated along the particle's path is described by the linear stopping power, expressed as

dE
S=-=,
dx

where dE /dx represents the energy loss per unit path length: it essentially quantifies how
much energy a charged particle loses while travelling through specific elements or
compounds.

The stopping power S is influenced by several factors, including the nature and energy of the
particle and the density of the material through which it travels. A well-established analytical
model that describes this relationship is the Bethe-Bloch equation[10], which is here reported
with the assumption of non-relativistic charged particles. This equation can be written as:

dE et z? NZ1 2myv? B
dx [4me (v?my) 1 I ]

where:

e myisthe electron mass,

e visthevelocity of the particle,

e Zzisthe charge of the particle (in units of elementary charge),
e Nisthe number density of the target atoms,

e Zisthe atomic number of the target material,

e |isthe average ionization potential of the target material,

e Baccounts for corrections at higher energies.

Notably, key parameters affecting the energy loss of a charged particle are its velocity (v),
charge (ze), and the atomic number (2) of the medium. As the particle moves through the
material, it continuously loses energy, and the energy loss increases as the particle slows
down. This phenomenon reaches a peak at a specific point in the particle's path, which
corresponds to the highestrate of energy deposition -this peakis known as the Bragg peak [11].
The energy loss-distance behavior describes how energy dissipation varies as a function of a
particle's position within a material. At first, the particle experiences moderate energy loss, but
as it decelerates, the rate of energy release increases significantly, culminating in a peaked
value just before the particle stops. This abrupt loss arises from the particle’s decreasing
velocity, which enhances the effectiveness of its electric field in interacting with the
surrounding atoms.

Inthe case of particle beams, this effect creates a precisely defined region where the maximum
energy deposition occurs. This is of crucial importance in cancer treatment technologies that
make use of protons for target therapies.



Another contribution that affects detectors precision is to be found in particles straggling, that
refers to the statistical variation in the path length or energy loss of particles as they travel
through a material [12].

» Range Straggling: it refers to the variation in the distance travelled by charged particles
(such as alpha particles or protons) before they come to rest in a material. Due to random
interactions with atomic nuclei and electrons in the material, not all particles of the same
energy will travel the exact same distance, leading to a spread in their ranges.

» Energy Straggling: This pertains to the fluctuations in the amount of energy a charged
particle loses as it passes through matter. Even though the average energy loss can be
described by models like the Bethe-Bloch equation, individual particles lose energy in
discrete interactions, leading to variations in their energy loss over a given path length.

It is important to emphasize that the focus of this work is on thin-film devices, which requires
special consideration of the interaction dynamics of charged particles with the thin, active
material layers. Unlike bulk materials, where total absorption of heavily charged particles is a
common scenario, thin films typically allow only partial absorption due to their limited
thickness. As a result, the concept of energy loss must be extended to account for scenarios
where charged particles traverse the material without being fully stopped.

Inthese cases, the energy loss per unit path length, defined by the linear stopping power of eq.
1.1, must be averaged over the particle's energy as it travels through the absorber layer. Let t

represent the thickness of the absorber and (— Z—z) denote the stopping power averaged
avg

over the particle’s energy while within the layer; then, the energy deposition can be estimated
from

dE

AE = — (dx)avg .

For thin films, where the energy loss is relatively small, the stopping power may remain
approximately constant and can be reasonably approximated by its value at the incident
particle energy.

However, as the absorber thickness increases, the problem becomes significantly more
complex. The stopping power becomes highly dependent on the particle's energy evolution
throughout its path, which is no longer constant. This introduces a challenge in accurately
estimating both the stopping power and the total energy loss over the particle’s trajectory.

To address this, an integrative approach is required that involves combining an energy-
dependent stopping power function with the material's density and thickness to calculate the
precise energy loss as the particle passes through the absorber. Such complexity implies that
a-priori simulations are essential to obtain accurate predictions of the particle’s energy before
and after it traverses the thin film. These simulations should consider both the material
properties and the energy loss function over the particle’s full energy range, enabling the
determination of precise energy values after the particle has crossed the target layer. It is
assumed, for the purposes of this analysis, that the particle's track remains linear throughout
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the interaction process, a simplification that holds in cases where scattering or deflection
effects are minimal.

Fast electrons

When compared with heavy charged particles, fast electrons lose their energy at a lower rate
and follow a much more tortuous path through absorbing materials.

Large deviations in the electron path are now possible because its mass is equal to that of the
orbital electrons with which itis interacting, and a much larger fraction of its energy can be lost
in a single encounter. In addition, electron-nuclear interactions, which can abruptly change
the electron direction, sometimes occur. Moreover, electrons also differ from heavy charged
particles as energy may be lost by radiative processes as well as by coulomb interactions.
These radiative losses take the form of bremsstrahlung or electromagnetic radiation, which
can emanate from any position along the electron track. From classical theory, any charge
must radiate energy when accelerated, and the deflections of the electron in its interactions
with the absorber correspond to such acceleration.

This leads to changes in the definition of specific energy loss, which need to account for the
abovementioned phenomena’ contribution. Interested readers can refer to [9] for analytical
expressions.

1.1.1.2 Uncharged Particles

High Energy Photons

Photons interact with matter via a range of mechanisms, which can be classified according to
the type of target and the effect of the interaction on the photon (absorption or scattering). At
energies beyond the ultraviolet range, the dominant processes are photoelectric absorption,
Compton scattering, and pair production. As illustrated in Figure 2, photoabsorption
constitutes the largest contribution to the total cross section at low photon energies, pair
production is the most frequent interaction at high energies, and Compton scattering
dominates in the intermediate energy range [14].

11



pair production

Compton scattering

photoabsorption

Figure 2 The lower curve shows, as a function of the atomic number Z of the target material, the photon energy E below which
photoelectric absorption is the most probable interaction mechanism, while the upper curve shows the energy above which
pair production is the most important process. The shaded region between the two curves corresponds to the domain where
Compton scattering dominates. The cross sections are taken from the NIST XCOMdatabase [15].

= Photoelectric effect

In the photoelectric effect, a photon is completely absorbed by an atom, resulting in the
ejection of a photoelectron from one of the atom’s bound shells. The energy of the ejected
photoelectron is given by:

Ephotoelectron = Ey —Ep

where Ey is the energy of the incident photon, and Eb is the binding energy of the electron in its
original shell. For gamma rays of sufficient energy, the most probable origin of the
photoelectron is the K-shell, due to its tightly bound electrons.

As the photoelectron is ejected, the atom becomes ionized, leaving a vacancy. This vacancy is
then filled by a free electron from the medium or by electronic rearrangement from other
atomic shells, leading to the emission of characteristic X-rays. Alternatively, the energy may be
released through the emission of an Auger electron. The energy of the Auger electron, if
emitted, can be expressed as:

EAuger = Evacancy — Erearr

For high-Z materials, such as lead, the probability of photoelectric absorption increases
significantly. The dependence of the photoelectric absorption cross-section o, on the photon
energy Ey and atomic number Z can be approximated as:
Zn
Upe X —
Ey

12



where the exponent n typically ranges between 4 and 5 in the gamma-ray energy region of
interest. Notably, this strong dependence on Z makes high-Z materials ideal for gamma-ray
detection and shielding.

The cross-section exhibits sharp discontinuities, known as absorption edges, at photon
energies that correspond to the binding energies of electrons in various atomic shells,
particularly the K-edge. When the photon energy exceeds the binding energy of a shell, the
probability of photoelectric interaction jumps abruptly. For instance, if Ey>EK-binding at the K-
edge, the interaction probability increases sharply, but if Ey<EK-binding , the interaction
becomes energetically impossible, causing the probability to drop. These edges are a key
feature in gamma-ray detection materials, such as sodium iodide (Nal) [16].

= Compton scattering

Compton scattering refers to the collision of a photon with a weakly bound electron, whereby
the photon transfers part of its energy to the electron and is deflected with respect toits original
direction of propagation. We assume in the following that the target electron is free and initially
atrest, whichis a good approximation if the photon energy E is large compared to the electron’s
binding energy. Due to conservation of energy and momentum, the photon energy E after the
collision and the scattering angle 6 of the photon are then related by:

5
; mc”

E' = .
1 —cos6 + (1/u)

Where u = % is the photon energy (before the collision) in units of the electron rest energy.

The kinetic energy T = E — E' imparted to the electron is largest for a head on collision(8=m)
and the energy spectrum of the recoil electrons consequently exhibits a cut-off (Compton
edge) at:

2u
1+ 2u

Thax = E( )

= Pair production

For photon energies exceeding 2mc? the incident photon is completely absorbed, resulting in
the creation of an electron-positron pair whose total energy equals the photon energy E. To
conserve momentum, this process must occur in the presence of an electric field, typically
that of a nucleus or atomic electrons. In the case of pair production near atomic electrons,
kinematic constraints impose a higher energy threshold, specifically E>4mc?2.

At high photon energies, the electron-positron pair is preferentially emitted in the forward
direction. The absorption coefficient due to pair production can be approximated as:

7

— pair production _
u=No =
9% X,
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where N is the number of atoms per unit volume, opair production is the pair production cross
section, and X0 is the radiation length, a material-dependent parameter that characterizes the
distance over which a high-energy electron loses significant energy due to bremsstrahlung.

Photons attenuation in matter is governed by an exponential relationship between the intensity
of the incident gamma radiation and the thickness of the absorber. The attenuation coefficient
U quantifies the fraction of gamma rays absorbed or scattered per unit thickness of material.
The transmitted intensity /(t) after passing through an absorber of thickness t is given by the
equation:

I(t) = Ioe_#t

where /o is the initial gamma-ray intensity, yu is the linear attenuation coefficient, and t is the
thickness of the absorber. This equation assumes monoenergetic gamma rays and narrow-
beam geometry, where scattering outside the detector is neglected.

In practical applications, however, scattered radiation from interactions such as Compton
scattering can re-enter the detector, effectively increasing the measured intensity. This is
known as the buildup effect, which modifies the simple exponential attenuation formula. To
account for this, a buildup factor B(t) is introduced, which adjusts for the scattered radiation
that contributes to the overall detector response. The revised intensity equation incorporating
buildup is:

I(t) = 1,B(t)e™™

Here, B(t) is afunction of the material, photon energy, and absorber thickness, typically greater
than 1, especially for thicker absorbers where scattering becomes more significant. The
buildup factor corrects for secondary radiation and ensures more accurate predictions of
gamma-ray transmission through materials.

Neutrons

Like high-energy photons, neutrons carry no charge and therefore cannot interact in matter by
means of the coulomb force: they may travel through long distance up to centimeters of matter
without any type of interaction and thus can be totally invisible to a detector of common size.

Primary mean of interaction is with atomic nuclei. As a result, the neutrons may either totally
disappear and be replaced by secondary radiations in the form of heavily charged particle, or
else the energy or direction is changed significantly. These former particles may be produced
either as a result of neutron-induced nuclear reactions or they may be the nuclei of the
absorbing material itself, which have gained energy as a result of neutron collisions. Most
neutron detectors utilize some type of conversion of the incident neutron into secondary
charged particles, which can then be detected directly. The relative probabilities of the various
types of neutron interactions change dramatically with neutron energy. In this context, we will
examine the distinct interaction properties of slow neutrons (those with energies below 0.5 eV)
and fast neutrons (those with energies above 0.5 eV). This threshold is chosen because it marks
a significant change in how neutrons interact with matter, particularly in terms of absorption
and scattering processes, and serves as a usefulreference point for studying neutron behavior.

14



» Slow neutrons: (energies below 0.5 eV), often referred to as thermal neutrons, interact
primarily through neutron capture or absorption reactions. As they move at relatively low
speeds, slow neutrons have a high probability of being absorbed by nuclei. A prominent
example is the boron-10 neutron capture reaction [17]:

0B + thermal neutron - [Y1B] x> a+’Li + 2.31MeV

In this process, the neutron is absorbed by the boron nucleus, releasing an alpha particle
and a lithium nucleus. Similarly, slow neutrons can also induce reactions in other isotopes,
such as cadmium or helium-3, with cross sections that peak at low energies. This makes
thermal neutrons particularly efficient in nuclear reactions, causing isotopes to become
unstable and emit secondary particles.

> Fast neutrons: with energies typically above 0.5 eV and up to several MeV, interact mainly
through elastic scattering with nuclei. The most common target nuclei for fast neutron
interactions are light nuclei, such as hydrogen. In an elastic scattering event, the fast
neutron transfers part of its energy to the nucleus, causing the nucleus to recoil. The
amount of energy transferred depends on the mass of the target nucleus and the incident
neutron energy. The recoil energy E; is given by:

E, = 24 E
T (1442

where A is the mass number of the target nucleus and En is the neutron's energy. For
hydrogen (A=1), the neutron can transfer a significant portion of its energy, while for heavier
nuclei, the recoil energy is much lower. This process results in the slowing down of the
neutron, eventually reaching thermal energies. Fast neutrons also contribute to inelastic
scattering, causing the target nucleus to become excited and emit gamma radiation as it
returns to its ground state. However, the cross section for such interactions is lower than
that for thermal neutron absorption.

1.1.2 RADIATION DETECTORS

As previously mentioned in sec. 1.1.1, the only way radiation detection is achieved consists in
exploitation, quantification and analysis of its effects on target media. This clearly states the
need for an integrated system that includes both an active material to manifest radiation
effects and readout electronics whose yield is sufficiently performing. Prior to the definition of
detector types, it is important to highlight the differences in working principles of the current
state-of-the-art technologies, as well as their advantages and limitations. As this document
focuses on solid state radiation detectors, a large part of the following will target their
properties and requirements extensively. Before this, a brief introduction to other detection
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mechanisms is provided as itunderscores the key features of interest to be found in perovskite-
based devices described later.

1.1.2.1 Indirect detectors

This class of detectors relies on intermediate processes that account for radiation absorption,
generation of energy in different forms and energy conversion to measurable electronic
signals. They require a medium whose interaction with the radiation of interest produces
secondary products in the form of photons or heavily charged particles that are easily collected
afterwards through specific electronics. Among them, two main types of indirect detectors
exist: gas-filled and scintillators. A scheme of the operational working principle of the two
types is reported below.
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Figure 3 Scheme of a standard scintillation device (A) and a commonly set gas-filled detection system (B). Main components
of scintillating detectors are a scintillating material and a photomultiplier tube, that is composed of metal dynodes whose aim
is amplification of photons[18]. Gas-filled detectors rely on generating ionization products due to radiation particles interacting
with the gas molecules. Collection is performed through the application of an electric field between anode and cathode,
connected via external circuit [19].

GAS-FILLED DETECTORS

These systems exploitionization of gas molecules produced by incoming high-energy radiation
that is to be detected. Their basic working principle relies on a gas-filled chamber in which an
electric field is applied by mean of two metal electrodes — typically employed gases belong to
the 18™ group (Ar, Xe). When ionizing radiation passes through the gas, ionization occurs, and
free electrons plus positive ions are generated. These are collected by the electrodes in the
form of electrical pulses that can be measured and analysed.

Gas-filled detectors behaviour strongly depend on multiple factors: nature and energy of the
incoming particles, type and pressure of gas, intensity of applied electric field. Tuning these
parameters offer different operational modalities, the most relevant ones are reported below.

> lonization chambers: the electric field is low enough that only the primary ion pairs
generated by the radiation are collected, resulting in a current that is directly proportional
to the number of ion pairs formed. This mode is highly reliable for measuring high radiation
doses due to its stable response -for this reason, this is widely employed as a calibration
metric for high energy proton beams in hadron therapy facilities. Nevertheless, its
sensitivity to low radiation levels is limited.
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» Proportional counters: they operate at higher electric fields, allowing for the amplification
of the initial ionization through a process called gas multiplication. Here, the free electrons
gain enough energy to ionize additional gas molecules, leading to a cascade of ionization
events. The resulting signal is larger and remains proportional to the energy of the incident
particle, making proportional counters suitable for spectroscopy applications and
distinguishing between different types of radiation.

> Geiger-Muller: they function at even higher electric fields, through which the initial
ionization triggers a full avalanche of ionization throughout the gas, irrespective of the
energy of the incoming particle. This results in a uniform, large pulse for every ionizing
event, thus providing excellent sensitivity for particle counting but no information about the
energy of the incident radiation.

Gas-filled detectors are widely used in radiation protection, medical physics, nuclear
research, and environmental monitoring. Their simple construction, cost-effectiveness, and
ability to detect a broad range of radiation types make them versatile instruments in a variety
of applications. However, factors such as gas purity, pressure, and the geometry of the
detector significantly affect their performance, and they may be prone to saturation at high
radiation levels due to space charge effects.

SCINTILLATORS

These systems account for the deploy of thin layers of materials that emit lower-frequency light
after high-energy radiation absorption. When charged particles or ionizing photons interact
with a scintillating material, atomic or molecular excitations occur within the material itself;
relaxation of these excited states produces energy release in the form of visible or ultraviolet
light. This low-energy radiation is easily converted and collected through photomultiplier tubes
or photodiodes, through which an electrical signal is produced that can be quantified and
analysed.

A plethora of materials exhibit scintillation properties, ranging from organic compounds (e.g.
plastic scintillators) to inorganic crystals such as sodium iodide (Nal(Tl)) or the commercially
standard bismuth germanate (BGO). Key parameters to be taken into account are

» Lightyield, that is the number of photons produced per unit of absorbed energy. State-of-
the-art devices produce up to 4x10* photons per MeV [20].

> Energy resolution, that is intrinsically related to both the material’s light output and the
light collection system’s efficiency. Nal(Tl), for instance, has an energy resolution of
approximately 6-7% at 662 keV (from a '¥’Cs gamma source), while BGO has a poorer
resolution, typically around 10-12% at the same energy [21].

> Decay time, as this gives quantitative values of time-response of the devices. Standard
decay times reach limit values down to nanosecond-scale [22].

Main advantage of scintillation-based radiation detectionis to be found in their high sensitivity,
broad detection range and versatility, as they can be used for gamma-ray, X-rays, beta-
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particles detection. Their applicability ranges from medical imaging (PET) to high-energy
physics experiment. Limitations of these devices are to be found in their low radiation hardness
and their need for complex optoelectronic systems to be integrated for efficient light
collection.

Itisimportant to mention that perovskite material have been reported to exhibitincredible light
yield: as their emitted-photons energy is tunable, they constitute valid alternative to solid state
scintillators. As this is beyond the scope of the present work, we direct interested readers to
the relevant references for further information [23], [24], [25], [26]

1.1.2.2 Direct detectors

Direct lonizing radiation interaction with semiconductor materials produces the creation of
electron-hole pairs that can be detected as an electric signal. The average energy needed to
create an electron-hole pair depends on the absorbing semiconductor. For most inorganic
semiconductor it is given by the empirical Klein's rule [27]:

WO, ~2.2E; + Epnonon

Where Egis the band gap energy of the semiconductor and Epronon is @a phonon energy term. In
silicon and germanium, the energy required to create an electron-hole pairis 3.69 and 2.62 eV
respectively. Notably, these values are incredibly small compared to the one of traditional gas
detectors (like Geiger counter) which is about 50 eV.

Another example is amorphous selenium (aSe) [28], for which the ionization energy follows:

B(E)
Wi~ WP +—2=

This presents a weak dependence on the photon energy through the term B(E), a constant that
decreases with the increase of the radiation energy. F is the external electric field applied to
extract the charges and n varies between 0.7 and 1. W.° for selenium is expected to be around
5eV. W+ canreach 45 eV at the operating bias conditions.

The number of free charge carriers created inside the semiconductor can be calculated by:

v AE
=

where AE is the energy deposited in the active material.

As the choice of active materials is primary core of devices fabrication, we list here the
properties of interest to be accounted for. On top of these, it is necessary to mention that
interface effects between the semiconductor and its neighboring layers -substrates or charge-
collecting layers- plays crucial role in charge carriers’ generation and collection efficiency.

» High stopping power. Most of the incident ionizing radiation should be absorbed within a
practical semiconductor layer thickness. That means the interaction between the absorber
and the radiation is strong enough to stop most of the radiation inside the detector with
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minimal radiation losses. At fixed radiation, the detector absorption depends on the
attenuation coefficient of the semiconductor used and on its thickness.

High intrinsic sensitivity. Sensitivity is defined as the total charge collected by the
detector for a unit of radiation exposure. This quantity is representative of the whole
detection process. The generation of charges inside the semiconductor depends on the
absorbed energy and the ionization energy of the material (IW<). The collected charges are
only the ones able to reach the electrodes, therefore sensitivity also accounts for charge
transport in the semiconducting layer. The theoretical sensitivity (S) can be defined as:
S=Syxaxnx*e.

where Sy is a constant that depends on the incident photon energy. a is the attenuated fraction, n
is the number of electron-hole pairs generated by each single photon and €. is the charge
collection efficiency representing the fraction of charges collected. Usually, the sensitivity is
reported per unit of area. 200 pm thick a-Se and 300 um CZT have sensitivity, for 20 keV photons,
of 24 uC Gy cm=2and 255 uC Gy' cm?respectively [29], [30].

Proportionality with absorbed energy. The output signal in a direct detector is an
electrical current that is proportional to the charges collected. To have the higher output
signal possible the bulk recombination of electrons and holes generated by the incoming
radiation must be the minimum.

Low density of defects. There should be minimum deep trapping of holes and electrons.
When an external electric field is applied the drift length of electrons and holes is equal to
D = utF; where uis the mobility, T is the charges lifetime and F the electric field. In order for
the carriers to reach the electrodes and generate the output signal, the drift length should
be higher than the distance between the electrodes. Semiconductors with high mobility
(intuitively the velocity of charge carriers inside the material) and high lifetime (average time
after which the charge carriers become useless for conduction) are desired.

Structural confinement. Diffusion of charge carrier should be negligible with respect to
the drift. Charges can diffuse in unwanted directions due for example to a concentration
gradient. However, this effect should be minimum to ensure in a pixelated detector good
spatial resolution.

High band gap. The dark current (l4ark) in the detector should be as small as possible. When
a potential difference is applied to a semiconductor a current is measured even when no
radiation is present. This current is called dark current. In semiconductors, the thermal
energy is sufficient to excite some electrons, following the Boltzmann distribution, in the
conduction band generating free charges that can move generating a base current. The dark
current is a source of noise, with high dark current is impossible to detect the small fluxes
of ionizing radiations. The dark current mainly depends on the band gap of the material. The
smaller the band gap the higher are the free charges thermally excited. The presence of trap
states can also increase the dark current. Kabir and Kasap report an ideal dark current
density of 0.1 nA/cm; commercially available detectors exhibit dark current density below
50 nA/cm2[31], [32]
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» Low limit of detection (LoD). The LoD corresponds to the lowest detectable absorbed
energy per unittime, and it defines applicability of target detector. For medical diagnostics,
a limit of detection below 5.5 pGy s is desired. For CT scans pulses below 1 uGy s are
used [33].

> Fast time-response. This is also feature of crucial importance when evaluating the
application of a detector. The current pulse generated inside the semiconductor is
characterized by arise and fall times. Both should be as lower as possible if the application
employs a train of radiation pulses. As time-response is dependent on the nature and
energy of the incoming radiation, precise values can be extracted for state-of-the-art
devices.

» Radiation hardness. The detector should be radiation hard, meaning that the properties of
the semiconducting material should not change during and after the ionizing radiation
exposure. The high energy of ionizing radiation can cause damage to the semiconducting
material creating defects and trap states. Defects induced by the radiation can degrade the
performance of the detector.

> Uniformity. The properties of the material must be uniform all over the active area of the
detector. This guarantees that radiation is coherently absorbed, and no form factors are
required for precise post-processing.

Notably, two pointsin the above list are in contrast. The band gap choice is a trade-off between
the intrinsic sensitivity and the dark current value. For low and stable dark current, a high band
gap semiconductoris desired; but the higher the band gap is, the lower the number of electron-
hole pairs generated by the incoming radiation is. To overcome the problem of high dark
current, a common strategy for direct detectors adopts a p-n junction to reduce the dark
current. It consists of a highly doped p region in contact with a highly doped n layer. A charge
depleted region occurs at the interface of the n- and p-type regions. This region, depleted from
the charges, is created as a result of both electrons diffusion from the n-type material into the
p-type one and holes diffusion from p-type to n-type material. Therefore concentration-driven
diffusion is responsible for the existence of a space charge region. This region is composed of
two zones: a first zone made of filled electron acceptor sites not compensated by holes and a
second zone made of positively charged empty donor sites not compensated by electrons. The
space charge creates an electrical field that reduces further diffusion. At equilibrium, the field
is strong enough to prevent additional net diffusion across the junction, a steady state charge
distribution is obtained. Therefore, the depletion region acts like a high resistivity parallel plate
ionization chamber, making it feasible to use a diode junction for radiation detection. Due to
the electric field created inside the semiconductor, electron-hole pairs produced within the
depletion region migrate out and their motion gives rise to an electrical signal. For this reason,
the depletion region represents the sensitive volume of the semiconductor detectors. The
performance of the junction is improved by applying a reverse bias, meaning the n-type region
is connected to the high potential output and the p-type region is connected to the low
potential output of an external generator. As the reverse bias increase, both the width of the
depletion region and the electric field increase thus leading to better performance. In modern
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detectors anintrinsic semiconductor layer is interposed between the p and nregions, creating
a p-i-n photodiode. The intrinsic layer acts as the absorbing region while the p and n layers act
as the charge extraction and transport layers.

1.1.2.3 Detection modes

The operational principles of solid-state detectors can be modified, and their properties fine-
tuned depending on the required types of measurement and intended application. Specifically,
radiation detection is thought to yield two primary outcomes: signals in the form of electrical
current or energy-resolved counts. In current mode, the total charge generated within the
semiconductor material is integrated over time, producing an electrical current that reflects
the average rate of charge deposition. This is of high effectiveness when the rate of incoming
ionizing particles is high and individual events -each ionizing particle interacting with the active
material releasing energy is called event- cannot be easily distinguished.

Conversely, a detector operating in pulse mode measures the charge deposited by a single
radiation event. Unlike current mode, this is possible because the detector’s response time is
typically longer than the time between successive events, even in relatively high-flux
conditions. As the charge collected per event is proportional to the energy deposited by the
radiation, itis possible to perform energy-resolved measurements. This capability leads to the
technique known as charge spectroscopy, where the energy of the incident radiation can be
determined by analysing the charge from individual events. Charge spectroscopy is crucial in
various scientific fields, such as nuclear physics, medical imaging, and environmental
monitoring, where precise energy measurements are necessary for identifying radiation types
and understanding particle interactions.

The working principles described above are sketched below for a perovskite-based device.
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Current mode

Perovskite crystal
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Figure 4 Current and pulse mode. In current mode the detector collects the charges independently of the single-events.
Outcomes are in the form of integrated charge as function of time, that is time-dependent generated current. In pulse mode
the charge generated from every single event is collected is separate times creating current pulses to be processed and
converted into counts per energy [3].

1.1.3 DOSIMETRY

Dosimetry is the measurement, calculation, and assessment of ionizing radiation doses
absorbed by matter, particularly biological tissue. When ionizing radiation interacts with
matter, it can eject electrons from atoms, producing ion pairs. This process disrupts atomic
and molecular structures, thus leading to chemical reactions that can alter or damage cellular
components, including DNA. The resulting damage can induce cellular dysfunction,
mutations, apoptosis, or carcinogenesis, depending on dose and radiation type.

Because of theirimportance in personnel protection at radiation-producing facilities and in the
medical applications of radiation, the concepts of radiation exposure and dose play prominent
roles in radiation measurements. In the following sections, we introduce the fundamental
concepts that underlie the quantities and units of importance in this area; then, dedicated
applications are listed. Finally, a brief overview of state-of-the-art devices employed for
medical imaging and environmental safety is provided.
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1.1.3.1 Quantities of Interest

In dosimetry, three key quantities are fundamental to understanding and quantifying radiation
interactions with matter: absorbed dose, dose rate, and fluence.

1. Absorbed dose (D) is the amount of energy deposited by ionizing radiation per unit mass of
the material. It is expressed in Grays (Gy), where 1 Gy equals 1 joule of radiation energy
absorbed per kilogram of material. For example, if a tissue absorbs 2 joules of energy from
radiation and weighs 1 kg, the absorbed dose is 2 Gy. Absorbed dose is crucial in both
radiation therapy, where precise doses are delivered to tumors, and radiation protection,
where exposure limits are monitored.

2. Dose rate refers to the rate at which the absorbed dose is delivered over time, typically in
Gy per second (Gy/s) or per hour (Gy/h). This quantity is critical in applications like radiation
therapy, where not just the total dose but the speed of delivery can impact biological
effects. For example, a high dose rate may cause different tissue responses compared to
the same dose delivered slowly. In a clinical context, balancing dose rate is vital to minimize
damage to healthy tissue while maximizing the effect on tumors.

3. Fluence (®)represents the number of particles (photons, electrons, neutrons, etc.) passing
through a given area, often measured in particles per square centimeter (cm®). The fluence
helps determine how many radiation particles interact with the material, which, when
combined with the particles’ energy, allows for the calculation of the absorbed dose. For
instance, in neutron dosimetry, a fluence of neutrons can help estimate how much energy
they transfer to the tissue, based on their interactions.

These quantities are interrelated: the fluence and energy of radiation particles determine the
absorbed dose, while the dose rate affects how rapidly this energy is delivered. Understanding
these parameters is essential in fields such as medical imaging, radiation therapy, nuclear
safety, and space exploration, where precise control and measurement of radiation exposure
are critical for both effective treatment and protection against harmful radiation effects.

1.1.3.2 Real-life applications

With the advent of radiation-based technologies, the need for precise dosimeters that quantify
absorbed dose has become impelling. The following briefly gathers radiation technologies and
hazardous environments to be provided radiation detection systems; the latter will be
extensively discussed in sec. 1.1.3.3.

> Radiation Therapy in Oncology: Dosimetry is critical in calculating and verifying the
absorbed dose delivered to cancerous tissues during radiation therapy. Precision in dose
delivery is necessary to maximize tumor eradication while minimizing damage to
surrounding healthy tissues. Devices such as ionization chambers, thermoluminescent
dosimeters (TLDs), and semiconductor detectors are used to monitor dose rates and
ensure treatment effectiveness.

23



Radiation Protection and Monitoring in Nuclear Facilities: Workers in nuclear power
plants and research reactors require continuous monitoring to prevent overexposure to
ionizing radiation. Dosimetry systems, such as personal dosimeters (e.g., film badges,
electronic personal dosimeters), measure cumulative radiation exposure over time to
ensure compliance with safety standards set by regulatory authorities.

Environmental Monitoring of Radiation Levels: Dosimetry devices are used to monitor
natural and artificial radiation in the environment, particularly near nuclear sites,
laboratories, or areas affected by radiation accidents (e.g., Chernobyl or Fukushima).
Geiger-Muller counters, scintillation detectors, and environmental dosimeters are used to
track radiation levels and ensure public safety.

Space Missions and Astronaut Safety: In space, astronauts are exposed to high levels of
cosmic radiation, which can lead to long-term health risks. Dosimetry devices are deployed
on spacecraft and within habitats to measure radiation exposure from cosmic rays, solar
particles, and other sources. Solid-state dosimeters and tissue-equivalent proportional
counters are commonly used for these purposes.

Industrial Radiography and Non-Destructive Testing (NDT): In industries such as
aerospace and civil engineering, dosimetry is used to monitor radiation exposure during X-
ray or gamma-ray imaging for the inspection of materials and structures. Dosimetry
systems ensure that the operators and surrounding environment remain safe while
providing precise control over the radiation used for imaging.

Medical Imaging: Diagnostic techniques such as computed tomography (CT), positron
emission tomography (PET), and X-ray imaging require dosimetry to measure patient
exposure and optimize the trade-off between image quality and radiation dose. This
ensures diagnostic efficacy while adhering to radiation safety standards.

Brachytherapy: In this form of internal radiation therapy, small radioactive sources are
implanted near or inside the tumor. Dosimetry ensures that the dose delivered from the
implanted source is within the therapeutic range while sparing adjacent healthy tissues. In
vivo dosimetry and radiochromic films are commonly used for dose verification.

Radiopharmaceuticals and Nuclear Medicine: When radioactive substances are
administered to patients for diagnostic or therapeutic purposes, such as in PET or
radioiodine therapy, dosimetry devices are used to calculate the dose absorbed by various
organs, ensuring that the therapeutic benefit is maximized, and potential side effects are
minimized.

Airline and Aviation Industry: Pilots and crew members are exposed to higher levels of
cosmic radiation due to the altitude of flights. Dosimetry is used to track cumulative
exposure, particularly for those on long-haul international flights, ensuring that doses
remain within permissible limits established by aviation safety authorities.
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Radiation Accident Response and Contamination Assessment: In the event of a
radiation accident or leakage, portable dosimetry systems are used for the rapid
assessment of radiation levels, contamination, and the distribution of radioactive
materials. These devices help guide evacuation protocols and cleanup operations,
ensuring minimal radiation exposure to emergency responders and the public.

1.1.3.3 State of the art of dosimetry

>

Silicon-Based Semiconductor Dosimeters (Si-Diodes): These dosimeters use silicon
diodes to measure ionizing radiation with high sensitivity and fast response times. They are
widely used in real-time dosimetry, especially in radiation therapy and intraoperative
radiotherapy (IORT) due to their compact size, energy dependence, and suitability for
precise dose measurements [34], [35].

Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) Dosimeters: MOSFET
dosimeters leverage the radiation-sensitive properties of MOS capacitors to provide highly
accurate, dose-rate-independent measurements. They are popular in medical physics and
in vivo dosimetry for their ease of calibration and small size, making them suitable for
precise placement in body cavities during radiotherapy [36], [37].

Optically Stimulated Luminescence Dosimeters (OSLDs): OSLDs, based on materials
like ALO,;, measure radiation exposure through light emitted when the detector is
stimulated by a light source after radiation exposure. These devices are used in personnel
monitoring, environmental dosimetry, and medical applications. OSLDs offer advantages
such as reusable detectors, high sensitivity, and long-term stability [38].

Thermoluminescent Dosimeters (TLDs): TLDs, typically made of LiF or CaSQO,, are highly
sensitive to radiation and provide precise, cumulative dose measurements. After exposure,
the dosimeteris heated, causing it to emit light proportional to the absorbed dose. TLDs are
commonly used in radiation therapy, radiation protection, and personal dosimetry due to
their reliability and ability to measure a wide range of doses [39].

Radiochromic Film Dosimeters: These dosimeters consist of polymer-based films that
change color in response to radiation, providing a visual indication of the absorbed dose.
Used extensively in radiation therapy QA (quality assurance) and 2D dose mapping,
radiochromic films such as Gafchromic™ films are valued for their high spatial resolution,
dose range, and tissue-equivalent properties [40], [41].

Diamond Detectors: Leveraging the radiation-sensitive properties of synthetic diamond
crystals, diamond dosimeters offer exceptionaltissue equivalence and radiation hardness.
They are increasingly used in proton therapy and hadron therapy, where precision
dosimetry in high-energy particle beams is crucial for patient treatment accuracy [42], [43].

Fiber Optic Dosimeters (FODs): FODs use radiation-sensitive materials embedded in
optical fibers to detect changes in the optical properties of the fibers under radiation
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exposure. These dosimeters are valuable in remote sensing and in vivo dosimetry,
especially in harsh environments such as space and nuclear reactors, where other
dosimeters might fail due to high radiation levels [44].

> Plastic Scintillator Dosimeters: These dosimeters are based on organic scintillators that
emit visible light when exposed to ionizing radiation. The emitted light is collected and
analyzed to determine the absorbed dose. Plastic scintillator dosimeters are used in real-
time monitoring, radiation therapy, and high-energy physics experiments due to their fast
response and relatively low cost [45].

> Active Personal Dosimeters (APDs). These digital dosimeters provide real-time
monitoring and alarm capabilities for occupational exposure. APDs, such as E-Perm® or
Instadose™, combine radiation detection with wireless data transmission and dose-
tracking software, making them ideal for use in nuclear facilities, medical imaging, and
radiation emergency response [46].

> lonization Chambers: While traditional, modern ionization chambers have seen
significant advancements in terms of digital readouts, miniaturization, and accuracy. These
dosimeters are widely used for absolute dose measurements in calibration labs, radiation
therapy, and environmental monitoring. Their reliability, wide energy range, and stability
make them a cornerstone of radiation dosimetry [47].

Major advantages include compactness, reusability, and the ability to provide accurate dose
measurements across a wide energy range. However, some dosimeters face limitations, such
as energy dependence (e.g., Si-diodes), dose saturation (e.g., TLDs), or complex readout
systems (e.g., FODs). On top of that, major challenge to be faced is the high fabrication cost
and the need for active materials to be easily processed and scaled to large area devices. An
additional requirement is operational reliability in radiation harsh environments like high
intensity beam for medical therapy or space applications.

To enhance their performance, improvements in energy independence, response time, and
spatial resolution are needed, alongside advancements in material science, miniaturization
and data integration for real-time monitoring in radiation environments.

1.2 METAL HALIDE PEROVSKITES FOR RADIATION DETECTION

Research and development efforts toward next-generation materials for the detection of high-
energy radiation have been intensified in recent years. The majority of ongoing efforts are
geared toward improving the manufacturability and sensitivity of the detection elements and
systems. This is why the development and/or discovery of materials that combine key
functionalities with inexpensive manufacturing has become a hot area of research.

Metal halide perovskites (MHPs) have emerged as a prime candidate semiconductor
technology for application in third and fourth generation photovoltaics while simultaneously
making significant strides in other areas of optoelectronics [48], [49], [50]. Photodetectors are
one of the latest additions in an expanding list of applications of this high-performing family of
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materials[51]. The extensive range of possible inorganic and hybrid perovskites coupled with
their processing versatility and ability to convert external stimuli into measurable
optoelectronic signals makes them potential active sensors even for the high-energy domain
of the electromagnetic spectrum[52], [53], [54], [55], [56].

Key to this is the presence of heavy elements as their internal core, that also grants large, high-
quality crystals and polycrystalline layers, thus making them one of the most promising
emerging X-ray and y-ray detector technologies. In this chapter, the fundamental principles of
high-energy radiation detection through perovskites are reviewed starting from their internal
structure and optoelectronic properties. To guide the readers towards the target application of
this work -that is 2D layered perovskite thin films- an extensive paragraph is dedicated to the
impact of dimensionality on MHP performance[57], [58], [59], [60]. This straightforwardly leads
to the main reason behind the choice of PEA,PbBr, as active layer for high energy radiation
detection. Finally, emphasis is put on recent progress in the emerging field of metal halide
perovskite-based X-ray, y-ray, protons and neutrons detection. In this last section a distinction
is made between high-performance devices in the form of single crystal and highly applicable
thin film structures. This is intended to give the reader an overview of the power of the latter in
matter of immediate impact on the improvement of modern healthcare systems.

1.2.1 STRUCTURE AND FEATURES

Perovskites encompass a large family of materials, usually described by the general chemical
formula ABXs. The first perovskite structure material was the calcium titanium oxide mineral
(CaTiOs), discovered by Gustav Rose in 1839, and named after the Russian mineralogist Lev
Perovski[61]. Perovskites are divided into subgroups depending on their chemical composition
and structure. This is often translated into the words “different dimensionality”, on which we
will come up later as this will be key for understanding performance metrics. In traditionally
called three dimensional (3D) ABX; perovskites, the B-site element is octahedrally coordinated
in a BXs configuration. The A component is situated within the cuboctahedral cavity formed by
nearest-neighbor X atoms in an AX,; polyhedron. Perovskites can also exist in a layered form,
oftentermed 2D, with the ABX; structure separated by thin sheets of spacer material. Synthetic
versions of perovskite materials involving organic as well as inorganic cations have also been
developed and exploited for a range of applications (Figure 5).
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3D perovskites Lower dimensional perovskites
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Figure 5 Schematic representation of the structures of 3D (simple and double), 0D, 1D, 2D, and quasi-2D perovskites. Also
shown are some examples of commonly used metal and organic cations[3] .

The structure of 3D perovskite can be described by the cubic contractual formula of
A""M*2(X™");, where each A (an organic group or an inorganic cation) has twelve neighboring X
(halide atoms), and each M (a metal cation) connects with six adjacent X through ionic bonds.
When a suitable organic molecule is employed as the A cation (e.g., MA* (methylammonium):
CH;s;NHs* or FA* (formamidinium):CH(NH.);*), the resulting material is an inorganic-organic
hybrid metal halide perovskite (MHP) (Figure 5). On the other hand, if the A cation is an
inorganic atom, such as cesium (Cs"), the resulting compound is an inorganic MHP.

The tolerance factor (t), a parameter first introduced from Goldschmidt in 1926, is often used
to predict the stability of the perovskite lattice based on the ionic radii (r) of A (ra), B (rs), and X
(rx), and is given as[62], [63]:

o + 7
[\/E(rB + T”X)]

For a perfectly cubic perovskite lattice, tis close to 1[64]. Empirically, the majority of MHPs
synthesized to date form in the range 0.81 < t < 1.0. Hexagonal structures are typically formed
whent>1, and non-perovskite structures are formed whent<0.8[65]. Besidest, the
octahedral factor (u), i.e., the ratio of the ionic radius of B site to the A site, provides a measure
of the octahedral stability of the perovskite and is usually found in the range of 0.44 s u<
0.9[66]. The combination of those two factors defines the important parameter space for
perovskite formability and stability.

1.2.2 PARAMETERS OF INTEREST FOR RADIATION DETECTION

This paragraph gathers and reviews structural and optoelectronic properties of MHPs that
make them suitable for radiation detection. The elements here listed are to be coupled with
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ideal devices main features listed in sec. 1.1.3. We will go deep into specific requirements of
perovskite-based devices later this chapter.

Table 1 summarizes the points listed below.
» High Atomic Number, Material Density, and Stopping Power

The high-Z atoms (like Pb, Cs, and Br) that are incorporated into MHPs have large atomic
numbers, which lead to strong interactions with high-energy photons. According to the
relationship ZAE® where Z is the atomic number, A is atomic mass, and E is photon energy,
the probability of absorbing X-rays or y-rays increases significantly with higher Z values. This
absorption occurs because photons interact more readily with the tightly bound inner
electrons of heavy atoms, leading to more efficient energy transfer.

Additionally, the high density of MHPs (~4 g/cm®) means that a larger number of these high-Z
atoms are packedinto a given volume, increasing the likelihood of photon interaction. This high
material density and the presence of heavy atoms together contribute to their high stopping
power, which is the material’s ability to attenuate or block high-energy radiation.

» Optimal Charge Transport

The large mobility-lifetime (Pen x T) products in MHPs are mainly due to their favorable
electronic structure. In perovskites like MAPbI;, the conduction and valence bands are
composed primarily of the s and p orbitals of Pb** and the p orbitals of halide ions (e.g., IN)[67].
These orbitals hybridize in such a way that it reduces the formation of deep electronic traps.
Shallow traps dominate instead, which means that charge carriers (electrons and holes) are
less likely to be trapped and recombined prematurely[68].

Moreover, MHPs exhibit long carrier diffusion lengths and low non-radiative recombination
rates[69]. This is partially due to strong spin-orbit coupling from the heavy Pb** cations, which
further influences the band structure, leading to smaller band gaps and reducing the likelihood
of deep trap formation. These factors, in turn, contribute to long carrier lifetimes (1) and high
mobility (u), allowing the charges to travel further and more efficiently within the material
before being collected at the electrodes.

» Low Charge Trap Density and Defect Tolerance

One of the most unique properties of MHPs is their exceptional defect tolerance[70]. In many
semiconductors, defects (e.g., vacancies, interstitials) create deep traps that cause charge
carriers to recombine non-radiatively, leading to performance losses. However, in perovskites,
the nature of the bonding between Pb** and the halide ions (e.g., 17, Br7) leads to shallow traps
instead of deep ones. This means that even if there are defects, charge carriers can still move
relatively freely without being permanently trapped.

Additionally, the high dielectric constant of MHPs helps to screen charge carriers from these
defects. The strong polarizability of Pb** results in a high Born effective charge, which reduces
the electrostatic interactions between charge carriers and charged defects. This makes it
harder for defects to capture charge carriers, further enhancing charge transport.

» Wide Band Gap Tunability
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The band gap of MHPs can be easily tuned by adjusting the composition of the material,
especially the halide components (e.g., I, Br, or Cl). By mixing or substituting different halides
or cations (e.g., replacing MA™ with FA* or Cs*), the band gap can be precisely controlled to
span different parts of the electromagnetic spectrum([71]. For example, MAPbI; has a band gap
around 1.55 eV, making it suitable for absorbing visible light, but by modifying the halides, the
band gap can be shifted to allow absorption from visible light up to hard X-rays.

This tunability is highly advantageous for radiation detection, as it allows MHPs to be optimized
for detecting different types of radiation across a broad energy spectrum[72].

» Fast Response Times

The fast response times of MHPs, typically in the hundreds of nanosecond range[73], can be
attributed to the high mobility and low trap density discussed earlier. The rapid transport of
charge carriers (electrons and holes) through the material allows for quick generation and
collection of signals in response to radiation.

Additionally, the combination of large pen * T products and low recombination rates ensures
that once carriers are generated, they can be quickly collected without being lost to non-
radiative processes. This is crucial for applications like medical imaging, where fast detection
speeds are essential.

» Processing Flexibility and Cost-Effectiveness

The chemical composition and crystal structure of MHPs allow them to be processed at low
temperatures, typically around 100-150°C, using relatively simple solution-based or vapor-
phase methods[74], [75]. Unlike traditional semiconductor materials such as silicon or CdTe,
which require high-vacuum and high-temperature processes, perovskites can be deposited in
thin films through methods like spin-coating or vapor deposition, making the fabrication
process cheaper and more scalable.

The flexibility in processing also means that MHPs can be applied to a variety of substrates,
including flexible or curved surfaces, which opens up new possibilities for detector designs
that are lightweight, flexible, and adaptable to various form factors.

» High Dielectric Constant

The high dielectric constant of MHPs (especially Pb-based perovskites) is another contributing
factor to their superior performance as radiation detectors. A high dielectric constant means
that the material can better screen electrostatic interactions between charge carriers and
defects, reducing the likelihood of carriers being captured by traps. This is particularly
important for maintaining high charge-carrier mobilities and minimizing losses due to
recombination.

The high dielectric constant is primarily due to the strong polarizability of the Pb** ions and their
bonding with halides, which increases the material’s ability to dissipate localized charge,
enhancing the overall efficiency of the detector[76].
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Strengths Weaknesses

e Scalable, large-area processing e Poor environmental stability

e Low temperature processing e Material stability due to ion-migration

during operation
e Simple device manufacturing

e Low bulk resistivity and high dark
e High carrier mobility and long diffusion lengths currents

(high pe/n * 1)
e High cost due to high crystal quality

e Energy bandgap tunability required
e Facile growth of high-quality large crystals e Long reaction times and ghosting
effects

e High X-ray stopping power

High X-ray sensitivity

Opportunities Threats
e Compatible with flexible, large-area X- and y-ray e Material toxicity
detectors

e Material and system recyclability
e Compatible with inexpensive, temperature-

sensitive substrate materials e Ability to process layers of high
structural quality over large-area
e Realization of self-powered, room temperature substrates

operated, high SNR and high sensitivity detectors

e Faster response times

Table 1 Strengths, weaknesses, opportunities, and threats (SWOT) analysis from a material point of view for metal halide
perovskite-based X-ray and y-ray detector technologies[3].

However, in the case of most studied MHPs, the reliance on toxic elements, such as Pb,
represents a significant environmental challenge that would need to be addressed before
commercial deployment.

1.2.3 IMPACT OF DIMENSIONALITY

As previously mentioned, MHPs have outstanding optoelectronic properties, namely high
charge-carrier mobilities, long diffusion lengths, tunable band gaps, long charge carrier
lifetimes, high defect tolerance and high absorption coefficients. This has been key in enabling
MHP thin films to be grown by simple solution- and vapor-based methods at low temperatures
(typically at 100-150 °C) while achieving high efficiencies surpassing those of other thin film
and multicrystalline silicon solar cells[77], [78], [79].

To a large extent, the beneficial properties of the MHPs can be attributed to the presence of Pb
(and in analogous form Sn in Sn-based perovskites). However, when it comes to actual
applicability and required outcomes, dimensionality results to be a key factor that directly
impacts their electronic structure, excitonic behavior, dielectric properties, and overall
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optoelectronic performance. In 3D MHPs, the extended crystal structure provides a highly
delocalized electronic band structure, where charge carriers (electrons and holes) experience
relatively weak Coulomb interactions[80]. This is due to efficient dielectric screening provided
by the bulk perovskite material, which results in low exciton binding energies, typically on the
order of 10-50 meV[81]. Such low exciton binding energies facilitate free charge carrier
generation upon photoexcitation, making 3D perovskites particularly well-suited for
photovoltaic applications, where efficient charge separation and transport are critical. The
high charge carrier mobility in 3D perovskites is further supported by their high dielectric
constants, which suppress carrier scattering from charged defects, resulting in long diffusion
lengths and low non-radiative recombination rates.

As the dimensionality is reduced from 3D to 2D or quasi-2D perovskites, significant quantum
confinement effects emerge, dramatically altering their electronic and optical properties[82].
In 2D and quasi-2D perovskites, the spatial restriction of charge carriers to fewer degrees of
freedom increases their localization, leading to stronger Coulomb interactions between
electrons and holes. This confinement, combined with reduced dielectric screening, results in
significantly higher exciton binding energies, often exceeding 200 meV[83], [84]. As a result,
excitonic effects dominate the optical and electronic behavior in these lower-dimensional
systems. The increased exciton binding energy not only enhances exciton stability but also
shifts the absorption edge to higher energies, resulting in a blue-shifted bandgap compared to
their 3D counterparts[85].

Furthermore, the dielectric contrast between the inorganic perovskite layers (which exhibit
high dielectric constants) and the organic spacers or ligands (which possess much lower
dielectric constants) in quasi-2D and 2D perovskites leads to a pronounced polarization effect.
This polarization gives rise to the so-called "image charge effect," where the effective Coulomb
potential between electron-hole pairs is enhanced, further increasing exciton binding energy
and reducing the screening of charge carriers[86], [87]. This effect also enhances the radiative
recombination efficiency in 2D perovskites, making them ideal candidates for light-emitting
applications, such as light-emitting diodes (LEDs) and lasers, where strong exciton emission is
desirable[88], [89].

Additionally, the reduced dimensionality impacts the charge transport properties in MHPs. In
2D and quasi-2D perovskites, the presence of insulating organic spacers between perovskite
layers introduces a barrier to out-of-plane charge transport, leading to anisotropic charge
carrier mobility[90]. While in-plane mobility can remain relatively high due to the inorganic
nature of the perovskite layers, out-of-plane transportis hindered by the organic spacer layers,
resulting in increased resistance and reduced carrier mobility in the perpendicular direction.
This anisotropy in charge transport is a trade-off that must be considered when optimizing
these materials for specific applications[91].

Moreover, reduced-dimensional MHPs exhibit enhanced environmental stability compared to
their 3D counterparts. In 3D perovskites, the extended crystal structure can be more prone to
degradation from moisture, oxygen, and thermal stress. In contrast, the organic spacersin 2D
and quasi-2D perovskites often serve as protective barriers, improving the material's
resistance to environmental degradation[92]. This enhanced stability makes lower-
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dimensional perovskites attractive for applications requiring long-term stability, such as in
outdoor photovoltaics or display technologies.

Finally, the flexibility in tuning the dimensionality of perovskites allows for a wide range of
electronic and optical properties[93]. By controlling the number of perovskite layers in quasi-
2D systems (often denoted as (n = 1, 2, 3, ...), where n represents the number of perovskite
layers), it is possible to engineer the degree of quantum confinement, exciton binding energy,
and dielectric screening[94], [95]. For instance, higher values of n lead to properties closer to
those of 3D perovskites (lower exciton binding energy, narrower bandgap), while lower values
of n increase confinement effects and excitonic behavior. This tunability makes quasi-2D
perovskites highly versatile materials for a range of optoelectronic applications, including
photovoltaics, LEDs, lasers, and photodetectors.
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Figure 6 Comparison of the electronic structure of defect sensitive (left) and defect tolerant (right) materials. Illustration of the
effect of structural dimensionality on the b) band gap and c) electronic structure and band dispersion[59].

1.2.4 2D LAYERED PEROVSKITES

Pure 2D layered halide perovskites consist of a single monolayer of inorganic corner-sharing
lead-halide octahedra, with organic ligands situated both above and below the monolayer. In
contrast, quasi-2D perovskites contain n inorganic monolayers sandwiched between organic
ligands. By increasing the value of n from 1 to o, the structural dimensionality of the perovskite
transitions from 2D to 3D. This transition allows for tuning of the band gap, exciton binding
energy, and both thermal and environmental stability across a broad range. Adjusting the
dimensionality from pure 3D to quasi-2D and then to 2D can be achieved by altering the ratio
of long and short A-site cations, as the longer A-site cations serve as the ligands that sandwich
the inorganic layers.
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One of the most widely explored classes of 2D or quasi-2D halide perovskites is the
Ruddlesden-Popper (RP) family of perovskites (Figure 7a) [59]. The general chemical formula
is R2An1Pb,Xsn+1, Wwhere R is the bulky monovalent organic cation that sandwich the inorganic
layers, n the number of PbXs layers between the R ligands, A is the small A-site cation that can
fit within the cuboctahedral voids of the inorganic layers (usually Cs, FA, or MA), and X is a
halide. The bulky organic cations used to form the RP phase in MHPs are typically alkyl chains
or phenyl groups. Two of the most common R-site cations are phenylethylammonium (PEA), as
shown in Figure 7b, and butylammonium (BA). The former is used for the entirety of this work
and coupled with PbBr2 compound.
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Figure 7 2D perovskites in the a,b) Ruddlesden-Popper and c,d) Dion-Jacobson phases. a,c) A structural comparison of the
two phases[96]. b,d) Examples of RP and DJ perovskites, in which the R-site cation is PEA (phenethylamine, CsHsC2H4NHs*) (b)
for the RP phase, and AMP (4- (aminomethyl)piperidinium) (d) for the DJ phase[97]. Adapted from [59]

Another low-dimensional halide perovskite phase that has been gaining attention is the Dion-
Jacobson (DJ) family of perovskites[97]. The key difference between the RP and DJ perovskites
is that the DJ perovskites only have one layer of organic cations between the inorganic layers
(whereas the RP perovskites have two long organic ligands between the inorganic layers), as
illustrated in Figure 7a versus Figure 7c[98]. Furthermore, to maintain charge neutrality, the
long-chain cation in DJ perovskites needs to be divalent, whereas in RP perovskites the long-
chain cation is monovalent. DJ perovskites can form a stack with either a perfect alignment or
a minor displacement depending on the steric demands of the spacer cation The general
formula of DJ perovskites is RA,-1Pb,Xzn1. The most common long-chain R cations used in the
DJ perovskites are 4-(aminomethyl)piperidinum (AMP or 4AMP; illustrated in Figure 7d), 3AMP,
1,4-phenylendimethanammonium  (PDMA), and others[99]. These low-dimensional
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perovskites can offer several advantages over their 3D counterparts, in terms of improved
environmental stability, increased exciton binding energy, and tunability in the band gap, but
fully harnessing these advantages to achieve more efficient and stable solar cells and LEDs
requires an understanding of how dimensionality affects these properties, the trade off with
other optoelectronic properties (e.g., mobility), and how the materials can be grown with
controlled preferred orientation. Compared to the RP phase, the DJ phase of MHPs is reported
to have a shorter interlayer distance a. As an example, (3AMP)MA,_1Pb,ls,+1) is reported to have
areduced distance a=~4.0 A compared to #8.0 A for the RP perovskite (BA),Pbls (n = 1)[100].

In 2D metal halide perovskites (MHPs), the structural order significantly impacts mobility and
exciton binding energy, as evidenced by various examples presented in Figure 8. For low-
dimensional perovskites, the crystallographic orientation is critical, as it governs the diffusion
and drift lengths of charge carriers within the plane connecting the two electrodes[101]. In
particular, charge movementin 2D MHPs is restricted between layers, owing to the lower band
dispersion between layers rather than within the planes of the inorganic layers[102]. It is
therefore essential to control the preferred orientation, for example, to achieve efficient
charge-carrier extraction in photovoltaics. Tsai et al. [103]developed a hot casting deposition
method for tuning the preferred orientation of Ruddlesden-Popper perovskites withn= 4
(BA2MA;Pb,li5), such that films with a (101) preferred orientation (vertically-aligned inorganic
layers) gave 12.5%-efficient photovoltaic devices. Importantly, ageing tests showed that
encapsulated and unencapsulated Ruddlesden-Popper perovskites demonstrated improved
stability over their 3D counterparts, showing the advantage of the RP phase. Another method
to grow vertically oriented 2D perovskites, developed by Chen et al., was achieved by the
nucleation and growth of a 2D BA,MA;Pb.l+; perovskite from the liquid-gas interface to form a
solid top-layer with strong vertical orientation. Grazing-incidence wide-angle x-ray scattering
(GIWAXS) measurement results showed different degrees of preferential vertical orientation,
where the film highly oriented shows the highest power conversion efficiency[104].
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Figure 8 The importance of controlling preferred orientation in solar cells based on RP perovskites [104]. a) grazing incidence
wide-angle x-ray scattering (GIWAXS) measurements of 2D perovskite that nucleates in the solvent or solvent/substrate
interface and the b) proposed random orientation of the perovskite grains. c) GIWAXS measurements of a 2D perovskite that
nucleates from the liquid-air interface, and d) the proposed vertical orientation of the perovskite grains. e) Comparison of the
photovoltaic performance of the 2D perovskites with a random versus vertical preferred orientation. Adapted from [59]
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Stability

Replacing 3D perovskites with 2D counterparts has resulted in improved moisture stability,
attributed to the hydrophobic side chains of the long-chain organic cations. For example,
Smith et al. used PEA as a moisture barrier for 2D-RP MHP layers, obtaining films that did not
decompose over the entire 46-day stability test in ambient air with 52% relative humidity.
MAPDbI;, by contrast, started degrading to Pbl, within 4 days under the same conditions [105].

PEA.PbBr, also showed signal stability under X-ray irradiation with tests run over three years:
recorded decrease was <10%[106]. Liao etal. [107]also achieved improved stability over
MAPDbI; by using a low-dimensional BA-Cs based RP MHP (where BA is n-butylammonium,
CsHsNH3*). In general, perovskites incorporating PEA or BA cations demonstrate enhanced
anisotropic absorption and emission, along with improved chemical stability. While these
alkylammonium organic cations serve as moisture barriers, they do not possess specific
functionalities that directly enhance optoelectronic properties, exceptindirectly by altering the
crystal structure or, in some cases, modifying exciton binding energy, as previously reported.
The enhancements in environmental stability can be leveraged either by utilizing 2D or quasi-
2D MHPs with controlled preferred orientation as the active layer in devices, or by coating 3D
perovskites with 2D or quasi-2D perovskites to shield the underlying 3D perovskite from
moisture-induced degradation.

DJ perovskites have also been shown to be more stable than 3D MAPbI; perovskites. In
particular, the stability of DJ perovskites is enhanced by the long-chain R cations being
hydrogen bonded on both sides to inorganic layers. Conversely, in RP perovskites the R cation
is only hydrogen bonded to the inorganic lattice on one side.

Enhanced structural stability is directly correlated to device stability achievement. Shang et al.
[108]performed density functional theory (DFT) calculations to compare DJ and RP
perovskites. 1,4-bis(aminomethyl)benzene (BAB) molecules were used as the bridging ligands
for the DJ perovskite, and the typical PEA ligand was used for the RP phase. Firstly, it was found
that the distance between the Pbls octahedra was shorter for the DJ perovskite (1.15 nm)
compared to the RP perovskite (1.65 nm). The binding energy of the long-chain R cation with
the inorganic layer was calculated (note: this is not the same as the exciton binding energy),
and these results are shown infig. 9. Results reveal that the binding energies of DJ and RP
perovskites are overall comparable. However, a crucial distinction exists in their dissociation
energies: the dissociation energy of RP perovskite is half that of DJ perovskite. This difference
arises from the weak van der Waals interactions between the long-chain organic ligands in RP
perovskites, whereas DJ perovskites feature interlayer ligands that are more strongly bonded
to the inorganic lattice via hydrogen bonds. This can be used to assess higher levels of D)J
perovskite stability[109], [110], [111], [112].
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Figure 9 DFT simulations to compare between a Dion-Jacobson (DJ) phase and a Ruddlesden-Popper (RP) 2D
perovskite [108]. a) Calculated binding energies between Pbls-BAB (1,4-bis(aminomethyl)benzene), Pbls-PEA
(phenylethylamine), and PEA-PEA, and the b) calculated molecule dissociation energy of the perovskites based
on BAB (DJ phase) and PEA (RP phase). Adapted from [59]

Optoelectronic Properties- Excitons

In addition to free electrons and holes, band-edge excitations can give rise to bound electron-
hole pairs that are electrically neutral and which function as quasi-particles -namely,
excitons[113]. These structures are exhibited to be prevalent in low-dimensional perovskites.
In photovoltaics and other devices generating current from photon absorption (e.g.,
photodetectors or radiation detectors), excitons need to be dissociated into free carriers in
order to extract the electrons and holes in separate electrodes[114], [115]. By contrast, LEDs
require electrons and holes to recombine radiatively, and often the injected electrons and
holes would first form an exciton [116]. A key parameter is the exciton binding energy E,, which
represents the difference between the excitonic state energy and the material's electronic
band gap. When E, is comparable to or less than kT, excitons can easily dissociate into free
carriers due to thermal energy, as seen in 3D MHP and various inorganic materials like silicon
at room temperature. While a low E, is advantageous for photovoltaics, efficient LEDs require
enhanced electron-hole confinement. In contrast, materials with high E, necessitate
structures, such as heterojunctions, to facilitate exciton dissociation for photovoltaic
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applications[117], [118], [119]. Accounting for the E, of the active material is therefore critical
in designing the optimal device structure for desired applications.

Going further, excitons can be classified as low E, Wannier—Mott excitons (or free excitons,
which are free to move in the crystal) and high E; (typically 100 to 1000 meV) Frenkel excitons
(which are confined within a unit cell). Wannier-Mott excitons can be described with a
hydrogen model, and the E, can be calculated from

He

in which peis the exciton reduced mass (1/pgex= 1/mn+ 1/me), nis the principal quantum
number (i.e., 15t excitonic level, 2" excitonic level, etc.), my the hole effective mass relative to
the free electron mass mo, methe electron effective mass relative to the free electron
mass mo, €.ssthe effective dielectric constant, and R, the hydrogen Rydberg constant (13.6 eV).

In MHPs, Pb and | are heavy elements, which contribute to large dielectric constants of 30
(static) and =5 (high frequency)[120]. Although this would lead to lower E, values if Wannier—
Mott excitons were present, high dielectric constants do not guarantee that Frenkel excitons
do not occur instead. Furthermore, lowering the dimensionality of the perovskites through the
formation of RP or DJ phases, or through quantum confinement in perovskite nanoplatelets,
leads to higher E, values.

Given their high exciton binding energies, many studies on 2D MHPs are headed towards an
understanding of exciton characteristics to optimize properties for various applications, such
as photovoltaics (PVs) and LEDs. As an example, Li etal.[118]investigated the exciton
anisotropy to understand the behavior of excitons in 2D (BA),Pbls RP perovskites through
polarization-resolved reflection, and PL and photoconductivity measurements. These studies
revealed anisotropy in both free and self-trapped excitons within the system. Notably, they
observed that free and self-trapped excitons exhibited opposite polarization-dependent
behavior in photoluminescence (PL) and photoconductivity measurements, attributed to
differing optical selection rules for each type of exciton. These findings could be primary steps
in the development of polarization-resolved optoelectronic devices.

Further investigations have focused on the role of charge-transfer excitons in 2D metal halide
perovskites (MHPs). These excitons form in the interlayer between adjacent materials with
varying electronegativity and local energy levels, also referred to as interlayer excitons.
Investigating these excitons is crucial for understanding and enhancing charge transfer
between molecules and different heterostructures, which is particularly important for
improving the performance of solar cells and LEDs. Zhang et al. [121]proposed two methods
to show the presence of charge-transfer excitons and interface excitons in a heterostructure
of two 2D perovskites (PEA:Pbl, and PEA.,Snls). One method was by mixing two precursor
solutions, and the other was introducing a new mechanical “hand-finger pressing method”.
They show that charge transfer excitons are formed at the PEA,Pbl,/PEA,Snl, interface and led
to a broad, sub-bandgap peak in the photoluminescence spectrum. Transient absorption
spectroscopy measurements showed that the charge transfer excitons are rapidly formed
within 3ps and become metastable states. Furthermore, these charge transfer excitons can
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give rise to sub-bandgap photocurrent and are also formed following charge injection, making
them important considerations when optimizing the performance of PVs and LEDs.

Quantum Confinement

The higher exciton binding energies of 2D MHPs compared to 3D MHPs comes from quantum
confinement effects, which also affect the band gap as reported in fig. 10. In 2D MHPs, the
long-chain R group has a low dielectric constant of =2.4, while the inorganic lead-halide
octahedra layer has a higher dielectric constant of over 6. The array of inorganic layers
sandwiched between organic ligands therefore creates a periodic array of barriers (from the
organic ligands) and quantum wells within the inorganic layers. This gives rise to quantum
confinement[122], [123], [124]. The exciton binding energy of the low-dimensional perovskite
(Eb,n) can be calculated from:
2 \2
Eon = (oc — 1) Ep

Here, ais the dimensionality (3 for 3D; 2 for 2D) and E, is the exciton binding energy for the bulk
3D, non-confined perovskite. It can be noted that a 2D perovskite would have an exciton
binding energy four times that of a 3D perovskite. However, in most cases, the exciton binding
energy of 2D MHPs is larger than this, usually ranging from 190 to 400 meV for pure 2D MHPs.
Furthermore, the exciton binding energy values of quasi-2D perovskites vary with the number
of n-layers, as well as the length of the organic cation used, with typical values of
approximately 80 meV. This is due to the dielectric confinement effect and occurs when the
dielectric constant of the inorganic layer is larger than the dielectric constants of the
neighboring organic layer, as occurs in the case of 2D and quasi-2D perovskites. In the
inorganic layer, the electrostatic forces between electrons and holes are increased because
the electric field lines between the charges extend into the organic layers, where they are less
effectively screened, resulting in stronger attraction between the carriers. Larger differences in
dielectric constant result in increased exciton binding energy, as well as increases in the
electronic band gap owing to larger changes in the energy levels as the electrostatic forces
change. Figure 10 illustrates the effect of structural dimensionality, quantum confinement and
a combination of quantum and dielectric confinement on the E,value for the (decyl-
NH;).Pbl, perovskite.
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Figure 10 The role of dimensionality on confinement effects. a) How dimensionality (different n values) affects the generation
and recombination of charge carriers and the corresponding energy bands scheme for n = © (3D perovskites) and n=1 (2D
perovskites) to illustrate the effect of quantum confinement in the dissociation (3D) or binding (2D) of the electron hole pair. b)
Schematic of the hypothetical 3D (decyl-NHs3)2Pbls perovskite (black), 2D perovskite with only quantum confinement (blue) and
2D perovskite with quantum dielectric confinement (red) with its corresponding optical absorption calculated using a k.p/BSE
approach [125]. Adapted from [59]

Strategies to Overcome High Exciton Binding Energies

Charge transport mechanism and properties are strongly affected by the presence of excitonic
levels. If the binding energy is high (>50 meV), the exciton may become localized to a unit cell,
thus becoming a Frenkel exciton. However, investigations into Ruddlesden-Popper
perovskites have mostly concluded that the excitons have Wannier—Mott character, owing to
the Bohr radii extending over several unit cells; as excitons could also exist in the organic
ligands, these are likely exhibiting Frenkel character. It has been shown that organic-inorganic
hybrid systems can form Frenkel-Wannier hybrid excitons due to the coupling between the
Wannier excitons in the inorganic layer and the Frenkel excitons in the surrounding organic
layers. These hybrid excitons have in fact been proposed to occur in lead-based 2D
perovskites[126], [127], [128].

An additional approach to mitigate the effects of Frenkel excitons in 2D perovskites is to modify
the electronic structure by introducing functional organic molecules with strong electron-
donating or -accepting properties. Gelvez-Rueda et al. demonstrated effective charge
separation in quantum- and dielectrically-confined 2D perovskite materials by incorporating a
highly electron-accepting perylene diimide chromophore on the surface of a bi-layered lead
bromide-based perovskite nanoplatelet.[129], [130], [131]This strategy offers a promising
method for achieving efficient formation of mobile free charge carriers, with carrier lifetimes
extended to tens of microseconds—two orders of magnitude longer than in the absence of the
organic moiety.

40



Band Gap

RP and DJ perovskites provide the benefit of band gap tunability not only through compositional
changes but also by adjusting structural dimensionality. Quantum confinement effects cause
2D metal halide perovskites (MHPs) to have larger optical band gaps than 3D MHPs, as
discussed earlier. Moreover, the band gap of a single-layered perovskite (n = 1) can be tailored
by modifying the interlayer spacing and structural distortion within the perovskite layer[60],
[95],[101], [102]. Modifications of the organic molecular cation RRR provide a way to adjust the
interlayer spacing, where increasing the cation length results in wider band gaps. For this
reason, DJ perovskites, with their naturally lower interlayer spacing, exhibit narrower band gaps
than RP phases. [100]. In iodide-based RP perovskites, the band gap can be modulated from
1.5910 2.36 eV by controlling the number of inorganic layers between the organic ligands (i.e.,
the nvalue), as shown in figure 11[132], [133]. For example, Cho et al. [125]show a blue-shift
of the band gap of PEA-MA RP perovskites when the ratio of PEA:MA increases and the
parameter n decreases. Similar results have been obtained with BA-MA RP perovskites, as well
as with DJ perovskites. Moreover, theoretical studies by ab initio molecular dynamics (AIMD)
have allowed calculations of the dynamic electronic structures in 2D perovskites[100].
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These studies show that the DJ phase (3AMP) exhibits a lower band gap than the RP phase,
along with a narrower distribution in the valence and conduction band maxima (VBM and CBM).
This narrower distribution in band-edge positions results from reduced thermal broadening,
attributed to a higher equatorial Pb-I-Pb angle in the DJ phase, which reduces distortion in the
Pbl6 octahedra and causes a red shift in the electronic band gap. Reduced distortion also
minimizes thermal motion, as demonstrated by comparing thermal broadeningin the VBM and
CBM between the RP and DJ phases.

Application in photovoltaics

In photovoltaics, the power conversion efficiency of RP perovskites has increased from 4.74%
in2014t022%in 2023[132],[134],[135],[136], [137],[138], [139], [140]. This fastimprovement
gains have been attributed to efforts in optimizing the band gap, controlling preferred
orientations, engineering the composition and making optimal use of mixed phases[141],
[142].
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Additionally, DJ perovskites have recently garnered attention for photovoltaic applications
because of their enhanced phase stability and superior electronic properties compared to RP
perovskites.

Although the record efficiency values of RP and DJ perovskites are comparable, the DJ-phase
shows a sharper increase, as illustrated in Figure 12. Additionally, Ahmad et al.[99] found that
while RP perovskites (PA-MA, n = 4) showed enhanced environmental, thermal, and
photostability over 3D MAPbI3 perovskites in solar cells, DJ perovskites (PDA-MA, n = 4)
demonstrated even greater stability improvements.

1.2.5 STATE OF THE ART OF PEROVSKITE-BASED RADIATION DETECTORS

In the following, we presentrecent advancements in radiation detection with perovskite-based
devices. As target of this work is direct detection, no scintillation counterparts will be taken
into consideration. It is nevertheless important to highlight that 2D perovskites have been
widely employed in scintillating detectors for alpha and beta particles, X- and gamma-rays,
neutrons and protons. The obtained results are extensively reviewed in [143], [144].

This section is divided into single-crystals and thin film detectors: reason is to be found in
different performance and applicability. It will become clear that SCs offer high energy
resolution and ultra-fast recording up to single pulses. Conversely, thin films advantage
flexibility and large area as their appealing features as they combine optimal outcomes and
versatility, as they can be employed for personal monitoring in both medical and space-related
applications.

1.2.5.1 Perovskite Single Crystals
NEUTRONS

Gao et al.[145]report a novel approach to direct fast-neutron detection using 2D Dion-
Jacobson perovskite semiconductor BDAPbBr,. As 2D perovskites that contain long-chain
organic amine with high hydrogen content are more suitable for neutron detection than their
3D counterparts, they select BDAPbBr, as the candidate semiconductor, where BDA (butane-
1,4-diammonium) links two adjacent inorganic Pb-Br layers to form strong interlayer forces.
Devices are in the form of polished single crystals of thicknesses around 1.5 mm and
sandwiched between Au electrodes.

They report resistivity values of 2.38x10'2Q cm and pt product for holes that is 3.3 x10*
cm2 V.

Results under neutrons are obtained both in counting and in integration modes; a direct
comparison with anthracene -as representative scintillator- and SiC as typical semiconductor
is presented.
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Figure 13 a) Macroscopic cross-section of BDAPbBrs toward neutrons. SiC semiconductor and Anthracene scintillator are
also listed for comparison. b) Pulse-height spectra toward ?*’Am a-particles. c) Measured pulse height spectra (counting
mode) toward fast-neutrons from Am-Be source. d) Measured response current of SiC and BDAPbBYr 4 in integration mode
toward fast-neutron from Am-Be source. e) The derived response current under different powers of Am-Be source. f) The
fast-neutron imaging result by BDAPbBr4 detector, and the fast-neutrons were provided by deuterium-deuterium fusion
reaction.

PROTONS

After the publication of the work about alpha-particles spectroscopy with Cs-based perovskite
single crystals [146], proton detection has gathered interest and research efforts, as it requires
the combination of high performance and radiation-hard devices. Huang et al. [147] report
MHP direct 3 MeV proton detector based on 3D MAPbBI3 single crystal of dimensions 6x6x3
mm3.

Results show high sensitivity at low bias ((1.540 £ 0.008) x 10-'°C Gy at -10V applied bias),
high signal stability and radiation hardness to incredibly high absorbed doses (45kGy).

®) (©
3} & -01V
1 el o -1V -
< Oo25) A -3V ot
%5 | 2 v -5V 37
< c g 2l ® -10V L7
< 2 3 o - - -Linear fit .
- =1 @ B
GC) o £15 5
o ® G - PPLTY
5 2 3F o | 3 - =
3 s £ 1 < 2T
Dark current & oL proton on proton off 8 L7 ;: -7 -
—— Proton-induced | < \ / 805. ey .:= Zom BT
; 2B g
ol current 1 K ;—*_ iy T o
of A¥Fe----o
i i i i ol i i i .\ i ) R
-10 -5 0 5 10 20 40 60 80 0 4x10" 8x10" 1.2x10"
Voltage (V) Time (s) Fluence (p cm™)

Figure 14 (a) Proton-induced current and dark current of the detector. (b) Time-resolved proton-induced current at -0.1 V. (c)
Relationship between the collected charges and fluence at various bias voltages.
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X-RAYS

The application of perovskite-devices for radiation detection has been primary subject of
interest. Their response to high-energy photons led straightforwardly to the investigation of
their radiation-detection capabilities. In this field, 2D perovskite have been widely explored:
first evidence of PEA-based single crystals is found in the work of Li et al [148], which reports
(F-PEA).Pbl, single crystal detector with a sensitivity of 3402 uC Gy 'air cm™2to 120 keV, hard
X-rays, lowest detectable X-ray dose rate of 23 nGy.;; s™'. Current state of the art is devoted to
devices engineering towards high sensitivities to be combined with low toxicity, that is crucial
requirement for medical imaging and human-related applications. In this sense, Liang et al
[149] report a mixed 2D Pb-Ge system that combines improvements in X-rays response and
structural stability. Specifically, the detectors exhibit a record high sensitivity of 13488 uC
Gy'-cm™, a low detection limit of 8.23 nGy s, as well as a high spatial resolution of 8.56
lp/mm"in X-ray imaging.

GAMMA RAYS

Extensive studies have been conducted in the past that assess the feasibility of detecting
gamma rays through direct perovskite single crystals. On top of them, plenty of works have
been published on FAPbl; and CsPbBr; which reported energy resolution down to 1.4% for 662-
keV y-rays from '¥’Cs source [150], [151], [152]. Latest efforts are directed towards quality
improvements in the form of resolution and stability. We report recent results on ligand
engineering as a powerful tool for performance enhancement of MHPs as gamma ray
detectors.

Yuan et al. [153] demonstrated MAPbBr3 single crystal y-ray detectors with remarkable
improvement in ER, achieving an impressive 3.9% for 511 keV y-rays at room temperature,
which is among the best performances reported for perovskite y-ray detectors. The ?>Na y-ray
spectrum of these detectors clearly resolved the photoelectric peak, Pb escape peak, and
Compton edge. Additionally, the stability of the y-ray energy spectrum was maintained over
300 minutes of continuous operation under a continuous electric field, demonstrating superior
long-term stability.
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Figure 15 Architecture and y-ray spectrum analysis for MAPbBr 3 detectors. a) Schematic diagram of the detector structure. b)
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1.2.5.2 Thin Film devices

X-RAYS

Given the aforementioned characteristics of perovskite-based devices, the dominant
application of direct X-ray detection currently lies in photoconductive flat-panelimagers[154].
These devices utilize perovskite thin films deposited over large-area substrates, integrated
with multielectrode arrays. Significant progress has been made in optimizing the selection of
active materials and device architectures. Initial studies on perovskite thin films for radiation
detection focused on micrometer-thick layers of 3D MAPI and MAPbBr3, which achieved
sensitivities on the order of 10 uC Gy ' cm™[155], [156]. More recently, the incorporation of
FAPbBr3 has improved both the stability and performance of 3D perovskites[157]. However,
stability challenges persist, which are being addressed through the use of 2D/3D hybrid
structures or pure 2D perovskites that also exhibit very low dark current[158]. Additionally,
advancements in printable electronics have enabled the development of high-sensitivity

detectors with exceptional spatial resolution, including flexible radiation detection
systems[159].
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Figure 16 a) Dynamic X-rays response under X-rays with 150 kVp accelerating voltage (80 V bias). b) X-ray induced PC as a
function of the dose rate at 3 V/ (orange) and 80 V (blue) applied bias. c) Stability of the dynamic response to X-rays at a constant
80 V applied bias after 80 days of aging. The dose rate and the total dose received are 4.2 mGy s™" and 3.8 Gy respectively, over
300 pulses. d) Dynamic X-rays response at 150 kVp and bias increasing from 10 to 100 V. Each step corresponds to a 10 V bias
increase.

We here report the work of Ledee et al.[760] on MHP thin films which presents solid-state
ionizing radiation direct detectors based on the 2D layered hybrid perovskite PEA,PbBr, (PEA =
CeHsC2H4NH3Y) -we choose the same material as active layer for the devices presented in this
work as high-energy radiation detectors. These films are deposited from solution using
scalable techniques and directly integrated onto a pre-patterned flexible substrate in the form
of micro-crystalline films displaying crystal-like behavior, as evidenced by the ultra-fast (sub-
microsecond) and good detection performances under UV light. The effective detection of X-
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rays (up to 150 kVp) is demonstrated with sensitivity values up to 806 uC Gy' cm™ and Limit of
Detection of 42 nGy s, thus combining the excellent performance for two relevant figures of
merit for solid-state detectors. Additionally, the tested devices exhibit exceptionally stable
response under constant irradiation and bias, assessing the material robustness and the
intimate electrical contact with the electrodes.

PROTONS

Critical aspect of proton detection is the need of proton beam monitoring in terms of space
and energy resolution. Towards this direction, preliminary work has been conducted by
Basirico et al [161], which report the firs flexible proton beam direct detector based on mixed
3D-2D perovskite films deposited by solution onto thin plastic foils. The 3D-2D mixture
(MAPDbBTr; (3D) and (PEA).PbBr, (2D) tuned in proportions) allows to obtain micrometer-thick
and highly uniform films that constitute the detector's active layer. The devices demonstrate
excellent flexibility with stable electric transport properties down to a bending radius of
3.1 mm. The detector is characterized under a 5 MeV proton beam with fluxes in the range [4.5
x 10°- 1.4 x 10°] H* cm™ s, exhibiting a stable response to repetitive irradiation cycles with
sensitivity up to (290 = 40) nC Gy 'mm™— and a limit of detection down to (72+2) uGy s™'. The
detector radiation tolerance is also assessed up to a total of 1.7 x 10" protons impinging on
the beam spot area, with a maximum variation of the detector's response of 14%.
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Figure 17 A) Schematics of MAPbBr3 (3D) and (PEA)2PbBr4 (2D) perovskite composing the 3D-2D perovskite film under study.
B) Optical microscope image of the detector's active layer. Scale bar: 500 um. Below: Proton induced current as function of
applied bias and flux (left); dynamic current response in function of time for the detector biased at 1 V and irradiated with 10 s
proton beam shots (right). The colored boxes indicate the increasing proton fluxes employed, in the range [4.5 x 10°~1.4 x 10°]
H*cm™2s™
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1.3 CORE OF THE WORK

This brief section covers the targets and objectives of the entire work, that is perovskite-based
direct radiation detectors in the form of thin films for clinical relevance and applications.

Prior to delving into technical features, the choice of active material has been crucial for
desired outcomes. In here, we employ 2D-perovskite PEA,PbBr, (PEA= C;H,CH,CH,NH,") in
the form of thin films to be deposited on flexible substrates. Bias is applied through
interdigitated metal contacts that form single pixels to be used as one or connected in parallel
depending on target application. The reason is to be found in the outstanding features listed
below; a complete scheme of the intended devices is reported in fig. 18.
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Figure 18 2D perovskite structure and implementation onto flexible substrate. A) reports basic device architecture, perovskite
molecular structure and surface topography images obtained with Atomic Force Microscopy to assess microcystallinity. In B),
multielectrode arrays on flexible polymide substrates are shown and compared with a radiochromic sheet from proton beam
therapy.

» Extremely long-term stability: PEA,PbBr, thin films have demonstrated stable dynamic
response under X-ray irradiation up to 720 days after the samples were fabricated.
Moreover, they require no hard conditions to be considered for storage, as no detrimental
effects from external environment are observed to reduce the samples performance. The
reason behind the choice of Bromine rather than lodine as halide is to be found in their
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different size: iodide ions are larger and more reactive compared to bromide ions, making
perovskites with iodide more prone to degradation when exposed to moisture, oxygen, or
light. The weaker Pb-I bonds in PEA,Pbl, can break down more easily, leading to faster
degradation. Moreover, iodide-based perovskite has demonstrated higher hygroscopic
levels, meaning they are prone to faster degradation.

» Extremely low dark current: PEA,PbBr, features resistivity values of the order of 10716 Ohm
m. This translates to thin film devices dark current that is measured to be <10pA with
4kV/mm applied electric field. These values grant high signal-to-noise ratio, that is primary
requirement in matter of high-energy radiation detection.

» Easy processability: thin films are processed through solution and grant cost-effective,
large area devices. Perovskite solution can be deposited on desired substrates with
differenttechniques: this allows for scalability of devices, thatis to be coupled with specific
readout electronics that allows for parallel measurement of multipixel arrays. On top of
that, interdigitated pixels are crucial for improving spatial resolution, as their features such
as channel length and finger width can be tuned according to need.

» Devices flexibility: the possibility to choose flexible foils as substrates for perovskite
deposition meets the need for wearable dosimeters to be actually conformable to the
anatomic conditions of patients in clinical trials. In here, plastic substrates are chosen as
main substrate: flexibility tests have been conducted that demonstrate PEA,PbBr,
response under X-rays with bending radii down to 3mm.

As reported in Sec.1.2.5, PEA,PbBr;-based devices have been tested over the last few years
and theirresults reported high sensitivity under X-rays and promising outcomes under charged
particles.

This work is intended to explore new radiation sources and related applications and tries to
exploit the power of PEA,PbBr, as all-around direct radiation detector. For this reason, time
and resources have been spent towards the characterization and deep understanding of this
material optoelectronic properties. Lastly, with the rapid growth of space exploration and the
increasing frequency of space missions, the need for advanced personal dosimetry for
astronauts has become more critical than ever. Astronauts are exposed to a variety of high-
energy radiation sources, including cosmic rays and solar particles, which pose significant
health risks during long-duration missions. Traditional radiation detection technologies, while
effective on Earth, face limitations in the extreme conditions of space, such as weight
constraints, durability, and sensitivity to high-energy particles.

In response to this pressing challenge, a collaboration with the Italian Space Agency (ASI) has
led to the development of an innovative personal dosimeter prototype designed specifically for
use in space environments. The prototype is slated for inclusion in a scheduled launch to the
International Space Station (ISS) in March 2025.
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2. METHODS

This entire chapter gathers materials, procedures and analytical techinquest employed for the
fabrication and functioning assessment of thin film devices based on 2D perovskite PEA,PbBr,.

The outline of the first section follows the chronological order of events, from the choice of the
substrate to working devices fabrication. Patterning technologies and material processing are
highlighted with specific parameters used in the form of laboratory protocols: reproducibility
is crucial for technological transfer to effective applications in real conditions (sec. 2.2).

Note: core of the work is the fabrication of devices in the form of photoconductor for direct
radiation detection. This structure consists of co-planar interdigitated metal electrodes on
specific substrates onto which one deposits a thin film of chosen active material as reported in
Sec 1.3. Therefore, we here focus on this target structure; Appendix 2 briefly summarizes
crystal growth of 2D perovskite for comparison purposes.

The second part is then dedicated to characterization techinques and integrated
measurements setups. A brief description of large-scale apparatuses of dedicated facilities is
also presented for the clarity of reading: primary tests have been conducted in medical
facilities, results reported in sec. 3.3.

2.1 FABRICATION OF DEVICES

Optimal outcomes for working photoconductor devices require accurate choice of materials
and techniques that guarantee large-area scalability, cost-effective procedures and high
performance. In this sense, chosen architecture account for the following elements:
substrates with low roughness, high stability and mechanical flexibility; limited spatial
dimensionality of the electrical contacts and a charge-collecting active layer.

We start with explaining the needs and requirements to be fulfilled by the substrates and go
deep into micropatterning with photolithography; last subsection is focused on perovskite
synthesis and optimization.

2.1.1 DEVICE ARCHITECTURE
A complete scheme of a ready-to-use device is reported below.

The proposed devices consist in a flexible substrate onto which metal contacts are patterned
in the form of interdigitated pixels. This structure enables high spatial resolution and combines
excellent performance with low applied bias. The fine spacing between the fingers can be
scaled down to as little as 5 um (see figure 19).

Previous investigations have led to the choice of Kapton as primary candidate due to its high
resistance to temperature and chemical treatments [162], [163], [164]. For this reason, we
employ it as main substrate for radiation detection applications. Nevertheless, PEN and PET
are also presentin this work as they have constituted the standard for radiation measurements
conducted before 2022.

Perovskite active layers are produced through spin-coating a solution onto the already
patterned substrate, resulting in microcrystalline thin films of thicknesses of up to 2 ym. This
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thickness enables substantial absorption of ionizing radiation while preserving flexibility
features.

Perovskite _— e

T=F

2D perovskite
film

Interdigitated
electrodes
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Figure 19 Scheme of device basic device used in this fork for direct detection of ionizing radiation. The electric field is applied
through inderdigitated pixels made of Cr/Au and deposited onto flexible substrates. The 2D perovskite film is deposited via
spincoating and exposed to radiation in order for generated charge carriers to be collected at the electrodes. High resolution
in channel length down to 5 um allows for low required bias to operate. Perovskite deposition through spincoating leads to
nanocrystalline thin films of thickness in the range 0.5-2 um.

2.1.1.1 Substrate preparation

Prior to the choice of materials to be employed as substrates, considerations are required in
matter of target application and interface effects. For instance, flexibility is key for wearable
electronic systems: this implies the only possible option is thin plastic foils.

Plenty of research literature exists on the impact of the effects at the interface on stability and
performance: physical interactions occurring between substrate, metal and active material
can be detrimental to the device operations. Furthermore, substrates need to undergo
chemical processes that employ aggressive solvents and treatments, these damaging it
irretrievably. As an example, we report a study on the effect of substrate choice on perovskite
crystallization [165], [166].

Silicon and glass have always been a reference in matter of substrate flatness and resistance
to harsh conditions; for this reason they can be used as a standard for testing active material
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performance. However, flexibility is priority for personal dosimetry. For this reason, we chose
PEN ((C4,H1004)n), PET((C4,HgO,)n) and Kapton ((C,,H,;,N,Og)n).

These substrates offer high chemical resistance and do not show degradation with increasing
temperature: precisely, Kapton is reported to whitstand every organic solvent, to exhibit a
unique tensile strength (140MPa at 200°C) and operate at a broad temperature range up to
400°C. These features allow it to be considered a standard in matter of space-related
applications.

The fabrication procedure starts with selection of substrates thicknesses and shaping through
laser cutter. Laser speed and intensity vary as function of material and thickness. Parameters
are reported in Table 2.

Substrate Laser speed Power Thickness
PET 25mm/s 5% 125 um
PEN 25mm/s 5% 125 um
Kapton 20mm/s 10-20% 300 um

Table 2 Specific parameters of Laser-cutter employed for the preparation of substrates of target dimension and thickness.

Substrates cleaning procedure accounts for sonication in organic and inorganic solvents (here,
Acetone, IPA, DI water) and oxygen plasma treatment, the latter being used as cleaning
process as well as a surface passivation method that leads to hydrophilicity [167].

2.1.1.2 Laser Lithography

High resolution metallic contacts are typically obtained through deposition methods on
samples onto which a physical mask is laid that shadows its design on the sample itself,
allowing for metals to deposit on target areas only. Although this technique being widely
employed and extended to ultra-high quality and precision down to hundreds of nanometersin
resolution[168], it lacks tunability of parameters and design variability, thus limiting specific
applications.

The finest way to transfer desired patterns up to the micro-scale onto specific films or
substrates accounts for light-driven mechanisms that expose specific materials in target
areas. Photolithography is here employed in the fabrication of interdigitated structures whose
channel distance L is minimized to the microscale, with resolution of 1um. Thus, performance
can be increased by orders of magnitude without widening spatial dimensions (for explanation
and modelling, see Sec. 1.3).

Figure below sketches the entire photolithography process, the steps of which are here
described in detail according to employed proceedings for better yield and quality. Notably,
tuning of laboratory-related and environmental parameters is crucial for optimal outcomes.
Provided the substrate choice and treatments discussed previously, essential componentis a
photoresist: this is a radiation-sensitive material that, when exposed to -mainly UV- light,
undergoes a chemical change that allows selected areas to be removed or retained during
subsequent processing steps. Depending on the exact chemical composition, light exposure
hardens (negative) or weakens (positive) photoresist target area: undesired regions can
therefore be easily removed through chemical etching.
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Figure 20 Photolithography for metal contact patterning. Scheme step by step for the preparation of patterned Cr/Au metal
contact on glass substrates. The process starts with the substrate preparation and the deposition of the photoresist. The
sample is exposed to UV light through a mask placed between the UV source and the sample. The developing step removes
the resist exposed (not exposed in the case of negative photoresist) leavening it instead in the region where the UV light was
blocked by the mask. After the metal evaporation the lift-off removes the excess photoresist leaving a patterned metal film on
the substrate.

Additional considerations regard deposition methods. It is important to say that plenty of
techniques such as blade coating or chemical vapour deposition have been explored and are
stillemployed in many fields. We refer to[169] and [170] as review papers that outline features,
differences and advantages.

As one of the largest employed solution-based methods for lab-scale thin film deposition,
practical approach of this work is spincoating technique; its basic working principle sketched
infigure 21. ltrequires a motor system with a rotating platform that allows the chosen substrate
to be attached mechanically or through vacuum generation underneath (in this second case, a
vacuum pump is required) and to spin at high frequency (up to 10krpm). A solution containing
the material to be deposited is poured via syringe onto the substrate and it starts spreading due
to centrifugal force as rotation of the platform begins. The high rotational speed grants
uniformity of film growth and low thickness as the solvent evaporates and/or chemical
reactions occur at the interface; excess liquid drops.
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Figure 21 Brief scheme of the spin-coating technique for thin film deposition. a) The solution or ink is placed on top of the
substrate. b) The spin-coater rotating platform starts to rotate, and the solution is spread evenly on the substrate by the
centrifugal force. c) The excess material gets ejected from the substrate by the centrifugal force and the liquid continues to
spread until all the substrate is covered. d) The evaporation of the solvent leads to the final film formation[171].

Lastly, annealing procedure at high temperature is typically required in order to let the sample
dry completely. Notably, a number of parameters is to be taken into account. For instance,
hydrophilicity -this comes back to plasma treatment of the substrate- promotes adhesion; type
and viscosity of the solvent affect thin film quality as well as rotation frequency and time.

Although no exact mathematical model exists to predict film thickness, a proportionality holds
between it and selected frequency:

ho«1/((w)1/2).

This simplified expression is consistent in specific cases only and for limited and material-
dependent thickness ranges. A formal derivation and useful insights are gathered in [172].

2.1.1.3 Metal contacts

When choosing metals for contact deposition in electronic devices, key factors include the
metal's purity, work function, and overall cost. The work function is especially critical, as it
determines how well the metal aligns with the semiconductor's energy levels, influencing
whether the contact behaves as ohmic or forms a Schottky barrier, which can drastically affect
device performance. Gold, due to its high work function and excellent conductivity, is
commonly used, particularly for p-type semiconductors. In here, we evaporate chromium-gold
contacts of 5 and 40nm in thickness, respectively. It is worth mentioning that gold has recently
demonstrated to migrate over time and under radiation environment in perovskite materials.
This is thought to be related to the formation of reactive polyiodide/bromide melts which
aggressively target gold ions leading to the formation of Au-aggregates. For this reason, efforts
are put towards its replacement with other metals.
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Thermal evaporation is here chosen for metal contacts deposition. It relies on a high vacuum
system connected to a electrical current generator that heats up the target metal until
sublimation is reached: hot atoms and molecules lose their kinetic energy when the substrate
is contacted and the film formation starts.

Metal holder accounts for a three-slot structure connected to a high current generator that
allows for three different metals to be deposited one after another. Desired targets are inserted
in conductive, spiral-shaped tungsten crucibles engineered to transfer heat with the highest
efficiency. A large sample holder is placed above the crucibles (distance between 30 and
50cm) with the samples to be coated facing the metals; next to it, a calibrated quartz balance
connected to a dedicated software monitors evaporation rate and film thickness in real time’.
The high vacuum system is composed of a primary rotary pump and a turbo-molecular pumps
that guarantee pressure values below 2x10°® mBar inside a bell-shaped vacuum chamber: the
lower the vacuum pressure, the better the deposited film quality. Once low pressure is
reached, current injection can be controlled manually and slowly increased according to
desired evaporation rate. A mechanical shutter is also provided inside the chamber that can
be opened and closed from the outside depending on need. For instance, it can prevent the
samples to overheat through direct irradiation from heated metal.

Note: evaporation rate is key parameter for high quality film. As it gives insight on film growth, it
is recommended to be kept as constant as possible. Itis also important to consider that metal
evaporation is NOT uniform in space, as the particle density lowers with distance from vertical
axis. This implies that values from the microbalance are to be scaled with a form factor that is
dimension- and time-dependent.

2.1.1.4 Perovskite deposition

Major advantage of hybrid metal halide perovskite materials is the possibility of having them
solution-processed[173], [174], [175]. The most effective way of obtaining microcrystalline thin
films consists in producing perovskite solution from related chemical precursors (in here,
PbBr, and PEABr; dissolved in DMF) and making it evaporate on target substrate -in this work
we will focus on spincoating of perovskite as well.

Practically, solution is spincoated on target substrate and the obtained film is softly annealed
in order to promote defect-free crystallisation as desired. Alternatively, the use of antisolvent
can be considered to make crystallisation happen faster: these substances decrease the
solubility of solute, causingitto precipitate out of solution rather than dissolve. Furtherinsights
in[176], [177].

Perovskite treatments require strict conditions for optimal crystallization: for this reason,
nitrogen atmosphere is mandatory as non-inert gases would be detrimental to material
surface[178]. Notably, solution concentration and spin-coating parameters are to be tuned for
film quality and thickness control. Studies on flexibility have shown that threshold is to be set
at 5um: thicker films report evidence of cracks after bending [106].

1From the variation of the vibration frequency of the quartz resonator is possible to calculate the evaporation rate expressed
in nm s-1 and from this, the total material thickness deposited onto the substrate.
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2.2.1 PROTOCOLS

LITHOGRAPHY
Substrates treatment

Plastic sheets or foils of different thicknesses to be cut to desired area (from 4 to 100cm"2).
Sonication in Acetone, IPA and DI water, 5 minutes per step; then blow dried with N2 gas.
Plasma treatment with Oxygen gas. PIE Scientific TERGEO plus Plasma cleaner, 7sccm, pulse
ratio 255, 50W, 1min.

Pre-patterning

Substrate to be fixed into the spin coater holder through vacuum -larger, flexible foils can be
stuck on wider glass slide before it to be inserted onto the holder.

Yellow environmental light required: no white light is recommended when handling photoresist
materials.

Spin coating of Microposit S1818 positive Photoresist; 2000rpm, 1Tmin dwelltime; poured dose:
100ul/cm? -expected thickness in the range 1/2pum.

Annealing at 110°C, 1 min.

Patterning

Software-driven optical alignment of the sample inside the patterning machine with definition
of corners and/or reference points; MicroWriter ML3 Durham Magneto Optics employed;
375nm UV laser.

Upload of the desired file (.ciff) with the design to be patterned.

Definition of resolution (down to 1Tum) and quality of the real-time focus correction (Best) -the
higher the required performance, the longer the exposure process (>2h for large substrates).
Definition of desired laser intensity. The exact determination of it requires a priori procedure
thatis a dose rate focus test. Refer to the user guide. In this work, values in the range between
450-500mJ/cm? have been selected.

Post-exposure

At finished exposure, sample is chemically treated in order to have the weakened photoresist
removed

Development in MF319 Dev. for 50s followed by a cleaning in DI H,O for the same amount of
time

Sample is blow-dried with N2 gas

Post-development optical verification with microwriter microscope to check for flaws and/or
issues. Commonly observed: i) not well-defined edges (annealing time and temperature above
recommended values, lower intensity, diluted developer, shorter developing time) and ii) over-
exposure with wider pattern creation (higher intensity, longer developing time).
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Finally, metal contacts can be deposited on the sample.

METAL CONTACTS
Technical notes:

starting conditions require the chamber being vented to be freely opened; if the pumps are on,
make sure the related valves are closed before venting, as contact of it with air at standard
pressure is to be prevented.

Make sure that no current is flowing: power needs to be set to zero before the glass bell is
removed.

Preliminary

Check pump valves to be closed

Vent the chamber opening the dedicated valve

Insert crucibles in needed number in their exact place and direction (follow the signs reported
in the setup)

If off, turn on the current generator and verify that current passes through the crucibles as
expected: select the target crucible channel and slightly increase the delivered power until a
signal appears in the amperometer screen

Metals preparation

Weight desired amount of metal -for previously mentioned values, we recommend 18/20mg
Cr, 350mg Au- and cut it in form of tiny segments of 6/8mm in length.

Place the segments in their dedicated crucible basket. Repeat the procedure of checking
current flow.

Samples preparation

Stick the samples to the holder with magnets ortape -glues prevent vacuum levels to decrease
fast as they trap gas molecules: use it scarcely.
Place the holder face down in its dedicated spot and verify its alignment

Vacuum

Close the chamber and its venting valve, then verify the shutter is free to move

Turn on primary pump and Pirani pressure sensor

Wait until pressure is below 1TmTor, then turn on the turbomolecular pump and wait forit to run
at full regime

Close the valve of primary pump and open electrovalve, then turn Pirani off

Turn Penning sensor on and wait until desired vacuum level is reached
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Optimalvalues in the range 1/5e-6 mBar

Evaporation

Set material density in the software and start a slow ramp in current up to desired evaporation
rate

Keep to slowly increase the current to maintain a costant rate until target thickness is reached
Use the shutter to cover from overheating, reduce current and wait until pressure levels come
back to reasonably low values

Repeat for metal n.2

Close the electrovalve and open chamber

Lift-off

Put the coated samples in acetone for 3 to 4h to remove excessive photoresist
Sonicate the samples in Acetone, IPA and DI water for 2min per step, then blow-dry.

PEROVSKITE THIN FILMS DEPOSITION

The procedure below is performed in N2 environment, in order to prevent oxidation or
contamination issues.

Preparation of solution

For 1M solution of PEA,PbBr,4, exact quantities are the following:
917.5mg PbBr2

1018.2mg PEABr

2.5mlDMF

Stirring is required overnight to allow the precursors to dissolve property

Perovskite spincoating

Solution is poured onto the substrate (1ul/mm~2)
Spincoating procedure accounts for a two-step process, that is 800rpm/5s and 2000rpm/55s

Annealing

Samples are put at 70°C for 10min
Samples are stored in N2 environment in order for residual solvents to evaporate
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2.2 CHARACTERIZATION TECHNIQUES
2.2.1 OPTOELECTRONIC PROPERTIES
2.2.1.1 Dark Current and Light Response

Primary feature of interest of 2D perovskite is their outstanding performance thanks to a high
signal-to-noise ratio, that is consequence of an extremely low dark current. Resistivity
analyses are of fundamental importance for devices characterisation: for this reason, a
dedicated probe-station with integrated Faraday shielding is required that prevents external
light from reaching the sample and external noise sources to disturb the collected signal. We
here employ micrometer-sized tungsten tips as contacts and an optical microscope for perfect
alignment. A custom-made UV-LED system (A = 385nm, max power 1TmW) is also integrated
and calibrated with a silicon photodiode for measuring electrical response under light in the
form of photocurrent.

In order to measure the samples’ dark current, bias is applied through the tips with a source-
measure unit and the signal is recorded in real time. As previously mentioned, the extremely
low dark current makes it mandatory to use high-resistance measurement system: here, a
Keithley 6517A Electrometer is employed that allows for current signals down to 10fA to be
collected. Applied bias ranges between -15V and 15V for standard dark current analyses at
room temperature; time between each collected pointis to be set at values > 15s, as this is the
standard time to wait for the output signal to stabilise and relax capacitance-related effects
after a change in bias is made.

Note that PEA thin films are demonstrated to resist to high applied electric field, with limit
values in the range of 5kV/mm. High-bias techniques are here employed to infer material
optoelectronic properties and to assess its stability under high energy radiation with high
applied electric field.

2.2.1.2 Time-Response setup

This measurement is performed with a fast excitation source -PicoQuant picosecond laser
diode- with narrow emission at 375 nm and 40 ps pulse duration with adjustable power through
the Taiko PDL M1 driver. Using built-in bunch mode, an arbitrary long laser burst with 50% duty
cycle can be obtained. In this operation mode, the laser shoots 40 ps pulses at 10MHz. Alonger
wavelength square wave is used to modulate the power of the LASER creating separate bunch
of pulses. The light-induced current signal is converted to voltage using a current amplifier
FEMTO DHPCA-100 (bandwidth 1.8 MHz), then the output signal is acquired with a Rohde &
Schwarz RTB 2004 oscilloscope. Through the amplifier it is possible to apply up to 10V bias to
the sample. A picture of the set up used is reported in Figure 22. Two mirrors are used to control
the position of the beam, a lens is used to focus the beam spot on the sample surface. The
sample is positioned in a metal box, thus providing both protection and shielding with the
electrical connections. The time response is evaluated by calculating the time difference
between the moments in which the response is 10 % and 90 % of the total photocurrent signal
in the rising or falling dynamics.
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Figure 22 Transient photocurrent setup. A ps 375 nm LASER source is positioned on an optical board. Two mirrors
are used to modify the direction of the beam. A focusing lens before the sample focuses the beam spot on the
sample. The sample is positioned inside a faraday cage and connected to a current/voltage transimpedance
amplifier used to amplify the signal. An oscilloscope measures the voltage pulse and acquires the data.

2.2.1.3 Photoluminescence

Photoluminescence is the emission of light from a material after it absorbs photons. When a
material is excited by an external light source, typically with a higher energy than the material's
band gap (such as ultraviolet or visible light), electrons in the material are promoted from the
valence band to the conduction band, creating electron-hole pairs (excitons). As these excited
electrons relax back to their lower energy states, they release energy in the form of emitted
light, which is the photoluminescence signal. The wavelength of the emitted light provides
information about the material's band structure, defects, impurities, and overall electronic
properties.

For the purpose of this work, the main experiment conducted is photoluminescence at room-
temperature, from which the energy of the photon emissions can be measured. Experimental
setups are encapsulated in a light-tight box during measurements; laser alignment is obtained
through specific optical lenses and dedicated filters.

filter
Collectin
| ss5nm %% Focusing 1o "
\ lens
Focusing N ™~ PC
lens Spectrometer

Perovskite

Figure 23 Illustration of the PL experimental setup, using a 355 nm wavelength YAG laser with various focusing lenses, a
longpass filter to block the direct laser beam and a collecting lens with a built-in collimator. The spectrometer used was
Ocean Optics QE65000 and spectra were collected using SpectraSuite.

Room temperature PL is carried out at the university of Surrey using a Nd:YAG excitation laser
of 355 nm wavelength and 20 mW power, with the experimental setup shown in Figure 23. The
spectrometer used is Ocean Optics QE65000 and spectra are acquired using SpectraSuite.
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Integration times are varied slightly for each sample, but generally integration times of up to
around 100 ms is enough to observe a strong signal.

2.2.2 ATOMIC FORCE MICROSCOPY

Atomic Force Microscopy (AFM) is a high-resolution scanning technique used to image
surfaces at the nanometer scale by measuring the forces between a sharp probe and the
sample. The AFM operates by moving a tiny, sharp tip attached to a cantilever across the
surface of a sample. As the tip scans the surface, it experiences forces such as van der Waals
forces, electrostatic forces, or repulsive contact forces depending on the distance from the
sample. These forces cause the cantilever to deflect, and this deflection is measured using a
laser that reflects off the cantilever into a photodetector. By monitoring these deflections, AFM
generates detailed 3D images of the surface topography with atomic or near-atomic resolution.

In this work, we employ non-contact AFM for both surface and photovoltage mapping of
perovskite thin films. This means no mechanical interaction between tip and sample occurs:
only Van der Waals and Coulombic forces actually contribute to cantilever bending, thus
preventing the samples from disruptures or damages.

For this purpose, the employed AFM is Park NX10.

2.2.2.1 Surface Topography

The basic operation principle of a standard AFM system with optical feedback involves
scanning an AFM probe with a sharp AFM tip over a sample surface in a raster pattern as
reported in fig. 24.

The AFM tip is usually made of silicon or silicon nitride and is integrated near the free end of a
flexible AFM cantilever. A piezoelectric ceramic scanner controls the lateral and the vertical
position of the AFM probe relative to the surface. When the tip is approached to the sample at
distances down to 0.1-20 nm, information on the sample properties can be studied from the
interactions between the tip and the sample surface, inducing the deflection of the AFM
cantilever. Such a process is tracked by a laser beam reflected from the back site of the
cantilever and directed into a position sensitive photodetector (PSPD). APSPD is a photodiode
divided into four quadrants: from the measurement of the laser intensity variations on the
different sections it is possible to extract the amount of vertical and lateral deflection of the
cantilever. As the AFM tip moves over features of different heights, the deflection of the AFM
cantilever changes according to the different local interactions. A feedback loop controls the
vertical extension of the vertical scanner to maintain near-constant constant interaction force.
The coordinates that the AFM tip tracks during the scan are combined to generate a three-
dimensional topographic image of the surface. According to the tip-sample distance r, the
interaction between the tip and the sample can be either repulsive or attractive, enabling two
different AFM operation modes: in here, non-contact mode is reviewed only.
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Figure 24 Atomic force microscopy. a) Schematic representation of the AFM components. The scanning electron microscope
image of an AFM probe is reported as inset, showing the AFM cantilever and tip. b) Lennard-Jones potential approximating the
tip-sample interaction energy. According to the tip-sample distance, AFM can be operated in contact or non-contact mode. c)
Non-contact AFM operation. Variations in the sample topography (blue region) are measured by changes in both the cantilever
oscillation amplitude and phase, while only phase traces are sensitive to compositional changes (yellow region).

The AFM probe cantilever is oscillated by a piezoelectric actuator at or near its fundamental
resonance frequency, usually several tens to several hundred kilohertz. The AFM probe is
subsequently brought closer to the sample, maintaining a separation of several nanometers
from the surface. The resulting attractive interaction forces damp the cantilever oscillation
amplitude and modify its phase. The feedback loop acts to maintain a constant AFM cantilever
oscillation amplitude and hence a constant interaction force. The advantage of non-contact
mode is that it offers the lowest possible interaction between the tip and the sample surface.
Small interaction forces help preserve AFM tip sharpness and achieve high resolution. The
oscillation phase is affected by variation in the dissipated energy on the sample surface, thus
non-contact mode AFM is sensitive to the sample composition.

2.2.2.2 Kelvin-Probe Force Microscopy

Kelvin Probe Force Microscopy (KPFM) is a variation of Atomic Force Microscopy (AFM) that
measures the surface potential and work function of materials with nanometer-scale
resolution. In KPFM, a conductive AFM probe scans the surface in non-contact mode, and an
electrical bias is applied between the tip and the sample. By detecting the electrostatic forces
and nullifying the potential difference via a feedback loop, KPFM maps the local contact
potential difference (LCPD) across the surface. This technique provides valuable information
about electronic properties, including variations in work function and charge distribution,
making it essential for characterizing semiconductors, thin films, and nanostructures.

In here, this technique is exploited for the analysis of light-induced photovoltage on 2D
perovskite films. An integrated optic system is aligned with AFM active operating area: this
allows for simultaneous illumination and mapping. A scheme of the integrated setup is
reported in figure 25; illumination is performed through a 375nm picosecond laser and
modulated via dedicated laser driver.
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Figure 25 Scheme of the experimental setup employed for photovoltage analyses on 2D perovskite films through KPFM. The
material is spincoated onto ITO substrate connected to ground. A feedback circuit allows for KPFM measurements through the
application of a bias to the tip that nullifies the potential difference generated by the non-contact interaction between the
surface and the tip itself. The illuminating laser is focused though an optical system that grants laser spot of 500um in diameter.
The tip is moved far from the spot up to 8mm in distance and a gating system allows KPFM mapping in light and dark.

2.2.3 HIGH ENERGY RADIATION EXPOSURE

As primary target of this work is radiation detection through 2D perovskite devices, we here
highlight the main features and experimental setup of the employed radiation sources, which
range from standard laboratory-scale X-ray tubes to high energy proton facilities from
radiotherapy centres. The exact set of measurements and experimental conditions will be
discussed in greater detail in section 3.2.

2.2.3.1 X-ray tube

In X-ray photocurrent experiments, commonly used to evaluate the performance of X-ray direct
detectors, the current response of a device under an X-ray beam is measured to extract key
performance metrics like sensitivity and limit of detection (LoD). As reported in sec 1.1.3.1,
Fluence, Activity and Dose are fundamental parameters to understand the outcomes of these
experiments.

In here, X-ray tubes are employed as main radiation source. A radiation X-ray tube consists in
a vacuum device with a cathode (negative) and anode (positive). The cathode, typically made
of tungsten, is heated to emit electrons via the thermionic effect, which are then directed
towards the anode through the application of high voltages (tens to hundreds of kV). There, they
collide and lose energy, producing bremsstrahlung radiation (broad-spectrum X-rays). If the
electron energy is high enough, characteristic X-rays are emitted as electrons from inner shells
of the target material are ejected and replaced by outer electrons. The spectrum consists of
continuous bremsstrahlung and sharp characteristic peaks, depending on the target material.
Beryllium windows allow X-rays to exit while minimizing absorption, and the target is cooled to
maximize heat dissipation from electron-target interactions.

= Experimental system, University of Bologha: Hamamatsu Microfocus L12161-07 X-ray
source. It is a tungsten target X-ray rube with operating voltage up to 150 kVp and tube
currentbetween 10to 500 pA. The tube hasa 0.2 um Be window and an X-ray beam aperture
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of 43°. The X-ray tube is air cooled with an external power supply that can be controlled with
a PC via RS-232C interface. The simulated spectrum of the Hamamatsu tube at the two
operating voltages used (40 and 150 kV) is obtained with the SpecCalk simulation software;
exact dose calibration is performed through commercial detector Barracuda (RTI Group,
Sweden) inserted inside the same boxes used for the samples.

= Experimental system, University of Surrey: Amptek Mini-X2 gold target X-ray tube. The X-ray
tube is controlled using the Amptek Mini-X2 Controller software with a voltage range of 10
kV- 50 kV and current range of 5 yA- 200 pA. The irradiated sample is fixed to a PCB with a
bias applied and current measured using a Keithley 487 source meter.

These systems allow for dose rates in the range 100-5000uGy/s. The former is also provided a
shutter to be controlled remotely for ON/OFF measurements as reported in the sketch below
(fig. 26).

Figure 26 X-ray photocurrent experiment. The system is composed by the X-ray source, a lead shutter, the device under test
and a source meter unit (SMU) electrically connected to the sample. The sample is placed inside a metal box with an aluminium
window for light protection. The shutter is controlled to modulate the photon flux impinging on the sample. Top scheme reports
the configuration with the shutter open, bottom refers to shutter closed blocking the X-rays.

2.2.3.2 Alpha particles detection

As this work accounts for both alpha-particle spectroscopy and real-time direct detection in
the form of generated photocurrent, the two different experimental systems are here described
in detail.

Spectroscopy measurements have been performed in the laboratories of the University of
Surrey.

2.2.3.2.1 Real-time detection of alpha particles

Devices’ response under alpha particles is here monitored through the integration of a
dedicated measurement system that accounts for

= ashielding metallic box, that grants no light can get to the sample
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= asource holder, whose distance from sample can be tuned mechanically from 2 to 50mm.
No internal manipulation is required as the up/down movement is obtained through a
calibrated screw system that allows for resolution down to 0.25mm.

= adevice undertest (DUT) to be connected to high-performance source-measure unit.

The alpha source here employed is ?*'Ra, 0.5 uCi; bias is applied to the sample with Keithley
6517A Electrometer.

Measurements are performed in current mode and results are obtained in the form of
photocurrent as function of distance from source. Notably, exact dose-rate is to be estimated
a priori, as it requires the convolution of both the decrease in particles’ energy and number.
Moreover, exact energy loss is to be predicted via SRIM simulation software [179].

2.2.3.2.2 Alpha pulse-height spectroscopy

To perform alpha pulse measurements, the samples were exposed to a single alpha **'Am
source of activity 1.85 MBq. For acquiring alpha spectra, the signal output from the sample is
connected to a charge sensitive preamplifier (Kromek eV-550) and an analog shaping amplifier
(ORTEC 571) which allows for shaping times between 0.5 and 10us. The latter is then
connected to a multichannel analyser which digitizes the shaped signals and classifies them
based on energy, storing the results in a histogram. The alpha spectrum is displayed as peaks
corresponding to the energy of the detected alpha particles. A precise scheme of the employed
setup is reported below. Alpha spectra are acquired using Maestro software, with acquisition
times of typically 30 seconds. Amplification gain is set according to noise level through the
shaping amplifier; shaping time is chosen to be 10us as the rise time of perovskite devices is
expected to be slower compared to it due to low charge carriers’ mobility.

An analog system is also implemented for direct comparison, which accounts for digital
shaping amplifier (Amptek PX4) and dedicated Amptek ADMCA software.

Preamplifier Shaping MCA
Output | Output Output
Source Preamplifier l

Shaping MCA
Amplifier

Bias Supply

Figure 27 An alpha spectroscopy setup includes a detector that captures alpha particles and sends weak signals to a
preamplifier, which boosts them. A shaping amplifier then optimizes the signal shape and reduces noise. Finally, a multichannel
analyzer (MCA) digitizes the signals and sorts them by energy, generating a spectrum for identifying alpha-emitting isotopes. M.
Veale, University of Surrey.



2.2.3.3 Characterization of Y-rays from radiotracers

To assess the capability of the 2D-perovskite detector to effectively detect gamma rays emitted
by medically relevant radiotracers?('®F and *®™Tc) a custom experimental setup is developed
and shown below. This is equipped with a 3D-printed frame that holds in place a stepper motor
and the sample box; the motor is guided by an Arduino UNO board and an A4988 stepper motor
driver. The "®F radioactive drug is contained into a vial kept by a printed support connected to
the motor axis. The Arduino is programmed to send a PWM signal to the driver; based on the
pulse sequence the driver sends a specific current sequence to the motor coils. The motor
moves the source by 180°, in the OFF state the source is > 15 cm from the sample. A thick Pb
cylinder is used to screen the sample from the radiation when the state is in the OFF position,
while in the ON position the motor moves the gamma source on top of the sample. The detector
response is measured for different sources activity values through a SMU connected to the
sample box.

ON STATE OFF STATE

ADJUSTABLE
HEIGHT

STEPPER
MOTOR

RADIOACTIVE DRUG

SAMPLE BOX

Figure 28 Shutter for high energy gamma rays. Left) Scheme of the shutter system employed for the sensors characterization
under high energy gamma ray emitted by radioactive drugs. A stepper motor is controlled by an Arduino UNO board. 3D printed
holders keep the moto and sample box in place. The radioactive drug is contained in a vial hold by a custom support connected
to the motor axis. A thick Pb cylinder is used to screen the sample from the radiation when the state is in the off position. In the
on position the motor moves the gamma source on top of the sample. Right) Picture of the setup used at the IRCCS in Reggio
Emilia.

2.2.3.4 High-energy Proton Facilities

Test at high proton energies-TIFPA

Measurements under highly energetic protons have been carried out at the Trento Proton
Therapy facility, which primarily provides a cyclotron that serves two medical treatment rooms
both equipped with rotating gantries dedicated to patient treatments[180]. The facility is also
equipped with an experimental area where the beam line is split in two branches, both
dedicated to a large spectrum of scientific applications, including medical physics, detector
testing, radiation hardness measurements, space research and radiobiology. The main beam
line is splitinto two additional sub-branches at 0c and 30° with respect to its initial direction by
a dipole magnet (Fig. 29). This allows the simultaneous setup of two different experiments if
necessary, but the beam cannot be transported along the two branches at the same time. We
refer to the 0c and to the 30¢ lines as the “Biology’’ and ““Physics’’ beam line, respectively (Fig.

2The experiments were carried out at the IRCCS in Reggio Emilia. The setup was fabricated by Verdi M.
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29B), since they are intended for different purposes and thus are be implemented with different
hardware.
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Figure 29 Picture (lower panel) and a schematic view (higher panel) of the experimental room at the Trento Protontherapy
centre. The biology (0° branch) and physics (30° branch) beamlines are indicated. In the map the space available for
experimental setup at the Physics line is indicated (green area), together with an additional area for equipment storage inside
the cave during irradiation (blue area)[180].

Precisely, as the physics line is the main source of protons for this work, its features are
reported in figure 30. Proton energy and beam profile range between 70-228MeV and 16.7/8.8
cm FWHM at the lowest and highest energy respectively. Exact measurements have been
performed through the use of dedicated detectors; interested readers are referred to[181]. A
tissue-equivalent human phantom is also provided that allows for measurements that
resemble clinical trials. Flux and exposure time, reported in Figure 30, are controlled via
dedicated software, through which it is possible to control the total delivered dose and the
number of incident protons at the isocenter.
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Figure 30 A) Bragg curves measured at different energies with the Giraffe detector placed at the Isocenter position. Thanks to
a previous calibration of the detector, the depth plotted on the .Y-axis is expressed as water-equivalent. B) Beam spot profiles
measured at different energies with the Lynx detector placed at the Isocenter position[181]

Low-energy proton beam monitoring

The detectors were irradiated using a 5 MeV proton beam provided by the 3 MV Tandetron
accelerator of the LABEC (Laboratorio di tecniche nucleari per 'Ambiente e i Beni Culturali) ion
beam center (INFN Firenze, Italy). The beam was extracted into ambient pressure through a
200 nm thick SisNs, membrane; the sample was typically mounted at a distance of 8 mm from
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the extraction window. Proton beam currents used in this work were typically in the 1 - 100 pA
range. The weak intensity of the extracted beam was monitored and quantitatively measured
using a rotating chopper, placed between the silicon nitride window and the sample, that
intercepts the beam; the chopper was a graphite vane covered with a thin nickel evaporation,
and the Ni X-ray yield was used as an indirect measurement of the beam current.

To determine the actual energy of the protons impinging onto the semiconducting layer, the
energy lost by the protons passing through the several layers interposed between the beam
and the sensor, namely, 200 nm of Si;N, for the beam extraction window, 8 mm of mixed air-
He (50%-50%) atmosphere in the gap between the extraction window and the metal box, 13
pm of Al for the entrance window of the box, where the sensor was enclosed, and 36 mm of air
inside the box, has to be calculated. After passing through these layers, protons lose 575 keV,
as calculated with the SRIM Monte Carlo code.
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3. RESULTS

This chapter fundamentally gathers the obtained outcomes of direct radiation detection
through co-planar devices based on 2D-PSK PEA,PbBr, thin films. As this work has comprised
extensive studies on material properties prior to target applications, the first section is
dedicated to the analysis of the abovementioned devices as basic photodetectors.

This work contributes to the extensive characterization of simple 2D-PSK-based structures,
which have garnered significant interest in recent years. Primarily, these devices are shown to
exhibit exceptionally low dark current, high responsivity to UV light and X-rays, rapid time-
response, and impressive long-term stability, as highlighted in numerous recent studies. These
properties are thus covered quickly in sec. 3.1.1, with major focus on the effectiveness of thin
films extension to radiation detection. It is important to notice that thin films offer high
flexibility, that is key feature in matter of wearable electronics. Results as function of bending
radius under radiation are reported in the works[75], [182], [183] . While investigating response
under UV-laser, a critical light-driven effect emerged that will be elaborated in sec. 3.1.2.

Rather than being chronologically exposed, this listis intended to report tests and experiments
that have led to medically relevant applications -which have been published in high-quality
journals- and future prospects towards space-grade personal dosimetry.

Sec. 3.1.3 covers devices response under alpha particles from specific sources in both
current- and pulse-modes. Goalis to be found in the demonstration of thin films’ spectroscopy
properties, which are reported to exhibit counting down to single pulses. Prior to results on thin
films, a direct comparison with 2D-psk single crystal is provided. Experiments regarding
spectroscopic properties of perovskite thin films have been performed at the University of
Surrey and still ongoing.

Moving forward, sec. 3.2.1 reports results under high energy protons from linear accelerators
of medical centre, with energies of 70/200MeV. Although preliminary, these outcomes pave the
way for deeper understanding of material response under charged particles and provide
insights on specific applications in matter of radiation hard, wearable detectors. These are
found to be enveloped further in that section, which is focused on medical application of 2D-
PSK thin films. Specifically, sec. 3.2.2 presents published results on real-time proton beam
monitoring (5MeV) through the implementation of microelectrode arrays. In there, highlights
are put on the possibility of having longitudinal profiling without the need for post-processing
or analyses prior to treatment. Following, sec. 3.2.3 isfocused on wearable perovskite films for
on-line monitoring of radiotracers in nuclear medicine. The detectors have been optimized in
channel length and active area to work at low bias for the detection of gamma rays emitted by
clinically relevant radiotracers at the IRCCS of Reggio Emilia, with the aim to monitor the
intravenous injection of radiopharmaceutical drugs.

Lastly, section 3.3 is intended to present preliminary analyises and tests on-earth for the IRIS
project, that accounts for wearable personal dosimeters to be sent to outer space onboard the
ISS. As launch is planned for Mar 2025, no data from space missions are available as for now.
Nevertheless, the entire process of fabrication and characterization of sensors is provided,
together with a-priori simulations for devices materials and structure assessments. IRIS
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dosimeters couple 2D perovskites with organic semiconductor thin films made of TIPS:Pn. A
brief overview of these materials and their features is thus provided in Appendix 1.

3.1 OPTOELECTRONIC CHARACTERIZATION OF 2D-PSK DEVICES

Prior to the application of perovskite thin films for radiation detection, investigations on
devices performance as state-of-the-art photodetector are mandatory for quality assessments
and consistency with declared figures of merit such as dark current and responsivity.

For this reason, we employ standard single pixels for optoelectronic analyses, which is made
according to sec. 2.1 and whose features are reported below. This helps in defining whether if
changes in fabrication parameters have led to different response outcomes and it provides
clear evidence of devices reproducibility.

Surface topography techniques are useful tool for thin films analyses in terms of quality and
uniformity assessments. PEA,PbBr, thin films fabricated according to sec. 2.1 exhibit crystal
grains in the form of flakes that measure up to 15 pm, as shown in figure 31. Measurements are
performed through atomic force microscopy.

A= 2x2 mm?
L=30um
Fingers=50um
W= 25x2mm

Figure 31 On the left, the standard single pixel structure and spatial dimensions are reported: these are standard electrical
Cr/Au contacts evaporated on the desired substrate and over which perovskite thin films are deposited. The right panel reports
a surface topography map (30x30 um?) of a spin-coated PEA:PbBr, thin film, obtained with Atomic Force Microscopy.

3.1.1 RESPONSE UNDER UV LIGHT

Prior to electronic tests, the investigation of photocurrent spectra in PEA,PbBr, perovskite thin
films is essential for overall response analyses. As reported in chapter 1.2, these low-
dimensional perovskites exhibit strong excitonic effects and tuneable electronic properties,
making them promising candidates for next-generation photodetectors and solar cells.
Optoelectronic characterization of these devices typically begins with the use of ultraviolet
(UV) light, as this higher-energy radiation can efficiently probe the wide-bandgap structure of
the material. UV light excites electrons across the bandgap, enabling a more precise analysis
of the material's photoresponse and carrier dynamics. Additionally, UV excitation allows for
the identification of surface and near-surface phenomena, where defect states or excitonic
behavior may strongly influence device performance. This preliminary step is crucial for
establishing a baseline understanding of the material's efficiency and stability before exploring
broader spectral ranges.
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Figure 32 reports a photocurrent spectrum of a PEA;PbBr, thin film illuminated from the top,
together with Tauc plot and linear fit used for the extraction of the band gap value, which is
reported to be 2.90eV. Notably, it exhibits excitonic peak and band onset as expected[1]. The
narrow transition peaked at410 nm s attributed to the 1s Rydberg series Wannier-Mott exciton
transition [184]. It is worth mentioning that in the UV range, 2D perovskites have a very high
absorption coefficient (a) in the range of 0.03-0.05 nm™at 300 - 400 nm wavelength. According
to the Lambert Beer model the light intensity (I) through a medium follows the relation:

I = IOe_(akd)

Where I, is the impinging light intensity on the sample and d is the thickness. Therefore, in a
few hundred of nanometres, the perovskites absorb almost all the incoming radiation.
Remarkably, the obtained signal was good revealing the presence of charge collection in the
out-of-plane direction since the electrodes are positioned at the bottom and the film thickness
isaround 2 um.
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Figure 32 PEA2PbBr4 optoelectronic properties. Photocurrent spectra of a PEA2PbBr, thin film illuminated from the top on the
left panel; Tauc plot and linear fit used for the extraction of the band gap value, which is reported to be 2.9eV[106].

Devices dark current and basic photoresponse are performed in dark environment with
dedicated probestation tips that provide low-noise connections; instruments that allow for
high-impedance measurements are mandatory as source-measure units. Light source is
placed on top of the sample, thus illuminating the film on the side farther from electrical
contacts. As this seems contradictory with the theoretical estimation of penetration depth of
UV photons into perovskite materials, further explanation and insights are discussed in 3.1.2.
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Figure 33 Dark current and response under UV LED (380nm) of six thin film devices on deposited on Kapton substrate. Results
show reproducibility of high-performing samples with currents down to 10°"%A at low applied bias and light-to-dark ratio of 10”5,
with responsivity of T00mA/W.

Dark current values are reported to be lower that 5pA at 10V applied bias, which corresponds
to 300V/mm electric field; light response is demonstrated to be up to 5 orders of magnitude
larger (figure 33). As changes in pixel size notably affect current outcomes, a relative resistance
is used as a figure of merit that allows for direct comparison of material performance in
different devices. We express it as

Rrer = Rmeas W/L

In which W and L are single-pixel perimeter and channel length respectively; Rwes is the
measured resistance in the form of dV/dl.

Responsivity is evaluated from:
Responsivity(R)= loc I Pincigent
where:

e [, is the photocurrent (in amperes, A) generated by the photodetector in response to
incident light,

e Pincigent IS the incident optical power (in watts, W).

We obtain average values of Rgeg = (2.4%0.2)x10° Q and R = 0.103+0.004 A/W, which are
comparable with state-of-the-art resistance values of 2D perovskites films [185]and
responsivity values from perovskite-based planar photodetectors[186].

Time response has been evaluated through the use of a picosecond UV laser, wavelength
375nm, which was set in burst mode -train of picosecond pulses, duty cycle 30%. Plenty of
works report ultrafastresponse of 2D perovskites under UV light, thatis, photocurrent transient
times are typically in the range between 0.1 and 2us [187], [188], as reported in figure 34.
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Figure 34 Response of a thin film device under 375 nm picosecond laser. A) photocurrent values are demonstrated to
decrease as function of frequency. No plateau is observed at low values. B) Time response of the device under illumination in
the form of rise-time, with a close-up shown in C). The samples exhibit time response in the microsecond range as reported in
literature[189]; this lowers for high frequency values.

Exact time-response is extracted from rise and fall dynamics of generated photocurrent, that
is converted into voltage signals through a dedicated current amplifier and read with a high-
performance oscilloscope. Precise value is obtained considering the timing between 10 and
90% of the abovementioned signal. Moreover, photocurrent and time-response are
investigated as function of frequency. As expected, transienttime and photocurrent generation
decrease as the laser frequency increases. For the fall-time response, almost constant values
of 1.2+0.2 us are measured below 20kHz, which is higher compared to [160] . Nevertheless, no
plateau is observed for the photocurrent below 1kHz, as one would expect according to
photodetector theory and recent publications on perovskite devices [190], [191], [192], [193],
[194].

3.1.2 LONG-RANGE SIGNAL RECORDING

As previously mentioned, absorption of UV light by perovskite materials is reported to be in the
first 200nm from incident surface[195] [196]. While in single crystals or in general top-bottom
configurations -that is active material sandwiched between metal electrodes- the electric field
lines cross the entire bulk, co-planar devices are demonstrated to exhibit electric field lines
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that emerge no more than 50nm above the metal contacts depending on active material.
Considering film thicknesses of 2 um, it is worth noting that there must be physical phenomena
that carry out the generation of charge carriers inside the materials. In this direction, plenty of
studies have reported photon recycling as major source of energy in the form of re-emitted
photons that cause charge carriers to be generated. A simplified scheme of this effect is
reported in fig. 35.
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Figure 35 Schematic design of photon recycling under thermal equilibrium in a semiconductor slab. Following radiative
recombination, photon recycling may occur due to direct reabsorption or photons emitted outside the escape cone due total
internal reflection (TIR). Re-emitted photons may lie within the escape cone leaving the slab without further recycling. Re-
emitted photons could also be absorbed parasitically into another layer without generating any electron-hole pair. Adapted
from [197].

Photon recycling in perovskite materials refers to the reabsorption of photons emitted via
radiative recombination, generating additional electron-hole pairs. This process enhances the
effective carrier lifetime and improves optoelectronic performance in devices like solar cells
and LEDs. In perovskites, particularly lead halide varieties, photon recycling occurs due to high
photoluminescence quantum yield (PLQY), where a significant fraction of recombination
events results in photon emission. These photons can be reabsorbed, creating new charge
carriers and contributing to longer photon diffusion lengths. In solar cells, photon recycling
enhances the open-circuit voltage (Voc) and overall efficiency by reducing recombination
losses and enabling multiple carrier generation cycles. It allows the material to approach the
theoretical Shockley-Queisser efficiency limit [198]. In light-emitting diodes (LEDs), recycling
boosts internal quantum efficiency (IQE), resulting in brighter light emission.

Photon recycling is particularly effective in perovskites with a high absorption coefficient and
strong overlap between the absorption and emission spectra. Materials like PEA,PbBr,, with
strong excitonic binding and high radiative recombination rates, are well-suited for this
process. However, challenges like photon escape and competition from non-radiative
recombination can limitits full potential, emphasizing the need for optimal material quality and
device design.

In practical terms, photon recycling in perovskite solar cells and LEDs are typically observed
over distances on the order of 5-20 micrometers. Variations are determined by the interplay of
photon reabsorption, radiative recombination, and optical confinement in the device.
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Deeper analyses have been performed that demonstrate photocurrent generation for
illumination that is farther from the applied electric field than the abovementioned distances.
This has been preliminary observed using a collimated 375nm laser beam (33 pW optical
power, 500 um spot diameter) targeting a thin film deposited on an interdigitated pixel from the
top, with moving front edge up to 5 mm distance from the pixel edge. Setup and results are
reported in figure 36: photocurrent is shown to decrease as function of distance as expected,
but still it remains high in value up to 200pA at 20V applied bias with spot distance from pixel
set at4mm.
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Figure 36 Scheme of experimental setup and obtained result of a thin film device’s response under UV laser as function of
distance from the applied electric field. In A) a simple optical configuration is proposed that allows for the laser beam to be
collimated into a 500 um spot, which can then be moved while keeping the device steady. As reported in C), photocurrent
generation and recording occurs even for illumination distance that exceed theoretical predictions of photon recycling -20 um.

This has led to further considerations and investigation under different experimental
conditions. In order to prove that this phenomenon actually consists in the generation of
charge carriers inside the electric field, we employed Kelvin Probe Force Microscopy in order
to verify the generation of photovoltage in target region by illuminating the film up to 8mm far
from AFM tip. The employed setup is reported in chapter 2; 2D perovskite is spin-coated onto
ITO substrate for simpler analysis. [llumination is performed from the bottom through the
abovementioned 375nm picosecond laser at TmW optical power -an optic system composed
of fiber optic and dedicated collimator allow for a 500 pm spot to be obtained. The reasonis to
be found in the need for no reflection or dispersion of light to contribute to the overall signal.
Measurement is performed in the form of KPFM mapping of 3x3 pm? area in dark and light
conditions (top panel, figure 37); the internal AFM gating system allows for sampling to be
performed in dual mode, that consists in backward scanning in dark and forward scanning
under UV exposure. This results in two different KPFM maps whose digitalization and
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subtraction lead to a final photovoltage map. The latter is post-processed in the form a
histogram (bottom panel of fig. 37, inset a) whose peak actually corresponds to the desired
photovoltage value.
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Figure 37 Photovoltage analyses through KPFM technique on PEA2PbBra thin film illuminated with 380nm. In order to extract
the photovoltage, two different maps are obtained that measure the local KPFM in dark environment and under illumination.
Image processing and statistical data analysis allow for a histogram to be generated that represents the actual photovoltage
pointwise -exact representation is reported in inset a. This procedure is repeated as the laser spot is moved far from the
collection area: unexpectedly, a photovoltage is recorded under illumination up to 8mm distance from the illuminated spot
(bottom panel, with peaks as function of distance in inset b) which means that charge carriers are generated far from the
applied electric field.
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This procedure is repeated for 8 different distances and the obtained values of photovoltage
extracted accordingly (bottom panel of fig. 37, inset b) and compared to the zeroth value of it,
thatis photovoltage generated inside the illumination spot.

We prove that photovoltage is generated in PEA;PbBr, thin film at distances up to 8mm, with a
decrease in value that results to be 10% of zeroth value, which is reported to be 100 mV.

Although preliminary, these results make us speculate about the possibility of light to travel
inside the material due to internal reflection that generate photon waveguides. This implies the
need to reconsider perovskite-related performance values such as sensitivity and responsivity,
as the active area that contributes to signal is to be extended to the entirety of the material
rather than the one effectively confined in the electric field.

Finally, it should be stressed that these optoelectronic properties of 2D perovskite films are
fundamental for radiation detection. The connection between the strong UV response of 2D
perovskite films and their potential for radiation detection lies in their wide bandgap, efficient
charge transport, and fast response time, while their high atomic number (Z) enhances
interaction with ionizing radiation. The abovementioned analyses are thus intended to extend
the high-performance of pixelated devices towards the use of them as proper dosimeters. This
is given by the possibility to have these structures scaled to large areas with extremely high
resolution in terms of pixel size and lateral dimensions. On top of that, thin plastic substrates
imply flexibility and transparency to high-energy radiation, which is of high importance for
clinically relevant applications.

To summarise, sec. 3.1.1 provides numbers and data regarding the extremely low dark current
of 2D perovskite films on interdigitated pixels: this means the materialis highly resistantto high
applied electric field, which can be useful to enhance charge collection efficiency. Moreover,
the fast response reported in figure 34 is key feature for precise and accurate radiation
detection. Lastly, the contribution of the overall film to the measured signal is significant for
higher quality, more efficient outcomes.

The features of interest for each kind of application will be further discussed in the appropriate
section (see, for instance, the introduction to sec. 3.2.2 for proton beam monitoring).

3.1.3 DIRECT X-RAY DETECTION

To confirm the potential of PEA,PbBr, perovskite thin films in radiation detection, sensitivity
measurements were performed under controlled X-ray exposure. The unique 2D layered
structure of PEA,PbBr,, combined with its high absorption coefficient for high-energy photons,
makes it a promising candidate for efficient X-ray detection. Absorbed x-ray photons can
generate electron-hole pairs within the perovskite material, that are drifted by the applied
external electric field and collected at the metal electrodes. The resulting X-ray photocurrent
can be measured to assess the film's responsivity and detection efficiency. By evaluating the
photocurrent under various X-ray intensities, we succeeded in determining the film's signal-to-
noise ratio, linearity with dose rate, and stability under prolonged X-ray exposure, which are
key parameters for its use in X-ray imaging or radiation sensing applications.
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PEA.PbBr, thin films response and features under X-rays have been deeply investigated in
previous works: tuning pixel size and material properties have led to sensitivity values in the
range of 102 uC/Gy/cm? under X-rays of 150kVp, 4kV/mm applied electric field, dose rates in
the range 8-100uGy/s.

We employ X-rays as a standard characterization technique for our thin films to assess their
responsivity and consistency with state of the art in matter of sensitivity and signal-to-noise
ratio. Figure 38 reports analyses of standard single pixels under 50kVp X-rays for different dose
rates, ranging from 50uGy up to 900uGy. Applied bias is set at 130V, which corresponds to
4kV/mm electric field: this provides dark current values of less than 10pA. A direct comparison
is also provided with two devices whose active films of different thicknesses have been
fabricated with standard spincoating (thickness =2 um) and with anti-solvent technique (5 ym)
respectively: sensitivity outcomes show almost identical behaviour between the two, thus
demonstrating that thin films response to X-ray is mostly dependent on the electrode sizes and
distance rather than thickness, as the electric field lines of interdigitated contacts do not
penetrate deep into the bulk of the material.
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Figure 38 Performance under 50kVp X-ray photons of perovskite thin films, fabricated with two different recipes that provide
up to 200% difference in thickness (2 and 5um respectively for the top left -standard- and the top right-antisolvent technique).
Tests are performed at 130V applied bias, identical dose rates and exposure times. Sensitivity is extracted accordingly, which
results in being almost identical for the two structures

The plot of photocurrent as function of dose rate provides insights on the linearity with dose
rate of these devices, which is confirmed in the mid-region as reported in [160]. The

78



dependence of sensitivity with dose rate, particulary evident at low dose rates, is a common
phenomenon in perovskite radiation detectors and it is still under study.

Sensitivity values are measured to be ~ 72 uC/Gy/cm?, which is in the range of values of 2D
RP perovskite films [199], [200], [201]. Since sensitivity calculations depend on the defined
active area, it's important to clarify that for single-pixel measurements, the active area is
considered as the entire pixel size. This approach tends to overestimate the actual sensitive
region, making direct comparisons with single crystals inaccurate.

Additionally, a different set of measurements is performed on the standard device after 500
days from fabrication. This is intended to assess the major features of interest of these thin-
film structures, such as stability over time and under high-flux exposure and low limit of
detection. Figure 39 reports single-pixel response using a tungsten X-ray tube which allows for
higher range of energies to be employed. Specifically, figure 39A shows results obtained at
40kVp and 150kVp for three different applied bias (10, 50 and 100V): these values confirm the
linearity with dose and demonstrate the dependence of sensitivity on applied bias and on the
dose rate, as mentioned above and in previous studies[160]Perovskite stability over time -that
is device ageing- is presented in figure 39B, in which the single-pixel response after 500 days
from fabrication is compared to the one of a pristine device. Although a degradation can be
observed, this can be quantified to be less than 20% in photocurrent. It is worth noting that no
degradation in dark current is observed as the values remain in the range of a few pA at 100V
applied bias, which is of great importance for long-term analyses. Figures 39C and 39D detail
the extremely low limit of detection and the robustness of response to high-flux photons of thin
film devices respectively. Due to the low dark current, the LoD is estimated through the fit of
the photocurrent curve as function of dose rate and it is evaluated to be 1.0+0.2 uGy/s; this
value is to be tuned according to the non-linear behaviour at extremely low doses, which
provides values of the LoD which are reported to be down to 50nGy/s[160] .

In 39D, the sampleisirradiated for 30 minutes (10s on/10s off peaks) at 150kVp, 15mGy/s dose
rate (27Gy total) and no significant variation is recorded in its response after stability
adjustments (few on-off cycles). We speculate that stability issues can be attributed to four
main reasons: defect passivation, charge trapping and detrapping, structural and ionic
rearrangement, radiation-induced activation or conditioning[202]. These effects and the way
to mitigate them are now under investigation.
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Figure 39 A) Signal response of 2D-perovskite thin-film device under X-rays for different applied bias (10,50,7100V) and two
different accelerating voltages (40keV and 150keV) while varying the dose rate from 0.03 to 4 mGy/s. B) Ageing test which
relates pristine device to a 550-days-old one. Measurement performed using 40kVp, 10V applied bias for different dose rates.
After 550 days the sample exhibits a decrease in response which is less than 20%. C) Evaluation of the limit of detection of
2D-perovskite device, which is estimated to be <1uGy/s. The red line refers to the dark current at 100V applied bias. D)
Response stability under high-flux irradiation (27Gy, 175mGy/s dose rate). The measurement is performed through on-off
cycles of 10s each.

3.1.4 ALPHA PARTICLE SPECTROSCOPY

Nuclear science accounts for alpha particle spectroscopy as a powerful analytical tool that
allows for precise identification and quantification of alpha-emitting radionuclides. Being
helium nuclei flow with weak penetrability and strong ionization property, the monitoring of
these fluxes is crucial for safety, radiological protection and environmental contamination
issues. Traditional methods rely on room temperature semiconductor detectors based on
CdZnTe or Hgl,, which achieve resolutions in the range 1.5/2.5% FWHM with intrinsic detection
efficiency between 30 and 60% depending on material and thickness; recorded sensitivities up
to 102 cps/Bq allow for the detection of low-level alpha fluxes. High-cost diamond-based
devices guarantee resolutions < 0.3%.

Recent studies have explored perovskite structures as valid alternative to the costly, standard
RTSDs owing to their unique high stopping power and high charge carrier mobility. Tunability
and versatility of these materials coupled with their easy and low-cost fabrication methods
have contributed to the realization of alpha-particle spectroscopy devices. As mentioned in
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sec. 1.2.5, the first resultin this field reports a CsPbBr3 single crystal with low and stable dark
current that resolves alpha and gamma peaks of 2’Am isotope[146]. Latest advancements
account for organic metal halide perovskite single crystals, including 3D perovskite MAPbBrs;,
MAPDbI; and FAPbBr, 2D perovskite (BA).PbBr, (BA: butylammonium) and (BDA)CsPb,Br; (BDA:
1,4-butanediamine), and other mixed perovskite-related structures[203]. On top of that,
remarkable scintillation properties of 2D and 0D perovskite structures have been exploited for
alpha particle detection[204].

We here report the first evidence of spectroscopic properties of PEA,PbBr, thin films, which are
demonstrated to resolve alpha particles from 2*’Am source down to single pulses. Before that,
an extensive study on single crystals has been conducted to assess the feasibility of this
experiment.

We start with a simple analysis on thin film response in the form of induced current under alpha
fluxes at different bias as reported in figure 40, discriminating the effect of substrate that is
actually generating low-intensity signals. For this measurement, we employ ?'Ra source, 5uCi
intensity, which is placed at 1cm distance from sample and a dedicated setup described in
sec. 2.2 that allows for automatic signal recording while opening and closing the particles’ flux
through a mechanical shutter controlled remotely. On/off time is set to be 15s; 30s interval is
chosen between changes in the applied bias. For the exact estimation of the rate of incident
particles, the source is assumed to be point-like: at 1cm distance, the number of particles
reaching the surface of the sample per second is evaluated to be ~300/s. This demonstrates
that PEA,PbBr, thin films can effectively detect low flux of charged particles, opening the
possibility to spectroscopic grade, energy sensitive, detection.

Itisimportant to keep in mind that alpha particles are not entirely absorbed by the film, as their
penetration depth on PEA,PbBr, is reported to be in the 5/15 pm range [205]. Incomplete
absorption implies partial energy loss inside the film, which means the substrate is actually
absorbing major part of radiation. This being noted, accurate analyses require the effect of air
to be taken into account [206].

As discussed previously, prior to analyses on thin films, the spectroscopic power of PEA;PbBr,
is assessed for single crystal devices. The samples are fabricated from solution through slow-
evaporation method and are provided two different contact structures for better comparison:
we here proposed a top-bottom configuration and a co-planar interdigitated pixel that is
thermally evaporated on the surface of the crystal. Further details on crystal growth are
reported in Appendix 2.
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Figure 40 Direct detection of alpha particles from ??’Ra source performed through PEA2PbBr. thin film device. The sample’s
extremely low dark current makes it possible to record signals down to 3p A at low applied bias. Notably, a comparison is
reported that makes clear evidence of a contribution from the substrate to the overall signal, which is still not as intense as
the one obtained with perovskite active layers.

Primary investigations require an integrated readout system that is designed to measure down
to single pulses at low noise. For these tests, a more intense source is chosen that is 2'Am,
1.8MBq activity. An analog shaping amplifier is integrated that allows for shaping times down
to 0.5 ps. As discussed in the Methods section 2.2, the shaping time determines the time
duration that the charge is collected from the detector to be processed for analysis. If the
shaping time is too short then not all of the signal pulses will be collected, and if the shaping
time is too long then noise will enter the processing stage and will affect the analysis. In
samples with lower mobility, longer shaping times are required.

The two single-crystal different samples are tested at 10us shaping time and for different
applied bias. In fact, from voltage-dependent analyses itis possible to extract mobility-lifetime
product, which is key metric for determining devices quality and performance. The first thing to
consider is the way noise affects the signal outputs: for this reason, accurate investigations
require the need for discrimination between noise, signal from alpha source, additional
contributions from emitted gamma rays. In figure 41 we report results obtained for both the
top-bottom and the co-planar configurations. Figure 41 is intended to demonstrate that no
signal is recorded other than the one from alpha particles reaching the sample. A 1Tmm paper
thick is used to screen alpha particles at high bias for comparison. Furthermore, Figure 41B
gathers results with applied bias ranging from 0 to 200V. As one would expect, top-bottom data
exhibit higher count rate, which is due to the particles penetrating the bulk and being collected
for the entirety of the crystal itself. Conversely, interdigitated electrodes collect only from the
first layers deep in the material.
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Figure 41 Alpha measurements on PEA2PbBrs single crystals with electrical contacts in Top-Bottom (A) and co-planar
configuration (B). A,B1 demonstrate the validity of our assumption of measuring actual alpha pulses: no source leads to no
signal, papertissue blocking the alphas also leads to no signal. A,B2 show signal dependence on the applied bias. 3x difference
recorded in the n.o. counts.

The estimation of mobility-lifetime product requires higher bias values: the behaviour of the
channel peak as function of applied voltage can be expressed by the Hecht law, that relates
the charge collection efficiency to the distance d travelled by the charge carriers and the
electric field V/d. It is expressed as:

CCE:? 1—e u .

Notably, saturation is expected for high applied bias. Furthermore, the sign of the applied bias
makes it possible to distinguish between mobility-lifetime product of electrons and holes
accordingly. In here, as positive bias is applied at the top electrode, we discuss of features of
holes only. Itis worth mentioning that this exact model is to be applied carefully when it comes
to more comple structures: a modified equation is reported in [207] that also takes surface
recombination[208] and detector structure[209]

As no exact peak can be extracted from the plots above, a first approximation is required that
considers the max channel number instead of the peak maximum. Therefore, adequate
normalization is required for accurate fit.

In this direction, the same spectrum of Figure 41B2 is collected for the top-bottom
configuration for higher values of the applied voltage up to 1kV and reported in Figure 42.
Analyses through Hecht model led to a pt product for holes of (1.03 x10°¢ cm?/V), which is not
far from values reported in literature obtained through different techniques (e.g. time of flight
experiments).
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Figure 42 Response of Single crystal device under alpha source in pulse mode as function of bias. High electric field is applied
up to 1kV in order for a saturation behaviour to be observed. A fitting procedure through Hecht model leads to mobility lifetime
product of 1.03x10%cm?/V, which is similar to values reported in literature.

Analyses on thin films require more effort and improvement in shielding of the entire
apparatus. Provided the extremely low dark current of PEA,PbBr, devices, the first thing to be
investigated is the observation of single pulses by using an oscilloscope.

Figure 43 report the first evidence of single pulses from 2D perovskite thin films for different
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Figure 43 Pre-amplified 24 Am single pulses obtained through PEA:PbBr. thin films. The rise-time is demonstrated to be slow
due to the low mobility of 2D perovskites. As the bias is increased, the rise-time is reported to decrease down to <100 us.
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As expected from the relatively low mobility values of charge carriers in thin films, the rise time
of these pulses is slower compared to state-of-the-art devices (CsPbBr;, [210]) and measured
to be up to 120us at 200V applied bias. As the bias is increased, the rise-time is reported to
decrease down to 63.5 pus at 300V applied bias. This helps in forecasting interesting outcomes
through the implementation of a higher shaping-time system.

This being observed, we collect spectra with the same experimental setup, that allows for
analog pulses with shaping time of 10us to be recorded. As per the previous considerations,
preliminary analyses are required that show no signal coming from the film without source nor
when alpha particles are prevented from reaching the film surface. Figure 44 thus shows the
effect of alpha particles on MCA output, with clear evidence of signal collection only with
particles reaching the surface. Moreover, a bias dependence of the max channel is also
observed up to 300V applied voltage.
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Figure 44 Preliminary results and assessments that demonstrate the spectroscopic power of perovskite thin films. On the left,
a simple signal comparison is reported that shows a huge variation in the shape and intensity when the sample is exposed to
alpha particles; N stands for No Source, while PT refers to the alpha particles being blocked by Tmm paper tissue. On the right,
we report a response as function of bias, which results in the consistent behaviour of saturation at higher values of the applied
electric field. Max applied bias is 300V, which corresponds to 10kV/mm electric field.

Notably, shifting in the max channel seems to occur as the bias increases up to saturation
values. Nevertheless, the higher count rate and the incredibly long rise-time of the measured
pulses imply that longer shaping times are required for clearer and more defined peaks.
Preliminary and promising results have been obtained with the use of a digital shaping amplifier
that allows for peak times up to 100us. This leads to gaussian shaped peaks as reported in
figure 45; post-processing evaluations allow for mobility-lifetime products to be extracted: the
obtained value for a thin film is 1x108m?/V, which is not far from the values extracted from the
single crystal.
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Figure 45 Preliminary analyses on thin film device using a digital shaping amplifier, shaping time set to be >40us. Similarly
with what observed with the analog shaping amplifier, no signal is recorded when alpha particles are prevented from
reaching the surface or removed from the dedicated source holder (PT- and N- respectively). From the Hecht plot, a mobility-
lifetime product is extracted that is 1x10°cm?/V, which is not far from the values extracted from the single crystal.

As a final remark, it is necessary to clarify that further investigation is being undertaken with
the digital shaping amplifier in order to ensure that these gaussian-shaped peaks are actually
originated by the shaping and are not artefacts nor noise-amplification effects. Lastly, an exact
modelling of the electric field lines from interdigitated contacts is required for quantitative
analyses on pt products.

3.2 CLINICALLY RELEVANT RADIATION DETECTORS

Radiation systems have constituted a paradigm change in cancer therapy. The advent of
sophysticated technology has given the oncologysts tools and methods to actually select
planning target volumes (PTV) for precise, personalized treatments with minimized damage of
the nearby healthy tissues.

Fundamental task for ensuring effective results is the determination of region of interest and
actualdose to be delivered to. The most recent computer-based techniques allow for real-time
imaging of the tumor and surrounding anatomy immediately prior to treatment delivery.
Furthermore, coupling them with molecular and metabolic imaging analyses enables
clinicians to account for changes in position and determination of possible radiation-resistant
regions. Thus, case-specific operation procedures can be instituted. Dose distribution studies
are core for successful radiation therapies (RTs). Monitoring radiation spatial distribution and
its interaction with tissues is mandatory for optimal outcomes. Current clinically relevant
state-of-the-art technologies employ ionization chambers (ICs), film dosimetry or electronic
portal imaging devices (EPIDs) prior to treatment for dose evaluations. During tumor
irradiation, real-time imaging techniques (such as lonizing Radiation Acoustic Imaging) allow
for adaptive feedback through radiation distribution mapping. Major issue is the a-priori
determination of delivered dose, with lack of reliable in-situ analyses and no real-time monitor.
On top of that, the rise of targeted radionuclide therapies has rendered the need for wearable,
high precision dosimetry compelling, capable to follow the patient for several hours after
completion of treatment.
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As recent discoveries in the field of metal halide perovskites for radiation detection have led to
significant performance improvement, we believe 2D PEA,PbBr, can be promising for a wide
range of clinically relevant applications as it is proven to be sensitive to a large spectrum of
high energy radiation. In this direction, the following presents preliminary tests and extensive
studies conducted on perovskite thin film response in medical applications.

Primarily, basic analyses are reported for highly energetic protons (70/200MeV) being operated
in dedicated medical facility (Trento, TIFPA) under therapeutical conditions.

Then, we describe in detail the application of flexible multielectrode arrays as innovative
medical tools for online proton beam transversal monitoring and real-time gamma-ray
detection from radiotracers. These works mark fundamental milestones in personal
dosimetry, earning recognition through publication in prestigious journals [4], [5].

3.2.1 HIGH ENERGY PROTONS

Proton therapy, an advanced form of radiation treatment, offers highly targeted cancer therapy
by delivering protons directly to tumours while minimizing damage to surrounding healthy
tissues. This is due to the physics of interaction with protons and matter as reported in sec.1:
the linear energy transfer of heavility charged particles reaches its maximum at a specific
confined penetration depth, which is easily estimated from target density and energy of the
incoming beam. As this technique becomes more widespread, the demand for accurate, real-
time monitoring of radiation exposure has grown. Traditional dosimeters, often rigid and bulky,
are not well-suited for conforming to the complex contours of the body or tracking dynamic
patient movements during treatment. This limitation creates a clear need for flexible
dosimeters that can be seamlessly integrated into wearable devices or placed on irregular
surfaces to ensure precise dose measurements.

In here, we propose a dual set of measurements of 2D perovskite thin films as direct proton
detectors, capable of collecting electronic signals from particles of energies in the range
70/200MeV.

To assess the clinical relevance of the proposed detectors, we make use of an
anthropomorphic phantom composed of tissue equivalent materials that allow for consistent
results to be collected as it was routine therapy. The sample is placed inside it and centered
on the beam spot, whose incident distance from sample is 155mm. Simulations using SRIM
code allow for the exact estimation of energy loss inside the phantom and thus the
corresponding energy of protons reaching the sample surface. For this first experiment we
employ protons with initial energy of 200MeV, which lose 82MeV while passing through the
phantom, thus leading to measuring the signal produced by 118MeV protons.

The primary set of measurements consists in verifying response and dose linearity, with
sample biased at 5V and proton flux regulated as for exact delivered dose in clinical trials
(2.5e10 H+ = 1Gy, FWHM= 8mm) for different dose rates. These are set according to the tube
current: 1, 2 and 5nA, which correspond to [5, 8.5 and 19] x108 protons per second.

Experimental setup and outcomes are reported in figure 46. The signal produced by 118MeV
protons at 20mGy/s dose rate reaches average values of 40pA, thus confirming the detection
power of thin film devices. For increasing dose rate, the signal increases accordingly, with
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average values up to 110pA at 76mGy/s. Linearity with dose is also confirmed by plotting the
proton induced charges as function of dose. Notably, dose rate dependence occurs, which
manifest lower proton induced charges for higher dose rates. We speculate this is to be
attributed to trap levels inside the material that are activated at lower dose rates, thus
contributing to the overallincrease in the induced charges. Further details on that can be found
in the review work of Karsh et al. [211]
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Figure 46 Measurements under high energy protons inside an anthropomorphic phantom which is designed to simulate
human tissue. A) Experimental setup. The sample is positioned inside the phantom, 15.5mm from incident surface. B) SRIM
simulation that allows for an estimation of proton energy when reaching the sample, which is reported to be 118MeV. C)
Response of 2D psk under 118MeV protons at 5V applied bias as function of dose rate. D) Plot of linear dependence of
proton induced current on the absorbed dose.

Secondly, a set of experiments are conducted that allow for longitudinal beam profiling. The
former idea is to map pointwise the energy loss of incident protons in order to reproduce the
Bragg curve. With that intent, solid water slabs (RW3) of different dimensions are interposed
between the source and the sample (figure 47B). As this material is tissue equivalent (density
1,045g/cm”3, mean excitation energy 69.8 eV), standard conditions are set so that irradiation
is at 4Gy fixed dose (measured at incidence), proton energy 70MeV, proton flux 9.7e17H+/s.
Primary measurements are performed to obtain an energy dependent response as function of
dose as reported in figure 47A -118MeV from previous measurements inside the phantom as
comparison. Solid water slabs are used to reduce the energy of incident protons, which are
effectively estimated from SRIM simulations according to the slabs thickness. Precisely, 60
and 48MeV are obtained through the use of 0.5 and 1.5 cm of solid water respectively. For fixed
dose rates of 40mGy/s, higher energies correspond to lower proton induced charges at same
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absorbed dose of 4Gy. As expected, the differential energy loss at higher energies is lower than
for less energetic particles, thus resulting in lower proton induced charges.

Moreover, a Bragg-like behaviour is observed as reported in figure 47C. With increasing
thickness of the solid water slabs, the energy loss inside the sample increases up to a peak at
3.4 cm, which not far from theoretical estimations of LET inside human tissues (3.6 to 4cm for
70MeV protons, as reported in ICRU Report 49)[212].

Finally, stability tests are conducted for radiation hardness verifications. The sample is
exposed to high flux 200MeV protons up to 20Gy total absorbed dose. Analyses on pre- and
post- irradiation dark currents demonstrate the radiation hard feature of PEA,PbBr,4, thus
making it promising candidate as personal dosimeter for cancer treatments.
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Figure 47 A) Energy dependence of the proton induced charges for the same absorbed dose; values obtained considering
tuneable solid water thickness: the proton energy is fixed at 70MeV and 0.5 and 1.5cm thick slabs are placed in between the
source and the sample to obtain 60 and 48MeV respectively. B) scheme of the measurement setup. C) Bragg curve reproduced
increasing the thickness of solid water up to 4cm, which is demonstrated to completely stop 70MeV protons. D) Radiation
hardness test on perovskite thin film. No significant change is observed in the dark current after 20Gy, 200MeV energy
exposure.

3.2.2 PROTON BEAM MONITORING

As discussed previously, real-time and non-destructive monitoring of ionizing radiation beams
is essential in various applications, particularly in medical radiation therapy. Accurate, real-
time beam characterization ensures the precise delivery of radiation to the target, safeguarding
surrounding healthy tissues.
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The reason behind the choice of 2D perovskite PEA;PbBr, based devices is founded in the
requirements they meet in matter of high-energy beam profiling:

- High sensitivity, crucial for detecting low radiation doses and ensuring accurate dose
measurements within the 2.5% uncertainty margin required in clinical settings.

- Low noise levels to maintain a high signal-to-noise ratio, with dark current being less than
1% of the signal to enable accurate detection of the radiation beam, even at low doses.

- Fast response time (<1 ms) is vital for capturing rapid beam dynamics, such as movements
in the transverse plane that can exceed 100 mm/ms, necessitating detectors with readout
frequencies of several kHz.

- Beam transparency is crucial for non-invasive monitoring, as it ensures the detector does
not perturb the beam while providing real-time spatial and intensity distribution mapping.

- Radiation tolerance guarantees long-term stability in harsh environments.
- Large area coverage (>100 cm®) is necessary to map the beam over substantial surfaces.

Traditional detection technologies like diode arrays, scintillating detectors, and ionization
chambers meet some of these demands but often fall shortin combining all desired features.
Notably, radiochromic films provide excellent spatial resolution (0.1-0.2 mm) but lack real-
time measurement capabilities due to the need for post-exposure processing and they can’t
be used twice, thus limiting the applicability and resulting in costly and time-consuming
procedures.

In here we report a novel radiation detector based on PEA,PbBr, micrometer-thin film that
allows for real-time monitoring of 5MeV proton beam through direct radiation detection in the
form of output current signals. The active material is deposited on a multielectrode array
patterned on Kapton substrate, which guarantees flexibility and conformability to
anatomic/experimental profiles.
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Figure 48 Sketch of radiation transversal beam monitoring acquired by A) commercial radiochromic film and B) semiconductor
thin film-based detector array. The first approach requires an off-line analysis, while employing solid state detectors allows
real-time and online monitoring by the acquisition of the electrical signal instantaneously generated by the absorption of
radiation.

This device is demonstrated to stand tens of subsequent irradiation cycles (operating
consecutively for over one hour), showing negligible degradation of the collected signal. A
sketch of the proposed device is reported in Figure 48, together with a simple comparison with
state-of-the-art radiochromic films working principle.

Prior to the acquisition with multiple pixels, a standard single pixel is characterized and its
response reported under 5MeV protons. Irradiation is tested using a 5 MeV beam extracted into
ambient pressure, provided by the 3 MV Tandetron accelerator of the LABEC ion beam center
(Laboratory of Nuclear Techniques for the Environment and Cultural Heritage, INFN Firenze,
Italy) [213].

Figure 49A shows the typical Current-Voltage curve of the device, which is consistent with sec.
3.1.In B, an example of the current sighalinduced in the device due to the absorption of energy
from a 5 MeV proton beam is reported. Here the device has been exposed to a 20 s irradiation
cycle while it was kept at a bias voltage of 5 V (i.e., 0.2 V um™), the proton flux set at (9.0
0.2)-108 H*s™ cm™. The absorption of energy from the protons provokes a steep increase in the
current and the number of charges induced by the radiation can be calculated as the integral
of the curve (i.e., the pink shadow highlighted in Figure 48B). We calculated the rise and falling
time as the time for reaching 90% of the signal starting from 10% (i.e., the opposite for the
falling time). Notably, the response times of the detector are Tiise = (1.5 £ 0.1) s and Trau = (2.4 %
0.2) s respectively. As shown in Figure 49C, the induced charges are proportional to the total
number of protons impinging on the detector, showing a sensitivity of (4.25 £ 0.02)-107"® C H*-
'(i.e., the slope of the curve). In this graph, each point represents the integral of the proton-

91



induced current at different times. In Figure 49D, the charges induced by protons and collected
at the electrodes under three different polarization conditions (i.e., 0.03V, 0.2, and 0.3V um™)
are reported as a function of the total number of impinging protons. The sensitivity value
increases with the bias because of the improvement of collection efficiency with larger electric
fields: (1.66 £0.05)-107'8, (4.25+0.02)-107"8, and (6.43 £ 0.07)-10""* CH* " for 0.03, 0.2, and 0.3
V um™, respectively. As expected, the electrical noise increases at higher bias and
consequently, the signal-to-noise ratio lowers for larger bias voltage conditions.

By defining the Lowest Detectable Dose (LoD) of the detector as the intensity of radiation which
induces a signal three times higher than the electrical noise, and under the assumption that
noise is dominated by dark current shot noise and, the LoDs in the three bias conditions are
(10.9 = 0.4)-10°H*, (6.1 = 0.3)-10°H*, and (2.3 = 0.1)-10°H*for 0.3, 0.2, and 0.03 V
um respectively. In order to keep a high sensitivity and a low LoD, all the measurements
reported in this work have been carried out at 5 V bias voltage (i.e., 0.2V pm™).
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Figure 49 A) Current-Voltage curve of the 2D perovskite thin film-based detector. B) Dynamic response of the detector
polarized at 5 V (0.2 V um™) and irradiated by 5 MeV proton beams at (9.0 = 0.2)-10° H* s”" cm™ (10 pA) of intensity. The
absorption of energy from the proton beam provokes the increase of the current flowing in the device channel and the integral
of the curve (pink shadow) indicates the proton-induced charges collected at the electrodes. The two arrows indicate the rise
time (trise = (1.5 £ 0.7) s) and the falling time (trau = (2.4 £ 0.2) s) calculated as the time for reaching the 90% of the signal starting
from the 10% (i.e., the opposite for the falling time). C) Dose Linearity curve obtained by integrating at different instant times
the peak reported in B). The plot confirms a very good linearity (R? = 0.996) over more than two orders of magnitude of total
proton number impinging onto the device. D) Dose linearity acquired polarizing the device with three different biases (voltages
1, 5, and 10V) which correspond to different electric fields 0.03, 0.2, and 0.3 V um™'. The plot shows that the collected induced
charges increase following the increase in the electric field (i.e., bias applied at the electrodes).
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The achieved sensitivity S = (4.25 = 0.02) x 107" C H*~" surpasses prior results with a 2D/3D
mixed perovskite under similar architectures (S=(1.12+0.01) x 107" C H*™"). This value is also
two orders of magnitude higher than the sensitivity of organic-based planar photoconductors
biased below 0.03 V/pm (S = 6.4 x 1072° C H*™"). Furthermore, it is comparable to a MAPbBr,
single crystal photoconductor irradiated with 3 MeV protons (S =2.19 x 107"® C H*™") and it
exceeds CsPbCl; thin-film devices irradiated with 100-228 MeV protons, even when
accounting for differences in linear energy transfer (LET) values.

The first attempt on proton beam monitoring is performed through the use of a specific single
pixel (channel length L = 30 um, width W = 30 mm and the entire pixel area is 0.5 x 5 mm?) by
moving it across the beam spot from one side to the other using a step motor (step size = 0.5
mm), as reported in Figure 50A. In 50B and 50C the beam profile are extracted for two different
proton fluxes (i.e., (9.0 £0.2)-108 H* s cm™2and (1.2 +0.1)-10"° H* s™" cm™). For each position,
the sample is irradiated for 10 s and the charges induced by protons is extracted following the
procedure described above. The dynamic response of the 2D PVK-based detector is reported
in the top panels. The signals are acquired keeping the devices polarized at5V (0.2 V um™).

SINGLE PIXEL MOVED ACROSS THE BEAM
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Figure 50 A) A perovskite single pixel has been moved transversally in front of the extracted 5 MeV proton beam using a
stepper motor (step size 0.5 mm). In each position, the response of the detector under two different proton currents has been
acquired. Dynamic response (top) and normalized signal (bottom) recorded for the proton beam at 10 pA B) and 100 pA C).
The symbols represent the proton-induced charges recorded at each position by the perovskite based-detector while the
lines correspond to the signal recorded by a commercial radiochromic foil in the same irradiation conditions (GAFCHROMIC
-HD V2).

93



In the bottom panels, the spheres represent the normalized signalinduced at each position by
the protons while the solid lines show the beam profile, extracted after off-line reading, by a
radiochromic sheet GAFCHROMIC - HD V2 exposed to the same beam conditions of the
perovskite detectors. At the lowest proton flux there is a good agreement between the 2D
perovskite-based detector and the radiochromic sheet indicating a successful reconstruction
of the beam profile. At higher fluxes, the experimental points provided by the perovskite-based
detector still match the profile acquired by the radiochromic at lower fluxes, while the new
profile extracted by the radiochromic foil is much broader. It is worth noting that, after 10s of
exposure at high proton flux, the radiochromic foil clearly shows a saturation effect leading to
a distortion of the beam shape while the 2D PSK- based detector maintains its full detection
properties and provides areliable performance.

Finally, Figure 51 reports the proof of principle of the scalability of flexible 2D perovskite-based
detectors as large-area beam monitoring tools. We fabricated multi-pixels arrays to be
employed for the in-line and real-time ionizing radiation beam monitoring. Tests have been
performed under X-rays produced by a W-target X-ray tube (40 kVp, 500 pA, 8 mGy s™'). As
mentioned earlier, the hybrid 2D perovskite's low density and chemical composition contribute
to minimal interference with the primary beam. However, this also results in a low attenuation
fraction of high-energy ionizing radiation, reflected in the measured X-ray sensitivity value of
Sa= 123 £ 2 nC Gy'cm™. Besides, to demonstrate the mechanical flexibility of the here
presented detecting system, different tests under X-rays are performed while the 2D
perovskite-based detector is kept bent at different curvature radii down to Rc = 2 mm. These
measurements demonstrate that the detecting response of the device decreased at 90% of the
initial value acquired in the flat conditions but the original photocurrent is recovered once the
device is placed back in the flat condition, indicating a reversible and not-permanent effect
induced by the mechanical stress (see Sl of [4]).
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Figure 51 A) Scalability of 2D perovskites-based detectors as pixelated and flexible beam monitoring devices. The planar
perovskite photoconductor has been deposited as active layer for a 12-pixel linear array fabricated onto a polyimide substrate.
Here, a picture of three arrays fabricated in one single run is reported to demonstrate the scalability of the process. B) Linear
2D perovskite-based array (top) and GAFCHROMIC sheet (XR-QA2) (bottom) reporting a circular spot produced by an X-ray
beam (40 kVp, 500 pA, W-target tube, 8 mGy s™'). C) IV curves of the pixels contained in the array necessary to map the beam
spot. D) Normalized signal induced by the X-rays provided by GAFCHROMIC (XR-QA2) (line) and 2D perovskite array (symbol)
show a good overlapping.

Figure 51A shows three 12-pixel arrays printed in one single run on a flexible polyimide
substrate. Each pixel presents a co-planar configuration similar to the one reported above, but
with different dimensions resolution (L =30 pm, W =11 mm, pixel area is 1 x 1 mm?, pitch = 2
mm). Multiple arrays can be printed in one single run maintaining a very good yield (i.e., 290%)
and demonstrating the easy scalability of the process even in a lab-scale facility. In
Figure 51B the picture of one single array is reported on top. On the bottom of the figure a
radiochromic sheet (GAFCHROMIC XR-QA2) simultaneously exposed to the same X-ray beam
spot is shown. Figure 51C reports the dark Current-Voltage curves for 9 pixels from which we
extracted the mean value of the electrical conductivity 6.3 + 0.8 pS cm™. The variation of the
pixel response is within 10%, demonstrating the excellent uniformity of the detecting
performances achieved by the devices. Figure 51D reports the actual experimental mapping of
the X-ray beam spot. For this test, both the 2D-perovskite array and the radiochromic foil have
been placed in front of the X-ray tube aperture. The 2D perovskite-based array has been
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connected to a custom multiplexing system for the readout. The red symbols represent the
experimental points obtained by extracting and normalizing the photocurrent Al induced in 9
pixels of the array in different positions (Al = Ix.ray — laark). The dashed line represents the profile
of the spot acquired by the radiochromic sheet. It is noteworthy that we intentionally chose an
X-ray beam flux that would not induce saturation effects in the radiochromic foil, that we use
here as a gold standard to validate the performance of the 2D-perovskite array.

The two curves are in excellent agreement, confirming a successful and reliable real-time and
in-line transversal mapping of the X-ray beam.

3.2.3 GAMMA DETECTION FROM RADIOTRACERS

Nuclear medicine plays a vital role in cancer diagnosis and treatment, particularly through the
use of radiopharmaceuticals in techniques like PET imaging and radionuclide therapies.
However, extravasation—when administered radioactivity leaks outside the venous system—
can compromise both diagnostic accuracy and patient safety. This can lead to complications,
such asinaccurate imaging and tissue damage due to excessive radiation doses in unintended
areas.

Wearable, real-time dosimeters are needed to monitor extravasation events and prevent
potential tissue damage during procedures. Current systems using scintillators are rigid and
expensive, with limitations in spatial resolution. Provided the abovementioned results that
demonstrate the possibility to have 2D perovskite-based devices fabricated to be scalable to
large-area and flexible, we report tests and analyses on multipixel devices that enable online
and real-time detection of gamma rays from radiotracers used in nuclear medicine. These
perovskite-based thin films provide an innovative approach for wearable radiation detectors
that can improve patient safety and treatment personalization by offering high sensitivity,
portability, and scalability.

In the field of targeted radionuclide therapy (TRT), the most common radiotracer for PET
imaging systems is '8F, which is a positron emitter with a half-life of 109.7 min. The emitted
positron annihilates with a nearby electron emitting two 511 keV photons in opposite
directions.

In here we report the use of ®F radiotracer solution to validate thin-film perovskite-based
detector performance for the real-time monitoring of extravasation event occurring during
radiopharmaceutical injection. The device is composed of 4 pixels with active area of 2mm?
and channellength L=10 ym.

To assess the capability of the detector to effectively detect gamma rays emitted by the
radiotracer we developed a custom experimental setup shown in Figure 52. This is equipped
with a 3D-printed frame that holds in place a stepper motor and the sample box. The "®F
radioactive drug is contained into a vial kept by a printed support connected to the motor axis.
Athick Pb cylinder is used to screen the sample from the radiation when the state is in the OFF
position, while in the ON position the motor moves the gamma source on top of the sample.
Three radiotracer solutions with different activities between 1800 and 94 MBq are prepared and
their produced signal measured with a calibrated commercial detector (ISOMED 2000, Nuclear
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System)[214]. The shutter was set with a period of 20s with duty cycle of 50%. Every three peaks
the source is changed while the shutter in the OFF state. The dynamic response is reported in
Figure 52C. The device, biased at 2V, shows a steep increase of the photocurrent in the ON
state, followed by a decrease to the pristine dark current value in the OFF state. Although the
first three peaks are not properly stable, the remaining peaks even at low activity are
repeatable. We speculate that the instability measured at high activities can be attributed to a
polarization effect, reported in literature for perovskite-based X-ray detectors under high
fluxes. The amplitude of the response well-scales with the activity, as evidenced in the plot of
Figure 52D.
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Figure 52 a) Schematics and picture (b) of the shutter system employed for the sensors characterization under high energy
gamma ray emitted by radioactive drugs. A stepper motor is controlled by an Arduino UNO board. 3D printed holders keep the
moto and sample box in place. The radioactive drug is contained in a vial hold by a custom support connected to the motor
axis. c) Dynamic response at 2 V of PEA2PbBr, detector. The data were collected using three "®F with decreasing activity with a
source to sample distance of 8 mm. d) Photocurrent density as a function of the source activity. Data has been calculated as
the average of the three signals reported in c) collected for each activity value and the associated error bar as the standard
deviation.

Furthermore, the decay of '®F is monitored with each of the 4 pixels, provided that they respond
equally as exposed to the same irradiation conditions (328 MBq and biased at 5V). The higher
bias is chosen in order to achieve signal outcomes larger in amplitude. The device is set under
gamma rays emitted by the radiotracer for 4h and signal decay is monitored through the
integration of a portable battery that allows for safe measurements to be run in protected
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environments. As reported in Figure 53B, the 4 pixels show very similar response, with an
exponential decay following the natural radioactive decay of fluorine, starting from an activity
of 1.8 GBq.
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Figure 53 '8F decay. a) Photocurrent signals of the 4 pixels biased at 5 V, exposed to "®F at 328 MBq. b) Current signal from 4
different detector pixels positioned underneath a '®F source for more than 4 h. c) '8F half-life measurement.

To validate the detector for its actual application as radiation monitor for nuclear medicine
treatments, we setup an experiment mimicking an extravasation event after the radiotracer
injection procedure. Figure 54 shows the experimental configuration employed for this test. A
phantom with plastic tubing was used to simulate the blood vessels in the patient's arm. The
radioactive drug, with a blue dye added in the solution to make the flow easily visible, was
injected in the phantom vein by a lead-shielded syringe. The activity used for the experiment
was estimated based on assessments of the extravasation areas identified in the cohort of
patients enrolled in the study approved by the Ethics Committee (Registration number
448/2021/SPER/IRCCSE). The main vein was simulated by an almost straight plastic tube,
while the extravasation region, close to the detector, was simulated by a plastic tube rolled
up. The experimental sequence is reported in Figure 54:

1. Injection (grey). The radiotracer is injected in the main vein, and it flows to the opposite
direction of the injection point (toward the heart, in the real case). In the picture
(Figure 54B), an intense blue coloris visible.

2. Extravasation (yellow). A valve is opened causing a partial flow of radiotracer in the
secondary tube accumulating above the detector.

3. Release ofthe accumulated radiotracer (orange). Avalve at the end of the system is opened
causing the radiotracer accumulated over the detector to flow away.
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4. Flushing (cyano). At the end, physiological solution is released inside the tube cleaning all
the system from the radioactive drug.

Figure 54C reports the recorded signal, the colored regions corresponding to the different
steps in the injection procedure. The detector reliably monitored the whole process. A small
increase in the current is measured soon after the injection of the radiotracer in the main vein.
When the valve is opened leading the extravasation, a higher increase in the sensor current is
observed. The current starts to decrease immediately when the accumulated radiotracer is
released from the extravasation region. A low current signal still remains until the physiological
solution reaches the extravasation region and cleans the tube from the '®F atoms. After few
seconds the signal returns to the baseline level. The detector demonstrates to be able of
measuring the low amplitude of the signal emitted by a radiotracer, thanks to the unique dark
current stability of 2D perovskite.
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Figure 54 Monitoring radiotracer extravasation. a) Picture of the whole experimental setup used to mimic the extravasation
event. b) Different steps in the injection procedures: 1. the blue colored radiotracer solution is injected in the plastic main tube
simulating the vein. 2. The valve controlling the extravasation is opened and the radiotracer starts to flow in the secondary line
rolled up and placed over the sample box simulating the accumulation of radiotracer in an unwanted region of the body. 3.
After a while the extravasation line is opened, and the radiotracer starts to flow away from the detector (blue color is less
intense). 4. Physiological solution is injected in the system flushing away the remaining radiotracer. c) Detector current signal,
acquired at 2V, during the whole injection procedure described above. The colored region refers to different test steps
accordingto b).
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3.3 SPACE APPLICATIONS: SPACE-CREW PERSONAL DOSIMETRY

In view of the previous discussion on 2D perovskite features in matter of high energy radiation
detection, the following provides a comprehensive overview of the IRIS project (Large area,
wearable lonizing Radiation dosimeters for real-time crew perSonal monitoring), which is
designed to to enable real-time monitoring of high energy radiation in space environment.
Extensive studies have been conducted to optimize the device according to the radiation
environment of outer space. Deep analyses have also been performed to scale it to the
international space station (ISS), Columbus modulus, as this will be the sector of operation of
Crew 10, in charge of the tests in space.

3.1 BRIEF INTRODUCTION

As exploration and targeted efforts are aimed at sustained human presence in outer space, it
is essential to deeply consider radiation exposure and its associated risks. During missions,
astronauts are immersed in a chronic, low dose-rate ionizing radiation field, primarily
originated from outside the solar system (galactic cosmic rays, GCR) and from sporadic, much
higher dose rate Solar Particle Events (SPEs). These fields, during the future Mars mission, may
exceed established radiation limits (values related to sex and age as reported in NASA STD
Vol.1) [215], [216].

Effective risk assessment requires continuous monitoring of the incoming radiation in the
space habitat, including the secondary radiation resulting from the interaction of the primary
field with spacecrafts. Accurate absorbed dose evaluation demands for both discrimination of
radiation nature and energy [217]. Current state-of-the-art of radiation-linked operations
integrate forecasting, mission time scheduling (Space Permissible Exposure Limits) and
exposure control at specific locations via radiation detection. Regarding the latter, various
devices are implemented that allow for both environmental and personal monitoring [218]. The
first systems [219] employ, for example, Timepix technology for time-resolved analyses.
Among the several personal monitoring systems, we mention the NASA active dosimeter Crew
Active Dosimeters (CAD) that exploit floating gate MOSFETs surrounded by conducting walls
to create ionization chambers [218]. Main features of CADs include low weight, low size, high
battery lifespan and time-resolved data of the total absorbed dose, regardless of the nature of
the incoming radiation. Limitations of this equipment reckon the read frequency longerthan 10
minutes and the need to set a threshold in dose; furthermore, these devices exhibit high
background noise.

We here propose a self-sustained device (IRIS) that integrates a set of flexible dosimeters to
monitor the radiation fluxes the space crew is exposed to. It implements flexible, thin film
dosimeters made of PEA,PbBr, and TIPS:Pe Organic Semiconductor onto a portable, wearable
self-powered readout electronics that measures the photocurrent signals at low applied bias,
thus allowing for fast read frequency and direct outcomes transmitted to an onboard
computer. Its architecture allows for energy discrimination and tracking of events
occurrences. Furthermore, an integrated memory guarantees data recording in working
conditions in and outside the spacecraft.

Organic semiconductors, overviewed in Appendix 1, have been increasingly recognized for
their potential as direct radiation detectors due to their ability to efficiently convert high-energy
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radiation, into an electrical signal. When exposed to ionizing radiation they generate electron-
hole pairs within its structure. These charge carriers are then collected and measured at low
bias. Their high photoconductive gain -that is an effective multiplication of charge carriers
inside the structure- enhances the material's sensitivity, enabling it to detect even low levels
of radiation[220]. The produced signal is in the form of an integrated photocurrent, the level of
which increases with increasing absorbed dose. Response of OSCs under heavily charged
particles is reported in [221].

Stability over time of the two classes of materials have been assessed in the past; recent works
on perovskite crystals proof their hardness in space environment [222], [223], [224].

The IRIS ground tests have been carried out in the last two years, and the flight-model will be
part of the equipmentto be included in the space mission of nextyear inside the ISS, Columbus
modulus, and will undergo 7 days of continuous testing in different crew operating conditions.
It is envisaged the possibility to have a detailed comparison of the IRIS outcomes with the
LIDAL measurements [225], another detector which measures the radiation field in real time in
the ISS [226].

The target of the IRIS project is two-fold. Firstly, from a fundamental research perspective, it
aims to thoroughly investigate the performance and resilience of the materials used in
dosimeters when exposed to the harsh conditions of the space environment. This involves
studying how these materials respond to low-dose, low dose rates, high-energy radiation,
extreme temperatures, and other space-specific factors. Secondly, the project seeks to
develop low-cost, large area, flexible fully operational dosimeters tailored to provide real-time
analysis of radiation exposure levels during space missions.

3.3.1 SIMULATIONS OF RADIATION ENVIRONMENT

Prior to dosimeter realization, crucial task is to determine the target space environment to be
monitored.

Columbus is a science laboratory that is part of the International Space Station (ISS) and is the
largest single contribution to the ISS made by the European Space Agency (ESA). The
experimental sector is a cylindrical module, made from stainless steel, kevlar and hardened
aluminum, with two end cones. Itis 4.48 m in external diameter and 6.87 m in overall length,
excluding the projecting external experiment racks. A Monte Carlo study with the radiation
transport code PHITS (v 3.22) [227] is used to characterize the expected radiation environment
inside it and, more specifically, to initially verify the extent of photon and electron production
as by-products of fragmentation processes for ions interacting with the space station. A
software replica of the Columbus space habitat, modelled as an aluminium module, with an
astronaut inside, modelled as a spherical tissue phantom, has been implemented and
exposed to anisotropic flux of protons/ions (see Fig. 55, top panel). The fluxes of particles and
X-rays at the interface between the air (inside the module) and the phantom surface has been
then analysed.

To a first approximation, the SPE scenario was tested with representative beams of
monoenergetic protons, in the energy range 10-500 MeV. Below 10 MeV, indeed, no primary
protons or secondary products can reach the phantom.

GCR representative ions (protons, alpha particles, C-ions and Fe-ions) were also simulated at
the characteristic energy of 1 GeV/u.

Results, in terms of X-ray fluxes per incident particle at the air-phantom interface, are shown
in the bottom panel of Fig. 55 for the SPE (on the left) and the GCR (on the right) scenarios. As
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one can see, the energy range of secondary X-rays is 80 KeV — 3 MeV for the case of a SPE and
70 keV - 300 MeV for GCR.

A full characterization of the expected radiation environment inside the Columbus module, to
be adapted to different external radiation sources, is in progress.
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Figure 55 Top panel: 3D-view of the PHITS simulation setup: the Columbus habitat, modelled as an aluminium module filled
with air, and a tissue spherical phantom, representative of an astronaut, inside. Bottom panel: Fluxes of X-rays per incident
particle at the interface between the air and the phantom surface, obtained by PHITS simulation of a SPE (left) and a GCR (right)

scenario. Courtesy of A.Mentana, G.Baiocco, L.Narici.

This being provided, intensive efforts have been dedicated to the simulation of dosimeters
materials and architecture to obtain an optimal configuration for better resolution and
eventual discrimination of particles’ nature. As the device accounts for two pairs of dosimeters
for both better resolution and particles featuring, we made use of SRIM analyses to determine
required materials and thicknesses of the components. Figure 56 reports a sketch (top panel)
of the chosen sensor’s structure, which is described in detail in sec. 3.3.2. Below, a SRIM
simulation with 5MeV and 20MeV protons incident to the dosimeter, with dedicated ionization
plots that gather the energy loss inside the dosimeter as function of position. Tuning the
parameters such as material density and thickness helps in determining the ranges of recorded
energy from each device.
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Figure 56 A) IRIS dosimeter scheme with chosen materials and relative thicknesses. Symmetric devices provide different
signals that can be then analysed for clear discrimination as function of the different energy loss through the interposed layers.
B) SRIM simulation of incident 5MeV and 20MeV protons, used to investigate the ranges of efficiency of the chosen structure.
Notably, 5MeV protons can’t be detected by the device that is farther from the source; similarly, the dosimeter detects 20MeV
protons differently between the front and back films.

3.3.2 IRIS DOSIMETER: STRUCTURE AND METHODS

IRIS complete architecture is sketched in figure 57. IRIS external and internal parts are made
of aluminium, electrical contacts obtained using space-grade H20E conducting paste (Epoxy
Technology).

IRIS core is composed of a multichannel electronic readout system connected to an internal
data storage that allows for parallel, real-time reading of electronic signals produced by direct
detection of the absorbed ionizing radiation in the form of photocurrent (provider: KAYSER
ITALIA SRL).

Additionally, a dedicated external and space-grade powerbank is intended to provide battery
life for long acquisitions.

Dosimetry is performed through a double 4-pixel architecture reported in fig. 57B, the active
materials being 2D-PSK (PEA,PbBr,) and TIPS:Pn in the form of thin films of thicknesses around
1 um and 500nm and spin-coated onto Kapton and PEN flexible substrates respectively. Bias
is applied independently, anditis setto be 4.5V for PSKs, 1V for OSCs. The designed front-back
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architecture guarantees higher level of discrimination of radiation nature and energy. Exact
data collection process accounts for specific working principles for the two different materials.
The pulse-like nature of signals from PSK pixels permits the setting of a current threshold below
which no data is recorded, thus lowering battery consumption. The threshold is set at 10pA;
when higher signals happen to be detected irrespective of which pixel did record it, acquisition
starts for the four of them with tuneable sub-second sampling time. OSCs account fora system
that constantly reports the measured current with tuneable sampling time down to 20s.

The IRIS device has successfully completed the acceptance test campaign (including
functional, EMC/EMI, touch temperature, interface with ISS laptop tests) to achieve the flight
readiness for its use onboard the ISS.

Ground calibration and tests conducted in dedicated labs include radiation measurements
under X-rays (Tungsten tube, dose rates from 10uGy/s to TmGy/s, energy ranges 40-150keV,
exposure beam-on times varied from 1 to 10s) and alpha particles (**'Ra, 5uCi; 2'Am, 0.5uCi,
30 minutes continuous measurement). Exposure campaigns aimed to assess coherent
sampling of the electronic readout and related parameters to be set (sampling time,
threshold), linearity with dose rate of PSK pixels under photons, integration over time of Alpha-
induced photocurrent signal of OSCs.

Dev.B
FRONT

Dev. A
BACK

\ \ \\ "\'\\\

"

() Perovskites
@ organic SCs.

“TIPS Pentacene”

Figure 57 Complete scheme of IRIS design and components. A) Sketch of IRIS structure with close-up on one of the two
integrated dosimeters connected to a dedicated electronic readout system encapsulated in an aluminium shield. Active
materials are deposited on ultra-flexible space-grade plastic substrates. B) Scheme of dosimeters composition. Two
symmetrical devices separated by a plastic PCB with patterned electrical contacts on both sides, composed of two PSK-based
and two OSC-based pixels. C) Actual picture of the interdigitated pixels with deposited films and insets of target molecular
structure and chemical formula of the employed active materials

3.3.3 PRELIMINARY RESULTS

We here report preliminary results with IRIS flight model obtained in laboratory-scale radiation
facilities.

Measurements aimed to validate IRIS functioning under high energy photons or particle beams
in term of dosimeters response, accuracy of readout system, practical usability and handling.
Tuning of parameters allowed for low-dose analyses for Limit of Detection (LOD) estimations
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for X-rays and charge accumulation analyses of organic pixels under alpha particles.
Furthermore, experimental tests under high energy proton beam will be carried out before
space-launch as additional references for post-processing.

Figure 58 displays recorded signals under X-rays for PSK-based pixels of target dosimeters and
response of a single OSC pixel after alpha particle exposure. Results show clear difference in
pixels position with respect to source: as the Pvk1 and Pvk2 pixels are closer to source, their
response is greater compared to their symmetric conterparts. B) exposes perovskite signals
for different beam aperture times (1,2,5,10s ON-time reported); sampling time set to be
600ms, beam parameters 150kVp, incident -to IRIS box, not to dosimeter- dose rate 6mGy/s,
distance of IRIS from source 30cm. In C), generated current as function of dose rate is recorded
to demonstrate scaling of signal and low-dose detection down to incident 100uGy/s. Linearity
of single pixels with respect to dose rate is reported in D).
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Figure 58 A) Simplified scheme of IRIS device under X-rays; the tests are performed to assess perovskite response under high-
energy photons inside IRIS. Labels namely front and back configurations are required for clearer discrimination in matter of
signal recording. In B, the pixels response as function of ON-OFF beam-times. As sampling time is set at 600ms, each point
corresponds to a collected outcome. Notably, pixels 1 and 2 exhibit higher signals as they are closer to X-ray source. C shows
a decrease in response with decreasing dose rate down to 0.2mGy/s; low-noise of the Ground Model covers signal produced
from lower dose rates. In D, a test of linearity with dose rate is reported for consistency with previous measurements.

Finally, 5.5MeV alpha particles from #*'Ra source have been used in place of heavily charged
ions or protons to demonstrate OSCs working principle as in Figure 59; the source is inserted
directly on target pixel as no alpha would penetrate IRIS box nor the opposite pixel. For these
measurements, 1) the sample is relaxed for 12h, recorded current signal at 1Tmin sampling
time; 2) alpha flux is opened, sampling time decreased to 20s, total exposure time set to be
20min; 3) post-exposure relaxation for 30min.
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Figure 59 Structure of IRIS dosimeter employed for characterization under alpha particles of organic SC pixels. As no
modifications could be imparted to the GM, we employed a dosimeter with an exposed region into which an alpha-source
(?*'Am) could be inserted, as reported in the sketch B). In C, a complete characterization of the exposed pixel is presented for
three main conditions: the sample is left 12h in dark in order to prevent bias drifts; alpha source is then allowed emit towards
the pixel, thus making it integrate the photocurrent as expected for 30 min; finally, relaxation is recorded for 30 min in order to
demonstrate the integrative property of OSCs.

Although preliminary, these results clearly highlight the power of 2D perovskites and TIPS:Pe
as active materials for radiation detection as they feature extremely low dark current, high
stability and robust response. IRIS portability and real-time reading is key for radiation
environment monitoring and astronauts’ safety as it provides insights on type and intensity of
the impinging radiation source.
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DISCUSSION AND CONCLUSIONS

This contribution can be considered as one among the ocean of works that demonstrate how
promising are 2D perovskites in matter of radiation detection performance and related transfer
to medical applications. We here provide a short summary of the obtained outcomes, starting
with the reasons behind the choice of material and going forward with discussion of
achievements and observations that require further analyses.

In principle, 2D layered RP PEA,PbBr, perovskite is selected as active material because of its
extremely low dark current, which is mainly due to the intrinsically high band gap and defect
tolerance. As reported in sec 3.1, these materials can stand incredibly high applied bias. In the
form of thin films on interdigitated pixels, this becomes high stability under even higher values
of electric fields while maintaining dark currents below 10pA. As high energy radiation
detection -which can be in the form of low fluxes- requires a combination of high responsivity
and signal-to-noise ratio, we do believe PEA,PbBr, can be great candidate for the latter to be
accomplished at least. Moreover, these films have demonstrated to be stable up to a year after
fabrication. This is to be integrated with considerations regarding the possibility of having these
materials processed towards flexible, large area devices. This is key in enabling clinically
relevant real-time monitoring of ionizing radiation for nuclear medicine and human safety in
radiation environments.

Photolithography is here used to achieve high resolution interdigitated pixels on flexible PET,
PEN and Kapton substrates, with spacing between fingers down to 5pm. The tunability of pixels
size and shape allows for direct applications with high spatial accuracy and precision.

As in sec. 3.1, material properties and potential applications are still under investigation. We
here report the first evidence of the spectroscopic power of these thin film devices which can
resolve alpha particles from 2'Am source down to single pulses. Although preliminary, these
results show rise pulses with rise-time values that scale with bias. Further analyses will be
carried out to extract pulse spectra from digital shaping amplifier with increased shaping time:
as the mobility of 2D perovskite is low compared to their 3D counterparts, longer values of T
are required to achieve higher resolution. Modelling the exact electric field inside the
interdigitated pixels is next step for an accurate evaluation of mobility-lifetime product. All this
can be of high relevance in forecasting device architectures for neutron detection.

Analyses under laser illumination have demonstrated that a signal is produced in the form of
both photocurrent and photovoltage even with light spots at distances up to 8mm from the
applied electric field. This has been observed at significantly less distances in the study of
perovskite LEDs [228]. In here, a signal is produced with values of photovoltage that reduce to
10% of their original amplitude at 8mm distance. The meaning of this is two-fold: from one side,
we speculate that the layered structure of the material coupled with its microcrystallinity
allows for waveguides to form beneath the layers, thus leading to photons travelling through
the films and producing electron-hole pairs. Deeper analyses will be carried out to investigate
the nature of charge carriers’ generation through fluorescence microscopy and time-of-flight
measurements. On the other hand, as the contribution of the overall material becomes
significantly relevant in matter of devices sensitivity, we plan on quantifying this contribution
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in both thin films and single crystals, as this would provide clear insight on the actual
performance of perovskite materials.

PEA,PbBr, thin films are here reported to be incredibly useful for high energy radiation
detection. Provided their outstanding performance in detecting X-rays, the results from this
work assess their potential as both proton-beam and gamma-rays detectors for medical
applications ranging from profile monitoring to targeted radionuclide therapy (TRT). Our
devices are demonstrated to detect protons up to 118MeV in energy while exhibiting linearity
with dose rate and precise longitudinal energy-loss monitoring. The tests have been conducted
inside a human phantom to address proton-therapy as main target of these detectors’ primary
applications. Furthermore, radiation hardness is also verified for 20Gy continuous irradiation
from 200MeV protons. This is crucial to the extension of these devices to actually applicable
dosimeters. Finally, transversal real-time monitoring of the proton beam is to be considered of
high future impact in matter of speeding up treatments and enhancing precision in the
selection of the planning target volume (PTV) to be irradiated. Considerations regarding the
dose rate dependence of the response and related calibration curves are still ongoing.

Thin film devices have also been employed for gamma ray detection from pharmaceutical
radiotracers. Signals have been recorded as function of activity and compared with medical
treatment: the devices provided actual real-time monitoring of injection, extravasation and
release of the radiative solution throughout the entire process. Notably, as these experiments
account for multielectrode arrays to be employed, they can be coupled with dedicated
portable electronics which limit radiation hazard of clinicians and provide higher space
resolution during treatment.

Finally, with the advent of space missions of high duration, targeted efforts are now directed
towards personal crew dosimetry. IRIS project takes the lead in this direction, proposing
preliminary tests on flexible devices onboard a mini, wearable laboratory to be mounted
onboard the ISS. This is intended as a prototype of personal dosimeter to be explored in
performance and applicability in target environment and extreme conditions: the data
collected from ISS launch, scheduled March 2025, will provide insights on material stability
and feasibility of detecting low-flux high energy radiation. As this implements state-of-the-art
materials, we expect its outcomes to be of high relevance towards the fabrication of high-
performance devices and technological transfer to everyday life applications.

109



APPENDIX 1. ORGANIC SEMICONDUCTING MATERIALS

Over the past decade, organic semiconductors have gained significant attention as a
promising class of materials for ionizing radiation detection. Their unique properties offer
advantages over traditional inorganic detectors, particularly for applications in medical
dosimetry. The potential to fabricate these detectors on flexible, polymeric substrates at low
temperatures and through solution-based processes offers a low-cost pathway to large-area,
pixelated architectures. Such configurations are critical for real-time, high-resolution
applications in radiotherapy and proton therapy, where accurate, scalable, and non-intrusive
dosimeters are essential.

One of the most important attributes of organic semiconductors in radiation detection is their
tissue equivalency. With low atomic numbers and density, these materials absorb radiation
similarly to human tissue, allowing them to mimic energy deposition more closely than
inorganic counterparts. This similarity reduces the need for complex calibration procedures
and enables direct placement between the radiation source and the patient, preserving the
integrity of the radiation beam. Such properties are particularly advantageous in medical
contexts, where precise dosimetry is critical for effective treatment delivery[229].

Despite these benefits, a significant challenge lies in their relatively low quantum efficiency for
ionizing radiation detection. The commonly adopted strategy to overcome this limitation
involves enhancing the photoconductive gain (PG) effect. By carefully tuning electrically active
trap states—localized states that can hold charges temporarily within the semiconductor—the
photocurrent generated from radiation exposure can be significantly amplified [230]. These
trap states, however, do not exhibit sharp energy levels but rather a broad distribution (often
Gaussian or exponential), arising from grain boundaries, defects, and material interfaces.
Managing and characterizing these traps are crucial for optimizing detector performance, as
they directly influence the PG and, consequently, the sensitivity of the detector.

For effective electrical conductivity in a material, a critical requirement is the presence of
delocalized electrons capable of absorbing energy from an external field. Organic
semiconductors (OSCs), which are primarily carbon-based, achieve this delocalization via 1t-
conjugation networks that connect molecular subunits within the solid. The electronic
configuration of carbon (1 s°2s%2p®) reveals that two p-orbital electrons remain available after
the s-orbitals are fully occupied, leading to hybridization with neighboring atoms as pervalence
shell electron pair repulsion theory (VSEPR). In a typical double-bonded carbon system, each
carbon atom engages in sp> hybridization, creating three coplanar o-bonds and one
perpendicular t-bond with the unhybridized 2p orbital. As mt-conjugation extends across a
network of carbon atoms, the overlapping 2p orbitals form a delocalized molecular orbital,
resulting in closely spaced energy levels.

These energy levels effectively create a band structure analogous to that of inorganic
semiconductors, with the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) acting as the organic analogs of the valence and
conduction bands, respectively. However, OSCs differ from inorganic semiconductors in
several crucial ways. The primary photoexcited state in OSCs manifests as a bound electron-
hole pair (exciton), rather than as free carriers, due to weaker mt-orbital interactions.
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Consequently, charge transport in OSCs does not follow a typical band transport model;
instead, itrelies on a hopping mechanism due to the limited mt-orbital overlap.
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Figure 60 (A) A schematic illustration of hybridized sp? and unhybridized 2p; orbitals combining to form a o-bond and a m-bond
in a carbon—-carbon double bond. (B) An extension of molecular orbitals to long conjugated oligomers and polymers indicating
the origin of band structures (VB, valence band; CB, conduction band) in organic semiconductors[231].

These characteristics significantly influence the application of OSCs in ionizing radiation
detection, whether in indirect detection (high-energy particles interact with a scintillator,
producing optical photons that photoexcite the OSC) or direct detection (where high-energy
particles interact directly with the OSC substrate).

As an example of organic semiconductor thin films for radiation detection we report the work
of Fratelli et al. [232] which demonstrated proton direct detection capability of organic thin film
(150 nm thick) of microcrystalline bis(triisopropylgermylethynyl)-pentacene (hereafter TIPGe-
Pn), deposited by drop casting onto two interdigitated gold electrodes in coplanar architecture.
During the irradiation, the sensors were polarized at low voltages (<1 V) to collect the charges
generated by anelastic interactions of protons with the electrons of the semiconducting layer.
The detector performance was tested under consecutive ON/OFF cycles of exposure to 5-MeV
proton beam, tuning the fluence of particles impinging onto the devices in the range between
3.5x10°H*cm™and 8.7 x 10" H* cm™. Sensitivity of these devices were extracted to be ~5pC
Gy 'and Limit of Detection (LOD) of (30 +6) cGys™.
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APPENDIX 2. 2D PEROVSKITE SINGLE CRYSTALS GROWTH

The crystal growth of 2D perovskite single crystals, especially through solution-processable
methods, provides finely tunable control over structural and optoelectronic properties,
essential for applications in photodetectors and solar cells. Among these methods, slow
cooling crystallization, inverse temperature crystallization (ITC), and controlled evaporation
temperature (CET) techniques are particularly effective in producing high-quality, large-area
crystals with minimal defects.

In the slow cooling method, precursors are dissolved at elevated temperatures, then cooled
gradually to promote uniform crystal growth with control over size and thickness. ITC leverages
reduced solubility at high temperatures to initiate rapid crystallization, facilitating single-
crystal growth with relatively simple equipment. The CET method, on the other hand, carefully
controls the evaporation of solvent to achieve a gradual increase in solute concentration,
which drives steady nucleation and growth once critical saturation is reached.

As the solvent evaporates, the solution gradually reaches and maintains a saturated state,
enabling continuous crystallization, a principle Raghavan et al. [233]employed to grow RP
phase (BA),(MA),-,Pbnlsn+, crystals (for n = 1, 2, and 3) via slow evaporation at constant
temperature (SECT), yielding millimeter-sized crystals with high crystallinity and spectral
uniformity. Similarly, Liu’s group [234][235] refined the controlled evaporation method to grow
large (PEA),PbBr, crystals at room temperature. By regulating solvent evaporation rate at a
fixed temperature of 23 = 0.5°C, they achieved centimeter-sized crystals (%27 x 11 mm?) in a
DMF-based precursor solution over 20 days.
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Figure 61 Schematic diagram of the growth process of the controlled-evaporation method of (PEA)2PbBr4 single crystals (left)
Photograph of a transparent, ~27 x 11 mm? (PEA)2PbBr, single crystal made by the controlled-evaporation method (right).
Adapted from[233], [236]

This last method has been employed in here for the fabrication of PEA,PbBr, single crystals of
various sizes, with thicknesses ranging between 0.5 and 0.7mm. Photoluminescence tests
have been performed at the university of Surrey using a 355nm UV YAG laser. The obtained
spectra are reportedin fig. 62 for differentillumination spots and completed with an absorption
spectrum.

112



3 o ——Spot A
' —— Spot B

= —— Spot C
©
g 081 ——ABS.
(_é’ 4
= 0,6
£
>
= 0,4
C
2
£ 024

0,0

-0,2 T T T T v T L T ki 1

300 400 500 600 700 800

Wavelength (nm)

Figure 62 2D perovskite single crystal fabricated through CET method. PL spectra are extracted through illumination with a
355nm YAG laser targeting different crystal spots. A peak is recorded at 410nm and compared with its absorption spectrum,
which is consistent with the 2.90eV bandgap reported in sec. 3.1.

In order to have a direct comparison with thin films, five different crystals have been obtained
and divided according to the type of metal contacts configurations. Specifically, one group is
provided top-bottom contact configuration, with gold pads of 2mm in diameter; the second is
instead evaporated interdigitated pixels with 50um in channel length. In principle, this allows
to distinguish between bulk and surface effects, on top of providing clear insights on the
penetration depth of alpha particles in the material.
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