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Abstract

Flexible scintillating radiation detectors have gained increasing attention
in the scientific community in the last decade. They represent a fast and
easy way for monitoring the impinging radiation in real time and acquire
the dose released in medical treatments, like cancer radio- or proton-therapy
sessions. Flexible linear-chain polysiloxane detectors offer the possibility
to overcome geometrical limitations, they possess superior optical trans-
parency and flexibility, and can be obtained with contained production
costs and times, making them highly competitive with respect to tradi-
tional single-crystals and plastics. Unlike phenyl-containing siloxanes, lin-
ear polysiloxanes does not show direct interaction with the impinging ra-
diation, therefore they can be used just as matrices for hosting luminescent
materials, such as nanocrystals or nanopowders.
Quantum dots (QDs) are nanocrystals showing quantum confinement ef-
fects, with an incredible light yield, a tunable emission wavelength and
a fast decay lifetime. For these reasons, they are worth being incorpo-
rated in siloxane-based scintillators as primary dyes, without the need of
complex ternary systems. Part of this thesis analyzes the effects of ioniz-
ing radiation on the luminescence and temporal response of QD-loaded
polysiloxanes for radiation detection and monitoring, with special focus
on real-time measurements under proton beam.
Another possibility is to embed luminescent nanopowders, such as zinc
oxide (ZnO) and reduced zinc oxide (ZnO:Zn). The Zn-rich form shows
a remarked green luminescence, with increasing light yield as a function
of the reduction degree, i.e. zinc content. In view of the above, this the-
sis reports the advances on polysiloxanes loaded with ZnO and ZnO:Zn
phosphors. The core of the thesis is devoted to the progresses in ZnO
production and treatment for the realization of multi-layered flexible scin-
tillators. A special focus is putted on a novel production route based on
atmospheric pressure plasma (APPJ), that allows for the co-deposition of
ZnO-loaded plasma polymers and for the doping via liquid precursor so-
lution.
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Introduction

A growing interest toward the realization of flexible polysiloxanes scintil-
lating radiation detectors have attracted researchers in the last years [1–
6]. The possibility to overcome geometrical limitations and to realize con-
formal detectors is squeezing material scientists minds in order to study,
produce and improve advanced materials with radiation detection capa-
bilities. These material are fundamental in the medical field, especially for
radio-therapy and proton-therapy, where they can give a real time indi-
cation of the absorbed dose. Moreover, the wide possibilities offered by
flexible detectors over traditional ones are driving a continuously increas-
ing interest in the research field [7, 8].
Traditional inorganic crystal detectors, in fact, are limited mainly by ge-
ometrical and mechanical constraints, but also by production techniques
and times, with associated high costs. One of the main advantages of in-
organic crystals resides in their superior radiation hardness, being able
to withstand massive doses without damaging or decreasing their per-
formance. On average, the light output per unit energy is much higher
compared to plastic scintillator, therefore they are still used as reference
materials.
For many years plastics have been the only feasible alternative to inorganic
crystals [9], being easy to scale up and to be produced in different shapes,
with contained costs, from liquid precursors. However, when compared
to inorganic crystals, their radiation hardness is poorer and they suffer the
exposure to oxygen and moisture. To obtain a sufficiently high stability,
additives to prevent radical formation and yellowing may be added to the
precursor mixture, affecting the overall conversion performance.
In this framework, the rise of a new family of radiation hard and cost
effective siloxane-based scintillators matches scientists and industrial in-
terests [5, 6]. High chemical stability and reduced production costs and
times meets the requirements of flexibility and scalability. Linear-chain
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polysiloxane flexible scintillators, in fact, can overcome geometrical limi-
tations thanks to their elastomeric behavior that allows high elongation, re-
duced bending radii and good mechanical stability. However, they are still
at an early research stage, being not able to compete with traditional inor-
ganic crystals in terms of light output per energy unit and transparency,
but in some cases they perform close to plastics.
Two classes of siloxane-based scintillators can be pointed out: linear chain
and phenyl-containing chain. While the former cannot produce intrin-
sic scintillation light, the latter behaves similarly to plastics, converting
the impinging radiation at the phenyl rings. For these reasons, linear
chain siloxanes needs to be loaded with an active component that can con-
vert the radiation through scintillation. Inorganic nanopowders or organic
molecules are usually added to the hosting matrix [3, 9–13] giving rise to
a composite material.
However, the introduction of a second component increases the complex-
ity of the system in terms of both production route and detection prin-
ciples, with the rise of energy transfer mechanisms between the compo-
nents. First of all, the second component needs to be either well dispersed
in the hosting matrix or to be confined in a specific layer. In both cases,
the addition of a second component with different refractive index intro-
duces a series of problem correlated with transparency and transmittance.
In fact, in the case of a well dispersed detection material, transparency is
fundamental for an effective photon collection.
Another important aspect is the chemical nature of the active material, that
changes the excitation and emission timing characteristics of the system,
making it suitable for certain applications. Organic and inorganic loaders,
in fact, behaves in a very different manner, with fast lifetimes for organic
and slow one for inorganic.
In this thesis we focused on the production of nanostructured and compos-
ite materials for the realization of scintillators. At first, inorganic quantum
dots (QD) embedded in a siloxane matrix were tested as potential novel
scintillators under mixed radiation. The energy transfer between matrix
and QDs resulted to be generally poor or negligible, except in the cases of
radiation-induced matrix damaging.
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To continue pursuing the nanoscale advantages, a preliminary study on
the deposition of nanostructured oxides was carried out through an atmo-
spheric pressure plasma jet (APPJ). Aluminum doped zinc oxide (ZnO:Al)
and polymer encapsulated zinc oxide (ZnO/PPH) nano films deposited
on silicon showed promising results. Unfortunately to date the thickness
of such samples is too limited for making scintillators with adequate radi-
ation detection capabilities.
Satisfactory scintillation performance were obtained with ZnO:Zn nanopow-
ders and hybrid ZnO:Zn/PDMS composites. A systematic study of the ef-
fects of thermal reduction at high temperature in Ar/H2 on ZnO powders
was carried out. Upon complete characterization of the powders, multi-
layer flexible siloxane scintillators were casted and analyzed under mixed
radiation sources.
In this framework, Chapter 1 introduces to the basic detection principles
for mixed radiation, pointing out the main differences between organic
and inorganic scintillators. Moreover, it focuses on a very important fea-
ture for proper mixed radiation detection: the pulse-shape discrimination
(PSD) capability. This unique feature of the material allows to discriminate
the interacting radiation based on the scintillation decay times.
Chapter 1 also introduces to the basis of zinc oxide, with an overview on
the main properties focused on radiation detection. As it will be clearer
later, zinc oxide have been widely investigate and is still gaining attention
in the academic field for some unique features in the radiation detection
and optoelectronic fields. Although widely investigate, we present some
new aspects that need further deepening. In particular, a freshly new pro-
duction route through atmospheric pressure plasma torch (APPJ). For this
purpose, Chapter 2 introduces to the field of atmospheric pressure plas-
mas, with a general overview of the geometries, configurations, limitations
and benefits. The advantages offered by this technique over traditional
plasma ones resides in the generation of a plasma in atmospheric condi-
tions, so the presence of a vacuum chamber and pump is not necessary
anymore. The geometric limitations given by a vacuum chamber are easily
overcame and the integration in existing industrial production lines is con-
sidered feasible for extensive surface treatments. Nevertheless, the main
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drawback is represented by the great effort needed to specifically tune a
production process, as some chemical and physical parameters can affect
the plasma plume. The use of APPJ technology in the research field is
submitted to a general interest for the production of specific experimental-
state devices for radiation detection. In particular, we focused on the pos-
sibility to co-deposit zinc oxide nanoparticles with plasma polymerized
n-hexane for the realization of thin film scintillators for mixed radiations.
In general, the most widely used production technique for the realization
of flexible detectors is still based on wet chemistry. This method allows
for an homogeneous dispersion of the filler in the matrix, with controlled
loading and casting. The dispersion of organic and inorganic fillers in a
polymeric matrix through mixing and casting leads to superior optical and
mechanical properties.
For this purpose, Chapter 3 presents all the production and characteriza-
tion techniques used within this thesis. The polymeric matrix used for the
realization of most samples is a poly-siloxane based matrix, that was se-
lected for its superior optical transparency, flexibility and easiness of pro-
duction and handling. It can be casted in a multitude of shapes and thick-
nesses, with variable phenyl content and therefore with different optical
contributions.
Flexible scintillators, made of a poly-siloxane matrix with inorganic load-
ing (quantum dots, QD) were characterized with steady-state and time-
resolved measurements under proton beam irradiation. The results are
reported in Chapter 4, where a particular attention is devoted to the inves-
tigation of energy-transfer mechanisms between the matrix and the load-
ing component. The results showed a poor or negligible energy transfer
between the matrix and the QDs, except in the cases of damaging.
Based on these initial results, a deeper investigation of zinc oxide-based
scintillators is presented in Chapter 5, where the attention is focused on
the mixed radiation detection capability. Zinc oxide and Zn-rich zinc ox-
ide (ZnO:Zn) phosphors allows for mixed radiation detection and can be
easily handled and incorporated. The realization of multi-layered films
based on poly-dimethyl-siloxane (PDMS) with ZnO:Zn loading lead to a
good detectability of α-particles, X-rays and protons. The PDMS matrix
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granted an optimal flexibility level while retaining a superior optical trans-
parency for a proper photon detection. Moreover, the composite scintilla-
tors showed PSD capability with respect to alpha and gamma radiation.
Another way to produce polymeric-based detectors is presented in Chap-
ter 6, where the ZnO powder was embedded in polymerized n-hexane
through the use of the plasma torch. APPJ allowed for a plasma polymer-
ization of the liquid precursor into thin films with embedded zinc oxide
nanopowders. The effectiveness of this production route was dual: on one
side the plasma polymerization of liquid precursor, while on the other side
the recovery of ZnO optical properties through passivation of the surface
defects. Trap levels, in fact, are derived either by the production route or
by the annealing treatment, and leads to a decrease of the photolumines-
cence.
Finally, Chapter 7 reports on the production and doping of zinc oxide thin
films via APPJ technique. Atmospheric plasma, in fact, gives the unique
possibility to start by aerosol solutions and to obtain doping by simple ad-
dition in the liquid state. For this purpose, aluminum-doped zinc oxide
was obtained by mixing zinc and aluminum acetate in the aerosol state,
followed by plasma reaction. The result was a crystalline structure with
substitutional aluminum that exhibit good electrical properties. Although
the effectiveness of plasma was proved, the final structure was highly de-
fective, with a detrimental effect on the electron mobility. This feasibil-
ity study was carried out with the aim of producing hybrid scintillators.
However, the limitations on the final thickness results in poor optical prop-
erties, that are insufficient for the realization of a proper scintillator.
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Chapter 1

Flexible scintillators and radiation de-

tection

1.1 An introduction to ionizing radiation

The way the impinging radiation interacts and loses energy inside a ra-
diation detector determines the operation principles and modes. In this
chapter, an overview on the interaction mechanisms of selected types of
radiation with matter is presented. Different radiation of interest will be
presented and discussed:

• Heavy-charged particles (α-particles, H+)

• Electrons (e−)

• Gamma rays (γ)

• Neutrons (n)

A particular interest is devoted to ionizing radiation, a group that includes
all the above mentioned radiations, which carry sufficient energy to detach
electrons from molecules or atoms. As general classification, direct or indi-
rect ionization mechanisms can be distinguished. The first category of di-
rect ionization includes heavily-charged particles and electrons, whereas
the second category of indirect ionization includes high-energy photons
(gamma and X-rays) and neutrons.
Depending on the interaction mechanism, a wide range of penetration
depth of impinging radiation should be considered: charged-particles pro-
duces strong ionization along the track, therefore can penetrate just few
hundreds of microns, while neutral particles interact less and ionize mainly
through recoil and therefore can penetrate much more.
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A way to exploit these interaction is through scintillating materials, a cat-
egory of matter grouping a special behavior toward impacting radiation,
which is captured and converted into visible photons.

1.1.1 Interaction of heavy charged particles

The primary interaction of heavily charged particles with matter is through-
out coulomb-type forces, between the positively charged particles and the
negatively charged electronic cloud of the material [14]. The interaction
takes place with many electrons as soon as the heavy particle enters the
material, and depending on the proximity, it can lead to excitation (the
electron is raised to a higher level) or ionization (the electron is removed
from the atom shell). This interaction occurs with an energy transfer be-
tween the particle and the electron at the expenses of a reduction of kinetic
energy. The interaction with the electrons results in a continuous speed
decrease up to a complete stop. The paths taken by heavily charged par-
ticles are mostly straight, with the exception of the very last part. This
translates into the concept of range, which represents the average distance
that penetrating particles can cover into a certain material.
A more specific definition is the linear stopping power (S), that represents
the differential energy loss for a particle per unit length:

S = − dE
dx

(1.1)

This amount (Eq. 1.1) is typically referred as to specific energy loss if consid-
ered on a particle track.
The Bethe formula is the classical expression that describes the specific en-
ergy loss as:

− dE
dx

=
4 · π · e4 · z2

m0 · v2 · N · B (1.2)
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where

B ≡ Z
[

ln
2 ·m0 · v2

I
− ln

(
1− v2

c2

)
− v2

c2

]
(1.3)

Specifically, in Eq 1.3, the terms v and z represents the velocity and charge
of the primary particle respectively. N and Z are the number density and
atomic number of the absorber atoms, m0 is the electron rest mass, e is the
electron charge and I is the average excitation and ionization potential of
the absorber material.
The first term of Eq. 1.3 becomes predominant when considering non-
relativistic charged particles (v « c) and, in general, the expression of B
(Eq. 1.3) changes with the particle energy with a trend following 1

v2 .
Experimentally, this trend corresponds to an increase of time spent nearby
an electron when the particle velocity is low, meaning an increase of en-
ergy transfer. When plotted, this behavior gives the well known Bragg peak
near the end of an ionization track (Figure 1.1).

FIGURE 1.1: Linear stopping power along a specific track [14].

In Figure 1.1, the linear stopping power is plotted against the penetration
distance for a specific particle track. The two curves presented differs be-
cause of the energy straggling effect of a beam with respect to a single par-
ticle. This phenomenon is associated with the stochastic nature of energy
loss processes for a mono-energetic charged particle beam. The energy
straggling is therefore the width of the energy distribution and varies dur-
ing the particle track.
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The definition of range, previously introduced, can be refined by consider-
ing the definition of mean range (Rm) and extrapolated range (Re). The mean
range represents the material thickness that is able to reduce of 50% the
particle count with respect to air or vacuum. The extrapolated range rep-
resents the extrapolation to zero of the linear portion of the transmission
curve of Figure 1.2.

FIGURE 1.2: Definition of mean and extrapolated range in a trans-
mission experiment [14].

The fluctuation of penetration length for charged particles of initial equal
energy is defined as range straggling. As for the energy straggling, this
characteristic of heavily charged particles derives from the statistical na-
ture, and the total range straggling can be up to a few percent of the mean
range.

1.1.2 Interaction of fast electrons

If compared to the previous section of heavily charged particles, the rate of
energy loss of fast electrons is lower and the trajectory of these in the mate-
rial is largely non-linear. This almost randomic path is the result of contin-
uous interactions between fast electrons and orbital electrons, as their mass
is equal. Additionally, abrupt changes in the penetration direction can de-
rive from electron-nuclear interactions. Fast electrons can lose energy by
coulomb interactions but also mainly by radiative processes. These pro-
cesses are referred as to Bremsstrahlung and they can issue energy from
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any electron track position.
Therefore, in this case the total linear stopping power is the sum of two
separate contributions: the collisional losses and the radiative losses (Eq.
1.4).

dE
dx

=

(
dE
dx

)
c
+

(
dE
dx

)
r

(1.4)

The ratio of these two contribution can be approximated to:(
dE
dx

)
c(

dE
dx

)
r

∼=
EZ
700

(1.5)

where E is the energy expressed in units of MeV.
The typical energies involved in beta particles or secondary electrons in-
teraction are in the range of a few MeV.
Differently from monoenergetic electrons, beta particles emitted by ra-
dioactive sources have a continuous energy distribution. For low-energy
beta particles, the absorption occurs in a small material thickness, so the
attenuation curve is initially sharp. For this purpose, semilog plots are
usually adopted to display the thickness against counts, as reported in
Figure 1.3.
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FIGURE 1.3: Detected betas as function of the material thickness
[14].

Since the trajectory of fast electrons in the material can be subjected to
abrupt variations, the phenomenon of backscattering can occur. The frac-
tion of electrons undergoing backscattering is function of the energy and
the material. In general, the higher amount of backscattered electrons is
detected for high atomic number materials and low incident energies elec-
trons.

1.1.3 Interaction of gamma rays

The interaction of gamma rays with matter consist of a variety of mecha-
nisms, however only three are of interest in radiation detection measure-
ments: photoelectric effect, Compton scattering and pair production.
Depending on the amount of energy transferred from the photon to the
electrons, the incident gamma ray can be scattered or entirely disappear.
The importance of these phenomena depends strongly on the atomic num-
ber (Z) of the absorbing material, as shown in Figure 1.4.
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FIGURE 1.4: Importance of the three main interaction processes of
gamma rays as function of the atomic number of the absorbing ma-

terial [14].

In the case of photoelectric effect, the energy transfer between the incident
photon and the absorbing material leads to a complete energy transfer
with photon disappearing. This complete transfer results in the ejection of
an electron from the most inner shells of the absorbing material (formerly
photoelectron), usually a K shell electron. The energy of the photoelectron
is exactly the initial photon energy (hν) minus the binding energy (Eb) of
the original shell of the photoelectron (Eq. 1.6).

Ee− = hν− Eb (1.6)

Since this process ejects an inner shell electron, the atom from which is
ejected presents a vacancy in its bound shell, meaning that is formerly ion-
ized. This charge disparity is rapidly filled by electron re-arrangement or
free electron capture. However, this process generates characteristic X-ray
photons that can be reabsorbed or can escape.
The photoelectric absorption process is characteristic of low energy inci-
dent gamma rays and is enhanced for high atomic number absorbing ma-
terials.
A single analytical expression of the probability of photoelectric absorp-
tion cannot be written, however a rough estimation of this probability is
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given by:

τ = A · Zn

E3.5
γ

(1.7)

where A is a constant and the n exponent varies between 4 and 5 depend-
ing on the gamma-ray energy.
On the other hand, the Compton scattering effect takes place when an inci-
dent gamma ray (mainly coming from radioactive sources) transfers only
a portion of its energy to an electron, that is initially assumed to be at rest.
This partial energy transfer deflects the incident photon, that becomes a
scattered photon, and induces the motion of the initially stationary elec-
tron that becomes a recoil electron (Figure 1.5).

FIGURE 1.5: Compton interaction and products [14].

The effect shown in Figure 1.5 can be expressed by writing simultaneously
the energy and momentum conservation, and deriving:

hν′ =
hν

1 + hν
m0·c2 (1− cos θ)

(1.8)

where hν is the incident photon energy and m0 · c2 is the electron rest-mass
energy (0.511 MeV).
Therefore, the neat energy of the recoiled electron is:

Ee− = hν− hν′ (1.9)
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The amount of energy transferred is related to the scattering angle (θ): for
θ = 0 no energy is transferred, while the maximum energy is passed for θ

= π, even though some of the original energy is retained by the incident
photon.
The angular distribution of the scattered photons is function of the inci-
dent energy and can be predicted using the Klein-Nishina formula [14].
The dependence of the of the amount of transferred energy with the scat-
tering angle explains the continuum nature of of the Compton energy
spectrum, that ends with a sharp cut-off known as the Compton edge for
θ = π.
Finally, pair production is the phenomenon with statistically higher proba-
bility when the gamma energy exceeds twice the electron rest-mass energy
(E > 2 · m0 · c2 = 1.02 MeV). As a practical matter, the pair produc-
tion occurs predominantly with high-energy gamma rays. The interaction
consists in the total energy loss of the incident gamma, that disappears
while an electron-positron pair is created. The energy exceeding twice the
rest-mass is converted into kinetic energy for both the electron and the
positron.
The total energy of the pair is:

Epp = hν− 2 ·m0 · c2 (1.10)

For all the above mentioned cases, it is possible to define a linear absorption
coefficient that represents the sum of all the contributions (exponential at-
tenuations) of single interactions.
For gamma ray interactions, a mean free path (λ) can be defined as the av-
erage distance in the material before the interaction occurs.

1.1.4 Interaction of neutrons

Oppositely to heavily charged particles and fast electrons, neutron does
not carry any charge, therefore no Coulomb interaction is possible with
the absorbing material. The result is that neutrons can travel several tens of
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centimeters without interacting with the material, meaning that is "trans-
parent" to conventional detectors. The interaction of neutrons occurs with
the nuclei of the absorbing material and it results in secondary radiations
or neutron partial energy loss.
Secondary radiations derived from a neutron interaction are almost al-
ways charged particles, as the interaction results in neutron-induced nu-
clear reactions or an increase of nucleus energy.
It is common to treat neutrons based on their energy and two categories are
generally employed: fast neutrons and slow neutrons. The cut-off energy
between these two classes is the cadmium abrupt drop of the absorption
cross section (about 0.5 eV).
Slow neutrons interacts with matter through elastic scattering and a set of
neutron-induced nuclear reactions that scales with 1

v (Figure 1.6).

FIGURE 1.6: Neutron absorption [1].

The reduced amount of kinetic energy is not sufficient for an effective en-
ergy transfer so the detection cannot be based on this principle. However,
the neutron-matter interaction throughout elastic scattering can lead to a
thermalization (in thermal equilibrium) of the neutron in the absorbing
medium before other interactions takes place.
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Therefore, neutron-induced nuclear reactions are the most relevant inter-
action for slow neutrons, owing to the creation of secondary radiations
with sufficient energy to be detected directly. This involves generally the
emission of heavily charged particle in (n,α) or (n,p) reactions. Among
these reactions, the most common involves 3He, 6Li and 10B atoms be-
cause of their large interaction cross section.
The 3He neutron detectors take advantage of the reaction:

3
2He + n→3

1 H + p + 0.764 MeV (1.11)

Differently, 6Li detectors are based on the reaction:

6
3Li + n→3

1 H + α + 4.78 MeV (1.12)

Similarly, also the 10B detectors are based on an (n,α) reaction:

10
5 B + n→

7
3Li + α + 2.79 MeV
7
3Li∗ + α + 2.31 MeV

(1.13)

7
3Li∗ →7

3 Li + γ + 0.48 MeV (1.14)

The importance of neutron-induced nuclear reactions drops down dramat-
ically with the increase of neutron energy, where the kinetic energy in-
creases and scattering phenomena becomes predominant. The interaction
with the absorbing material generates secondary radiations in the form of
recoil nuclei, and at each scattering center the neutron is moderated.
The recoil energy is given by:

Er =
2 ·mnucl · En

(A + 1)2 (1− cos α) (1.15)

where mnucl is the mass of the nucleus, En is the neutron kinetic energy
and α is the neutron scattering angle. The maximum amount of energy is
transferred for α = π. For the case of mnucl = 1 (i.e. hydrogen atoms), Er =

En meaning that the entire neutron energy is transferred to the hydrogen
nucleus. This explains the use of hydrogen-rich materials to attenuate fast
neutrons for shielding and detection purposes.
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For the detection of fast neutron, organic scintillators, rich in hydrogen,
are typically employed. In particular, the scintillator detect the protons
scattered from the organic molecules. If the neutron energy is sufficiently
high, the inelastic scattering phenomenon can occur, with the excitation of
the nucleus to a higher energy state, whose relaxation produces a gamma
ray.

1.2 Scintillation basis

As anticipated before, if the radiation impinges on a scintillating mate-
rial, the interaction and energy transfer can induce one or more phenom-
ena like excitation, ionization and de-excitation. Electronic excited states
can produce light or result in a non-radiative de-excitation process, also
known as quenching [15].
The process of light production upon excitation by an ionizing radiation
is called radioluminescence or scintillation. This category includes excita-
tion by X-rays, gammas, neutrons, alpha and beta-particles, together with
other more exotic sources.
Many different types of radiation detectors are sensitive to impinging radi-
ation: ionization chambers, Geiger-Müller counters, liquid counters, solid
counters, Čerenkov counters, dosimeters, track visualization instruments.
Among the solid counters, scintillation detectors offers the best balance be-
tween versatility, cost and easiness. Additionally, the variety of radiation
types and wide energy range makes them competitive.
In general, the ideal scintillating material should possess:

• high scintillation efficiency, meaning a good conversion into detectable
photons

• linear conversion, meaning that the amount of light should be pro-
portional to the energy deposited

• high transparency for a good light collection

• short decay time to produce fast signals
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• a refractive index as close as that of glass, to permit an efficient cou-
pling with conventional detectors

1.2.1 Organic scintillators

Organic scintillators includes pure crystals, liquids and plastics. The most
studied and reference material is still anthracene, an organic crystal with
high light yield but extremely fragile and difficult to be obtained in large
sizes.
By dissolution of organics in solvents one can obtain liquid scintillators,
characterized by high radiation hardness and a limited cost. However, the
solvents involved in the dissolution process are generally toxic, difficult to
handle and oxygen sensitive.
Finally, plastics (Figure 1.7) represents a family of cheap organic scintil-
lators that are relatively easy to be produced through polymerization of
aromatic monomers. They are easy to handle, they can be produced in a
variety of shapes and simple to scale-up, since the polymerization starts
from liquid batches. The addition of organic dyes is simple and can effi-
ciently activate the scintillation process, through wavelength shifting and
reduction of the self-absorption. The most studied and available plastic
scintillators are poly-vinyl-toluene (PVT) and polystyrene (PS) based scin-
tillators. They are widely used in security radiation systems as they repre-
sent the only practical choice for large-volume solid detectors.
In the last decade, poly-siloxanes have also been investigated for scintil-
lation purposes. They do not belong to the family of plastics, since they
are elastomers, but they display good flexibility, high temperature stabil-
ity and good radiation hardness.
The main weakness of organic scintillator, in fact, resides in the low ra-
diation hardness if compared to inorganic crystals. A variety of studies
have been reported about the radiation damaging of organic scintillators.
The amount of radiation necessary for damaging an organic scintillator is
measured as dose or equivalent dose (Gy) which means the energy de-
posited by one joule per kilogram of mass. For polymers and plastics, the
threshold dose is about 103 ÷ 104 Gy, but there are also radiation-resistant
plastics that can withstand 105 Gy [14].
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The observed changes upon exposure varies for the decrease of light out-
put due to damaging of the luminescent component up to the decrease of
optical transparency, due to the creation of absorption centers. A key factor
is the presence of oxygen, which can lead to a non-recoverable damaging
because of its interaction with the radiation that forms radical species. In
plastics, the most common damaging after exposure to radiations in air is
represented by the yellowing, i.e. transparency reduction, due to radicals
and trapped electrons.

FIGURE 1.7: Plastic scintillators under UV light excitation [16].

In organic materials, the interaction with matter generates transitions in
the energy levels of a single molecule, therefore the fluorescence can be
observed independently from the physical state. For example, anthracene
can emit light upon interaction either as a solid crystal or as vapor.
The specific electronic structure of molecules, that is responsible for light
emission upon excitation, gives rise to the classification into two cate-
gories: conjugated molecules and aromatic organic molecules.
These are characterized by weakly bounded π-electrons that can easily
jump to the excited states. This situation is well schematized in the Jablon-
ski diagram reported in Figure 1.8.
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FIGURE 1.8: Jablonski diagram of the π-electrons in a molecule [15].

The majority of scintillation contribution is derived by the population of
the S10 level which is the first excited state at ground vibrational level,
since the excess of vibrational energy is rapidly lost to reach the thermal
equilibrium.
Upon excitation, the molecules can release their energy in a variety of dif-
ferent processes, depending on the system complexity. In one-type molecule
systems, the main de-excitation processes are fluorescence, since the singlet-
singlet transition is preferential, or internal conversion.The first emits vis-
ible light while the latter is a non-radiative process. If the intersystem
crossing (ISC) process occurs, the energy is transferred for a singlet to a
triplet state and the result is a delayed fluorescence, better known as phos-
phorescence.
Another important parameter is the distance between the first absorp-
tion band and the emission associated with the same electronic transition.
This is generally known as Stokes shift and should be carefully evaluated
with organic scintillators, since the overlap of the absorption and emission
bands occurs frequently and the process of self-absorption should be min-
imized.
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Three categories of organic scintillators can be pointed out: unitary sys-
tems, binary systems and ternary systems.
Pure crystals represents the first category, while scintillating materials em-
bedded in a matrix or dispersed in a solvent belongs to the second cate-
gory.
The third and more complex category is composed of a scintillating mate-
rial and a wavelength shifter dispersed in a matrix or solvent. The role of
the wavelength shifter is crucial, since it absorbs the light emitted by the
primary scintillator and re-emits it to a higher wavelength. However, the
complexity of a three-component system does not always result in radia-
tive transfer process, as well explained by Figure 1.9.

FIGURE 1.9: De-excitation in ternary scintillating systems [15].
1: Non-radiative molecular transfer

2: Non-radiative molecule to solute (primary) transfer
3: Non-radiative solute to wavelength shifter transfer

4, 5, 6: Radiative transfer
7, 8, 9: internal quenching

10, 11, 12: Emission of light from one or other components of the
system.

In general, other de-excitation processes can occur and become compet-
itive with fluorescence if the lifetime is comparable to the time of these
processes.
An important parameter for selecting a good scintillator is its light out-
put. This strictly depends on the nature of the scintillator whereas to the
type and energy of the ionizing particle. Especially for organic scintilla-
tors, the light emission is also dependent on the damage of the scintillator



Chapter 1. Flexible scintillators and radiation detection 22

itself. Exposure to light, oxygen and also radiation can cause performance
degradation in terms of light output but also structural degradation in the
case of polymers [15].
Concepts related to the light output, of fundamental importance in this
thesis, are the rise-time and fall-off or decay time. Formerly, for plastic
scintillators, both of these parameters should be taken into account, but
generally the rise-time is much faster than the decay time, so a simplifica-
tion can be made.
The most adopted model for the light decay analysis is the exponential de-
cay model:

n(t) =
N
τ
· e−t/τ (1.16)

As previously mentioned, two types of fluorescence can occur, each char-
acterized by a decay time that is either short (few nanoseconds) or long
(hundreds of nanosecond).
The response of most organic scintillators is a combination of these two
fluorescent components, therefore a complete analysis should take into ac-
count a fast and a slow component. The amount of light associated with
the fast or slow component depends on the nature of the exciting particle.
This means that the shape of the response can give information about the
kind of particle that deposited the energy, allowing for the well-known
pulse shape discrimination (PSD) feature, that will be deepened later in
Section 1.2.4. The most common use of this element is for counting neu-
trons in presence of gamma radiation, as explained in Figure 1.10.
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FIGURE 1.10: Time response to different kind of exciting particles
for a stilbene crystal [15].

Up to now, it was considered that all the energy absorbed by the scintil-
lator is lately converted into light. This is true only for ideal scintillator,
while for real systems the scintillation efficiency parameter should be con-
sidered. This variable accounts for the fraction of energy deposited and
converted into scintillation light. However, this also depends on the spec-
tra emission region considered, since one of the most common standard is
Anthracene, that has an absolute scintillation efficiency of 5% in the blue
spectral region. A common way to express the scintillation efficiency is to
express it as photons produced per unit of absorbed energy (ph/MeV).
The efficiency is also strongly affected by the particle energy and type,
since the response for electrons is higher than that for heavy particles.
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1.2.2 Inorganic scintillators

FIGURE 1.11: Band structure in inorganic scintillators.

Scintillation in inorganic materials depends on the energy states available
in the band structure of the crystal lattice (Figure 1.11). The availability of
electrons is limited to discrete bands of energy: the lower, valence band, rep-
resents the lattice sites where electrons are bound, the higher, conduction
band, represents the level at which electrons are free to migrate throughout
the crystal. The region comprised between these two bands is called for-
bidden band because no electrons can never be found, if the crystal is pure.
Since this gap is generally wide, so that excited electrons returning to the
valence band cannot emit visible photons, small amount of dopants (i.e.
impurities) are added. The role of this material (commonly called activa-
tors) is to create levels in the forbidden band, that are normally not avail-
able. These are extremely important because in the de-excitation process
gives new path with low energy, that translates in the formation of visible
photons. These levels are generally referred as to luminescence centers.
When a charged particle hits the detector material, a large number of electron-
hole pairs are created as a consequence of the transition of electrons to the
conduction band. The holes can drift to the activator sites and ionize it
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while the electrons can travel freely in the crystal. Once they reach an ion-
ized activator site, they can recombine to create a neutral configuration
by emitting a photon. The photon energy (i.e. wavelength) depends on
the position of the luminescence centers within the bandgap, that can be
tuned by changing the active material. The half-life of excited states is in
the range of 50-500 ns typically [14].
Alternatively, there is the possibility of combined migration within the
crystal of the electron with the associated hole in a loosely configuration,
also known as exciton.
A rough estimation of the scintillation efficiency can be obtained by con-
sidering that about three times the bandgap energy is required to create an
electron-hole pair in a certain material.
A great advantage of luminescence through activation sites resides in the
transparency of the crystal with respect to the scintillation light. This is
a direct consequence of the activator sites present in the crystal energy
structure. The reduction of the transition energy results in an emission
shift to longer wavelength that will not be influenced by the crystal self-
absorption.
The most common and studied inorganic scintillators are the alkali halide
family, like NaI(Tl), CsI(Tl), CsI(Na) and LiI(Eu). The decay times of this
family of scintillators is generally slow, in the order of several hundreds
of nanoseconds. Other slow inorganic crystals, with decay times > 200 ns,
are bismuth germanate (BGO, Bi4Ge3O12), cadmium tungstate (CdWO4),
silver-doped zinc sulphide (ZnS:Ag), europium-activated calcium fluoride
(CaF2:Eu), Yttrium Aluminium Perovskite cerium-doped (YAP:Ce) and
others.
All these crystals are characterized by a high light yield and good radia-
tion hardness. However, their cost is generally high and the scalability not
possible, since the most common production process is melt-grown from
liquid phase. They are fragile, therefore their handling is not easy and they
are not suitable for many applications.
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1.2.3 Scintillation detectors

The light emitted after a radiation interaction should be captured by an
appropriate detector, that generally does the conversion to an electrical
signal.
For many years, photomultiplier tubes (PMT) have accomplished this task
of conversion with effectiveness, even though in the last decades semicon-
ductor photodiodes have emerged for some specific characteristics.
The simplified scheme of a classical PMT is reported in Figure 1.12 where
the two main components can be found: the photosensitive material (pho-
tocathode) and the multiplication structure.
The photocathode has the role of converting the incident photons into elec-
trons, but since generally the amount of photoelectrons involved is small,
their charge would not be enough to generate a sufficient electrical signal.
To overcome this limitation, an electron multiplication structure is cou-
pled with the photoactive material in order to generate a sufficient amount
of electrons and therefore to give a good signal output. A typical PMT
amplification structure consists of 12-15 dynodes that can finally generate
107 ÷ 1010 electrons. The output signal is collected at the anode. The am-
plification response of the majority of the commercially available PMTs is
strongly linear, meaning that an increase in the input light produces a lin-
ear increase of the electrical output.
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FIGURE 1.12: Classical photo multiplier tube structure with 12 dyn-
odes [14].

Typically, PMT detectors are characterized by a delay of 20-50 ns and pulse
width of few nanoseconds.
Among the important parameters of PMTs, the (quantum efficiency accounts
for the goodness of the photo-conversion process, meaning that is defined
as the ratio between the number of photoelectrons emitted over the num-
ber of incident photons. This values ranges between 20-30% for commer-
cially available PMTs, making them less efficient than photodiodes.
Mainly for this reason, but also related to a more efficient power con-
sumption, silicon-based photodiodes have gained importance in the last
decades. They are generally more compact, slightly faster and insensitive
to the magnetic field, making them a good substitute in many experiments.
Two main classes of photodiodes are available: conventional photodiodes
and avalanche photodiodes. The first is characterized by no internal gain,
while the second by an enormous internal gain derived by the strong elec-
tric field present.
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FIGURE 1.13: Conventional photodiode scheme [14].

Conventional photodiodes (schematized in Figure 1.13) presents a very
high quantum efficiency (up to 60-80%) and can cover a wider wavelength
range than a PMT (but always limited to the silicon absorption range) but
requires an external amplifier. This lack of amplification becomes impor-
tant when operating in pulsed mode, where just a bunch of photoelectrons
are produced, and the electronic noise can be a significant contribution
of the output. This limitation is effectively overcome with the use of an
avalanche photodiode, in which the avalanche process is used to increase
the signal output with respect to noise. In this process an electron absorbed
in the depleted region is subjected to a big acceleration, imparted by the
strong electric field. This gives a sufficient kinetic energy to trigger a cas-
cade process of kinetic energy transfer from electron to electron, leading
to the multiplication of the initial signal by ionization of electrons that are
initially at rest. The gain that can be achieved depends on the temperature
and is an exponential function of the applied voltage, since on an APD it
should be enough high to work in Geiger mode, above the breakdown volt-
age (Vbd).
Regarding the timing performances of APDs, in general the electron drift
with respect to the impinging position gives the biggest contribution to the
timing uncertainty, leading to a typical response time of few nanoseconds
[14].
Another limitation of APDs is derived from the time required to quench
the avalanche and return to the initial bias voltage.
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1.2.4 Pulse Shape Discrimination (PSD) capability

The pulse shape discrimination (PSD) capability of a system is the ability
to discriminate different impinging particles. The excitation mechanism
induced by an impinging high-energy particle in an organic solid scintilla-
tor generates ionized molecules in the matrix and the dye, that can subse-
quently recombine in a process known as ion recombination. The excited
states resulting from ion recombination are mainly triplet states (Tn) with
an abundance of 3:1 respect to singlet states (Sn). Moreover, the interac-
tion of a high-energy particle with the material generates a high density
of excited states along the particle track. For this reason, bimolecular reac-
tion involving higher excited states can occur, resulting in a process called
ionization quenching. This resulting process is very fast and directly com-
petes with the internal conversion process for the relaxation of singlet and
triplet states to their first-excited level. The importance of this process de-
pends on the specific energy loss (dE/dx), explaining the reasons behind
a higher scintillation light yield of electrons compared to alpha particles
with the same energy. This light is the result of a bimolecular annihilation
of triplet states (generally denoted as triplet-triplet annihilation, TTA) that
produces an additional singlet excited state (Eq. ??).

T1 + T1 → S0 + S1 (1.17)

This mechanism is occurring relatively easy in liquid media but is not
favorable in solid scintillators, where the dye molecule distance cannot
change. For these reasons, the scintillation light is characterized by two
components: a prompt fluorescence and a delayed fluorescence (Figure
1.14a). The former resulting from singlet state de-excitation while the lat-
ter being the de-excitation from singlet state after the TTA event. Since
this second mechanism takes more time to occur, the resulting fluorescence
will be characterized by a slower component, giving the basis for the PSD
technique with time-resolved measurements.
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FIGURE 1.14: (a) Difference between prompt and delayed fluores-
cence and (b) interaction of particles with different specific energy

loss.

As visible in Figure 1.14, the interaction of a radiation with scintillating
materials produce a signal that is generally a pulse with a certain ampli-
tude and with an associated time of occurrence. Besides the amplitude,
also the shape can assume an importance when treating radiation inter-
actions. In particular, the interaction of different particles with the mate-
rial can give rise to different energy transfer processes, therefore the light
produced, i.e. the current recorded, can have a different rise time. To
exploit this information, pulse shape discrimination (PSD) methods have
been proposed. These techniques can allow to discriminate the contribu-
tion of different impinging radiations, therefore allowing to discriminate
the background from the real signal. This is the case of organic scintillators
used as fast neutron detectors, were the constant presence of background
gammas can be a problem for the detection.
Two general approaches were proposed over the years: one is based on
the electronic discrimination of the rise time in the pulse, while the other
is based on the signal integration over different time periods. Both of the
techniques are widely used in the scientific community and depending on
the material and radiation type, one can be more effective over the other.
To apply the rise time discrimination, the use of CR-RC-CR networks or
double delay line shapers, gives rise to a bipolar shape whose zero crossover
point includes the shape information.
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Conversely, the second method is based on the charge integration over
two different time regions of the pulse. By computing the ratio of these
two integrals, one can deduce information about the pulse profile, since
common pulses will have an approximately constant ratio. The ratios will
have a bi-gaussian distribution, as shown in Figure 1.15.

FIGURE 1.15: Distribution of the charge integration ratios [14].

Nevertheless, the performances of this method are severally compromised
when the input count rate is high, because of pile-up effects. These effects
can be limited if a rejection criteria is implemented to discard pulses oc-
curring too close.
A Figure of Merit (FoM) can be defined to measure the separation of the
two distribution peaks, as follows:

FoM =
d

FWHMa + FWHMb
(1.18)

where FWHM represents the full-width at half-maximum of the distribu-
tion and d the distance between the maxima.
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1.3 Quantum dots

Semiconductor nanocrystals with size of 1-10 nm displaying quantum con-
finement effects are generally referred as quantum dots [17–19]. These
small crystals possessing outstanding optical properties, such as tunable
emission wavelength (Figure 1.16), narrow emission spectrum and fast
decay lifetime, makes them ideal candidates for the realization of flexible
scintillators.

FIGURE 1.16: Optical emission of quantum dots with different size,
excited under UV light.

They are generally added to polymeric matrix to increase the average atomic
number (Z) and the light yield of the system. Moreover, they can be an ef-
fective replacement for the non-emitting nanoparticles that are generally
embedded in plastic scintillators. In fact, a main drawback of these non-
emitting nanoparticles resides in the proportional decrease of light yield
with the loading amount, because of a non-efficient energy transfer and
conversion to visible photons. For these reasons, semiconductor QDs have
started attracting interest in the last decades. Initial attempts by Létant and
Wang et al. [20] focused on the embedding of QDs in porous glass as com-
plete replacement for the primary dye. Similar studies were then proposed
by Kang et al. [21] and Lawrence et al. [22] with scintillation experiments un-
der x-ray and alpha particles. However, all these attempts were not able
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to reveal clearly the impinging radiation with the generation of a photo-
peak. The main reason behind these poor results resides in the low effec-
tive Z of the final composite due to the limited loading amount of QDs,
that was contained below 5% wt. to prevent aggregation. Moreover, the
small Stokes shift of these nanocrystals can easily result is self-absorption
when scaling up the thickness. A possible solution was proposed by Camp-
bell et al. [23] with the addition of a conjugated polymer acting as acceptor
for the QDs. A substantial scintillation improvement was recorded up to
15% wt. of loading, followed by an abrupt decrease due to aggregation.
A major step forward was obtained with the nanocomposites proposed by
Liu et al. [24], consisting in ternary systems with a dye as third component.
In this way, efficient energy transfer was obtained with the increase of QDs
content up to 60%. However, such a high level loading cannot be thought
as a secondary component but represents the main constituent of the com-
posite, increasing of several orders of magnitude the price and reducing
the mechanical stability of the overall system.

1.4 Zinc oxide

Zinc oxide have been widely studied in the 20th century starting to gather
attention from 1935 [25]. In the last years, due to the rise of new and
promising technologies, the possibilities to grow single crystals and high-
quality powders for the realization of opto-electronic and electric devices
has become tempting.
Zinc oxide is wide direct-bandgap semiconductor with an energy gap (Eg)
of 3.4 eV and a large exciton binding energy of 60 meV at room tem-
perature. Its main advantages are represented by a wide chemistry, a
low threshold for optical emission, a good radiation hardness and a well-
established bio-compatibility.
The main optical properties are related to the possibility to fabricate UV
laser diodes, optical sensors and technological devices taking advantage
of nanoscale properties.
In standard conditions (room temperature and atmospheric pressure) the
most stable form of zinc oxide is the wurtzite structure (Figure 1.17).
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FIGURE 1.17: The wurtzite structure of zinc oxide (Zn in yellow, O
in grey) [26].

Wurtzite is a hexagonal lattice (a,c lattice parameters) of the space group
P63mc with tetrahedral coordination of zinc and oxygen ions. This gives
rise to polar symmetry along the c-axis which is responsible of many prop-
erties such as piezo-electricity and spontaneous polarization [25]. Nev-
ertheless, it is also fundamental for crystal growth and defect generation
alongside with the determination of a sp3 covalent bonding structure. How-
ever, zinc oxide possesses also a strong ionic character, meaning that its
behavior is borderline between a covalent and an ionic compound.
The typical lattice parameters are a = 3.2495 Å and c = 5.2069 Å, with a
material density of 5.605 g

cm3 [25].
Other less common crystalline structures of zinc oxide are rocksalt and
zincblende.
The electronic structure of this direct bandgap semiconductor is reported
in Figure 1.18. The energy bandgap can also be tuned by alloying with
MgO or CdO that can increase or decrease the energy bandgap respec-
tively. This is particularly relevant for the fabrication of optoelectronic
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FIGURE 1.18: Zinc oxide experimental valence band split [25].

devices.
The optical properties of zinc oxide are, however, a key point for this mate-
rial. The optical emission of zinc oxide is concentrated in two main regions
of the spectrum: the exciton emission at 385 nm and a large defect-related
band ranging from 450 nm up to 650 nm [25]. This broad band, also known
as the green band, has been mainly attributed to defects such as oxygen va-
cancies and zinc interstitials. Zinc oxide is, in fact, commonly obtained in
its n-type form, meaning that it contains shallow donors such as hydrogen.
The application fields for zinc oxide depends mainly on the growing tech-
nology: nano-structures are interesting for flat screen displays, gas sen-
sors, chemical sensors and UV light diodes; while epitaxial layers and sin-
gle crystals are attractive for detectors and transparent thin films. In the
form of nanoparticles, zinc oxide is a well-known additive in paints, coat-
ings and sunscreens.
The good radiation hardness to protons have been investigated for possi-
ble space applications [25].
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FIGURE 1.19: Zinc oxide band structure with the most common
defects (vacancies and interstitials) and associated radiative transi-

tions.

Figure 1.19 shows the zinc oxide band structure with the most common de-
fect levels and associated optical transitions. The near-band-edge recom-
bination occurring at 390 nm, commonly denoted as excitonic transition,
is associated to an interstitial to valence band transition. Zinc vacancies
(VZn) are responsible for the blue luminescence, while oxygen vacancies
(VO) for the yellow and green luminescence. Interstitial oxygen (Oi) are
generally associated with green to orange emissions, while singly ionized
oxygen vacancies (VO) [27–29].

1.4.1 Doping and defects in zinc oxide

The attracting interest around zinc oxide and its possible applications in
many fields is mainly depending or largely affected by the presence of de-
fects and impurities. Defects can be classified as Zn interstitial or vacancies
and O vacancies, while impurities are divided in donor-type and acceptor-
type impurities.
The as-grown ZnO was found to be n-type because of the fact that most
samples were grown in Zn-rich conditions and, consequently, it was as-
sumed that the main donor was Zn interstitials (ZnI) or O vacancies (VO).
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However, many studies have confirmed, also by theoretical calculations,
that both ZnI and VO are deep donors and they have a too high formation
energy in n-type zinc oxide [30]. Some experiments, have lately proved
that ZnI is actually a shallow donor but still with high formation energy.
Within this framework, it has been proved that hydrogen (H) is always a
donor in ZnO, because of its low ionization energy and contributes signif-
icantly in its conductivity. Indeed, also complexes of ZnI interstitials are
important in conduction.
Other common donor impurities, besides H, are the group III elements
such as Al, Ga and In, that can easily substitute Zn in the crystal lattice
[31, 32]. Other group VII elements as F or Cl are known to have donor
behavior in ZnO [33].
On the other hand, acceptor dopants are considered of greater interest for
the realization of p-type ZnO for the production of p-n junctions devices.
For this purpose, all the elements of group I (substituting for Zn) and
group V (substituting for O) should be considered as candidates. Nitrogen
is more likely the ideal candidate because of the small size difference, that
can lead to a minimal strain in the lattice. Moreover the electronic struc-
ture is close to that of oxygen, but the doping level that can be achieved is
low.
Copper was also studied as deep level acceptor able to compensate the n-
type behavior. However, the role of copper is still under debate because
the doping effect has been reported for both the Cu2+ and Cu+ ionic forms
[34].
Silver ions interaction with zinc oxide is either in substitutional of intersti-
tial position. The doping effect reflects on the bandgap energy, but authors
are not in good agreement on the real effect of silver ions [35].
However, the most important and dominant acceptor is the zinc vacancy.
In addition to all the point defects mentioned up to now, zinc oxide is al-
ways rich in larger defects as dislocations and stacking faults, but these
defects are not well known yet.
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1.4.2 Zinc oxide for radiation detection

The study of radiation interaction with zinc oxide and doped zinc oxide
have attracted interest in the last two decades, although the initial studies
are dated in the 60’s. Gallium-doped zinc oxide have always been attrac-
tive because of its ultra-fast scintillation decay time (< 1 ns) and high light
yield (15000 ph/MeV) [36]. Nevertheless, other dopant have been studied,
such as indium and zinc [37–40].
The main limitations of these works were relate to the impossibility to pro-
duce large single crystals with good transparency, that are essential for the
detection of gamma and x-rays. However, powders and thin films, mainly
made by hot pressing or hydrothermal growth, are sufficient to evaluate
the interaction with neutrons and alpha particles [36].
An important characteristic of this material is its sensitivity to the radiation
type and energy, meaning that is possible to realize a particle discrimina-
tion. This is extremely important in the radiation detection field since it
increase the detector flexibility of use.
The best results for ZnO:Ga were achieved by Bourret et al. [41] by reacting
ZnO and Ga2O3 in a high temperature (400-1100 ◦C) reducing atmosphere
(H2 rich). The PL spectrum and decay-time under X-ray excitation are
reported in Figure 1.20. The hydrogen annealing seem to be effective in

FIGURE 1.20: PL and decay-time of ZnO:Ga samples under X-ray
excitation [41].
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filling zinc vacancies with hydrogen ions and in removing excessive oxy-
gen, as the lifetime decay is mono-exponential.
In the same work, metallic gallium was also employed for the doping,
giving worse results in term of scintillation, but better result in term of
conductivity, meaning that the Ga3+ donor is present. However, after ni-
trogen annealing, the UV emission was reduced, supporting the theory
that the ultra-fast scintillation is not due to nitrogen acceptors.
In another work by Chen et al. [42] the scientists worked on a ZnO:Ga
single crystal scintillator made by hydrothermal synthesis. The response
was measured under a variety of charged particles with different energy
ranges. The main results are summarized in Table 1.1.

TABLE 1.1: Decay time response under different charged particles
interaction, fitted with single exponential model [42].

These results highlights a energy-dependent behavior, that makes this scin-
tillator promising for ultra-fast pulse-shape discrimination (PSD).
A composite plastic scintillator embedding ZnO:Ga was proposed by Bu-
resova et al. [12], in which they embedded luminescent particles in a polystyrene
matrix. The resulting composite showed low transparency with 1 mm
thick samples and 10 % wt. loading, but superior scintillation behavior
with an effective and efficient non-radiative energy transfer between the
matrix and the powder. The efficiency was evaluated to be up to 90 %,
being the emission of the PS matrix negligible whereas the emission of
ZnO:Ga predominant and ultra-fast in the picosecond range. Such prop-
erties can be employed in alpha-particle detection and low energy photon
(UV) bean monitoring with exceptional timing information. By decreasing
the thickness to about 1/5 of the original value, good transparency values
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can be achieved, making these scintillators usable in practical applications.
Regarding other group III dopant, indium-doped zinc oxide (ZnO:In) was
studied mainly by Pejchal and co-workers [43] for the realization of both
thin films and bulk single crystals. In their study, hydrothermal grown
samples were tested under a femtosecond pulsed laser (λem = 260 nm)
showing a bi-exponential behavior with sub-nanosecond emissions. Ad-
ditionally, Yanagida et al. [44] and Kano et al. [45] reported on the effects
of dopant concentration on the alpha-particle excitation and excitation dy-
namics, respectively.
A completely different world is represented by Zn-rich ZnO (ZnO:Zn),
that shows longer decay time (≈ 10 ns) and the possibility to embed 6Li
particles [39, 40]. ZnO:Zn phosphors were studied for optical-related ap-
plications, such as for the production of field emission displays [46], flat
panel display [47] and opto-electronic component [47, 48]. However, in-
teresting scintillation properties were highlighted in a few works by Wang
et al. [49], Derenzo et al. [50], Demidenko et al. [51] and Li et al. [52]. In
general, the modification of oxygen and zinc defective levels induces a re-
marked green luminescence that can be tuned with the reduction temper-
ature. Moreover, the luminescence yield has been reported to be growth-
dependent and atmosphere-sensitive [40]. Interestingly, radioluminescence
(RL) under X-rays proved the superior scintillation behavior of ZnO:Zn
over undoped zinc oxide [49]. Additionally, the detection efficiency was
reported to be an order of magnitude higher for the defective band scintil-
lation emission [40].
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Chapter 2

Atmospheric Pressure Plasma Jets

2.1 An overview on APPJ technologies

Atmospheric pressure plasma jets have attracted increasing interest in the
last years, mainly for their flexibility and low cost. The possibility to work
in atmospheric conditions translates in a big advantage in terms of com-
plex 3D geometries that can be treated and maintenance, because tradi-
tional plasma systems requires pumps and vacuum chambers that limits
the treating dimension and increases costs [53]. Additionally, the integra-
tion on an atmospheric pressure device in current working lines is much
easier and can cover bigger areas, with increase productivity. A particular
attention should be devoted to the selection of deposition parameters to
obtain a repeatable process with homogeneous deposition.
An atmospheric pressure plasma torch has the possibility to treat different
substrates in different working conditions. One of the biggest advantages
is the possibility to work in close to room temperature conditions, meaning
that the temperature reached on the substrate is low enough for treating
skin and heat-sensitive polymers. This opens to the world of biomedical
applications, both for cleaning surfaces and treatment of skin, but also to
deposit bio-derived materials, such as silk and silk-fibroin.
The three main processes that an atmospheric plasma torch can develop
are: surface processing, surface deposition and etching [53]. These three
processes are completely different as they deal with different ranges of
power, temperature and chemical environment.
Surface processing belongs to the big category of surface treatments, as
this typically means a surface cleaning or activation. This is extremely in-
teresting because the surface activation process leads to an increase of the
chemical-physical interaction of the surface with matter. This can also be a
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surface grafting, with the addition of surface molecules that can promote
the selectivity of surface chemical reactions.
Another interesting possibility is surface deposition, that we explored in
depth. This technology combines a highly-reactive environment with chem-
ical species added via external feeding systems, inducing reactions in the
plume and depositing the products on different kind of substrates. The
plasma atmosphere overcomes the energy barrier for many reactions not
only because of the plasma temperature but also thanks to the high density
of excited states and electrons that are peculiar of a plasma environment.
Finally, another possibility offered by this technique is the surface etching.
The etching process is quite complex, since it is realized by a flux of ions.
However, the equilibrium between the ion power and the substrate heat-
ing is crucial, in order to maintain the substrate properties. In general, the
etching rate is strongly affected by plasma power and gas flow.
In the family of atmospheric pressure plasma jets, many different solution
and geometries have been proposed over the last years. The technological
advances of the last two decades were pushed by the increasing interest in
application in areas such as medicine [54, 55], nanomaterial synthesis [56–
59] and surface engineering [56, 60, 61] . A big contribution came from the
medicine and biological field to develop and understand the mechanisms
of operation at atmospheric pressure. APPJ non-equilibrium capability
translates in close-to-room temperature operation conditions that are fa-
vorable for the treatment of living cells and tissues.
The main feature of this class of plasmas resides in the ejection of the
plasma outside the generation region. This is possible if a series of pa-
rameters, such as the source design, the electric field geometry and the gas
flow, favors the extraction and propagation of the plasma outside the gen-
eration region up to several millimeters. The degree of interaction between
the plasma and the substrate can be selected also by tuning the relative dis-
tance.
Although many different configurations were proposed, common features
can be highlighted and are schematized in Figure 2.1.
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FIGURE 2.1: General scheme of an atmospheric pressure plasma jet
including the electrodes and the gas flow channels [53].

In general, an atmospheric pressure plasma apparatus is composed of the
electrodes for the plasma generation and the channels for the plasma gen-
eration and propagation (Figure 2.2). The gas flowing in the channel deter-
mines the plasma propagation direction up to the outlet, where the plasma
is ejected in the so called plasma plume. The outlet is usually round-
shaped or annular, as it has the same dimension of the channel, but can
also be convergent, which reduces the cross-section thus increasing the
gas flow and promoting the plasma extraction.
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FIGURE 2.2: Common electrodes and channel geometries for atmo-
spheric pressure plasmas [53].

A brief classification can also be done depending on the outlet dimen-
sions, meaning that a narrow circular outlet is generally refered as to "point
plasma source" while a high-aspect ratio rectangular window as to "linear
plasma jet".
Circular outlet geometries have channels with dimensions from hundreds
of microns up to few millimeters, while ring-shaped and rectangular-shaped
can expand up to few centimeters. The gas channel cross-sectional dimen-
sions are, in fact, strictly related to the necessity of generating an atmo-
spheric plasma. This implies that high gas breakdown voltages should
be reached, thus limiting the distances to narrow gaps. This also helps in
keeping the high voltage as low as possible, avoiding the plasma discharge
region [62–65].
Another critical aspect of the design, is the proper choice of materials be-
ing in contact with the gas and plasma. Metals are generally used for "bare
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metal electrodes" while insulating materials such as alumina, glass or sil-
ica are used in the case of "dielectric-covered electrodes".
Additionally, the channel geometry can be complicated with the introduc-
tion of additional channels for feeding vapors or aerosol solutions of chem-
ical precursors.
For all the atmospheric plasmas, the discharge gas are selected among the
family of noble or inert gas, meaning that helium, argon, nitrogen or other
gas mixtures are preferred.
In a basic geometry configuration, any precursor can be added directly to
the discharge gas in the plasma source. This helps increasing the precur-
sor activation and fragmentation but fails inducing the deposition at the
electrodes.
To overcome this problem, a coaxial channel solution can be adopted to
feed the precursor through a second channel, before or after the device
outlet. Usually the aerosol or vapor gas carrier is the same as the discharge
one, leading to a dual role of this gas: the plasma generation and the pre-
cursor transport and injection. This technological advancement avoid the
deposition of precursors in the plasma device, leading to a lower mainte-
nance required and easier cleaning.
For specific configurations, the precursor can also be in the form of solid
metal wire, that consumes upon interaction with the plasma, and leads to
the deposition of thin films or nanostructures.
The non-equilibrium condition characteristic of atmospheric plasma is quite
difficult to be maintained during the plasma generation, since the collision
frequency between electrons and gas atoms is high, and the latter should
stay close to room temperature while the electron temperature is always
much higher [66, 67]. To sustain this process, different strategies should be
exploited regarding the electrode geometry, the presence of dielectric bar-
riers to avoid arc formation, the high gas flow to avoid overheating and
a high-frequency alternating-current (AC) plasma excitation. The plasma
temperature of atmospheric pressure plasma devices ranges from room



Chapter 2. Atmospheric Pressure Plasma Jets 46

temperature at the substrate level, up to several hundreds of degree Cel-
sius in the plasma generation region. This is an important difference, be-
cause even though the plasma temperature can be quite high in the gener-
ation region, the application of technological strategies can lead to a cold
atmospheric pressure plasma at the substrate level, meaning it to be still
useful to treat heat-sensitive materials.
A possible classification is based on the identification of specific type of
strategies applied to obtain the non-equilibrium condition, in particular:
based on discharge cell design or based on the high-frequency plasma gen-
eration. Asymmetric electrode geometry, sub-millimeter plasma confine-
ment and dielectric barriers belongs to the discharge cell design family [56,
63, 65, 68, 69], while radiofrequency and microwave plasmas to the second
family [63, 64, 70].

2.1.1 Discharge cell design

In the family of strategies for different cell design, corona discharges (CD)
are made of highly asymmetric electrodes, such as point-to-plane, wire-to-
plane or wire-to-cylinder. The small metal electrode, upon the application
of a high voltage, creates a strong electric field due to its curvature radius.
The gas ignition is therefore obtained close to the electrode, but with a
careful voltage raise, can be extended up to the counter-electrode. The dis-
charge, however, should not reach it, otherwise the plasma regime changes
from corona to arc, with an increase of the ionization degree.
Corona discharge devices can be powered by both direct current or alter-
nating current supply, with values ranging up to several tens of kV. The
most stable non-equilibrium plasma form for corona discharge is obtained
with pulsed-power supply, with pulse width in the order of few hundreds
of nanosecond, sufficiently short to avoid the arc formation [65, 69, 71].
These plasmas can be fed with air or nitrogen, and different commercial
products are available on the market.
Dielectric barrier discharge (DBD) can achieve the non-equilibrium condi-
tions thanks to a dielectric barrier in between the electrode and the counter-
electrode [72–74]. The key role of the dielectric material is to avoid the arc
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formation, limiting the discharge duration. DBDs are generally powered
with AC supply, with frequencies up to several kHz in both continuous
and pulsed mode. These devices can be fed with air, nitrogen and noble
gases (Ar or He) and the flow rates are as high as several liters-per-minute
(slm). Although initially characterized only by a discharge regime, nowa-
days many different regimes can be obtained by controlling the key pa-
rameters, like the excitation frequency and the applied voltage.
Microplasma are a third category of cell design in which the electrode dis-
tance is sub-millimetric and the discharge is confined in this tiny space
[56]. Microplasmas can achieve very stable non-equilibrium conditions
at atmospheric pressure. Its main application is in the synthesis of free-
standing nanomaterials.

2.1.2 High-frequency plasma generation

Uniform, stable and spark-free atmospheric pressure plasmas can be ob-
tained by applying high-frequency alternated-current electric fields in the
MHz to GHz range. In the 90’s, a first prototype with 13.56 MHz operating
frequency was developed in the US and deeply investigated [64, 75].
Two stable operating mode are possible: the α-mode and the γ-mode. Sta-
ble uniform discharge through bulk ionization is obtained in α-mode, with
negligible contribution of the secondary electrodes emitted by the cathode.
Conversely, the γ-mode exploits secondary electron emission, with a small
electrode area coverage [64]. In the stable α-mode, temperature lower than
200 ◦C have been reported.
For the class of high-frequency plasma generation, three main electrode
geometries can be highlighted, as reported in Figure 2.3 [76–78].
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FIGURE 2.3: Typical RF atmospheric pressure electrode geometries:
(a) concentric electrodes, (b) parallel plate electrodes and (c) perfo-

rated parallel plate electrodes [53].

The first configuration is characterized by concentric electrodes made of
stainless steel. The RF signal is applied to the inner electrode and a cooling
system is required to maintain temperatures around 100-150 ◦C. The par-
allel plate and perforated parallel plate electrode geometries are very sim-
ilar, and in both cases the gas flows in the channel between the electrode
and the counter-electrode. Generally, the lower electrode is grounded and
the RF signal is applied to the top electrode. Since in the last case the outlet
is composed of many holes, it is commonly referred as to the "showerhead
plasma".
Another strategy rather than the RF signal application is the generation
and stabilization of atmospheric plasma through microwaves. To date
only few studies have been proposed, mainly for surface processing with
Ar as feeding gas.
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2.1.3 A comparison between traditional low-pressure plasma and
atmospheric plasma

In the last decades, many industrial processes have exploited the useful-
ness of plasma treatments over a wide range of application areas including
optics, packaging, microelectronics and bio materials. The development
of atmospheric pressure plasma devices over conventional ones have at-
tracted scientists in recent years. The absence of vacuum systems as well
as the reduced reactor cost, easier handling and the overcome of geometric
constraints are the basic motivations of the rapid growth over traditional
plasmas. However, many critical aspects have to be taken into account
since the creation of a stable plasma in atmospheric conditions is chal-
lenging. In fact, a wide range of instabilities can cause plasma arcing or
overheating and inhomogeneities in the plasma plume can result for fil-
amentation of the plasma itself [64, 65]. To overcome these problems, a
careful selection of the feeding gas mixture can help to maintain the non-
equilibrium condition, avoiding overheating and arcing.
Noble gases like argon (Ar) and Helium (He) are generally used as pri-
mary gases, since they are noble gases and can operate at significantly
lower voltages [56, 63, 65, 68]. This translates in lower power density and
lower thermal instability.
Air or nitrogen are generally avoided, because of their higher breakdown
voltage and lower thermal capacity. Nevertheless, the use of noble gases
over air or nitrogen raises the running costs, since the feeding flow can be
as high as several liters-per-minute, especially to reduce the residence time
in the plasma state so to reduce the gas heating [63].

2.2 Plasma enhanced reactions and polymerization

Among the large variety of techniques available for the tailoring of surface
properties, the family of plasma-based techniques is of particular interest
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because it combines several advantages, such as low temperature process-
ing, wide range of materials that can be treated and versatility to modulate
the required properties just by simply adjusting the synthesis conditions.
Nowadays, the development of organic thin film surfaces is of great in-
terest, as most of the applications are focused on surface capabilities and
interactions. Plasma-based technologies allows for the synthesis of plasma
polymer films (PFF) [79] that slightly resembles a conventionally poly-
merized film. In fact, a plasma polymerization creates a random network
rather than conventional repeating-block chains, resulting in a higher cross-
linking degree.
The concept is well schematized in Figure 2.4.

FIGURE 2.4: Comparison of a traditionally processed polymer and
a plasma polymerized one [79].

It has been demonstrated that PPF have good thermal, chemical and me-
chanical stability and a variety of materials, even with complex geometry,
can be homogeneously covered.
Plasma polymerization have gathered great attention in the corrosion and
packaging fields, that for historical reasons aimed to produce physical bar-
riers with high cross-linking degree. The cross-linking degree is, in fact,
related to the precursor fragmentation, that in the highly energetic envi-
ronment created by a plasma can be easily achieved. However, a highly
energetic condition is generally leading to a poor chemical composition



Chapter 2. Atmospheric Pressure Plasma Jets 51

control, that is the key-parameter to define the performances of PPF.
In the large class of plasma-based technologies, atmospheric pressure plas-
mas are predominantly used because of their non-equilibrium feature, that
allows the electrons to induce chemical reactions without an important
thermal contribution. However, due to the recent development of atmo-
spheric plasmas over conventional low-pressure plasmas, the plasma poly-
merization process have been widely studied for conventional plasmas
[79] and only recently have been extended to atmospheric ones [80].
The precursors used for low-pressure plasmas are generally identical to
that of atmospheric ones, but at atmospheric pressure the monomer in-
jected in the plasma through the use of a plasma gas. This gas carrier
allows the monomer to reach the plasma region, where the polymeriza-
tion in mainly induced by the formation of a radical specie obtained by
collision with a high-energy particle or by UV excitation. This represents
the main difference with respect to a low-pressure plasma where the acti-
vation is obtained by monomer-electron collision.
Another key feature of atmospheric pressure plasma is represented by the
possibility to synthesize oxides starting from liquid or vapor precursors.
In fact, a proper selection of the gas carrier, for example an Ar/O2 mixture,
can lead to the formation of a strongly oxidizing atmosphere thanks to the
enhanced radical formation in plasma. If this atmosphere is combined
with a buffer solution of organo-metallic precursor, the result is the com-
bustion of the organic part and the oxidation of the metal. As a practical
example, a buffer solution of zinc acetate fluxed in Ar/O2 carrier, results
in the formation of zinc oxide with complete disappearing of the organic
acetate group.

2.2.1 Plasma polymerization

One of the most commonly accepted plasma polymerization model is the
Yasuda "Rapid Step Growth Polymerization" (RSGP) model [81], initially
developed for low-pressure plasmas but in good agreement with experi-
mental results also for atmospheric pressure plasmas. This model is based
on the assumption of total monomer fragmentation induced by the plasma
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and subsequent recombination and deposition (Figure ).

FIGURE 2.5: Plasma polymerization growth mechanism [82].
M: initial monomer

i,j,k: polymerization steps

Since the bulk structure of plasma polymers is completely irregular, the
proposed mechanism is considered the most likely to occur. However,
many internal and external plasma parameters, such as reactor geometry,
applied voltage or monomer partial pressure, can influence the properties
of the films.
Moreover, a significant difference between conventional and plasma poly-
mers should be highlighted. The fragmentation of precursor monomer oc-
curring in the plasma state leads to the formation of fragments that are
generally smaller than the original monomer. The structure of plasma
polymers cannot be accurately predicted from the structure of the monomer
as the feeding precursor can be considered mostly as a source of single
atoms, for an atomic level polymerization.
The plasma polymerization is not able to provide linear polymers but in-
stead creates complex three-dimensional networks with high-degree of
cross-linking. Carbon atoms are almost always branched or cross-linked
in a network that resembles a diamond-like structure.
The interaction between organic molecules and plasma can occur through



Chapter 2. Atmospheric Pressure Plasma Jets 53

direct ionization of the molecules or by collision with gas excited species.
Since the gas feels the presence of precursor molecules, it can dissipate
its own energy either via photon emission or via collisional transfer. The
photon emission is generally reduced upon the addition of an organic
molecule because a portion of energy is used for the organic molecule ex-
citation. This is realized by breaking covalent bonds (like C-C and C-H)
because it requires less energy than the ionization of the molecule.
Another important concept is related to the plasma-surface interaction.
Since the energy of electrons and ions is relatively low, even in presence
of a polymeric surface, the direct interaction can be considered as to be
limited to the surface without penetration. Conversely, the UV photons
generated by plasma ion dissipation are extremely more energetic and can
penetrate into the bulk of the material.
If on one hand the plasma physical penetration is negligible, the chem-
ically active species produced by plasma ionization and energy transfer
cannot be considered limited to the surface. In fact, the penetration strongly
depends on the chemical reactivity and specificity of the surface. Two pa-
rameters are responsible for this effect: the transport rate and the chemical
reaction rate.

2.2.2 Chemistry of the feeding monomer

The chemical structure of the organic compounds used as monomers is
generally of fundamental importance in conventional polymerization. For
example, the presence of double and triple bonds is mandatory for a vinyl
polymerization. However, when considering the process of plasma poly-
merization, this chemical importance is lost, and the monomers can be
classified in four different classes:
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TABLE 2.1: Classification of the organic compound for plasma poly-
merization [82].

Table 2.1 groups the main experimentally observed characteristics with the
chemical structure of precursor monomers.
It is possible to notice that the reactivity level changes significantly with
the initial chemical structure. In particular, oxygen-containing precursors
are very sensitive to the energy level and they can react and being released
without contributing to the final polymerized structure.
A list of the most common and widely studied monomers for plasma poly-
merization is reported in Table 2.2.
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TABLE 2.2: Common plasma monomers with polymerization con-
ditions [82].

More recent research highlighted that a variety of substances can be feed as
monomers for plasma polymerization, some of them more green chemistry
oriented [83].
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2.2.3 Nanomaterials synthesis through APPJ technology

The peculiar geometry of APPJ and the intrinsic low-temperature charac-
teristic makes APPJ plasmas ideal for the synthesis of standalone nano-
materials and thin films starting from liquid aerosol solutions or vapors.
Moreover, the possibility to use specific carrier gases and custom buffer
solution allows to obtain controlled reactions in the plasma phase and a
good final material stoichiometry control [53, 68, 84, 85]. Although widely
used for etching and surface activation treatments, APPJ was intensively
studied for the deposition of semiconductor materials, SiOx coatings and
carbon nanostructures [84].
Oxides represents a main category in APPJ deposition and were exten-
sively studied. A variety of different oxides have been deposited so far:
SiOx, SiO2, CeOx, TiO2, SnOx, InOx, ZnO and ZnO:Al [63]. Silica-based
oxides were grown starting from silane gas or more conventional tetram-
ethyldisiloxane (TMDSO), hexamethyldisiloxane (HMDSO), and tetraethy-
lorthosilicate (TEOS) precursors. Alternatively, trimethylsilyl chloride was
also tested to produce stoichiometric SiO2 thin films [86]. Semiconductor
TiO2 and CeOx thin films were obtained from titanium oxide acetylace-
tonate and cerium acetate, respectively [87, 88]. Moreover, conductive
transparent oxides, such as ZnO:Al, SnOx and InOx, with low electrical
resistivity and good transparency were obtained [89–91].
A key-feature of APPJ plasmas resided in the possibility to obtain doped
materials at low temperature thanks to a fine tuning of precursor liquid
solution [85]. On one hand, thin films are obtained by direct interaction
of the plasma plume with the substrate, giving a uniform coating both
in thickness and coverage. On the other hand, plasma-liquid interactions
have been investigated for the production of standalone nanoparticles [84,
92–94].
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FIGURE 2.6: Plasma-liquid interaction for the deposition of
nanoparticles [92].

Standalone nanoparticles can be produced with different size and shapes
by direct plasma-liquid choosing the proper precursor solution and con-
centration. For example, gold nanoparticles in liquid solution were pro-
duced from chloroauric acid solution in water without stabilizing agents
[92]. Tunable compact layers made by aggregation of standalone gold
nanoparticles were also deposited for plasmonic applications [95].
Another advantage offered by APPJ resides in the possibility to engineer
the surface of standalone nanoparticles through specific surface engineer-
ing. For example, Mariotti et al. reported on the surface engineering of
silicon nanoparticles in ethanol through plasma-liquid interaction for en-
hanced photovoltaic applications [92]. Alternatively, plasma polymeriza-
tion of diverse monomers can lead to specific nanoparticle surface fiction-
alization, for example through passivation of surface defect with conse-
quent PL enhancement [96].
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Chapter 3

Materials and Methods

In this chapter, all the experimental details about the plasma torch and the
characterization techniques are reported. Firstly, the plasma machine is
presented and the standard working parameters are reported. Secondly,
all the customization and the movement control program is presented.
Thirdly, an overview of the polysiloxane resins shows the preparation and
reaction for the matrix used to produce the samples. Finally, the tech-
niques used to characterize all the produced samples are introduced and
the standard parameters are reported.

3.1 The custom plasma setup

The custom setup used to realize the samples reported lately is based on
a commercial atmospheric pressure plasma torch (Stylus Plasma Noble,
Nadir S.r.l., US patent n° US9693441B2, EU patent n° EP3069577A1 [97,
98], modified for our purposes.). The torch operates in atmospheric pres-
sure conditions using a noble gas (Argon) thanks to a specific electrode ge-
ometry (dielectric barrier discharge, DBD) in which the electrodes are not
directly in contact but they are coated with an alumina layer. A schematic
cross-section of the plasma head is shown in Figure 3.1
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FIGURE 3.1: Plasma torch head cross-section highlighting the con-
centric channel structure with cooling, plasma and reacting species.

A concentric-channel geometry allows to generate the plasma in a spe-
cific region (high voltage region) and to drive the plasma out of a noz-
zle for some millimeters, using a radiofrequency circuit (RF region). The
plasma head was mounted on a customized 3D printer framework (Velle-
man K8200). The printer framework was modified by replacing the print-
ing head with the plasma torch, and the heating bed with a more powerful
one (mica-based, 100 W, up to 300 ◦C).
The torch was operated with user-tuned parameters that are listed in the
section below.
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3.1.1 APPJ standard parameters

In this section, the plasma torch operating parameters for deposition are
reported (Table 3.1). All these parameters were kept constant for all the
depositions reported in this thesis, if not differently specified.
Table 3.1 summarizes the main plasma parameters, such as the high volt-
age, the RF power and the gas flows.

RF Power [W] Distance [mm] High voltage [kV]

20 6 7÷8

Argon process gas
[slm]

Nitrogen cooling gas
[slm]

Precursor gas [slm]

5 14÷15 0.4

X-Y stage movement [mm/min]

300

TABLE 3.1: Plasma standard parameters for deposition/treatment.

The 3D stage is provided of a microcontroller (ATmega2560) that receives
instruction via usb connection and drives the x-y-z motors. The 3D stage,
derived by a modified 3D printer, comes along with a commercial open-
access software that was not able to satisfy the requirements for controlled
thin films and nanoparticles deposition, so a MatLab-based GUI (Graph-
ical User Interface) was developed and implemented. The program com-
municates with the microcontroller through G-Code language.
The program allows for custom controlled movements of the plasma torch
head and for two different patterned movements (linear or square-grid).
The custom system GUI layout is reported in Figure 3.2.
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FIGURE 3.2: Plasma movement system GUI.

The motion system is based on NEMA motors that are not provided of op-
tical encoders for motion control, so an initial calibration is required.
The patterned square-grid movement was used to deposit all the samples,
resulting in a good deposition homogeneity. Large areas can be covered
with homogenous thickness in multiple steps, resulting in reproducible
samples.
The x-y plane is provided of a custom heating plate that is operated through
an external controller, allowing for a temperature range from room tem-
perature up to 300 ◦C thanks to a mica-based heater.

3.2 Polysiloxane synthesis

For the preparation of polysiloxane-based samples, three different types
of resin were employed: PDMS, PSS1418 and PSS100, where for PSS sam-
ples the number represents the percentage amount of vinyl content in each
resin.
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The two resins follows different cross-linking paths, because one can poly-
merized through poly-addition while the other by poly-condensation. This
is an important information because the reaction behavior influences the
geometry of the final sample, as the shrinkage is not equal.
Both polymerization reactions can occur at room temperature in 24/48
hours but are favoured at slightly higher temperature, such as 60 ◦C for
4 hours.
In both cases, the presence of a platinum or tin catalyser is fundamental to
trigger the reaction.

3.2.1 PDMS

Poly-dimethyl-siloxane (PDMS) was employed for its superior transparency
and flexibility.
The chemical structure is reported in Figure 3.3.

FIGURE 3.3: Molecular structure of poly-dimethyl-siloxane.

The easiness of production and handling makes the PDMS resin suitable
for a variety of applications. However, the absence of phenyl groups makes
the resin insensitive to the radiation, making it suitable only for being a
host matrix for an active material. On the other hand, the superior trans-
parency grants that the scintillation light is collected efficiently, with minor
losses.
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3.2.2 PSS 14-18

Poly(dimethyl-co-diphenyl) siloxane (PSS1418) with phenyl content of 14
÷ 18 % mol. was employed for its lower rigidity compared to PSS-22 and
PSS-100. Nevertheless, the phenyl content hinders the polymer chain mo-
bility and reduces the elongation at break. On the other hand, the pres-
ence of phenyl groups is essential for the scintillation behavior, since the
benzene-like structure allows for visible electron transitions.
The realization of PSS14-18 samples is obtained by mixing three compo-
nents: the Diphenylsiloxane-Dimethylsiloxane copolymer, the MethylHydrosilox-
ane - PhenylMethylsiloxane and the dioctyltindilaurate as catalyser.
The molecular structure of the base resin, the Diphenylsiloxane-Dimethylsiloxane
copolymer, vinyl terminated, is shown in Figure 3.4

FIGURE 3.4: Molecular structure of Diphenylsiloxane-
Dimethylsiloxane copolymer, vinyl terminated (n ≈ 14÷18).

The component reacts with MethylHydrosiloxane - PhenylMethylsiloxane, hy-
dride terminated shown in Figure 3.5, to obtain a linear structure.
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FIGURE 3.5: Molecular structure of MethylHydrosiloxane - Phenyl-
Methylsiloxane, hydride terminated (n ≈ 45÷50).

The reaction is favoured by the use of a catalyser, dioctyltindilaurate (Figure
3.6).

FIGURE 3.6: Molecular structure of dioctyltindilaurate.
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3.2.3 PSS-22 and PSS-100

Another siloxane-based polymer used for the realization of flexible scin-
tillator is the poly(dimethyl-co-diphenyl) siloxane with phenyl content of
22% mol. or of 99÷100% mol. It is employed to increase the scintillation
performances compared to the PSS14-18 samples. However, the increase
of phenyl content helps increasing the scintillation performances but re-
flects on the mechanical properties of the final polymer, with an increase
of rigidity and a decrease of flexibility.
The realization of PSS-22 and PSS-100 samples is obtained by mixing three
components: the Vinyl Terminated poly-Phenyl-Methylsiloxane, the Methyl-
Hydrosiloxane - Phenyl-Methylsiloxane and the Platinum - divinyl-tetramethyl-
disiloxane complex in xylene as catalyser.
The molecular structure of the base resin, the Vinyl Terminated poly-Phenyl-
Methyl-siloxane, is shown in Figure 3.7

FIGURE 3.7: Molecular structure of Vinyl Terminated polyPhenyl-
Methyl-siloxane (n ≈ 99 ÷ 100).

The component reacts with Methyl-Hydrosiloxane - Phenyl-Methylsiloxane,
hydride terminated shown in Figure 3.8, to obtain a linear structure.
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FIGURE 3.8: Molecular structure of Methyl-Hydrosiloxane - Phenyl-
Methylsiloxane, hydride terminated (n ≈ 45 ÷ 50).

The reaction is favoured by the use of a catalyser, Platinum - divinyl-tetramethyl-
disiloxane complex in xylene (Figure 3.9).

FIGURE 3.9: Molecular structure of Platinum - divinyltetramethyldis-
iloxane complex in xylene.
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3.3 Optical measurements

3.3.1 UV-Vis and steady-state measurements

Luminescence measurements is taken either using an UV-Vis spectrofluo-
rometer or with a laser as excitation source.

FIGURE 3.10: Jasco FP-6300 spectrofluorometer.

The UV-Vis spectrofluorometer (Jasco FP6300, Figure 3.10) is a single xenon
lamp excitation source that covers the 200÷750 nm range. It has two
monochromators, one for selecting the excitation wavelength and one for
the emission wavelength, and two PMT detectors that can be biased up
to 1000 V. The typical settings for an excitation-emission measurement in-
cludes an excitation and emission slit width of 5 nm, a measurement speed
of 500÷1000 nm/min and a sensitivity (i.e. PMT voltage) of 400 V.
A general scheme of a spectrofluorometer is shown in Figure 3.11.
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FIGURE 3.11: General scheme of a spectrofluorometer.

For laser measurements, two different wavelengths are employed: a 266
nm and a 355 nm. Both are diode-pumped solid-state (DPSS) lasers based
on 3rd (355 nm) and 4th (266 nm) harmonic (Figure 3.12). The lasers are
frequency modulated (5÷10 kHz) with pulse width of 3÷7 ns for the 355
nm and 250÷350 ps for the 266 nm. The excitation source (355 nm) is
conveyed into a single-mode optical fiber (125 µm) or shot directly on the
sample (266 nm).
The fluorescence is collected using a dry microscope objective (Olympus
RMS4X achromatic, 0.10 NA) and, if necessary, an optical cut-off filter to
eliminate the laser-line (364 nm cut-off for the 355 nm source). The signal
is conveyed into an optical fiber (600 µm core) to a portable spectrometer
(OceanOptics QE65000, 200÷1000 nm range, 1 nm sensitivity). The spec-
trometer is connected to a laptop where the dark spectrum correction is
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asses by software subtraction (SpectraSuite).

3.3.2 Time-resolved measurements

Time resolved measurements are carried out using a time-correlated sin-
gle photon counter (TCSPC, PicoHarp 300) with 4 ps timing resolution
coupled with the optical system described in the previous section.

FIGURE 3.12: Laser bench with laser heads (green 266 nm, yellow
355 nm), collection system (pink), monochromator (red) and TCSPC

(orange).

The TCSPC allows to create the histogram of photon arrival by acquiring
the time difference between the emission of a bunch of photons by the laser
and the fluorescence of the sample collected through the PMT/APD. The
general TCSPC working principle is shown is Figure 3.13.
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FIGURE 3.13: Time-correlated single photon counting principle
[99].

The trigger signal is synchronized using an external pulse generator (Tek-
tronix AFG3000C) or by using the laser driver, depending on the polarity
of the synch signal. For every photon emitted upon laser excitation, an
electrical signal (i.e. pulse) is generated by the PMT and collected by the
TCSPC to build the time histogram. An example of a correlation histogram
is shown in Figure 3.14

FIGURE 3.14: Photon arrival and time correlation [99].

Since the fluorescence decay is typically following an exponential behav-
ior, the fit of the histogram gives the lifetime value.
The general working principle of the TCSPC system coupled with the laser
source and the laptop is shown in Figure
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FIGURE 3.15: Schematic of the TCSPC coupled with the PMT and
laser source for timing measurements [99].

3.4 FT-IR measurements

The Fourier-transformed Infrared Spectroscopy (FT-IR) is performed using
a Nicolet Avatar 330 (Figure 3.16) equipped with DTGS detector. The mea-
surements are performed in transmittance mode using 8 cm−1 resolution,
64 scans and bare silicon as reference. All the other machine parameters
are kept constant and set to default values.
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FIGURE 3.16: Nicolet Avatar 330 FT-IR.

3.5 SEM/EDS measurements

The scanning electron microscopy characterization is performed using a
Zeiss Supra 50 SEM equipped with backscattered (AsB) detector and field
emission gun (FEG) source. Standard parameters for morphology analysis
are: 5 kV acceleration, 30 µm aperture and 20 s integration time for a single
acquisition.
The energy dispersive spectroscopy (EDS) is performed using a Jeol JSM-
IT300LV SEM equipped with a FEG source and a BRUKER QUANTAX
XFlash 630M detector with liquid-nitrogen cooling. The samples are in-
spected at 10 kV with 60 s integration time.
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3.6 Electrical measurements

The electrical measurements area collected using a four-point probe sta-
tion (Everbeing C6) equipped with a Keithley 4200A-SCS parameter ana-
lyzer. The instrument results are provided as sheet resistance (Ω/�) and
subsequently converted to resistivity (Ω · cm) using the known sample
thickness acquired with a mechanical profilometer.

3.7 X-ray diffraction (XRD)

X-ray diffraction measurements are carried out using a Italstructures IPD3000
(Figure 3.17) instrument in vertical Bragg-Brentano configuration. The in-
strument is equipped with a wide-angle detector that allows for a full-
spectrum record. For pure XRD measurements the analysis is performed
in low incident angle mode (≈ 1◦) with a cobalt source (Kα = 1.7902 Å)
powered at 40 kV / 20 mA.

FIGURE 3.17: IPD3000 instrument with wide angle detector.
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For X-ray luminescence (XRL) measurements the source is powered with
the same configuration but the detector was replaced with an optical fiber
(multimode 600 µm core) connected with the OceanOptics QE65000 spec-
trometer. The acquisition is performed using a custom software developed
in MatLab ®, able to perform dark spectrum subtraction, continuous and
single acquisition with or without dark spectrum correction.
The graphical user interface (GUI) of the program is visible in Figure 3.18.

FIGURE 3.18: OceanOptics spectrometer acquisition GUI.

3.8 Thermogravimetric analysis (TGA)

The thermogravimetric analysis is performed using a Q5000 IR thermobal-
ance (TA Instruments, Figure 3.19) with platinum crucibles (100 µL). The
specimens are tested in the range 30-700 ◦C with 10 ◦C/min temperature
ramp and under 10 sccm of N2/air flow.
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FIGURE 3.19: Q5000 IR thermobalance.

3.9 Differential scanning calorimetry (DSC)

The differential scanning calorimetry (DSC) is performed using a Mettler
DSC30 instrument (Figure 3.20). The sample is heated from 30 ◦C to 180 ◦C
at 20 ◦C/min, kept at 180 ◦C for 40 minutes, cooled to -50 ◦C at 10 ◦C/min
and, finally, heated at 10 ◦C/min up to 200 ◦C. The entire procedure is
done under a N2 flow of 100 sccm.
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FIGURE 3.20: Mettler DSC 30.

3.10 Nuclear magnetic resonance (NMR)

The NMR analysis is carried out using a Bruker 400WB (Figure 3.21) spec-
trometer operating at a proton frequency of 400.13 MHz in solid state con-
ditions at the magic angle spinning (MAS).
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FIGURE 3.21: Bruker 400 WB NMR.

The NMR spectrum is acquired with cross polarization (CP) pulse sequence
under the following conditions reported in Table 3.2.

13C frequency
[MHz]

Contact
time [ms]

Decoupling
length [µs]

Recycle
delay [s]

# of scan

100.48 2 5.9 5 2·105

TABLE 3.2: 13C CP-MAS NMR parameters.

A 4 mm zirconia rotor is used as sample holder and spun at 11 kHz under
air flow. Adamantane is used as external secondary reference.
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3.11 Electron spin resonance (ESR)

Electron spin resonance spectra are acquired with a Bruker EMX-6/1 (Fig-
ure 3.22) at 293 K, equipped with a X-band microwave generator (9.1 ÷
9.8 GHz) and a 200 mW Gunn source. The magnetic field is varied be-
tween 3000 G and 4000 G and the measurements are acquired with fixed
gain (5 · 105), modulation amplitude (8 G), resolution (2048 channels) and
conversion time (≈ 40 ms).

FIGURE 3.22: Bruker EMX-6 ESR

3.12 Scintillation measurements

Basic scintillation tests are performed using laboratory sources with lim-
ited activity of 1 µCi or 10µCi. An 241Am source (Eα = 5.486 MeV) is em-
ployed for scintillation tests under alpha particle excitation, while a 133Ba
(EC = 207.86 keV), a 137Cs (EC = 477.34 keV) and a 22Na (EC = 340.67 keV
and 1061.71 keV) sources are used for the tests under gamma excitation.
The alpha and gamma-excitation measurement setup is composed of a
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conventional photomultiplier tube (Hamamatsu H10721-20), connected to
a digitizer (Caen DT-5730), as visible in Figure 3.23.

FIGURE 3.23: Scintillation acquisition setup for PDMS composite
samples.

Each sample is coupled with the photocathode window of the PMT, with-
out the need of optical grease, and the system is biased at 5 V with fixed
gain at 0.8 V (corresponding to ≈ 2 · 105 V/V). The acquisition window is
set to 1500 samples with resolution of 8 ns.

FIGURE 3.24: Short and long gate definition.
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Figure 3.24 shows the definition of short and long integration gates, giving
as a result the tail (short) and total (long) integral (or pulse integral).

FIGURE 3.25: Example of alpha particle interaction with a ZnO:Zn
loaded PDMS sample.

3.13 Ion-beam induced luminescence (IBIL)

Ion-beam induced measurements (IBIL) are acquired at the AN2000 Van
de Graaf accelerator at the Legnaro national laboratories (INFN-LNL, Italy).
A proton beam with 1.8 MeV energy and ≈ 1.5 nA current is shot on the
front surface of the samples, while a silica optical fiber, connected to the
portable spectrometer (OceanOptics QE65000) allows to record the real-
time spectrum (Figure 3.26). The current beam of about 1.5 nA with a spot
size of 2 x 2 mm2 corresponds to ≈ 2 · 1012 H+

cm2·s .
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FIGURE 3.26: Scattering chamber of the 0◦ line of the AN-2000 ac-
celerator with beam direction (red) and sample position (yellow).

The penetration depth of protons is PDMS was calculated using SRIM (The
Stopping and Range of Ions in Matter) and resulted to be 72± 2 µm for 1.8
MeV energy, as visible in Figure 3.27 where the Bragg’s peak is visible.
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FIGURE 3.27: Penetration depth for 1.8 MeV protons in PDMS.
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Chapter 4

Composite scintillators containing quan-

tum dots

Part of this section has been published in:

"Photoluminescence enhancement of colloidal CdSe/ZnS quantum dots
embedded in polyvinyl alcohol after 2 MeV proton irradiation: crucial role
of the embedding medium"
E. Zanazzi, M. Favaro, A. Ficorella, L. Pancheri, G.F. Dalla Betta, A. Quar-
anta
Optical Materials, 88 (2019) 271-276

"Real-Time Optical Response of Polysiloxane/Quantum Dot Nanocom-
posites under 2 MeV Proton Irradiation: Luminescence Enhancement of
Polysiloxane Emission through Quantum Dot Sensitization"
E. Zanazzi, M. Favaro, A. Ficorella, L. Pancheri, G.F. Dalla Betta, A. Quar-
anta
Phys. Status Solidi A, 2020, 217, 1900586
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"Proton Irradiation Effects on Colloidal InGaP/ZnS Core-Shell Quantum
Dots Embedded in Polydimethylsiloxane: Discriminating Core from Shell
Radiation-Induced Defects through Time-Resolved Photoluminescence Anal-
ysis"
E. Zanazzi, M. Favaro, A. Ficorella, L. Pancheri, G.F. Dalla Betta, A. Quar-
anta
J. Phys. Chem. C 2018, 122, 22170-22177

"Radiation-induced optical change of ion-irradiated CdSeS/ZnS core-shell
quantum dots embedded in polyvinyl alcohol"
E. Zanazzi, M. Favaro, A. Ficorella, L. Pancheri, G.F. Dalla Betta, A. Quar-
anta
Nuclear Inst. and Methods in Physics Research B, 435 (2018) 327-330

In this chapter we report the study and characterization of polysiloxane-
based flexible scintillators loaded with colloidal quantum dots (QD), in or-
der to investigate the energy transfer mechanism between the matrix and
the QDs. In particular, the luminescence emission has been investigated in
real-time under proton beam and as steady-state and time-resolved photo-
luminescence before and after proton beam irradiation to evaluate the use
of quantum dots embedded in polymeric matrices as acceptors.
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4.1 Introduction

The use of colloidal quantum dots embedded in organic matrices has been
partially investigated, with the aim of increasing the scintillation yield of
polymeric-based composites under γ-rays. The use of high-Z components
in low-Z polymeric matrices can enhance the γ-ray capture cross-section,
leading to the creation of a more efficient composite scintillator [24]. In
this work we studied the possibility of exploiting QDs as energy acceptors
by producing a low-concentration composite scintillator in which the QDs
should act as primary dye [100]. To obtain this result a low amount of
nanocrystals is dispersed in a highly transparent phenyl-rich matrix that
is employed for mechanical, optical and scintillation aspects. The work-
ing principle therefore should be based on a non-radiative energy transfer
process of Förster type (FRET) between the matrix, acting as donor, and
the nanocrystals acting as acceptor. A few works have suggested the pos-
sibility of FRET occurring between polymeric matrices and QDs [24, 101].
However, a controversial debate is still open on the role of QDs as ac-
ceptors, since the remarked difference in lifetime between donor (organic
matrix) and acceptor, that cannot lead to an efficient energy transfer pro-
cess [102]. It has been reported that their potential use as acceptors is more
challenging than their use as donors [103], but the intrinsic wavelength
tunability, rising from quantum confinement, could lead to a more effi-
cient coupling with the peak of detectability of photodetectors. For these
reasons, we produced and tested CdSeS/ZnS in PSS samples, monitoring
the real-time luminescence under proton beam

As previously reported irradiation with high energy sources induces a
quench of the QD luminescence in embedded samples [104–106]. The
degradation is ascribed to the formation of radiation-induced defects in
the ligands surrounding the nanocrystals with creation of surface trap
states that quenches luminescence [104, 105]. Similarly, we investigated
the behavior under proton beam instead of high energy photons because
of the large spreading of proton beams in cancer therapy treatments. In
fact, protons have gained an enormous attention in medical physics due
to their ballistic behavior, releasing most of their energy at the end of the
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ionization track and therefore preserving the healthy surrounding tissues
during cancer treatments. In this framework, passive dosimeters based
on luminescence yield variation of QDs embedded in matrices can serve
as accurate radiation dose indicators to verify the dose delivery and the
control the beam. The interest behind the use of nanocrystals as probe
for the radiation is driven by the intrinsic core-shell structure composed
of a radiation-hard core (CdSeS/ZnS) and a radiation-weak shell (organic
ligands). However, ligands have been found to contribute significantly
to the overall PL, therefore a deepening on the radiation-induced damag-
ing and luminescence yield monitoring is required. For these reasons, we
monitored the luminescence in CdSeS/ZnS QD embedded in polyvinyl al-
cohol (PVOH), observing an enhancement of the PL in certain conditions.
We monitored the emission spectrum and lifetime before and after pro-
ton beam irradiation to investigate the presence of energy transfer mecha-
nisms and their efficiency.

4.2 Experimental

Commercial CdSeS/ZnS quantum dots (stabilized with octadecylamine)
with emission wavelength centered at 540± 10 nm were employed for the
experiments.
For the first experiment, CdSeS/ZnS QDs were dispersed in PSS1418 ma-
trix at a concentration of 0.003, 0.015, 0.03, 0.3 and 1% wt. with a circular
shape (Φ = 20 mm) and 5 mm thick as reported in Figure 4.1.
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FIGURE 4.1: PSS1418 samples loaded with different amount of QDs
under ambient (a) and UV light (b). The first sample on the right is

the bare matrix.

Steady-state and time-resolved photoluminescence characterization were
performed before proton beam irradiation at the AN2000 Van de Graaf ac-
celerator (INFN-LNL, Italy). 2 MeV protons, with a beam spot of 3x3 mm2

and a beam current of 40 nA corresponding to ≈ 2.8 · 1012 H+

cm2s , were shot
on the samples for 195 s while continuous acquisitions of 1 s were collected
with the spectrometer (in front-face geometry).
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FIGURE 4.2: (a) Schematics of the PVOH-doped deposition and ex-
posure, (b) unloaded and CdSeS/ZnS loaded PVOH sample under
ambient light, (c) unloaded and CdSeS/ZnS loaded PVOH sample
under UV light, (d) scheme of the steady-state and time-resolved

measurement setup [107].

CdSeS/ZnS QDs were also dispersed in poly-vinyl alcohol (PVOH), start-
ing from a 10% wt. water solution, and diluted to a final concentration of
0.7 mg/ml. The mixture was casted in circular molds of 10 mm diameter
and let dry overnight in free air. Six samples with a final thickness of 70
± 10 µm were obtained. The samples were irradiated at the AN2000 ac-
celerator under 2 MeV proton beam with beam spot of 3x3 mm2 and beam
currents between 5 nA and 10 nA. The corresponding flux was calculated
to be ≈ 5 · 1012 H+

cm2s . QD-loaded and unloaded samples were irradiated
with 1013, 5 · 1013 and 1014 H+

cm2 . Two samples were kept un-irradiated for
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comparison. Considering the thickness of the samples and the proton en-
ergy, all the ions are implanted in the sample releasing 2 MeV energy, as
computed through SRIM simulation (Figure 4.3). Steady-state and time-
resolved photoluminescence was investigated using a 405 nm laser diode
with 10 MHz repetition rate.

FIGURE 4.3: SRIM simulation of 2 MeV protons (H+) in PVOH.

4.3 Results and discussion

4.3.1 QDs in poly-siloxanes (PSS)

At first, an optical characterization with the spectrophotometer and under
285 nm pulsed-LED excitation was carried out. Excitation and emission
spectra of pure PSS matrix and QD loaded matrix are reported in Figure
4.4.
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FIGURE 4.4: (a) Combined excitation-emission spectra of PSS and
QD-loaded PSS matrix, (b) emission of PSS and QD-loaded PSS ma-
trix under 285 nm LED excitation, (c) time-resolved measurements

under 285 nm excitation (350 nm collection) [100].

As visible in Figure 4.4a, the emission spectrum of the matrix is peaked
around 350 nm and overlays well the excitation spectrum of quantum dots.
In this way, the hypothesis of energy transfer between the matrix and the
QD finds the basic condition for taking place. In Figure 4.4b, the emis-
sion spectra of pure and loaded PSS matrix are reported, showing that
the 350 nm emission decreases with the increase of QD loading. More-
over, the emission of QD at 550 nm increases with the concentration, sug-
gesting the occurrence of energy transfer. However, when dealing with
Förster type mechanisms, the donor lifetime (matrix) should be affected
by the presence of the acceptor (quantum dots) [108]. To investigate this
behavior, time-resolved measurements were acquired under nano-second
pulsed LED source at 285 nm. The resulting decay curves are reported in
Figure 4.4c, where no significant changes can be appreciated. The absence
of non-radiative energy transfer between the matrix and quantum dots
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was previously investigated by Clapp et al. [102], that attribute the possi-
ble cause to a difference in the radiative lifetime between the fast decay of
the matrix and the slow FRET decay due to a long exciton lifetime of the
acceptor. However, the excitation spectrum of QDs extends far in the UV
region, meaning that the recorded increase of signal derives from a direct
QD contribution correlated with the concentration.
In order to investigate deeper QD-matrix optical interaction, IBIL mea-
surements were carried out.
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FIGURE 4.5: (a)→ (g) Emission spectra under proton beam (differ-
ent exposure times: 1, 2, 3,10, 50, 100 and 195 s), (h) integral of the

emission contributions as function of the fluence [100].

Figure 4.5 reports the changes in spectral emissions under proton beam at
different fluences (exposure times). As it can be noticed, the interaction
of the proton beam with the sample induces significant changes from the
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beginning of the irradiation procedure, with the progressive decrease of
the matrix emission at 350 nm, in accordance with all the optical measure-
ments, and the rise of the QD emission at 550 nm. Even if the excitation
mechanisms under proton beam occurs via secondary electron generated
along the particle track [14], the recorded results gives the same emission
bands as under UV excitation. The increase in the 550 nm emission band
associated with QD emission arises from radiation-induced defects such
as radicals. These phenomena may lead to the cleavage of a Si-O-Si bond
in the matrix, resulting in an altered optical emission.
In general, the integral of each luminescence spectrum as a function of the
fluence (Figure 4.5h) shows a slight luminescence yield increase that can
be quantified as +8% for the 0.003% wt. and a +3% for the 0.015% wt. QD
concentration. If we consider the QD optical contribution as negligible,
the increase in light yield is correlated with nanocrystals high-Z sensitiza-
tion. In fact, the sensitization due to inorganic nanocrystals embedded in
an organic matrix is a mechanism that effectively converts γ-photons into
photoelectrons [109].
The high average Z of QDs enhances the ionization energy released along
the particle track leading to an increase of scintillation light yield. How-
ever, the enhancement was limited due to the low amount of QDs embed-
ded in the matrix.
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4.3.2 QDs in polyvinyl alcohol (PVOH)

In a similar way to the sensitization experiment, CdSeS/ZnS QDs embed-
ded in polyvinyl alcohol (PVOH) were irradiated with 2 MeV protons at
different fluences. Intensity resolved and wavelength resolved measure-
ments were monitored as a function of the fluence and are depicted in
Figure 4.6.

FIGURE 4.6: (a) Luminescence spectra of CdSeS/ZnS in PVOH un-
der 405 nm excitation, (b) PL emission yield as function of the flu-
ence, (c) enlargement of the radiation-induced luminescence band
(d) emission spectra of unloaded sample after proton irradiation

[107].

Steady-state PL measurements were collected under 405 nm laser excita-
tion (Figure 4.6a) showing a substantial variation of the PL yield as a func-
tion of the fluence. The initial fluence (1013 H+

cm2 ) causes an drop of lumi-
nescence yield (-80%, Figure 4.6b) that is partially recovered for the inter-
mediate fluence and overcome (+55%) for the highest fluence (1014 H+

cm2 ).
Moreover, the irradiation does not induce any significant peak shift for
the QD emission band but the growth of a new PL band peaked around



Chapter 4. Composite scintillators containing quantum dots 95

480 nm. This feature (Figure 4.6c) was previously observed for in simi-
lar samples embedding CdSeS/ZnS QDs in PVOH [110] and is ascribed
to a radiation-induced damaging of the polymeric network. To prove this
hypothesis, Figure 4.6d shows the emission of unloaded PVOH samples
subjected to the same fluences. The appearance of blue band at 480 nm
with intensity proportional to the fluence suggests that the interaction of
protons with the polymer generates radicals, leading to the formation of
unsaturated C = C bonds and finally to graphitic clusters.

FIGURE 4.7: Contour plots of: (a) un-irradiated unloaded PVOH,
(b) irradiated unloaded PVOH (1014 H+

cm2 ), (c) un-irradiated loaded

PVOH and (d) irradiated loaded PVOH (1014 H+

cm2 ). The intensity
scale is reported [107].

A deeper investigation was performed with conventional spectrofluori-
metric measurements. Contour plots in Figure 4.7 shows the emission of
different samples under UV excitation (300÷400 nm range). It can be no-
ticed that the unloaded un-irradiated sample (Figure 4.7a) shows a signal
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comparable to the background level, meaning that no significant contribu-
tions are present, while the corresponding irradiated sample (Figure 4.7b)
shows a blue band at 450 nm, in accordance with the previous laser mea-
surements (Figure 4.6). Similarly, for un-irradiated and irradiated loaded
samples (Figure 4.7c and d, respectively) a substantial increase in the light
yield is recorded upon irradiation.
The recovering and increase in PL QD yield are attributed to energy trans-
fer mechanisms between the radiation-induced defects in the matrix (donor)
and the quantum dots (acceptors). As for the previous case of sensitization
(subsection 4.3.1), lifetime measurements were carried out to prove the en-
ergy transfer mechanisms between donor and acceptor.

FIGURE 4.8: (a) lifetime decay curves measured at 550 nm (QD
emission, acceptor), (b) example of fitted curve, (c) lifetime as func-
tion of the fluence and (d) lifetime decay curves measured at 480

nm (matrix emission, donor) [107].

Figure 4.8a shows the lifetime curves measured at the QD emission wave-
length for un-irradiated and irradiated samples. It can be noticed that the
fluence causes an initial drop of the lifetime, followed by a substantial in-
crease for the highest fluence (1014 H+

cm2 ). For a better understanding, the
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results of fitting are plotted in Figure 4.8c as function of the fluence. It can
be noticed that a strong correlation between the PL intensity (Figure 4.7b)
and the decay lifetime (Figure 4.8c) exists. A single-exponential model was
employed to fit the experimental curves (Figure 4.8b) following the equa-
tion (4.1):

I = A · e−
t
τ (4.1)

A similar result was obtained for the un-irradiated and irradiated (1014 H+

cm2 )
by measuring the lifetime at 480 nm (donor). The curves reported in Figure
4.8d shows a substantial decrease of the lifetime in presence of the accep-
tor (QD), meaning that an energy transfer occurs. In particular, the donor
lifetime decreases from 7.1 ± 0.2 ns in undoped PVOH to 3.8 ± 0.1 ns in
QD-doped PVOH, meaning that the efficiency of energy transfer is≈ 46%.

4.4 Summary

The effects of 2 MeV protons on the energy transfer mechanisms have been
reported. On one hand, the effect of proton irradiation on CdSeS/ZnS
loaded PSS matrix showed the absence of Förster resonance energy trans-
fer (FRET) from the matrix to the quantum dots; whereas in the case of
CdSeS/ZnS loaded PVOH matrix a non-radiative energy transfer mecha-
nism was proved to occur. In the first case, the absence was ascribed to the
dominance of the relatively fast radiative decay of the matrix compared
to the slow FRET decay rate. Moreover, the optical measurements indi-
cated the possibility of a radiative energy transfer (RET) mechanism with
the absorption of a matrix-emitted photon by the QDs and the consequent
emission at the QD characteristic wavelength. This hypothesis was also
proved by measuring the response under proton beam excitation.
Conversely, PVOH samples showed a non-radiative energy transfer mech-
anism between the radiation-induced defect centers and the quantum dots,
that lead to a recovery and an enhancement of the emitted light yield.
These results demonstrate that quantum dots, in certain conditions, can
act as acceptors in non-radiative energy transfer mechanisms.
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In general, QDs are less effective in the matrix sensitization with respect to
conventional organic dyes. QDs cannot be treated with the molecular the-
ory of energy transfer, probably because the energy transfer mechanism is
different and not characterized by the same problems.
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Chapter 5

Fabrication of zinc oxide loaded flex-

ible scintillators

Part of this section is going to be published in:

"Optical and radioluminescence properties of ZnO:Zn as a function of re-
duction degree and treatment temperature"
M. Favaro, R. Ceccato, S. Diré, E. Callone, A. Quaranta

Flexible scintillators based on ZnO:Zn loaded PDMS were realized and
tested under alpha particles, X-rays, gamma rays and proton beam excita-
tion. A commercial ZnO powder was heat treated for 2 hours in a furnace
under Ar/H2 flow (3%) to promote reduction. Different batches of pow-
ders were thermally reduced at temperatures ranging between 600 ◦C and
1000 ◦C. Pristine and treated powders were morphologically, structurally
and optically analyzed before being incorporated in PDMS and PSS matri-
ces. At first, the evaluation of the reduction degree was obtained through
SEM/EDS analysis and stoichiometry reconstruction. The value of reduc-
tion ranges from 0% for the pristine powder up to 25% for the 1000 ◦C
sample. X-ray diffraction measurements highlighted a substantial crystal-
lite and grain growth with the increase of temperature, as confirmed by
SEM imaging. The powders average grain size increase from 0.35 ± 0.15
µm to 6.4 ± 1.6 µm, with a remarked decrease of the relative size disper-
sion. The skeletal density follows a similar trend, decreasing from 5.63 ±
0.02 g

cm3 for the pristine powder to 4.74 ± 0.02 g
cm3 for the 1000 ◦C sample.
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The reduction effect with modification of the oxygen vacancies and re-
combination dynamics was investigated with ESR measurements. Laser-
induced PL measurements showed a remarked increase of the defective lu-
minescence yield correlated with oxygen vacancies and an increase of the
slow recombination component in PL dynamics measurements. A small
bandgap contraction upon thermal reduction was measured via diffuse
reflectance, with a decrease from 3.25 eV to 3.21 eV. Radioluminescence
measurements showed promising results with an increase of luminescence
yield as a function of the reduction degree, similarly to UV-excitation mea-
surements. Alpha particle scintillation was observed upon exposure to a
241Am source, with promising results for the PDMS matrix. Finally, IBIL
measurements were acquired at the AN2000 Van de Graaf accelerator at
the INFN-LNL (Laboratorio Nazionali di Legnaro, Padova, Italy) facility
under 1.8 MeV proton beam, showing an optical response similar to UV
and X-rays excitation.

5.1 Introduction

So far, as of today, zinc oxide have been widely investigated and employed
in many different fields. Being re-discovered in the ’60s owing to its opti-
cal and electrical properties, it has re-attracted interest in the last decade
for its scintillation behavior under mixed radiations [51, 111–115]. Beside
scintillation, it is currently used in other technological application includ-
ing solar cells [116–118], transparent transistors and UV-absorbing sun-
screens [25, 119]. The luminescence features can be tuned by doping with
different elements or by adjusting the stoichiometry. Non-stoichiometric
zinc-rich phosphors (ZnO:Zn) are characterized by a remarked green lu-
minescence that is the convolution of several transitions involving point
defects present in the crystal structure. The hexagonal cell, in fact, is ideal
for hosting different type of defects, such as Zn interstitials (Zni), Zn va-
cancies (VZn), oxygen interstitials (Oi) and oxygen vacancies (VO). All
these defects contributes to the visible emission of zinc oxide within dif-
ferent spectral region, from green (Zn-related defects) to red (O-related
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transition) [120–123]. All these features makes ZnO:Zn interesting for ap-
plications such as field emission display [46], flat panel display [47], opto-
electronic components [47, 48] and white LED [124, 125].
ZnO single crystals, powders or thin films are generally produced using
a variety of techniques such as melt grown [126], magnetron-sputtering
[127], hydrothermal growth [128–130] ,CVD [131] or carbothermal reduc-
tion [112].
As previously introduced, ZnO has also been investigated as potential
scintillator for mixed radiations. Characterized by a high radiation hard-
ness and a fast excitonic transition, pure ZnO has been tested under X-rays
and alpha particles showing promising results [42, 126, 132, 133]. How-
ever, a remarked increase of the performance is achieved only by dop-
ing with trivalent elements, such as gallium [132, 134] or indium [45, 135,
136], that creates an n-type doping. Both elements reduces the visible slow
fluorescent component and enhances the fast near-UV transition, at the
expenses of reduced light yield. In particular, gallium doping increases
the sensitivity toward α-particles while decreasing the scintillation decay
time [41, 115, 132, 133]. Beside the doping effect on α-particle sensitiv-
ity and scintillation decay time, the synthesis technique and atmosphere
were reported to affect the luminescence light yield and the emission dy-
namics [41]. A remarked increase of light yield in gallium-doped ZnO
was reported by Derenzo et al. [50] after synthesis in H2-rich atmosphere,
enabling for active an modification of oxygen and zinc vacancies and re-
sulting in a decrease of the emission lifetime.
Additionally, the Ga-doping offers a unique feature to ZnO:Ga that resides
in the pulse shape discrimination (PSD) capability, being the material able
to respond in a different way depending on the interacting radiation (α-
particle, γ-ray, etc.) [42, 137]. This feature is extremely important for a
proper mixed radiation detection capability, however it has been partially
proved only in the case of gallium doping.
Beside doping with additional elements, self-doped ZnO:Zn phosphors
have been partially explored under X-rays [138] and charged particle sources
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[36, 50, 139] showing promising results [49–52]. In particular, the possibil-
ity of pulse shape discrimination of the incident radiation was hypothe-
sized by Chen et al. [42].
Moreover, the detection of γ-rays and neutrons opens an important discus-
sion on the overall interest for zinc oxide structures. The use of powder-
based systems limits the detection capabilities and no proper Compton
edges can be detected [38].
Traditional ZnO systems based on the excitonic emission possesses re-
sponse speeds faster than claimed fast plastic scintillators [38, 140], mak-
ing it attractive for high count rate and timing applications.
In the neutron detection field, ZnO:Zn/6LiF detectors can be an alterna-
tive to conventional ZnS:Ag/6LiF by detecting the same reaction products
but being less expensive and with low afterglow, at the expense of a light
output that is on average just half of the ZnS:Ag-based [139].
ZnO:Zn powders can be easily obtained by thermal reduction in H2-rich
atmosphere and can be fitted in flexible detectors [11] by embedding in a
flexible matrix. Polysiloxane-based flexible detectors offers conformability
and real-time detection of the dose delivered to the patient in radiotherapy
treatments.
In general, hydrogen reduction deeply affects the photoluminescence be-
havior, with a remarked increase of the defective emission ("green emis-
sion") that is ascribed to oxygen vacancies and zinc interstitial [27]. More-
over, the temperature effect is not limited to an increase of the diffusion co-
efficient of hydrogen with consequent increase of the reduction degree, but
the size effect connected with the coalescence phenomenon and the modi-
fication of oxygen vacancy levels allows to obtain different phosphors [49].
A deeper investigation on the effects of hydrogen reduction on ZnO:Zn
phosphors was proposed by Vanheusden et al. [27, 28], who investigated
the mechanism of green luminescence with complementary techniques to
understand the role of oxygen vacancies and defects. For this purpose,
ESR measurements were extensively run [29, 141–143] to determine the
role of vacancies and interstitials on the final luminescence. They pointed
out that the reduction mechanism itself is influenced by other parameters
like the treatment temperature and the atmosphere composition.
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Based on these experimental evidences, we systematically studied the re-
duction of zinc oxide powders in the temperature range between 600 and
1000 ◦C. We found that this temperature range is extremely critical for
many properties that are correlated with the reduction degree. Based on
the ZnO:Zn phosphors, we realized a series of flexible multi-layered de-
tectors based on PDMS or PSS resins. The samples gave promising results
under X-rays, α-particle, γ-rays and proton beam excitation.

5.2 Experimental

Commercial zinc oxide (Baker, 99.0 %, labeled as "TQ") was heat-treated in
a silica furnace in controlled atmosphere to produce zinc-rich ZnO pow-
ders. Batches of powder were annealed in Ar/H2 atmosphere (3% vol. H2,
97% vol. Ar) in the temperature range between 600 ◦C and 1000 ◦C (cor-
responding labeling in Table 5.1). After the thermal treatment, each batch
was crushed in a mortar before being characterized. Pristine and reduced
powders were investigated with X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), energy dispersive spectroscopy (EDS), diffuse re-
flectance (DR), photoluminescence (PL), X-ray radioluminescence (XRL);
PDMS composites were also investigated under α-particle scintillation and
proton-beam luminescence spectroscopy (IBIL).
Electron paramagnetic resonance (ESR) measurements investigated the pres-
ence and behavior of vacancies and defects correlating their effects on lu-
minescence and recombination dynamics. Scintillation was observed un-
der x-ray with a collimated Co source for powders and composites, α-
particles with a 241Am source, γ-rays from 133Ba, 137Cs, 60Co sources and
H+ beam with a Van de Graaf accelerator for the PDMS composites.
The characterized powders were employed to fabricate ZnO:Zn loaded
poly-dimethyl-siloxane (PDMS) samples. Multilayers were produced by
first drop casting a base PDMS matrix, followed by a top loading with a
20:80 (% wt.) mixture of powder in resin. Figure 5.1 illustrates the proce-
dure used to prepare the multi-layers.
PDMS was selected for its superior transparency and flexibility, although
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its intrinsic scintillation contribution is negligible because of the absence
of phenyl groups. However, other phenyl-rich PDMS-based resins were
tested: PSS1418, PSS22 and PSS100. The increasing phenyl content re-
sulted in an unexpected decrease of the light yield under UV and negligi-
ble response under X-ray excitation, making these samples not attractive
for the development of a flexible scintillator. The phenyl-containing ma-
trices, in fact, were selected for the specific optical emission band centered
around 340 nm, that matches the absorption edge of zinc oxide, theoreti-
cally allowing for a matrix-particle energy transfer.
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FIGURE 5.1: Preparation scheme for casting of transparent supports
and loading with the active material.

PDMS base resin (part A) was mixed with PDMS hardener (part B) in a
10:1 ratio, followed by degassing at room temperature and casting of 0.80
g of compound in circular molds of 20 mm diameter. Molds were placed
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in a vacuum oven at 60 ◦C for 4 hours to promote crosslinking. After de-
molding, 1.5 mm thick fully transparent circular support were obtained.
The active layer containing ZnO:Zn phosphor was produced by mixing a
specific amount of powder with the PDMS resin (part A + B, degassed) in
a 20:80 % by weight ratio. A specific amount of mixture (powder + resin)
was casted on top of the transparent support to obtain a thin layer of con-
trolled thickness (≈ 250 µm). The active layer thickness was carefully en-
gineered to obtain a full absorption of 5.5 MeV alpha particles from the
241Am source without a remarked loss of UV-excited photons.

FIGURE 5.2: ZnO:Zn loaded PDMS samples showing photolumi-
nescence upon excitation with a 365 nm UV lamp as function of the

reduction temperature.
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Sample Treatment T [◦C] Reduction degree [%] Label

TQ - 0 ± 2 TQ_0

600 600 ◦C 7 ± 1 600_7

700 700 ◦C 13 ± 2 700_13

800 800 ◦C 20 ± 2 800_20

900 900 ◦C 23 ± 1 900_23

1000 1000 ◦C 25 ± 1 1000_25

TABLE 5.1: List of samples with the corresponding heat treatment,
reduction degree and label.

5.3 Results and discussion

5.3.1 ZnO and ZnO:Zn powders

To study the effects of thermal reduction on ZnO powders in Ar/H2 atmo-
sphere, a commercial powder was heat treated in the temperature range
between 600 ◦C and 1000 ◦C and characterized in terms of structural, mor-
phological and optical properties.
At first, the evaluation of the reduction degree was obtained through EDS
measurements and stoichiometry reconstruction. The EDS spectra (Fig-
ures 5.3a) shows the characteristic signals of zinc oxide with zinc K- and
L-lines and oxygen L-lines, combined with the platinum and palladium
L-lines derived by the top conductive coating. No other contamination are
detected.
In Figure 5.3b a clearly increasing trend in the zinc atomic content is visible
starting from 50% at. in pristine powder to 62% at. in the 1000_25 sample.
The zinc curve, and for symmetry the oxygen curve, shows that the con-
tent at 1000 ◦C is close to reach a plateau condition. From these values it
can be calculated the corresponding reduction degree, listed in Table 5.2,
that ranges from 0% for pristine to 25% for the 1000_25 sample. The trend
is linearly increasing in the temperature range between 600 ◦C and 800 ◦C,
while it increases at a slower rate between 800 ◦C and 1000 ◦C.
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FIGURE 5.3: EDS spectra of the pristine powder (a) and atomic con-
centration (b) as function of the treatment temperature.
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Sample
SEM grain
size [µm]

Zn [% at.] O [% at.]
Reduction
degree
[%]

TQ_0 0.35 ± 0.15 50.0 ± 2.0 50.0 ± 2.0 0 ± 2

600_7 0.45 ± 0.15 53.4 ± 0.9 46.6 ± 0.9 7 ± 1

700_13 0.45 ± 0.15 56.7 ± 1.5 43.3 ± 1.5 13 ± 2

800_20 1.7 ± 0.6 60.0 ± 0.5 40.0 ± 0.5 20 ± 2

900_23 2.5 ± 0.9 61.6 ± 0.3 38.4 ± 0.3 23 ± 1

1000_25 6.4 ± 1.6 62.4 ± 0.3 37.7 ± 0.3 25 ± 1

TABLE 5.2: Average SEM grain size, Zn and O2 content from EDS
measurements, and estimated reduction degree as a function of the

treatment temperature.

Combined with the EDS comes also the SEM imaging analysis on the grain
size. Figure 5.4 shows the top-view of untreated and reduced powders
showing a remarkable growth effect. In fact, the average grain dimension
(Table 5.2), measured with ImageJ software (v. 1.53c), is estimated to range
from 350 ± 150 nm for the pristine powder (TQ_0) to 6.4 ± 1.6 µm for the
highest treatment temperature sample (1000_25). This effect is ascribed
to high temperature coalescence, that drives a substantial variation of the
surface-to-volume ratio with remarked consequences on the optical prop-
erties.
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FIGURE 5.4: SEM top-view of the pristine and treated powders.

The size dispersion (Table 5.2), that at a first approximation can be esti-
mated with the standard deviation of the diameter, changes significantly
between 700 ◦C and 800 ◦C, where we hypothesize that coalescence be-
comes predominant. Therefore, the size dispersion above this temperature
threshold is very small because of a massive growth with incorporation of
the smaller grains in the bigger ones.
To support the structural analysis, X-ray diffraction patterns were acquired
on pristine and reduced powders to get information on the crystallinity,
average crystallite size and texture effects. The diffraction patterns for the
pristine and reduced powders are shown in Figure 5.5. All the patterns
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are characterized by the presence of nine main peaks observed at 2θ =
31.80◦, 34.42◦, 36.23◦, 47.43◦, 56.37◦, 62.61◦, 66.04◦, 67.66◦, 68.79◦ which
correspond to (100), (002), (101), (102), (110), (103), (200), (112) and (201),
respectively. Other minor peaks are detected at 2θ = 89.11◦ and 94.77◦

corresponding to (203) and (211), respectively. All the peaks detected are
ascribed to hexagonal (wurtzite) zinc oxide, without impurities. The pris-
tine powder crystallinity is high, with crystallite dimension of 192± 1 nm,
and is retained upon thermal treatment with a final crystallite dimension
of 1057 ± 14 nm for the 1000 ◦C sample. No evident texture effect is de-
tected, as confirmed by the calculation of the degree of orientation (always
close to 1) [144]. The characteristic lattice parameters for the hexagonal
cell a,c does not change significantly with the treatment (a = 3.2691 Å, c =
5.2357 Å) but are generally higher than the JCPDS standard (a = 3.2498 Å, c
= 5.2066 Å). The purification and calcination methods used in at industrial
scale to produce bulk quantities of ZnO can affect the final parameters, in-
ducing remarked differences with the standard material. As a matter of
fact, the computation of the theoretical density [145] gives values in good
agreement with the measured skeletal density obtained through pycnom-
etry (Table 5.3) and the JCPDS card value.
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FIGURE 5.5: X-ray diffraction pattern as function of the reduction
temperature (main peaks and corresponding plane family are re-

ported).

Skeletal density measurements were assessed via helium pycnometry. The
experimental values are reported in Table 5.3, where they can be com-
pared to the corresponding theoretical value obtained with Equation 5.1
(for TQ_0) and 5.2 (for all the other samples). The experimental density
starts from 5.63 ± 0.02 g/cm3 (TQ_0) and reaches 5.2 ± 0.1 g/cm3 for the
1000_25 sample. As it can be noticed, the initial values is close to the JCPDS
standard (ρ = 5.675 g/cm3), whereas the difference between experimental
and theoretical values increases along the reduction series because the the-
oretical equations (Eq. 5.1, 5.2) does not account for the formation of shell
vacancies.
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ρth =
2 ·MWZnO · 1.6605

(
√

3·a2·c
2 )

(5.1)

where MWZnO is the molecular weight of zinc oxide and the denominator
represents the cell volume.
However, equation 5.1 should be adapted in order to obtain a correct esti-
mate of the density when losing oxygen from the cell structure.
Equation 5.2 gives a better estimate by accounting for the presence of zinc
in the ZnO structure:

ρth =
2 · (MWZnO · χZnO + MWZn · χZn) · 1.6605

(
√

3·a2·c
2 )

(5.2)

Sample Density [g/cm3] Theoretical density [g/cm3]

TQ_0 5.63 ± 0.02 5.675

600_7 5.38 ± 0.01 5.596

700_13 5.38 ± 0.01 5.529

800_20 5.35 ± 0.01 5.451

900_23 5.33 ± 0.01 5.417

1000_25 5.2 ± 0.1 5.395

TABLE 5.3: Skeletal density measured through helium pycnometry.

Alongside with the other structural and compositional analyses, ESR mea-
surements on pristine and reduced powder were acquired. The ESR spec-
trum of the pristine powder shows only one resonance at g = 1.9596, whereas
all the reduced samples shows the main resonance alongside with minor
signals. Interestingly, the heat treatment in H2 seems to have a double ef-
fect: on one side, it increases the intensity of the main peak up to 800 ◦C,
followed by a significant reduction for the 900_23 and 1000_25 samples;
on the other side, it causes the appearance of a new signal at g = 2.0010
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for the 600_ and 700_13 samples, that disappears when exceeding 800 ◦C
in favor of a new feature at g = 2.0105, that increases up to 1000 ◦C. The
specific area over mass values for each signal are reported in Table 5.4.
Following the works reported in the literature, the main signal at g = 1.9596
is ascribed to singly-ionized oxygen vacancies (V0 ) [27, 141, 146, 147],
while the features at g = 2.0010 and g = 2.0105 are generally assigned to
zinc vacancies [148–150].

FIGURE 5.6: (a) CW-ESR spectra of the pristine and treated pow-
ders, (b) total area over mass, (c) relative area for the main signal at
g = 1.9596, and (d) relative area for minor signals at g = 2.0010 and

g = 2.0105.
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Sample
Total
area/mass
[ cm2

g ]

Area/mass
[ cm2

g ] (g =
1.9596)

Area/mass
[ cm2

g ] (g =
2.0010)

Area/mass
[ cm2

g ] (g =
2.0105)

TQ_0 1.3 · 106 1.3 · 106 - -

600_7 1.8 · 107 1.6 · 107 1.8 · 106 -

700_13 1.7 · 107 1.6 · 107 1.1 · 106 -

800_20 1.7 · 107 1.7 · 107 - 14.8 · 104

900_23 4.7 · 106 4.6 · 106 - 7.6 · 104

1000_25 2.3 · 106 2.2 · 106 - 17.0 · 104

TABLE 5.4: ESR total area over mass and single defects contribu-
tions.

Laser induced fluorescence (Figure 5.7) acquired under 266 nm excitation
(left) and 355 nm (right) shows an increasing light yield output as function
of the reduction temperature. The two different excitation wavelengths al-
lows to highlight luminescence contributions from different regions: sur-
face related defects are likely to be excited under 266 nm, while the higher
penetration depth of the 355 nm excitation gives rise to fluorescence sig-
nals mainly from the core. In the spectra acquired under 266 nm excitation
(Figure 5.7, left) the defective emission shows a remarked increase in the
light yield while the excitonic emission is strongly suppressed. The exci-
tonic to defective band ratio changes from 24:1 down to 0.01:1 as a function
of the reduction degree. The defective emission band, centered around 520
nm, grows of about three orders of magnitude with the reduction temper-
ature reaching the upper detection limit. A similar trend is observed also
under 355 nm excitation (Figure 5.7, right) where the excitonic emission is
also clearly visible. The main ZnO and ZnO:Zn emission are reported in
Figure 5.8, associated with the energy levels.
The increase of PL intensity with the reduction degree is correlated with
the combination at singly-ionized and non-ionized oxygen vacancies cen-
ters, giving both a green emission. However, ESR is only able to investi-
gate the singly-ionized VO, so the saturation at 800 ◦C is showing only one
face of the medal.
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FIGURE 5.7: PL spectra (log-scale) under λex = 266 nm (left) and
λex = 355 nm (right) laser excitation as function of the reduction

temperature.

FIGURE 5.8: Schematic diagram of ZnO:Zn energy levels and tran-
sitions.

A deeper analysis of the PL spectra is proposed in Figure 5.9, where the
effect of the single luminescence contributes is analyzed with a peak de-
convolution under λex = 266 nm excitation. This wavelength was selected
because it excites surface related defects, therefore it allows to probe the
role of defects as a function of the reduction degree and of the surface-to-
volume ratio. Three main components are observed: the excitonic compo-
nent at 390 nm and two defective components at 500 nm and 550 nm. The
near band-edge emission intensity drops from an initial 13.7 % (TQ_0) of
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the overall emission down to 0 % for the 1000 ◦C sample, while the defec-
tive emission evolution more complex. Starting from the TQ_0 sample, it
an be noticed that the defective band can be due to the convolution of three
transitions, one at 500 nm, one at 550 nm and one around 600 nm. While
the former two are also present in the other samples, the latter affects only
the pristine powder and could be related to the presence of interstitial oxy-
gen that is lately removed with the thermal treatment. The convolution of
such defects generates a band centered around 540 nm for the TQ_0 sam-
ple that rapidly moves to 520 nm for all the reduced phosphors, as a result
of the convolution of 500 nm and 550 nm transitions only. Moreover, the
increase in light yield of the defective band at 520 nm (convolution of the
two single contributions) is ascribed to electron transitions between the
conduction band and singly ionized oxygen vacancy centers created with
the thermal treatment [27, 49], together with other defects promoted by
reduction. The measurement performed under 355 nm excitation source
showed the same DBE shift from pristine to reduced samples, with peak
moving from 540 nm to 520 nm.
The relative amount of the 500 nm band does not change with the reduc-
tion temperature with respect to the 550 nm band, meaning that the single
contributions are likely to come from the same defect.
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FIGURE 5.9: Peak deconvolution analysis of the TQ_0, 600_7 and
1000_25 reduced powders under 266 nm excitation.

I(t) = A · e−(
t
τ ) (5.3)

I(t) = As · e−(
t

τs
) + A f · e

−( t
τf
)

(5.4)

The PL dynamics lifetime for the excitonic and defective emission are re-
ported in Figure 5.10,5.11. The excitonic emission dynamics is character-
ized by a mono-exponential decay (Eq. 5.3) while the defective emission
by a double-exponential decay profile (Eq. 5.4, where As and A f are the
pre-exponential coefficients). Therefore, the excitonic emission is charac-
terized by a single coefficient while the defective emission by two coeffi-
cients, formerly the fast (τf ) and slow (τs) transitions. Error bars are within
the marker size.
The excitonic lifetime shows a substantial decrease between the pristine
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and the first treatment temperature (600 ◦C) reaching a plateau that is re-
tained for all the treatment temperatures. The values measured are in good
agreement with previously reported ones [25, 151]. The remarked decrease
can be explained by the effect of hydrogen in the zinc oxide structure,
that acts as shallow donor, enhancing the transition speed as occurring
for other dopants [37, 41].
A completely different behavior is observed for the defective lifetime com-
ponents, showing an increase of both the fast and slow components up to
900 ◦C, followed by an abrupt decrease for the 1000 ◦C sample. The re-
marked increase of the fast and slow components can be ascribed to a size
scale-up effect, as previously observed by Layek et al. [152] and Matsumoto
et al. [153], but also to the formation of surface traps, highlighted with the
ESR measurements, that produces delayed fluorescence. In any case, the
reduction effect by hydrogen treatment determines the creation of Zn-rich
powders through modification and formation of point defects in the crys-
tal lattice. This hydrogen doping-like effect is likely to be responsible for
the intrinsic n-type behavior of zinc oxide in Zn-rich conditions, as pre-
viously reported by Zhang et al. [30]. Zinc interstitials (Zni) and ionized
oxygen vacancies (VO) could represent the cause of such photolumines-
cence recombination behavior.
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FIGURE 5.10: PL dynamics lifetime coefficients for the excitonic and
defective emission (dashed line represents the laser pulse width).
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FIGURE 5.11: PL decay curves under 355 nm excitation (dashed-
line represents the fitted trend).

In order to investigate the effect of defects on the bandgap, diffuse re-
flectance measurements were acquired and converted to (F(R)hν)2 plots
using the Kubelka-Munk theory [154]. The Tauc plots are reported in Fig-
ure 5.12, showing the part (yellow box) fitted for the linear extrapolation
to the axis intercept. An esteem of the bandgap energy, in fact, is obtained
by finding the intercept with the energy axis.
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FIGURE 5.12: Tauc plot of the powders as a function of reduction
degree.

A slight decrease of the bandgap energy is recorded as a function of the
reduction temperature. The value for the pristine powder (3.25 eV) was
also previously observed by Makino et al. [155] in ZnO nanorods and by
Rodnyi et al. [156] on nanopowders. The value decreases as a function of
the reduction temperature, dropping down to 3.21 eV for the 1000_25 sam-
ple, being in good agreement with previously reported values by Hong et
al. [157].
As previously evidenced by SEM, ESR and PL lifetime measurements, the
hypothesis of a critical temperature threshold is supported also by the
bandgap measurements, showing an appreciable difference after the 800
◦C. In any case, the evaluation of the band gap energy through diffuse re-
flectance measurements gives an esteem of the real energy value because
is affected by the presence of defects that perturb the measurement.
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Sample Bandgap extrapolation [eV]

TQ_0% 3.25 ± 0.08

600_7 3.24 ± 0.08

700_13 3.24 ± 0.06

800_20 3.22 ± 0.08

900_23 3.21 ± 0.06

1000_25 3.21 ± 0.06

TABLE 5.5: Bandgap energy extrapolation from the Tauc plot.

In a similar way to the PL measurements, the exposition to a collimated X-
ray beam produced a visible luminescence, formerly radioluminescence,
that is reported in Figure 5.13. The log-scale emphasizes the increase of
light yield that is achieved by the reduction treatment. In particular, the
first samples (600_7, 700_13 and 800_20) shows a non-linear response with
the reduction degree. Conversely, the most reduced samples (900_23 and
1000_25) exhibits a remarked light yield increase that occurs just above the
hypothesized temperature threshold (near 800 ◦C). It can be noticed that
the excitonic emission completely disappears while the defective emission
increases. This effect was previously observed by Rodnyi et al., Demidenko
et al. and Neal et al. [51, 158, 159], and is correlated with the generation at
specific luminescence centers. The complete disappearing of the excitonic
emission have been reported by Sykora et al. [139] and Santos et al. [138],
and was ascribed to self-absorption and scattering effects.
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FIGURE 5.13: (a) Radioluminescence spectra under X-ray beam ex-
citation and (b) total signal area as a function of the reduction de-

gree.

5.3.2 Incorporation in PDMS and PSS matrices

After a complete characterization, the powders were incorporated in dif-
ferent polymeric matrices to build experimental multi-layered detectors.
In particular, a base circular support of poly-dimethyl-siloxane (PDMS)
was casted in disk-shaped samples with 20 mm diameter and ≈ 1.5 mm
thickness. The superior transparency of PDMS in the visible range and its
flexibility were exploited to produce supporting waveguides with good
conformability. Samples were obtained by mixing the two components of
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the PDMS resin (part A and part B) in a 10:1 mass ratio. After degassing
in a vacuum oven, the crosslinking was let to occur at 60 ◦C for 4 hours. A
graphical representation of the casting procedure is visible in Figure 5.14.

FIGURE 5.14: Graphical representation of the casting procedure for
multi-layered samples.

After crosslinking, the transparent supports were loaded on top with a
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thin layer of ZnO:Zn powder (20 % wt.) dispersed in PDMS (80 % wt).
The layer thickness was carefully engineered to≈ 250 µm in order to max-
imize the alpha particle absorption while maintaining sufficient photon
collection capability. The loaded layer was let to crosslink at 60 ◦C in vac-
uum oven for 4 hours.
A similar procedure was employed for the deposition of PSS-based sam-
ples, except for the crosslinking step that was done in vacuum oven at 60
◦C overnight.

FIGURE 5.15: ZnO:Zn series in PDMS and PSS under UV excitation
(λex = 254 nm). Sample diameter was reduced to 10 mm in order to

match the PMT photocathode.

The resulting samples (Figure 5.15) were optically characterized with steady-
state PL measurements, radioluminescence measurements under X-ray ex-
citation and scintillation measurements under α-particle, γ-rays and pro-
ton beam excitation (IBIL).
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5.3.3 Mixed-radiation scintillation measurements

PSS-based systems

FIGURE 5.16: PL spectra under 266 nm (a) and intensity compari-
son (b), PL spectra under 355 nm (c) and intensity comparison (d)

of ZnO:Zn powders embedded in PSS-1418 matrix.
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FIGURE 5.17: PL spectra under 266 nm (a) and intensity compari-
son (b), PL spectra under 355 nm (c) and intensity comparison (d)

of ZnO:Zn powders embedded in PSS-22 matrix.

FIGURE 5.18: PL spectra under 266 nm (a) and intensity compari-
son (b), PL spectra under 355 nm (c) and intensity comparison (d)

of ZnO:Zn powders embedded in PSS-100 matrix.
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Different PL results are obtained for the powders embedded in PSS-1418
(Figure 5.16), PSS-22 (Figure 5.17) and PSS-100 matrices (Figure 5.18). The
intensity of embedded powders in phenyl-containing resins is generally
lower than the one in linear-chain PDMS resin, as a consequence of the
direct absorption of part of the UV excitation light by the polymeric ma-
trix. In fact, the experimental procedure of mixing the powder with the
resin results in a thin layer of polymers covering the powder. This layer
can interact with the impinging radiation and is the underlying cause of
the absence of a peak in the alpha particle measurements.
Indeed, the polymeric capping layer was intentionally introduced in order
to study the energy transfer from the matrix to ZnO:Zn phosphors. In fact,
phenyl-containing PSS matrices have the maximum fluorescence emission
in the 330 - 340 nm range. Such range partially overlaps to the ZnO:Zn
phosphors absorption, that is peaked around 350 nm, making the energy
transfer process possible. However, as observable in the PL graphs above,
the PL intensity does not increase with the incorporation in PSS matrix,
but decreases as a result of the absorption of the impinging radiation by
the polymeric outer layer. Therefore, the work focuses on the use of PDMS
matrix for the realization of multilayered composite systems.
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PDMS-based systems

FIGURE 5.19: PL curves under UV excitation (λex = 266 nm on the
left, λex = 355 nm on the right) of pristine and treated standalone
powders (upper part) and after embedding in PDMS (lower part).

FIGURE 5.20: PL intensity for powders and PDMS embedded phos-
phors under (a) 266 nm excitation and (b) 355 nm excitation.
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PL measurements under 266 nm (left) and 355 nm (right) UV-excitation are
reported in Figure 5.19a,b. Spectra in Figure 5.19a refers to pristine and re-
duced powders while spectra in graph 5.19b shows the PL of powders
embedded in PDMS. It can be noticed (Figure 5.20) that the embedding
produces an increase of the PL intensity, being more remarked for low re-
duction degrees (samples TQ_0, 600_7 and 700_13), while less effective for
high temperature treatments (above 800 ◦C). The PL spectra shows a slight
blue-shift of the defective emission band from 540 nm to 520 nm (sample
TQ_0) before and after the embedding in PDMS, as a result of effective
polymeric capping with passivation of the surface defects.

FIGURE 5.21: Radioluminescence under collimated X-ray beam ex-
citation of ZnO:Zn powders embedded in PDMS sample.

The radioluminescence spectra of composite ZnO:Zn/PDMS samples un-
der X-ray beam excitation are reported in Figure 5.21. As reported previ-
ously for the powders, the emission spectra are characterized by the pres-
ence of one peak only, ascribed to the defective emission of phosphors,
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whereas the excitonic emission is missing. In fact, the spectrum of sam-
ple TQ_0 is missing because of the flat radioluminescence response. The
lack of the near UV component in radioluminescence spectra is intriguing
because the collection setup, composed on a silica optical fiber, should be
able to collect the emitted photons. The effect was previously observed
and attributed to a self-absorption effect combined with scattering due to
the bulk generation mechanism induced by X-rays [138, 139], however we
hypothesize that it derives from the different excitation mechanism. In
fact, for each X-ray absorbed one single electron is created, whereas in the
case of IBIL protons creates a bunch on excited states. In any case, the
main XRL signal lies around 520 nm, being in good agreement with the PL
measurements.
As part of the scintillation measurements, alpha particle and gamma ray
excitation measurements were carried out. The uncalibrated response un-
der α-particle excitation is reported in Figure 5.22 and Figure 5.23. Samples
were coupled with the photocathode of a fast PMT and the 241 Am source
was putted in direct contact with the ZnO:Zn layer of the composite sam-
ples. As explained previously, the presence of a thin polymeric layer with
passivation capability changes the alpha-particle absorption due to scatter-
ing and partial energy release. Therefore, as visible in the spectra (Figure
5.22,5.23), the characteristic quasi mono-energetic peak is not visible but
is replaced with a continuous energy distribution. This response can be
attributed to the combined effects of using powders and the presence of a
thin polymeric layer, that holds the phosphors in place, producing scatter-
ing and energy losses effects at the interface.
In any case, a characteristic trend as a function of the reduction degree can
be highlighted by extrapolating the bin number corresponding to the to-
tal integral. In fact, a deeper analysis of the energy distribution spectrum
shows that the light yield of the two samples is different, with the extrap-
olation to the energy axis that reaches the 40000 bin for the 800_20 sample
(Fig. 5.22) whereas the 50000 bin for the 1000_25 sample (Fig. 5.23). This
increase of bin number is directly related to an increase of energy, since
the total integral represents the integral of a scintillation pulse over a fixed
interval (long gate, Sec. 3.12).
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Due to this characteristic energy distribution and the long decay time of
alpha interaction events, the direct comparison with typical scintillation
standards (such as EJ-426 or CsI crystals) is difficult and was not possible.

FIGURE 5.22: Scintillation under 241Am α-particle source of the
PDMS 800_20 composite sample.

FIGURE 5.23: Scintillation under 241Am α-particle source of the
PDMS 1000_25 composite sample.
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Based on these results, the scintillation measurements with gamma source
were carried out only on the 1000_25 sample. The resulting spectra (un-
calibrated) are reported in Figure 5.24. As observed for alpha scintillation,
the gamma spectrum lacks of characteristic peaks (Compton edge or pho-
topeak) due to the use of ZnO:Zn powders. The optimized thickness for
alpha particle capture, in fact, in not sufficient for a good gamma conver-
sion being the absorption depth too small.
However, as highlighted in alpha measurements, the use gamma sources
with various energy produces a different response. This variation of re-
sponse can be appreciated by observing the different intercept with the
energy axis, that varies accordingly with the gamma photon energy (EBa

= 207.26 keV < ECs = 477.34 keV < ENa = 1061.71 keV). The gamma scintil-
lation response derives only by interaction with the phosphor-containing
layer because the matrix is not sensitive to such radiation.

FIGURE 5.24: Scintillation response under 133Ba, 137Cs and 22Na
γ-sources of the PDMS 1000_25 sample.
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5.3.4 IBIL measurements

To complete the scintillation analysis, ion-beam induced luminescence (IBIL)
spectroscopy was carried out at the AN-2000 Van de Graaf accelerator
at LNL laboratories. The wavelength-resolved luminescence response to
1.8 MeV proton beam after 30 seconds exposure (equivalent to 1.4 · 1013

H+/cm2) is illustrated in Figure 5.25a. Irradiation parameters were calcu-
lated to be: flux equal to ≈ 4.7 ·1011 H+

cm2 s for a beam current of 3 nA and a
spot size of 2·2 mm2.
The calculated penetration depth (Section 3.13), through SRIM simulation,
of 1.8 MeV protons in PDMS is 72 ± 2 µm, so the entire proton energy is
stopped and completely released in the phosphor-containing layer.

FIGURE 5.25: (a) Instant ion-beam induced luminescence curves
acquired under 1.8 MeV proton beam excitation after 30 s exposure,
(b) corresponding normalized spectra of ZnO:Zn/PDMS samples.

Figure 5.25b shows the freeze-shot normalized spectra of ZnO:Zn/PDMS
samples after 30 seconds exposure (to ensure a proper beam current sta-
bilization). Unexpectedly, the 800_20 sample is the brightest, being in dis-
agreement with PL and XRL measurements, in which the increasing re-
duction degree produces an increase of the luminescence light yield. In
this case, being the excitation mechanism much different from the previ-
ous ones, the maximum emission intensity is reached in agreement with
the ESR signal of singly ionized oxygen vacancies, allowing to hypothesize
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that the green emission upon proton excitation is driven by that lumines-
cence centers. Conversely, in PL and XRL, other defective states, such as
zinc vacancies, contributes to the overall phosphor emission, giving an in-
crease of light yield with the reduction temperature.
In any case, beside the luminescence intensity emission itself, IBIL mea-
surements are extremely useful to study the irradiation damaging in real-
time as a function of the proton fluence.
A deeper analysis is reported in Figure 5.26, 5.27 and 5.28. IBIL spectra are
plotted at time t = 1 s, t = 10 s, t = 30 s and t = 60 s, corresponding to a
fluence of 4.7 · 1011 H+

cm2 , 4.7 · 1012 H+

cm2 , 1.4 · 1013 H+

cm2 and 2.8 · 1013 H+

cm2 , respec-
tively.
The first seconds of irradiation produces a remarkable decrease of the flu-
orescence, that continuously drops as a function of the fluence. Along the
phosphor series, the exposure to an increasing fluence of protons produces
a decrease of the luminescence intensity, that could be correlated to radia-
tion induced damaging of the polymeric matrix capping the luminescent
powders. However, since the penetration depth of protons is in the range
of few tens of micrometers, a direct damaging of the luminescent phos-
phors cannot be excluded. However, no visible losses of transparency or
yellowing are visually detected after irradiation. Therefore, the lumines-
cence quenching is likely to derive from radiation-induced trap states in
the powder because, as reported previously [160], the radiation hardness
of PDMS is high and this range of fluences is not sufficient to produce an
appreciable amount of matrix-related defects.
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FIGURE 5.26: IBIL curves of TQ_0 and 600_7 samples taken at t = 1
s, 10 s, 30 s and 60 s.
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FIGURE 5.27: IBIL curves of 700_13 and 800_20 samples taken at t
= 1 s, 10 s, 30 s and 60 s.
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FIGURE 5.28: IBIL curves of 900_23 and 1000_25 samples taken at t
= 1 s, 10 s, 30 s and 60 s.

As reported in Figure 5.25, the instantaneous defect-related luminescence
band grows non-linearly as a function of the reduction degree, reaching
a maximum for the 800_20 sample. ESR measurements on the phosphors
agrees with IBIL experimental data, allowing to hypothesize that the charged-
particle light response of the material can be correlated with defects lying
at g = 2.0010, whereas the high-energy and UV photons (PL and XRL) pro-
duces a green emission that can be correlated with defects lying at g =
2.0105.
A more interesting feature appears in the emission spectrum of 1000_25
sample, in which a second peak centered at 550 nm pops up. As high-
lighted previously, the convolution of point defect emissions generates the
luminescence band ranging from the blue-green region up to the red re-
gion of the spectrum. Many studies reported on generation and assign-
ment of such luminescence band to the respective point defect [28, 47, 161].
Two separate contributions to the green band were isolated: one coming
from isolated singly-ionized oxygen vacancies and one from complexes of
such vacancies. Therefore, we hypothesize that the second peak emerging
in the IBIL spectrum can be due to the luminescence from complexes of
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oxygen vacancies. This hypothesis is supported by ESR measurements, in
which the intensity of the signal at g = 2.0105 grows to about 10% of the to-
tal signal in the 1000_25 sample. In any case, the assignment is not straight
forward and a deeper investigation is required.

FIGURE 5.29: Log-scale light yield decay profile of: (a) near-band-
edge emission at λ = 390 nm for the TQ_0 and 1000_25 samples,
(b) defective band emission (DBE) at λ = 520 nm for the TQ_0 and

1000_25 samples as a function of the fluence (i.e. exposure time).
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To study the damaging effects on the luminescence emission intensity, the
maxima of excitonic and defective peaks were plotted as a function of
the total fluence. Figure 5.29a shows the intensity decay profile of the
near-band-edge emission for the TQ_0 and 1000_25 samples, while Fig-
ure 5.29b the decay profile of the defective emission. It can be observed
that the NBE decay profile follows a single exponential model with time
constants τTQ_0, NBE = (8.9± 0.3) · 1012 H+/cm2 and τ1000_25, NBE = (8.2±
0.2) · 1012H+/cm2.
A similar behavior is recorded for the DBE emission of TQ_0 sample, char-
acterized by a decay constant of τTQ_0, DBE = (13.9± 2.8) · 1012H+/cm2.
Conversely, the DBE decay profile of the 1000_25 sample follows a double
exponential decay model, with characteristic constants of τ1000_25, DBE, f ast

= (17.9± 3.4) · 1012H+/cm2 and τ1000_25, DBE, slow =(24.4± 1.8) · 1012H+/cm2.

Sample
τNBE [·1012

H+/cm2]
τDBE1 [·1012

H+/cm2]
τDBE2 [·1012

H+/cm2]

TQ_0 8.9± 0.3 13.9± 2.8 -

600_7 - - -

700_13 7.8± 0.3 2.7± 0.2 17.9± 3.4

800_20 8.6± 0.2 3.3± 0.2 20.9± 5.7

900_23 7.9± 0.4 2.9± 0.2 35.1± 17.6

1000_25 8.2± 0.2 1.8± 0.2 24.4± 1.8

TABLE 5.6: Damaging threshold limit as a function of the reduction
degree of the phosphor for NBE and DBE emissions.

Similar damaging threshold results are obtained along the phosphors se-
ries (Table 5.6) meaning that the radiation hardness is likely to be related
to the phosphor material, as previously hypothesized.
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5.3.5 α/γ pulse shape discrimination

As observed and hypothesized by Chen et al. [137], ZnO possesses intrinsic
pulse shape discrimination capability. Given that such work presents only
a preliminary study, a deeper analysis of the PSD capability of ZnO:Zn
phosphors is presented.
In particular, sample 800_20 was selected as candidate for being tested un-
der 241 Am and 137Cs sources. The sample was coupled to a 1" inch fast
PMT tube (Hamamatsu H6520) that is designed on purpose for scintilla-
tion. The 241 Am source (3 KBq activity) was placed closed to the sample
(about 5 mm) while the 137Cs source (10 µCi activity) at a distance of about
10 mm. The PMT raw signal was fed into a digitizer (CAEN DT5730) for
the acquisition, while the PSD analysis was performed in post-processing.
The PSD parameter was defined as:

PSD =
Qtail
Qtotal

(5.5)

Total integral versus PSD parameter plots are reported in Figure 5.30a,5.31a
and 5.32a.

FIGURE 5.30: (a) Total integral versus PSD parameter for the 800_20
sample under 241 Am source, (b) PSD histogram of the events.
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FIGURE 5.31: (a) Total integral versus PSD parameter for the 800_20
sample under 137Cs source, (b) PSD histogram of the events.

FIGURE 5.32: (a) Total integral versus PSD parameter for the 800_20
sample under 241 Am and 137Cs source, (b) PSD histogram of the

events.

The PSD parameter ranges between 0.2 and 0.4 for alpha interaction events,
as it can be noticed in Figure 5.30a, while between 0.4 and 0.6 for gamma
interaction events (Figure 5.31a).
Histograms of PSD events are reported in Figures 5.30b, 5.31b and 5.32b.
It can be noticed that, in the case of 241 Am source only, a small shoulder
peak in the gamma region is present. This peak is likely to derive from the
59.5 keV gamma emitted by the americium decay process.
Even though the sample and the acquisition parameters are not optimal, a
PSD capability is visible (Figure 5.32 a,b). Generally, PSD is compared to
standards through a Figure of Merit (FoM) that measures the separation
of the two peaks in absolute terms, calculated in specific energy intervals.
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Although not extraordinary, a FoM of 0.55 ± 0.05 is obtained by consider-
ing the whole energy range.

5.4 Summary

In this chapter, the effects of thermal reduction (600-1000 ◦C) of ZnO pow-
ders in H2-rich atmosphere on optical, structural, morphological and scin-
tillation behavior have been analyzed. The evaluation of reduction degree
achieved after the thermal treatment was estimated through EDS anal-
ysis and stoichiometry reconstruction, ranging from 0% (TQ_0) to 25%
(1000_25). The creation of point defects (Zn interstitials, O vacancies ...)
was investigated via ESR spectroscopy, showing that the thermal reduc-
tion produces different type of defects as a function of the temperature
range. The variation of ZnO cell structure components with introduction
of defects reflected on the skeletal density, with decreasing values as a
function of the reduction degree.
Secondary effects, such as the morphology and the crystallite size, were
evaluated through SEM imaging and XRD, giving consistent results.
The analysis of point defects was correlated with steady-state photolumi-
nescence and radioluminescence measurements, showing an increase of
the defective emission intensity along the phosphor series. Such lumi-
nescence increase was ascribed to recombination at singly ionized oxy-
gen vacancies or non-ionized oxygen vacancies. Luminescence dynamics
measurements highlighted an increase of the fast and slow lifetime that
could be attributed to trap states created with the reduction treatment, as
also observed via ESR. The optical bandgap, measured through diffuse
reflectance, showed a slight contraction from 3.25 eV (TQ_0) to 3.21 eV
(1000_25).
After characterization of the phosphors, powders were incorporated in
polysiloxane resins with different phenyl content from 0% (PDMS) to 100%
(PSS-100). The composite thus obtained were tested under mixed radiation
sources. PL and XRL measurements showed different results considering
the matrices: PDMS samples showed an increase of PL intensity whereas
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PSS matrices a remarked decrease. Therefore, we could conclude that the
expected energy transfer from the PSS matrix to the phosphor does not
take place, leading to a reduced fluorescence emission.
Alpha and gamma scintillation tests highlighted a proportional light yield
with the impinging radiation energy and confirmed the hypothesis of PSD
capability for ZnO:Zn phosphors.
Finally, exposure to proton beam (IBIL) resulted in a decrease of the de-
fective emission as a function of the fluence, that could be derived by the
formation of trap states on the powder surface and not by matrix damag-
ing. Further investigations with combined IBIL-ESR measurements will
be needed to deepen the role of radiation induced defects on the lumines-
cence behavior and to better understand the damaging mechanism. More-
over, a comprehensive study on the pulse shape discrimination capability
with optimized samples and parameters will complete the characteriza-
tion of such phosphors.
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Chapter 6

Co-deposition of plasma polymerized

n-hexane coatings with zinc oxide par-

ticles

Part of this section has been published in:

"Thin Films of Plasma-Polymerized n-Hexane and ZnO Nanoparticles Co-
Deposited via Atmospheric Pressure Plasma Jet"
M. Favaro, A. Patelli, R. Ceccato, S. Diré, E. Callone, A. Quaranta
Coatings, 2021, 11, 167

In this study, we explore the co-deposition of nanoparticles with concur-
rent plasma polymerization of a liquid hydrocarbon precursor for pos-
sible future application as radiation detectors. The co-deposition of or-
ganic/inorganic composite thin films containing luminescent nanoparti-
cles through APPJ technology was achieved by mixing two feeding flows:
one was an aerosol solution of zinc oxide nanoparticles in water while
the other was a flow of n-hexane vapors. Zinc oxide nanoparticles were
produced as standalone by wet chemistry and incorporated through the
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aerosol buffer solution. The n-hexane hydrocarbon chain was plasma-
polymerized (PPH) in a thin film, that resulted to be chemically and ther-
mally stable. In fact, it was subjected to several thermal tests, resulting
to be a highly crosslinked network with thermal stability up to ≈ 300 ◦C.
The PPH coating was also characterized with NMR, showing a structure
rich in unsaturated bonds, with short aliphatic chains and a non-negligible
amount of oxidized groups. The coating of zinc oxide nanoparticles with
the plasma-polymerized hexane resulted in a remarked increase of the lu-
minescence yield, ascribed to a passivation of the surface defects through
polymeric encapsulation.

6.1 Introduction

As previously reported in Section 1.4, zinc oxide is a wide bandgap semi-
conductor with large free-exciton binding energy (60 meV) resulting in
unique and interesting optical and electrical properties. It was widely in-
vestigated over the last decades and the application fields range from op-
toelectronic [25, 162–167] to radiation detection [41, 51, 112, 115, 168, 169]
and photocatalysis [170–172].
The embedding of zinc oxide is, therefore, of great interest especially within
polymeric matrices that allows for flexibility and low costs. The embed-
ding of zinc oxide in PMMA for the creation of composite materials have
been proposed for photo-catalytic and UV protection coating [171, 173–
177]. The PMMA matrix is especially interesting from the optical point of
view, since PMMA has a superior transparency and a refractive index of
≈ 1.49. A complete quench of the visible emission of zinc oxide capped
with PMMA was reported by Wen et al. [169] and an increase of excitonic
emission was confirmed by Mahamuni et al. [178] after PVP capping. The
passivation of surface defects is fundamental for the optical properties of
zinc oxide, as highlighted by Norberg et al. [179] that studied the effect of
dodecylamine capping on the excitonic emission. A pronounced UV emis-
sion can be obtained with capping, because the role of OH groups, that are
responsible for the visible luminescence, is blocked.
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For photocatalysis, other geometrical and morphological parameters should
be taken into account, since the dispersion, shape and size were reported
to affect the final behavior [172]. However, to date only a few groups
have studied the photocatalytic activity of composite embedding zinc ox-
ide [170, 180].
An extensive application of undoped and doped zinc oxide can be found
in the radiation detection field, where different detectors for different radi-
ations were based on zinc oxide [12, 36, 39, 51, 132, 133, 135, 159, 181]. The
most promising results come from the doped powder, with Zn, Ga or In
dopant [38, 41, 132, 159]. In general, no radiation damage or performance
loss were recorded for the zinc oxide [111] but the exposition to a severe ra-
diation environment can induce degradation of the polymeric matrix [15].
Concerning the application of APPJ technology with hydrocarbon precur-
sors for ZnO incorporation in plasma polymers, a few works reported on
the use of n-octane and 1,7-octadiene [95, 182–185] with ZnO nanoparti-
cles with conventional AC high voltage APPJ torches working in helium.
However, these operating conditions allows for atmopsheric pressure con-
dition but are not sufficient for the generation of cold plasmas. Moreover,
the use of expensive helium needs for a more environmentally friendly
replacement. n-hexane precursors was selected among the hydrocarbons
because of some interesting properties such as conformal coverage [186]
and its low surface tension that makes it suitable for vapor feeding. At
the best of our knowledge, only a few works reported on the plasma poly-
merization of n-hexane but with conventional low-pressure plasmas [186–
188] and only a single paper on APPJ coupled with an n-hexane electro-
spray [189]. However, the plasma torch described in Sohbatzadeh et al. is
not coupled with an RF circuit for the generation of a low-temperature
plasma. Moreover, the capping effects on the optical properties of zinc ox-
ide have never been deepened. For this purpose, we decided to study the
co-deposition of ZnO nanoparticles with plasma polymerized n-hexane at
low temperature with an APPJ torch. The samples were structurally an-
alyzed via FT-IR and with 13C-NMR spectroscopy. The PPH coating was
deeply investigated in terms of chemical stability with etching tests and
in terms of thermal stability with TGA and DSC analysis. The powder
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crystallinity was checked with XRD measurements. The effectiveness of
plasma polymer incorporation was analyzed via SEM imaging while the
passivation via PL measurements.

6.2 Experimental

The realization of co-deposited plasma polymerized hexane films with
zinc oxide can be divided in two steps: the chemical synthesis of zinc ox-
ide powder and the plasma deposition of composite films.
The production of the powder started by dissolving 0.2 mol of zinc pre-
cursor (zinc acetate dihydrate, Zn(CH3COO)2 · 2H2O) in 200 mL of pure
ethanol in a flask under magnetic stirring, with the addition of mono-
ethanolamine (C2H7NO, 1:1 Zn-amine ratio) to promote the dissolution.
The precipitation was obtained with de-ionized water (2:1 water-Zn ratio)
and the mixture was filtered with a 3 µm pores filter. The pristine powder
was dried overnight in oven at 70 ◦C, crushed in a mortar and calcinated
at 600 ◦C for 1h in air flow to promote the crystallization.
An initial investigation on the powder was carried throughout FT-IR spec-
troscopy, SEM imaging and XRD analysis.
The realization of co-deposited films started by dispersing the zinc ox-
ide powder previously obtained and characterized in a water solution (10
mg/ml) using a ultra sonicating tip. The solution was sonicated for 5-10
minutes to obtain an homogeneous dispersion and subsequently placed
in a two-neck flask. An aerosol generated with a piezoelectric generator
was conveyed to the plasma torch using 0.4 slm of Ar. In parallel, liquid
n-hexane was bubbled using 0.4 slm of Ar and the two flows were merged
before entering in the plasma torch head. The mixture was let to react
in the plasma and deposited on a silicon wafer (p-type, 8÷12 Ω · cm) in
controlled conditions with a 3-axis stage. Three different substrate speed
between 300 mm/min and 800 mm/min were investigated. The other de-
position parameters were: a constant substrate to plasma distance of 6
mm, a deposition area of 10x10 mm2 and a total amount of layer equal 20.
The deposition time ranged between 5 and 10 minutes.
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6.3 Results and discussion

6.3.1 Nanoparticle synthesis

At first, the synthesized zinc oxide powder was checked for the quality
and crystallinity by SEM and XRD. The results of SEM imaging and XRD
analysis are visible in Figure 6.1a and 6.1c. The top-view shows a good
nanopowder dimensional dispersion with multifaceted structure, indica-
tive of a good crystallinity. The result is, in fact, confirmed also by XRD
analysis, with a spectrum showing the three main peaks of zinc oxide
with wide amplitude and different height. The wideness at half maximum
(FWHM) is indicative of nano-sized crystallites while the height is indica-
tive of a slight preferential growth along the (101) direction.
The average particle dimension (Figure 6.1a) is 100 ± 30 nm, while the
average crystallite size was calculated to be around 100 ± 2 nm.
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FIGURE 6.1: SEM top-view of the zinc oxide powder (a), surface
dispersion of the zinc oxide powder using APPJ technique (b) and

XRD spectrum of the zinc oxide powder (c).

The surface dispersion analysis was performed on samples where the dis-
persion was obtained by flowing an aerosol of zinc oxide powder dis-
persed in water and sonicated with a sonicating tip for 5 minutes. The
plasma torch was fed with the aerosol using argon gas at a constant flow
of 0.4 slm. The material was dispersed on a silicon substrate and the pro-
cess resulted in an homogenous surface dispersion, as visible in Figure
6.1b. The surface area coverage was estimated to be 0.38 ± 0.02 % of the
total area.
The amount of material can be considered low from some points of view,
but the reason behind can be related with the high gas flow used to ignite
and cool the plasma and a charge effect that favors the dispersion rather
than the coating.
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The quality of the oxide was also checked through FT-IR analysis (Figure
6.2a) and photoluminescence measurements (Figure 6.2b).

FIGURE 6.2: FT-IR transmittance (a) and PL spectrum (λex = 355
nm) of ZnO powder (b).

Figure 6.2a shows the FT-IR spectrum of the powder after thermal treat-
ment. It can be noticed that the main peak at 430 cm−1 belongs to Zn-
O stretching but other signals are detected. In particular, small peaks at
2960 cm−1, 2850 cm−1, 1460 cm−1 and 1380 cm−1 confirms the presence of
residues of precursor and the two signals at 3400 cm−1 and 1615 cm−1 the
presence of trapped water.
Figure 6.2b shows the powder emission spectrum under 355 nm excita-
tion. It should be noticed that the relative intensity of the NBE and DBE
peaks and the center of the DBE band are substantially different from the
commercial powder used in Chapter 5. Such differences are due to the
different thermal annealing and the powder purity derived from the syn-
thesis technique. In fact, the commercial powder is likely to be obtained
by direct high-temperature calcination whereas the laboratory synthesized
one was obtained through an organic zinc salt.
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6.3.2 Plasma-polymerized n-hexane

FIGURE 6.3: SEM top-view (a), SEM cross-section (b) and FT-IR
spectrum (c) of the plasma-polymerized hexane film.

At first, the surface morphology (Figure 6.3a) was investigate with SEM
imaging. The surface shows a bubble-like morphology with apparent pro-
nounced roughness. However, to a deeper investigation, the roughness
is not so pronounced (Figure 6.3), so the artifact comes from the image
contrast. Anyway, the roughness changes upon the addition of ZnO pow-
der, as clearly visible in Figure 6.8. This change in surface roughness is
supposed to be a consequence of the addition of water coming from the
aerosol solution of zinc oxide nanoparticles, that induces a change in the
contact angle between the precursor and the substrate. Subsequent tests
highlighted that the change is not occurring because of water but is related
to the ZnO-hexane interaction. It has been reported that the presence of n-
hexane can influence many zinc oxide properties [190].
The SEM cross-section (Figure 6.3) shows a layered structure as a result of
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the deposition method. The film thickness is around 650 ± 10 nm with a
substrate speed of 300 mm/min, meaning that each single layer is in the
order of 32.5 ± 5.0 nm.
The plasma contact time with the substrate plays an important role in the
definition of each layer thickness and therefore in the final film thickness.
Table 6.1 reports the measured thickness for a constant 20 layer deposition
as function of the movement speed and the calculated average instanta-
neous deposition rate for the hexane precursor.

Substrate
speed
[mm/min]

Film
thickness
[nm]

Deposition
time [s]

Average
deposi-
tion rate
[nm/s]

Average
volume
deposi-
tion rate
[cm3/s]

300 650 ± 10 ≈ 640 1 5 · 10 −7

500 230 ± 10 ≈ 380 0.6 3 · 10 −7

800 150 ± 10 ≈ 240 0.6 3 · 10 −7

TABLE 6.1: Plasma polymerized hexane films parameters measured
and calculated.

As previously stated, the plasma contact time plays an important role
in the determination of single-layer thickness. However, another impor-
tant parameter is the conductivity of the substrate, that can change the
plasma discharge behavior and lead to a higher monomer fragmentation
and an increased recombination rate with respect to insulating substrates
[98, 191].
Furthermore, the deposition rate for 500 mm/min and 800 mm/min was
experimentally determined to be the same, meaning that a plateau is reached
and the fragments recombination is not fully taking place on the substrate
but part of the reaction products are lost in the environment. This loss is
supposed to be a consequence of the turbulence generated by the torch gas
in the proximity of the substrate, since the gas flow is relatively high com-
pared to the nozzle diameter. Additionally, the environment surrounding
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the plasma torch cannot be assumed to be fully inert, so the presence of
oxygen can lead to a partial burn out of the precursor to form water and
carbon dioxide.
Figure 6.3c reports the FT-IR spectrum of the PPH sample showing a not
well resolved convolution of peaks in the region of CH3 and CH2 signals.
In particular, the signals lying at 2960 cm1 , 2925 cm1 , 2870 cm1 , 2850 cm1 ,
1470 cm1 and 1380 cm1 are symmetric and asymmetric stretching vibra-
tions of CH3 and CH2 functional groups. Moreover, a strong peak at 1715
cm1 reveals the presence of unsaturated C=O double bonds associated to
carbonyl structures. The complex structure obtained after plasma poly-
merization is associable with a highly cross-linked matrix and shows ex-
cellent chemical stability. A simple dissolution test using the most com-
mon solvents was carried out in order to check the plasma action effec-
tiveness. Water, ethanol, acetone, cyclohexane and toluene were selected
as suitable solvents and a drop was let to interact for 10-15 minutes. After
that, the surface was analysed using an optical microscope but in all cases
no visible dissolution was observed. The tests with water and ethanol
highlighted that the adhesion between substrate and film is weak and a
self-standing film can be obtained.
Finally, the signals lying at 3450 cm1 and 1640 cm1 are associated with OH
groups derived by atmospheric moisture interaction.
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FIGURE 6.4: 13C CP-MAS NMR spectrum of the PPH sample.

The carbon-13 NMR spectrum of a PPH sample is reported in Figure 6.4.
Many broad resonance peaks were found, mostly confirming the informa-
tion found with the FT-IR analysis. The two main resonances are centered
at 130 ppm and 33 ppm and are responsible for the presence of double
bonds and methylenes respectively. Additionally, minor components can
be identified around 200 ppm and 170 ppm associable with ketones and
carbonyl functional groups respectively. Moreover, the broad peak at 30
ppm has to be considered as the convolution of signals lying at 10, 30
and 70 ppm respectively, that are associated with methyls, methylenes and
ether functional groups.
In order to derive semi-quantitative information from the spectrum, the
acquisition parameters were tuned to obtain the maximum intensity of all
the resonances. The values derived from this analysis are reported in Table
6.2.
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δ [ppm] Relative amount [%] Assignment

13 6 −CH3

34 57 > CH2

70 3 ≡ C−O− C ≡
130 30 ≡ CH

170 <1 O− C = O

200 5 > C = O

TABLE 6.2: Assignment of chemical shifts and relative amounts of
the main spectral components.

It is worth to underline that the band around 30 ppm, due to broaden-
ing, can result from the rise of other components such as ≡CH, that are
indicative of branching. In conclusion, the complex network obtained af-
ter plasma polymerization is formed by short aliphatic chains with high
insaturation degree and oxidized groups derived by a partial plasma in-
teraction with the atmospheric oxygen.

FIGURE 6.5: TGA/DTG thermograms (left) and isothermal treat-
ment (right) on a PPH sample.

Figure 6.5 (left) shows the TGA/DTG thermograms as function of the tem-
perature for a PPH sample. Three different tests were performed because
the standard TGA analysis conduced at first revealed some interesting fea-
tures to be deepened. The first test was performed in standard conditions
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(•) under N2 atmosphere and shows an initial mass loss around 100 ◦C at-
tributable to the evaporation of water/moisture. An unexpected mass up-
take of about 2% at 200 ◦C was initially attributed to a buoyancy effect that
is common for low-density samples tested in vertical TGA instruments.
However, a deeper investigation revealed that the mass uptake occurs be-
cause the nitrogen employed for the test was not fully anhydrous, there-
fore the saturation of double bonds by oxidation in moisture is favoured.
This effect derives from the presence of unsaturated bonds, as previously
highlighted by NMR and FT-IR analyses.
This hypothesis is confirmed by the second test that was performed in air
(�) and shows a similar trend with initial mass loss followed by a mass
gain. However, in this second case the thermal degradation starts at a
lower temperature compared to nitrogen conditions.
To deepen the investigation on this unexpected effect, a third test was per-
formed in two steps: an isothermal treatment at 180 ◦C for 40 minutes in
N2 (Figure 6.5, right), followed by cooling down to room temperature, per-
manence for 10 minutes and a TGA ramp in N2 to 700 ◦C. The graph shows
an initial mass loss attributable to water evaporation, followed by a mass
uptake that plateaus after 20 minutes. The subsequent TGA thermogram
does not show, in fact, the mass uptake, confirming that the isothermal
treatment is enough for saturating all the available bonds. Moreover, the
mass loss at 100 ◦C associated with water is still presence, symptom that
the residence time in atmosphere is sufficient for letting the moisture in-
teract with the polymer surface. This is not surprising, since the results of
FT-IR analysis highlighted that hydrophilic groups are present.
The differential thermogravimetric curves (DTG, Figure 6.5, left) shows
that the degradation occurs in two temperature intervals, i.e. 300-450 ◦C
and 450-700 ◦C, that can likely be associated with side chains and the core
chain. The position of DTG peaks in air (�) is shifted to lower values com-
pared to N2, meaning that the oxidation process carried out in oxygen is
more effective than in moisture. However, a deeper investigation with
precise moisture fractions in the carrier gas should be performed for a full
understand of the phenomenon.
The differential scanning calorimetry (DSC) thermogram is reported in the
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upper part of Figure 6.6 while the applied temperature profile is shown in
the lower part. An initial heating ramp of 20 ◦C/min is applied from 30 ◦C
to 180 ◦C, followed by an isothermal treatment at 180 ◦C for 40 minutes,
a controlled cooling at -10 ◦C/min down to -50 ◦C and a second heating
ramp at 10 ◦C/min up to 200 ◦C.

FIGURE 6.6: DSC thermogram (top) and applied profile tempera-
ture (bottom).

6.3.3 ZnO/PPH composite

The photoluminescence and photoluminescence dynamics are reported in
Figure 6.7a and b respectively. A remarked increase in the intensity of
the excitonic emission is followed by a decrease of intensity of the defec-
tive emission peak and a shift to lower wavelengths. This considerable
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increase is likely to be derived by a passivation effect of the surface de-
fects by polymeric encapsulation, as previously reported by other authors
[192–196]. In fact, it is well known that surface defects can act as traps for
charges, resulting in a quenching of the recombination luminescence and
a variation in the recombination dynamics.
The considerable increase in the excitonic emission in the encapsulated
sample is obtained even if the encapsulation is not fully attained. The
plasma environment is able to create polymer radicals that can effectively
passivate the surface of the oxide leading to an improvement of the optical
properties. Moreover the PL intensity of the bare powder and of the film
is comparable, an greatly lower than that of the passivated powder. This
evidence that a high increase of luminescence can be achieved even if the
coverage ratio is low.

FIGURE 6.7: (a) PL spectrum (λex= 355 nm) of the ZnO-PPH com-
pared to the ZnO powder only (red dashed-line); (b) PL decay time

(λex = 375 nm) of the hybrid ZnO-PPH films.

The shift of the visible broad emission band from bare to passivated sam-
ple is ascribed to a double passivation effect that acts on the surface de-
fects and on the presence of hydroxyl groups on the powder surface. In
fact, it is well known that the broad defective emission band is a combina-
tion of different contributions: oxygen vacancies, oxygen interstitials and
OH groups [129, 197]. Moreover, Zhou et al. highlighted that OH surface
groups can act as quenching centers of the exciton emission [198]. Based
on experimental evidences, we can conclude that the plasma co-deposition
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process can effectively passivate the particle surface by a thin layer, remov-
ing the OH groups previously present. The residual defective band in the
passivated sample shows the typical band related to oxygen vacancies in
the particle network [27]. However, as evidenced by FT-IR, OH groups
are not fully eliminated in the passivated sample, so the plasma action can
result in a partial hinder of their role with a loss of trapping efficiency.
The PL dynamics is presented in Figure 6.7b, where the decay kinetics
of the excitonic emission is compared. It can be noticed that the initial
bi-exponential decay model, fitting the bare powder, is not followed any-
more in the passivated sample, which shows a single exponential decay
behavior. The initial bi-exponential decay is characterized by τs = 8.9 ±
0.2 ns and τf = 0.39 ± 0.02 ns, that reduces to tau f = 0.24 ± 0.02 ns whose
real value is limited by the system resolution and the laser pulse width,
since it has been reported that pure zinc oxide is characterized by sub-
nanosecond transitions [199]. To fully characterize these transitions, we
should investigate the kinetics down to such values. However, the fast
lifetimes observed for the two samples for excitonic transitions quenched
by defects are in good agreement with the literature values [200–202]. The
time difference between the two samples is ascribed to a different inter-
action between the defects and the exciton: in the bare powder the inter-
action is mainly occurring with surface defects while for the passivated
sample with bulk centers. The assignment of the slow component is not
straight forward but is likely to be derived by a charge release at surface
trapping centers, as previously reported in the literature [128, 203]. A sim-
ilar component of around 14 ns was observed by Koida et al. in pure ZnO
crystals and ascribed to trapping effects [151]. The disappearing of the
slow component in passivated samples suggests that the trapping mecha-
nism is driven by surface defects, which are also responsible for the exciton
luminescence quenching.
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FIGURE 6.8: (a) SEM top-view, (b) FT-IR spectrum, (c) SEM cross-
section and of the co-deposited plasma polymerized film with ZnO

nanoparticles (300 mm/min).

Figure 6.8a shows the top-view of a co-deposited ZnO/PPH sample ob-
tained with backscattered electron detector (BSD), produced at 300 mm/min.
Compared to the hexane only sample, the film shows a cauliflower mor-
phology with several domes of size and density compatible with ZnO ag-
gregates fully covered by polymeric coating. However, the bright spots on
the surface are likely to be uncovered or partially covered ZnO aggregates.
The film surface, visible in the neighbourhood of the aggregates, appears
flatter compared to the hexane only sample.
The morphology change could be ascribed to the concurrent presence of
hexane and water in the buffer aerosol solution. However, a dedicated de-
position test with just hexane and water but without ZnO particles showed
the same structure of the PPH film (Figure 6.3), therefore we can deduce
that the dome structure of composite films derives from a zinc oxide-hexane
interaction. In fact, it has been pointed out that may zinc oxide properties
can be affected by the presence of low surface tension solvents [190].
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The SEM cross-section in Figure 6.8c shows a different morphology, sup-
porting this hypothesis. The layered structure derived by subsequent plasma
depositions is still visible but mixed with the columnar growth highlighted
by the presence of craters and domes with dimension higher than the coat-
ing thickness. Even though the presence of zinc oxide particles within the
thickness is not visually confirmed by SEM, the columnar growth can be
the result of nanoparticles acting as seeds for the growth.
If we consider the domes as partially or fully coated nanoparticles aggre-
gates, the coverage density in composite films is estimated as 0.40 ± 0.02
% of the surface area, being in good agreement with the powder-only sam-
ple.
The areal density is a compromise limited by the aerosol technology and
the PPH deposition rate. Therefore, the first way to improve the coverage
density could be the use of pulsed plasma or the change of the aerosol gen-
erator.
Figure 6.8b shows the FT-IR spectrum of ZnO-PPH composite compared
to the PPH only (dashed-line). The spectra are in good agreement and the
ZnO peak is detected at 430 cm−1 [204]. Since the thickness is not exactly
the same among the samples, the relative intensity of the peaks varies. The
presence of a broad band at 3500 cm−1 and of a peak at 1640 cm−1 proves
the presence of adsorbed water coming either from the nanopowder, the
nanopowder dispersing agent or the polymeric film itself coming from en-
vironmental moisture uptake, alongside with the presence of trapped OH
groups in the ZnO structure.

6.4 Summary

With this work, we studied the co-deposition process of zinc oxide nanopar-
ticles with n-hexane through APPJ technology. ZnO nanoparticles were
produced by conventional precipitation method, annealed at 400 ◦C in
oven and characterized before being incorporated in plasma films. On
the other hand, liquid hexane was fed as precursor for the deposition
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of thin polymeric films obtained through plasma polymerization in at-
mospheric conditions. The resulting films were homogeneous and with
complex branched structure that gave good thermal stability. The depo-
sition rate for liquid hexane was evaluated by measuring the thickness at
different substrate to plasma deposition speed. The experimental results
showed that a plateau is reached for high substrate speeds due to a flow ef-
fect. The co-deposition of ZnO-PPH films resulted in a polymeric coating
covered with a dispersion of sub-micrometric clusters of ZnO nanoparti-
cles. Due to a limitation of the aerosol technology and the high gas flow
involved, the coverage density reached was low; however, a possible so-
lution includes the use of pulsed plasma before a complete change of the
aerosol generator. The co-deposited samples showed a considerable in-
crease in the excitonic luminescence yield, ascribed to a powerful passi-
vation of the surface defects through polymeric encapsulation. The effec-
tiveness of the surface passivation is also highlighted by the disappearing
of the slow decay component in the exciton recombination dynamics, as-
cribed to surface trap states.
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Chapter 7

Deposition of ZnO nanoparticles and

nano-films through APPJ

Part of this section has been published in:

"Aluminum doped zinc oxide coatings at low temperature by atmospheric
pressure plasma jet"
M. Favaro, E. Zanazzi, A. Patelli, S. Carturan, R. Ceccato, V. Mulloni, M.
Bortolotti, A. Quaranta
Thin Solid Films, Vol. 728, 31 August 2020, #138118

In this chapter we report on the study and characterization of pure and
aluminum doped zinc oxide thin films produced with APPJ technology.
Stoichiometrically precise liquid aerosol solutions of zinc acetate and alu-
minum acetate were fluxed in the plasma torch using an Ar flow and re-
acted in plasma with ambient air to form zinc oxide and Al-doped zinc
oxide. The reacted material was deposited on heated silicon substrates
using a controlled-speed 3D stage. Three doping level were achieved by
mixing the precursors in well-defined amounts. The samples were chem-
ically, electrically and optically analyzed and compared with spray pyrol-
ysis ones. The role of aluminum as dopant was confirmed by different
measurement techniques.
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7.1 Introduction

Zinc oxide can be produced with many different techniques, such as sput-
tering, chemical vapor deposition (CVD), electro deposition and vapor-
liquid-solid processes [25].
In the framework of CVD processes, non-equilibrium DC plasmas repre-
sents one way to obtain high quality zinc oxide powders, even though
the temperatures reached with these processes is in the order of 500 ◦C,
close to conventional techniques such as spray pyrolysis. Despite the su-
perior quality that can be obtained with this families of processes, the main
critical point is represented by the processing temperature. In fact, this
limit is not easily surmountable, and precludes the possibility to treat heat-
sensitive materials, such as daily-use polymers. A way to reduce the pro-
cessing temperature, and sometimes to lower it to near-atmospheric con-
ditions, is to implement a radio-frequency (RF) circuit in the plasma head,
that by the application of a sinusoidal wave, extracts the plasma from a
high-voltage and high-temperature generation zone to a processing zone,
where the temperature of electrons is much higher than the mean temper-
ature of the ions. In this way, APPJ torches offers the unique possibility to
work far below the critical temperature of 100 ◦C, that represents the up-
per working limit for the majority of polymeric materials. In this frame-
work, an APPJ torch was used to produce aluminum-doped zinc oxide
(AZO) coatings on a silicon substrate with resistivities in the typical range
of atomic layer deposition (100 ÷ 10−2 Ω X cm) at 250 ◦C [89, 205, 206].
The limitation of these studies resides in the use of helium as processing
gas, the is well-known to be expensive. To overcome this limitation, and
to study an effective and sustainable alternative, an argon APPJ torch was
used to produce AZO thin films starting from liquid zinc and aluminum
acetate water solution precursors. The deposition was obtained on a sili-
con substrate, heated between 100 and 150 ◦C. FT-IR and EDS were used
to investigate the chemical composition, while SEM imaging for the sur-
face morphology. The structural characterization was obtained through
XRD measurements. The optical properties were investigate via PL mea-
surements, and the resistivity of the material as a function of the doping
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degree with electrical measurements.

7.2 Experimental

Zinc oxide samples were produced starting from zinc acetate dihydrate
(Zn(CH3COO)2) as base precursor and aluminum acetate dibasic (C2H5O4 Al)
as dopant precursor. Solutions with 5 mM concentration were prepared
using bi-distilled water.
The solutions were placed in a 2-neck flask (50 mL) and partially sub-
merged in water to produce an aerosol using an ultrasonic generator. The
aerosol was fed into the plasma torch using an argon flow of 0.3 slm. For
the generation and cooling of the plasma, 5 slm of argon were fed in the
plasma channel and 14 slm of industrial air in the cooling channel. The use
of air in the cooling channel grants a constant supply of oxygen nearby the
plasma, therefore the oxidation action is effective.
Upon plasma triggering, the HV was turned off, while the RF power was
set to 20 W.
A silicon wafer (p-type, 8÷12Ω cm) was selected as suitable substrate for
the deposition, using a constant velocity of 5 mm/s and an active deposi-
tion area of 10x10 mm2. The plasma to substrate distance was kept constant
at 6 mm.
Since the deposition rate of this technique is in the order of 10−7 cm3/s, 20
deposition steps were necessary to obtain a single sample.
The substrate was heated at a constant temperature of 100 ◦C or 150 ◦C
using a silicon heating bed controlled with an external PID.
The average film thickness was in the range of 1 µm.
Different doping level were achieved by varying the aluminum to zinc ra-
tio in the precursor solution, as reported in Table 7.1. The samples were
labeled as PD_Alx_yC or as SP_Alx_yC, were the first characters refer to
the production route (PD for plasma deposition and SP for spray pyroly-
sis), x is the aluminum acetate percentage content and y is the substrate
temperature.
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Deposition technique Al/Zn (precursor) Sample name

Plasma

0.00 PD_Al0_1X0C
0.01 PD_Al1_1X0C
0.05 PD_Al5_1X0C
0.10 PD_Al10_1X0C

Spray pyrolysis

0.00 SP_Al0_1X0C
0.01 SP_Al1_1X0C
0.05 SP_Al5_1X0C
0.10 SP_Al10_1X0C

TABLE 7.1: Sample labelling as function of the production tech-
nique (PD = plasma deposition, SP = spray pyrolysis) and the initial

dopant concentration in the precursor solution.

7.3 Results and discussion

7.3.1 XRD analysis

As previously reported (Section 3.7), all the measurements were performed
in grazing angle mode (≈ 1 ◦) with an integration time of 1h. The three
main peaks of zinc oxide are lying around 35÷45 ◦ but the addition of alu-
minum as dopant gives rise to a peak lying at ≈ 21 ◦, therefore the spectra
are plotted between 20 ◦ and 60 ◦ (Figure 7.1,7.2).
For all the samples, the main parameters are listed in Table 7.2.
The PD and SP spectra of the samples produced at 150 ◦C are reported in
Figure 7.1 and 7.2, respectively. The SP samples show a crystalline zinc-
oxide based structure with an average grain size of about 15 nm. For both
the undoped PD and SP samples a weak texture can be observed with a
preferential growth along the (101) direction for the SP and (002) direction
for the PD. In general, the deposition technique does not seem to affect the
crystallite dimension whereas the presence of Al as dopant does.
Especially for SP samples, the intensity of the peak around 21.5 ◦ increases
significantly with the increase of aluminum acetate precursor content. This
peak can be related with the presence of aluminum hydroxide (Al(OH)3)
in the structure, as also supposed according to the PL spectra.
For both SP and PD, the addition of dopant result in a shift of the prefer-
ential growth orientation toward the (002) direction.
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For both samples, the peak around 24.7 ◦ is due to the silicon substrate.

FIGURE 7.1: XRD spectra of the 150 ◦C samples produced with
plasma deposition as function of the dopant amount.
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Sample 2θ [◦] Plane family Crystallite dimension [nm]

PD_Al0_150C
36.70 (100)

12.8 ± 0.339.74 (002)
41.87 (101)

SP_Al0_150C
36.96 (100)

18.6 ± 0.340.13 (002)
42.26 (101)

PD_Al10_150C
36.96 (100)

10.5 ± 0.640.10 (002)
42.10 (101)

SP_Al10_150C
37.19 (100)

6.9 ± 0.239.97 (002)
42.17 (101)

TABLE 7.2: Comparison of the XRD crystallite parameters for un-
doped and 10% doped PD and SP samples.

FIGURE 7.2: XRD spectra of the 150 ◦C samples produced with
spray pyrolysis as function of the dopant amount.

The effectiveness of dopant incorporation is also visible from the slight
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peaks shifting to higher angles that can be ascribed to the aluminum inter-
action in the zinc oxide network.
This effectiveness is remarked by a deeper analysis of the crystal cell pa-
rameters.
Figure 7.3 shows the variation of the lattice characteristic parameters of
zinc oxide as function of the dopant amount for the SP samples, while
Figure 7.4 shows the variation for the PD samples. It can be noticed that
in both cases the general trend is a decrease in the characteristic a,c cell
parameters. The values of undoped samples appears to be bigger than
that of the literature, probably due to the higher content of defects in the
structure. Moreover, the decrease is more noticeable for the PD samples,
possibly due to the incorporation of aluminum in the substitutional sites.

FIGURE 7.3: Lattice parameters variation for the 150 ◦C sam-
ples produced with plasma deposition as function of the dopant

amount.
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FIGURE 7.4: Lattice parameters variation for the 150 ◦C samples
produced with spray pyrolysis as function of the dopant amount.

7.3.2 FT-IR spectra

The FT-IR spectra of SP and PD samples produced at 100 ◦C are visible in
Figure 7.5 and 7.6 respectively. In can be noticed that for both samples a
relatively high amount of organic residues of precursor are present. The
two pronounced peaks at 1580 cm−1 and 1420 cm−1are assigned to the car-
boxylic group present in the acetate structure. Additionally, the signal at
3300 cm−1 shows a massive presence of OH groups, while the signal at
430 cm−1 is assigned to the characteristic ZnO stretching. It is clear that,
for both techniques, the presence of all these impurities lowers the final
quality of the oxide.
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FIGURE 7.5: FT-IR spectra of the plasma deposited samples pro-
duced at 100 ◦C as a function of the dopant amount.

FIGURE 7.6: FT-IR spectra of the spray pyrolysis samples produced
at 100 ◦C as a function of the dopant amount.

Conversely, when the production temperature is raised up to 150 ◦C, the
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final quality improves drastically for PD samples (Figure 7.7), while main-
taining almost the same characteristics for the SP samples (Figure 7.8). In
fact, the SP samples still show a massive presence of organic residues and
water, whereas the PD samples shows a clean single peak spectrum with
only the zinc oxide vibration.
The addition of dopant results in an increase of the carboxylic-related sig-
nals but does not add any peak since the aluminum oxide has no charac-
teristic peaks in this spectral range.
Considering the temperature effect on the degradation of the acetate group,
we can clearly state that no degradation is expected, since the two temper-
atures are lower than 200 ◦C.

FIGURE 7.7: FT-IR spectra of the plasma deposited samples pro-
duced at 150 ◦C as a function of the dopant amount.
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FIGURE 7.8: FT-IR spectra of the spray pyrolysis samples produced
at 150 ◦C as a function of the dopant amount.

7.3.3 SEM/EDS analysis

SEM imaging and EDS analysis were performed separately on two differ-
ent instruments. For morphological information a FEG source was em-
ployed while for EDS analysis a conventional carbon filament was used.
Figure 7.9 and 7.10 shows the top-view of plasma deposited samples at
150 ◦C for undoped and 10% doped zinc oxide respectively. It can be no-
ticed that the addition of dopant induces a remarked change in the surface
morphology, probably related to the presence of an amorphous phase, as
also evidenced by the production technique (Figure 7.9 inset).
The morphology suggests that the plasma action is concurrent with a Lei-
denfrost effect occurring on a droplet of water solution reaching the sub-
strate surface. This effect is well know for spray pyrolysis samples but was
never observed in plasma deposition.
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FIGURE 7.9: SEM top-view of the PD_Al0_150C sample (0%); inset:
SP_Al0_150C sample.

FIGURE 7.10: SEM top-view of the PD_Al10_150C sample (10%).
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The films are formed by platelets that results from the formation of a colum-
nar structure, either derived by grains formed in the homogenous phase in
the gas flow or by growing on the surface. The lateral platelet dimension
is around 100 nm. The layered structure (Figure 7.11) is the result of the
consecutive deposition steps of the 3D stage. An average thickness of 1.0
± 0.2 µm was measured after a raster of 20 steps, therefore a single layer is
about 50 nm thick even if the thickness waviness is in the order of several
micrometers.

FIGURE 7.11: SEM cross-section of the PD_Al0_150C sample.

7.3.4 PL measurements

Laser-induced photoluminescence of undoped and doped samples was in-
vestigated using a λex = 355 nm Nd:YAG laser described elsewhere 3.3.1.
The spectra of SP samples produced at 150 ◦C are reported in Figure 7.12.
It can be noticed that the excitonic peak at 380 nm is not visible while a
broad green band at 580-600 nm is present. This defect-related band shifts
to slightly higher wavelengths with the increase in doping and a small
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feature at 420 nm appears. There are many interpretations of the lumines-
cence of zinc oxide reported in the literature. The defective band centered
at high wavelengths (around 600 nm typically) is ascribed to oxygen re-
lated defects. In particular interstitial oxygen centers derived by an excess
of oxygen shows a pronounced orange emission (sometimes called yellow
band). The blue band appearing at 420 nm can be assigned to pyrolitic
carbon defects that are formed during the pyrolysis process, as previously
observed by Ortega-Liebana et al. [207] in luminescent carbon nanodots and
in doped structures by Armitage et al. [208].

FIGURE 7.12: Laser-induced fluorescence (λex = 355 nm) of
SP_Alx_150C samples produced at 150 ◦C by spray pyrolysis.

The spectra of PD samples produced at 150 ◦C are shown in Figure 7.13
where two main components can be distinguished: a defective emission
band at 580 nm and a feature at 450 nm that grows with the dopant addi-
tion. This second emission is rarely observed in this AZO systems but, to
a deeper analysis, can be ascribed to the formation of non-stoichiometric
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alumina (Al2O3−x). This oxygen-deficient component luminescence is re-
lated to the presence of alumina F centers; however the presence of alu-
mina has not been clearly proved whereas the presence of aluminum hy-
droxide was recorded by XRD measurements. The PL of Al(OH)3 under
laser excitation is shown in Figure 7.13 inset, where a broad peak centered
at 470 nm is visible. Therefore, the hypothesis of a partial aluminum hy-
droxide contribution in the final emission cannot be completely excluded.

FIGURE 7.13: Laser-induced fluorescence (λex = 355 nm) of
PD_Alx_150C samples produced at 150 ◦C by plasma deposition

(Al(OH)3 luminescence in the inset).

7.3.5 Electrical measurements

The electrical resistivity of PD_Alx_150C is reported in Figure 7.14 as func-
tion of the dopant content. The comparison with SP samples was not pos-
sible because of the surface cracks that did not allow for a correct measure-
ment.
It can be noticed that the resistivity, as expected, drops upon addition of
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dopant up to a 5% content and raises back to the initial values for the
10% content. This effect is well known and related to the trivalent state
of aluminum, that acts as n-type dopant in the zinc oxide network. As
previously observed by El Manouni et al. [209], Piquè et al. [210] and Ak-
taruzzaman et al. [211], the dopant amount plays an important role in de-
termining the final electrical properties. Several authors suggest that the
excess of aluminum content leads to an increase of defects and traps or to
a decrease of crystal dimension with consequent reduction fo the carrier
mobility.
The donor effect is therefore present, even though to a deeper analysis
the values of electrical resistivity measured are some orders of magnitude
higher than that reported in the literature. The role of defects is crucial
for the final electron mobility and the combination of electrical and PL
measurements suggest that the content of defects is non negligible, since
the exciton transition is completely quenched and Al-related defects are
present (450 nm emission band).

FIGURE 7.14: Electrical resistivity for the PD samples produced at
150 ◦C (errorbars within the marker).
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7.4 Summary

In this work, aluminum doped zinc oxide thin films were deposited by
atmospheric pressure plasma deposition on hot substrates to promote the
crystallization. The production route evidenced the possibility to obtain
homogeneous doped samples at low temperatures (150 ◦C), opening to
several applications were the substrate temperature is fundamental since
it is related to the use of polymeric and flexible substrates. A good stoi-
chiometry, close to atomic ratio in solution, was achieved, showing that a
key parameter for this technique is easy to control. The comparison with
spray pyrolysis samples highlighted that the plasma plays an important
role in the decomposition of the organic part for the determination of a
final homogeneous oxide. Moreover, the result is achieved through the
effectiveness of plasma radical environment rather than a simple heating
effect. In fact, the acetate group can easily burn in the atmosphere but only
at temperatures higher than 200 ◦C.
The morphology of plasma deposited AZO films is structured as an as-
sembly of platelets that forms by the impact effect of droplets with the
substrate. This effect is due to the high exit speed from the plasma torch
and is typical of aerosol buffer solutions formed by droplets. The electri-
cal resistance measurements highlighted that the aluminum ions should
be dispersed mainly in the substitutional sites, even if such high values
suggests a highly defective structure.
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The aim of this thesis was to produce, characterize and study nanostruc-
tured materials for flexible detectors in mixed radiation fields. The core
study on standalone ZnO:Zn phosphors and nanopowders embedded in
polysiloxane for composite flexible scintillators, presented in Chapter 5,
highlights the effectiveness of ZnO-based materials for radiation detec-
tion. The main advancement, in fact, is represented by the proof of pulse
shape discrimination (PSD) capability under combined α and γ exposure
of ZnO:Zn phosphors. Although previously hypothesized, it has never
been experimentally observed, leaving an open gap that could be finally
fulfilled.
Similarly, the systematic correlation of functional properties with the pow-
der reduction degree was partially missing in the literature, making the
results proposed in this thesis innovative and original.
To overcome some of the limitations that characterizes traditional detec-
tors, a flexible polymeric matrix (PDMS) with superior optical transparency
and high radiation hardness was employed. Nanostructured phosphors
(ZnO:Zn) with enhanced green emission were produced and characterized
before being incorporated in such matrix. Samples were fully investigated
to understand the correlation between reduction degree, obtained upon
thermal reduction treatment, and functional properties such as photolu-
minescence, radioluminescence and scintillation under α, γ and proton
excitation.
The most promising samples showed a remarked green luminescence with
good light yield under mixed excitation sources making them interesting
for the production of dose-sensitive luminescent dosimeters for radio- and
proton-therapy.
However, those composite scintillators did not show an appreciable en-
ergy transfer between matrix and phosphors, as partially observed previ-
ously for the case of organic/inorganic systems based on quantum dots
dispersed in polysiloxanes, reported in Chapter 4. In that case a small
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amount of quantum dots was dispersed in a phenyl-containing polysilox-
ane matrix to exploit the non-radiative energy transfer between matrix and
luminescent nanocrystals. Unfortunately, due to an incompatibility of de-
cay lifetime and the low nanocrystal concentration, poor or absent energy
transfer was observed.
Beside the conventional wet chemistry route, another innovative produc-
tion technique was exploited for the production of nanostructured phos-
phors. ZnO-based scintillators were synthesized using a novel atmospheric
pressure plasma torch (APPJ) working at room temperature conditions in
open air.
Undoped and doped ZnO nanofilms were deposited at temperatures much
lower than well-consolidated conventional techniques showing compara-
ble or superior functional properties. Tunable doping was easily obtained
by varying the chemical ratio of the feeding precursor solutions while the
morphology could be tuned by varying the solution concentration.
Additionally, atmospheric plasma was exploited for capping standalone
nanopowders via plasma-induced polymerization. The liquid monomer
was fed in the plasma together with the phosphors and a capping layer
with effective functional properties was deposited.
These studies, reported in Chapter 6 and 7, shows that APPJ is a suitable
technique for synthesizing and doping nanopowders, alongside with pro-
ducing coatings with an effective passivation action. For the first time, a
non-conventional polymeric precursor (n-hexane) was used to produce a
homogeneous coating embedding luminescent nanoparticles that resulted
in a luminescence recovery and enhancement.
All these studies enriches the current state of the art on flexible siloxane-
based scintillators and atmospheric pressure plasma deposition, highlight-
ing that more efforts are needed to improve the scintillation performance
and synthesis conditions. Additional studies to deepen the energy trans-
fer mechanism of siloxane-based matrices and to understand the radiation
damaging in ZnO:Zn phosphors are ongoing and will help to fulfill the
literature open gap.
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