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Abstract

Investigating how ionizing radiation interacts with condensed matter is es-
sential for developing next-generation radiation sensors and radiation-hard
electronics. Traditional ex-situ degradation studies cannot capture real-
time transient electronic processes during exposure, while existing in-situ
approaches are mostly limited to fixed-wavelength probes. This thesis ad-
dresses this gap through the design and implementation of a compact ap-
paratus enabling continuous UV-Vis photocurrent spectroscopy under si-
multaneous steady-state X-ray irradiation.

The project also involved upgrading a standard UV-Vis photocurrent spec-
troscopy setup, validated on a BA,Pbl, thin-film photoconductor. From its
photocurrent spectrum, the responsivity profile was derived, and the en-
ergy gap and binding energy were extracted using a truncated 3D Elliott fit.
This system was then used to acquire photocurrent spectra and responsiv-
ity profiles for all other investigated materials, providing a benchmark for
co-irradiation sweeps in the new setup.

Under X-rays, the low-dimensional PEA,PbBr, thin film showed notable ra-
diation hardness and transparency, with no electrical changes. Conversely,
the PEA,PbBr, single crystal exhibited a strong enhancement and broad-
ening of its excitonic features. For the 3D vertical MAPbBr; single crystal,
simultaneous X-ray exposure induced a marked increase in the excitonic
peak accompanied by complete quenching of the continuum photocurrent,
likely driven by enhanced exciton-phonon coupling due to radiation-induced
bromine vacancies. Finally, the organic TIPS-PEN thin-film photoconduc-
tor displayed a fully reversible enhancement of its vibronic peaks within
a 17-hour recovery window, along with a reproducible blueshift of the en-
ergy gap extracted from modified Tauc plots. The absence of continuum
quenching in both TIPS-PEN and the PEA,PbBr, single crystal suggests that
X-ray-induced defects in these systems do not act as dominant recombina-
tion centres for excitons.
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Introduction

Introduction

The primary objective of this thesis project is to study in-situ the effects of X-rays irradi-
ation on organic and hybrid semiconductors. Traditionally, the macroscopic and micro-
scopic degradation of optoelectronic properties under high-energy radiation is evalu-
ated ex-situ, comparing device metrics before and after exposure. However, this static
methodology cannot track real-time electronic processes—such as transient charge
trapping, defect generation kinetics, and structural relaxation—occurring during active
exposure. To capture these underlying physical phenomena, in-situ configurations are
required. Existing configurations under X-ray irradiation are mostly limited to moni-
toring the total X-ray-induced current (radiocurrent) or performing optical analyses at
fixed, single wavelengths. This thesis addresses this literature gap by designing and
constructing an integrated apparatus for continuous UV-Vis photocurrent spectroscopy
under simultaneous, steady-state X-ray irradiation, explicitly mapping the radiation-
matter interaction. Instead of fixed-wavelength probes, this instrumentation sweeps
the UV-Vis spectrum while the material is subjected to a calibrated, fixed X-ray dose.
To achieve this goal, the project was structured into two operational phases. The first
phase involved the physical restoration, upgrade, and optimization of an existing, stan-
dard UV-Vis photocurrent apparatus. This stand-alone setup was utilized to establish re-
liable experimental protocols, extract baseline parameters, and acquire reference pho-
tocurrent spectra and spectral responsivity profiles. In the second phase, an innovative
compact setup was designed, mechanically assembled and optimized to perform mea-
surements inside an X-ray enclosure. To ensure robust instrumentation control and reli-
able data acquisition, a custom, two-threaded automation software featuring a Graphi-
cal User Interface (GUI) was developed in Python utilizing PyVisa, PyQté, and GPIB com-
munication protocols to handle automated wavelength sweeps. This combined appara-
tus was then deployed to probe the real-time modulation of photoelectrical properties
across four different photoconductor samples.

The manuscript is structured into four main chapters and three appendices, organized
as follows:

e Chapter 1provides acomprehensive theoretical background on Inorganic-Organic
Hybrid Perovskites and Organic Semiconductors, on radiation-matter interactions
under UV-Vis and X-ray photons, and on electromagnetic radiation detectors.

e Chapter 2 details the architectural layout of the two experimental apparatuses
used in this work. It describes the individual components comprising the standard
UV-Vis photocurrent spectroscopy setup and outlines the design, X-ray source in-
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tegration, and operational modes of the newly constructed co-irradiation com-
pact setup.

¢ Chapter 3 focuses on the hardware optimization, calibration routines, and math-
ematical methodologies developed for the setups. It covers the physical align-
ment of mirrors and gratings within the monochromators, the tracking of the X-
ray beam, the logic of the custom Python acquisition software, the spectral flux
calibration of the lamps, lock-in noise analysis, and the physical specifications of
the analysed samples alongside the data analysis frameworks.

e Chapter 4 presents and discusses the experimental results collected with both se-
tups. It traces the baseline verification using the reference BA,Pbl, lateral photo-
conductor and compares the distinct photoelectrical and excitonic modifications
observed under active X-ray exposure for the PEA,PbBr,, MAPbBr;, and TIPS-PEN
samples.

e Appendices A, B, and C provide supplementary experimental graphs, the inter-
polation workflow for the Silicon Photodiode responsivity curve, and alternative
analytical methods to the standard Tauc plots for interpreting the TIPS-PEN spec-
tra.

The main achievements and physical insights derived from this work are summarized
in the Conclusions.



CHAPTER 1. THEORETICAL BACKGROUND

1. Theoretical Background

Semiconductors are at the base of today’s electronic technologies. Since the days of
the first diodes, transistors and chips, material as silicon and germanium have played a
fundamental role in the development and mass production of electronic devices.
Along with their doped forms and alloys, these materials are still widely employed,
since they possess relatively good transport properties, their manufacturing methods
are well-established and they are quite durable; yet, the poor sustainability of produc-
tion processes, the sometimes problematic access to the raw material sources and the
new requests for flexible, large area and even bio-compatible semiconductors have un-
derlined the need to search for alternative materials.

In the last two decades, the research on two novel functional materials emerged [1]:
inorganic-organic hybrid perovskites and organic semiconductors.

1.1 Inorganic-organic Hybrid Halide Perovskites

Perovskites are a class of materials with characteristic crystal structure AB.X3, where
A is a monovalent cation (metallic in the case of inorganic perovskites), B a divalent
metallic cation and X an anion (typically an halogen, even if the name "perovskite"
originally referred to C'aTiO5 [2]]). The atoms involved are arranged in a cubic structure
with the A cation at the centre and the B X3 octahedra at the corners, as can be seen
in Fig.[1.1

The interatomic distances d and atomic sizes » must respect very tight criteria for
this particular structure to exist in a stable form:

dBX :CL/2
dAX:\/a/2 (1.1)
075 < AT <1
\/§(TB+Tx)

where « is the unit cell length, and ¢ is Goldschmidt’s tolerance factor[2].

This factor can be easily altered by external agents such as light, oxygen, moisture and
applied bias, leading to unwanted structural modifications. Other than from the struc-
tural point of view, stability is a central issue in perovskite research: material degra-
dation can stem from processes such as ion migration, which is due to the weak bonds
between the A-site cation and the B.X5 octahedra and can cause the formation and mi-
gration of vacancies, interstitials and anti-site defects ultimately leading to increased
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Figure 1.1: Ideal perovskite cubic structure. The monovalent cation sits at the centre, surrounded
by eight octahedra with shared anions at the vertices and the divalent cation at their core. The
image is adapted from [3].

hysteresis, slow photoconductive response and performance reduction[2]. These is-
sues can partially be addressed by acting on the composition and dimensionality of
the material - strategies which allow also to achieve tunable bandgaps, strong light ab-
sorption, high carrier mobility and increased resistance to defects, making them very
versatile semiconductors.

The most used type of perovskite in optoelectronic application are metal halide per-
ovskites but, in recent years, research has moved also in the direction of inorganic-
organic hybrid perovskites (IOHPs, often referred to as just hybrid perovskites), which
are obtained by replacing the monovalent metallic cations with organic ones.

1.1.1 3D Hybrid Halide Perovskites

This class of hybrid perovskites follows the A B X crystal structure, in which A is an or-
ganic cation, such as methylammonium (C' H; N H.', MA*), while B is a metallic cation
(typically Pby, Sn7 ) and X an halide anion (I~, Br—,Cl").

Pb-based IOHPs are by far the most employed, since lead yields the most stable con-
figurations, however, its toxicity is encouraging research to substitute itﬂ

The electronic properties of perovskites are primarily dependent on the metallic cation
and on the halide atom, while the A-site cation contributes mainly indirectly, through
its size [2]. The bandgap of IOHPs is generally direct [1] - which implies that no energy
gets dissipated in phononic transitions during absorption and emission processes - and

'Common replacements include Sn or Ge, which maintain the structure unaltered, Bi or Sb, for
which the structure must change to A3 B, Xg or even double-atom configurations, in which lead is sub-
stituted by a monovalent and a trivalent metallic cation[4].
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increases as the atomic weight of the halide anion decreases [2].

Along with energy gap tunability, 3D lead-based IOHPs exhibit excellent carrier mobility
and lifetime - of the order of tens of cm?V's™ and of few hundreds of ns, respectively
- and high optical absorption, with absorption coefficients in the range [10°-10°] cm’
near the band edge [5-7]. In high quality films and crystals, the carrier diffusion length
canreach up to 10pm [7,/8]. All these properties have allowed IOHPs to obtain outstand-
ing results in photovoltaics - with power conversions efficiencies above 20% - and to
find applications also in LEDs, lasers and photodetectors [4].

1.1.2 Low-dimensional Hybrid Halide Perovskites

By increasing the size of the monovalent catiorﬂ and going through appropriate phase
transitions, it is possible to engineer perovskite structures with lower dimensionality
(2D, 1D, OD). Fig.[1.2| shows a schematic diagram of IOHPs from the OD to the 3D type.
Low dimensional perovskites exist in several possible configurations and structures[2]].

Figure 1.2: Scheme of n-dimensional perovskites. The image is adapted from [2].

In this work, the focus will be on 2D IOPHs of the Ruddlesden-Popper (RD)type [7,[9].
This class of 2D hybrid perovskites follows the formula A, B X}, in which the monova-
lent organic cation is constituted by molecules such as butylammonium (CyHyN H.",
BA*) or phenethylammonium (CsH5;C H,C Hy N H, PEA*). The crystal comes in the
form of alternating organic and inorganic layers, with covalent planar intra-layer bonds
and only weak Van der Waals (VdW) forces established among adjacent layers (see

Fig.[1.3p).

2|t is interesting to notice that, as the size of the monovalent cation increases, it becomes also easier
to incorporate in it several functional chemical groups, enhancing the material stability or granting it new
properties [2].
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Figure 1.3: Types of 2D hybrid perovskites. Ruddlesden-Popper IOHPs are the most common
2D structure (a), followed by Dion-Jones (b) and Alternating-Cation-Interlayer ones (c). In (d)
n-layered RP IOPHs are shown as compared to their 3D counterpart [10].

This arrangement gives naturally rise to a multi-quantum well (MQW) structure,
which induces quantum confinement and dielectric confinement effects [11]. As a con-
sequence, the material comes to display higher exciton binding energies than its 3D
counterpart, resulting in a reduction of the charge carriers lifetime and diffusion length
- down to half ns and few pm [7]. Moreover, the mobility is highly anisotropic, since
charge transport is more favoured within the layers of metal halide octahedra (in-plane)
than across the organic layers (out-of-plane)[10].

Despite their poorer electrical properties, 2D RP hybrid perovskites are widely studied
since they offer increased structural flexibility and environmental stability [7].
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1.2 Organic Semiconductors

Carbon is at the base of organic semiconductors (OSCs). Its versatility derives from its
capability to form stable bonds via orbital hybridization. In carbon-based rings and long
chains, 2s-2p hybrid orbitals (sp, sp?, sp®) form o-bonds whereas adjacent 2p orbitals
not involved in the hybridization overlap creating n-bonds (Fig.[1.4).

Figure 1.4: Scheme of o- and w-bonds in a carbon-based chain. The image is adapted from [12].

Electrons in t-bonds are highly delocalized and can effectively contribute to charge
transport. Moreover, when many organic molecules are gathered to form a crystal,
it becomes possible to distinguish the equivalent of inorganic materials’ conduction
and valence band: the first created by the Lowest Unoccupied Molecular Orbitals (LU-
MOs) and the second by the Highest Occupied Molecular Orbitals (HOMOs) of the
molecules[1, 12]. The energy gap of organic crystals lies in the range from 1to 5 eV,
they are normally undoped, and have no free charge carriers while at room tempera-
ture, resulting in a low dark current [13].

As in IOHPs, the bandgap is largely tunable via modification of the chemical composi-
tion. The organic compounds involved range from small molecules to aromatic struc-
tures, oligomers and polymers. This variability contributes to the difficulties to find
comprehensive theories for transport properties in OSCs. The developed models in-
clude: hopping, band transpot, polaron transport, multiple trapping and release and
gaussian disorder [13].

Compared to their inorganic counterparts, OSCs exhibit lower electrical transport ca-
pabilities, with mobilities in the range of 107 to 10 cm? V' s [13]. However, this class of
semiconductors offers the possibility to develop lightweight, flexible and cost-effective
devices; their growth does not require high temperatures and can be controlled by con-
ventional wet chemistry methods[12-H14].

Besides their lower performances, major challenges when working with organic mate-
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rials are stability and degradation - as they are prone to degradation by oxygen, mois-
ture, and UV light - and process reproducibility, since batch-to-batch variability and
sensitivity to processing conditions impact device consistency[13].

1.3 Radiation-Matter Interaction

Either one’s been dealing with material characterization or with shielding, harvesting or
detection of radiation, it is fundamental to have some basics on the interaction between
matter and electromagnetic radiation (Fig.[1.5).

< Increasing Frequency (v)
1024 1022 1020 108 106 104 1072 1010 108 106 104 102 100 V(s

| 1 [ 1 1 | 1 | 1 1 [ 1 |
M AM

uv IR
Radio waves

1016 10714 10712 10710 10—8 ':10-6 104 102 100 102 10* 106 108 A(m)
- - Increasmg Wavelength (A) —

Microwave

y-rays X-rays Long radio waves

Visible Spectrum - Types of Atomic & Molecular Transitions
y-rays: nuclear
X-rays: core-level electrons
Ultraviolet (UV): valence electrons
Visible (Vis): valence electrons
Infrared (IR): molecular vibrations
T s Microwave: molecular roations; electron spin
500 600 700 Radio waves: nuclear spin

Increasing Wavelength (A) in nm ——

Figure 1.5: Diagram of the electromagnetic spectrum, alongside with a list of typical atomic and
molecular transitions in matter for each spectrum range. The image is adapted from [15].

The effects of interaction between photons and matter vary dramatically with the
type of material and with the energy of the photons, which depends on their wave-
length X (or, alternatively, frequency v) as:

By = o = " 12

with A Planck constant and c light speed in vacuum.

When photons hit the surface of a material, they are always able to travel inside by
a certain amount, which is referred to as penetration depth[16]. In Fig. the main
processes induced by electromagnetic radiation in a typical semiconductor material are
presented. For the purpose of this thesis, the focus will be on UV-Vis and on X-rays
photons.
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Figure 1.6: Graph of the absorption coefficient as a function of the impinging photon energy,
featuring the main optical processes in a typical semiconductor [[17].

1.3.1 UV-Vis Irradiation

On average, UV-Vis radiation can penetrate matter up to a distance of 50-300 nm.
The flux of photons at a given depth x is defined by Beer’s law:

B(z) = Poe N2 (1.3)

with () absorption coefficient of the material.

As shown in Fig. o depends on the wavelength and, in the UV-Vis range, its be-
haviour is linked to three main features (listed below in order of increasing photons
energy):

e bound excitons;
e free excitons;
e fundamental absorption edge.

Excitons are quasiparticles constituted by electron-hole pairs which have come to form
hydrogen-like states due to mutual coulombic interaction [18,[19]. Excitons can travel in
the lattice (free excitons) or be localized in trap states (bound excitons). Light promotes
the formation of these electron-holes pairs, giving rise to the so-called excitonic peaksin
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the absorption spectrum. These peaks are located near and below the band edge, since
the additional energy levels provided by the excitons (Fig.[1.7) enable optical transitions
also below £,[19} 20].

Conduction band continuum

E,--—- e
) Ef‘f\"f }Exciton levels } EKClt:l?;dmg
E g~ Eez,\ _— T ———_—— e — — - >nergy
Energy gap
[} J—

Valence band continuum

Figure 1.7: Diagram of exciton states. As n increases, the levels get closer to each other and rise
towards the conduction band, ultimately merging into the continuum [19].

The fundamental absorption edge marks the transition between the region of trans-
parency and opacity of the material to the incoming radiation: as soon as the photon
energy becomes larger than the energy bandgap (E,;, > E,) the light is absorbed and
electrons consequently acquire enough energy to jump from the valence to the con-
duction band.

A simple way to obtain information on the material bandgap energy is to use Tauc plots,
which are based on the assumption that the absorption coefficient can be expressed as

(a- Epp)Y" = B(E,, — E,) (1.4)

where B is a constant while v is a factor equal to 1/2 in the case of direct-band transi-
tions and to 2 for indirect-band transitions. The data are plotted so that Eq. can be
directly applied as a linear fit on the absorption edge. An estimate of the energy gap is
obtained at the intersection between the x-axis and the fitting line [21].

For excitonic materials, the absorption curve in the UV-Vis range can be modelled through
the Elliott formula[22-24], a more complete model, which is commonly used to fit the
experimental data and extract, in addition to the energy gap, the exciton binding en-
ergy. This latter is defined as:

Ey=FE;,— E.y (1.5)
where E,, is the energy of the optical gap, i.e. the energy sufficient to generate an
exciton, while E, is the energy of the electronic gap, i.e. the energy necessary to sep-
arate the bound exciton state and get the electron to contribute to the current in the
conduction band.

The basic structure of the Elliott formula is:

Oé(E) = aexciton(E> + acontinuum(E) (16)
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which, for 3D semiconductors, becomes:

re/VA

n=1

B 3 MW

=o' (17)

a(w)

while, for 2D semiconductors:

o0

e™/VA

4 1
nz (n+ 1/2)3(S (A T 1/2)2> " @(A)Cosh(w/\/Z)

0

_aafw

= o E, (1.8)

a(w)

In Eq. and Eq. , A = (hw — E,)/ Ey; the functions § and © are respectively the
Dirac Delta function and the Heaviside Step function while the fraction multiplying this
latter takes the name of Coulomb enhancement factor. It is important to notice that
the exciton ground state binding energy is £, = FE for the 3D case and E}, = 4F for
the 2D case [20], [24]).

Though appropriate for IOHPs, the Elliott formula cannot be used to model the absorp-
tion spectrum of organic semiconductors, since it is based off the Wannier-Mott exci-
tons and OSCs instead are characterized by the smaller and more tightly-bound Frenkel
excitons.

1.3.2 X-rays Irradiation

The intensity of transmitted radiation through a layer of thickness ¢ follows a law similar
to Beer’s one:
I = Ie ™ (1.9)

being 1 the linear attenuation coefficient, which increases with the atomic number of
the elements involved and has units of cm™. In literature, it is more common however to
find the mass attenuation coefficient, defined as i, = 11/ po[16]]. As displayed in Fig.
depending on the energy of the X-rays, the attenuation has three main contributions:
photoelectric absorption, Compton scattering and pair production processes[26), 27].
While visible and ultraviolet radiation have generally just enough energy to excite the
electrons in the outer shells of the atoms, X-ray photons can easily affect also the core
shells electrons.

This happens already at the least energetic part of the X-rays spectrum (soft to medium
X-rays, with E,, < 50keV’), in which the photoelectric effect dominates: photons are
absorbed and deeply bound electrons are ejected from the atoms as photoelectrons.
This leaves the atoms in an unstable configuration, which leads outer shell electrons to
fall back on the now unoccupied core states. As a consequence, X-rays radiation can
be emitted during the de-excitation or, if the energy is transferred to other outer shell
electrons, these can be in turn ejected as Auger electrons.
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Figure 1.8: Mass attenuation coefficient as a function of photon energy for ionizing radiation-
matter interactions, showing the main contribution to photon absorption and conversion pro-
cesses [25].

In Compton scattering, ionizing radiation transfers energy to loosely bound outer shell
electrons, which are ejected as Compton electrons while the photons continue to travel
inside the material with enough energy to provoke further interactions. Compton scat-
tering is dominant at lower atomic number or intermediate X-ray energies[27].

The amount of radiation absorbed by a material can be quantified through the absorbed
dose, which is defined as the energy absorbed per unit mass:

dEabs

Das:
T M

(1.10)

It is measured in Grays [Gyﬂ

1.4 Photodetectors

Electromagnetic radiation (EMR) detectors are devices designed to convert an electro-
magnetic input signal into a readable output, the nature of which depends on the range
to which the EMR belongs and on the physical phenomenon exploited for detection[28].
The following paragraphs will focus on photodetectors for the UV-Vis and the X-ray
ranges.

1Gy = 1J/kg.
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1.4.1 Detectors for UV-Vis Photons

EMR detectors in this range are often referred to as photodetectors or optical detec-
tors. They come into two main categories: thermal detectors (which are wavelength-
independent) and photonic detectors. These latter can be further classified into pho-
toemissive (when the energy of photons is higher than the work function of the detec-
tor material) or photovoltaic (when the energy of the photons is lower than the work
function yet higher than the energy bandgap of the detector material)[28].

In this work, the samples under test are photoconductors, a type of photovoltaic de-
tectors which is characterized by a very simple structure: a semiconductor with two
electrodes. Photoconductors come either in lateral geometry or in vertical geometry

(Fig.[1.9).

Vertical Co-planar

1 S S

“active layer

g “—active layer
\ “~bottom ohmic contact
“—substrate +—substrate

Figure 1.9: Scheme of photoconductor geometries. The blue arrows indicate the direction of
impinging light. The image is adapted from [14].

The main difference between these two configurations is in the motion of charge
carriers, which are collected with almost equal efficiency in a planar geometry and in
function of their type and distance from the top contact in the vertical one.

The performance of a photodetector can be measured through several figures of merit[28,

29]. Among the most important there are the responsivity R and the External Quantum
Efficiency (EQE). The plot of responsivity versus wavelength takes the name of spectral
response and is a key graph in detector datasheets.

The responsivity is defined as:
Iout

Pi
where 1,,,,; is the detector’s output current and P;,, the incident light power. Also known

as optical power, this last quantity is linked to the photon flux ® via the active area A
of the detector:

R = (1.11)

P, = ®E,, A (1.12)

The EQE is usually reported as a percentage and is related to the responsivity in a simple
way:

EQE=R. 1™ (113)
(&
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where E,, is the energy of the incident light and e is the elemental charge.

1.4.2 Detectors for X-rays Photons

X-rays detectors (XRDETs), are primarily divided into direct and indirect detectors. The
first are composed of materials which are able to convert X-rays into an immediately
readable (electrical) output, while the second are generally comprised of two stages:
one converting X-rays to less energetic photons (scintillator) and the other converting
these into the electrical output (UV-Vis photodetector). Of course, this additional pas-
sage reduces the efficiency, but both types of XRDETs are widely employed and actively
researched.

The amplitude of response of a direct X-ray detector is quantified by its sensitivity .5,
which is proportional to the quantum efficiency, the generation of charges by the ab-
sorbed X-ray photons and the charge collection efficiency [14]. An operative definition
of the sensitivity for a detector operating in current mode is:

i a<[Xray - Idark)

=4 o(DR)

(1.14)

where A is the detector active area and DR the dose rate in [Gy s™'].

Other than the sensitivity, among the most important figures of merit of a XRDET, there
are the dark current 1,1, the Limit of Detection (LoD), and the response time.

The dark current must be as low as possible to ensure a good signal-to-noise ratio; its
value therefore affects also the LoD, i.e. the smallest detectable signal. The response
time quantifies the speed of the detector, which however is often reported in terms of
rise time and fall time. The first is typically defined by the time required by the signal
to go from 10% to 90% of the full amplitude, while the second is defined as the time
needed by the signal to relax from the 90% to the 10% of the full amplitude, when the
radiation is switched off [14].

In searching for new solutions, a list of the requirements for an ideal radiation detector[30]
has been defined:

1. high stopping power (large atomic number, interaction volume and density)

2. good purity and uniformity (defect-free or defect-controlled material, high quality
electrodes)

3. high resistivity (>1 MS2 cm) and low leakage current

4. high charge collection efficiency (low exciton ionization energy, high charge car-
riers mobility and lifetime)

5. stability (both of material and electrodes)
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No material can still satisfy completely all these points, yet, IOHPs and OSCs are qualify-
ing as promising materials for the development of XRDETSs, of course according to their
strengths and weaknesses. IOHPs have generally better optoelectronic properties but,
as said, suffer from stability issues. OSCs have also lower stopping power, but are more
eco-friendly and easy to grow and offer the possibility to realize biocompatible, flexible
and large-are detectorsﬂ14, 30].

4In dosimetry applications, the fact that they possess a tissue-equivalent density can be exploited to
reduce the need for calibrations.
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2. Experimental Apparatus

In this thesis project, two apparatuses were optimized and used: one performing stand-
alone UV-Vis spectroscopy (standard or benchmark setup) and the other designed to
allow UV-Vis spectroscopy under simultaneous X-rays irradiation (compact or portable
setup).

2.1 UV-Vis Photocurrent Spectroscopy

Photocurrent spectroscopy is an experimental technique which allows to acquire the
photocurrent spectrum of a material.

[ }

Figure 2.1: Schematics of the standard UV-Vis photocurrent spectroscopy setup. Inside the
monochromator, a mirror can be set in two positions, allowing the light either to go through
the lateral slit and shine on the sample in the vacuum box or to pass through the frontal slit and
hit the detector. A pre-amplification stage may be present depending on the sample or detector
characteristics.

The sample is placed under bias and shone with monochromatic light at different
wavelengths. The photocurrent - i.e. the light-induced current - depends on the con-
volution of:
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Figure 2.2: Scheme of the optical layout outside the monochromator in the standard setup. At
the monochromator’s entrance: the light from the QTH lamp is collected by a parabolic mirror
(My), sent through a collimating lens (L,), a 6-mountings filter wheel (F), a focusing lens (L3) and
the chopper wheel (W). At the monochromator’s exit: the light is sent through a collimating lens
(L3), onto a right-angle turning mirror (M5) which sends it downwards through a focusing lens
(L4) with 10 cm focal length onto the sample. The image is adapted from [31].

1. the absorption spectrum of the material, which dictates the generation of charge
carriers;

2. charge transport and collection, which are affected by trap states and electrodes’
interfaces.

From the acquired photocurrent spectrum it is possible to obtain information on
the energy gap, the exciton binding energy and on the electrically active defect states
of the sample.

The apparatus is generally comprised of:

e a UV-Vis broadband light source, paired with a monochromator;
e a power supply for sample bias;

e a chopper, modulating the signal;

¢ and lock-in amplifier, to acquire the sample response.

In Fig. the scheme of the UV-Vis spectroscopy setup used in this thesis work is pre-
sented, while Fig. [2.2details the optics outside the monochromator. Other than the
basic components required for sample photocurrent acquisition, the apparatus allows
also for alternative configurations, which simplify the acquisition of the pure lamp spec-
trum with a detector.
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211 Light Source

The two UV-Vis sources employed here are the Quartz-Tungsten-Halogen (QTH) lamp
and the Xenon (Xe) arc lamp. Both are incoherent continuum sources, i.e. they emit
over a broad range of wavelengths with relatively smooth variations of intensity. Lamps
come along with their power supplies and a cooling fan which is fundamental to pre-
serve their integrity during their operation.

QTH lamps (Fig. are widely used since they can be regarded as graybodies in the
visible range, and they are characterized by long life and constant efficiency[28]. Their
emission is excellent in the Vis-IR range, but their flux decreases rapidly under the 400-
350 nm.

NORMAL TO
FILAMENT

HIGHEST
IRRADIANCE

Figure 2.3: QTH lamp scheme. Emission in flat-filament lamps like this is not isotropically dis-
tributed. The image is adapted from [32].

The lamp is made of a quartz glas{]envelope which contains a tungsten (W) filament
and an halogen gas (typically iodine). When current passes through the filament, this
becomes incandescent and starts evaporating and emitting light. The evaporated tung-
sten recombines with the gas, forming an halide compound which then, at sufficiently
high temperatures, dissociates and reacts with the filament, depositing again tungsten
onto it. This halogen cycle prevents the complete evaporation of the filament and keeps
the bulb clean, ensuring a constant light output throughout the lamp life[28, [32].

With respect to QTH, Xe arc lamps show much higher spectral irradiance and are bet-
ter UV emitters. They provide continuous emission over a wide range of wavelengths
and the presence of the element characteristic lines makes them also suitable as line
sources[28,[33]]. The structure of a Xe short-arcE] lamp features a quartz glass envelope
which contains two metal electrodes surrounded by high-pressured xenon (Fig. [2.4).
The light is generated by sending high-voltage pulses through the electrodes: the gas
in between gets ionised, until arc discharge occurs. After this moment, a low voltage is

'Also known as fused silica.
There exist also long-arc lamps, in which the distance between the electrodes is greater, however,
their efficiency is lower.
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Figure 2.4: Image of a double-ended xenon short-arc lamp [33].

sufficient to maintain the arc[33].
Figure[2.5]shows the typical spectra of a QTH and of a Xe lamp.
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Figure 2.5: Typical spectra of QTH and of Xenon lamps [34]. The y-axis represents the intensity
in arbitrary units.

The lamps used in this setup are a Philips 24V/150W QTH lamp and the THORLABS
SLS400 Mercury-Xenon short-arc lamp; this latter is a Xe arc lamp, with added traces
of mercury (Hg), which provides higher peaks at the blue and UV end of the spectrum.

2.1.2 Monochromator

The monochromator is an instrument designed to turn a beam of white light into a
monochromatic one[35]]. Its basic internal structure, schematized in Fig. is very
straightforward: mirrors help direct the beam from the entrance slit to the diffraction
grating and from the latter into the exit slit.

The diffraction grating (Fig. is an optical dispersive element with the surface
characterized by reflecting groovesﬂ at a certain angle 65 from its normal - the blaze
angle.

The grating is mounted on a rotating turret: this is what allows to change the result-
ing wavelength, since it depends on the angle « of the incident light and on the angle

3This is true for reflection gratings, however, also transmission gratings exist.
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Figure 2.6: Basic monochromator scheme. This particular disposition takes the name of Czerny-
Turner configuration: light enters from the entrance slit (1), is reflected off a concave mirror (2)
onto the diffraction grating (3) and is focused through a second concave mirror (4) out of the
exit slit (5). The image is adapted from [34].

grating normal
I
+ -
1
incident light 1 reflected light
1

diffracted light diffracted light

Figure 2.7: Scheme of light interacting with a diffraction grating. The beam arrives on the
grooves at an angle a with respect to the grating normal and is diffracted at angles (3,,, with n
diffraction order.d is the groove spacing. The image is adapted from [35].

5 of diffracted light according to the grating equation:
mA = d(sin«a + sin f3) (2.1)

where m is the diffraction order and d is the groove spacing. According to Eq. (2.1),
plane waves hitting the grating surface are diffracted in such a way that only those
wavelets with the adequate wavelength survive and interfere constructively, while the
other interfere destructively [35].

Given a set of values of A\, o« and d, Eq. is satisfied by several values of j3, since
there are several light paths differing by an integer multiple m of the set wavelength A.
This leads to the formation of the so-called higher-order diffractions, which however
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have lower intensity than the principal ones[35].
The intensity of the diffracted light is maximum when the blaze condition is satisfied:

m\ = 2dsinfp (2.2)

When, in addition, o« — 3 = 0, the grating is said to be in Littrow configuration and its
efficiency is maximal.

The quality of the monochromatic beam exiting from a monochromator can be mea-
sured in terms of dispersion and resolution.

The first is usually reported as reciprocal linear dispersion D and can be intuitively in-
terpreted as the range of wavelengths that is spread per unit length of the entrance slit
image. It is defined as

BN\
D=L - ——= 2.3
( o (2.3)
where L is the output focal length and %&’\) is the angular dispersion of the grating.

The angular dispersion is defined as the spectral range A per unit angle and can be
derived by differentiating the grating equation, assuming the incidence angle « to be
constant:

B(A) = arcsin (%/\ - sz’na)
IB(N) . 1 mo_ 1 m_ 1 m (2.4)
oN \/1 B (mTA B sz’noz)z d V1 —sin2 d cosB d

The limit of resolutiorﬂ A is instead the maximal precision up to which the instru-
ment is able to separate two adjacent wavelengths. It depends on D and it is strictly
tied to the resolving power R:

A
AN w-D (2.5)
w = max(w,,, Weut)

R =

with w;,, width of the entrance slit as imaged onto the plane of the exit slit (defined by
the system’s magnification M as w), = M - w;,) and w,,,; width of the exit slit.

The resolving power is one of the most important figures of merit for monochromators,
since it allows to measure the instrument’s ability to effectively resolve adjacent spec-
tral lines at different wavelengths. Since A\ varies much less with the wavelength than
M itself does during a sweep, the spectra are usually more noisy at shorter wavelengths
[35].

4Also known as spectral resolution or resolution.



22

2.1. UV-VIS PHOTOCURRENT SPECTROSCOPY

The reason for which w in Eq. is that of the largest slit can be intuitively compre-
hended by considering that the major source of spectral error comes from the slit which
leads to the worst resolution.

During acquisitions, a good empirical rule is to keep w;,, = Wy, More precisely, W,
should roughly match the dimensions w/,, of the entrance slit image, as detailed in

Fig.
!

e when w,,; < wj;,, not all the dispersed lines can reach the exit slit, resulting in a
reduction both of the spectral bandwidth and of the relative intensity, which fails
to reach its maximum value;

e when w,,; = w),, at exactly one point of the spectra all the diffracted lines are

contained in the exit slit, resulting in a peak of relative intensity;

e whenw,,; > w.,, the relative intensity stays at its maximum value across several

points of the spectra but the spectral bandwidth is large and this means that more
wavelengths than necessary are allowed past the exit slit.

— FWHM ——
FWZH —

(a)

(b)

.| A \
L A\

Figure 2.8: Linespread graphs showing the effects of relative size of exit slit width w.,; and
image width w), . In (a) wey: < wi,, in (b) they are equal and in (c) weu: > wi,. The y-
axes represent the relative light intensity at the image plane while moving on the x-axes implies
changing the selected wavelength (either by rotating the grating or by considering to move the

exit slit across the image in the plane of dispersion). The image is adapted from [35].

Overall, the choice of the slit width always reduces to a trade-off between output
intensity and output spectral resolution [28,[35]. Typical widths for photocurrent spec-
troscopy fall in the range of tens of micrometres to few millimetres, depending on the
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sensitivity of the detectors measuring the output monochromated light or on the light
response of the samples under analysis.

In the stand-alone UV-Vis photocurrent setup, the monochromator employed is the
ScienceTech-9055F, which features a turret with two 1200 grooves/mm gratings of 3.3
nm/mm reported reciprocal linear dispersion and blaze wavelengths of 300 nm and
1000 nm respectively.

In the compact apparatus, the monochromator used is the Acton SpectraPro-150, which
possesses a turret with a 1200 grooves/mm grating of 5 nm/mm nominal reciprocal lin-
ear dispersion and balze wavelength of 500 nm and a 600 grooves/mm grating of 10
nm/mm nominal reciprocal linear dispersion and balze wavelength of 1 pm.

2.1.3 Chopper and Lock-in Amplifier

The lock-in amplifier exploits a technique known as phase-sensitive detection (PSD) to
lock onto the signal and distinguish it from the background noise by means of a specific
reference frequency and phase[37,[38]. In Fig.[2.9] the functional diagram of a lock-in
amplifier is shown.

Low Noise 50/60 Hz 100/120 Hz
Differential Notch Notch
Filter Filter

A
Voltage
< B

Current | DC Gain

Offset

Expand
Low
Pass
Filter

Phase
Sensitive
Detector

Reference In
sine or TTL © Pass
Filter

Discriminator Phase Internal Phase DC Gain
Locked  Oscillator Sensitive Offset
Loop Detector

SR830 FUNCTIONAL BLOCK DIAGRAM Discriminator

Figure 2.9: Functional diagram of SR830 lock-in amplifier. The image is adapted from [37].
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The basic workflow of PSD involves three main steps[38]:

1. the input signal is split and separately multiplied with the reference signal (i.e. a
pure sine wave whose frequency matches the reference one) and a 90° phase-
shifted copy of it;

2. an adjustable low pass filter is applied onto the outcome of the multiplication,
resulting in the two outputs X (in-phase component) and Y (quadrature compo-
nent);

3. the amplitude R of the signal and the phase difference dbetween the input and
the reference signal are determined with a conversion from Cartesian into polar
coordinates.

The reference frequency frer is provided by the chopper, a rotating wheel with al-
ternated full sectors and holes which modulates the light arriving on the sample at a
known frequency (reference frequency).
The lock-in amplifier is able to detect and magnify very small signals, down below fA
and nV and the dynamic reserve allows to tune the expected signal-to-noise ratio to
acquire the signal while avoiding sudden noise-related overloads[37]. The signal itself
can be either a voltage (absolute or differential) or a current (internally amplified by the
lock-irP).
The goodness of the acquisition depends mainly on the filter roll-off and on the time
constant. The first controls the steepness of the filter while the second affects the inte-
gration time i.e. the width of the time window during which the signal is averaged. To-
gether, these two parameters affect the bandwidth of the measurement and the dwell
time, as reported in Table[2.1

The more clear the signal, the more stable the detected phase. For the purpose of
this work, the following additional settings were used:

e input type: AC;
e sync < 200 Hz enabled;
e 50 Hz and 100 Hz line filters active.
The lock-in amplifier used for both setups is the Stanford Research Systems 830, while

the chopper controller unit is the Stanford Reasearch Systems 540 for the standard
apparatus and the Scitec Instruments 300CD for the compact apparatus.

>In the specific case of this setup, the gain was either a factor of 10° or 10%
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Filter Roll-off
Time Constant Parameter | 6 dB/oct 12 dB/oct 18 dB/oct 24 dB/oct
30 ms BW [Hz] 8.33 4.76 3.70 3.33
tawen [S] 0.15 0.21 0.27 0.30
100 ms BW [Hz] 2.50 1.43 1.1 1.00
tawen [s] | 0.5 0.7 0.9 1.0
300 ms BW [Hz] 0.83 0.48 0.37 0.33
tawen [S] 1.5 2.1 2.7 3.0
1s BW [Hz] 0.25 0.14 0.11 0.10
tawetr [] 5 7 9 10
3s BW [Hz] 0.083 0.050 0.040 0.030
tdwell [S] 15 21 27 30

Table 2.1: Frequency bandwidth BW and minimal dwell time t 4,,.;; for different time constants
and filter roll-off parameters. Data adapted from [31].

2.1.4 Detectors

In order to acquire the lamp spectrum, the light exiting from the monochromator is
sent onto a photodetector.

In this work, the detectors used are a Silicon photodiode (SiPD) and a pyroelectric
(PYRO) detector; both have a circular active area, with radius of 1.25 mm and of 0.5
mm respectively.

The SiPD is a photovoltaic detector. Light impinging on the p-n junction induces gener-
ation of excess carriers, which are swept out of the depletion region by the electrical
field®and collected at the electrodes.

It is characterized by a non-linear response in a well-defined wavelength range (190-
1110 nm), as can be seen in Fig. however, it is very sensitive and fast (0.15-2.5 ps)
in response[29].

The PYRO is a thermal detector made of a pyroelectric material - i.e. a material
which possesses a natural electrical polarization and can generate a temporary voltage
difference when heated or cooled[39]. Photons impinging on the sensor increase the
material’s temperature, inducing a slight modification of the crystalline structure and
thus of the polarization.

The capability of a PYRO detector to return a strong signal depends on the chopping
frequency of the impinging radiation: if the chopping frequency is slow compared to the
thermal relaxation time of the crystal, the crystal remains close to thermal equilibrium
and the current response is small[28]. In Fig. the responsivity curve of the PYRO
detector is reported as a function of the frequency at which the light impinging on it is

$photodiodes are usually employed under reverse bias. When the voltage is zero, the device operates
as a photoconductor, and its response is weaker and less linear with the photocurrent.
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Figure 2.10: Responsivity curve of Si photodiode as a function of the wavelength. The peak
resides at 760 nm, while at 1100 nm - in correspondence with silicon bandgap - the responsivity
drops.
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Figure 2.11: Responsivity curve of pyroelectric detector as a function of frequency. The main plot

is taken at chopper controller’s 400 Hz full scale while the small plot has been obtained at 40
Hz full scale.

This detector has also a lower responsivity than the SiPD, thus, its output needs
to be amplified by a voltage amplifier before being given as input to the lock-in am-
plifier. For the acquisition, a FEMTO DLPVA-100 voltage amplifier (Fig. , with an
amplification factor of 60 dB, was used. Despite these cons, the major advantage of
the PYRO with respect to the SiPD is that, being a thermal detector, it is characterized
by an almost-constant spectral response at fixed modulation frequency.
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Figure 2.12: FEMTO DLPVA-100 voltage amplifier[40].

2.1.5 Sample Bias

To perform photocurrent spectroscopy, the light exiting the monochromator is sent
through a focusing lens and then onto the sample, in such a way that the beam illu-
minates its active area.

The sample is connected on one electrode to the power supply and on the other to the
lock-in input; the circuit is closed connecting virtually the grounds of the two instru-

ments (Fig.|2.13).

_== Power Supply

—
L

i
DUT

ock-in [
1

euc = &nC

Figure 2.13: Schematics of the electrical circuit in the standard setup. The transimpedance am-
plifier can be inserted between the sample (indicated as the Device Under Test, DUT in the image)
and the lock-in amplifier. The circuit is virtually closed by the sample itself.

The connection can be done either using micromanipulators or by placing the sam-
ple in a small box with BNC connectors for coaxial cables, as shown in Fig.[2.14 Depend-
ing on the sample material, the signal going to the lock-in could need a pre-amplification
stage: if the photocurrent is high enough, the lock-in current input with internal gain
10° or 108 can suffice; otherwise, the lock-in voltage input ("A" mode) must be paired
with a transimpedance amplifier.

Figure[2.15]shows the two amplifiers employed during the measurements.
In both setups, the bias is provided to the sample with an AimTTi CPX400SP power

supply.
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a) b)

S\‘/*""'1‘\

Micromanipulators

Lid

Insudating layer

Figure 2.14: Scheme of sample connection modes. In (a), the conducting tips of the microma-
nipulators are directly touching the sample contacts. In (b), the sample is attached to the box
bottom, over an insulating layer, and copper wires are soldered with tin to the BNC connectors
and with silver paste to the sample electrodes.

(a) DLPCA-200 (b) DHPCA-100

Figure 2.15: FEMTO transimpedance amplifiers. The model in is ideal in low-noise applica-
tions while the one in@is tailored for high-speed acquisitions. The images are adapted respec-
tively from [41] and [42].



CHAPTER 2. EXPERIMENTAL APPARATUS

29

2.2 UV-Vis Spectroscopy Under X-ray Irradiation

This second setup allows to perform UV-Vis photocurrent spectroscopy under simulta-
neous X-rays irradiation.

Figure 2.16: Schematics of the compact setup. The lamp-monochromator system, all the optics
and the sample holder are enclosed with the X-ray tube in a lead-glass shielding cabinet. The
monochromator and the lock-in amplifier are connected in parallel via GPIB to the computer.

The apparatus - schematized in Fig. - is housed entirely within a lead-glass
shielded enclosure, which provides the necessary attenuation against X-ray scattering
produced by the irradiation source. For this reason, the monochromator-lamp system
is configured as compact integrated unit, whose resulting output light is brought onto
the samples through an optical fibre.

2.2.1 X-rays Source

X-rays are produced in a Coolidge X-ray tube with Molybdenum (Mo) target: a tungsten
filament, heated by current flowing, emits electrons, which are accelerated by a high
voltage (tens of kV) established between the cathode and the anode. The highly en-
ergetic electrons impinging onto the target Mo anode, decelerates and emits X-ray as
Bremsstrahlung radiation and Mo characteristic lines (Fig. [2.17). The radiation is con-
voyed through Beryllium (Be) windows.
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Typical Spectrum For Molybdenum-Target X-Ray Tube

Counts [sees

Energy (keV)

Figure 2.17: Typical spectrum of a Molybdenum target X-ray tube. The continuum is formed by
the Bremsstrahlung radiation, while the sharp high-intensity peaks correspond to the charac-
teristic lines of the Mo target. The image is adapted from [43].
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Figure 2.18: X-rays tube calibration at 35 kV and 27+1cm of distance. The relevant value for this
study is 30 mA, which yields a dose rate of 36.5 &+ 2.0mG/s.

The beam intensity can be regulated by setting the cathodic voltage and the elec-
tronic current. In Fig. the dose rates at a distance of 27+1 cm from the tube are
plotted as a function of the electronic current, with the cathodic voltage fixed at 35 kV.
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The tube used in this setup is a PANalytical long fine focus Mo tube powered by a Spell-
mann DF6NOS3 high voltage power supply.

Safety systems include a X-ray shielding lead-glass enclosure, a manual enabling shut-
ter, water-based cooling and the possibility to set a limit to the filament curremﬂ

2.2.2 Optical Fibre

In this setup, the light exiting the monochromator slit is collected into a collimator and
sent to the sample through an optical fibre. At the fibre’s exit, the light is passed again
through a collimator and then meets the chopper wheel, before being focused onto the
sample with a lens (see Fig.[2.19).

EXIT SLIT
b o ——
' OPTICAL
FIBRE
CHOPPER
SAMPLE | c2 —— \
—\/
FOCUSING
LENS

Figure 2.19: Scheme of the mochromator-sample optical coupling in the compact setup. Light
from the monochromator exit slit is collected by the first collimator (C1), sent through the optical
fibre and collimated again with the second collimator (C2), for then being modulated by the
chopper and focused with a lens onto the sample.

The collimator is employed mainly to convey efficiently the light into the fibre, but
it comes with a drawback: its internal coating limits the allowed optimal wavelengths
(in this case, to the range 350-700 nm). This affects the intensity of the lamp photon
flux, changing drastically the shape of the lamp spectrum outside of the optimal range:
As can be seen in Fig. the presence of collimators - even at lower lamp power -
remarkably increases the intensity of the signal. The collimators used are THORLABS
F950SMA-A multimode collimators while the optical fibre is the THORLABS M96L02
Step-Index Multimode Fiber-Optic Patch Cables with SMA ends.

’The filament current is of the order of the A while the electronic current is around tens of mA.
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Effects of Collimators on QTH Lamp Spectrum
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Figure 2.20: Effects of collimators on the raw lamp spectrum. At 700 nm, the internal coating
induces a drop in the signal amplitude and, beyond, the shape is modified - according to the
collimator manufacturers - in an untraced batch-dependent way.

2.2.3 Operation

The developed setup allows different acquisition modes, adjusting the chopper position
and the instruments employed:

1. standard UV-Vis photocurrent spectroscopy: the chopper is inserted between the
optical fibre output and the sample, while the X-ray tube is off;

2. photocurrent spectroscopy under constant X-ray excitation: UV-Vis source chopped
and X-ray tube on. This allows to see the effects of ionising radiation on the pho-
tocurrent spectrum;

3. radiocurrent under constant UV-Visirradiation: UV-Vis source costant and chopped
X-ray tube on. This allows to see the effects of X-rays on the sample, a comple-
mentary study with respect to the previous;

4. X-ray induced current dynamics acquisition: UV-Vis source off and chopped X-ray
tube on. This allows to collect radiocurrent (as a function of time). Both here and
in the above configuration, the dose must be manually varied.

The experimental protocol followed in this thesis project involved just modes (1) - for
validation of the newly-assembled setup and evaluation of he sample conditions - and

(2).
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3. Setup and Calibration of the Photocur-
rent Measurement System

In the following paragraphs, the main experimental challenges encountered during the
upgrade of the standard UV-Vis photocurrent spectroscopy apparatus and the imple-
mentation of the compact UV-Vis one for measurements under X-rays irradiation, are
presented. In the last section of this chapter, sample specifications are included as well.
Fig. shows the evolution of the standard setup: wooden supports have been re-
placed with an optical table plane, to which the chopper stand, the new lamp housing
and the optical plane to which the monochromator is fixed have been carefully aligned
and riveted. The vacuum chamber stands on newly made supports too, to match the
new height requirements.

Chopper Wheel
Monochromator

. .
: ) 1
| i‘)\\l
= p
e
‘.'\ / Housing and Fan ‘
\ y o <
Optical Table Plate Vacuum Chamber with Sample Holder
A\

Vacuum Chamber with Sample Holder
and Micromanipulators inside

and Micromanipulators inside

AW

(b)

Figure 3.1: Evolution of the benchmark photocurrent setup design. Beforeand after

Fig.[3.2] shows instead the final configuration of the compact setup: the monochro-
mator has been aligned and coupled with its QTH lamp on the entrance slit and with
the collimator on the optical fibre's end on the exit slit. Custom supports and adapters
have been developed to secure the collimators in place and an optical plate has been
riveted to the slotted base plate whose rails the sample holder - a pantograph with a
slotted plane - is constrained to as well. The chopper and collimating lens have been
aligned and fixed to the optical plate. The X-ray tube cooling system has been repaired
and a support for the mechanical piece acting as shutter-enabler has been fixed to the
slotted base plate.
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Monochromator

Sample Box

Shutter Enabler

Chopper Wheel

Optical Fibre

Figure 3.2: Picture of the compact setup.

3.1 Focusing and Alignment

In order to achieve a strong signal, alignment and focusing of the beam are vital steps.

3.1.1 Focusing the Light Beam in ScienceTech-9055F

In the UV-Vis spectroscopy setup, the QTH lamp housing hosts the lamp bulb, a parabolic
mirror behind it and a tube with a plano-convex lens to focus the beam into the entrance
slit of the monocromatohor on the exit hole. The focusing procedure involved:

e adjusting the three screws of the parabolic mirror to define the plane it laid upon;
¢ fixing the distance of the lens from the entrance slit to focus the lamp onto it;

e moving the whole lamp housing along the plane perpendicular to beam direction
to centre the slit and having the beam focused on it.

The procedure involved a first rough correction of the major optical issues (e.g. the
double-halo), then, the maximum of intensity was searched with the aid of the SiPD
detector.
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At the fixed wavelength of 640 nm and 80 Hz chopper frequency, this allowed to in-
crease the signal read by the lock-in from 1.32 mV to 179 mV.

3.1.2 Aligning Mirrors and Verifying Gratings in SpectraPro-150

The alignment procedure in the combined UV-Vis and X-rays setup was more tricky.
The monochromator itself needed optical tweaking, since the internal optics was not
properly aligned and the beam did not travel correctly up to the exit slit.

To correct the internal optics, a monocromatic light source, 635 nm (red) laser, was
used. Before acting on the monochromator, the laser itself needed to be aligned with
respect to the optical table. This was achieved by directing the beam on a target which
was progressively moved further and then again closer, until there was no more need
of adjustment on any of the three axes.

With the grating positioned in full-reflection mode (initialized at zero), the plane of each
monochromator’s mirror was corrected by regulating the set and socket screws.

Once the mirrors were set, the grating behaviour was investigated: in fact, once the
laser hit its surface, beams other than the principal one were clearly visible (Fig.
and, depending on the wavelength of the laser and on the grating position, they varied
in number and direction, even causing multiple reflections inside the monochromator.
By using a powermeter, it was confirmed their nature as higher-order harmonics.

Figure 3.3: Scheme of multiple diffractions for the 635 nm (red) laser and the 405 nm (blue) laser
inside the SP150 monochromator. The principal beam is the first order beam (n=1), which gets
diffracted and sent exactly through the exit slit. The zero order beam (n=0) can be identified as
the one for which the grating is behaving as a simple reflecting mirror, while higher order beams
(n>1) appear as fainter lines. The blue laser shows a higher number of rays with respect to the
red one, since it is more energetic, and therefore higher orders are populated.

To better verify whether these additional diffractions and reflections could be a
problem for acquisitions with white-light sources, the laser was replaced with a QTH
lamp and the beam exiting the monochromator was analysed at different wavelengths
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through a spectrometer. The data collected, plotted in Fig. demonstrated that the
spectrum is actually clean in the useful acquisition range. Higher harmonic peaks ap-

SP-150 Monochromator Spectral Analysis (320 - 1000 nm)
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Figure 3.4: Spectral analysis of SP-150 monochromator. Each coloured line corresponds to a
different spectral acquisition. The peaks correspond to the set wavelengths, exhibiting a minor
redshift of 2-3 nm, which is consistent with the instrument’s specified spectral resolution.

pear just when the monochromator is set at 320 nm and at 1000 nm, with secondary
peaks visible at 735 nm and 505 nm respectively. The data were acquired with a THOR-
LABS CCS200/M spectrometer through the OSA software.

3.1.3 Directing The X-rays Beam

Inside the Molibdenum tube, the X-rays are produced when the power supply provides
enough energy. When the beam is active, the only way to prevent it from travelling is
by closing the shutter.

The shutter mechanism is designed so that it can be remotely controlled when a shutter-
enabler is active. The latter is a piece which comes with an aperture designed to lock
itself into the shutter window and allowing the beam to pass through a narrower tube,
acting thus also as collimator.

Attention must be paid to the positioning of this piece to avoid diffraction effects.

In order to proper position the sample with respect to the beam and to effectively posi-
tion the other optical components (chopper, optical fibre and lens) out of the radiation
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path, X-rays fluorescence paper and X-rays photosensitive paper were used.

3.2 Acquisition Software

In the earlier steps, the monochromator was controlled via a custom MATLAB software,
which was designed to move the monochromator while acquiring data with a Digilent
DAQ.

While this was sufficient for alignment and grating testing, for proper photocurrent
spectra acquisitions there was the need to mirror the capabilities of the LabVIEW soft-
ware that controlled the ScienceTech-9055F monochromator.

The SP-150 can communicate both via serial R5-232 cable and via GPIB cable. After sev-
eral tests, it was established that the GPIB connection was more robust and reliable.
The code has been developed in Python using PyVisa for serial resources management
and PyQté6 for the creation of a Graphical User Interface (GUI).

BN SpectraPro 150 & SR830 [IEEE-488 GPIB Edition]

SYSTEM CONNECTIONS (GPIB) ACQUISITION SETTINGS
es: Ti nt:
Live Acquisition Scan Tracking Matrix [R vs Wavelength]
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R (V)
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—55 == Mean: -6.39E+01
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STOP SWEEP
m

DATA ACTIONS
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rdware) -
ENABLE LIVE LOG FILE
2
DATA

Figure 3.5: Screenshot of SP150-SR830 Control main panel. The leftmost column contains con-
nection buttons and metadata fields. The central column allows to control the run mode and set
the lock-in parameters. The rightmost column is dedicated to data visualization and log moni-
toring.

From left to right, the GUI is structured in three main columns, as depicted in Fig.[3.5;

e instruments connection and experiment metadata tracking;
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e acquisition handling (time-affecting parameters, control mode, data saving);
e data visualization.

The central column has two tabs: Scan and Manual/Aux (Fig.[3.6). While Scan tab
is responsible for the standard wavelength sweeps, in the Manual/Aux tab it is possible
to send raw commands to the monochromator or to start lock-in Aux channels sweeps.

Scan Manual / Aux
~Monochromator Movement

READ POSITION 350.00 nm

Target: 35000 nm -~ GC (] Allow higher resolution {

RE-INITIALIZE MONO

~ Direct Command Debugger

Command:

Terminal Output:

~ Lock-in Aux Out Control
Port Select: Aux Out 1 Sweep Mode: Single
Start Voltage: _1.00V End Voltage: 10,00V
0,10V ~ Dwell Delay: 010s
s (Avg): 5 ~ v #Scans: 1

START AUX SWEEP STOP AUX SWEEP

Figure 3.6: Screenshot of SP150-SR830 Control manual/aux tab. While the Scan tab allows to
perform a standard wavelength sweep, this tab is designed to send basic serial commands to
the monochromator and to control lock-in Aux channel sweeps.

The software is constructed to handle two threads, one allowing for live display of
lock-in readings and the other managing the monochromator movement and the signal
averaging.

The software was written exploiting generative Al models under strict human super-
vision and, after extensive testing, it is also available on GitHub at the link https:
//github.com/Sollau/Instrument_Controls.git.


https://github.com/Sollau/Instrument_Controls.git
https://github.com/Sollau/Instrument_Controls.git
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3.3 UV-Vis Sources Calibration

Source calibration involves the acquisition of the spectrum of the lamp used for the

measurement, with the final goal to correct the sample data, since their raw signal

amplitude is convoluted with the lamp emission spectra.

The parameter to measure is the lamp spectral photon ﬂu>ﬂ ®, which is obtained by

dividing the raw lamp signal S,..,, by the responsivity of the detector 1?4.; used to acquire

it:

- Sraw(E)
Raet(E) - Eppy - Acys

O(E) (3.1)

in the formula, £, is the energy of the photons and A, is the effective active area of
the detector. The latter depends also on the slit width d, an can be evaluated as follows:

d
-9 Bl
0 arctan <2R)

(3.2)
.Aeff = Qd—R + R? (9 — Sine)
d \2
1+ (5%)

with R detector radius and 6 being the angle indicated in Fig.

Figure 3.7: Effective area of detection given the slit width. This scheme applies whenever the
slit width d is smaller than the detector diameter 2 R. The image is adapted from [31].

'"The photon flux is measured in units of photons per second per square centimetre (ph s~cm™2).
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Once the photon flux coming from the lamp is known, the actual photocurrent spec-
trum Ip¢ is obtained by dividing the raw signal I,.,,, for the photon flux.

Iraw

o

Ipc = (3.3)

For better visualization, the photocurrent is then rescaled between 0 and 1 by dividing
it by its maximum.

3.31 QTHLamp

The spectrum of the QTH lamp used in the benchmark setup has been collected both
with the SiPD and with the PYRO detector. The raw spectra can be observed in Fig.

QTH raw spectrum (Si Photodiode) QTH raw spectrum (Pyroelectric)
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Figure 3.8: QTH raw spectra. At 700 nm, the grating change introduces a step and, beyond,
modifies the intensity of the diffracted light, increasing the curve slope. In both cases, the lamp
is operated at 23 V and 5.9 A. In[(a)] the QTH lamp spectrum acquired with SiPD detector at
0.4 mm slit width. The lock-in time constant was set to 100 ms. In|(b)|the QTH lamp spectrum
acquired with PYRO detector at 0.5 mm slit width and lock-in time constant at 1s. A 60 dB
voltage amplification stage is added.

Following Eq. (3.1), the photon flux has been computed. In Fig. the evaluated
photon flux is shown for both detectors in logarithmic and in linear scale. It has to be
noticed that, since the SiPD detector has a limited spectral range (190-1110 nm), inferior
to the lamp spectrum acquisition window, mathematical artifacts appear in the flux
curves. In this region, starting from ~900 nm, the SiPD detector is not reliable and the
PYRO calibration must be used. Figures and [3.10] display also alternative plotting
strategies beyond this critical wavelength, which are further explained in Appendix Bl

The computed flux is of the order of 10'3ph/(s - cm?). Due to the wavelength-
independent responsivity of the pyroelectric detector, data collected with this latter



CHAPTER 3. SETUP AND CALIBRATION OF THE PHOTOCURRENT MEASUREMENT SYSTEM

4

QTH Lamp Flux Comparison
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Figure 3.9: Comparison of QTH lamp flux obtained with SiPD and PYRO detectors. (a) Flux in
logarithmic scale; the cusp at 1110 nm is a mathematical artifact due to the interpolation over
the rapidly-falling SiPD responsivity. (b) Flux in linear scale; beyond 900 nm, the division by the
responsivity curve is stopped, causing the flux to diverge (opaque dashed line) due to the detec-
tor responsivity drop. The semitransparent dashed curve shows the flux computed by keeping
the responsivity constant at its 900 nm value.

are more reliable, and this has been also verified with a THORLABS PM400 Optical
Powermeter. The procedure involved manual recording of the lamp power at discrete
wavelengths. For each point, the instrument returned both the raw detected power and
the value normalized by its SiPD sensor. For the purpose of the comparison Fig.
the data have been divided by the sensor active area, while the lamp flux has been
converted to power density by multiplying for the photon energy.

le-5 Power Density Comparison - New QTH (Unified Trace Verification)
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Figure 3.10: Powermeter verification of QTH lamp power density.

It has to be noticed that the spectra in Fig. are slightly different from those in
Figs.[3.8/and[3.9]since the lamp filament broke and therefore the lamp was substituted.
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3.3.2 Xenon Lamp

The xenon lampwas used as an alternative to theQTH for the acquisition of the PEA,PbBr,4
samples photocurrent spectra, where high UV photon flux, not achievable with QTH, is
needed. The result of the Xe lamp calibration are reported below: Fig. [3.11 shows the
raw spectra collected with the two detectors, while in Fig.[3.12/a comparison of the flux
computed with respect to each detector is reported.

Xenon Lamp Spectrum (Si Photodiode) Xenon Lamp Spectrum (Pyroelectric)
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Figure 3.11: Xenon lamp raw spectra: (a) spectrum obtained with the SiPD detector at a 1.5 mm
slit width; (b) spectrum obtained with the PYRO detector at a 0.2 mm slit width. In both cases,
the lock-in time constant was set to 300 ms.
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Figure 3.12: Xenon lamp flux. Even if no mathematical artifacts appear in this plot for the SiPD-

computed flux, the non-linear spectral response of this detector clearly affects the flux calcula-
tion.
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The choice of plotting the data exclusively in logarithmic scale for this lamp stems
from the fact that, due to the high intensity of Hg and Xe characteristic spectral lines,
they are spread over almost two orders of magnitude.

In the UV-Vis spectral range, the intensity of the lamp photon flux is comparable in
order of magnitude with that of a QTH lamp.

3.4 Lock-in Noise Analysis

In order to assess the amount of noise affecting the lock-in measurements, the most
common configurations in which the lock-in has been used during the acquisitions have
been probed.

The lock-in input was left unconnected and floating, while its AUX exit drove the chop-
per in a sweep from O to 10 V (which corresponded to the O to 343 Hz range). The
results are displayed in Fig.

1e-6 Lock-in Voltage Noise Analysis ., Lock-in Current Noise Analysis

8 —— Time Constant =15 Time Constant = 15

RIV]
R[A]
IS

Figure 3.13: Lock-in noise analysis on two different input modes: (a) voltage noise analyses at
0.3sand 1s time constants; (b) current (108 input) noise analyses at 0.3 s and 1s time constants.
The parameters for both graphs are: 12 dB/oct roll-off, 50 Hz and 100 Hz line filters active, high
reserve, ground, sync <200 Hz active, and AC coupling.

Apart from the spike near O Hz, the voltage noise is essentially constant. The cur-
rent noise analysis has instead more interesting features: at 50 and 100 Hz, where the
line filters are active, the noise is visibly suppressed; then, looking at the general trend
of the noise, a subtle increase of its average value can be noticed towards the higher
frequencies.

3.5 Samples Specifications

In Table [3.1the samples employed for this study are presented.
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Sample Type Contacts Geometry | Morphology
BA,Pbl, 2D Perovskite co-planar thin film

PEA,PbBr,-sc 2D Perovskite co-planar single-crystal
PEA,PbBr,-film 2D Perovskite co-planar thin film

MAPbBr; 3D Perovskite top-bottom single-crystal
TIPS-PEN Organic Semiconductor co-planar thin film

Table 3.1: Samples overview. The full chemical names, in order from the top row, are: butylam-
monium lead iodide, phenethylammonium lead bromide(single-crystal and thin film), Methy-
lammonium lead bromide and triisopropylsilylethynyl pentacene.

Despite the differences in material, morphology and contacts geometry, all samples
are photoconductors.
Thin film samples are all characterized by the same interdigitated electrodes geometry
(Fig.[3.14). The electrodes are made of a 30nm-thick gold (Au) layer plus an adhesion
chromium (Cr) layer and are patterned via photolithography onto the substrates.
The substrates used are Kapton (PEA,PbBr,-film), glass (BA,Pbl,) and PEN (TIPS-PEN).
The semiconductor film is deposited onto the electrodes via bar-coating (PEA,PbBr,-
film), spin-coating (BA,Pbl,) or drop-casting (TIPS-PEN).

Figure 3.14: Diagram of the 1-pixel interdigitated electrodes. The channel width is 30um while
the channel length can be obtained as L = (n — 1) - [, where n is the number of fingers of the
interdigitated (here 26) and [ is the length of the channel long side (here 2 mm), for a total of
50mm. This geometry is common to samples BA,Pbl,, PEA,PbBr4-film and TIPS-PEN.

Both single-crystal samples feature a dielectric substrate layer (mica) on which cop-
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per (Cu) contact pads are positioned with silver (Ag) paste.

The electrodes are deposited directly onto the sample surface via thermal evaporation
with shadow mask.

Sample MAPbBr; has Cr electrodes, which are connected to the Cu pads with Ag paste
(bottom electrode) and with an Au wire fixed with Ag paste (top electrode).

Sample PEA,PbBr,-sc is instead secured onto the mica substrate via Ag paste; Au wires
(always fixed with Ag paste on both ends) connect its Au/Cr electrodes to the Cu pads.
In Figs.[3.15]and [3.14| the respective structures are shown.

Au

Contacts
Au Ag / \ Ag Ap
wire AN / wire

Ag——= o o e —Ag
\ (IS PEAPLBr,| GEEEED
(/—‘ ‘ \

—

Mica \Ag

\* J

Figure 3.15: Scheme of PEA2PbBr4 single-crystal structure. The image is adapted from [44].

Ag Au

wire

Culp

| Mica

Figure 3.16: Scheme of MAPbBr3 sample structure. The crystal has dimensions of 5 x 5 x 2 mm.
The image is adapted from [44].

Of the samples under analysis, the two single crystals, PEA,PbBr,-sc and MAPbBr;
are the oldest (dating to 2022 and 2023 respectively), while the others where fabri-
cated within the time period of this thesis project. Sample BA,Pbl,, used only as a first
test for the validation of the benchmark photocurrent setup, degraded after few days
outside of the glovebox.
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3.5. SAMPLES SPECIFICATIONS

In Figs. [3.17]and [3.18}, optical microscope pictures of the PEA,PbBr, and TIPS-PEN sam-
ples - taken to verify the channel condition and to highlight the difference between
single-crystal and thin film morphologies - are reported.

R NS DAL,

500%*_.-.

(a) Detail of PEA2PbBr4 single-crystal sample. The (b) Detail of PEA2PbBr4 thin film sample. The chan-
channel has dimensions of 50um x 18.23mm. Al- nel has dimensions of 30um x 50mm, thus greater
though old, the sample is still in good conditions. than PEA,PbBr4-sc sample.

Figure 3.17: PEA2PbBr4 samples pictures. The poly-crystalline nature of the thin film is neatly
distinguishable.

Figure 3.18: Picture of a TIPS-PEN sample. The sample in this image is not the same as the one on
which the final measurements were performed, since it degraded and was substituted; however,
it provides a clear example of TIPS-PEN film structure.

The PEA,PbBr,4-sc has a smooth surface with large uniform grain domains, while
sample PEA,PbBr,-film shows a dense disordered network of small grains.
TIPS-PEN displays highly anisotropic, large crystalline domains with elongated needle-
like morphology.



CHAPTER 3. SETUP AND CALIBRATION OF THE PHOTOCURRENT MEASUREMENT SYSTEM

47

3.6 Data Analysis

In Fig. the procedure to go from raw data to the extraction of the relevant param-
eters and figures of merit is shown.

Lamp Raw Data Detector Respon- Sample Raw Data
(Wamp) sivity Data (Rget) (Lraw)
[
Reference
Photon Flux
Viam
(I)(/\) - RdelEShA
Normalized Data Sample Responsivity
Ihorm = I?% R = Ilr:»%
Parameter Fits Sampleb!EQE
(Elliott / Spano) EQE =R- =2 x 100

Figure 3.19: Data analysis flowchart. The procedure involves three fundamental steps: flux cal-
culation, correction of sample raw data by flux normalization, extraction of the fit parameters
and figures of merit.

When the sample raw data are corrected for the lamp flux, the unit of measure
obtained is a photocurrent per flux [A/(ph cm~2s~1)]. For improved visual clarity, in
the graphs, this quantity is expressed as arbitrary units and rescaled between 0 and 1.
When comparing in the same graph the photocurrent spectra of different samples or
acquisitions, the normalization can be performed in two ways:

o if the relative magnitude of the spectra is relevant for the comparison, the scaling
is performed globally after plotting, i.e. by dividing the spectra by the maximum
value among all the datasets;
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e if only the shape is relevant for the comparison, the scaling is performed individ-
ually on the two dataset (each one divided by a relevant common feature, such
as the maximum of the excitonic peak) and then the profiles are plotted together.

The calculation of the responsivity involves dividing for the optical power instead
that for the lamp flux. The formula used in this passage differs from Eq. for an
additional multiplicative term r,, = Wsampie /Wiamp Which accounts for the different slit
widths used to acquire the lamp and the sample spectra:

Pm = (I)EphAchrw (34)

where A, is the channel area of the sample. It is important to keep in mind that the
responsivity is not an intrinsic property of the material as it is also influenced by the
device morphology and architecture. Nonetheless, it is still a valuable parameter when
coming to the evaluation of the system performance under the given experimental con-
ditions.

The actual fitting formula employed in the data analysis differ from the theoreti-
cal ones in Chapter |l In particular, to account for non-ideal effects (disorder, thermal
effects, non-parabolicity of the bands, collection efficiency, experimental noise...), a
truncated 3D Elliott model [45]46] was implemented both for the 3D and the 2D IOHP
samples:

atotal<E> = a(E> ’ nc(E) + Yo (35)
Where the modified 3D Elliott absorption coefficient a( F) is defined as:

a(E) = AV Ey |ag - 2B, - g(E — (E, — Ey), D)+

o I 3.6
+/)mE—EI) 1+ bop(E' — E,) JE (3.6)

Eq 1— exXp <—27T E'/ET’JEQ>

Here, g(AFE,T") represents the Gaussian broadening function capturing inhomoge-

neous disorder:
1. 1 (AE)2 37)
xXp| —=z | —= .
I'v2r P 2\ T

The term 7.(E) is the asymmetric carrier extraction efficiency filter, accounting for
high-energy transport losses:

g(AET) =

E—-FE
exp (— g) for £ > E,

-
1.0 for B < F,

ne(E) = (3.8)
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In the above equations, £, is the material bandgap energy, £, the exciton binding en-
ergy, I' the Gaussian broadening parameter representing inhomogeneous disorder, by,
the linear non-parabolicity coefficient, a, the scaling factor for the discrete ground-
state excitonic contribution, A the global amplitude scaling factor, 7 the carrier collec-
tion decay constant, and y, the experimental baseline offset.

The Tauc plot is modified too, according to the strategies proposed by Makula et al.
[21]: instead of following the procedure described in Chapter i, the code calculates the
first derivative of the smoothed spectrum, identifies the point of maximum slope, fits
a straight line tangent to it and extrapolates its intercept.



50

4. Results and Discussion

In the following sections, the experimental results are presented and compared to the
established literature values, when available.

Apart from BA,Pbl,, which underwent just the UV-Vis photocurrent measurement with
the standard setup, each sample was characterized electrically collecting an |-V curve
in dark and under 375 nm Iighif_r] before having its photocurrent spectra recorded in the
standard apparatus, and then in the compact one (both with and without X-rays irradi-
ation). Linear I-V plots and raw sample spectra are left out from this chapter, but can
be found in Appendix|Al

The parameters of each acquisition are summarized in Tables[4.1and

Acquisition Parameters For Standard Setup

Sample Sample Lock-in  Lock-in  Chopper Preamp Lamp Slit
Bias[V] input tau [s] Freq Gain in/out
[Hz] [V/A] [mm]
BA,Pbly 5 1, 10° 0.3 42 - QTH 1
PEA;PbBrs-sc 20 A 0.3 62 109 Xe 1
PEA,PbBr,-film 20 A 1 62 109 Xe 1
MAPbBr3 10 l, 10° 0.3 67 - QTH 1
TIPS-PEN 5 l, 10° 1 31 - QTH (new) 1

Table 4.1: Acquisition parameters and settings in the standard setup.

Acquisition Parameters For Compact Setup

Sample Sample  Lock-in Lock-in Chopper Preamp Lamp Slit
Bias [V]  input tau [s] Freq Gain Power in/out
[Hz] [V/A] [%] [mm]
PEA,PbBrs-sc 20 A 0.3 62 108 80 1
PEA,PbBr,-film 20 A 1 62 108 90 2
MAPbBr3; 10 l, 100 0.3 67 - 80 1
TIPS-PEN 5 l, 108 1 31 - 90 2

Table 4.2: Acquisition parameters and settings in the compact setup. When performing sweeps
under X-rays irradiation, the tube settings were at 30 mA electronic current and 35 kV cathodic
voltage for all the samples.

"The source was a UV LED with a calibrated power density of 316 pW/cm? at 3 cm from the sample.
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4.1 BA,Pbl,

For sample BA,Pbl,, a forward-backwards sweep was executed in the standard UV-Vis
photocurrent spectroscopy apparatus. The return scan yielded a higher signal in corre-
spondence of the peaks: this hysteresis effect is likely due to the fact that the carriers
excited by the first scan filled trap states leading to a higher collection efficiency on the
return scan.

Fig.[4.1shows the corrected and normalized photocurrent spectra of BA,Pbl,. Two dis-
tinct peaks are visible: one at ~520 nm, corresponding to the excitonic peak, and an-
other at ~490 nm, marking the fundamental absorption edge and the start of the con-
tinuum.

BA2Pbl4 Photocurrent Spectrum (Pyroelectric)

1.0 1 —— Normalized Profile (Forward)
Normalized Profile (Backward)

©
o
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|

0.4 1

Normalized Photocurrent [A.U.]

0.2 1

0.0 A

350 400 450 500 550 600 650
Wavelength [nm]

Figure 4.1: BA,Pbl, photocurrent spectrum, corrected for the QTH lamp flux and normalized.
Both forward and backward scan, collected at 5V bias, are shown.

The responsivity, computed on the forward scan, is 3.5 £0.1 mA/W at the 490 nm
peak, which falls within the expected literature range [11]. Fig. shows the spectral
response of the sample.

The Elliott fit performed on BA,Pbl, yielded an energy gap of 2.43 +0.01 eV and
an exciton binding energy of 48 £5 eV. The energy bandgap is in good agreement with
known literature values [47], whereas the binding energy is far lower than the com-
monly acknowledged values of 200-300 meV [11, |47, 48].

The fit is plot in Fig.[4.3]
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BA2Pbl4 Spectral Response (Pyroelectric)
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Figure 4.2: BA,Pbl, spectral response. Both forward and backward scan are shown.

BA2PbI4 Elliott Fit (Pyroelectric)
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Figure 4.3: Truncated 3D Elliott fit applied on BA,Pbl, photocurrent spectrum. The model is
applied in the window 490-550 nm to the forward trace.

Table 4.3 summarized the extracted parameters for the BA,Pbl, sample.
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Extracted Parameters
Responsivity | 3.5+ 0.1 mA/W
EQE 0.89+0.03 %
Energy Gap 2.43+0.01eV
Binding Energy 48 £ 5 meV

Table 4.3: BA,Pbl, extracted figures of merit.The values of responsivity and EQE are evaluated
at 5V bias in correspondence of the 490 nm peak. All the parameters are computed on the
forward scan.

4.2 PEA,PbBr,

The |-V curves of the two PEA,PbBr, samples are plotted in Fig. It is important to
notice that, even if the voltage range is the same, the results are not directly compa-
rable, since the two samples have different channel dimensions. For example, at 20
V applied bias, the resulting electric field is 4000 V/cm for the single-crystal and 6667
V/cm for the ﬁlnﬂ Comparing the values of the currents at 4000 V/cm electric field,
L4.-1 ranges from 8 to 20 pA for PEA,PbBr,4-sc and of from 0.7 to 1 pA for PEA,PbBr,-film;
while I;;41,¢ is 0.6 nA for the single-crystal and 30 nA for the film.

PEA2PbBr4 (single-crystal) I-V Characteristics PEA2PbBr4 (film) I-V Characteristics

—e— Dark Current —e— Dark Current
—e— Light Current (375nm LED) —e— Light Current (375nm LED)

-20 -10 0 10 20 -20 -10 0 10 20
Voltage [V] Voltage [V]

(a) Single-crystal. (b) Thin film.

Figure 4.4: PEA,PbBr4 samples I-V characteristics. Light current is acquired under a 375 nm LED
for a total power of 2.88 uW on the single-crystal [@]and of 4.74 uW on the thin film sample
[@ The power is computed onto the channel areas.

The unexpected lower photocurrent response in PEA,PbBr,-sc can be explained due
to ageing-related degradation of that sample - which, indeed, shows also more hys-

2The electric field is computed as E = V/d, where d is the distance between adjacent fingers of the
interdigitated.
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teresis. A comparison with the I-V curve dating back to its creation [49] shows that the
current at 10 V decreased from 40 nA to 0.2 nA, a difference which cannot be traced
back to the different 375 nm LED used.
Besides this reduction in magnitude, the shape of the I-V curve has remained almost
unaltered across the years. The sample has still a linear behaviour in the [-10, 10] V
range, and exhibits a small rectifying trend towards the -20 V and 20 V limits.
Sample PEA,PbBr,-film demonstrates a pure ohmic behaviour throughout the full [-20,
20] V range. Its I-V characteristics is in line with results obtained for similar samples
[50].

The I-V characteristics confirmed that a bias of 20 V was suitable for the photocur-
rent spectroscopy measurements.
Figure[4.5]shows a comparison of the corrected spectra of the two PEA,PbBr, samples.
Since the experimental conditions were different, the relative intensities are not rele-
vant and the normalization has been performed separately before plotting.

PEA2PbBr4 Photocurrent Spectra Comparison (Pyroelectric)

1.4 - — Single Crystal
Thin Film
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Figure 4.5: Comparison of PEA,PbBr, samples photocurrent spectra, corrected for the Xe lamp
flux and separately normalized for the height of the excitonic peak before being plotted together.

Both samples display a first peak at 410 nm (excitonic) and a hump peaked around
375 nm (the continuum). While in the film the continuum signal dominates, in PEA,PbBr,-
sc the continuum hump is reduced in intensity with respect to the excitonic peak. This
is due to the fact that the absorption coefficient at those wavelengths is lower and
therefore carriers are generated more deeply into the crystal, leading to increased re-
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combination probability in their path towards the surface electrodes. In PEA,PbBr,-
film, the sample is instead thin enough that all the generated carriers are subject to the
electric field produced at the surface electrodes, increasing thus the charge collection
efficiency.

The shapes of the spectra are consistent with those in literature [50-52].

The spectral responses of the two PEA,PbBr, samples are shown in Fig. The re-
sponsivity of sample PEA,PbBr,-sc is 0.80 £ 0.01 mA/W at the excitonic peak against
the 53 £ 1 mA/W at peak of sample PEA,PbBr,-film.

The single-crystal sample performed worse than the film: similar studies report that
the single-crystal can have a responsivity of 12 mA/W, a value even 20 times higher
than their film equivalents [52].

As suggested by the I-V curves, the reason of the discrepancy must be searched in the
sample conditions. The truncated 3D Elliott fit has been performed on both samples

PEA2PbBr4 (single-crystal) Spectral Response (Pyroelectric) 0.07 PEA2PbBr4 (film) Spectral Response (Pyroelectric)
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(a) Single-crystal. (b) Thin film.

Figure 4.6: PEA,PbBr, samples responsivity profiles.

PEA2PDBr4 (single-crystal) Elliott Fit (Pyroelectric) PEA2PDBr4 (film) Elliott Fit (Pyroelectric)
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450 450
Wavelength [nm] Wavelength (nm]

(a) Single-crystal. (b) Thin film.

Figure 4.7: Truncated 3D Elliott fit applied on the two PEA,PbBr4 samples. In both cases, the fit
window is 350 to 550 nm.
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using the same fitting window Fig. For PEA;PbBr,-sc, Eg is 3.12 £0.01 eV and E,, is
92+2 meV. These values are close to those obtained by Ciavatti et al., who computed
an energy gap of 3.08 £0.2 and a lower binding energy of ~60 meV [52].

The fit on the film yielded higher values than the single-crystal, with an energy bandgap
of 3.17+0.01 eV and an exciton binding energy of 135£3 meV. These values are higher
than those previously reported for analogous PEA,PbBr, polycrystalline thin films[50]
but the different deposition technique may have impacted on the material charge trans-
port properties, affecting the photocurrent and ultimately the parameters that can be
extracted from the fit.

Effects of X-rays on the photocurrent spectra of PEA,PbBr, samples

PEA2PbBr4 (single-crystal) Normalized Spectra Comparison PEA2PbBr4 (single-crystal) Normalized Scaled Spectra Comparison
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(a) Single-crystal, corrected spectra. (b) Single-crystal, shape-comparison.
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(c) Thin film, corrected spectra. (d) Thin film, shape-comparison.

Figure 4.8: Effects of X-rays on PEA,PbBr, samples photocurrent spectra collected with the com-
pact setup.

In Fig. the photocurrent spectra obtained with the compact setup, with and
without X-ray irradiation, are displayed.

The plots include standard UV-Vis photocurrent spectra and the same photocurrent
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spectra taken with simultaneous X-rays irradiation. To better appreciate the effects of
X-rays on the photocurrent spectra shape, the corrected normalized images have been
put directly next to the normalized and singularly-scaled ones.

The film shows almost no reaction to the X-rays: at the same beam settings of the single-
crystal (30 mA, 35 kV) the curve was perfectly superimposing while at lower X-ray beam
energy settings (20 mA, 20 kV) the photocurrent under X-rays is slightly lower than the
standard one, as can be seen in Figs.[4.8cand [4.8d] This can be attributed to radiation
transparency of the thin film structure and to the radiation hardness of the material.
On the contrary, sample PEA,PbBr,-sc underwent a massive excitonic peak enhance-
ment under x-rays: the signal strength roughly tripled and the peak broadened towards
longer wavelengths with an increase of ~30% of its FWHM (Figs. and[4.8b).

In Fig.[4.9]the effects of X-rays irradiation on the photocurrent spectra of the two sam-
ples are quantified by means of the truncated 3D Elliott fit. The extracted parameters
confirm that, while PEA,PbBr,-film remains unaltered, in the PEA,PbBr,-sc the energy
bandgap transitions from 3.09 £0.01eV to 3.16 £0.04 eV and the exciton binding energy
jumps from 80 +13 meV to 180 £40 meV.

PEA2PDBr4 (single-crystal) Elliott Fit (Pyroelectric) (mono2) PEA2PDBr4 (single-crystal) Elliott Fit (Pyroelectric) (xrays)
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(a) Single-crystal, UV-Vis only. (b) Single-crystal, UV-Vis under X-rays.

PEA2PbBr4 (film) Elliott Fit (Pyroelectric) (mono2) PEA2PbBr4 (film) Elliott Fit (Pyroelectric) (xrays)
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(c) Thin film, UV-Vis only. (d) Thin film, UV-Vis under X-rays.

Figure 4.9: Truncated 3D Elliott fit applied on the PEA,PbBr4 samples spectra acquired with the
compact setup.

Table[4.4}, displays the figures of merit and fit parameters extracted from the mea-
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surements on the two samples.

Parameter Material Standard Compact | Compact, under X-ray
Responsivity SC 0.80 £ 0.01 mA/W - -
Film 53+ 1mA/W - -
SC 0.24+£0.01% - -
EQE Film 16.0£0.3% - -
E. (eV) SC 3.12 +0.01 3.09 £0.01 3.16 £0.04
& Film 3.17 £0.01 3.12 £0.01 3.11£0.01
E, (meV) SF 92 12 80 +13 180 +40
Film 1355 94 +5 94 +6

Table 4.4: PEA,PbBr, extracted figures of merit. The responsivity and EQE are computed at 20
V bias in correspondence of the 410 nm peak.

4.3 MAPbBr;

The electrical characterization of sample MAPbBr; has demonstrated that, despite its
age, it still possesses good properties: at -10 V, the dark current is comprised between
10 and 20 nA, while the light current rises up by two orders of magnitude, ranging from

0.7 to 1 pA (Fig.[4.10).

MAPDbBr3 |-V Characteristics
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Figure 4.10: MAPDbBr3 I-V characteristics. Light current is acquired under a 375 nm LED for a total

power of 63.2 uW. The vertical geometry leads to an asymmetric charge collection between the
two electrodes.
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The |-V curve of sample MAPbBr; shows a clear asymmetry, which comes from the

vertical photoconductor geometry: light impinging on the top electrode makes it so
that one type of charge carrier is driven by the bias immediately towards it while the
other type of carrier has to travel all the way through the bulk till the bottom electrode,
resulting in lower collection efficiency.
The shape of the curve, is coherent with the one reported by Armaroli et al. [45], where
a MAPbBr; sample coming from the same batch was studied. While the LED used is
again different (375 nm versus the 475 nm one used by Armaroli et al.), the light current
is still around 1 A whereas the dark current is lower by one order of magnitude with
respect to the reference. Overall, the sample shows similar photoelectrical behaviour as
a pristine sample from the same batch. In Fig.[4.T1the corrected photocurrent spectrum
of MAPbBTr; is shown. The excitonic peak is located at 550 nm.
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Figure 4.11: MAPbBr 3 photocurrent spectrum, corrected for the QTH lamp flux and normalized.

Figure shows the spectral response of MAPbBr; sample. The computed respon-
sivity of 2.2 + 0.1 mA/W at peak falls within the expected range of [0.04, 5.3] mA/W
associated to samples coming from the same batch under 20 V/cm electrical field [44].

Fig. displays the result of the truncated 3D Elliott fit performed onto the cor-
rected and normalized photocurrent spectrum.
The energy gap and exciton binding energy of MAPbBr; are 2.27+0.01eV and 463 meV,
respectively. These values are in good agreement with those of 2.30 +0.01 eV and 39
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Figure 4.12: MAPDbBr 3 spectral responsivity.

+1 meV found by Armaroli et al. [45].
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Effects of X-rays on the photocurrent spectrum

The effects of X-rays on MAPbBr; UV-Vis photocurrent spectrum can be observed in
Fig.[4.14l Even more clearly than in PEA,PbBr, single-crystal, the X-rays enhance the ex-
citonic peak - which increased in strength by ~30% and, remaining quite sharp, moved
by 8 nm towards longer wavelengths - moreover, the effect is paired with a complete
quenching of the photocurrent in the continuum region and the overall shape of the
spectrum changes dramatically.
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(a) Effects of X-rays on MAPbBr; corrected UV-Vis (b) Effects of X-rays on MAPbBr3; normalized spec-
photocurrent spectrum. trum.

Figure 4.14: Effects of X-rays on MAPbBr3 photocurrent spectrum.
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tra acquired with the compact setup. tra acquired under X-rays.

Figure 4.15: Elliott fit on MAPbBr 3 spectra acquired with the compact setup. The fitting window
goes from 470 to 650 nm.

Fig. displays the results of the truncated 3D Elliott fit onto the spectra acquired
in the compact setup.
Eg shifts from 2.25 +0.01 eV to 2.29 £0.01 eV and the binding energy increases as well,
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transitioning from 21 +8 meV to 80 +12 meV.

This increase of the binding energy under X-rays has been observed also by Armaroli et
al., who suggest that the excitonic peak observed under standard UV-Vis photocurrent
spectroscopy is likely formed by free excitons weakly coupled to phonons, while the
peak emerging at lower energies under X-rays is probably formed by bound excitons
strongly coupled with phonons. The effect is reversible in the timespan of 1 week, pos-
sibly for the filling of bromine vacancies by water and oxygen [45].

Table [4.5 summarizes the extracted figures of merit and fit parameters across the
measurements on MAPbBr; sample.

Parameter Standard Compact Compact, under X-ray
Responsivity | 2.2 £0.1 mA/W - -
EQE 0.50+£0.02% - -
Energy Gap 2.27+0.01eV | 2.25+0.01eV 2.29 £0.01eV
Binding Energy 4613 meV 21+8 meV 80112 meV

Table 4.5: MAPbBr 3 extracted figures of merit. The responsivity and EQE are evaluated at 10 V
bias in correspondence of the 550 nm peak.

4.4 TIPS-PEN

The |-V characteristics of TIPS-PEN can be observed in Fig. The voltage range is
more limited with respect to that used for the other samples, since this organic semi-
conductor is more susceptible to damage from high bias. Sample TIPS-PEN displays a
slight rectifying behaviour in the [-5,5] V range. The ratio between light and dark cur-
rent is of the order of 102, comparable with literature values [53].

The photocurrent spectrum of sample TIPS-PEN (Fig. features three distinct vi-
bronic peaks at roughly 580, 640 and 690 nm. The peak at 450 nm is instead a higher-
energy transition, which is not relevant for the purposes of the determination of the
energy bandgap.

For sample TIPS-PEN, the responsivity value in the 550-700 nm range is comprised
between 0.1 and 0.2 mA/W. Though a direct comparison with the exact sample mor-
phology was not found, data from Wei et al. suggest that there is a strong dependence
of the responsivity on the applied bias, illumination and channel length. At 5V and
8.2 uW/cm? a device with 200 um channel length shows a responsivity of 230 mA/W
(under 532 nm light) [53]. In the present work, the power at that wavelength is about
5uW/cm?, which would lower the expected responsivity to 160 mA/W, as for the impact
of the channel length, its increase induces an exponential decay in the value of R, but
the study performed by Wei et al. does not include data for interdigitated electrodes
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TIPS-PEN |-V Characteristics
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Figure 4.16: TIPS-PEN I-V characteristics. Light current is acquired under a 375 nm LED for a total

power of 4.74 uW . The vertical geometry leads to an asymmetric charge collection between the
two electrodes.
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Figure 4.17: TIPS-PEN photocurrent spectrum, corrected for the new QTH lamp flux and normal-
ized.

geometries, where charge collection is dominated by the fringes of the electric field.

The spectrum has been analysed with a Tauc plot in the range 660-750 nm (Fig.|4.19).
The Tauc fit yielded an energy gap of 1.64 +0.01 eV, which is consistent with the average
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TIPS-PEN Spectral Response (Pyroelectric)
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Figure 4.18: TIPS-PEN spectral responsivity.

literature values [54, 55].
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Figure 4.19: TIPS-PEN Tauc plot. The fitting window covers the wavelengths between 660 and
750 nm.
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Effects of X-rays on the photocurrent spectra of TIPS-PEN

The TIPS-PEN was irradiated under X-rays several times. As for samples PEA,PbBr,-sc
and MAPDbBr3;, the effect of the radiation on the photocurrent was concentrated on the
peaks of the spectrum outside of the UV range; therefore, in Fig. only the region
of the vibronic peaks is shown.

In Fig.[4.21the results of the Tauc fits performed on each sweep trace are reported.

TIPS-PEN Normalized Spectra Comparison (Si Photodiode) TIPS-PEN Normalized Scaled Spectra Comparison (Si Photodiode)

1.0 —— Standard UV-Vis Photocurrent (Sweep 1) 1.0
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0.8 0.8
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(a) Effects of X-rays on TIPS-PEN corrected UV-Vis (b) Effects of X-rays on TIPS-PEN normalized UV-Vis
spectra. spectra.

Figure 4.20: TIPS-PEN X-rays spectra comparisons across multiple sweeps. Between the end of
the first sweep under X-rays and the start of the second sweep under just UV-Vis light, 17 hours
had passed. Before the start of each sweep under X-rays, the sample was irradiated for at least
5-10 minutes, to give it enough time for all the trap states to activate.

In TIPS-PEN the effect of X-rays is more similar to that observed in sample PEA,PbBr,-
sc. The spectrum is affected only exclusively in the range from 500 to 800 nm, where
the 0-0 transition and the vibronic peaks are located. The increase in the signal strength
is variable, yet consistent in time: after 17 hours from the first sweep under X-rays, the
sample had already fully recovered and was able to respond as well to another irradia-
tion Fig. The Tauc fits yielded consistently higher energy bandgaps on the spectra
acquired under X-rays irradiation, with a transition from 1.61 £0.01 to 1.63 £0.01 in the
first sweep and from 1.61+0.01to 1.62 £0.01 in the second sweep.

Table[4.6]displays the extracted parameters for the TIPS-PEN sample.
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Figure 4.21: Tauc fit on TIPS-PEN spectra acquired with the compact setup. The fitting window
is the same for every image, spanning from 660 to 750 nm.

Parameters | Standard | Compact | Compact, under X-ray
Responsivity | 0.19 £ 0.05 mA/W - -

EQE 0.04+0.01% - -
Energy Gap 1.64+ 0.01eV 1.61£ 0.01eV 1.63+0.01eV

Table 4.6: TIPS-PEN extracted figures of merit. For the energy gap values computed on data
collected with the compact setup (with and without X-rays irradiation) an average has been
performed on the fit parameters obtained from the two sweeps. The responsivity and EQE have
been evaluated at 5V bias in correspondence of the 575 nm peak.
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Conclusions

In this thesis project, the effects of X-rays on the photocurrent spectra of Inorganic-
Organic Hybrid Perovskites and Organic Semiconductors have been analysed by means
of a custom setup.

The work involved the restoration and upgrade of a standard UV-Vis photocurrent ap-
paratus and the implementation of an innovative compact setup for performing UV-Vis
photocurrent spectroscopy under simultaneous X-rays irradiation.

The standard setup was validated through the acquisition of the photocurrent spectrum
of a thin film BA,Pbl, lateral photoconductor, which, upon fitting with a truncated 3D
Elliott formula, yielded an energy gap of 2.43+ 0.01 eV and an exciton binding energy
of 48+ 5 meV. The responsivity was also computed, resulting in 3.5 + 0.1 mA/W at 5V
in correspondence of the 490 nm peak.

The standard setup was then used to validate the compact setup.

Photocurrent spectra of PEA,PbBr, single-crystal and thin film lateral photoconductors
were acquired and fitted with the truncated 3D Elliott model, yielding average energy
gaps of 3.10+ 0.01 eV and 3.14+ 0.04 eV respectively and average exciton binding ener-
gies of 86+ 13 meV and 114+20 meV respectively. The responsivity at the 410 nm peak
for these samples was 0.80 = 0.01 mA/W at 4000 V/cm electric field for the single-
crystal and 53 £ 1 mA/W at 6667 V/cm electric field for the thin film. Under X-rays,
the thin film sample showed no reaction, due to radiation transparency of the thin film
structure and to the radiation hardness of the material, while in the single-crystal an
enhancement and broadening towards longer wavelengths of the excitonic peak was
observed, with a shift of the energy gap to 3.16 +0.04 eV and of the binding energy to
180 £40 meV.

Photocurrent spectra of a MAPbBr; single-crystal vertical photoconductor were col-
lected too with both setups, and fit with a truncated 3D Elliott model on the data from
the standard UV-Vis photocurrent setup yielded an energy gap of 2.27 +0.01eV and ex-
citon binding energy of 46+3 meV, while the computed responsivity at the 550 nm peak
under 10 V bias was evaluated as 2.2 + 0.1 mA/W. Under X-rays, the sample displayed
as well an increase in the strength of the excitonic peak, which appeared shifted to-
wards longer wavelengths, but the effect was paired with a complete quenching of the
photocurrent in the continuum. The Elliott fit performed on the data from the compact
setup demonstrated a shift of the energy bandgap from 2.25 +0.01 eV to 2.29 +0.01 eV
and an increase of the binding energy from 21 £8 meV to 80 £12 meV. This can be ex-
plained in terms of exciton coupling with phonons, as a consequence of the formation
of bromine vacancies under irradiation.

The last sample analysed with the two apparatuses was a TIPS-PEN thin film lateral pho-
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toconductor. From the photocurrent spectra, by means of a Tauc plot it was possible
to extract an energy gap of 1.64+0.01 eV. The responsivity at 5 V bias was computed to
be 0.19 £ 0.05 mA/W at the 575 nm vibronic peak. Under X-rays, the peaks were also
in this case enhanced. The effect was fully reversible in about 17 hours. A shift of the
energy gap by 2 eV towards higher energy was observed consistently across repeated
sweeps.

The absence of continuum quenching in TIPS-PEN and PEA2PbBr,-sc suggests that X-ray
induced defects are not acting as effective recombination centres for excitons.
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A. Supplementary Graphs
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Figure A.1: Xenon lamp raw spectra in linear scale.
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Figure A.2: BA,Pbl, raw photocurrent spectrum. Both forward and backward scan are shown.
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Figure A.3: PEA2PbBr4 samples raw photocurrent spectra.
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Figure A.5: TIPS-PEN raw photocurrent spectrum.
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Linear-scale I-V Plots
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Figure A.6: PEA2PbBr4 samples I-V characteristics (linear scale).
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Figure A.8: TIPS-PEN I-V characteristics (linear scale).
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Figure A.9: Effects of X-rays on PEA2PbBr4 samples photocurrent spectra (raw signal).
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Figure A.10: Effects of X-rays on MAPbBr3 photocurrent spectrum (raw signal).
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Figure A.11: Effects of X-rays on TIPS-PEN photocurrent spectra (raw signal).



76

B. Interpolation of SiPD Responsivity Curve

As detailed in Chapter[2] the spectral range of the Si photodiode detector covers wave-
lengths from 190 to 1110 nm. In this window, the responsivity has a crescent trend up to
the peak at ~760 nm, then decreases slowly till ~900 nm and from here drops rapidly
to near-zero values at 1110 nm (the upper wavelength limit of silicon absorption edge).
Due to this behaviour, when dividing the lamp signal for the rapidly falling values of the
detector responsivity, at the critical wavelength Acgr = 900 nm, the numbers spike up,
dwarfing the signal in the flatter-response area of the spectrum.

To solve this issue, two different strategies have been attempted:

1. Data truncation;

2. Flat tail extension.

Data truncation

This method consists simply in dropping the data after the critical wavelength Acgr.
Both the raw lamp signal and the SiPD responsivity data are discarded after Acgr and
the resulting plot is a faithful flux but on a narrower wavelength region. This approach
can be therefore followed only if the subsequent operations involving the flux are per-
formed at wavelengths < Acpit-

Flat tail extension

This method involves substituting the detector’s responsivity data after Acgir with the
constant value R(Acrir).

This removes the divergence of the data and the mathematical artifacts at 1110 nm,
yielding a plot which preserves the overall shape of the flux.

Of course, the issue of this approach is that the values of the flux after Acg;r are uncal-
ibrated, and therefore cannot be used to return reliable results. At the same time, it
remains a valid strategy to visualize the full shape of the flux at wavelengths > Acgt.
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C. Alternatives to Tauc plots for TIPS-PEN

An alternative to Tauc plots for the organic films is provided by Franck-Condon Vibronic
Progression Model[56, [57]:

a(E) =0y EY =we ¥ -G(E — (Eyp + v'hw),T) (C.1)

in which Ej is the energy of the 0-0 vibrational transition and S is Huang-Rhys factor,
related to the strength of the exciton-phonon coupling.

The following graphs are obtained via implementations of the above formula in accor-
dance to experimental practices found in literature [56-58].

In general, it has been observed that the UV-Vis absorption spectra of OSCs, apart
from some minor energy shifts, has little differences with that of the isolated organic
molecules. This is due to the fact that the electron-hole relative motion is mainly con-
fined inside the respective molecules[12].
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Figure C.1: TIPS-PEN Spano fit. The fitting window covers the wavelengths between 560 and
780 nm.



78

TIPS-PEN Vibronic Fit (Pyroelectric) (pc-sweep-1) TIPS-PEN Vibronic Fit (Pyroelectric) (xrays-sweep-1)
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(a) Sweep 1 - UV-Vis only. (b) Sweep 1- UV-Vis under X-rays.
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(c) Sweep 2 - UV-Vis only. (d) Sweep 2 - UV-Vis under X-rays.

Figure C.2: Spano fit on TIPS-PEN spectra acquired with the compact setup. The fitting window
is the same for every image, spanning from 570 to 750 nm. Between the spectra displayed in|(b)]
and in|(c)| 17 hours have passed.

Even if this fitting approach based on the theory described by Spano et al. is able to
capture the shape of the vibronic peaks, the function

¢ has a higher number of fitting parameters than Tauc plots;

e is based on a model which is still in development;

e isless used in literature, making comparisons more uncertain.

The fits in the above images are only partially stable, since some of the parameters
are hitting their limit boundaries.
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